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ABSTRACT

Washed human platelet suspensions were wused to study
platelet—surface interactions in tubes at wall shear rates between 80
S”1 and 640 8—1 and exposure times up to 900 s, Radiolabeled platelets
were used to measure platelet accumulation and release from accumulated
platelets as a function of time, shear rate, distance from the inlet of
a tube, surface composition and drug treatments of platelets. These
empirical data were used in a calculation procedure based upon diffusion
and convection, designed to yield the maximum\&nterfacial fluid
concentration (IFC) for each of the mnaterials which are liberated from
platzlets during platelet accumulation upon syrfaces. Substances such
as AMP, ATP, serotonin, pyrophosphate, PGG2 and PGH2 were found not to
be present in sufficient quantity to produce IFC's which could affect
platelet aggregation. A second set of materials, von Willebrand factor,
fibronectin, and calcium had IFC's less than the concentrations normally
found in plasma. A third group, ADP, PGDZ. and TA2 had IFC's close to
those known to affect platelet aggregation. These last materials, along
with materials formed by a vessel wall or in plasma are most likely to
determine the rate of thrombus growth on subendothelium or on a
blood-contacting biamaterial.

As well, epi-fluorescent video microscopy was used to nonitor

platelet-surface interactions with different surfaces giving different

spectrums of results,

(ii1)
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Surface Adhesion Aggregate Non-adhesive Thrombo~ Distribution

formation encounters emboli
collagen -+ 4+ 0 0 patchy
fibrinogen +++ 0 ++ 0 even
fibronectin +4++ 0 ++ 0 even
albumin 0 0 +++ 0] 0
glass + ++ + +++ patchy

Aspirin, sulfinpyrazone, indomethacin and PGE1 treatment of
platelets inhibited aggregate formation on a collagen surface but not
platelet adhesion. Heparin, hirudin, imipramine, mepacrine, adenosine
triphosphate, creatine phosphate/creatine phosphokinase treatment of
platelets had no or 1little effect on adhesion, release or aggregate
formation, Modification of platelet functions using pharmacological and
suspension modification techniques demonstrated mural aggregate
formation was independent of release of adenosine diphosphate by

adherent platelets but dependent on prostaglandin and thromboxane

formation.
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CHAPTER 1

INTRODUCTION

I

1.1 Aims and Structure cf This Thesis

The primary function of blood platelets is the formation of a
hemostatic plug during hemorrhage due to partial or complete severing cf
a blocd vessel. The arresting of blood loss 18 accomplished by the
formation of a platelet mass at the site of injury. The process of
mural thrombogenesis is a similar ;;e, wherein platelets adhere to the
side of a vessel, but in this case the platelet mass ceases growing
pricr tc ccclusion of the vessel. Mural thrombogenesis alsc cccurs on
the blood-contacting biocmaterials used in artifical organs and
implantable vascular prostheses. The formation of thrombi and their
subsequent embolization represents one of the principle problems
limiting the use of such devices, A knowledge of the mechanisms
involved in surface-induced thrombogenesis is required for the logical
development of biocompatible materials, as well as for a greater
camprehension of the pathological states associated with thrombosis.

The work presented in this thesis was conducted tc probe one
aspect of this problem, namely, the role of those materials stored in
platelets and liberated during the process of platelet accumulation on a
surface. Since both physical and biological conditions are important in
determining the availability of materials close to a surface, a general
approach has been taken to use engineering principles and biolegical

1



data to predict the materials most likely to be contrclling platelet
accumulation on the surfaces. These predictions were tested using
experimental procedures. i

The thesis is compiled into nine chapters. The first chapter
gives background information about basic platelet physiclogy for the
reader unfamiliar with platelet functions. Tnis chapter also contains 3
review of previous studies, conducted by other researchers, on the
response of blood to surfaces, The second chapter catalogues .the
experimental procedures used in c¢btaining the data reported in
subsgquent chapters. The third chapter presents a calculation procedure
that yields estimates of the maximum concentration possible near a
surface for any znatqrial liberated frcm platelets and predicts those
materials most likely to be influencing platelet accumulation on
surfaces. The fourth chapter uses empirically obtained data on the
extent of liberation of materials stored in the dense granules of
platelets to estimate the actual concentrations of liberated materials
(not the maximum concentrations as in Chapter 3). One of the principal
conclusions from Chapter 4 that adenosine diphosphate (ADP) may be in
sufficient concentration to affect platelet accumulaticon on a surface is
tested experimentally in Chapter 5. The use of pharmacological
modification of platelet functions to isolate platelet activation
pathways and the association of these pathways with platelet-surface
phencmena i3 presented in Chapter 6. The use of surfaces with different
compositions in Chapters 7 and 8 allows the extent of release and the

platelet accumulation to vary independently. The use of different

. .
2 e e e e
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surfaces was necessary as no drug treatment used in chapter 6 was found
to inhibit release frcm platelets accunulated on a collagen-coated glass
tube. A general discussion of the experimental and calculated results
is given in Chapter 9 along with scme ideas for possible extensions of

the present work.

1.2 Platelet Physiology

1.2.1 The Structure of Platelets

Platelets contaln at least 3 types of storage granules that can
release their contents upon stimulation (reviews, 1-4). Dense granules
contain a variety of materials including serotonin, ADP, ATP, AMP,
calcium, magnesium and perhaps epinephrine and dopamine(5). The number
of dense granules varies from platelet to platelet and the average
number of dense granules in platelets varies with different species(d).
Human plateletéd—zghtain 7-8 dense granules of average diameter 160
nm(1-4), Alpha granules contain proteins such as fibrinogen,
fibronectin, platelet factor 4 (PFU), beta-thromboglobulin (BTG), factor
VIII and a factor that is mitogenic for smooth muscle cells(1-4). A
third class of granules is lysosmal granules that contain acid-hydrolase

enzymes(7).

1.2.2 Pathways of Platelet Stimulation

Platelets change shape from their normal disc shape to a more
spherical form with spiny protrusions and aggregate when stimulated by

adenosine diphosphate (ADP), collagen, thrombin, serotonin, epinephrine,



calcium ionophores, arachidonic acid metabolites and other materials(8).
The device nommally used to measure platelet aggregation is based on the
decrease in turbidity of the platelet suspension as aggregates form(9).
Using such a device, researchers have demonstrated that a limited number
of pathways exist through which these stimulatory agents act.

Stimulation of platelets by ADP results in platelet shape change
and aggregation (review 10). In citrated plasma, ADP also induces
release of granule contents(§,10,11). The mechanism of platelet
stimulation by ADP has not been fully defined but hypotheses include an
;cto-dinucleotide kinase that uses platelet ATP as a phosphate
donor(12), inhibition of adenylate cyclase leading to decreased
intracellular cyclic adenosine monophosphate (AMP) levels(13) and
mcbilization ¢f intracellular ca}cium(1u). ADP-induced platelet
aggregation can be inhibited specifically by the removal of ADP using
enzymes such as apyrase and creatine phosphate/creatine
phosphokinase(15) or by addition of excgenous ATP(12,16) or other
_triphosphate nucleotides(12). Since platelet granules contain ADP and
are released during platelet activation, a positive feedback
amplification loop is possible and ADP released from platelets has been
shown to be one of the path%;ys whereby stimulants activate
platelets(8,15).

The liberation of arachidonic acid from platelet membrane
phospholipids and its subsequent metabolism results in the formation of
materials that constitute a second pathway for platelet activation

(Figure 1.1) (reviews 17-21). The arachidonate metabolites,
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Figure 1.1: Metabolism of arachidecnic acid and biosynthesis of
prostaglandins (PG) and thromboxanes in platelets and vascular tissues.
HPETE = 12-L-hydrc¢peroxy-5,8, 10, 14-eicosatetraenoic acid; HETE =
12-L~hydroxy-5, 8, 10, 14~eicposatetraenoic azid, HHT = 12-L-hydroxy-5,8, 10-

heptadecatriencic acid; MDA = malondialdehyde, frcm reference 18,



prostaglandins (PG) 62 and H2 and thromboxane A2, can all 1induce
platelet aggregation, while prostaglandin D2 inhibits platelet
responses. Other c¢ells have similar capabilities of forming
prostaglandins from internal stores of arachidonic acid; notably

endothelial cells produce prostaglandin I an inhibitor of platelet

>
functions(17-21). A number of materials have been reported to inhibit
the arachidonate pathway at various levels(17-21). NMepacrine(18) (cf.
1.3.2.6) and perhaps sulfinpyrazone(20) inhibit arachidonic acid
liberation from membrane phospholipids. Non-steroidal antiinflammatory
drugs such as aspirin, sulfinpyrazone and indecmethacain all inhibit the
cyclo-oxygenase enzyme that converts arachidonate to PGG2 and PGH2.
Imidazole and 9-11, azoprosta, 4-13, dienoic acid, have been reported to
inhibit thromboxane synthetase which converts PGH2 into thromboxane
A2(2O).

The use of inhibitors of the pathways of platelet activation has
enabled the mechanisms of action of some stimuli, such as low
concentrations of collagen, to be defined. The removal of the ADP that
is released by stimulated platelets or the inhibi?ion of thromboxane
formation by stimulated platelets, both partially ainhibit platelet
aggregation induced by low concentrations of collagen(22). The combined
removal of ADP and inhibition of thromboxane formation completely
inhibits platelet aggregation induced by low concentrations of collagen.
Accordingly both release of ADP from platelet granules and the

arachidonate pathway are thought to be activation pathways for platelet

aggregation 1n response to collagen.

ey T T,



Collagen, thrombin, ionophore A23187, and in citrated plasma, ADP
all activate the arachidonic acid and the ADP pathways(8). One or more
other pathways ex1st to activate platelets, as thrombin will aggregate
platelets when the ADP and arachidonate pathways are 1inhibited(8§,20).
Since thrombin 15 formed on platelet surface and 15 a powerful
stimulator of platelet aggregation and release, soie researchers feel
trace thrombin mediates platelet responses(20). To this end, high
concentrations of heparin or hirudin hsve been reported to 1inhibit
collagen—-induced platelet aggregation(20). However other researchers
have shown Vthrombin—degranulated platelets that do not respond to
re-addition of thrombin do saggregate to collagen(23). The exact
intracellular biochemical and physiological processes involved in
platelet stimulation are unknown.

Emerging concepts in platelet activation suggest that all the
stimulatory agents may act through a common intracellular messenger,
such as calcium, Greater stimulation leads to more extensive responses
going from platelet shape change through platelet aggregation, release
of dense granules, release of alpha granules and finally release of
lysosomal granules for maximum stimulation(24). If such a hypothesis
were true than different stimulating agents should have at least
additive effects, which they do(24). However some conditions such as
exposure of platelets to low concentrations of thrombin lead to
preferential release of alpha-granule contents suggesting that dense-
granule release and—slpha~granule release need not parallel each other

nor be successive to each other(25). The role of cyclic AMP is also



being explored and present concepts suggest that cyclic AMP may control
calcium concentrations by stimulating the removal of calcium from the
cytosol(14), The mechanism of how i1ncreased cytosolic calcium leads to
platelet activation is not known. Thus, while there are at least three
pathways whereby stimulants can activate platelets, different stimul:
act through different pathways. The concentration of the stimulus and
the concentration of calcium in the medium are important parameters in
determining the pathway or pathways activated. In addition for platelet

aggregation to proceed, the medium must contain certain cofactors.

1.2.3 Ccfactors in Platelet Stimulaticn

A number of cofactors are required for platelet aggregation to
occur, Stirring to facilitate collisions between platelets is
necessary., Also, washed human or porcine platelets will nct aggregate
to ADP or low concentrations of collagen without the addition of
fibrinogen(26). The fibrincgen binds tc the platelet membrane during
platelet shape change and dissociates from the membrane when the
platelets deaggregate(27,28). Howaver platelets do aggregate to
thrembin or high concentrations of c¢ollagen in the absence of added
fibrinogen probably because sufficient platelet fibrinogen (stored in
the alpha granules) to support platelet aggregation is released from
stimulated platelets(1,8,26). The aggregation of platelets in plasma
can be blccked using monovalent antifibrinogen fragments indicating that
fibrincgen is a cofactor(29).

Platelets can also aggregate in response to ristocetin, in the

Lo e Mo v~



presence of factor VIII(26). This reaction does not require fibrinogen.
Whether material is available in plasma or within platelet granules that
can act like ristocetin is unknown. Platelet retention in glass bead
columns has been shown to require factor VIII(30). Other possible
mechanisms for platelet cchesion then, may be through bridges involving
factor VIII or other materials released fram platelets.

Extracellular calcium is required for platelet aggregaticn.
Platelet aggregation and release of granule contents occurs 1n citrated
platelet-rich plasma(8). In calcium containing suspensions, platelets
aggregate but do not undergo the release reaction upon stimulatiocn with
ADP, Modification of the calcium containipg suspensions by additicn of
citrate results in release frcm platelets upcon stimulation by ADP as
occurs in citrated platelet-rich plasma(8). It 13 believed that the
citrate pranobeé activation of the arachidonate pathway that leads to
the release reaction(8). Chelating agents such as ethylene-diamine-
tetra acetate (EDTA) that have high affinities for calcium block
platelet aggregation but not release from platelets(26).

Platelets have coagulation factors in close association with
their surface (review 31). Binding sites for factors V, X and
fibrincgen have been 1identified. The complex of (Factors Va, Xa,
calcium and platelet factor 3] leads to a rapid conversion of
prothrombin to thrombin. By analogy the conversion of factor X to Xa by
factor VIII and factor IX also 1is enhanced by platelet factor 3
suggesting the platelet has binding sites for factors VIII and IX.

Lipscomb and Walsh(32) have presented evidence that platelets and factor
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XI can activate the intrinsic coagulatioch cascade. Platelets have
receptors for many other materials but the role of these materials in
platelet activation has- not been determined (review 10).

Thus, platelefs require plasma co factors to complete the
aggregaticn response to certain stimuli such as ADP, Platelets can also
release fibrincgen to participate in platelet aggregation when plasma is
not present. Even when the release reaction takes place, some calcium
is required for platelet aggregation to result as demonstrated by the

inhibition of thrombin-induced aggregation by EDTA.

1.2.4 Platelet Aggregometry and Mura} Thrombogenesis

Most of the studies on platelet functions have been conducted
using platelet aggregometry techniques. The physical conditions of
platelet interactions during aggregometry studies are greatly different
from the physical conditions during platelet accumulation on a surface.
In an aggregometer test, a platelet suspension with no red blood cells
present is added to a cuvette. The suspension is stirred vigorously by
means of a magnetic stir bar in the bottom of the cuvette while the
platelet stimulant is added and platelet aggregation occurs(9).
Stirring is required tc rapidly disperse the stimulant as well as to
facilitate platelet-platelet collisions and aggregate growth, The
number of platelets associated with the collagen fibrils that are added
as the stimulant in a collagen aggregation te%p is small. However, it
is the materials released frcm the few platéléts that are in contact

with the collagen fibrils that activate the bulk of the platelets
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resulting in aggregation of the entire sample. The two known mediators
that are liberated from adherent platelets are ADP and thromboxane-
A2(8). M_‘s\t\irring alsc rapidly disperses the materials released by
platelets. ’I‘he\f)inal supernatant concentrations of materials released
by platelets in thé?ﬁggregation cuvette may be quite high as all of the
platelets are stimzlated to release.

In contrast during the contact between a surface '‘and flowing
blood (red blood cells present), tﬁe stirring required in aggregometry
studies is replaced by the tumbling motions of the red blood cells.
These tumbling motions induce movement of platelets through the blood
facilitating platelet collisions with the surface and mural aggregate
growth. The surface is effectively a stimulaﬁt so adherent platelets
release their granule\Ethents into the flowing blood. The dispersal
mechanism of red 'blood ceil tumbling has little effect on the materials
released from adherent platelets as these materials are molecules with a
much smaller size than platelets. The dispersal mechanisms for
materials released from platelets during mural thrombogenesis are not
mixing but diffusion away from the surface and convection along the
surface by the flowing blood. These dispersal mechanisms of diffusion
and convection are slow relative to the stirring used in aggregometry
studiés. Also in mural thrombogenesis only a few of the total platelets
in_the blood adhere to the surface and release their granule contents.
The generation of a region of high concentration of materials released
from platelets near the surface is a distinct possibility, despite the

few platelets releasing materials, as the dispersal mechanisms are
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slower.

Thus, while the conditions ;n aggregometry results in a rapid
dispersal of materials released from all the platelets to give a high
concentration of released materials, the same concentration can develop
near a surface due to the release of materials from a few platelets and

slower dispersal mechanisms. The mechanisms and pathways of platelet

-~

A%}
stimulation by surfaces will probably be similar to those already

determined and enumerated in section 1.2.2. The controlling pathways

and extent of platelet stimulation by surfaces remains to be determined.

1.3.1 Protein Adsorption to Surfaces [

"

Proteins adsorb to synthetic materials (reviews, 33-37) W&thin a
few seconds of exposure €5 blood and form a coating that may influence
subsequent plaﬁelet deposition. The composition of the adsorbed layer
varies between different surfaces and with different mixtures of
proteins. In addition, the functicnal states of the adsorbed proteins,
the rates of adsorption and exchange between proteins and the change in
adsorbed protein coating with incubaticn time are all parameters that
need further elucidation.

Albumin, fib}inogen alpha-, beta- and gamma-globulins,
transferrin, caeruloplasmin, thrombin, factors XII, XI, V, VIII,
hemoglobin rand fibronéctin(38,39) have all been shown to adsorb to
surfaces(33-39). Adsorbtion from single protein solutions results in a

monolayer coating provided the protein concentration of the soluticn is

high enough (33-37). Conformational changes occur in factor XII and
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fibronectin(38) when they adsorb to a surface wheress other proteins
undergo little distortion (review U40). Adsorbed thrombin i1s still
enzymatically active (U41) and may represent a portion of the adsorbed
plasma components. Lipoproteins have also been reported to be adsorbed
to artificial surfaces (34). The adsorbed proteins are in dynamic
(=4

exchange with solution proteins. The biological status of proteins that
adsorb to a surface and then come off has not been determined(33).

In mixtures of proteins, preferential adsorbtion of one protein
Species may occur, Fibrinogen adsorbs strongly to a number of
surfaces(33-34). Fibrinogen adsorbtion i1s unaffected by binary mixtures
of albumin/fibrinogen and gamma-globulin/fibrinogen(L2). However, the
extent of fibrinogen adsorption from plasma is much less than that
observed with fibrinogen alone or in binary solutions. Hemoglobin has

-

been suggested to be an important adsorbed protein as it has been shown
«
to displace fibrinogen from polyethylene(42). Hemoglobin would be
present in plasma at low but significant concentrations(43). Exposure
of glass to plasma and subsequent in situ radioiodination, elution of
the adsorbed proteins and analysis of the eludates with electrophoresis
has demonstrated adsorption of other, as yet unidentified, plasma
components(42). In adsorbtion from mixtures of proteins or plasma, the
initially deposited material changes with time presumably due to
exchange of proteins and the preferential adsorbtion of the proteins
with the highest affinity for thé surface. Different surfaces exhibit

different affinities for the different plasma proteins.' In addition

flund motion and the presence of red blood cells also affect protein

deposition(33).
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The exact nature of the glyccprctein coat that forms on synthetic
.

materials, 1ts cﬂénge with time and the plasma components responsible

for its thrombogenic properties remains obscure.

Since profeins rapidly adsorb to surfaces plasma proteins have
been studied as possible bridging mclecules between artificial surfaces
and platelets, Fibrinogen, gama-glcbulin and fibronectin have all been
shown to support platelet adhesicn wiile albumin prevents platelet
deposition. Kim and Lee(44) have advanced a hypothesis suggesting that
it is the lack of carbohydrate in albumin that gives it its
nonthrombogenic properties. This is consistent with a general theory of
cellular adhesion advanced by Roseman(45) of glycosyltransferase
reactions linking glycoproteins and cells. However, other reseachers
dispute such a mechanism (review 46,47),

Characteristics of surface charge (ionic), surface charge
(polar), conductivity, zeta potential, surface energy, work of adhesion,
interfacial energy, ecritical surface tension, hydrophilicity,
hydrcphobicity and surface texture have all been implicated in
thrombogenicity of surfaces (reveiws, 33-37,48,49). Despite the study
of a large variety of different surfaces no one characteristic or group
of characteristics that controls platelet deposition and thrombogenesis,
have been identified. Part of the reason for this lack of knowledge may

be due to inability to accurately define surface characteristics and an

equally poor characterization of platelet responses to the surfaces.



1.%.2 Platelet Accumulation on Surfaces

. Platelets adhere to a great variety of both biological and
synthetic surfaces (Table 1.1, references (51~150). While numerous
studies have been conducted to probe the mechanisms of platelet
accumulation little 1s known about the process of mural thrombogenesis
or the conditions that impart normal endothelium with 1ts
nonthrombogenic properties (reviews 8§, 17,33-38,50). Dy fferences 1in
experimental variables such as hematocrit, anticoagulants, platelet
preparation procedures, hemodynamic conditions, surface composition,
surface roughness, species differences and methods of evaluation of
deposition of platelets, make 1t difficult to compare the studies on
platelet-surface interactions in detail. In general, the response of
blood to surfaces varies greatly and has been observed in roughly four

categories (see Figure 1.2).

1. Some conditions allow surfaces to continue to accumulate
platelets until occlusion of the vessel or repair of the injury
site occurs such as in normal hemostasis.

2. Some conditions allow surfaces to accumulate platelets forming
thrombi but embolization occurs leading to a cyclic accumulation/
embolization process.

3. Some conditions allow surfaces to accumulate platelets initially
but then some platelets are removed or lost leaving a passive
surface that may be a platelet monolayer.

g, Finally, some conditions allow surfaces to accumulate platelets

approaching a limit where no further accumulation occurs. Such a
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Figure 1.2: Patterns of change in platelet accunulation with time that
have been reported 1) occlusion, 2) eyclic thrombus formation and
embolization, 3) initial platelet deposition and subsequent

embolizatiocn , U4) saturation (cf. alsc 1.3.2 and Chapter 3).



17

"3s1p 3 uewny [0} P (64 ugs pJaeygo 1y
g *tasip 'L ) 21qQed on-o01 9001 (%9) 1 UB3Ny
daays *Jieo ‘31d
N kot dg N ‘8D ‘8H ‘anbeoouw *uoogeq ot ohl (£9) wisyst piq
VR S an ueuny ‘Bop ' q71Qqed cgL-6 986 (29} TASMOQE I
Tastp *) ole} Bop S-0 96(-66 (19 1% EMOQE UD)
W'd '] ‘ug 90 'oH ueuny ‘Bop 0c'ot 686 ‘né6E (09) THSMOQE 19 (0dTA Ul
1w 8H Bop L=0 00805t (6%) INSMOQE D Faqe1d (8yle.ed
duel *tc ‘ng ¢ 8op 01=0 st 0 (8%) uew.aapan]
MoTAB 4 N fop 081-0 006-0 (LS) UOIJION
Lo, . N Eop 081-0 0E-0 (%) U0 IO
SIS N Bop Gh=0 006-0 §99)] ) g8 (1AN
ug N '8H sop o8 L= 00%-0 (hS) SeapEy (@n1s x3)
1 ' N gop ne-0 009-0 (£9) A ayosadg quted uoijeudess
ISTE ' g N Bop g "¢ 09 12s) uo310g (08T1A X3)
Tastg o tlotr g N Bop 0t-0 09 (1) uoIIng ~8QUEYT L.
("NIW) 3KIL (,_S) vy Y3GhNN BOIVDILS2ANI
CHALRMVHYY TV ITNIEd  INVINTVOOTLINY $3103dS #3UNSC4X I YV3EHS 30VIYNS 3ON3IY3A3Y TV IONI 84 AMI3p030 MO

e M

C30V4Y0S NO NOTIYINFOID0Y 13731V71d KO

(3

374Vl

S¥IHLO 18 INCQ NHOM SNOIA3YHS 30

AZAENS

3¥N1VH3LIT



18

. }...
ng 'w L N ‘EH Bop 09-2 0001-01 (e8) ueLpaTL4
. ‘us ‘1 8H Bop Str2 08-02 (18) 13sM0qQe a9 (OATA. X3)
od ‘rg ‘M ' ‘L ‘04 8H 8op -2 08-02 (08) ueupsi.ly agny-f
1 aH fop 2-9'0 ooNL-0 (6L) 'oerlInJang
T9s1p aH - Bop Z oon‘L-0 gL pL1euos
ng ‘1 ™ Sop 1 oon't-0 (L) BAUDOH
151q ‘U o Sop " 00€ ' 2-0 (9L) a1TInJang (04374 uy)
1l‘ug aH Sop il 000°'01-0 (sL) 03334n} og1p Bujaesou
Apnas Moty - - - S (hl) Agg
eg N sop s "1 S (£ . uewdq
0g N Bop  ¢'p'El S (aL) ue Wi .
ng N uewny t S (i) vewls
of 'rg N ueuny t S (ol) ueuk (oATA X3)
ng 8H uewny 1 S (69) vewk 1192 213d1113
\\
ng N Sop oL A (89) 23 1nYog (OATA x3)
u ‘s 'L N Bop Gee-0 oGl (L9) Z2310Uog mMO1} 1elxe
od ‘L N 8op wze~0 06t (99) 29 TNYSS UM pod Buylelou
(*NIH) 3HIL :-3 alvy Y3ghNN YOLVDILSIANI

SH3L13KVHVd TVdIONIHd INVINDVOOILNY $3103dS » 34NS0dXI  HVIHS 30VJUNS 3ON3Y343H TVdIONT ¥4 A413H03D MO14




19

ng ‘g a2 319qed *ueuny oL ong €1y ddoyos]
ag o] ueuny ot Ong (2tt) SE1oM
1 ‘a4 40 11qqed oot-1 ong (L) < 033T4ng
aq : &) ueuny oL Ohg (otl) ddoyosy
od *us 82 31qqed oz-1 ong-2\ (601) 0y11any
: Tasip 'g a 119qe4 ot ong ('got) Jaujdefuncy )
*ag :h) uewny ot ong (Lot) A ET
od ‘ug 82 11QQR+ 02~ org-2i (90L) ddoyosy
‘astp 82 31qqes 011 ong (s01) JoujeBuneg
us 85 11qqed4 oL tne-9 (HO1) 0337an} (04314 uy)
*dway 99 11qqe. ol ong (sot) 0331401 HOT} Te1XE ulln
*ISIP ‘W L 18] 11qqed oh-t 0h8-Q% (z01) JsujieBuneg FoJ4 Aueuojjess
ng ‘g -8 1149984 01 19 (tot) 2 ABUSZ E)
1 "19%H ‘g € J1aqes 0€£°01°G'¢e ge (0ot) aAeusz €]
ATH ‘g i 31qqed ol gt (66) aAgUIZED
ns g S 11qqed ol 8¢ (g6) suoquiey-ynotuiy
ng ‘g S “3taqe oL g€ (16) euefag
a ‘ns ‘1 s 319qed 09-1 13 (96) . aAeusz €D
ng ‘dg ‘q S 114984 ‘ueuny 01 'S 8¢ (S6) aaeuazZE)
q ‘ts "104 ‘H S ) 11qqed ot :13 (h6) ?ABUSZE]D
ogY ‘ou 'g 'vg S uesny ‘47qqe. *81d ot 61 (£6~18) aaeusze)
. I%H '@ S 21d 8 61 (98) RELRAQ |
nS ‘3% 'Dd ‘W S 81d 8 61 (SB) d3YoTYK (04314 uy)
W *ng 3o 8 's R1d 1 61 1%) n yseyg  poolq 4.ueuoyiess
WRs 'L ‘dd I ‘s @ ‘s 814 8-1 of-ot (£8) uya3sJanay poz Buiieiol
) ("NIR) 3WTL (,-S) 3Lvy HIARAN HOLYDILSIANI
SYILAWVYYL TY¥IIONINd  INVINDVODIINY $31034$ #3¥NSOdX3I  HVIHS 3DOVJENS  3IINI¥IITY TYdIONINd 1%13NCI0 MOTd




20

o 6 e T g o e

o3 'l ‘a ‘as VSY - 82 ueuny ol Ong (ohl) synytog .
W ‘2d ay uewny (o4 0hg (6t 1) ausoq
a O ueuny ol ong (8tt) da8zep
a ‘asg ¥SV - 82 uewny 4 S08 (L£1) uasseTIEY RS
2BRJOTS a2 ueuny ot ong (9E1) 3o
ag'us €0 uewny -2 0025002 (s€1) JaujJeBuneg
ag 'w a ueany oL-s 00001-05 (hElL) 09314ng
H'l'w a0 uewny ot 00001-0% (EEL) 033140y,
us ‘W N ‘8D veuny £-2 00££~059 (2£1) J8ujaeduneg OATA X
g e} . uewny ol Ohg Qaet) ddoyosy
a M N ‘9D ‘8&H 11qqed £, 00f£1 (0£L) JaujJeBuneg OATA X2
lL'rg 2o} 17qQed o1t ong (621t) 03314n]
ns ‘w 'q as uewiy S ‘01 0092 ‘008 (g2t) SS1aHK
1 us 80 114qe 4 ot 00001-08 (L21) 03314nL
H N ‘) uewny ot Ohg (9zt) Jsujaeduneg
ag 2o} uewny, ot ong (s21) SS1aM
W ‘a8 ‘W N ‘8D ueuny £-2 0otE ‘o0ft (hnet) SCI9M OATA ¥®
us ‘od ‘L a7 ’ a14qqed ot 000'01-01 €eL) 03314n}
“i81q 'L g 2] J1Qqed ol ong (eeL) 03314n}
ng ‘n o‘ag as uewny ot ong (1) ssyam
1w a) 119qed on~2 000'0t-t! ozt) 03114n]
ng L 80 jeu 51-2 ong 6tt) ddoyosy
r¢ ‘g ‘aq k) ueuny ot ong (8it) JaujseBuneg
1 a0 uewny o2 ong (UARY JsuqseBulneg .
a g o a7qqed ]} ong (91t) ddoyosg
q 'od4 ‘1 ‘ug 2] 3171QQed ‘3kd ‘uewny o1 ong (st1) Jouj e funeg
‘181G 'L ‘I%H W ao ueuny ‘17Qqed oL Lh2-9 (hit) JduyJdeBuneg
("NINW) 3WIL (,-§) 3LvY H3GHNH HOLYDILS3ANT
SHIIAWYYYd TVYHIONINd  INVINDVOOLINY $3IIOUS «3¥0S04%3  ¥Y3INS 3DVIEAS  3IDN3IYIJ3Y TVdIONI¥d Y1303 KOS




21

*181p ‘q fn 91998 ot i (801) 13ujapBuneg
§4 ''A81P ‘1 N 11qQed dyuoay2 ‘gf H (st S3A04D (OATA UT)
"a81p ‘1 N 1749qed on-1 Z . 20t) J3uqseBuneg 3BYUCE POPNU
$4 ‘edaY 'Nd N uadqeq ) 21uoLyd < {0G1) EED FL-3
ng N uooqeq o1ucIyd N : (6nl) uaduwey uep
1°'ng N ucogqeq  OTUOJYD b1 (ght) usduey uep
dg ‘q ‘&4 N uoogqeq ‘uRuNy opoyo 13 (Lal) JOq JBYH
ABo1038 1Y N £30p 09 & (9n1) uos 10
1°rs 3 Bop ozi~1 ¢ (sat) Fragudtyy
g4 'rg N ‘8H uooqeq  djuoJyo 0002~ 00S (tht) uosuey
€4 ‘'@ ‘'Ll ‘ng N uooqQeq  SJUSJYD 0002-00% (Ent) FESRLT
q : ueuny  dJuoays : (ent) RETELTY (0aTA uY)
N fop 09 . é (tnt) unequay unys A~y
("HIW) 3KWIL A_lnv 31lvyd HITKAN HOLVDILSIANI
SHILIFVYYd \_S:uz;w INVIADYOOTINY $31034S s3YNTOIX3  UVIHS 30VIYNS 3ION3I¥IJ3Y TYIIONIYEd X¥13n03D HO'14




[+]

22

¥

- e A, At i P e S AT el S o b

TuojjeTNUNOOE 38193 Yd JOJTUOW ATSNONUTIUOD JBYY SwIsAs 23BIISUOWSP O 3B BupuuyBoq sawiy aJnsodx3 M

24njersdway cdwoy

s B ap

$J43pJIOSTP Buypeaslq
sy8193e1d pajesay-ursidse
quethBeoojjue ou

poo1qQ pa1EL1TO

pool1q peziutJdeday

suojsusdseng

SILONIOOd <L °L

a
aq
ySsy
N
2]
8H

TVl

satoadg

I1eATAINS qa1a3e1d

gjauendeodyjue Burpnoul uollisodudd unypow
uojjisod 1egxe

1140098 WRY

sadejJns

ajea Jueays

3wiy

uo11eJJUIDUCD QB3TR4E1d

+»
A3 22 xS



23

\

surface is said to be saturated.

While all these responses of blood to surfaces have been
documented, the reasons for the differences remain obscure. Some
insight into the problem of evaluation of platelet-surface interactions
can be obtained by reviewing the experimental variables enumerated

above.

1.3.2.1 Effects of Medium Composition

Blood must be anticoagulated to be used in experimentation. The
nature of the anticoagulant used greatly‘affects the platelet responses
to a surface. Chelating agents impede thrombus formation at low
concentrations, prevent thrombus formation at moderate concentrations
and decrease platelet adhesion at high concentrations (124, 126, 131).
This effect of chelating agents may be species dependent. No platelet
adhesion studies have been done using hirudin as -an anticoagulant
possibly due to its unavailability and expense, both cf which have
decreased in recent years and probably is well within the range of
systems that use small quantities of blood. Heparin has been used as an
anticoagulant in studies, ex vivo, and does noct éppear fg alter platelet
accumulation as campared with unantico;gulated blood (54,63, 82, 129, 143) .
Howevéf studies, in vitro, using heparin are difficult as spontaneous
platelet clumping occurs when blood is anitcoagulated with heparin. As
more purified subfractions become available,'a heparin should be

avallable that‘anticoagulates but does not induce platelet clumping.

Thus, it should be possible to find _an anticcagulant that does not
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activate platelets directly in the near future.

A second approach to conduct platelet-surface studies, in vitro,
has been to remove the plaéma. Washing procedures have been employed go
remove plasma and resuspension.in artificial medium(83-101). When done
carefully platelets appear to be intac ith normal, 1life spans and
hemostatic function, in vivo, as well as normal, platelet functions, in
vitro(26). The procedure has tK3 advantage of manipulation of medium
camposition focus;ng on one ccnponent or combinations of components.
The removal of tHe plasma removes not only fhe coagulation components
but camplement, fibrinolytic and kinin generation components as well;
all of which could be important in thrombogenesis(49,50). Both
approaches to obtairiing platelets for studies in vitro, énticoagulation
and washing, have their advantages and disadvantages which must be born

in mind when interpreting the literature,

1.3.2.2 Hemodynamic Considerations

It was recognized thét fluid mechanical conditions greatly affect
platelet depo?itién on all surfaces. The résult was the dévelopment of
different perfusion apparatuseach with its own operating characteristics
(51-151) (Table 1.1). The studies conducted using these apparatus will
be discussed in detail in the following sections, 1.3.2.3, "1.3.2.4 and
1.3.2.5.

Fortunately, the rate of platelet accumulation correlates well
with the surface shear rate in studies using blood at nprmal hematocrits

and for surfaces that readily bind platelets, Increasing platelet
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(4

deposition rate with increasing shear rate suggests that the rate
contﬁolling stage is the delivery of platelets to the surface. This has
led researchers to model plételet' adhesion as a diffusion 1limited
proces; with analysis using classical mass transport theory(61,67,80,81,
83,84,109,132). Empirically determined diffusion coefficients are two
to three orders of magnitude above those expected based on
Stokes-Einstein diffusion theory. Microrheological investigations have
shown th;t augmentation of platelet diffusion océurs due to red blood
cell motions during shear flow(152). Reducing the concentration éf red
blood cellé greatly reduces the deposition of plat;lets further
supporting tﬁis concept(§0,85}85,9“,99;100,111,114). High hematocrits
and high shear rates lead to increased hemolysis and enﬁancement. of
platelet mural‘thrombogenesis(13j). Further, drugs-thought to reduce
hemolysis by stabilization of red gcell membranes inérease bleeding
times, in vitro(153). Whether the effects of red blood cells on
platelets is purely physical or both physical and ‘hormonal is still
con@rover;ial(8u,133.152,153). More direct methods are neéeded to
dissociate the physical and hormonalt roles of- red blood cells in
platélet—surface interactio&s.

In the next three sections, a review of the major finding of each
group with rqspeét to platelet-surface interaction will be presented.

1.3.2.3 Continuous Monitoring of Platelet Deposition

Almost all experiments in platelet-surface phemonena have been

conducted .in a manner whege the surface is exposed to a platelet
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containing fluid for a defined period of time and then rinsed and.
platelet accumulation measured. Such experiments have intrinsic limits
in that only the net accumulation is measured. Any dynamic events such
as non-adhesive encounters, translocation of platelets, thromboembolism,
platelet removal by rinsing procedures or detailed mechanisms of
aégregate.growth are undetectable. A few systems have been developed to
watéh platelet thrombus gréwth, white cell adhesion and embolization of
thrombi .

Indirec£ methods to monitor platelet accumulation on surfaces
have employed densitanéfry and radiolabels. Grabowski(59,61) used video
-densitometry to observe the growth of platelet aggregétes on a
semi-permeable membrane through which ADP was diffusing into thé blood.

' Mgral aggregaées only formed provided a layer of platelets was present.
He was able to calculate the concentration of‘ ADP near the surface
rqui?ed to induce.thrombdgenesis to be 1.5 uM. The ADP released from
the adherent platelets was not considered in Grabowski's calculations.
Shultz et. al.(66-68). using radiolabeléd platelets 'and monitoring
platelet accumulations with a géhma counter documented embolization of
*thrombi from a steel rod rotaﬂing in an annular  perfusion ‘chamber.
These experiments are intérest&ng as the ra£es of .accumulation of
platelets ip.such a system are an order of magnitude higheﬁ than that in
_other systems at similar shear rate(110). A large surface area was
monitored and deposition of plételets had to be éxtensive to overcome
. background radioactivity. Ihlenfeld ét. al.(144), using };diolabeléd

platelets and fibrinogen have monitored platelet and fibrin deposition
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/in arterial-venous shunts, Background radicactivity was avoided by
rinsing the test segment prior to radiocactive measurements at each time
point and then re-establishing flow. Inlenfeld et al. found a transient
accumulation of platelets and fibrinogen on a number of different shunt
sur‘face-s.

Direct observation has also been employed to monitor platelet
deposition on surfaces. Application of exogenous ADP or laser injury to
small blood vessels results in cyclic' thrombus formation, embolization
ar;d thrombus regrowth. These events have been monitored using
microscopic techniques(154,155). Such studies can be criticized as the
nature of the thrombotic stimulus (the corfcentration of ADP or the laser
dargageﬁ was not quantified and was unphysitl"logical. Richardson et.
al.(65), have documented embolization of ‘'single cells from a glass
surface using microscopic techniques byt it is unclear if r'-ed blood

cells were present in the platelet suspensions. The stagnation flow

apparatus has been used(53+58) to ~s’tiugyfjhg/aeeunu1'a'ﬂ}/>/r; of blood
camponents on syntheti:;rlvé@;;ials using dog bloed, e;c vivo. Leukocyte
adhesion was‘ir;hibiteld at. surface shear rates; above 5 per second. Many
surfaces saturated with platelets in this device. Thrombi formed in
,chara'ct:eristic wedge shapes in;'tiating at sites of local imperfections
in the surface and propagating downstream.

All of the above experimental - systems have tried to monitor
platelet deposition continually but hav‘e only had the resolution to

observe thrombi either directly .or indirectly. No' system has the

resolving power to watch individual platelets adhering from blood with a
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hematocrit of 40%. To be able to discern between different hypothesized
mechanisms of platelet deposition, mural aggregate growth and
thromboembolism more precise techniques to measure the growth and
development of these structures are required.

s

1.3.2.4 In vitro and ex vivo Studies

Drs. Baumgartner, Tdritto, Weiss, Tschopp and Muggli and

‘many others(102-139) have used an annular perfusion chamber and segments

of subendothelium or the fibillar collagen matrix of the subendothelium -

to examine platelet accumulation on these surfaces (Table 1.1). A
morphometric evaluation system .permitted platelets in contact with the

surfa#e, gpread on the surface, or large platelet aggregates (thrombi)

to beldistinguished. Platelet adhesion was defined as the total of

contagt and spread platelets and was found to increase’ with time until
100% coverage of thev suber.ldothelium existed. Numbers of platelet
throm iA‘similarly increased with time, but after 10-_20 minutes the
thriombij dislodged‘ leaving only adherent x.nlatelets. Platelet adhesion
increased with increa.si’ng shear rate, inéreasing citrate concentration,
aspirin (ASA), or sulfinpyrazone;. but was unchanged with CP/CPK, or in

thrombé‘sthenia or hemophiliat and decreased with PGI dipyridamole,

2"
EDTA, low temperatures, high shear rates, or in von Willebrand's,
Bernard Souli-er. or storage pool diseases.. Platelet thrombus formation
increased with increasing shear rate; but was unaffected in wvon
Willebrand's disease and Bernard-Soulier disease at low shear rates, <
1300 g |; and decreased with EDTA, CP/CPK, ASA, PGI

2 PGE1'.

G e o e
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dipyridamole, sulfinpyrazone, increasing citrate concentrations, low
temperatures, or in storage pool disease, thrombasthenia or won
Willebrand's and Bernard-Soulier diseases, at high shear rates, > 2000
s~ -

Recent reports from Baumgartner et. al.(124,126,129,131) have
studied native blood, ex'vivo. Platelet adhesion was similar to the
citrated blcod studies summarized above. Thrombus formation was more
proﬁounced with larger aggregates that were less easily dislodgedMﬁ
time and higher shear rates. ‘Also, ASA, sulfinpyrazone, and
dipyridamole no longer inhibited thrombus growth nor increased platelet
adhesion in the non—c.:itrated blood. The latter results highlight the
difficulties in studying'thraflbogenesis where conditions can work in
) synchrony to change results.

Drs. Feuerstein, Brash, Cazenave et. al.(83-101), have employed a
couette flow system that operates at low shear rates but platelet
deposi_tion is not diffusion-limited. Whicher and Brash(85) hav‘e stud ied
the effects of medium composition on porcine platelet accumulation and
release of serotonin from adherent platelets on a number of surfaces
using r:;rdioisotopic techniques. Surfaces were found to fall into three
groups having high adhesion and relc_aase, moderate adhesion and release
and low. adhesion and release. Changes’in platelet concentration,

hematocrit, fibrinogen and albumin all had effects on platelet-surface

interactions that were surface specific(85). No steps were taken to

prevent reupt:,ake of serotonin by agiherent platelets, _Ho*wever,

subsequent study showed only a slight 1nc;re‘asé' in measured release from

RN

a

p
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adherent cells by preventing reuptake of serétonin by adherent
platelets(86). éazenave et 3l.(94-101) have used this device to
study the effects of drugs on rabbit-platelet adhesion tolcollagen and
subendothelium. Platelet adhesion only and release of serotonin from
adherent platelets were measured in this system. Platelet adhesion was
decreased by PGI,, PGE,, indomethacin, EDTA, citrate, EGTA,
sulfinpyrazone, dipyridamole methylprednisolone, penicillin G,
cephalothin, albumnin and pre—expoéure of platelets to thrombin, plasmin,
chymotrypsin, periodate or ADP, Platelet adhesion was not affected by
aspirin or prior exposure to neuraminidase. Release of serotonin from
adherent rabbit platelets was inhibited by EDTA, EGTA, PGE,, PGI, and
combinations of ASA + CP/CPK or indamethacin + CP/CPK. Release of
serotonin from adherent human platelets was not inhibited by any of the
materials shown to inhibit release frcm rabbit platelets. Release was
increased slightly by ASA, indomethacin and sulfinpyrézone but was
unaffected by CP/CPK.

Didisheim and Grabowski(60.62{63) have studied species
differences in platelet accumulation on different surfaces and found
great differences between species and surfacesf In a new two stage
procedure where the surface 1s first exposed to the plasma of one
species and then the blood of a different species they were able to show-
that the plasma camponent xnediatiﬁg adhesion in one species does not
support the accumulation of platelets from another species(63). These
authors have also shown that aspirin treatmenb‘does not inhibit human

platelet adhesion. or release of granules on a collagen surface(156),
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1.3.2.5 In vivo Studies

In vivo studies using rabbits which have had the endothelium
removed from their aorta showed an initial rapid accumulation platelets
with formation of a saturated surface consisting of a continuous
éonolayer of spread platelets(102,108,151). This surface was in dynamic
equilibrium with continual turnover of platelets on the surface(151).
After a few days a neointima was formed. Reinjury of the aorta brought
a new sequence of similar events(151). Despite the relatively large
surface area of damage (the entire aorta) no reduction in platelet

“survival was detecéed(151). An arterial-venous shunt placed ia baboons
has been demonstrated to reduce platelet survival despite the relatively
unthrombosed surface of the éhunt suggesting that éontinual
thrombembolism may be occurring on the surface(142,143,146).
Alternately, since proteins such as Hageman factor are activated by
surfaces, it may be the acﬁivation_ of plasma protein cascades with
formation of enzymes such as plasmin that led to the reducéd platelet
life span. A test system for screening biomaterials is ﬁeeded and some
estimate of dynamic events albeit indirect is‘gossibig through.platelet

survival and protein turnover measurements.

1.3.2.6 Effects of Mepacrine on Human Platelets

«

Mepacrine (quinacring dihydrochloride) (Figure 1.3) is rapidly
taken up by platelets and stored in the dense <granules (157). This
uptake was not inhibited by serotonin or metabolic inhibitors and

resulted in the displacement of a portion of the serotonin stored in the
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Figure 1.3: Chemical structure of mepacrine (quinacrine dihydro- -

chloride). -
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dense granules(1). Mepacrine has an excitation peak at 440 nm and an
emission peak at 505 nm(158). This fluorescent behaviour has been used
to specifically count dense granule in normal(5,159-160) and abnormal
platelets of various species(6). Platelet activation by thrombin
resulted in 50% release of dense granule bound mepacrine(159) with the
remaining mepacrine associated with the membranes of the granules(161).
Mepacrine inhibited platelet aggregation induced by ADP and collagen and
partially inhibited platelet aggregation induced by low concentrations
of thrombin(162,163). The mechanism of action of mepacrine are at least
three fold. The first pathway is through the inhibition of

_phospholipase A, at a mepacrine concentration of 50 uM(162,163). The

2
secénd pathway is through the inhibition of cyeclo-oxygenose at a
mepacrine concentration of 500 uM(162,163). The third pathway 1is
throughathe inhibition of fibrinogen binding to platelets during
platelet aggregation at a mepacrine concentration of 50 um(164).
Mepacrige is also a chelating agent and it may be through the combined
effects of the concentration of the mepacrine in membranes apd this

chelating activity that enables it to be such an effective iﬁhibitor of

p
platelet aggregation.

1.4 Discussion and Rationale for Present Work

The foregoing review-of platelet functions and platelet-surface
interactions is meant to identify the previous work and to point out
their limits. The éXposure of blood that coritains differeqt antico-

agulents to surfaces under different dynamic conditions seems to have

=




gained us some feel for the depth of the problem of platelet-surface
interactions. Both the physical parameters and the biological
parameters influence platelet-surface interactions and the consideration
of both is mandatory. A more detailed understanding of platelet-surface
interactionsv is required to enable a logical approach to the
biomaterials synthesis and testing, as well as the comprehension of
vascular diseases and their complications,

Those studies that have attempted to look at dynamic events have
been restricted to low resolution and/or indirect methods of
observation. New procedures need to bé employed to allow direct
observation of events at surfaces during platelet accumulation. The
epi-fluorescent video microscopic technique employed in this work
fulfills these criterion completely.

From section 1.2 on platelet physiology it is obvious that
platelet functions are weli enough defined to apply thi; knowledge to
platelet-surface interactions permitting detailed correlations of
platelet phenomena and functions. To date the study of platelets and

e
~artificial surfaces has been restricted to the testing of new
biomaterials with little research on thé mechanism of platelet
accumulation on foreign surfaces. “The two major research
groups(Sé-T01,101—139) have begun to apply the knowledge of platelet
physiology to platelet accumulatian on subendothelium. However,‘the use
of the annular perfusion chamber which gives detailed morphometric

information on plateiet accumulation is confounded by the use of

citrated blood and limited by the lack of dynamic information(102-138).
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The use of the cuvette flow device which gives platelet adhesion and
release of g(Znules from adherent platelets {s confounded by the species
differences as most of this work was done using rabbit platelets and
limited by the lack of dynamic information, the low shear rates and the
measurement of adhesion only(83~101).

The work presented in this thesis has been done ih washed human
platelet suspensions that contain physiological 1levels of calcuim,
magnesium and red blood cells and no anticoagulants. Microscopic
obsérvations of individual platelets during the processes of platelet
accumulation on surfaces yielded detailed dynamic information.
Simultaneous measurement of the release of materials from platelets and
the accumulation of platelets over a large surface area augmented the
microscopic data. Analysis of‘the biological data using well defined
eng ineering principles enabled estimates of the concentrations near a
surface of materials released fran blatelets to be méde for the first
time. A greater understanding of mural thrombogenesis on a mechanistic

level ensued from the engineering analysis and experimental procedures.



- _ CHAPTER 2

METHODS AND MATERIALS

2.1 Preparation of Platelet Suspensions

2.1.1 Human Platelet Suspensions with Apyrase

Washed human platelets were prepared (Figure 2.1) according to
the technique of Mustard et al.(1). Platelets were labeled with Na2

51Cr‘ 0u (New Engl%hd Nuclear, Boston, specific activity = 100 mCi/Mg Cr,

2pCi/1012 platelets) and 3H-—serotonin (New England Nuclear, Boston,
specific activity = 25.7 Ci/mmole, ’JuCi/1O12 platelets). The final
suspension’ contained 3.5 gm/1 -of bovine albumin (ICN, Canada Ltd.,
Montreal, fraction V;, Apyrase. (ef 2.1.4), 1.0 gm/1 of dextrose(BDH
Chemical s, Toronto); red blood cells to produce a hematocrit of U40% (cf
2.2.1) and a platelet concentration of 3x108 cells/ml in a magnesium and

calcium containing Tyrode's solution. The properties of platelets

prepared in this manner have been extensively studied(2).

2.1.2 Human Platelet Suspensions with CP/CPK

Human platelet suspensions were prepared with the apyrase
replaced by creatine phosphate/creatine phosphokinase (CP/CPK) at a
congentration sufficient to prevent spontaneous aggregation but maintain
responses to ADP.. The platelets were labeled in the first wash witg
disodium chramate and 3H-seoton1n (ef 2.1.1). The final suspensions
contained 3 «x 108 platelet/ml, red blood cells at a hematocrit of 4o g%,

36
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Figure 2,1: Washed human platelets were prepared according to the
technique of Mustard et al. . Platelets were labelled with 51Cr (New
England HNuclear, 2uCi/1012platel¢ts) and 3H serotonin (New England
Nuclear, ”uCi/1012platelets) in the first wash. The red cells were
washed twice in a Sorensen's phosphate buffered salire and twice in
platelet-suspending solution. They were further incubated with apyrase,
1 wi/ml, for 15 minutes in the final wash to remove any residual ADP.
The final suspension had a hematocrit of 40%, 3 x 108‘p1at§lets/ml. 1
" wl/ml apyrase, 3.5 gm/1 albumin, 1 gm/i dextrose in Tyrode's solution
(which contains 2mM CaCl. and 1 ﬁﬁ MgClz). No anticcagulant was

2
present.

T



38

3.5 gm/l albumin (ICN), 1.0 gm/ml dextrose (¢(BDH), 5 mM creatine
phsophate (Sigma) and _1, unit/ml creatiné phosphokinaée (Sigma) in a
Tyrode's buffer, pH 7.35. Th?se suspensions were used in Chapter 5

only, in conjunction with ATP and CP/CPK experiments.

2.1.3 Apyrase Characteristics

The apyrase used in these experiments was isolated from potatoes
Jsing the method of lolnar and Lorand(3). Apyrase enzymatically“
degrades adenosine triphosphate (ATP) and ADP into adenosine
monophosphate( AMP) (3). The activity of the preparation w;s determined
using the firefly assay for ATP (ef 2.6.2). At the enzyme concentration
used for the platelet suspensions (1 ul/ml) and over thé range of

9

substrate concentrations, 10"6 to 10 ° molar ADP (Sigma Chemical Co.,

St. Louis, Missouri), the apyrase exhibited first order kinetics with a
rate constant of 1.8 x 1073 s”) at 37°C (cf 2.6.2). :This rate of ADP
deg}adation is sufficient tol prevent the platelet suspensions from
spontaneously aggregating or becoming refractory to agéregation due to
leakage of adenine nucleotides but does not affect ADP-induced

a
aggregation as measured in a turbidimetric device(2).

2.2 Preparation of Red Blood Cells

2.2.1 Red Blood Cells Used With Platelet Suspensions

The red cells were washed twice ;n a Sorenson's phosphate
buffered saline, pH 8.0 and twice in platelet-suspending. solution, pH

7.35. They were further\incubated with apyrase, (ef 2.1.3) 1 ul/ml, for
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15 minutes in the final wash to remove any residual ADP.

2.2.2 Determination of ADP Derived From Red Blood Cells

Red blood cells prepared from 3.8% trisodium citrate or
acidyecitrate-dextrose anticoagulate& blood(4). were washed as outlined in
prepératibn of suspensions. The .final platelet-free, red-cell
suspension, U40% hematocrit, 0.2 ul/ml apyrase, (cf 2.1,3) was allowed to
incubate for 45 minutes prior to being passed through a 120 cm long, 0.1
cm di;meter collagen éoated tube at 2 ml/min (326 5—1). Since red cell
damage is known to increase with fléw rate (5,6), the highest flow rate
exanined in the platelet flow studies was used. The combined amount of.
free ATP and ADP in the supernatant of the red blood céll suspensgion
prior to exposure of the suspension to the tube and after exposure to
the tube was determined using the method described (ef 2.6.1). ‘The
difference in nucleotide concentration‘b;tween the inlet and outlet was
statistically evaluyated using a paired-t test.

o

2.3 Preparation of Protein-Coated Glass Tubes

Glass tubes (1.3 mm internal diameter and 10 cm Llong) were
cleaned in Chramerge gManoétat, New York, NY) overnight, rinsed with
distilled water and'dried in' an oven,” Plasma proteins were adsorbed to
the internal surface by fiiling a tube that wa§ prewetted using Tyrodé's
solution, gith prptein solution. Affer one hour tge protein solﬁtion
was flushed out with Tyrode's buffer and the tube exposed to cell

sqspension. A collagen coéting was applied by filling a dry tube with
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solution of col}agen (Sigma, Type I, 2.0 mg/ml) soluble in acid and then
rinsing with Tyrode's buffer after two minutes. The tube was kept in a
moist atmosphere for 15 minutes prior to exposure to cell suspension.
The proteins used were human fibrinogen (A.B. Kabi, Stockholm, Sweden,
Grade L, 1 mg/ml), human fibronectin (Colloborative Research, Waltham,
Mass., 20(3 ug/ml), human albumin (A.G. Behringwerke, - Marburg-Lahn,
Germany, electrophoretically pure, 3.5 mg/ml) and bovine albumin (ICN,
fraction V, 3.5 mg/ml). Fibrinogen was first treated. with
diisopropylflqorophosphat;e, DFP, as described by Mustard et al(2).
Fibronectin -~ depleted fibrinogen was prepared according t'o. Lawrie et
al.(7) by DEAE chromatography of the ﬁFP-treated material. Bovine

*

tendon collagen was prepared according to Cazenave et al.(8). All other

f

proteins were dissolved in calcium and magnesium-free Tyrode's buffer,

-

2.4 Perfusion Apparatus .

A flow device was constructed consisting of a glass tube
positioned vertically with one end placed in a beaker of suspension (cf
2.1) 'wh“ich" was maintained at 37°C, and the other‘. end connected to a
syringe pump (Harvard Apparatus, Mil‘lis. Mass.) (Figure 2.2). The
advantage of this apparatus is its simplicity, making it inexpemsive to
construct. The copditions of drawing a fluid from a stagnant poc}l into
a tube has been qnaiysed in detail and represents a well-defined laminar
flow. Added advantages for biological experiment are the absence of
feeder tubi;ng that may activate platelets prior to exposure to the test

section and the maintenance of the blood at 37°C.by suspending the
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Figure 2.2: Platelet/red blcdod cell suspension is drawn from tl';e
beaker which is sitting in a water bath which is maintained at 37°,
. The glass tube is placed with one end in the beaker and the other end
attached to the syringe pump. The rate of withdrawal of blood through
the tube is controlled Ey a syringe pump and was steady at’ a.ll times.
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beaker in a water bath.

2.5 Procedure For Perfusion Experiments

The tubes were primed with calcium and magnesium-free Tyrode
solution before the platelet suspension (ef 2.1) was allow;d to flow, to
prevent the passage of a blood-air interface which ceould influence
adhesion. The suspension was drawn through the protein-coated tube (cf
2.3) by a syringe pump for various lengths of time and shear rates and
discarded. A%‘ter exposure to the cell suspénsion, the tubes were rinsed
with Tyrode solution for 5 minutes at a flow rate of 1 ml/min to remove
loosely adherent cells.

The tube was cut into segments (Figure 2.3). For the tubes with
1.3 mm internal diameter and 10 cm long the first four segments were 1
cm long and the last 3 were 2 om long. Only one segment was required
per counting vial to maintain radioactive counts. ' Each Segment was
co.mted in a gamma cownter to determine the > Cr associatc‘ea with the
tube's surface; thé plateleé surf‘:;xce concgntration (platelets/1000 ume)
was then computed(9). The adherent platelets were then removed from the
tube's surface using a tissue solubilizer (NCS, Amersham, Oakville) and
conted in a liquid scintillation counter. ’ The'scintill‘ation
fluid contained 5 gm of 2, 5-diphenyloxazole (BDH). and 0.3 gm of 1,
4-Di[2-(5~phenyloxazolyl) ]-benzene. puriss. (Canadian Scientific Product;s
Ltd., London) in one litre of‘ toluene (Fisher Scientific Ltd. » Fairlawn,
N.J.) 0.4 ml of NCS, 3.5 ml scintillation fluid were combined with.the

.segr;lerit of the glass tube in 'a mini-vial (Wheaton Secientific,
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Figure 2,3 Calculation of platelet accunulation and release from
adherent platelets. The tube was cut into segments and each segmeént
counted in a gamma counter to determine ‘the > Cr activity associated
with the tube’ s surface; the platelet =surface concentration
{platelets/1000 um) was then computed. The adherent platelets were
then removed fram the tube's surface using a tissue solubilizer (NCS
‘Amersham) and comnted in a liquid scintillation counter. A standard
51Cr sample was also evaluated in the liquid scintillation counter. The
.radioactivity counts from the scintillation. comnter for the solubilized
platelets were adjusted by subtraction of the 2. Cr activity as
determined ‘in the gguma counter where 3H-serotonin is not detectable.
The net 3H-—serot0nin counts were then used to calculate the percent
release of serotonin from adher-ent cells,



4y

Milleville, NJ). A standard 51Cr sample was also evaluated in the
liquid scintillation counter. The radiocactivity counts from the
scintillation counter for thg solubilized platelets were adjusted by
subtraction of the > 'cr activity as determined in the gama counter
3y

where 3H—serotonin is not detectable. The net -serotonin cgunts were

then used to calculate the percent release of serotonin from adherent

[\ N
cells using Equation 1.1.

3H—serotqnin 3H—serotonin
per cell per cell
Percent _ Dbefore adhesion - after adhesion X 100
Release ' 3H—serotoniﬁ per cell
before adhesion 11

2.6 ATP and ADP Assay’

2.6.1 Red Blood Cell Studies

Supernatants of the platelet-free red blood cell suspensions (cf

N +

2.2)were obtained by'centrifugation at 9000 g for 2 minutes. The ADP
that had leaked from the red blood cells was converted to adenosine
triphosphate (ATP) using the PEP /PK (Phosphoenolpyruvate/Pyruvate
Kinase, Boehringer-Manheim GmbH, Germany) enzymatic system described by
Holmsen(10). The ;cmbined concentration'of ADP and ATP was determined
within 15 minutes of-the end of thé flow experiment using the
luciferin-luciferase (firefly) assay(10, Sigma). Although there was
apyrase (cf 2.1.4) (0.2 ul/ml) in. the red cell suspenéion it did not
significantly degrade liberated ADP or ATP in the 15 minutes betweed the

flow experiment and the gssay. This was checked by doing two standaﬁd

Iy
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.

curves, one with apyrase (0.2 ul/ml) and one without. No difference was
noted after the 15 minute incubation time between the two standard

curves, Longer incubation times showed apyrase was degrading ADP.

-

2.6.2 Apyrase Kinetjics

The rate of degradation of ADP by apyrase was determined by
adding 1 ul/ml (the concenﬁration Lsed in the platelet suspending
solution) of apyrase to a solution conpaining 10"6. M ADP, The
concentration of AbP remaining after 5, 10, 20, 40 and 80 minutes was
determined by enzymatic conversion (PEP/PK) éf ADP ‘to ATP and
measurement of ATP concentration using the firefly assay. The rate

-1
3 s ) was determined as the slope of the straight

constant (1.8 x 10
" line obtained by linear regression between the natural logarithm of the
residual conéeﬁ@ration of ADP and the time of incubation. All work was

performed in the platelet suspending solution at 37°C.

2.7 Drugs

Mepacrine (BDH), imipramine (Sigma) hirudin (Sigma), heparin
(Sigma) were dissolved in Tyrode's buffer, frozen and thawed prior tp
usé. D;pyridamole (Persantine, Boehinger), dipyridamole placebo
(Boeﬁinger).. sulfinpyrazone (Anturan, Ciba-Geigy, Dorval, PQ),
sul finpyrazone placebo (Ciba-Geigy) were wused ‘as supplied.
Ac etylsalicyeclic acid (Sigma) 'was prepared fresh..daily by dissolvfng
equimolar N;HCQ3 and ASA in wate{ and adjuéting the. pH to 7.35 and the

osmolarity to 300 mosm using NaOH and 300 gm/l- NaCl, respectively.
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Prostaglandin E.' (Upjohn Co., Kalamazoo, MI) was prepared i)y dissolving
1 mg in 0.1 ml of 95% ethanol and adding 0.9 ml of 0.02% Na2003 and
frozen. Creatine phosphokinase (Sigma) and creatine phosphate (Sigma)
were prepared in Tyrode’s buffer fresh daily. Indemethacin (Merck, Sharp
and Dohme, Penn.) was prepared in ethanol at a concentration of 10 mM
and diluted in Tyrodes. Adenosine diphosphate (ADP, Sigma) and CP/CPK
were dissolved in cold Tyrode's buffer. Adenosine triphosphate (Sigma)
was dissolved in CP/CPK-Tyrode's at 1 unit/ml CPK and 5 mM CP. All
treatments were administered to platelet suspensions 15 minutes prior to

mixing with red blood cells and perfusion.

2.8 Epi-fluorescent Video Microscopy

A Nikon microscope with blue excitation epi-fluorescent
attachment and UV-F100 glycerol immersion objective was mounted
horizontally (Figure 2.4), The protein-coated tube to be examined was
mounted on the now vertical stage. A television camera (Seny, Japan,
3210) coupled to an image intensifier (RCA, USA, 4550 P20) was used to
monitor fluorescently-labeled platelets interacting with the internal
surface of the tube. A permanent record was obtained on 1/2" video
tape. The rate of platelet accunulation was determined by recording the
time of arrival of ;ever‘y platelet in 2500 um2 of surface area. To
determine the residence times of individual cells upon surfaces, the
video tape was advanced one frame at a time and records were made of the

2
presence or absence of cells on the 2500 um~ viewing area. This process

permitted residence times greater than 33 ms (time for a single T.V.
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Figure 2.4: Epi~fluorescent video microscopy. A Nikon microscopy with
blue excitation epi-fluorescent attachment and UV-F100 glycerol
im&ersion objective was mocimted horizontally. The collagen-coated tube
was mounted on the now vertical stage. A television camera (Sony 3210)
coupled to an image intensifier (RCA MSSG P20) was used to monitor
fluorescently-labeled platelets interacting with the internal surface of
the tube. A permanent record as obtained on 1/2" video tape. The rate
of platelet accumulation was detennined by recording the time of arrival
of every platelet in' 2500 um2 of surface area. In order to determine
the residence times of individual cells upon surface, the video tape was
advanced one frame at a time and records were made of the presence or
absencé of cells on the 2500 um2 viewing area. This process permitted
residence times greater than 33 ms (bipe for a single T.V. frame) to

s

be recorded.
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frame) to be recorded.

When epi-fluorescent microscopy was performed the platelets were
incubated in 50 uM mepacrine (BDH) (ef 1.3.2.6) for 20 minutes rendering
the dense granules fluorescent. No further washing was necessary as the
mepacrine was taken up by the platelets and background fluorescence was
not a problem. Photomicrographs were taken off the screen of an image
intensifier (RCA B450) coupled to a Nikon (Mississaga) microscope with a
blue excitation epi-fluorescent attachment. The platelets were made
fluo;escent by adding mepacrine (50 uM) to the rinsing solution

rendering not only the dense granules but also the cytoplasm of the

platelet fluorescent {cf 1.3.2.6).

2.9 Aggregation Studies

Platelet suspensions (red cells absent) at a concentration of 5 x

108 platelets/ml were stimulated by ADP (Sigma), acid-soluble, collagen
(type I, Sigma), or ADP plus collagen, in an aggregometer (Payton
Instrunents). One hundred percent aggregation was set at the level of
transmitted light present with only the suspending medium in the light
path. Decreasing coﬁcentrations of stimulus were used until no response
was defined as that concentration of stimulus giving 10% increase in
light transmittance (aggregation) or 10% release or last detectable
shape change (increased light absorbance). DFP-fibrinogen (ef 2.3) Qas
added to the suspension ét a final concentration of 0.5 mg/ml as washed

human platelets will not aggregate to ADP or collagen without it.



CHAPTER 3
PLATELET ADHESION AND RELEASE: MAXIMUM INTERFACIAL FLUID

CONCENTRATIONS OF MATERIALS LIBERATED FROM PLATELETS

3.1 Introduction

Mural thrombosis c¢an be divided inte three stages:
throembogenesis, stabilization of the thrombus and dissolution of the
thrombus. The first stage of thrombogenesis entails the accumulation of
blood platelets on a surface initially through platelet-surface adhesion
and later through platelet-platelet cohesion. The process ¢f platelet
accumulation on a surface is similar for intravascular mural
thrombogenesis and the early stages of hemostésis and thrombogenesis on
the bianaterials used in artifical organs or implanted prostheses. The
extent and rate of thrombogenesis is governed by: (a) the surface, (b)
the local hemodynamic condition, .(c) plasma cocmponents,. and (d) the
functional state of the platelets(1,2). While it is diffigﬁIt~to_know
how all four of these parameters interact to produce a thrombus, a
knowledge of the concentration of those materials which are liberated
from platelets during platelet accumulation on a surface would enhance
an understanding of the mechanisms for thrombogenesis.

The materials which are 1liberated by platelets and have
pro-thrombogenic properties are adenosine diphosphate (ADP) (1,29,

serotonin (1,2), prostglandins G and H2. thromboxane A2 (3), von

2‘
Willebrand factor (4) and fibrinogen (1,2). The materials which are

49
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liberated by platelets and have anti-thrombogenic properties are
adencsine triphosphate (ATP) (5), prostaglandin D2 (3) and heparin
neutralizing materials (6). Although presence of all these materials
within platelets and their 1liberation has been documented no
quantitative information on the concentration of these materials in the
medium adjacent to the surface during the process of mural thrombus
formation has been presented. Holmsen and Weiss (6) have reviewed the
empirically obtained bioleogical information available to discern which
of the materials released from platelets are most likely to be affecting
mural thrbmbogenesis. A list of the amounts of secretable materials
stored in the dense grahules of platelets was prepared by Holmsen and
Weiss (6) and used to calculate for each substance the average fluid
concentration that would develop in an aggregation cuvette due to
max imal release by platelets. The relationship between these average
concentrations of releasable materials as determined in a well-mixed
cuvette and the concentrations at a site of thrombogenesis remains
obscure.

Another approach 1is possible. The action of platelet
accunmulation and liberation generates a region of high concentration of
liberated materials at a site of accumulation. The rate of 1'iberation
and the rate of transport from the surface determine the magnitude of
the local concen.trayion. For each substance, the maximum concentration
locally produced may then be estimated and compared with the range of
concentration which is known to affect platelets and information upon

the probable effect that substance can have on thrombosis then becomes

- —p——
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available. Using this method one may have most confidence in saying
that a substance will or will not af;ect platelet aggregatiocn when the
calcul&ted ;alue is well above or below those known to stimulate
platelbgts, Two pieces of information are necessary to calculate the
max imum possible concentration of liberated materials near an injury
site in the vasculature or on‘a blood-contacting bicmaterial, these -are
the rate of platelet accumulation and the amount of the material in the
platelet. For this study, the latter quantitites were gathered from the
literature and the former information was obtained from experiments that
measured the rate of platelet accumulation on a collagen-coated glass

tube. The effect of flow rate or more precisely shear rate at the

surface, upon the local concentration of liberated substances was

investigated.
‘3.2 Theory -

Materials liberated at the interface between a moving fluid and
an impermeable surface undergo diffusion away from the site of
liberation and simultaneous transport downstream by the fluid. In a

'circular tube, the fluid velocity varies in the radial direction and is
max imal along the centerline and zero at the tube's surface. The
resultant concentration of liberated material then depends on the rate
of the liberation and the interconnected dilutién processes of diffusion
and convection. For a flow in a tube, the mathematical solution for the
fluid concentration of any material liberated at a constant rate along

the tube at the fluid-solid interface is available in the literature
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(8). For the case of liberation over short lengths of the tube, the
parabolic velocity profile can be replaced with a linear relationship
where the velocity at any radial position, y - measured from the
surface, is equal to Gy where G is shear rate at the surface evaluated
from a parabolic velocity profile (9). This linearization of the vel-~
ocity profile allows an analytical solution to be obtained which 1is
reproduced here from reference (9). The shear rage atdthe surface, G,
will be referred to as shear rate for the remainder of this

presentation.

\
3

_ MR 2/Gh
FC-= o T(2/3 (3.1
\ = -Z—% _ , (3.2)
GR ”\\\ )
N = (PAR) x S x 10° (3.3)
where
IFC = concentration of liberated material in the fluid at the

3

interface, units/cm

N = flux of the 1liberated material at the interface,
amount/cmzls
f = fraction of blooed that is non-cellular, .for 403z
hematocrit, f = 0.6 Q%?
R = tube radius, cm “
r(2/3) = gama function
z = dimensional axial position measured from the tube's inlet,

cm

-1
surface-shear rate, s

diffusion coefficient for liberated material in red blocd
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cell containing suspension, cm2/8

A = non-dimensional axial position measured from the tube's

entrance

2

PAR = platelet accumulation rate, platelets/1000 um /8

S = total amount of material stored in a platelet that 1is

liberated upon accumulation on the surface.

This solution is valid for 2 < 5x10-u (9. In the tubes used -
here for up to 1 omn of length and for the shear rate range and diffusion
coefficient range studied, the solution remains valid. Since we are
concerned with the concentration of matérials liberated from platelets
for a small injury site, this solution will suffice.

The flux, N, of the liberated materials is proportional to the
product of PAR and S, Equation 3.3. The PAR's were determined
empirically at a number of shear rates, 80, 160, 320, and 640 3-1- A
power law correlation was determined for the platelet accumulation rate,
PAR, with shear rate. ‘

PAR = KG" (3.4)
where K and N ére parameters to be found by regression (see Results).

Combiqing Equapions 3.1, 3.2, 3.3 and 3.4, for z = 1.0 em, and R
=.0.065 the concentration in the fluid adjacent to the surface due to
liberationeof platelet materials can be calculated as follows:

IFC = 2.56 x 10° ksGtn-1/3) p2/3

(3.5)
This equation is restricted to platelet/red blood dell susgpensions of
40% hematoerit, f = 0.6, and may be altered for otHE#* hematocrits

according to Equation 3,1, The. factor f in Equation 3.1 is necessary to

convert the average coneentration of a substance for the suspension,
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fluid plus cells, to the concentration within the fluid. For those

materials which are stored in the dense and alpha granules of platelets

A

4

and are released all at once, the parameter S is simply the amount of
secretable material in the platelet which we have obtained from the
literature. For those materials progressively liberated by platelets,
such as prostaglandins and thromboxanes, there will exist a period of
time of increasing flux from onset of flow until the first platelet to
adhere is exhausted and ceases to emit material. For this analysis, the
total amount of material liberated by a platelet over this time period
can then be treated as an effective total amount of liberatable matérial
in a platelet, S. For prostaglandins and thromboxanes, platelets become
exhausted approximately four minutes after stimulation (10,11)., Since
new platele£s continually arrive to replace exhausted platelets (see
results), the IFC of materials progressively liberated from platelets
would. reach a cpnstéht value some time after four minutes of perfusion.
It is this steggy-state IFC that is reported in the results section.
Since we are interested in the highest possible concentrations
that could be’'developed and any metabolism or inactivation of liberated
materials would decrease the cbncentration at the surface, no correction
for inactivation was included in the analysis.

One final parameter must be estimated for each substance; that is
its’ diffusion- coefficient. The wmolecular lweights of the releasable
materials considered here are known allowing‘the diffusion coefficient
to be calculated using the Stokes~Einstein equation (12}, provided the

specific volume of the material in solution can be estimated. Proteins
-~
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typically have a specific volume of 0.7 to 0.75 (12). Since we are
principally concerned with order of magnitude estimates and not exact
concentrations, a specific volume of 0.73 was used for calculations of
diffusion coefficients for proteins. A specific volume of 1,0 was used
for substances with a molecular weight less than 600 Daltons, The
effect of red blood cell mixing upon the effective diffusion coefficient
for the molecular size and shear rate range considered here would be
small and was not included (i3). However, the presence of red cells has
been shown to impede diffusion and thus reduce the diffusion coefficient

of dissolved species. This has been accounted for by a method described

in reference (14),

3.3 Results

Platelet accunulatibn on the internal surface of a c&llagen-
coated glass tube (cf 2.3) was determined at shear rates of 80, 160, 320
and 640 3-1 using suspensions of washed human platelets (ecf 2.1.1). For
each shear rate the platelet accumulation for the first centimeter of
tubing was evaluated for four or five durations of exposure (ef 2.4,
2.5). A élatelet aégumulation rate, PAR, was then evaluated by linear
regression of these data for each shear rate stgdied. Table 3.1 gives
the estimated regression parameters and their upper and lowe&r 95%
confidence values: Figure 3.1 shows plots of the best-fit line for ?ach
shear rate, The parameters n and K of Equation 3.4 were eval;ated by
non-linear regr;ssipn of the equation

Platelet Accumulation = K GO t + C (3.6)
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Figure 3.1: Human platelet accumulation on a collagen-coated glass tube
using washed platelet/RBC suspensions as a function of time and surface
shear rate. Each data point represents the mean of the average platelet
accumulation over the fist centimeter of length along a 1.3 mm internal
diameter tube, The vertical bars denote standard. errors about the
means. The solid l?nes were determined by Llinear regression of the
relationship, accumulation = K1 (time) + K2. for each shear rate. The
regression coefficients, K1, Ké and their 95% confidence intervals are

reported in Table 3. 1.
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L
where t was the time of exposure. The input data for the regression
were the measured platelet accumulation values with their corresponding
exposure~times and shear rates. Equation 3.6 is the integral of
Equation 3.5 over the time of perfusion, where C is the constant of
integration corresponding to the platelet accumulation level at =zero
time. The parameter C then should be zero as the tubes were
platelet-free at the beginning of each experimental run. The regression
parameters and their upper and lower 95% confidence values are: K =
0.029 (0.020 to 0.038); n = 0.60 (0.53 to 0.66); C = -8.0 (-24.0 to
8.6). It can be demonstrated that C is not significantly different from
zero. The units for PAR in Equation 3.4 which are consistent with these
values of K and n are platelets/1000 um2/s. In Figure 3.2 are plotted
Log (PAR - Platelet Accumulation Rate) versus Log (G - Shear Rate) with
values determined from Equation 3.4 using t?he above estimated values for
K and n. This plot is a straight line with slope n. Also appearing in
Figure 3.2 are the platelet accumulation rate values and 95% confidence
ranges resulting from regression of separate accumulation and
exposure-time data for each shear rate studied, Table 3.1 and Figure
3.1, The values of K and n can then be used in Equation 3.6 to
calculate the IFC for materials liberated by platelets. For each
substance, the estimated value for D, and IFC at 80 and 640 s'-1 are
given as well as. a number of quantities obained from the literature
which are: 'tﬁe amouwnt of material. released or progressively liberated
from platelets, S, the plasma concentration and the concentration

required to affect platelets, as determined in an aggregometer, see

pO
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14} :
12} PAR = 0.029 G %%

0.8

T

PAR (PLATELETS/1000 pm?/s}

COLLAGEN
INLET SEGMENT (0-1.0 cm) -

0.4

1

80 160 320 640
G. SURFACE SHEAR RATE (s-)

Figure 3.2: The rate of platelet accumulation (PAR) as a function of
surface shear rate (G) on a collagen-coated glass tube using washed
human platelet/RBC suspensions. The data points on the rates of
platelet accunmulation as detemined by linear regression of the platelet
accumulation versus time curves presented in Figure 3.1 and Table 3.1
for the four shear rates studied. Vertical bars denote the 95%
confidence intervals. The solid 1line was obtained by non-linear
regression of all the data with the equation, platelet accumulation = K
Gn t + C, where K;n and C are regression parameters the values of which
were K = 0.029 (0.020 to 0,028); n = 0.60 (0.53 to 0.66); C = -8.0
(-24.0 to 8.6) where the error values in parentheses are 95% confidence

intervals for 166 data points used in the regression.
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Tables 3.2, 3.3 and 3.4.

In the preparation of this thesis numerous literature articles,
which reported the amounts of the materials stored in platelet granules
and amounts of materials which are liberated through the arachidonate
pathway, were obtained. There was excellent agreement amongst research
groups suggesting that the amounts of materials secreted by human
platelets are constant and reproducable quantities. I have chosen only
to cite reviews or selected articles which quote specific values for the

contents of. platelets in the interests of brevity.

3.4 Discussion

The rate of platelet accumulation on the internal surface of a
collagen~coated tube w?s found to increase with increasing surface-shear
rate., The rate of platelet accunulation was found to be proporticnal to
the shear rate raised to the 0.60 power.GO°60. This calculated
experiment is in agreement with Turitto and Baumgartner (18) who
obtained a value 0.61. The flux at the tube's surface, N, anount/cmz/s,
of materials secreted or continuously liberated from platelets, for this
analysis, .is proportional to the product of the platelet accumulation
rate, PAR and the amount of material per platelet secreted or
continuously liberated, S, Equation 3.3. Since PAR is directly
proportional to 60"60. N will also be directly proportional to GO'6O.
Equation 3.6 indicates that the IFC is dependent upon the shear rate, G.
This dependénce arises from two solrees: (a) The factor N which 1is

0.60 /3

-1
proportional to G and related to PAR and (b) a factor G

which
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accownts for the effect of shear rate upon the transport of materials
away from the surface and which indicates that removal 1is enhanced by
increased shear rate (IFC is reduced with increased shear rate.by this
factor) . The net effect of these two factors is that IFC is
proportional to G0'27. This means that an 8 fold increase in shear rate
(for example 80 s™! to 640 3-1) will increase IFC by 1.75 times. The
dependence of the concentratioq of liberated substances from platelets
on shear rate may be a factor in the experimental evaluation of platelet
adhesion in von'Willebrand's disease. Decreased platelet deposition on
subendothelium using platelets from patients with von Willebrand's
disease, has been reported at high shear rates but not at low shear rate
a7, It may be that some material, lacking in von Willebrand's
platelets, which was 1liberated from normal platelets 1is controlling
platelet deposition at higher shear rates.

Each liberated agent will be discussed separateiy with respect to
the possible enhancement of the concentration in plasma of the agent and
its ability to affect platelets. For each substance discussed, a range
of IFC will beé presented. The smaller value was camputed for a shear

-3 -1
rate of 80 s = and the larger was computed for 640 s . The combined

effect of low concentrations of liberated agents will then be discussed.

3.4,1 Platelet Dense~Granule-Bound Materials

Calcium: The role of extracellular calcium in platelet
aggregation is unclear. Since the plasma concentration of calcium is

2.5 mM (6) and 100 MM will support aggregation (19) and the expected

EEITEN
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increase due to platelet release is 13 to 23 uM, it seems unlikely that
calcium release from platelets will be important in normal thrombus
formation. The transfer of granule-bound calcium into the cytoplasm of
platelets is believed to be an important phase in platelet aggregation
and release and it may be in this capacil’:y that granule-bound calcium is

/
" contributing to platelet activation (5).

Pyrophosphate: An IFC of 3 to 5 uM,. can be expected for

EREN
LAY

pyrophosphate due to platelet release with none normally in plasma. A
pyrophosphate concentration of 1 mM is requ'ired to potentiate ADP
induced platelet aggregation (19)'. It seems unlikely that this material
is important in thrombogenesis.

Serotonin: The concentration of serotonin required to induce
aggregation of platelets in an aggregcmeter varies with the platelet
isolation procedure used (5,20) from 5.0 uM to 250 uM. However the
degree of aggregation over this range of concentration is sr;all, less
than 10%. The maximum IFC would be 0.6 to 1.0 uM, with 0.2 uM present
in nomal plasma (21). Serotonin would not be present in high enough
concentration to induce aggregation by itself but may interact with
other relased agents synergistically to activate platelets.

ADP: Platelets contain at least two pools of ADP, a metabolic
pool and a granule-bound pool 622). When platelets adhere to a surface,
release occurs from the granﬁe pool. The calculated IFC of ADP that
would occur 1is 6.8 to 12.0 l;M. This is in the same range as the
concentration required to induce platelet a;gregation in an aggregometer

(20). Specific removal of ADP by enzymes decreases platelet retention
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in glass bead columns (23), and reduces aggregate formation on
subendothelium (24), indicating the importance of ADP in these systems,
It therefore seems possible that ADP is present in sufficient quantities
to aggregate platelets by itself but may require other agents to produce
full aggregation,

ATP and AMP: Both ATP and AMP inhibit platelet aggregation
induced by ADP but not by other stimuli (5). ATP is effective at a
concentration of 20 uM (5) and AMP requires a concentraticn of 3 mM (5).
The calculated IFC for ATP is 4.7 to 8.2 uM and for AMP 0.8 to 1.4 uM.
The net effect of released adenine nucleotides then would” be a small
inhibitory effect on platelet aggregation by ATP and\AMP but a larger
aggregation inducing effect by ADP. It is interesting to note that some
storage-pool-disease platelets have near normal granule-bound ATP levels
but low ADP letels resulting in a net inhibitory action on platelet

aggregation (25).

3.4.2 Platelet Alpha-Granule-Bound Materials

Fibrinogen: Fibrinogen 1s required to stabilize the platelet
aggregate in hemostasis as demonstrated by the fragility of clots formed

by patients with coagulation factor deficiencies (1). Thrombin will

aggregate washed human platelets without exogeneous fibrinogen -

suggesting that granule-bound fibrinogen can be sufficient to support

aggregation (20). The platelet-derived-fibrinogen concentration that

would develop in an aggregation cuvette, with 5 x 108 platelets/ml after

complete release by platelets, would be 47 ug/ml. This calculation is

T Fabad Y
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9 platelets (25). A

based on a releasable fibrinogen content of 93 kg/10
fibrinogen concentration of 20 ug/ml is sufficient to support
ADP-induced aggregation of washed platelets (26). Thus, there is
sufficient fibrinogen released by platelets to support platelet
aggregation in an aggrgggmeter cuvette using a non-plasma medium. In a
flowing system, the IFC would be 88.to 154 ug/ml as compared with 3000
ug/ml in normal plasma (6). It is therefore unlikely that platelet
fibn:inogen affects thrombus formation, in vivo, unless the release of

fibrinogen into the interstices of a platelet thrombus enhances thrombus

stability.

Platelet Derived Growth Factor (PDGF): Platelets have a smooth
muscle cell mitogen stored}'/in their alpha granules (6). The release of

this mit_:c‘)gen close to A£he de-endothelized vessel wall could be the

. _ 4 -
initial stimulus for. development of atherosclerosis (6). The platelet
has 12 x 10"'9 unité of PDGF (27). The maximum concentration of PDGF at

'Y .
the interface of the tube, IFC, would, be 5.4 to 9.5 units/ml. One

 uriit/ml is defined as €he emownt of 3H~thymidine incorporated by smooth

muséle cells cultured in 1% fetal calf serum (27). Should this material’

have.a high affinity .for the vessel wall, it is possible that.a portion

.. 4

of it would be seqdestér_ed by the Sﬂ;OOt'h muscle cells arid hence not be

carried @way by the flowing blood as this analysis assumes. . I‘t’; recently
has been shown 'that ‘another alp‘ha‘-granule ‘bound substance, platelet
faetgr ll.’ ca'h enter the de-énd_othelialized yessel wa-il dur;ing plat‘:elet
accumulation at the surface of the ve'ssel (2_8)‘. Same estimation of the

binding “constant of PDGF for smooth muscle cells is required to

—

“©
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determine if the rate of adsorption to the wall is significant, It is

not known if a concentration of 5.4 units/ml is important in

atherogenesis.

Anti-heparins: Platelet factor Y4 (PF4), low affinity platelet

factor 4 (LA-PFUY) and beta thromboglobulin (BTG) have all been shown to
prevent hepa;in from acting as a co-factor for antithrombin III
inactivation of serine proteases (29). The calculated value of IFC for
the,ﬁum of the heparin neutralizing  activities related to PF4, LA-PFU
and "8TG is 0.16 to 0.28 units/ml. These three materials account for a
fraction of the total heparin neutralizing activity (HNA) released from
platelets in an aggregometer-type experiment (29). A value for the

total platelet-derived heparin neutralizin& activity has been reported
(27) and based on it the IFC for total heparin neutralizing activity is
0.8 to 1.8 units/ml. It is difficult to say how important anti~heparin
materials are in normal thrombogenesis as the heparin leyel. in vivo, is
unknown. -

Fibronectin: Fibronectin does noé support aggregation of washed
hunan platelets (30). The calculated IFC was 3.4 to 6.0 ug}ml. Tﬁis.
value is much less than the‘plasma'concentration of 300 ug/ml (30).
Thus' it is 9nlikgly that the'reléase from platelet ‘granules naturally

increases the fibronectin éonﬂéntration near a thrombus.-
. \, .

von ‘Willebrand Factor (VWF): The, high molecular weight component
of the factor VIII complex is present in the alpha.graﬁuleé of platelets
(31,32). Patients deficient 1in this factor' have von Willebrand's

disease, which 1is characterized by prolonged bleeding and abnormal *

[N
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platelet aggregation induced by ristocetin (4,33). Recent studies have
shown that blood from these patients has defective platelet adhesion to
collagen and subendothelium at high shear rates (17,33). Addition of
0.5 to 1.5 units/ml of factor VIII complex restores normal adhesion and
aggregation functions (4,33). The calculated IFC for VWF from platelet
granules was 0.23 to 0,40 units/ml. The normal plasma concentration is
1.0 unit/ml. It therefore seems unlikely that the contribution of WF
from platelets would elevate the normal plasma concentration
siénificantly. This is further suggested by the restoration of .normal
plateiéﬁ adhesion by addition of VWF to deficient blood where the
platelets are still deficient in granule~-bound VWF (Y4, 33). It is
umknown whether or not Qashed normal platelets (VWF present within alpha

granules) suspended in WWF deficient plasma would have normal adhesion:

3.4.3 Substances Synthesized from Arachidonic Acid (Prostaglandins and

Thromboxanes)

Thrombin or Aollagen stimulation of piatglets causes arachidonic
acid metabolism with the formatien of prostaglandins and bhromquénes;
The functions of these metabolites are not full} agreed upon (3). .An
* inhibitor of platelet aggregation, PGDZ, is formed and liberated.by the
‘ platelet and has IFC values of 19 to 33 nM which. are éapable of
inhibiting platelet aggregation, as 12 *to 21 nM is required .for

inhibition (3,34,35). PGH,, PGG and thromboxane A,(TA,) are formed by

2
platelets and are all inducers of platelet aggregation (3,36). Only ?Az

appears to bhe preéent i sufficient quantity, IFC values are 186 to 326
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nM, Although the exact concentration needed for TA, to induce
aggregation is not known due to its labile nature, the level required to
induce aggregation is probably close to that for PGG, and PGH2 which is
200 nM (36). Aspirin treatment of platelets permanently scetylates the
cyclo-oxygenase enzyme which is responsible for arachidonic acid
metabolism leading to TA2 formation (3). Since PGD2 is an inhibitor and

TA2 is an inducer of platelet aggregation, one may question what the net

effect of these substances may be. It may be that the time sequence of

liberation is important. Should TA2 be produced first and then PGDz.

the result would be an initial stimulus for platelet thrombus formation

followed by inhibition.

Synergisms

Many of the released or continuously liberated agents have been

shown to have a more than additive effect oﬁ,hunan platelet aggregation:

when used simultaneouslx’(3u,37). Similar data are available for rabbit
platelets (38). To date, studies have focused on combinations of two
agents, _No two.groups use the same platelet isolation procedures é; the
same’ two stimuli in combination. M so, some workers are: studyi?g
ﬁotenfiation of second phase ;ggregation in a turbidimetric device whilé
others are studying potentiation of {nitial or primary aggregation. All

together, the d@té shows.that low concentrations of stimuli in

combination can elicit strong 'plateiet r%sponses» Synergism between

platelet inhibitors that could be formed at & vascular injury site such

as PGD2 fram platelets and PG12 from endothelial cells may also exist.

A ~u..¢4&y4>4 2
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TA2 and ADP are present in sufficient concentrations to stimulaté
platelet aggregation individually and PGD2 is present in sufficient
concentration to inhibit platelet aggregation alone, In addition,
potentiation of aggregation by combinations of aggregation inducers with
substances just below the necessary concentration to induce platelet
agéregation may be possible, e.g. ADP plus serotonin; as is potentiation
of inhibition of aggregation with substances just below the necessary
concentration to inhibit aggregation, e.g. PGD2 plus ATP. Detailed
expeqiments to determine the potential interactions between combinations

of these materials are required to learn which substances would provide

the dominant effect and which combination of materials are important in

mural thrombogenesis. z
3.5  Summary

This pape} deals with the estimation of local concentrations of
materials which are 1liberated from platelets during platelét
accumulation upon surfaces. Empirical data were -used in a calculation
procedure, based upon diffusion and convection, designed to yield an
upper bound on the interfacial fluid concentration (IFC) for each

substance considered. The necessary empirical data are the rate of

platelét accumulation and the maximum hmqunt of material in the

'plételet. It was found that the IFC is dependent upon the shear rate at

the Burfacew G, IFC .a'GO‘27. Substances such as, serotonin,

pyrophoesphate, PGG2 and PGH2 were found not to be present in sufficient

quantity to produce IFC's which could induce plateiet aggregation. A
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second set of materials, von Willebrand factor, fibronectin and calcium
had IFC's less than the concentrations nomally found in plasma. A
third group, ADP, ATP, PGDZ.-and TA2 had IFC's close to those known to
affect platelet aggregation. These last mater;als. along with any
materials formed in plasma such as ‘thrombin. are most 1likely to
determine the rate of thrombus growth on a blood-contacting bicmaterial
and, along with any vessel-wall-derived substances such as PGI,, will

control the rate of thrombus growth on subendothelium.



CHAPTER 4
INTERFACIAL FLUID CONCENTRATIONS OF ADP NEAR

A COLLAGEN-COATED SURFACE

4.1 Introduction

In Chapter 3, the concentration of ADP at the surface of a vessel
developed due to 100% release of ADP from the granules of adherent
platelets was estimated to be 6.8 to 12.0 uM. These concentrations were
based on the rate of blatelet accumulation obtained on the first
ceﬁtimeter of a collagen<coated glass tube. In Chapter 4, the release of
sefotonin from the dense granules of accumulated platelets was measured.
Since serotonin is a marker of dense-granule release, the actual amount
of ADP released by platelets can be estimated. The interfacial fluid
concentration (IFC) Bf ADP can also be more precisely estimated than in
éhapter 3 where 100% release was assumed. In addition the change in IFC
aioﬂg the tube (not just at the inlet) and into the lumen of the tube
‘(not just at the surface) was eqtim%ted by expanding the theoretiéal
model of mass transfer to include a parabolic velocity profile yielding
estﬁﬁates of IFC for iarger distance along the tube. The eﬁpanded

theory is g;ven in Appendix A.

73



T4

4,2 Results

The original experiments conducted to probe platelet accumulation
and release from platelets adherent to a collagen-coated glass tube
employed porcine platelet suspensions. Some initial probing of the
tubular perfusion system, such as the effects of a hydrodynamic entrance
region, heterogeneous' labeling of platelets with 51Cr, priming of the
tube before perfusion and the contribution of. ADP liberated from red
blood cells were conducted and are presented in Appendix B, Experiments
on the rate of platelet accumulation, the degree of release of dense-
granule materials from adherent platelets and the 'IFC of ADP are
presented in Appendix B for porcine platelets and in this chapter for
‘human platelets.

Radiolabeled platelet suspensions (cf 2.1.1) containing red blood
cells (ef 2.2.1) were used to study platelet accuﬁulation and release of
gerotonin from platelets (ef 2:“, 2.5) depoéited'on a collagen-coated
glass tube (ef. 2.3). Four flow rates were chosen csrresponding to

1

surface shear rates of .80, 160, 320 and 640 s ' and the duration of

exposure was varied from 30 to 600 s.

¥

4.2.49 Platelet Accumulation:

The change in platelet accumulation with incfeasing distance from
* the 1niet bf a collagen-coated glass tube at a ghear rate 80, 320 and
640 3—1 and perfusion times of 600 s, 300 8, and 120 s are presented in
Figures 4.1, 4.2, and 4.3 respectively. Also pr;sented in these figures

are the effects of the addition of imipramine (ef 2.7) to a finél
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Figure 4.1: Human platelet accumulation as a fumnction of distance from

the inlet of a c¢ollagen-coated glass tube at a surface shear rate of 80
] .

s after 600 s of perfusion. Values are means of 51 determinations for

--the control experiments and 10 determinations for the imipramine
experihents. Vertical bars denote standard errors. There, was no
difference between platelet accumulations wusing control and
;mipramine-tregted platelets and the points were coincident at positions
greater than 2 an frog the inlet. Similar data for surface shear rates
of 320 and 640 s—T-are presented in Figure 4.2 and 4, 3.
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Figure 4,2: Human platelet accumulation as a function of distance from
the inlet of a collagen-coated glass tube at a surface éhear rate of 320
:3"1 after 300 s of perfusion. Values are means of 2_determinaﬁions.
Vertical bars denote standard errors. Platelet accumulation wusing
imipramine-treated platelets wéé not significantly different from
untreated controls. Similar data for surface shear rates of 80 s and*

640 s~' are presented in Figurés 4.1 to 4.3.
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Figure 4.3: Human platelet accumulation as a function of distance from
the inlet of & collagen-coated glass tube at a surface shear rate of 640
3-1 after 120 seconds of perfusion. Values are means of .2
determinations for the control experiments and_3 determinations for the
imipramine~treated experiments. Vertical bars denote standard errors.
There was no significant difference between the platelet accumulation
using imipramine-treated‘or control platelets, ‘Similar data for surface

-1 -
shear rates of 80 s  and 320 s 1 are presented in Figures 4,1 to 4.,2.
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TABLE 4.1: Power Law Exponents Between Platelet Acummulation and

Distance from the Inlet of a Collagen-coated Tube.

Time Drug Surface Shear Rate(s—l)
(s) 80 160 320 640
30 - -0.59(.04)/ 2/
I -0.59( - )/ 1/ =0.50(.04)/ S/
60 - -0.82(.01)/ 2/
I -0.64(.04)/ 4/ -0.62( - )/ 1/ -0.64(.03)/ 4/
90 - -0.90(.01)/ 2/
1 -0.70(.05)/ 2/ -0.63(.10)/ 4/
120 - =0.75(.04)/ 6/ -0.98(.01)/ 2/ =-0.70(.02)/ 2/
I -0.74(.18)/ 2/ -0.80(.07)/ 4/ -0.78(.02)/ 2/ -0.75(.06)/ 3/
150 - -1.01(.01)/ 2/
1 . -0.76(.01)/ 2/ =-0.71(.01)/ 3/
180 - ’
I ~0.85(.09)/ 4/
260 - ~0.95(.05)/ 5/ '
I -0.88(.21)/ 2/
300 - -1.04(.04)/ 2/
I -0.80(.09)/ 4/ -0.73(.06)/ 2/
360 - =1.00(.11)/ 3/
I -1.00¢.26)/ 2/ -
480 - ~1.30(.10)/ 4/
I -0.94(.35)/ 2/
600 - - ~1.17(.03)/51/
I . ~-1.11(.08)/10/ ]

- * mean(S.E.M.)/number of tubes each having 7 data points/

I= Imipramine added to suspension; final cogcentration 2pM

AN
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concentration of 2 uM on platelet accumulation at the same shear rates
and times of perfusion. The imipramine treatment had no effect on
platelet accumulation at any of the shear rages or times studied. In
all cases there was a rapid decline in platelet accumulation with
increasing distance from the inlet. This pattern is in agreement with a
mass transport theory(1,2,3) which predicts a logarithmic relationship
between platelet accumulation and distance along the tube (2), platelet
accumulation = constant Zm, where m is the power-law exponent. The
value of m for the conditions studied were determinéd by regression of
the seven measurements of platelet accumulation (Fig?res 4,1 to 4.3) and
are presented in Table #.,1, The correlation coefficient was
consistently greater than 0.98 indicating the excellent fit of the data

by the theoretical relationship (example of the data points and the

regressions are given in Figures A.2 and 8.1).

4,2.2 Release From Accumulated Platelets

The release of serotonin from platelets deposited on a

collagen—ccated glass tube was measured radioisotopically (ef 2.5) as a

function of distance from the inlet and shear rate (Figures 4.4, 4.5,

4.6). Tnhe effect of the addition of imipramine at a final concentration
o

of 2 uM on the release of serotonin was also studied and is presented in

«

Figures 4,4, 4,5 and 4.6. The percent release from deposited platelets

increased with increasing distance frem the inlet, in both control and
imipraﬁine—containing experiments. The addition of imipramine, however,

shifted the percent release to higher values all.the way along the tube.

e e g e s e
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Figure 4.4: Percent release of serotonin from the dense granules of

human platelets adherent to a oollagen-coated glass tube as a function
. -1 -

of distance from the inlet at a surface shear rate of 80 s = after 600 s

of perfusion. Values are means of 51 deteminations in the control’

_experiments and 10 determinations in the imipramine-treated experiments.
Vertical_lines denote standard errors. Imipramine-treatment ipcreased
the measured peréent release by blocking reuptake of releaseg serotonin.
Similar data for surface shear. rates of 320 s™' and 640 577 are
presented in Figures 4.4 and 4.5. | '
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Figure 4,5: Percent release of serotonin from the dense granules of
hunan platelets adherent to a collaéen—coated glass tube as a function
of distance from the inlet at a surface shear rate of 320 s._1 after 300
s of perfusion. Values are means of two determinations. Vertical bars
denote standard errars. Imipramine treatment of platelets increased
measured percent release by blocking rguptake of released serotonin.
Similar data for surface shear rates of §0 s—1 and 640 s~] are presented

in Figures 4.4 and 4.6.
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Figure 4.6: Percent release of serotonin from the dense granules of
human platelets adherent to a collagen-coated glass tube as a function
of distance from the inlet at a surface shear rate of 640 3-1 after 120
s of perfusion. Values are means of two determinations for the control
experiments and the three dete;minations for the imipramine;treated
experiments, Vertical bars denote standard erggrs. Imipramine
treatment increased measured percent release by preventing reuptake of
released serotonin. Similar data for surface shear rate of 80 5—1 and

~1
320 s are presented in Figures 4.4 and 4.5,
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The increase was greatest at the inlet and least at the outlet of the
tube resulting in a2 less pronounced change in release with distance from
the inlet in the imipramine-containing experiments as compared with the
control experiments, A study of the chaéée in percent release of

serotonin with duration of perfusion is presented in Chapter 8.

4,2.3 Flux of ADP at the Interface

The rate of release of ADP at the interface can be computed as the
platelét accumulation and the degree of release of serotonin have been

measured (cf Appendix A, equation A.5) and is called the flux. The

basic assumption was that the degree of release of serotonin from -

deposited platelets was the same as the degree of release of all dense
granule materials including ADP. Both serotonin and ADP have been
documented to be stored in the dense granules of platelets (cf 1.2.1)
and to be released simultaneously(4,5). The flux estimated here differs
from the flux, N, used in Chapter 3, equation 3, in that the aegree of
release, since it was measured was no longe; assumed to be 100%. The
change in flux of ADP is present in Figure 4.7 as a function of distance
from the inlet, surface shear rate and imipramine treatment. The flux

was highest at the inlet and lowest at the outlet of the tube. Tnhe flux

increased with higher shear rates and imipramine addition.
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Figure 4.7: The amount of adenosine diphosphate (ADP) released by human

platelets per unit surface area per unit time, flux, as a function of

distance from the inlet of a collagen-coated glass tube. At a surface
-1 .

shear rate of 640 s |, the flux values for the control and imip ramine~

containing experiments were coincldent at distances greater than U4 cm

-1
from the inlet. At surface shear rates of 80 s ', the flux values for

the control and imipramine~containing experiments were coincident at

distances greater than 2 om from the inlet. Values are means of 51
determinations for the 80 sai/control, 10 determinations for the 80
-1 X -1

s /imipramine, 2 determinations for the 640 s /control and 3

-1, . .
determinations for the 640 s /imipramine cases. Vertical bars denote

standard errcrs of the means.

N eemde

o

L S,

3 e, s s s o it



85

4.2.4 Interfacial Fluid Concentration of ADP

The 1interfacial fluid concentration, IFC, of ADP was ccmputed
using the calculation procedure in Appendix A and the data presented in
Figures 4.1 to 4.7. The IFC of ADP changed relatively little along the
length of the tube but ranged from 1.5 uM at a shear rate of 80 s_1 to
10.3 UM at a shear rate of 640 s_l. The values of the IFC in Figure 4.8
are steady-state concentrations that would not change with time of
perfusion as platelets are constantly arriving (cf Figure 3.1) and
releasing their contents. The IFC of ADP for the first segment of
tubing, corresponding to the position 1 om from the inlet in Figure 4.8
and for comparison with the IFC calculated in Chapter 3 are tabulated in
Table 4.2 as a function of shear rate time, and imipragine treatment.

The IFC of ADP did not change with increasing time in the
imipramine-containing experiments but did decrease with time for the
control experiments. This was due to the decrease in measured release
of serotonin with time due to re-uptake of serotonin by adherent
platelets. The release values with imipramine present are then the
correct values to be used to calculate the IFC for ADP and the release
values without imipramine are the correct values to be used to calculate
the IFC for serotonin.

While the concentration of materials released from platelets
varied slightly along the table, it would be useful to know how
the concentration would decrease normal to the tube's surface. Two
asymptotic solutions are available that allow us to see how the

concentration would change in the radial direction at the inlet and the

o
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Figure 4.8: The interfacial fluid concentration, IFC, of adenosine
diphosphate, ADP, as a function of distance from the inlet of a
collagen-coated glass tube and surface shear rate. Values are means of
n deteminations where 30 s-‘/control. n = 51; imipramine, n = 10/; 320
3_1/control, n = 2; imipramine, n = 2/; 640 3"1/control, n o= 2
imipramine, n = 3/. Vertical bars denote standard errors about the
mean. See Appendix A for procedures to calculate the IFC of ADP from
the data in Figures 4,1 to 4.6.
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TABLE 4.2: IFC of ADP(uM) Developed at the Inlet of a Collagen-Coated

Tube due to Release from Adherent Platelets,

Time Drug
Surface Shear Rate (s"l)

(s)
80 160 320 640
30 - 7.8(0.4)/ 2/
I 7.9C =)/ 1/ 9.0(1.0)/ s/
60 - 8.3(0.9)/ 2/
I ' 6.9(0.8)/ 4/ 7.6( - )/ 1/ 9.9(0.8)/ 4/
90 - 5.0(1.8)/ 2/
1 7.1(0.8)/ 2/ 9.5(1.2)/ 4/
120 -~  5.5(L.1)/ 8/ 5.7(2.2)/ 2/ 6.3(1.2)/ 2/
I 4.3(0.2)/ 2/ 5.8(0.6)/ 4/ 6.3(0.2)/ 2/ 10.3(0.1)/ 3/
150 - 4.2(1.9)/ 2/
I 6.5(0.1)/ 2/ 9.8(0.7)/ 3/
180 -
1 5.6(1.1)/ 4/
240 - 4.2(0.8)/ 5/
I 4.2(0.1)/ 2/
300 - 4.5(3.2)/72/
I , 6.2(0.2)/ 2/
360 - 3.1(0.8)/ 3/
) I 4.6(0.7)/ 2/
480 - 3.2(0.8)/ 4/
I 4.7(1.0)/ 2/
600 - 3.4(0.2)/51/
I 4.3(0.4)/10/

* mean(S.E.M.)/ number of tubes /.

I= Imipramine added to the suspension; final concentrati%n 2 uM.

i
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outlet (cf Appendix A), Close to the inlet, the parabolic velqpity
profile can be replaced with a linear one with a slope equal to the
surface velocity gradient (cf 3.2, Appendix A). The solution yields,
for a shear rate of 80 5-1. an 8-fold reduction in concentration of
ADP, 69 uM away from the interface at a position of 1 cam from the tube's

r"j .
entrance(6). The same reduction in concentration would occur 43 ym from

-1 . .
the interface at a shear rate of 320 s . This rapid decline in ADP

concentration in the radial direction emphasizes fhe local nature of the

increased concentration of released substances. Only close to the
surface would the concentration of released materials be sufficiently
high to affect platelets.

The second asymptotic solution deals with the fully-developed
radial concentration profile which would be attained in the 80 s-1 shear
rate case, 40 om (400 diameters) from the tube's entrance. The solution
shows that the concentration of released agents would be 8 times higher
at the interface than at the center line of the tube (6). These
calculated results indicate that even if extensive damage to the
arterial vasculature occurred the high concentrations of released agents

would still only be present close to their site of liberation.

4,3 Discussion

4,3.1 Platelet Accumulation

The accumulation of platelets on the internal surface of a
collagen-coated tube was found to decrease with distance from the inlet

more rapidly than predicted by classical, mass, transport theory(1,2,3).
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The platelet accumulation was found to be proportional to the distance
downstream from the inlet raised to an exponent, m, which ranged from
~0.50 to -«1.16 (Table 4.1) as compared to -0.33 which was predicted by
theory(1,2,3). Baumgartner et., al.(3) found an exponent of -0.17 and
Freidman and Leonard(1) reported a value of -0.41 for the power law
exponent ., Some of the possible reasons for the more rapid decline in
platelet accumulation with distance from the inlet were investigated.
The effects of priming the tube, heterogenous labeling of

>Yer and the possibility of disturbed flow patterns at

platelets with
the inlet were investigated using porcine platelets and are presented in
Appendix B. None of these three possibilities were found to explain the
difference between empirical and theoretical exponents. Other possible
mechanisms are aggregate formation at the inlet, embolization of cells
at the outlet, preferential accumulation of a subpopulation of platelets
at the inlet or the release of a platelet-derived inhibitor of platelet
accumulation that has a different pattern of liberation than
dense-granule materials. More experimentation would be required to

differentiate between these other possibilities or a new theoretical

model constructed to explain the empirical power law exponents.

4.3.2 Release From Deposited Platelets

The degree of releasevof serotonin from deposited platelels was
found to increase with distance from the inlet in the control
experiments (Figures 4.4 to 4.6). The percent release of serotonin also

z

increased with increasing distance from the inlet in the experiments

-
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with imipramine added. The measured release from the control platelets
was lower than the measured release from the imipramine-treated
platelets probably due to the reuptake of serotonin by the control
platelets. The question of reuptake of serotonin is discussed in detail
“in Chapter 8.

‘The release data (Figures U4, to 4,6) show that the degree of
release of granule contents from platelets deposited at the inlet of a
tube is lower than that of platelets deposited at the outlet. This
suggests that some material is released by the platelets, and convected
downstream wheie it induées platelets adhering that are downstream to
release more extensively. The degreé of release being dependent on the
local concentration &f released material. It does not appear that the
change in release with distance from the inlet can be directly related
to the IFC of ADP, or any other dense granule material as the IFC
changes little with distance from the inlet (Figure 4.8). It may Dbe
that other factors are working in parallel with released substances to
produce the observed release pattern. Another possibility to explain
the increased release at the outlet could be the sensitization of
platelets by the released ADP. The platelets that adhere gt the exit of
the tube would have had longer periods of incubation and may have had
time to become more sensitive to the collagen stimulus while those
platélets that adhere at the inlet of the tube would have incubated for
a short time and may not have been fully sensitized. The degree of
release could then be dependent on the time from entry into the tube.

This scheme is consistent with the observed pattern of release from

e s st 8
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platelets along the tube. Platelets aggregate and release more
extensively in response to collagen when small concentrations of ADP are
present than in the absence of ADP (Appendix A, cf 3.4.4). The time
requirea’for sensitization by ADP incubation has not been studied in
detail.,

A third possibility for the increase in measured release with
distance fram the inlet may be that released agents from other granules
or progressively éecreted agents such as thromboxane A2 could modulate
release (cf 2.4, 5.4, 9,1). The concentration of such a material may
vary with distance from the inlet in some manner other than that shown

for dense-granule materials.

4.3.3 Interfacial Concentration of ADP

The interfacial concentration of ADP can be estimated using the
canputation procedure in Appendix A and the experimental data in this
chapter and are presented in Section 4.2.4. As predicted in chapter 3,
the IFC increased with 1increasing shear rate. The actual percent
release of dense-granule serotonin from deposited platelets was not much
less than the 100% assumed in Chapter 3 and the resultant IFCs kFigure
4.8) are not much less than the values predicted in Chapter 3 of 6.8 uM
at 80 8“1 and 12.0 uM at 640 3_1. The ADP-IFC did not change with
increasing duration of perfusion when imipramine was present but ADP-IFC
did decrease with duration of perfusion in the control experiments
(Table 4.2). Imipramine blocks reuptake of serotonin and it 1is this

reuptake of serotonin that lowers the measured release in the control

e
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experiments., This topic is dealt with in greater detail in Chapter 8.
We may summise that there is sufficient ADP released by deposited
platelets to develop concentrations of ADP in the 1 to 10 uM range near
the interface of a collagen-coated tube and probably a de-
endothelialized vessel. ' This amowunt of ADP is sufficient to induce
platelets to change shape and aggregate. However, the concentration of

ADP decreases quickly away from the interface and would not cause

platelet aggregation in the suspension. It 1is not possible to measure.

the concentration of ADP developed at the 1interface to validate the
calculations but it is possible to use biological procedures to alter
o

the response of platelets to ADP. Chapter 5 uses such conditions to

probe if ADP is important in platelet-surface interactions.

4.4  Summary

These results are pertinent to the process of thrombosis in blood
vessels and on bicmaterials, and to hemostasis. Calculations based on
experimental data show that ADP released from platelets produces
sufficiently high concentrations at a pot;ntial site of injury to induce
platelet shape change and platelet aggregation. The concentration of
ADP does not change quickly along the surface but drops off rapidly away
from the surface. Higher shear rates result in enhanced arrival of
platelets at the surface and higher concentrations of released
materials. The amount of ADP released from red blood cells was found to

be negligible relative to that released from platelets (cf Appendix B).

The results suggest that the contribution of ADP to thrombosis is quite

"
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possibly through platelet activation or synergistic action of

x

combinations of agents acting close to the site of thrombus formation.



CHAPTER 5

THE ROLE OF ADP IN MURAL THROMBOGENESIS

5.1 Introduction

In Chapter 3 the maximum concentration of ADP that could develop
due to complete release of ADP from platelets attached to a collagen-
coated surface was estimated. In Chapter 4, the concentratién of ADP
that could develop due to parpial release of ADP from platelets was
estimated. The conclusions of these chapters suggest ADP may be présent
in high enough concentrations c&ose to the surface to promote thrombus
formation by inducing platelets to change shape prior to collision with
the surface, In Chapter 5, a biological approach has been taken to
determine if the ADP released from platelets is significantly
influencing platelet—-surface interactions.

Platelet storage granules contain adenosine diphosphate (ADP)
which is released upon induction by many_‘stimuli(1,2). Since ADP will

~also &nduce platelets to aggregate, an autocatalytic role for released
ADP has been proposed in platelet aggregation, mural thrombogenesis and
hemostasis(1,2). This concept has been further supported by studies
sr;owing tr;at the rapid removal of ADP by enzymatic conversion reduces
the response ' of platelets in an aggregometer to stimuli Such as
thrombin, collagen, serotonin and epinephrine(3,4). Similar enzymatic
techniques have identified platelet-derived ADP to be important to
normal platelet retention in glass bead columns(5) and in mural

94
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thrombogenesis on subendothelium(6). Begent and Born(7), with flow
experiments in vivo and Grabowski(8) with in vitro flow experiments have
induced thrombus formation by controlled administration of ADf. wgile
the above experiments suggest ADP may be important in platelet
responses, the effect 9f platelet ADP at a surface under flowing
conditions remains obscure.

The experiments presented here were designed to evaluate to what
extent platelet ADP is important in determining the amount of platelet
adhesion, total accumulation and release from adherent platelets upon a
collagen-coated surface under flowing conditions. Two experimental
approaches that specifically inhibit platelet activation by ADP are:
the creatine phosphate/creatine phosphokinase system, which has been
shown by others to be effective in reducing platelet aggregation induced
by ADP in an aggrégometer(3,ﬂ). was used. Second, exogenous adenosine
triphosphate (ATP), an agent used by others to block ADP-induced plate-
iet responses (9,10), was used. A lack of change in our results in the
presence of these materials when compared with a control would indicate

that platelet ADP was not a controlling factor in mural thrombogenesis.

5.2 Results

Human platelet suspensions were prepared using creatine
phosphate/creatine phosphokinase in place of apyrase in all procedures
(ef 2.1.2). Radioisotopic measurements o; platelet accumulation and

release of serotonin from adherent cells on a collagen-coated glass

tube, after 600 s of exposure to flowing piatelet/red blood cell



96

suspension, given in Table 5.1, The accumulation is given as the
average number of platelets per wunit surface area for the first
centimeter, inlet, and last two centimeters of tubing, outlet. The
average release of serotonin from adherent platelets for these tube
segments is also given. Epi-fluorescent microscopic evaluaticn (cf 2.8)
of the inlet section of a control tube showed large aggregates
surrounded by platelet-free areas (Figure 5.1). At the inlet, some
adhesion (surface-platelet bonding) existed but cohesion (platelet-
platelet bonding) dominated, The accumulaticn of platelzts decreased
with distance from the inlet as has been previously shown (cf 4.2).
Microscopy revealed the outlet segment to be predominantly platelet-
surface bonding with individual platelets (Fig. 5.1). There was no
difference in platelet accumulation cor release from: adherent platelets
at the inlet or the outlet for either CP/CPK at 45 U/ml and 90 U/ml or
ATP at 10—5M. 10-uM and 10_3M when compared to controls. However, both
CP/CPK a8t 45 U/ml and ATP at 10-3H prevented the platelets from,
aggregating to 20 uM ADP as measured in an aggregcmeter (Figure 5.2).
There was also generally more release at the outlet than at the inlet.
5.3 Discussicn

Adenosine diphosphate has been suggested as a modulating material
in mural thrombogenesis due tc its release from platelets during
adhesion and its platelet stimulatory properties(1,2). It is difficult
to determine the concentraticn of ADP that could develop in the vicinity

of a surface and'so indirect methods have been employed to ascertain the
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Figure 5.2: Inhibition of platelet aggregation by ATP and CP/CPK. The
change in light transmission with time through a washed human platelet
suspension prepared using CP/CPK at a final concentration of 1 unit/ml
of CPK and 5 mM CP. The suspension contained 5 x 108 platelets/ml, no
red blood cells and 50 ug/ml of human, DFP—treai:ed fibrincgen. a)
tyrodes (TYR), b) ATP to make a final concentration of 1072 M, ¢) T
M, d) 10‘3 M, e) CP/CPK to make a final concentration of 45 units/ml of
CPK and 5 mM of CP were added prior to the addition of ADP to make a
final concentration of 20 uM. ATP inhibited platelet aggregation in a
dose-dependent manner but not shape change. CP/CPK inhibited
aggregation but.not shape change.
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TABLE 5.1: Human Platelet Accumulation on Collagen-Coated Glass Tubes

Inlet® Outletb
Treat- Platelets/ Platelets/
ment 1000 pm® Release (%) 1000 un® Release (%)
ATP
\
0 M 2u5.8 (34.9) 55,2 (5.6) 8.5 (2.0) 90.7 (1.9)
1072 4 217.0 (29.5)(<.50] 47.2 (9.2)(<.50] 8.9 (1.1)(<.501 91.2 (3.7)(<.50]
107 M 216.5 (16.0)(<.45] 50,0 (10.1)(<.50] 8.6 (2.1)(<.50] 90.2 (2.7)(<.50]
1073 M 237.2 (33.1)[<.50] 64.1 (8.9)(<.45] 10.6 (3.0)(<.50] 91.5 (4.9)(<.50)
cprsepk®
1 U/ml 181.7 (12.6) 53.1 (3.4) 16.2 (4.0) 83.3 (3.2)
45 U/ml 186.8 (15.6)[<.50) 56.9 (3.8)[<.50) 20.7 (4.3)[<.50] 85.2 (4.0)[<.50]
90 U/ml 163.6 (14,7)(<.80] 61.2 (4,8)(<.25) 14,3 (3.7)(<.50] 93.2 (4,0)(<.10)

Average for first centimeter of tube.

Average for last two centimeters of tube.

Creatine phosphate concentration 5.0 mM.

nean (S.E.M.) [2P) t-test between means of control and treatment groups,
3 for CP/CPK experiments.

n = 4 for ATP experiments, n
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role of ADP in platelet-surface interactions(7,8). In the present
study, two procedures, designed to specifically prevent platelet
aggregation by ADP, were used; the enzymatic conversion of ADP to ATP,
(3,4,5) and competitive inhibition by exogenous ATP(9,10). The former
treatment has been used by others to show the importance of released ADP
in platelet aggregation by different stimuli (3,4,5). However the
contribution of ADPP in thrombin-induced platelet aggregation has
recently been challenged(11).

The administration of CP/CPK did’ not alter platelet accumulation
at the tube's inlet where aggregate formation predominates nor di‘d it
alter platelet accunulation at the outlet where platelet adhesion
predaninates. No significant difference in release of serotonin from
deposited platelets was observed at either the inlet or outlet positions
between control tubes and tubes exposed to CP/CPK-treated suspensions.
The release values presented were determined for serotonin and are
indicative of the release of other materials stored in the dense
granules such as ADP(1,2). While CP/CPK removes ADP fast enough teo
prevent ADP-induced aggregation in a violently stirred cuvette such as
used 1in aggregrometry studies, it may not be sufficiently fast to
prevent released ADP from affecting platelets close to the surface in
tube flow where a potentially slower convective-diffusion process for
dispersal of released substances predominates (cf 1.2.4).

A second approach was to inhibit platelet aggregation to ADP
stimulation by high concentrations of exogenous ATP(9,10). Platelets

will become refractory to ADP-induced aggregation if exposed to low
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concentrations of ADP. To remove trace amounts of ADP normally present
in commercial ATP preparations, the ATP was dissolved in a CP/CK-Tyrode
buffer to allow any ADP present to be converted to ATP before addition
to the platelet suspension, The exact mechanism &f ADP-induced
aggregation is not known (ef 1.2.2), but has been postulated to be
through a membrane receptor that i.nduces transport of calcium(12), or
inhibits adenylate cyeclase(13) or through an ecto-dinucleotide kinase
enzyme that uses intracellular ATP for a phosphate donor(10). All of
these proposed mechansims are consistant with the observed competitive
%nhibition of exogenous ATP on ADP-induced platelet aggregation(9).
Exogenods ATP acts instantaneously and does not prevent aggregation to
epinephrine, collagen or thrombin(9). Since the platelets were
incubated with ATP prior to exposure to the tube, the platelets would
not have responded to ADP released from platelets throhghout the
perfusion, ATP administration failed to alter platelet adhesion,
platei;t accumulation or release from control levels. .
There were generally lower release values at the tube's inlet
than at the outlet for all conditions suggesting that platelét—collagen
adhesion stimulates more release than platelet-platelet cohesion. Since
no procedures were undertaken to prevent reuptake of serotonin by
deposited platelets, the measured releases are net values representing
the initial release plus the amount taken back up (ef 4.,2). It could be
then that platelet-platelet cohesion allows for - more reuptake- than
platelet-surface adhesion. It may also be that' the serotonin released

from platelets is trapped in the aggregate and 1is unable to be carrijed
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away by the flowing blood.

The role of red blood cells in mural thrombogenesis has been
suggested to be only physical(14,15), or both physical and cherﬁical
througp\ enhanced trans\port of platelets to the tube surface and
liberated ADP, due to hemolysis(16,17). Recent evidence suggests that
high shear rates and high hematocrits are required to demonstrate red
blood cell derived ADP effects(16). While red blood cells were present

in the current study the shear rate was low, 80 3-1-

In a previous
experiment at a higher shear rate, 320 5-1. no significant ADP liberated
from red blood cells éould be detected in this system (Appendix .B).

~ Tschopp and Baumgartner(12) added CP/CPK to citrated blood and
concluded that removal of ADP strongly 1nhibited‘ platelet thrombus
formation on subendothelium but CP/CPK was only moderately inhibitory on
collagen fibrils. (For human blood, a 95% reduction on subendothelium
_ and a 37% reduction on collagen fibrils were reported.). While the
differences between that study and the present study are numerous, it
should be pointed out that the addition of citrate alone‘to human blood

reduced thrombus volume and thrombus height on subendothelium(18) such

that the joint stimuli of collagen on the surface and ADP released from

platelets may be necessary for thrombus growth with citrate-containing

blood . Although, thrombﬁs growth has been induced, on surfaces not

containing collagen, by controlled administration of ADP (7,8) the

concentration levels attained may have been much above those provided by .

>

release from platelets. The prgsent study found no reduction in

platelet accumulation or release on a collagen surface when released ADP
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was removed with CP/CPK or when the platelets were rendered unable to-

aggregate to ADP by exogenous ATP adninistrationh

It should be noted that neither ATP nor CP/CPK prevented the
shape change response of platelets even at 10“3 M ATP. Should bhé
mechanism of proﬁotion of thrombus formation by ADP be throuéh the
induction of platelet shape change, the procedures employed in this

study would not demonstrate this component. It can be concluded that

using a washed human platelet/red blood cell suspension, containing’

physiological levels of calcium and magnesium ions with no anticoagulant
present, ADP does not modulate mural thrombogenesis'by inducing
aggregate formation priqr to platelet acbumulation. However ADP
released fram platelets may still contribute to mural thrombogenesis by
inducing shape change prior to platelet collision wiéh the adherent
platelets on the surface,

Since the degree of release of serotonin Aand _the platelet
accunulation in the experiments in this chapter are the same as for the
experiments in Chapter 4, the interfacial fluid concentration that would
develop near the surface would be the same as previously calculated of
3.4 uM ét the inlet. Procedures that block platelet,sh;pé change would
determine if shape change js required prior to platelet collision with
the surface for mural aggregates to form. Chapter 6 uses pharmaco-
logical procedures to probe the pathways of platelet activatiot other

than ADP and the role of shape change in mural thrombogenesis.
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5.4 5ummar

Inhibition of the aggregation response of ﬁlatelets to ADP did
not prevent mural aggregate formation on a collagen-coated surface, The
platelet shape change response to AbP released by adherent platelets may
still be important but formation of platelet aggregates in the blood

prior to deposition is not important in mural thrombogenesis.

ot
-



CHAPTER 6

PLATELET ADHESION AND RELEASE: PHARMACOLOGICAL STUDIES

6.1 Introduction
In Chapter 3, the concentration of materials liberabéd by
platelets at a site of deposition was estimated with ADP, thromboxane A2

and prcstaglandin D2 being in sufficient concentration to affect

platelet aggregation. In Chapters 4 and 5 the role of ADP in mural

thrombogenesis was investigated. In this chapter, platelet functions -

were modified pharmacologically to study the contribution of. the
arachidonate pathway (cf 1.2.2), platelet shape change and thrombin
formation to mural thrombogenesis. ‘

Numerous inhibitory materials -both pharmacological and naturally
occuring have been documented to specifically inhibit one or other of
the platelet activation pathways (ecf 1.2.2) as measured in an
aggregameter. While the basie activation pathways and biochemical
modification of those pathways should not change in surface—inéuced
thrombogenesis from those operating in an aggregrometer, the dominant
mechanisms may be different (cf 1.2.4).

Under flowing conditions, drugs that inhibit platelet functions
such as aspirin and sulfinpyrazone, which prevent the formation of
thrombofanes and prostaglandins, or prostaglandinsQI2 and E1 that raise
intracellular cyclic adgnosine monophosphate levels preventing platelet
shape change and aggregation, or creatine phosphate/creatine
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phosphokinase (CP/CPK) that converts ADP to adenosine triphosphate, have
all been reported to prevent thrombus formation on subendothelium
(1,2,35. All these results which demonstrate the effects of drugs on
thrombogenesis were cbtained with the annular perfusion system of Dr.
Baumgartner's group using blood anticoagulated with sodium
citrate(1,2,3). Baumgartner(1) recently reported that aspirin does not
inhibit thrombus formation on subendothelium when heparinized or
unanticoagulated rabbit blood is used, sheding some doubt on the earlier
work.

In +the presenﬂ study, washed human platelet/red blood cell
susgsnsions that contain physiological levels of ¢ilcium and magnesium
have) been used to study the effects of drugs that alter platelet
function on platelet-collagen interactions under flowing conditions.
Platelets were treated with imipramine, dipyridamole, prostaglandin El'
hirudin, heparin, sulfinpyrazone, indcwethacin. aspirin, mepacrine and
CP/CPK. The platelet adhesion, total platelet accunulation and release
of serotonin from the dense granbles "of platelets adherent to a
collagen-coated tube were measured. The results were interpreted so as
to establish. the role of materials released and liberated by platelets

in mural thrombogenesis.

6.2 Results .
The number of platelets associated with the surface of a
collagen~coated glass tube (cf 2.3) after 600 s of perfusion (cf 2.5)

to platelet/red cell suspensions (cf 2.1.1) varied with position along
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‘the tube such that the logarithm of the distance from the inlet (2z) and
the logarithm of the platelet accumulation were directly proportional
(Figure 6.1). The slopes of the lines presented in Figure 6,1 are the
power-law exponents (m) in the equation, platelet accumulation « 2",
For the treatments studied Table 6.1 gives thé power-law exponent as
determined by non-linear regression (column D), the average platelet
accunulation for the first centiméter of tube length, inlet, (column E)
and the average release from deposited platelets over this segment -
(column F), as well as the average platelet accumulation for the last
two centimeters of tube length, outlet, (colunn G) and the average:
- release from deposited platelets for this segment (column H). |
For a control experiment after 600 s of ;Jerfusion. Figure 5.1
shows the d'istr'ibution of platelets on the surface at the inlet of the
tube. Kinetic studies (cf Chapter 8) have shown that platelet
aggregates formed on the surface in the inlet region of the tube within
the first few minutes of perfusion and continued to grow in size as
platelet accunuliation continued. The bulk of the final platelet
accunulation at the inlet, after 600 s of perfusion was due to aggregate
formation as shown by the platelet accumulation l;evels of 237
platelets/1000 um2 (Table 6.1, column E, line 1). The level of platelet
accunulation required to cover the surface with platelets would be
between 65 and 100 platelets/1000 um2, (cf Chapter 8). For the control
experiments Figure 5.1 shows the distrj'.but,ion of platelets on the sur-
2

face at the outlet section, accumulation level = 6 plateléts/1000 um ,

where only single platealets were present after 600 s of perfusion.
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Figure 6.1: Platelet accumulation (PA) on a collagen-coated glass tube
after 600 s of perfusion with washed human platelet/red bloéd cell
suspension at a surface shear rate of 80 3-1. Individual data points
are means of 51 determinations for the control case, 10 determinations
for the PGE1 case and 16 ‘determinations for the ASA case. The conti‘n_ua‘l
. decrease in platelet accumulation with distance from the inlet(z). is
demonstrated by the straight lines that were determined by regkression of
the relationship i’A = constant/ (2)" the slopes of the lines are the

power law exponent, m, p.resented in Table 6, 1.
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The dipyridamole placebo, sulfinpyrazone placebo, mepacrine,
hirudin and heparin {(cf 2.7) gave the same results as the controls for
all parameters measured (Table 6.1, lings 1, 2, 3, 6, 7, 8, 13) except
for the decreased accumulation on tﬁe inlet section wusing heparin
treatment (Table 6.1, line 7, colunn E). Imipramine treatment (Table
6.1, line 2) did not alter the platelet accumulation at the inlet or the
outlet as compared with untreated controls. Imipramine treatment did
increase percent release values at both the inlet and the outlet
sections as compared with untreated controls (Table 6.1, line 2, columns
F and H).

Indomethacin, sulfinpyrazone; ASA, PGE].‘ dipyridamole, ASA +
mepacrine, and ASA + CP/CPK all® reduced platelet accumulation at the
inlet, increased platelet accumulation at the outlet and reduced the
power law exponent as compared .with untreated controls. These
treatments also gave increased release from platelets accumulated at the
inlet (Table 6.1). Only imipramine gave significantly higher release
values than controls at the outlet (Table 6.1 line 2 vs line 1, column
H). After 600 s of perfusion,Figures 6.2 and 6.3 show the distribution
of platelets at the inlet region of a collagen-coated glass tube for
PGE1 and ASA treatments. An evenly distributed layer of platelets that
had a rownded spread morphology existed on the‘co}lagen—coated sur face
using PGE1-treated platelets. ASA-treated plaggigts were psuedopodic
and clusteréd together on the collagen-coated surface,

The treatment of platelets with combinations of ASA + mepacrine

Pl -
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Figure 6.2: Photomicrograph of PGE1—treatéd, human platelets adherent
to the inlet of a collagen-coated glass tube after 600 s of perfusion at
a surface shear rate of 80 s”'. Platelets were fluorescently labeled
after the perfusion by including 50 uM mepacrine in the rinsing
solution, enabling both cytoplasmic and granule platelet constituents .to
be seen. Platelets are round, ncn-psuedopodic individual cells with
centralized bright spot which is probably the reminants of dense
granules. The 1long axis of the cross-hair in the center of the

photomicrograph is 7.5 um long.
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Figure 6.3: Photomicrograph of A3SA-treated platelets adherent to the
inlet of collagen-coated glass tube after 600 s of perfusion at a
surface shear rate of 80 5-1. Platelets were fluorescently 1labeled
after the perfusion by including 50 uM mepacrine in' the rinsing
solution, enabling both cytoplasmic and granule constituents to be seen.
Platelets are psuedopodic spread cells that adhered to the surface close
to another forming clusters with platelet-free surface areas between

clusters. The 1long axis of . the cross-hair in the center of the
photomicrograph 1s 7.5 pym long.
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(2P < 0.01) and ASA + CP/CPK (2P < .05) gave significantly decreased
platelet accumulation at the inlet of a collagen-coated tube as ccmpared
with ASA treatment of platelets (Table 6.1 column E lines 14 and 15 vs
line, 12). These combinations did not change any other parameters

measured as compared to.ASA treatment alone.

6.3  Discussion

6.3.1 Platelet Accumulation

The goal of this work was to study the role of materials that are
liberated from platelets during thrombué formation at a surface,
Previous chapters in this thesis have suggested that high concentrations
of platelet-derived materials could develop near a surface of a bloéd
vessel or a synthetic materjal. Which of these materials is most
important for mural thrombogenesis remains obscure. Studies using
aggregometers to probe platelet aggreﬁation and release in suspensions
have identified at least three pathways to stimulate platelets, the ADP
pathway, the arachidonic acid pathway and a third (or more) as yet
undefined pathway (cf 1.2.2) . In an aggregation cuvette,
collagen~induced aggregation is thought to be initiated by a small
" fraction of platelets binding to the added collagen fibrils and emitting
substances. The emitted substances that stimulate other platelets t&
-aggregate have been identified as ADP and an arachidonic acid metabolite,
probably thromboxane AZ(N). Procedures that block arachidonic acid
metabolism‘_or remove released ADP, reduce aggregation response to

collagen and in combination prevent aggregation induced by collagen(H4).
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The contention that released ADP is important in thrombin-~induced
platelet aggregation has ré/cently been challenged(5). The pathway of
platelet aggregate formation that is dominant in surface-induced
thrombus formation may not be the same as that in platelet aggregation
in a cuvette, For example, the ADP pathway does not appear to be
important in mural aggregate formation, as neither rapid removal of ADP
by creatine phosphate/creative phosphokinase (CP/CPK) conversion nor
pretrea&nent‘of platelets with adenosine triphosphate, inhibit thrombus
formation on* a collagen surface, although these procedures inhibit
ADP-induced aggregation in an aggregameter (cf Chapter 5).

Figure 6.1 demonstrates the continuous nature of the decrease in
platelet accumulation with distance distal to the inlet. The power law
exponent (m) is an excellent measure of overall platelet-surface
interactions. Those treatments that lowered the inlet platelet
accumulations (Table 6.1 lines 4, 5, 9'-12, 14, 15 colunn E) were
consistantly associated with increased platelet accumulation at the
outlet (Tablé 6.1 lines 4, 5, 9-12, 14, 15, colunn G). While the exact
reason for this is unclear, it could be that those platelets which
failed to adhere at the inlet remained close to the surface adhering

Y

downstream (see also 4.3.1).

6.3.1.1 Platelet Adhesion

Cazenave et al. found no reduction in platelet adhesion using
ASA~treated platelets on collagen-—cbated glass(6,7). No reduction in

platelet adhesion to subendothelium using ASA, sulfinpyrazone or
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dipyridamole treatments have been reported by others(4), PGE1. PG12 and
indanethacin have been reported to slightly reduce, platelet adhesion to

subendothelium and collagen-coated glass(7).

The outlet levels of platelet accumulation (Table 6.1, column 6)

are a measure of platelet adhesion as only singleton platelets were .

adherent in this region of the tube (Figure 5.1). None of the

treatments reduced platelet adhesion at the outlet. In addition,:

2
platelet accumulation levels at the inlet of 65 platelets/1000 ym

represent an evenly'dispersed layer of adherent platelt.ets (ef 8.2). No
treatment reduded platelet accumulations at the inlet below t!)is level.
Both these results suggest that platelet adhesion was not impaired by
any of the treatments studied.

o

6.3.1.2 Cluster formation

The process of platelet accumulation on a collagen-coated surface
using untreated platelets beganlwith adhesion of individual platelets
randomly'ot‘ the surface. After a few minutes, platelets then
preferentially adhere to the surfacé beside the already adherent
platelets f‘or'miné clusters. As the accumulation continued, platelet
adhered to already adherent platelets, thus the clusters grew into
aggregates with platelet-free areas between aggregates. ASA-treatment
.prevented aggregate formation (Table 6.1, line 12, column E) but not
cluster formation (Figure 6.3). PGE1 t:reaﬁnent prevented aggregate

formation (Table 6.1, line 5, column E) and cluster formation (Figure

6.2). 1In addition platelets on a collagen—coated tube were psuédopodic
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when untreated or treated with ASA but were rounded when treated with

PGE1. The exact relationship between psuedopod formation and cluster

formation remains obscure,

6.3.1.3 Mural aggregate formation

The platelet accumulation levels at the inlet (Table 6.1 column
E) are a measure of thrombus formation on the collagen-coated glass
tubes. Hirudin was used in the present study to rapidly inactivate any
thrombin that may have formed on the platelet surface due to residual
plasma components on the platelet surface. No difference between
controls and hirudin-treated platelets suggest that thrombin formation
did not occur in this system (Table 6.1, line 6, vs line 1). Heparin
plus antithrombin III also inhibit thrombin rapidly but were not used as
platelets contain proteins with antiheparin activity that would make
interpretation of these results difficult(8). Heparin addition
decreased the platelet accunulation at the inlet slightly (Table 6.1,
column E, line 7, vs line 1). Since no antithrombin III was added, the
heparin may have antithrombotic properties exclusive of 1its
anticoagulant activity. Heparins are polydisperse materials having a
wide range of molecular weightsl More monodisperse subfractions of
heparin have different anticoagulant activities and may have qifferent
activities towards platelets as well(9). -

Studies using the annular perfusion chamber of Baumgartner with
citrated rabbit blood have demonstrated ASA and sulfinpyrazone greatly

reduced thrombi on subendothelium and increased platelet adhesion
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slightly(1). However ASA and sulfinpyrazone have no effect onﬂthrombi
volume or number of thrcmbi or platelet adhesion in the same perfusion
system when tested using unanticoagulated or heparinized rabbit blood(1)
ex vivo. Aspirin similarly has no effect on platelet accumulation on
denuded subendothelium in vivo(10). In the present study, ASA,
sulfinpyrazone and indanethacin all reduced platelet accumulation at the
inlet of the tube, (Table 6.1, column E) which is a measure of platelet
thrombus formation. The selective inh}bition of large aggregate growth
by ASA, sulfinpyrazone and indomethacin is reminiscentof the abilities
of these drugs to prevent second phase aggregation in citrated,
platelet-rich plasma. These drugs are known to prevent formation of

prostaglandin G,, prostaglandin H_ and thromboxane A, which are

2
metabolites of arachidonic acid and are also potent platelet stimulants
(4). The inhibition of platelet accunulation at the inlet of a
collagen-coated tube by these drugs suggest that some arachidonic acid

metabolite is required for thrombogenesis in a washed platelet system.

Mepacrine inhibits arachidonate 1liberation from platelets 1in

ool
}
3\

"~ suspension (ef 1.3.2.6). Mepacrine also inhibits fibrinogen uptake by
washed human platelets, a necessary antecedent for platelet aggregation
(ef 1.3.2.6). 1t therefore was surprising that mepacrine had no effect
on platelet-surface interactions as campared with controls for all
parameters studied here (Table 6.1, line 13 vs. line 1). Suspensions of
washed human platelets will not éggregate'to ADP without readdition of
fibrinogen(4). They will aggregate to thrombin, presunabl& due to the

release of platelet fibrinogen stored in the alpha granules(4),.
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Mepacrine diminishes platelet aggregation to thrombin but does not

abolish it(11). These results suggest that either scme other material-

was released from platelets that supports platelet cohesion or that
mepacrine was unable to prevent uptake of fibrinogen released from alpha
granules of adherent platelets. The ability of ASA, sulfinpyrazone and
indanethacin to prevent thrombus formation indicates same arachidoni.c
acid metabolite was required for platelet aggregate formation on a
collagen-coated surface. Once more specifie inhibitors of the various
stages of arachidonic acid metabolism and methods to measure ‘dense-
granule release from adherent platelets became available, more precise
location of the dominant materials ﬁwill be possible.

Prostaglandin E1. prostaglandin I2 and dipyridamole are
non~specific inhibitors of platelet functions that work through raising
intracellular cyclic adenosine mdnophosphate levels(10). Weiss and
Turitto(2) have shown that PGI, prevents thrombus formation on
subendothelium using citrated human blood. Baumgartner was unable to
reduce rabbit platelet thrombi using administration of dipyridamole(1).
In the present study, PGE1 greatly reduced platelet accumulation at the
inlet to a level of 65.1 % 18.1 platelets/1000 um2 (mean #¥95% confidence
interval), (Table 6.1, column E, line 7, vs line 1) which probably
represents the level of platelet accumulation possible when platelet

cohesion is prevented. 'The distribution of PGE1-treated platelets "on

the collagen-coated surface (Figure 6.2) present at the inlet was the

same as that attained on a fibrinogen or fibronectin-coated surfaces

which do not suppoﬁt mural aggregate formation (cf 7.2, 8.2).'
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Dipyridamole reduced platelet accunulations at the inlet - of the tube

slightly indicating it 1is a weak inhibitor of platelet aggregate
formation. .

Combinations of inhibitors such as ASA + mepacrine and AS.A +
CP/CPK gave significantly r;aduced platele':t accunulations as campared
with ASA-treatment alone (Table 6.1, column E, line 14 vs line 12, 2P <
0.01, line 13 vs line 12, 2 < 0.05). The final platelet accumulations
for the combined drug treatments were the same as that for
PGE1-treatment suggesting that combinations of drugs reduced the small.
a'momt of platelet cohesion still present with ASA~treatment alone.
Since mepaqrine inrhibits arabﬁidona,te liberation from memprane
phospholipids perhaps some arachidonate met:,abolite other 'than those in
the ASA-sensitive ‘pathway works in cluster formation. Alternately,
since CP/CPK was designed to remove ADP, pgrhaps ADP activation of
platelets was required to increase platelet accur;ulation ‘above the 65

platelets/1000 um2 observed in this study.

6.3.2 Release
The release of dense~granule' serotonin from deposited platelets
was. 82-®R% for all the treatments at the outlet. For those treatments

that blocked thrombus formation at the inlet, (Table 6.1, lines 4, 5,

'9—-12, 14, 1‘3); a similar release of between 80 to 90% was found .

Baumgartner et al(3) reported 92% disappearanée of dense granules from
platelets adherent to subendothelium. Cazenave et al. has reported 60%

release of serotonin from human platelets(7) and Wh;cher et al. have
N
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reported 49% release from porcine platelets adherent to collagen-coated
glass(12). ASA-treatment of platelets has been reported not to prevent
release of dense granules from platelets adherent to collagen-coated
glass(10) or subendothelium(13). PGE1 and PGI2 treatments have been
reported not to inhibit release of serotonin from adherent human
platelets(7). Clearly platelet—collagep adhesion resulted in maximal
release of dense-granule materials even in the presence of agents that
prevent platelet aggregation in suspensions and thrombus formation on a
collagen surf‘ace€ Those treatments £hat failed teo inhibit aggregate
formation (Table 6.1, lines 1, 2, 3, 6, 7, 8, 13) had reduced release of
serotonin at the inlet as cémpared with the outlet. Platelets adherent .
to the cpllageln—coated fube released extensively and those in the mural
aggregate probably released slightly less resulting in an average
release at the inleé less than at the, outlet where only adherent
platelets were present. Imipramine treatment resulted in significantly
higﬁer release values at the -inlet and outlet as canpared with cogﬁrols,
although the inlet release value was still less than the_’outj,let release
value (Table 6.1 1line 5_ colunn E vs column H). Since imipramine
inhibits uptake of serotonin By platelets, the release values in the
coglrols and also the -treatment cases (except for the imipramine
experiments) were net values from initial release and re-uptake.  The
diffgrences betwéenAthé releaée val ues using imipramine and the other

conditions however were slight.
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6.3.3 Conclusions

It can be hypothesized, based on the results in this study, that
thrombogenesis proceeds through the liberation from adherent plat‘elets‘
of thromboxanes or prostaglanfiins that move away from the
collagen-coated surface inducing incani‘ng platelets to change shape in
preparation for cohesion upon contact with adherent platelets. Only
those drug treatments that are known to prevent shape change by raising
cyelie 1adenosine monophosphate levels in the platelet or are known ‘to
prevent the formation of prostaglandins or thromboxanes were found to
inhibit thrombus formation. The observations that PGE1—treated
platelets did not form thrombi, clusters, or psuedopédia on

A

collagen-coated glass whilé ASA-treated platelets 'did form clusters and

4
’

psuedopodia suggests .that psuedopodia may be required for platelet
cohesion.

A sécond hypothesized mechanism of thrombogenesis must be
considered and is that tbose drug t:,reatments which inhibited
prostaglandin and thromboxa‘ne formation or raised cyeclic AMP lévels
within a platelet also prevented the release of alpha-granule substances
from adherent platelets. The release of serotonin from the dense
granu1e§ o'f adherent platelets was measured and found to be near maximal
in all cases studied. Baumgartner et al(3) have repor‘ted both alpha-
granule and dense~granule release from platelets adher’eht to
subendothelium and Weiss et al.(13) have noted total degranulation of
ASA-treated platelets adherent to subendothelium, The n;easurement of

the release of dense granules from adherent platelets does not
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implicitly prove that release of alpha granules occurred. The two
mechanisms of thrombogenesis must then be tested by measuring the
effects of drug treatments on the release of alpha-granule substances
from platelets adherent to collagen and the metabolism of arachidonic
acid by these adherent platelets. A note of caution should be inserted
here since this work mds conducted in washed platelet/red blood cell
suspensions, in vitro. Plasma components such’ as thrombin may well be

"involved in platelet activation, in vivo.

6.4 Summary

Washed human platelet suspensions were used to probe the role of
platelet-derived materials in platelet-surface interactions. Imipramine
inhibited reuptake ofLifrotonin incéeasing measured release slightly.
Heparin may have antithrombotic properties exclusive of its
anticoagulant activity. Thrombin is. not important bin this washed
platelet systeﬁ. Pharmacological agents that inhibiEed prostaglandin
and thromboxane formation or generally inhibit platelet function
prevented thrbmbus formation but not platelet adhesion or releaée of
dense-granule serotonin from plafelets depositéd on collagen-coated

glass,



CHAPTER 7
PLATELET INTERACTIONS WITH PLASMA

PROTEINS COATED ON GLASS TUBES

7.1 Introduction TN

The previous four chapters have gsed platelet accumulation iﬁfa
collagen—éoated surface to probe the 'relationships \;ggween
platelet—derived materials and platelet-surface interactions. None of
the pharmacologic and biologic procedures used in these chapters
resulted in a decreased degree of release of dense-granule materials
fromn deposited platelets. However, other surfaces may have different
degrees of stimulation of deposited platelets enabling the release to
vary independent of flow rate and platelet accunulation rate, In this
chapter, albumin, fibrinogen, fibronectin and glass surfaces were
studied using the radioisotopic technique used in the previous chapters
and a new microscopic technique.

The exposure of synthetic materials to blood results in the rapid
adsorption of plasma proteins and adhesion of blood platelets(1,2).
" Albumin protects against. platelet adhesion(3,4,5,6) while gamma-
globulin(3,4), fibrinog;A(3,4.5). fibroneetin(7) and collagen support
adhesioni Platelet accumulation on surfaces has been studied bf a
number of groups(1,2) who have identified contact, spreading, thrombus
formation, ‘release of granule contents, emgolization, non-adhesive
encounters and reattachment of emboli as surface-platelet phenamena. A
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knowledge of the type and degree of platelet-surface interaction on
various surfaces is required to have an understanding of the mechanisms
of thrombosis, as well as to to enable non—thrombotic.bianaterials to be
rationally developed. To define on-going events such as embolization,
non-adhesive encounters and translocation of aggregates requires
techniques to monitor platelet-surface dynamics continuously.
Accordingly, an epi-fluorescent video microscopy was used to evaluate
platelet-surface phencmena oa a rangé of protein surfaces under well
defined flow conditions. This dynamic information, coupled with the
platelet accumulation and degree of release from adherent platelets
obtained rad‘ioisot'opically enable platelet responses to the protein
surfaces studied to be accurately defined and the role of materials

released from platelets in each stage of thrombogenesis to be studied.

7.2 Results
7.2.1 Collagen

The pattern of human platelet accumulation on a collagen~coated
glass surface (cf 2.3) after 600 s of exposure to cell suspension (ef
2.1.1) as a function of distance distal from the inlet is shogn in
Figui'e 7.1. The platelet deposition decreases with distance in an
exponential fashion. The exponent obtained for a power law relationship
between accumulation and distance from the tube's inlet was -1.14 + 0.21
(mean :_S.D..‘r2 = .98, n = 39). (The equation used was accumulation =

const. x (distance from tube's inlet)m: m_ is the power law exponent .)

The release of serotonin from accumulated platelets was 50.3% + 13.2%
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Figure 7.1: Platelet accumulation versus distance from the inlet of 1.3
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mm I.D. tubes. Surface shear rate 80 s ', -exposure time 600 s.

Standard deviations for all data are less than 12% of the measured

value,
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(mean + S.D.) at the inlet and 82.4% + 9.8% (mean + S.D.) at the outlet
of the tube (Figure 7.2),

Epi-fluorescént microscopy (cf 2.8) was conducted using platelets
that were labeled with mepacrine. Since mepacrine was used as a
fluorescent label (cf 2.8) the effect of this drug on platelet-surface
interactions was evaluated. There was no difference between mepacrine-
treated and untreated platelets with respect to platelet accunulation or
release fram platelets on the collagen surface (Table 7.1). A typical
analysis of a video tape recording is shown in Figure 7.3 where the
arrival time for platelets adhering 3 am from the inlet was determined.
The solid 1line in Figure 7.3 connects the origin with the platelet

“accumulation 'leVei after 600 8 of perfusion as measured Sy 51Cr
radioactivity. The video system could not be used quantitatively to
measure rates of platelet accumulation after 5 minutes on this surfa;:
as too many platelets adhered to growing aggregates which were now
partially out of the plane of focus,

Platelets arrived individually'at all times. The first -few
platelets adhered with no apparent specific pattern on the collagen
surface. Sub sequent plagelets preferentially adhered beside already
deposited platelets forming clusters. These clusters grew into large
aggregates, 20-30 um in diameter at their base (Figure 7.d4a). The
aggregates, at their bases did not appear_to be aligned in any way with
the direction of flow. Tﬂe aggregates were largest at the tube's inlet

covering almost the entire surface but same platglet-free areas between

aggregates were still present. Clusters of 5 to 10 platelets that \\\\\¢”

r
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Figure 7.3: Points are deposition of‘. individual platelets as determined

by videomicroswpy. Straight line determined via 51Cr labeling.

collagen suri‘ace, 3.0 om from tube's inlet, surface shear rate 80 s .
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Figure 7.4:

Fluorescently labeled platelets at a position 3 om from the

tube's inlet after 600 s of perfusion on (a) collagen, (b) fibrincgen,
(¢) fibronectin and (d) glasss

The long axis of the centrally located
cross—-hair was 7.5 um long.
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adhered beside one another on the surface were present at the exit of
the tube after 600 s of per fusion. No platelets were observed to
embolize from the collagen surface once they contacted the surface. The
definition of "contact" was taken as any platelet remaining stationary
for greater than 33 msec (i.e., the time for one frame on the
television). Once clusters began to grow, few platelets contacted the
sparcely covered regions between clusters, Cluster growth appeared to
occur butward from the first adherent platelet.
7.2.2 Fibrinogen . ... - — comwims s,
The platelet accunulation on a fibrinogen-coated glass surface
after a 600 s perfusion is shown in Figure 7.1.. The power law exponent
between accumulation and distance from the inlet was -0.24 + 0.18 (mean
+ S.D., n = 16, r2 = .9u), The release of granule serotonin from
a;dherent platelets was 23.7%4 + U.7% (mean + S.D.) for all positions
along the tube (Figure 7.2). Video microscopy revealed an increase in
platelet accumulation with time at the 3.0 cm position up to 600 s. The
platelets arrived fndi\{idually with no apparent organized distribution
on the surface. As the accumulation increased platelets adhered only to
the platelet-free areas. 'For observations up to 180 s, the p.rocess was
one in which approximately one half of those cells that had contacted
the surface remained. For those cells which embolized, a distribution
of residence times upon the surface was found. This distribution
reached a maiim_um at approximately 250 m'sec with 96% of cells that

ultimately embolized did so after less than 500 msec of residence time
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upon the surface. After 600 s of perfusion, the surface of the tube was
covered with single platelets (Figure 7.4b).

Since fibrinogen 1is contaminated with fibronectin it could be
possible that it is the fibronectin fraction within the fibrinogen that
platelets are binding to. Fibronectin-depleted fibrinogen gave the same
platelet accumulation and release results as the parent fibrinogen

(Table 7.1).

7.2.3 Fibronectin (\ , 5

The platelet accumulation on a fibronectin-coated glass tube
after 600 s of perfusion is pres:ented in Figure 7.1. The accumulation
was similar to that observed on the fibrinogen-coated élass surface with
the 1inlet 1levels twice the ogtlet levels, The power law exponent

-

between platelet accumulation and axial position was -0.23 + 0.19 (mean

S.D., r2 = .92, n = 14). The release of granule serotonin from

adherent platelets was 45.4% + 4.7% (mean + S.D,) for all positions
along the tube (Figure 7.2). Mepacrine did not affect platelet
accunulation or release from adherent cells as evaluated by radioactive
tracers (Table 7.1). Video microscopy revealed similar platelet
accunulation sequelae as for the fibrinoge_n surface. Platelets arrived
as single plat:,elets adhering only to platelet-free areas or moving out
of the field of view. Those that remained stationany for more than 500

ms adhered and remained. At 600 s an evenly distributed, layer of

individual platelets existed near the inlet (Figure 7.d#4c).
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TABLE 7.1: Platelet Accumulation and Release Based on Radioactivity

Measurements
Surface Conditions n P1/1000um°" m Release*
Ccllagen - 39 245 (66) =1, 1(,22) 50.3(13.2)
mepacrine 7 221(35) -1.05(.19) 60.6(13.6)
Fibrinogen - 16 66.5(22. 3) -0,20(.14) 17.5(14.1)
mepacrine 68.8(12.7) -0.16(.07) 19.2(13.9)
fibrinogen 59.7(10.5) -0.19(.11) 34.5(20.2)
Fibronectin- L
depleted ) ’
Fibrinogen - 3 57.3( 9.5) -0.14(.05) "~ 17.9(15.4)
Fibronectin - 14 '65.3(17.5) ~0.23(.19)  41.1(12.5)
mepacrine 3 73.6(16.8) -0.36(.27) 45,0(26.0)
fibrinogen 3 55.7(21.3) -0.30(.21) 51.5(10.2)
Albumin ’
(Human) - 4 <3.0v¥ - -
Albumin
(Bovine) - 6 <3.0 - -
Glass - 6 6.6(11:7) ~0.1(.38)  44,0(18.8)

+ Average number of platelets/wOOum2 for the tube's first centimeter

* Average % release of serotonin from adherent cells for the tube's first-

centimeter

n Number of determinations.‘méan (s.D.)

m Power law exponent

AN
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7.2.4 Albumin

No detectable platelet accumulation ((3 piételets/1000um2)
occurred on the human or bovine albumin-coated glass sur faces. The
degree of release of serotonin from adherent .platelets was thus
&nn;asurable. Videc microscopy re;ealed that platelets rarely remained
stationary on the sufface, but rather passed by without slowing down,
It is difficult to say if the platelets touched bpe-surface using this
tethnique of en faceimieroscopy.,

; R

7.2.5 Glass . _ Ceer ;

Platelets adhered to the glass surface abv a ﬁositipn-invariept
level of 7.0 + 8.0 plateleps/1000 um2 after a 600 s of perfusion, és
determined radioactively. The _releése of serotonin from adherent
platelets was 44.1% + 4.2% (me;n.i S.D.) with no axial pattern (Eigyré
7.2). Video microscopy -revealed that only small areas of the glass
surface acoumdlated platélets while the rest of the surface wés
albumin-like in t';hat platelets came clase to the surface but did net
slow down. The'active sites accunulated platelets éhaq arrived most
oftep- as single platelets but ocqasional;j three and four platelet
grouﬁings arrived. These groupings were not observed in suspensions
before peyfu&ion or on‘any other éurface suggesting ﬁﬁe& were emboli

fran upstream. The -active sites cyclicly formed clusters that embolized

and then new clusters formed (Figure T7.4d).
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7.3 Discussion

The interpretation o{‘ platelet deposition experiments requires a
detailed knowledge of fluid mechanical conditions, blood composition and
surface composition. The dynamics of platelet deposition on surfaces
has been studied by techniques(11-16) (cf Table 1.1) which at best
enable aggregates to 'bé viewed(11, 14,15). Others allow even larger
sur face ar‘eas‘ to be studied through indirect measurénents(12,13). Other
systéms used to study platelet-surface interactions exclude red blood
cells or employ di:;scret;e time points- for evaluation of deposi_ted,
platelets. The mechanism of deposition and the chahges that roccur
between time points can” only be speculated upon. " The epi-fluorescent
technique used in this ‘st,udy presents a new, more powerful way to
monitor platelet-surface interactions allowing individual cells -and

51&:‘ and

aggregates to be watched continuously. Labeling with
3H--serot:onin yields a second measure of accumulation and quantitative
release information, ‘These two procedures wére used to denoﬁstrate the

great variability in platelet-surface interactions and to probe the

mechanisms responsible for the variability.

7.3.1 Platelet Accumulation and Embolization .

’ Albumin has been 'shown to be protective against platelﬂet
adhesion(3-6). The results of the experiments presented here support
this view. The video micr’éscopic regults demonstrate that platelets are
not sufficiently attracted to“the_ albumin-coated glass surface to even

slow down when near this surface. In contrast, the fibrinogen-coated
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and fibronectin-coated glass surfaces have properties that enable
platelets to became stationary 0;1 these surface. Presumably the nature
of attraction changes with time as cells can be pulled off the surface
up to 1/2 second (500 msec) after initial contact. After 1/2 second the
cells have established permanent bonds that are capable of resisting the
forces that would be trying to dislodge the adherent platelets. The
collagen~coated surface represents a strongly attractive surface where
any platelet that contacts the surface and is stationéry fgr' more than
33 msec remains on the surface. The glass Eui"fécé was a heteroéeneous
surface with areas where no adhesion’ Scé";ir‘éd and areas where aggregates
formed and embolized. This was surprising” as the 'albumin in the
platelet suspending medium ought to have coated the surface before any
platelets arrived rendering the glass s;xi'face effectively an
albumin-coated surface(2). The active platelet accumulating sites,
while their nature 1is unknown, 'serve to demonstrate another
platelet-surface phenanenon. Wh.ile these sites had attractive for:ces
suf‘t‘ici'ént to enable platelets to beccome stationary and remain attached
lclmger than 5ob msec, the growth of platelet aggregates probably
increased the dislodging forces allowing removal of the adherent
platelets within the emb.olizing aggrega.tes. This surface -shosfs the
danger ou_f_ using radiocactive data élone to characterize a surface és
platelet deposi.tion was low but the surface was clearly thrombogenic.
Since the  fluid m‘gchani;:al and suspension cond"itions were the same
throughout, the same rate of platelet contact occurred .at the in'léfz for

each surface. The decre’ased\\accmnulajiion at the inlet on the
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fibrinogen-coated and fibronectin-coated glass surfaces in comparison to
collagen suggests thét only a fraction of the contacting platelets
adhere and that these surfaces are saturating with time (cf Chapter 8).
This is further supported b'y the higher outlet accumulations on the
fibrinogen-coated and fibronectin-coated glass surfaces relative to the

collagen surface.. The saturation of surfaces has been reported by

others(2) (ef 8.3). . -

The decline in Platelet accumulation with distance distal to the
inlet is consisi;antvwﬁ:h th(g pear-;surface region becaming depleted of
platelets faster thqn the Qe}iy;ery rate b’y diffusion through the
suspending medium. These results are better discussed using

accunulation versus time information as some surfaces are confounded

with platelet saturation phencmenon (cf 8.3).

7.3.2 Release

The release of granule contents from adherent platelets "yas
highest on the c¢ollagen-coated sgrf‘ace and varied from 50 to 85% between
the tube's inlet and outlet. Since the inlgt is also the region of
highest accumulation perhaps those platelets within aggrégates release
less than the platelets adherent to collagen or.the released serotonin
is trapped in the platelet aggregates. The outlet rel‘e.ase probably
reflects t'ht_e release from platelets‘in contact with coilagen.
Baumgartner et al.(18) counted residual granules in platelets adherent
to subendothelium and collagen and found 92% re_lease. Cazenave et

al.(10) have reported 60% release from human platelets on .collagen.
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Whicher and Brash(3) found 49% release from pig platelets on collagen.
The other surfaces tested in this study gave release from
adherent cells which were independent of position along the tube, with
the 1level of rglease on fibronectin > glass > fibrinogen. These
proteins do not elicit shape change aggregation or release when added to
our platelet suspensiop system, The liberation of other materials such
as prostaglandfﬁ%\ and materials stored in the alpha granules from

platelets adherent to these surfaces has not been studied.

7.3.3 Aggregate formation , IR

The collagen and glass Surfaces exhibited aggregate formation.

With the collageﬁ-coated glass surface, initdial clusters grew into large

aggregates that remained on the surface. " This has been observed by'

Baumgartner's group also(18). The mechadism of éreferential platelet

adhesion to aggregates is unknown and arguments of high concentrations

of released: agents(12,19), altered platelets(12,18,19) and local fluid’

mechanical disturbances(f&) have all been presented as poésible
mechanisms, Veﬁy few platelets contééted the surface onceflélusters
formed resulting in platelet-free areas. The inability of platelets to
contact the platelet-free areas after cluster fonnaﬁion -along with
continued accunulation suggests that platelets.only contact the aggre-
gates. Tﬁe albunin experiments Ashoﬁed that platelets approach the
-surface with a lifge axia; velocity and smaller normal velocipy. This
18 supported Qy.Goldsmith's work(20) which shows ratios of 10:1 between

axial and radial velocities for 2 um spheres in 40% ghost cell
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suspensions. Dr. Goldsmith's work was done at low shear rates (=10 s"1

second). As shear rates increases the axial velocity should increase
faster than the radial vel‘ocity as the empirically determined diffusion
constant (a quantity related to radial velocity fluctuation), increases
as the 0.5 power of shear. rate(19). The infer"ence here is that
platelets approach the surface and skim along it. Anything protruding
from the surface ;ould preferéntially accunulate platelets and leave the
original surface inaccessable $o platelets. This is perhaps the reason
for the clustering of platelets around the first platelets adherent as
even single platelets represent protusions to an 1ncgn1ng platelet.

The linear increase :of platelet accumulation with time (Figure
7.3) has been shown by other groups(18,19). 'I'r;e change in the collagen
case -from platelet-collagen adhesion to platelep—platelet cohesion with
increasing surface concentration suggests that both collagen and
adherent platelets are sufficiently att_racti've to enable maximal
~plat:elet: _depbsition. The ability of aggregates to form 6n the collagep
surface is interesting since washed human platelets (such as télose used
in these experiments) will not aggregate in suspension when induced by
ADP or ]:c;w éoncentrations of - collagen without the addition of
fibr‘inogen: Platelets contain alpha-granules that contain fibrinogen
and other proteins (ef 1.2.1). These granules are released on
stimulation with thrombin enabling' washed human platelets to ‘aggregate
to thrombin(8). Recent studies have shown that the fibrinogen receptor

on the platelet membrane is normally hidden but is exposed during shape“

-change, Fibrinogen rapidly binds to platelets daring platelet shape
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change allowing aggregation to occeur(21). No fibrinogen was added to
the suspensions used here. Baumgartner has shown alpha-granule release

from platelets adherent to collagen and subendothelial surfaces(18).

~

Also it is general}y believgd"ﬁi'xat extensive dense-granule reiease such
as that measured in these gxperimerits is associated with alpha-granule
i

release. It therefore segms likely that fibrinogen from aglherent
platelets enables aggregate fc;mation to occur -on the collagen surface,
The relea:s’eeof‘ dense~granule contents frdom platelets on the glass
surface is high (44.1%) and may be 'the',:reaéorr' for- aggregate formatj.on.lon
this surface. But, what about the fi»woﬁectin""and fibrinogen surfaces?
Platelets do not form aggregates on these-surfaces, . It could be that
they do not cause alpha-granule secretion and hence no fibrinogen is
available for cohesion. This possibility was ’eiblored by adding
fibrinogen (0.5 mg/ml) to the suspension prior to exposure to the
’fibrinogen-—éoated and fibronectin-coated glass surfaces. No differerice
was noted between s‘uspensions containing fibrinogen and control
suspensio{';s even though the ac;dition 'of fibr.inogen' enabled the .same
piatelets to aggrega.te to ADP in a aggregometer (Table 7.1).

Since piatelets must undergo shape change for fibrinogen
uptake(21), it may be 'ch'at the adherent platelets are not sufficiently
deformed to allow cchesion to occur, - Alternately, the. apiproaching
platelets .may- have to change shape prior to contact. _ A number of
’agen'ts are rele.a:‘zed by platelets (ADP, serot:onin. thro;nboxane A2) that

stimulate platelets to change shape. Collaéen induces liberation of all

these materials from platelets when added to suspensions and probably
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when it is a component of a surface, The release of platelet materials
from platelets adherent to fibrinog‘en-éoated and fibror;ectin—coated
glass surfaces is unknown with_ the exception of the dense-granule
materials which have been measured in this séudy.
/

7.4 Summar

Platelet accumulation, release from accumulated p}atelets.
thrombus formation, embolization of aggregates and single platelets all
occur to different degrees on-collagen, fibrinogen, fibronectin, albumin
angd élass surfaces. There was yo correlation between thrombus formation
and degree of release_of—dense—granule materials. Release of materials
from other storage sites and progressively forme& and liberated
materials should be studied. Readdition of fibrinogen does not support
aggregate formation on fibrinogen or fibronectin surfaceSu\ Mepacrine

had no effect on platelet-surface interactions.



CHAPTER 8
KINETICS CF PLATELET ADHESION AND AGGREGATION

ON PROTEIN-COATED SURFACES

8.1 Introduction

The accunulation of platelets on biomaterials\ and subendothelium
with time has been studied by many groups(1-13). While the maximum rate
. " ‘ o
of platelet deposition 1is controlled by. the hemgdynamic conditions
I3 N {s.. 7 *

L

(2,4,5,9) the extent of and morphological pattern for platelet

accunulation varies with' exposure time. Some experimental coa‘ditio\\as_

result in an initial rise in platelet accumulation that leads to 3§

constant level of platelet deposition which remain invariant for 1ongv"

Al
v

periods (,1,’4;5,7,9,10,13). - Other experimental conditions result in an
AN

initial rise in platelet accunulation with subsequent embolization of

platelets lééding bo a constant level of platelet deposition same what
below the earlier peak in -deposition (1,3,4, 12,13). Still other
experimental condlitions result in an initial rise in platelet
accunulation with ~periodic e‘mbblization and continued accumulation
leading to a cyclic rise and fall in the level of platelet deposition
(2.6,5,11). ‘The contribut‘:ions of hémodynamics, blood.composition and
surface characteristics résponsible for these diverse responses of blood
to surfaces are only beginning to be defined (ef 1.3.2).

- In Chapter 7, platelet-surface interactions were meas'ured at one
duration of ﬁerfusion. The work to Ilae described in this chapter

144
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utilizes double iabelling of platelets with radiolabels yielding
measurements of platelet accumulation on surfaces and percent release of
dense-granule bound serotonin from adhe(ent cells. Fluorescent
labelling 1is also used to provide a second measure of platelet
accunulation and local information about platelet-surface events such as
the pattern of distribution of cells on the surface and the occurrence
of embolization of single cells and aggregates. Serial observations
witﬁ radioisotopes and continuous monitoring . with television methods
provide a profile with( time for this information. We s8eek here
relationships betweéen thé émountvén;jraﬁé of platelet accumulation on a'
surface, the degreé of release of dense granulefbcund substances, the
morphology of accﬁmulatéa platelets and any locdl dynamic events
observed. These relationships will be used to characterize a number of
surface coatirgs and several drug treatments for platelets with respect
to their effect upon the sequence of platelet-surface interactions. ' The
surfaces to be used are glass coated with fibrilar collagen, fibrinogen
and fibronectin. The drugs are aspirin, which is known to prevent the
formation of thromboxanes -and . prostaglandins by platelets(t4), and
imipramine, which is known to prevent -uptake of serotonin by

platelets(15).
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8.2 Results

8.2.1 Collagen
8.2.1.1 Collagen-Control

The accumulation of untreated platelets (éf 2.1.1) on the
collagen-coated surface (ef 2.3) is given in Figure 8.1, with time and
distance from the inlet as the independent variables. All points along
the tube accumulated platelets at constant rates for up to 900 s of
perfusion. The rate of accunulation decreased with distance from the
inlet, with a rate of 0.32 platelets/1000 um2/s at the inlet (average
for first centimeter of tubing) and a rate of 0,015 platelets/1000 umz/s
at the outlet (average for last two centimeters of tubing), see Table
8.1 for detail,s'upon rate computations. Epi- fluorescent videomicro-
scopic examination (ef 2.8) at the inlet revealed that platelets arrived
individually, adhering randomly at first but then preferentially beside
already adherent cells,” forming clusters ip which cells lying on the
surface often touched one another. As the accumulation level inc;reased.
cell-cell adhésion to clustered platelets resulted in the formation of
largé aggregates (20-50 um at the base). For up to 900 s of exposure,
no embolization of platelets, clusters  or aggregates was observ;ed.
There were platelet-free areas between aggr_egates even after 600 s of
perfusion. The outlet section had only individual spread pseudopodic
platelets adherent to the collagen-~coated glass tube (Figure 8.l2). No
embolization of platelets; at the outlet was observed nor were any
aggregétes observed.,

The percent release of dense granule-bound serotonin from

o e g b St e B L SED PRI

PO T R




147

COLLAGEN — CONTROL | '
240} I i
0.5
~ 180" ’ ‘ ; i
. E
3 , o ,
o Y
S . _ DISTANCE FROM
- \ : INLET {cm)
E—: s 15
[ 120f ‘
W u
9
o. \ ‘
i
60 ]
2.5
% 35
. ' 5.0
: _— .70
0 240 480 720

Figure 8.1: Platelet accunulation on a collagen-coated glass tube at a
surface shear rate of 80 s using uritreated, radioisotopically labelled
human . platelets. Values are means' of at least U4 determinations;

vertical bars denote standard errors of the means.
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Figure 8.2: Photomicrographs of fluorescent human platelets adherent to
the internal surface at the outlet of a glass tube after 600 s of
perfusion, shear rate 80 sT‘. The long -axis of the cross-hair in the
center of the photamicrographs is 7.5 um long. a) Collagen-coated tube
with a platelet accumulation of 11 platelets/1000 um2 showing
individual, pseudopodic, untreated platelets. D) Collagen—coated tube
with a platelet accumulation of 3.3 platelets/1000 um2 showing clustered,
pseudopodic ASA-treated platelets. ¢) Fibrinogin-coated tube with a
platelet accumulation of 36 platelets/1000 um2 showing individual,
rounded, untreated platelets.
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accunulated platelets varied with position along the tube and with
duration of perfusion ??‘igure 8.3). The percent release at the inlet
(average for first centimeter of tubing) had lower than the outlet
(averége over last two centimeters of tubing) section for 'all‘ exposure
times evaluated. Longer perfusion times lowered the measured release at

the. inlet (2 < 0.001) but only slightly lowered the measured release at

the qutlet; (Figure 8.3, Table 8.3).

8.2.1.2 Collagen-Imipramine

Platelet accumulation levelly and rates of accumulation were not
significantly different betwe'en coﬁagen—control apd collagen—imipramine
experimental conditions at all positioris: and times studied (Tables 8.1'
and 8.2). ' In the presence of imipran'ine, whicﬁ prevents re-uptake of
serotonin by plateléts, there was incr_eased percent rélease at the inlet
and at the out;{et as cax;pared with untreated controls (Figure 8.3, Table
8.3). At the inlet with .imipran?ine 'pr"esent . NO signif-‘\i\cant variation oé‘
relegse' with time of exposure was observed (Figure 8.3). The percent
release at the_inlei: after .240 s of perfusion in the cq\llagen-contr;:l
experiments (62.3%) was h‘igher ;chan .the release after 600 s (48.8%).
These rélationships are shown in Figure 8.3 where at o&he inlet a
continual decrease in _percen;;.. release with i;lcreasing ex posurne _t.ime was
' found in‘the collagen-control experiments. No significant d\creqse in
percent. release w.it.;h time was found for im‘ipranine_—treated cell .‘ There
was a lower release at the .inlet than at' theh outlet for 240 s of‘- :

. g
perfusion (22 <.0.0_5)7 and Ebo\seconds of perfusion (2 < 0.001). \L("l'his

\

\
-

y
\.
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Figure 8.3: The release of 3H-serotonin from platelets deposited on a
collagen—coated glass tube, Inlet values are’ averages ot‘ the percent
release over the f‘irst centimeter and outlet value are averages over the
last two centimeteﬁrs of a 10 om long tube. Values are means of at least
3 determ\rinations: ver;tieal bars denote standard errors of- the means.
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last result 13 common to collagen-control and collagen-imipramine
e periments.)

Another approach to demonstrate the statistical significance of
imipramine-treatment on measured releases would be to average all the
data points (seven per tube) and compare treated and untreated groups.
The release however varied with position along the tube making such a

comparison difficult to interpret so this was not done.

8.2.1.3 Collagen—ASA

The accunulation of platelets on a collagen-coated glass tube in
the presence of aspirin is given in Figure 8.4, with time and distance
from the inlet as the independent variables. All positions along the
tube accumulated platelets at constant rates until an accumulation
level of 70 to 80 platelets/1000 um2 was attained whereupon the rate
diminished. A continued reduction in accumulation rate with time would
result in an invariant surface concentration of platelets. The initial
constant rate of platelet accumulation decreased with distance from the
inlet; the rate for inlet section was 0,25 platelets/1000 um2/3 and for
the outlet section was 0.057 platelets/1000 umz/s, see Table 8.1.
Video microscopic examination revealed that platelets arrived
individually adhering randomly initially but then preferentially
adhering adjacent to (on the surface) already deposited cells forming a
discontinuwous layer of clustered platelets with platelet-free regions
between clusters. After 600 s of exposure platelets were spread on the

surface and were pseudopodic. The outlet region also had clusters of
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Figure 8.4: Platelet accunulation on a collagen—-coated glass tube at a
surface shear rate of 80 .3-1 using ASA-treated, radioisotopically
labelled human platelets. Values are means of at least &
detemminations; vertical bars denote standard errors of the means. The
symbols used for the data points correspond to the same distances from

the inlet as the symbols in Figure 8.1 for 0.5, 1.5, 2.5, 3.5, 5.0, 7.0
and 9.0 om.
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pseudopodic platelets after 600 3 of perfusion (Figure 8.1).

The percent release of dense-granule bound serotonin from
adherent ASA-treated platelets did not vary with time or position along
the tube (Table 8.3). The percent release at the inlet after 600
seconds of perfusion was greater in the collagen-ASA experiments (80.2%)
than 1n the collagen-control experiments (48.8%) 2P < ,001. Since
release did not vary with distance from the tube's inlet, the average
percent release based on all seven data points for each tube was
calculated (Table 8.4) and shows a small decrease in release with
increasing time 89.3% to 84.2%, it was non«siénlficant. The 84.2% to
89.3% release range indicates that ASA-treated platelets were maximally

stimulated when adherent to a collagen surface,

8.2.2 Fibrinogen

8.2.2.1 Fibrinogen-Control

The accumulation of untreated platelets on a fibrinogen-coated
glass tube is given in Figure 8.5, with time and distance from inlet as
independent variables. All positions along the tube accumulated
platelets at constant rates until a level of 60-70 platelets/1000 um2
was attained. The initial rate of accumulation at the inlet was 0.23
platelets/1000 um2/s and at the outlet was 0.054 platelets/1000 umz/s,
see Table 8.1. At the inlet, an invariant accunulation level was
‘ reached at approximately 70 platelets/1000 umz/s. Video microscopic

examination revealed that platelets arrived individually, 1initially

adhering randomly and then filling in open spaces forming a monolayer on



157

T T T 1 1 T T

FIBRINOGEN
80 s- .

[0
QS
T

PLATELETS/1000 um?
(S

TIME (s)

Figure 8.5: Platelet accumulation on a fibrinogen-coated glass tube at
a surface shear rate of 80 3-1 using untreated, radioisotopically
labelled human platelets. Values are means of at least 4
determinations; vertical bars denote standard errors of the means. The
symbols used for the data points correspond to the same distances from

the inlet as the symbols in Figure 8.1 for 0.5, 1.5, 2.5,, 3.5, 5.0, 7.0
and 9.0 am.
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the surface. The platelets were not spread on the surface and were
rounded, not pseudopodic (Figure 8.2). For the fibrinogen-coated glass
sur face, residence~-times for 1individual cells on the surface were
evaluated. It was found that cells remaining stationary on the surface
for longer than 33 ms (the time for one television frame) either
individually embolized within approximately 500 ms or remained on the
sur face throughout the 600 s observation period, also see reference 11.
It is not known if the platelets that embolized reattached downstream.
The percent release from accunulated platelets was constant along
the tube after 240 s of perfusion, 42.2% at the inlgk and 41.6% at the
outlet, but varied slightly after 600 s of perfusion, 22.1% at the inlet
and 34.2% at the outlet. No continuous pattern in the change of release
with position was found. The percent release decreased with increasing
time at the inlet and at the outlet. These trends with time were not
statistically significént (Table 8.3). The average percent release
computed using all seven data points along the tube showed that there
was 38.2% after 240 s and 30.8% release after 600 s of perfusion. These
val ues were significantly different fram one another (2P < ,001, Table

8.4) demonstrating a decrease in percent release with increasing time.

8.2.2.2 Fibrinogen-Imipramine

In the presence of imipramine, platelet accumulation was not
significantly different from that in the fibrinogen-control experiments
at all positions and times studied (Table 8.2). Imipramine~treatment

resulted in higher percent release after 600 3 of exposure as canpared

A W e e > o
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to fibrinogen-control experiments (Table 8.3). At the inlet the change
was from 22.13%3 in the control experiments to 46.3% in the imipramine
experiments and at the outlet from 34.2% in the control experiments to
42.0% in the imipramine experiments (Table 8.3). The percent release
after 600 3 with imipramine present (inlet - U6,3%; outlet - 42.0%) was
the same as the release measured at an earlier time, 240 3 without
imipramine (1nlet - 42.2%; outlet - 41,6%). Since the per cent release
displayed no pattern along the tube, the average release using all seven
data points for each tube was computed and showed an increase in percent
release with imipramine present to 48.8% at 600 s, a3 ccmpared with the
value at 600 s from the fibrinogen control experiments of 30.8% (2P <

0.001, Table 8.4).

8.2.3 Fibronectin

8.2.3.1 Fibronectin-Control

The accumulation of untreated platelets on a fibronectin-coated
glass tube is given in Figure 8.6, with time and distance fram the inlet
as independent variables. The results are qualitatively the same as
those of the fibrinogen-control experiments. All positions along the
fibronectin-coated tubes accunulated platelets at constant rates up to a
level of 60-70 platelets/1000 um2 (Figure 8.5). The initial rate of
accunulation at ’the inlet was 0.20-platelets/1000 um2/s and at the
outlet was 0.049 platelets/1000 um2/s. see Table 8.1. Video microscopic
examination revealed a sequence of events similar to those in the

fibrinogen-contreol experiments. Platelets arrived individually,
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Figure 8.6: Platelet accunulations on a fibronectin-coated glass tube
at a surface shear rate of 80 3-1 using untreated, radioisotopically
labelled human platelets. Values are means of at least U4
determinations; vertical bars denote standard errors of the means. The
symbols used for the data points correspond to the same distances from

the inlet as the symbols in Figure 8.1 for 0.5, 1,5, 2.5, 3.5, 5.0, 7.0
and 9.0 om.
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contacted the surface either remaining for 1less than 500 ms and
embolizing or remaining throughout the observation period of 600 s. The
distribution after 600 s was a monolayer of individual platelets.

The percent release from adherent platelets was relatively
constant along the tube with 52,3% at the inlet and 67.9% at the outlet
after 240 s of perfusion and 42.9% at the inlet and 51.9% at the outlet
after 600 s of perfusion. A not statistically significant trend of
decreasing percent release with increasing exposure time was thus
present at the inlet and at the cutlet., Since release values showed no
pattern along the tubes, an average value using all seven data points
for each tube was computed. A similar trend of decreasing release with
exposure time was found for the average release values. This trend was
likewise not statistically significant (Table 8.4). The average release
for the fibrgnectin-control experiments after 240 s of perfusion, 53.4%
was significantly higher than the same value for the fibrinogen- control
experiments, 38.2%, (& < .001 Table 4). Similarly, after 600 s of
exposure the fibronectin surface elicited U8.5% release compared to that

of the fibrinogen surface of 30.8% (& < 0.001, Table 8.4).

8.2.3.2 Fibronectin-Imipramine

In the presence of imipramine, platelet accumulation was not
significantly different from the fibronectin-control experiments at all
positions and times studied (Table 8.2). At the inlet after 600 s of
perfusion, the percent release with imiprazmine present, 51.4%, was

higher than the fibronectin-control value, 42.9%, (2P < 0.05 Table 8.3)
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and at the outlet the release with imipramine present, 69.8%, was higher
than the control value, 51.9%, (2 < 0.05 Table 8.3). Since release
val ues showad no pattern along the tubes, the average percent release
using all seven data points for each tube was conputed and showed that
after 600 s with imip:amine present the release, 65.9%, was higher than

the fibronectin-control value, 48.5%, (2 < 0.001 Table 8,4).

8.3 DISCUSSION ‘

8.3.1 Platelet Accumulation

8.3.1.1 Platelet Adhesion

Video microscopic examination of platelet accumulation during the
first minute of flow demonstrated adhesion of individual platelets to
the surfaces for all experimental conditions studied. At the inlet the
platelet accunulation rates for the df‘irst 240 38 of perfusion were not
significantly different for collagen-control and collagen-imiprzamine
experiments but wire significantly différent for collagen-control and
collagen-ASA experiments (Table 8.1). This suggests that imipramine
does not alter platelet-surface or platelet-platelet binding. At the
inlet, the platelet accunulation rate on the fibrinogen-coated and
fibronectin-coated tubes for the first 240 s of perfusion was
significantly less than the comparable rate for collagen-control
experiments. The initial gccumulation rates for fibrinogen-control and
fibronectin-~-control experiments were not significantly different. Since

no alteration’ in experimental conditions except for surface coating

existed, at the inlet, the same number of platelets per unit time per

[



164

unit surface area would collide with all the surfaces. However, the
number forming permanent bonds in the collagen-control case was higher
than for the collagen-ASA, fibrinogen-contrecl or fibronectin-control
cases. Indeed, video microscopy revealed that platelets embolized from
fibronectin and fibrinogen-coated glass surfaces after remaining for a
fraction of a second (residence times up to 500 ms were previously
obtained) but did not embolize in the collagen-coated experiments. The
nature of the surt‘;ce and the state of the platelets then may influence
the rate of platelet accumulation,

A result of embolization of single platelets i3 the possibility
of subsequent adherence downstream.' From our work, it is not known if
such platelets adhered distal to their initial contact site. Butruille
et al.(7) have suggested that platelets whict; undergo non-adhesive
encounters beccme refractory. Baumgartner et al.('l) have suggesi:ed that
emboll can reattach downstream. We have observed attachment of
aggregates to a glass surface under thromboembolic conditions(11). The
existence and nature of any refractory phase induced by non-adhesive
collisions remains obscure. For the fibrinogen-control and fibronectin-
control experiments of this study the constant rate of platelet
accunulation up to 240 s of perfusion with a sudden reduction in rate
followed by an invariant accumulation (Figure 8.4 and 8.5) is consistent
with the experimental findings and a mathematical model presented by
Grabowski et al.(5) This model takes into consideration the possibility
of non-adhesive encounters and the continued decline in adhesion sites

for platelets accumulation on a surface. Calculations using the model
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have shown(19) that the opposing mechanisms of decreasing surface
availability and increasing concentration of platelets near the surface
would maintain the rate of platelet deposition constant until almost
camplete saturation occurred. The model would predict that when
comparing two cases in which the initial platelet accumulation rates at
the inlet were different, the case which had the greater rate at the
inlet would have a lesser rate at the outlet. Our results, which are
consistent with this, show that for the inlet the initial accumulation
rates for the collagen-controcl experiments and collagen-imipramine
ex periments, which are equal, are greater than the initial accumulation
rates for the collagen-ASA, fibrinogen-control and fibronectin-control
ex periments. For the outlet, the collagen-ASA, fibrinogen-control and
fibronectin-control initial accumulation rates are greater than the
collagen-control and collagen-imipramnine initial accumulation rates,
which are equal. The model also predicts for low levels of platelet
accumulation that the platelet accumulation would be proportional to the
reciprocal of distance from the tube's inlet raised to the 0.33 power
and that this represents a maximum in reduction of accumulation with
distance from the tube's inlet. For accumulation levels after 240 s of
exposure, we have computed, based on our data, comparable power-law
exponents for the collagen;-control. collagen-imipramine, collagen—-ASA,
fibrinogen-control and fibronectin«coatrol experiments (Table 8.2) ahd
find absolute values to all be significantiy greater than 0.33. This
means that the reduction in accumulation le\}els. with distance from the

tube's inlet, _f‘omd‘ in this work is greater than the maxim(m predicted



166

by the model described above; although, a number of consistencies with
the model were observed. For the above experimental conditions, the
physical principles and assumptions embodied in the model are not

consistent with at least one aspect of the platelet accunulation data

obtained here.

8.3.1.2 Cluster Formation

In the collagen-control experiments, the ’process of platelet
accumulation at early times was random adhesion changing to cluster
formation as platelets preferentially adhered beside already adherent
cells. The reason for this anisotropic distribution is unclear but may
reside in the adherent platelets causing local roughness elements.
Clusters did not form at the outlet of the collagen~control tubes
possibly due to the low accunulation levels. They did form at the inlet
and outlet collagen-ASA experiments indicating that thromboxanes and
prostaglandins are not required for cluster formation since ASA inhibits
the formation of these camponents. On the fibrinogen or fibronectin-
coated surfaces cells were more evenly distributed and rounded; clusters
did not form at all. Others have also demonstrated on Epon that
platelets which are not spread adhere singly and reach a max imum surface
coverage of about 20% of total available surface area(1). A correlation
between psuedopod formation and cluster formation has been demonstrated
and requires more expgrimentation to see in what way these phencamena may

be interrelated,
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8.3.1.3 Aggregate Formation

One may hypothesize that platelet aggregate formation on a
surface is related to the concentration of substances released from the
dense granules of deposited cells. The concentration near the surface
due to materials released from platelets has been shown to be
proportional to the product of amount of material liberated per platelet
and the rate of accumulation of platelets(10). For the same volume flow
rates and at the tube's inlet, where upstream release does not influence
local fluid concentrations, the ratio of the product of the platelet
accunulation rate with the percent release for two sets of experimental
condition will also be the ratio of the concentrations of released
substances near the tube's surface. At the inlet for the first-240 s of
exposure, the platelet accumulation rates were 0.32 and 0.25
platelets/1000 um2/s for the col}agen-cohtrol and collagen-ASA
experiments respectively. The peréént release values at the inlet
measured after 240 s of exposure were 62.3% for the collagen-control
case and 80.1% for the collagen-ASA case. The collagen surface with
ASA-treated platelets would develop almost the same concentration of
materials released from dense granules (.25 x 80.1 = 20.0) as the
collagen surface with untreated platelets (.32 x 62.3 = 19.9). Yet, for
exposures greater than 240 s, the collagen surface with untreated
platelets showed aggregate growth while the ASA-treated platelets on the
collagen surface did not. ' The lack of aggregate formation using
ASA~treated platelets despite maximal dense-granule }elease suggests

that dense-granule materials which include ADP, ATP, serotonin, calcium
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and magnesium, are noft influencing mural thrombogenesis. Additional
support for the lack of influence of dense granule-bound substances on
mural thrombogenesis may be found in our plasma protein-coated surface
data. Although the fibronectin-imipramine conditions showed an increase
of 35 percent release when compared with the fibrinogen-imipramine
conditions, there was.no difference between these two cases in: the
initial accumulation rates at the inlet and outlet, the accumulation
levels at 600 s for both inlet and outlet positions and the morphology
of platelets on the surface. Previous studies have shown platelet
function inhibitors that specifically block ADP-induced aggregation, do
not prevent platelet aggregate formation on a collagen-coated tube(21).

ASA treatment of platelets prevents the fomation of prosta-
glandins and thromboxanes and 1inhibited aggregate formation on fibrilar
collagen surfaces here suggesting that same arachidonic acid metabolite
is responsible for aggregate formation on collagen. The most 1likely
candidate is thromboxane A2 which is a powerful platelet stimulator(14).
Since both the fibrinogen-ccoated and fibronectin-coated surfaces do not
form clusters or aggregates using untreated platelets, it is possible
that these surfaces do not permit formation of prostagland'ins and
thromboxanes. It may also be that aggreg)ate formation on a surface
generally occurs through the sequence of steps followed by the platelets
in our collagen-control experiments 1i.e. plateiet adhesion, cluster
formation with pseudopodic platelets and aggregate growth. Thus, it may
be that inhibition of pseudopod formation on fibrinogen-coated "and

fibronectin-coated surfaces 1is the limiting step on the pathway to
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aggregate formation. ﬁlternately, it may be the release of a material
from the alpha granules of platelets that is required for aggregate
formation. The release of alpha-granule bound materials need not
parallel the release of dense—granule materials, so this possibility
remains unresolved for the surfaces and treatments studied here.
Previous studies(11) have shown that addition of fibrinogen, a material
stored in the alpha granules of platelets, does not envoke aggregate
formation on the fibrinogen or fibronectin surfaces. The description of
the exact pathways involved in mural thrombogenesis must then await

techniques to monitor release frem alpha granules and arachidonic acid

metabolism of platelets on surfaces.

8.3.2 Release of Dense~Granule Materials

Percent release measurements for platelets localized on surfaces
were made with respect to two independent experimental variables which
dere position along the tube and exposure time to platelet/red cell
suspension. All surfaces were evaluated in the presence and absence of
imipramine and the collagen-coated glass surface was evaluated in the
presence and absence of aspirin.

Only for collagen-control and collagen—-imipramine experimental
conditions were their the significant differences in the percent release
along the tube. In both of these cases, the percent release was less at
the irtlet section than at the outlet section. Since aggregates were
observed with video microscopy at the inlet and individual éells at the

outlet under collagen-control conditions and since platelet accumulation
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levels were the 3same for collagen-control and collagen —-imipramine
conditions, it 1is possible for these conditions that the platelets
within aggregates adherent to a collagen surface release on the average
less than platelets adherent directly to a collagen surface. Others
have observed that platelets on the lumenal side of mural aggregates
tend to contain more dense and alpha granules than cells adherent
directly to the surface(23). The difference between inlet and outlet
percent release values, for the collagen-control case was greater after
600 s than after 240 s of exposure. There was only a small (not
significant) difference between the outlet percent release after 240 s
and the outlet percent release after 600 s of exposure. These release
data also indicate that the amount of 3H-—serotonin remaining at the
inlet after 240 s was approximately twice that present at the outlet
after 240 s. Since only the inlet release value showed a significant
change with time, this change may be rélated to the granule content of
the platelets. In the collagen-imipramine case, no difference in
percent release with time was found for the inlet or outlet. This
implies that the difference in release values at the inlet between
collage&icontrol values at 240 s and 600 s of exposure was due to
reuptake of 3H—serotonin in the collagen-control case. The amount of
reuptake of serotonin will also be dependent upon the local
concentration of this substance(24) which to scpe extent will be
dependent on local flow conditions(20). Exposure time and flow
conditions will thus be important experimental parameters in the use of

3H-—serotonin, in the absence of imipramine, as a marker for the release
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of dense-granule substances. The presence of imipramine makes
3H—serotonin a better marker for releaseable subst;nces which are stored
in the dense granules of platelets such as ADP, ATP and ca*’.

For the plasma protein coatings studied, fibrinogen and
fibronectin, in the presence and absence of imipramine, no variation of
release along the tube was observed. A significant decrease in percent
release with time (between 240 s and 600 3 of exposure, see Table 8.4)
was also found for fibrinogen~control conditions. For both fibrinogen
and fibronectin, the presence of imipramine increased the percent
release measured, most likely as a result of preventing reuptake of
released serotonin. The collagen-aspirin conditions also showed no
variation in percent release with position along the tube. Since no
aggregates were found on these surfaces, there was platelet-surface
contact only. Using percent release fram adherent platelets as a
measure of platelet stimulation, these results would rank collagen-ASA
experimental conditions > fibronectin-imipramine > fibrinogen-

imipramine.

8.U Summary

Platelet accumulation and release from the dense granules of
deposited cells were investigated using radioisotopic and visual
fluorescent methods with flow. A flow rate which corresponded to a
shear rate of 80 5—1 was used. Exposure time to platelet/red blood cell
suspension and position along the tube were experimental variables.

Platelet deposition on fibrinogen and fibronectin-coated glass tubes
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proceeded at a constant rate until an invariant accumulation level was
attained whereupon net deposition ceased. At this point single cells
without pseudopods were present. A constant release with position along
the tube was found on these 3surfaces. On a collagen—coated tube,
platelets accumulated at a constant rate for up to 900 s without
saturation, The morphology of deposited cells varied along the
collagen-coated tube from aggregates at the inlet, to clusters of
surface-adherent cells,to single cells with pseudopods at the outlet.
At the inlet, a time-sequence of first single cells with pseudopods,
then clusters and then aggregates was followed. There was consistently
less release at the 1inlet than at the outlet of the tube. No
correlation existed between release of dense granules and aggregate
growth. Aspirin treatment of platelets inhibited aggregate growth but
not clustering of platelets, adhesion or release oﬂ a collagen surface.
For collagen-coated glass, the rate of accumulation at the inlet was
less in the presence of ASA than in 1its absence. This implies that
embolization occurred in the presence of ASA. For fibrinogen-coated
glass and for fibronectin-coated glass, embolization was visually
observed at the inlet. Imipramine does not affect platelet adhesion or
thrombus formation but does prevent re-uptake of serotonin by adherent
platelets. Using dense granule release as a measure of platelet
stimulation, these results would frank collagen—-ASA experimental

conditions > fibronectin > fibrinogen.



CHAPTER 9

CONCLUSIONS

The work contained in this thesis has been directed at
understanding the process of mural thrombogenesis on a more mechanistic
level. Using the knowledge of platelet physiology established by
biological researchers and using engineering principles, greater insight
into platelet-surface interactions and platelet-platelet interactions
near a surface has been obtained. Simultaneous measurement of platelet
accunulation and dense—granule release and microscopic observation of
individual platelets near a surface, allowed a detailed picture of the
response of platelets to surfaces to be constructed. Mathematical
modelling of the processes involved in transport of platelets to a
surface and transport of liberated materials away from the surface
resulted in a clearer understanding of the environmment near the surface
during thrombogenesis. By way of concluding remarks a paradigm of
events occuring in thrombogenesis will be constructed based on the

experimental and theoretical considerations presented in this thesis and

previous work by others.

9.1 A Paradigm of Mural Thrombogenesis

A paradigm of events leading to thrombus formation is presented
in Figure 9.1. The degree that each surface studied progresses along
this sequence of events is denoted by the bar chart on the right side.

173
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9.1.1t Contact

Platelets are continually colliding with a surface under flowing
blood conditions. The rate of collision i3 controlled by the
hemodynamic c¢onditions, principally the shear rate, and the
concentration of platelets. The properties that define whether a
platelgt will bounce off the surface, contact the surface remaining for
only a short time or remain on the surface for a long time after a
collision have not been studied previously as only a fluorescent
microscopic system such as the one employed in this woerk (e¢f 2.8) has
the capability of such dynamic measurements, Platelets collided with
the albumin-coated surface but bounced off indicating no platelet-
albunin bond formation was pqssible. At very much lower shear rates,
platelets may be able to bind‘to albumin-coated surfaces but in the
flowing system employed in this work very little platelet accumulation
was found (cf. Table 7.1). Indeed, if albumin could remain on the
surface, and not be degraded or displaced by other plasma proteins or if
a synthetic material could be produced that selectively adsorbed only
albumin, this would be an ideal biomaterial. The nonthrombogenic
surface of the endothelial cells may be just such a surface which has a
coat of albumin. While platelets bounced off the albumin-coated
surface, they adhered to the collagen-coated surface upon collision and
did not come off. The fibrinogen and fibronectin-coated surfaces
exhibited intermediate results where some of the platelets that
contacted the surface remained for between 33 to 500 ms, while some

remained for greater than 600 s.

&
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Thus, platelets bind to some surfaces and not tor others. The
nature of the primary interaction between platelets and the surface,
that enables platelets to go from being transported along the tube to

stationary cells on the surface upon collision i3 unknown,

9.1.2 Adhesion

Once platelets remain on the surface for a short period of time
(500 ms) secondary bonds formed that strongly attached platelets to the
surface and platelet adhesion was established. This attachment was
overcame on the glass surface by growth of vaggregates possibly as
aggregates would have increased dislodging forces. The result on the
glass surface was embolization of aggregates along the platelet-surface
interface removing adherent platelets, suggesting platelet-platelet
cohesion 1is stronger than platelet-glass adhesion. Cyclic adhesion,
growth and embolization characterized the glass surface (cf Chapter 7).
It is wunknown 1if the secondary bond formation on the fibrinogen or
fibronectin-coated surfaces could withstand the removal forces exerted
upon agéregates. as these surfaces did not form platelet aggregates (cf
Chapter 8). The collagen—-coated surface bound platelets strongly and
even large aggregates remained adherent. Psuedopod formation does not
seem to be important in platelet adhesion as platelets remained on the
fibrinogen-coated surface and FGE1—t.reated platelets remained on the
collagen~coated surface despite their rounded morphology. It 1is
difficult to say if platelet-derived materials are important in adhesion

of platelets to the surfaces studied. None of the pharmocological
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treatments including those which prevented shape change reduced platelet

adhesion to the collagen-coated surface (cf. Chapter 6).

9.1.3 Spreading

Once platelet adhesion is established platelets 3pread on the
surface. A rounded platelet morpholcgy was noted on the fibrincgen-

ccated surface using untreated plateiets and the ccllagen-coated surface

using PGE1-treated platelets. These conditions resulted in dense- .

granule release and only platelet adhesion with no platelet aggregates
formation. ASA-treated platelets adherent to the collagen-coated
surface were psuedopodic and formed clusters but not mural aggregales,
suggesting psuedopod formation may be a pre-requisite for cluster
formation. The interrelaticonships betwe2n psuedopod formation,
spreading release of granules and platelet cohesion require further

experimentation to discern their role in throembogenesis,

9.1.4 Release

9.1.4.1 Dense Granules

A possible feedback loop may exist whereby liberated ADP works in
synergy with the surface to increase release. Studies performed on the
collagen-coated surface showed inhibition of ADP-induced platelet
aggregation in suspensions did not alter was not modulating platelet
adhesion, aggregate format!on or release (cf Chapter 5). The
possibility téat ADP released by deposited platelets induced platelet

shape change prior to the collision of platelets with the surface and

-
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that this ADP-induced -shape change t‘acilitatedwplatglet'?cohesion could.

not be ruled out. At the inlet of a collagen-coated tube, [CP/CPK in

combination with ASA decreased platelét accunulations but not percent

reléase, below the level for ASA-treatﬁment; alone (cf Chap"cer 6). The
level of ;jlatelet\,‘acctmplation using CP/CPK with ASA-treated platelets
was .similar to the level for PGE1-—treabed platelets where individual

platelets were adherent. These, last -‘results suggest ADP ma;y be

Mo

important in cluster or pseudopod formation. Other dense-granule
materials were estimated not to be in sufficient quantity to affect

known platelet functions (ef Chapter 3). .
‘No' correlation was ‘found between the release of dense granules
an\d mural aggregate formation: the release was 80-90% on the

collagen-coated surface for control platelets where aggregates formed

and for PGE1 and ASA-treated platelets where aggreagtes did not form.

In addition aggregates formed on the gilass surface where the percent
release was only 40% yet did not Torm 6n the fibrinogen‘\or
f‘ibronecﬁ;tin—coated surfaces when ‘the percent release e:{as U9%' and 6‘61
respectively. Release‘frqm dense granules of deposited platelets does
not seem to be suffiqientf to praduce mural aggregate formation nor 1is

total release required for aggregate formation. -

9.1.4.2 Alpha Granules

Release'of‘*f‘ibrinogen from alpha granules would not raise the
level of this mater;al above the normal plasma levels (.cf Chépter 3).

In the washed cell gystem used in these experiments, some amount of

-
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fibrinogen may be required for platelet cohesion. - Addition of
fibrinogen to platelet su.%ensions did not result in mural aggregate
formation on fibrinogen or fibronectin-coated surfaces (cf Table 7‘.1). )
The role of fibrinogen and other alpha-granule mater"ials remains

speculative jand await, specific techniques to blo¢k their effects on

" platelets and ways of measuring their release from adherent platelets.

L4

¢

971.5 Arachidonate Metabolism

\
Platelets probably metabolized arachidonate and liberated TA2 and

PGD2 upon adhesion to the collagen-coated surface in the dame way that
platelets liberate these materials in response to collagen addition in.
aggreganetry studies. The exact timg sequence of release, spreading and

-

‘arachidonate‘ mei:abolism is L‘xr;lcnown. TA2 would diffuse away ;‘rom the
surface stimulating a'rriving platel;ets to change shape in pre_paration
‘for cohesion. The shape change reaction would expose previously cryptic
‘fibrin'ogen receptors on -the.\_plate‘let membrane . Fibrinogen, normally
present in 'plasma‘or released from the alpha granules of deposited
platelets in the washed platelets used in .this study then bipds to the
platelet and Sri&ges the plate.'}ets together upon collision, ' Aspirin,
sulf‘inpyrazone and indomethacin all inhibited mural -aggregate f‘ormation‘
on a collagen-—coated surf‘ace probably due to the inhibition of TA‘2 ‘
formation. The ability of PG}Z1 to prevent aggregate forma}tiqn on' the
collagen-coated surface <;ould be due to inhibition of platelet re\sponses
to the TA2 formed by the adherent platelets or P(}E1 may inhibit the .

L4

formation of 'I"A2 or PGET may prevent adherent platelets from forming
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N
psuedopods necessary for platelet cohesion. The PGD2 intrinsically
formed by the platelet performs the same functions as the F’GE1 but it
would appearss M:TA2 activation predominates. . The resolving of the
campeting effects of platelet stimu]:ation by TA2 and platelet inhibition
by I’(}D2 must await specific inhibitors of* the platelet receptors for
these materials.

Clearly the paradigm presented in Figure 9.1 is for a system
where no plasma is present or activation of plasma components is

~sevenely impaired. In whole blood, numerous zymogens e{xist that are

activated during thrombosis. Thrombin especially @‘can stimulate

-

platelets exclusive of arachidonic acid metabolism and ADP rglease.

Thrombin is produced on the surface of the platelets by the [factor Va,

ca®*, factor Xa, platelet] complex. Like platelet-derived materials, -

the thrombin co.uld diffuse into the lumen of i:he tube or vessel
. ) o
activating incoming platelets much in the same way TA, has been
speculafed to éo in th'e non—-plasma_system analy;‘ed in the present work.
The concentration of thrombin would .rapi'dly deq:rease away from the
surface <'i/ue to diffusion and inactivation by plasma inhibitors. TA2 may
also be inactivated in plasma.' A recent report of the presence of

_platelet factor 4 on vessel 'subendothelium suggests" that, in vivo,

platelet-derived materials may not only diffuse away from the wall but

may bind ﬁto the wall as well. P612 is libertated by the veésel wall

during thrombogenesis, in vivo and would diffuse into the blood in the

same 'manner as the platelet-released materials. PGI2 is a powerful
A

inhibitor of platelet function that works through the same mechanism as

=
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Figure 9.1: Paradigm of mural thrombogenesis.
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PGD2 and PGE1. The discussion of the effects of l’GD2 and PGE1 on mural

thrombogenesis will apply to PGI, as well.

2

The use of a washed platelet system in this work has enabled
exclusion of-a number of parameters known to affect thrombogenesis. The
simultaneous measurement of platelet deposition and dense-granule
release alor}; with continuous observation of platelet-surface
interactions enabled a detailed description of the initial stages of
mural thrombogenesis. The firm understanding of this simpler blood
model }stablishes a basis fo explore the more complicated intact blood
case, The mechanisms documentéd in this work will be operative in

whole blood conditions but may be overshadowed by other mechanisms

available in whole blood and the vessel wall,

9.2 IFC Model

The model used to estimate interfacial fluid concentrations of
platelet-liberated agents demonstrated that increasing shear rate
resulted in higher IFCs. If it is a platelet-derived material that is
controlling thrombogenesis arterial systems where shear rates are high
would be more likely to generate thrombus than venous systems where the
shear rates are low. This 1is the observed clinical pattern of
platelet~-rich thrombi in arterial circulation and clots in the venous
circulation. The model also predicts that concentrations would decrease
rapidly away from the site of injury. This is consistent with the
observation that thrombosis is a local event. The model also suggests

novel ways to approach the hypothesis that ‘I‘A2 or some other
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\platelet—derived material is controlling mural thrombogenesis. For
instance decreasing the platelet concentration would decrease the
platelet accunulation rate on a surface. This would decrease the flux
of platelet-liberated material and therby lower the interfacial fluid
\concentration provided the flow rate remained the same. This procedure
,i)nay convert a nomally thrombogenic surface like collagen to a surface
:\that saturates much like ASA or F‘GE1 treatment does. In the
hypothesized instance, production of TA2 is not inhibited but rather the
rate of release qf material is not fast énough to develop sufficient
concentration to induce aggregate growth.

The model wused to calcul;zlte the interfacial concentration of
platelet-derived materials was designed to gi\}e order of magnitude
estimates of concentrations, Sophistication of the model by including
inactivation or metabolism of platelet-derived materials in’ the medium,
or binding of materials to incoming platelets or binding of materials to
platelets on .the surface or binding of materials to the surface are all
possible. The kinetic parameters and binding affinities are available
for numerous pairs of canponents such as thrombin and platelets,
thrombin and ATIII or PGI2 and platelets etc, No'analytical solution of
the equations describing inactivation is available for such extensions,
however numerical procedures could be employed.

The IFC model allows estimates of the local concentration of
nunerous materials libervated by ‘platelets. Recently Dangelmaier and

Holmsen(1) published an extensive list of the amounts of acid hydrolases

in a platelet. ~“These values can easily be used to predict the local

- S T s AT S SRR P PR L S e

e

S -

AN

Wy

[N SV

P



183

concentrations of these materials in the same manner as presented in
Chapters 3 and 4. Further materials such as serotonin and TA2 have

vasoactive properties that may be 1in the range of concentrations

calculated. A survey of the effects of platelet-derived materials -on
other tissues besides platelets and the necessary concentrations for
these effects may allow further insight into thrombogenesis. As more of
the suspected materials that exist in platelets are measured and their
effects on biological tissues examined predications of important
interactions can be made, An understanding of the pathways in

thrombogenesis may well depend on the detailed kinetic and spacial

analyses begun in this work.
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v APPENDIX A

This section deals with methods for estimating 1local surface

concentrations of ADP derived from platelet or red cell sources.

A1 Local Concentrations of ADP from Adherent Platelets

Platelet aggregatiop 15 most often measured as increased
transmitted light in a turbidimetric device (aggregometer). The
suspension (red cells absent) is mixed by means of a magnetic stir bar
allowing platelet-platelet collisions and rapid dispersal of the added
aggregating stimulus. The intense mixing motion also rapidly disperses
and thereby dilutes any liberated plaéglet materialslsuch as ADP. In
contrast, blood flow in a tube or blodd wvessel is streamlined so little
radial convective mixing occurs. . Any material 1liberated from an
adherent platelet would remain close to the tube's surface, diffusing
away slowly. Since the releasing platelets are at the tube's surface,
the combined effects of many ﬂiatelets would generate a local region of
elevated concentration of released agents adjacent to the surface. In
the aggregometer, the combined release of all the platelet contents can
create a final suspension concentration of 5 to 10 yM ADP. In the tube
flow case, locally elevated concentrations cbuld be reached by the
release of the contents of only a small number of surface-adherent
platelets due to the absence of mixing and hence less rapid dilution of
released material. The early stages of mural thrombosis and hemostasis

Al

e

o

e sy

o b e My o

e A ot e M e Ay, e ) it T

o s o M o)

L et e AT T i



A2

correspond to this latter case. Accordingly a procedure to ascertain

the local concentration of released agents near a surface was developed.
The experimental procedure and data collection and processing

presented were designed to yield values for the flux (amount/unit
time/unit of tubular surface area) of released material from platelets
adherent to the tube's surface. Of particular interest for biological
arguments is the concentration of released agents in the medium adjacent
to and near the tube's surface. These quantities may be computed from
the surface flux information through the partial differential equation
which describes the £ransport of solutes from the surface. Transport is
assumed ti occur through the interdependent modes of diffusion
perpendicular to and flow parallel to the surface. The equations then
represent a model that was used to calculate the interfacial
concentration of platelet-derived materials. The model has a number of
limitations due to the assumptions required to simplify the mathematics.

The model is simplified compared to the complex systems in native blood

but retains the essential elements necessary to estimate the

concentration near a surface. It must be remembered that it‘is only a

model and cannot be expected to predict things beyond its level of

complexity. The model limitations are:

i) There will be a transient period a£ the beginning of perfusion
where the first platelet to adhere is the only cell releasing
materiaks, The flux of materials that are released at the
surface will increased from zero to the steady-state level which

will be reached when the .first platelet is exhausted. After this
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ii)

A3

time new platelets will be arriving and beginning to release
yielding a constant flux of materials at the surface. It has
been assumed for this application that the release reaction was
completed in a short time, relative to the duration of perfusion,
thereby limiting the length of the transient period. There is no
information available to estimate the time required for adherent
platelets to release. The lag between the onset of perfusion and
the steady-state flux of materials then remains undefined. The

accunulation of platelets on the surface was found to have a

constant rate (see figure 3.1). While this was consistent with

the model requirement for a constant flux rate, it was perhap§
fortuitous as the mechanism of platelet accumulation changed with
time from platelet-collagen adhesion to platelet-platelet
cohesion, on the collagen~coated surface. The exact mechanism
involved in the net accumulation rate was, after three minutes,
not studied. Thus, it is possible that there would be an
increase in arrival rate of platelets as aggregates grew and a
centerbalancing increase in emobilization rate, yielding the same
platelet accumulation rate. The model used to calculate IFCs is
consistent with the data acquisition that only considered the

release from the net accumulated platelets.

"The model used for the IFC calculation does not include release

of materials 'from non-adherent platelets. No difference in 3H
radioactivity was found. between pre and post perfusion

supernatant, samples indicating 1little if any release occured
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from platelets in the suspension. However a small fraction of
the platelets could have released their contents and have gone
undetected in this assay.

The accumulation and release information were obtained for 1 and
2 cm tube segments. Thus the calculated interfacial
concentrations are averages over these surfaces and are not meant
to be construed as estimates of concentrations very close to a
platelet that is actively releasing. ’Euén higher concentrations
of materials released from platelets could exist within a few
platelet diameters of an adherent platelet. The IFCs calculated
in this work are descriptive of the general environment near the
surface where a uniform flux of material is assumed. The
heterogeneous nature of the sources of platelet-derived materials
was not taken into consideration in this work.

The model used to calculate IFCs is most applicable to surfaces
that do not form large aggregates or to the earlier stages of
thrombogenesis. The difficulty in extending the model to
surfaces with thrombi i§ related to the roughness created by the
aggregates: these may significantly alter the local fluid
dynamics. The aggregates preferentialiy accumulate, platelets at
the lumenal side, growing in heighﬁ, creating valleys between
aggregates., The quiescent regions in the valleys.no longer have
the strong convective component necessary to dilute the materials
released at the su}face. Such a rough surface 'representg a

mathematically more complicated system than was treated here.
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No provision for removal of the platelet-derived materials
(except by dilution) was included in the IFC model. Possible
mechanisms to removal materials in whole blood are: adsorption
to the surface, to adherent platelets, to arriving platelets, to
red blood cells or to proteins, as well as inactivation by
spontaneous decay, inhibitor complexes or proteolysis. The
mathematical representations of these conditions are more complex

and were not approached in this work. ’

Since both the accumulation and release can be dependent on the

distance from the inlet, the analysis was generalized to deal with the

case where the flux 1is dependent upon distance from the tube's inlet..

The flux is assumed to begin when the first platelet adheres and to be

invariant with time. Conversion of released ADP in the suspension by

apyrase was found to be negligible (see A.4). Mathematically, the

problem reduces to a partial differential equation (Equation A1) with

two boundary conditions, Equations A2 and A3:

where

ac

2u 1 - (r/r 2138 D3 (20, « A

m o] ax r ar ar
c = ¢ for x < 0 . A2
N(x) = D2 at r=r : A3

ar o
X = axial coordinate measured from the tube's entrance, cm
r = radial,coordinate, cm
ﬁ’
Yo = tube's inner radius, cm

u = average velocity for the flow, equal to the volumetric

-y
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flow rate divided by cross-sectional area for flow, cm/s

¢ = concentration of solute or released material, moles/ml
of suspension (in Ref. 29 "T")

¢ = concentration of solute at tube's entrance, holes/ml of
suspension (in FRef. 29 "To")

N(x) = flux of solute at tube's surface, this quantity is

. determined experimentally and may be variable with aﬂ

4
b

moles/cmz/s (in Ref. 29 "q(x)") - -
D = solute diffusion coefficient in suspension containing
red cells, cm2/s (in Ref. 29 "a")

The solution to the above problem is available in the literature

in the form of a mathematically equivalent problem for heat flux from a
tube's surface, often referred to as the "“Graetz problem" (29). To
convert the problem from heat transfer parameters (dependent variable,
temperature) to mass transfer parameters (dependeht variable concentra-
tion) it is necessary to realize that there if a direct analogy between
these transport processes (see ref. 4 page 6U46), where the mass
diffusion coefficient, D, is analogous to the thermal diffusivity, a,;
the mass flux, N, is analogous to the heat flux, q, and the
concentration, C, is equivalent to the temperature, T. By interchanging
these parameters the equations 41, A2 and A3 can be shown to be
equivalent to the heat transfer equation given in references 4, 28, and
29. The solétion is in the form of an infinite series, the coeffiéients

of which have been determined (29). The principle of superposition was

used to synthesize a number of solutions for constant flux into a single

e Pt oo bt it *
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solution for vgriable flux (28). This procedure was used for

calculating the concentration of ADP at the tube's surface from
experimentally obtained flux data.

The full modal represented by equations A1, A2, and A3 is valid

over all axial positions. However, for small distances, that is close

to the tube's inlet, the solution requires the summation of a large

number of terms of an infinite series. A simplified model considers the
velocity profile near the surface to be linear wih the same slope as
that of the parabolic velocity profile present in the previous model.
The tube can further be modelled by a flat surface thereby removing the

curvature considerations. The mathematical formulation becomes

(@]
N

um(?—)-"—-:ni—g Al
o @ 38
where s = ro, = r. This equation is presented in reference 4, eq.

11.2-10 and has been converted to mass transfer parameters using the

identities previously described (¢ = D, T

= = C, Z = X). This simplified
model has all the limitations of the first model with the added
condition that it is only valid for the first centimeter of tube length
at a shear rate of 80 s~ and for 8 cm at a shear rate of 640 ss'. The
solution to both these models are in the literature and are reproduced
in section A.3 where a detailed explanation of the calculation procedure
is given.

Once the accumulation of platelets at the surface and the extent

of release are determined the flux, N(x), required in Equation A3, is

given by
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N(x) A(x) x R(x) x S
t

AS

where S

amount of released material per platelet, moles/platelet

A(x) = adherent platelets/cm2 of tube surface

R(x) = fraction of material released
t = duration of run, s

The diffusion coefficient for ADP in a cell-free system has been

estimated by Grabowski et al. (16) to be 4.5 x 10"6 cm2/s. Dworkin and

Keller (12) measured the diffusion coefficient for cyclic adenosine
monophosphate and found it to be #4.84 x 10—6 cm2/s. The effect of red
blood cell mixing upon the effective diffusion constant of small
molecules is believed to be small (18) and was not accounted for here.
However, the presence of red cells has been shown to impede diffusion
and reduce the diffusién coefficient in suspensions of small molecules
such as urea. This has been accounted for her€ by a method described in
reference (11); the effective diffusion coef{icient for ADP used in our
calculations was 2.0 x 10~6 cm2/s, Since the platelet is affected by
the suspending medium concentration of ADP and the solution to the above
partial differential equation yields an average concentration value for
the suspension, the values emerging from the solution were adjusted for
the red cell portion which contained no ADP. Suspending medium
concentrations are reported. Y

The amount of releasable ADP from porcine platelets has been
measured by Thomas et al. (50) and Mills and Thomas (23) and found to be

2.10 x 10—17 moles/platelet. Release data for serotonin were used to
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@qlate release information for ADP since both are secreted in

parallel from the dense granules (14,33).
3

Fifty percent release of

H-serotonin is assumed to occur simultaneously with 50 percent release

of granule ADP.

A.2 Lochl Concentrations of ADP from Red Blood Cells

Red blood cells contain ADP that can be liberated due to cell

damage. Damage can occur due to surface contact at moderate shear rates
(3,21). If cells are assumed to be damaged uniformly along the tube's
length, the fluid concentration of ADP at the tube's surface arising

from red blood cells alone can be determined. The downstream

concentration of ADP plus ATP in the supernatant (Pf) minus the upstream
concentration in the feed container (Pi) then gives the net amount

liberated from red blood cells in the tube provided no platelets are

present. The flux of ADP at the tube's surface due to red blood cells

is then given by

(Pf"Pi) x flowrate

= X B A6
RBC tube surface area

N

where B is the ratio of ADP to ADP plus ATP in a red blood cell equal to
1:10 (5).
Once the flux is known the surface concen'tration of ADP due to

red blood cells can be calculated using the solution procedure for an

invariant flux (see Appendix for details).
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A.3 Details of ADP Surface Concentration Computation

The determination of the surface concentration of ADP requires
the solution of partial differential equation (Equation Al) with
boundary conditions (Equations A2 and A3). This problem is a linear
one, with a variable flux boundary condition. Since the surface flux
results from experimental information, a method which could deal with a
gene?uzgd flux which could either increase or decrease with distance
dovﬁ the tube and wh?ch did not need to comply with any specific
algebraic form was sought.

The method chosen has been used for a mathematically equivalent
heat flux problem and is described in reference (28); it builds upon
earlier work dealing with the invariant surface flux case (29). Since
Equatidn A2 is linear, a superposition principle can be applied to
obtain results synthesized from a number of judiciously summed constant
flux cases. A solution, the surface concentration, is obtained by
summi;ig the surface concentration solutions resulting from a number of
uniform mass fluxes which are initiated at various positions alon;g the
tube (each of these is held at zero for all upstream positions and
remains constant for all downstream positions). The sum of these fluxes
may be constructed so that the arbitrary flux to be simulated will be
approximated, the accuracy of the approximation depending on the
smallness of the individ&xal fluxes wused. The process is presented
pictorially and in greater detail within reference (28). The resultant
surface concentration, CS, then becomes, for any distance from the

tube's inlet, x, which is greater than position X,

L R e T o
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C = -
s f(a NO' x) + f{a N1, X x1) + f(A N

o X - x2)

+ ... + f(a Nn' X - xn) A7

Each component flux corresponds to the surface concentration evolving

from the constant surface flux AN and is dependent upon the longitudinal

coordinate x - x

Since the ADP flux information was obtained from release

neasurements taken from discrete lengths of tubing, it was decided to

treat the flux information discretely: (Tube segments were: 1 cm long

from 0 to 4 em from the entrance, 2 cm long from 4 to 12 om and 4 cm

long form 14 to 20 em). Due to the decreasing form of the flux with x

(Figure B5), the surface concentration was formulated by subtracting

incremental surface concentration values from a base concentration

emanating from a constant flux equal to the value of the first segment's
average flux over the full length of the tube. The surface
concentration along the second segment is then synthesized from the
first segment's solution minus a solution for a fluxgtfqual to the
difference between the fluxes for the first and second segments.

The specific formulations for the invariant flux solution were

taken from reference (28). A simplified solution found in (4,29) was

utilized for dimensonless distances, A, less than 1073 The

key

relationships are presented below in mass transfer form

o = 1.222Y3  for a < 1073 (ref. 4, eg. 11.2-20, x=0) A8
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0 =M — + = C e k(1) for » > 10 A9
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0 = ANi x:ﬁé-x——- A10
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Bn' Rn(1) and Cn values are presented in (28).

A4 ADP Degradation Kinetics

Since apyrase degrades ADP and is present in the platelet
suspension, it could alter the concentration of ADP during platelet
adhesion and release. The mathematical problem for simultaneous

gradation of ADP in the flow and release from adherent cells at the
surface of a tube remains unsolved, and an experimental approach is not
practical. To determine if the apyrase could have affected our results
two computations were done: (1) an estimate of the percent of ADP
entering the flowing suspeﬁsion which was degraded by apyrase before
leaving the 20 cm length of tubing, and (2) in the absence of flow, the
radial concentration profile resulting from diffusion of ADP alone was
compared with the concentration profile for diffusion plus degradation

by ADP.

-

The estimate of the ADP degradation rate was made by integ;éﬁlég
the local volumetric degradation rate (equal to the product of the first
order reaction constant with the local concentration of ADP) over the
volune of fluid in the tube. This rate was then compared with the
integral of the flux at the tube's surface over the tubels length which

is the total input rate. Since a detailed descr;k&igg of the
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concentration field was available only for the small A limiting case (5,
29) mentioned above, the comparison was limited to the first & cm of
tubing, in the 80 3—1 case, but could be dode for the entire tube length
in the 320 3_1 case, This, a posteriori, estimate indicated that less
than 1% of ADP released at the surface was degraded before leaving, for
both shear rates.

The rationale for the second computation is that the non-flow
case represents an overestimation of the effect that apyrase could have
on ADP concentration. This 1s so because for a fixed mass flux at a
surface the effect of reducing flow is to 1ncrease the concentration of
diffusing substance, ADP, within the fluid: increased ADP concentration
increases the ADP degradation rate. The comparison of concentration
profiles was formulated as the ratio (a) of surface concentration minus
fluid concentration for diffusion alone, to the same quantity for
diffusion plus reaction . This ratio is dependent upon the diffusion

coefficient and first order

(Cs - C) Di ffusion

¢ = c, -0 Diffusion plus reaction A1

reaction constant for ADP degradation and the distance form the tube's
surface and is independent of flux at the tube's surface. The above
ratio was found to increase linearly with distance from the surface and
reached a value of 1.05 at a distance of 50 ym from the surface. This
indicates that the concentrations for both cases will be similar and
that ADP degradation is not appfeciably affecting the concentration of

ADP in the near-tube region.
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We conclude from the above computations that the presence of
»

apyrase could not have materially influenced the concentration of ADP in

the region where platelet diffusion and accumulation were occurring.
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APPENDIX B

B.1 Introduction

The results and discussion presented in this chapter are similar
to those in Chapter 4 of the thesis. The only differentes are that
porcine platelets were used In the study presented in Appendix B. The
rate of accumulation of porcine platelets was slower than for the human
platelets on collagen-coated glass tubes (cf 3.2). The resultant
interfacial fluid concentrations are lower than for similar conditions
using human platelets. In addition, the contribution of ADP liberated
from red blood cells to the interfacisl fluid concentration was
estimated. For the porcine platelets the concentration of ADP ranged
from 0.6 to 1.8 uM which was right at the threshold required to induce
platelet aggregation in an aggregometer. It was concluded that
insufficient ADP would be presént to induce platelet aggregation at the

surface but encugh ADP is present to work synergistically with collagen

to produce mural thrombogenesis.

B.2 Methods

B.2.1 Tube Preparation

Glass tubes (Dow Corning), 1.0 mm internal diameter, were cleaned
and coated with acid-soluble bovine tendon collagen (type I, Sigma)
according to the technique of Cazenave et al.(10). These tubes were 20
cn long for experiments with platelet susﬁensions anq 120 em long for

B1
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. listed in reference 25), Platelets were labelled with

B2

experiments with suspensions containing only red cells.

¢

.
"\
W *

B.2.2 Flow Apparatus ~

A flow device was constructeq consisting of a glass tube
p&sitioned vertically with one- end placed in a beaker of suspension
which was maintained at 37°C. and the other end connected to a syringe
pump (Harvard Apparatus). This apparatus is well defined fluid

mechanically and allows for contact. of platelets with the test surface

- without pre-exposure to feeder tubing.

B.2.3 Preparation of Porcine Platelet Suspensions

Pig blood was processed using the method of Mustard et al.(25)
for human platelets with the osmolarity of the Tyrode solution adjusted

to 340 mosm using a 300 gm/1 NaCl solution (contents of Tyrode solution

51Cr (New England

Nuclear, 2uCi/101f‘ platelets) and 3H—serotonin (New England Nuclear,

12

4yCi/10 = platelets) in the first wash. The properties of suspensions

Prepared in this manner have been defined previously (19). The red
célls were washed twice in a Sorensen's phosphate buffered saline and
twice.in platelet-suspending solution. The& were further incubated with
apyrase, 1 ul/ml, fbr 15- minutes in th; final waéh to remove any
residual ADP. The final suspension had a hematoerit of i0%, 3 x 108
platelets/ml, 1 ul/ml apyrase, 3.5 gm/l albumin, 1 gm/l dextrose in

Tyrode solutfon (which contains 2mM CaCl

> and 1 oM MgClz). No

anticoagulant was present.
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ottt ™ e o L e e Ryt * - » R AP RS IS5 w7 v




B3

The apyrase used in these experiments was isclated from potatoes
using the method of Molnar and Lorand(24). Apyrase enzymatically
degrades adenosine t;iphosphate (ATP) and ADP to adenosine monophosphate
(AMP)(24). The activity of the preparation was determined using the
ffrefly assay for ATP as explained below. At the enzyme concentration
used for the platelet suspensions (1 ul/ml) and over the range of
substrate concentration, 10-6 to 10~ molar ADP, the apyrase exhibited
first order kinetics with a rate constant of 1.8 x 1073 57! ar 37°%.
This concentration of apyrase has been shown to be sufficient to prevent
the platelet suspensions from spontaneously aégregating but does ﬁqt
affect ADP 1induced aggregation as measured in a turbidimetric

devipe(19).

B.2.4 Procedure for Flow Experiments with Platelet Suspensions

The 20 an long tubes were primed with calcium and magnesium-free
Tyrode solution before suspension flow to prevent the passage of a
blood-air interface which could influence accumulation., The suspension
was drawn through the collagen-coated tube by a syringe pump and
discarded.l Flow rate and exposure time were the experimental variables.
After exposure to the cell suspension, the tubes were rinse& with Tyrode
solution containiné 10 mM EDTA.for 5 minutes at a flo; rate of 1 ml/min
to remove loosely.adherent cells, ‘

The tube was cut into segments and each segment counted in a
gamna counter to determine the 51Cr activity associated with the tube's

surface; the platelet surface concentration {(platelets/1000 umz) was
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then computed (ef 2.5).

B.2.5 Red Blood Cell Flow Experiments

Red blood cells prepared from 3.8% trisodium c¢itrate or
acid-citrate-dextrose anticoagulated blood(25) were _y_g\shed as outlined
in preparation of platelet suspension\s. The final platelet-free red
cell suspension had a hematocrit of 40%, 0.2 ul/ml apyrase, 3.5 gm/l
albumin and 1 gm/1 dextrose in Tyrode solution. It was allowed to sit
for 45 minutes prior to being passed through a 120 cm long, collagen

”1). Since red cell damage is known to

coated tube at 2 ml/min (320 s
increase with flow rate (3,21}, the highest flow rate examined in the
platelet flow studies was used. The combined concentration of free ATP
and ADP in the supernatant of the red‘blood cell suspension prior to
exposure of the suspension to the tube and after exposure to the tube
was determined using the method described below. The difference in
nucleotide concentra;tion between these two positions was statistically
evaluated us’x’ing a paired-t test,

L4

B.2.6 ATP and ADP Assay

B.2.6.1 Red Blood Cell Studies: Supernatants of the platelet-free red

blood'cell suspenéions were obtained by centrifugation at 9000 g for 2
minutes. The ADP was converted to adenosine triphosphate (ATP) using
the Phosphoenolpyruvate/Pyruvate Kinase (PEP/PK) enzymatic system

described by -Holmsen(17), Pf(-}Boehringer Manheim and PEP-Sigma. The

combined concentration of ADP and ATP was ytemined within 15 minutes

i
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of the end of the flow experiment wusing /the luciferin-luciferase
(firefly) assay(17). Although there was apyrase (0.2 ul/m{) in the red
cell suspension it did not significantly degrade liberated ADP or ATP in
the 15 minutes between the flow experiment and the assay. This was
checked by doing two standard curves, one with apyrase (0.2 ul/ml) and
one without, No difference was ngted after the 15 minute incubation

time between the two standard curves. Longer incubation times showed

apyrase was degrading ADP.

B.2.6.2 Apyrase Kinetics: The rate of degradation of ADP by apyrase was

determined by adding 1 ul/ml (the concentration used in the platelet
suspending solution) of apyrase to a solution containing 1.0 uM ADP,
The concentration of ADP remaining after 5, 10, 20, 40 and 80 minutes
was determined by enzymatic conversion (PEP/PK) of ADP to ATP. a_md

measurement of ATP concentration using the firefly assay. The' rate

3

constant (1.8 x 10~ s"‘)-was determined as the slope of the straight

line obtained by linear regression between the natural logarithm of the
residual concentration of ADP and the time of incubation. All work was

performed in the platelet suspending solution at 37°C.

B.2.7 Aggregation Studies

Platelet suspensions (red cells absent) at a concentration of 5 x

108 platelets/ml were stimulated by ADP (Sigma), acid soluble collagen ‘

(type I, 3igma), or ADP plus collagen, in én aggregometer (Payton

Instruments). One hundred percent aggregatioh was set at the level of’
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transmitted light present with only the suspending medium in the light
path. Decreasing concentrations of stimulus were used until no response
was recorded. The minimum threshold for response was defined as that
concentration of stimulus giving 10% increase 'in light transmittance
(aggregation) or 10% release or last detectable shape change (increased
light absorbance). Fibrinogen (Kabi) was added to the suspension at a
final concentration of 1.5 uM as washed porcine platelets will not

aggzjgate to ADP or collagen without it.

B.3 Results

B.3.1 Platelet Accumulation on Collagen-Coated Tubes

Three flow rates were chosen for the experiments giving rise to

1

three surface shear rates (80, 160 and 320 s~ ). By carefully choosing

-

the duration of exposure, B00, 420 and 300 seconds.respectively. it was

possible to obtain the same accumulation pattern for each flow Trate. .

Figure B1 shows the extent of platelet deposition versus distance
downstream from the inle£ for the pooled data, at the three flow rates.
It can be seen that the -"platelet surface concentration falls with
distance from the inlet. There is a ratio of 10:1 between inlet and
outlet levels of accumulation. A least square regressioq line had a
slope of <0.75 + 0.11, (r2 = .99) was obtained.

Figure B2 shows the extent of platelet accumulation as a'funct;on
of time, for a shear rate of 80 371. for various bositions along the

tube. Each accunﬁlation—thme curve was a stralght line. The slope of

these lines (rate of accumulation) decreased with distance from the
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inlet.

There exists at the inlet of a tube a segment, called the
hydrodynamic entrance region, where the suspension is accelerating ;nd
the velocity distribution across the tube is changing. For a Newtonian
fluid, this length would be only 0.1 on for the highest flow rate
studied here (4), However, the length of entrance region for cellular
suspensions 1is wknown, " The possibility of this entrance region
affecting the accumulation pattern was therefore investigated.

A tube was coated with collagen leaving a 5 cm (50 tube diameter)
uncoated glass section at the inlet. Glass was found to accumulate few
platelets as canpared with the collagen surface, see Figure B3. The
number of platelets adhering to the glass surface upstream of the
collagen region should not affect the platelet concentration near the
ccllagen surface. The result is an entrance region of glass that allows
the flow to develop fully while not depleting the suspension platelet
concentration near the surface significantly.

The accumulation patterns for £he tubes without a glass inlet
section and tubes with a glass inlet section are shown in Figure B3.
There was no difference in platelet accumulation between the two types
of tubes up to a shear rate of 320 5-1. At a shear rate of 640 3-1. the
platelet depositioneon the first collagen-coated segnentvof tube (0 to 1
cn) for the tube without a glass inlet section was significantly higher
than the corresponding segment (5 to 6 cm) for the tube with a glass

inlet section. The accumulation patterns were superimposable at greater

distances from the tube's entrance.
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Figure B3: The effect of hydrodynamic entrance region on platelet
adhesion. ' The filled circles refer to the upper coordinate axis, where
collagen was - cbated along the entire length of the tube. The open
circles refer to the lower coordinate axis where collagen was coated
}eaving a5.0 om . glass inlet section, Mean + S.D. of grouped 80 and 320

s”! shear rate experiments (n = 6).
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B.3.2 Release of Granule Contents from Adherent Platelets

Percent release of 3H-serotonin from platelets adherent to
collagen-coated glass was moderate at the entrance (50-60%) and reached
its maximal value (85-90%) at scme downstream position (Figure B4).
There was no relationship found between percent release and shear rate,
paired t-test between data at 80 5—1 and 320 s"1 done separately at each

position along the tube.

B.3.3 Rate of Release of Granule Materials

As outlined in the Appendix A, it is necessary to know the rate
of liberation of material being released at the tube's surface, to
calculate its concentration near the surface. Figure B5 shows the
calculated ADP flux from platelets using Eq. A4 (Appendix A) for the
three flow rates studied. In each cage, the flux 1is highest at the
inlet and decreases with distance from the tube's entrance. This is due
to the overall effects of high accumulation and moderate release at the

inlet and low accumulation and maximal release at the outlet.

B.3.4 Surface ADP Concentration (Longitudinal Dependence) \\

. The ADP concentration results are presented in Figure B6. The
surface concentration along the tube was relatively invariant for each

-1
flow rate., The range in magnitude was from 0.6 uM at 80 8  to 1.8 uM at
320 57,
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. Figure Bld: The change in release of dense granule contents from adherent

platelets with distance from the inlet of a 1.0 mm internal diameter,

collagen-coated, glass tube. Mean + S.D. of pooled data (n = u46) for

shear rates of 80, 160 and 320 s7T.
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B.3.5 ADP from Red Blood Cells

The combined amount of ADP and ATP librated from red blood cells
was determined by measuring the supernatant concentration of the red

blood cell suspensions before and after exposure to the tube at a shear

1. The inlet supernatant concentration of ATP plus ADP

rate of 320 s~
was 0.089 + 0.016 uM (mean + S.D., n=19). The outlet supernatant
concentration was 0.082 + 0.015 (mean + S.D., n=19). The paired
difference (outlet minus inlet) was 0.000 + 0.011 uM (mean + 95%
confidence interval, n=19) which was not significantly different from
zero. The upper 95% confidence 1limit (0.011 uM) can be used as a
representative upper bound to determine if there coulde sufficient

material to raise the surface concentration of ADP above that already

present due to ADP from platelets. The procedure for this is outlined

in the Theory seotion. The resultant flux of ADP from the tube's.

surface (EquationA6) would be 0.009 pmoles/cmz/s. This results in

."calculated . surface concentrations of 0.03 uM and 0.06 uM at the 1 ecm and

20 on positions (measured fram the‘inlet) respectively for a shear rate
of 320 3_1. The corresponding surface concentrations due to platelet
released ADP are 1.78 uM and 1.2% uM. It may then be surmised that ADP
from red cells does not make a significant contribution to the ﬁfé‘él
concentration of ADP adjacent to the tube's surface in the platelet

experiments reported here,
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B.3.6 Aggregations

The minimum concentration of stimulus for shape change,
aggregation and release of 3H-seroton1n was evaluated in an
aggregometer, The results are presented in Table B1 where the level of

ADP required for shape change is 0.5 uM, and for aggregation in the

presence of sub-threshold collagen is 0.5 uM, These levels are 1in

agreement with a recently published Study of porcine platelet

suspensions (1).

B.4 Discussion

B.4.1 Platelet Accumulation

The accumulation versus distance frém the inlet curve (Figure B1)
shows a more rapid reduction in deposition with distance from the inlet

than predicted by classical transport theory (2, 13). The accumulation

LY

level was found to be proportional to the distance from the inlet raised’

to the exponent -0.75 in this study as compale to ~0.33 predicted by
classical transport theory. Dr. Eaungarﬁer's group reported an exponent
of -0.17 (2) and Freidman and Leonard (13) obtained a -0.41 dependence.
S;:me of the possible r’easons for the gr.eater éépendence of platelet
accumulation on distance from the inlet obtained in this study were

investigated.

One possibility could be an effect of the ‘removal of priming

fluid by the 'incoming suspension: There will exist a lsﬁi"'tm’le bet ween

the beginning of suspension flow and the commencement of platelet

arrival-at the surface. “This lag period will be longer at the tube's

-
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outlet and shorter at the inlet, aecoi'ding to a theory developed by
Butruille et al. (9). However, a similar lag time would occur due to
washout of the cell suspension ad jacent to the surface with the rinsing
fluid at the end of the expo'sure. The combination of these two
processes results in a constant duration of exposure along the tube,
This is supported by the data shown in Figure B2 where the platelet
accunulation is linearly increasing with time for all axial positions,
Dr. Baumgartner's group (2)( similarly found no delay in platelet
depo:;itioq in their annular flow device possibly due to the balémcing of
blood entrance and remov‘al phencmena. It, therefore, is unlikely that
washout phenomena are producing the larger than expected reduction 1in
accunulation with distance from the inlet.

A second possibility could be the preferential deposition at the

5

inlet of platelets that are more highly labelled with 1Cr than those

adhering downstream, This possibility was explored by yisually cc?unting
stained platelets in a 2500 um2 area of tube's surface using a light
microscope at 1250 X magnification. This accunulation 1level was

1.
campared with the one based on > Cr activity. The ratio of accumulation

5

based on ]Cr to accumulation based on microscopy was 0.95 + 0.10 (mean

+ S.D.) at the inlet and 0.95 + 0.14 (mean + S.D.) at the outlet. This
* .
shows that the platelet accunulation was accurately described by 51Cr
- .

activity and that the 10 to 1 ratio of platelet accumulation between

inlet and outlet was not due to heterogeneous 51Cr labelling of

platelets.

A third possibility- to explain the experimentally obtained

;
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deposition pattern could be preférential accunulation at the inlet due
to hydrodynamic entrance effects, The results obtained, using an inlet
region to allow the suspensién flow to become fully developed (Figure
B3), showed that only at shear rates higher that those used in this
study did platelets accumulate at the inlet excessively. The linearity
o’% the curve in Figure B1, further indicates that a rapid-decline in
e

¢
platelet accumulation is ongoing along the entire length of the tube and

does not occur just at the inlet.

The linear increase in accunulation with time (Figure B2) {is
consistent with classical mass transport theory (2, 13). The 1linear
increase in platelet deposition with time and the observation that these
curves, extrapolated to zero p’ass'througl? the origin, suggests that the
10 to 1 ratio of inlet to outlet accunulftion levels would be present at

short times and perhaps at the onset o ‘adhesion. The exact reason for

this decline in platelet accumulation then remains obsecure. Other
possible mechanisms are: preferential aggregate formation at the tube's
entrance, embolization, preferential adhesion of a sub-population of

platelets and a platelet-derived inhibitor of accunulaf;ion which has an

increased glownstream concentration.

’

The effect of shear rate on the rat",e of platelet accumulation was
determined by plotting the logaritms of these parameters. In order to
compare our resu_lts with those of others who have worked with shorter
tube lengths, plots of the logarithm of accumulation rate. for the first
1 ot segment of tubing against. the logarithm of shear rate were prepared

(plots not shown). The resultant straight line had a slope of 0.77.
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This is in agreement with Butruille et al (8) and Baumgartner et al. (2)
who obtained values of 0.75 and 0.61, respectively. Classical transport
theory predicts that the flux of a substance to a surface, or in this
case the rate of platelet accunulation, 1s proportional to the 0.33
power of the shear rate (2, 13). Inherent in clasical transport theory
for flow in tubes 1is a constant diffusion coefficient. Platelet
di%fusion is enhanced in the presence of red cells (15) and by
increasing the shear rate (2, §). The difference between the 0.77 power
dependence of shear rate upon the rate of platelet accumulation obtained
here and the 0.33 classical value may be a result of the presence of red

blood cells and their effect on platelet diffusivity.

B.4.2 Release

The release data (Figufe B4) shows that the degree of release-

from adherent platelets at the inlet of a tube is lower than that at the
outlet. This suggests that the possibility some material, released by
the platelets, is convected downstream inducing platelets adhering there
to release more extensively. The degree of release being dependent on
the local concentration of released material. It does not appear that
the change in_releaée with distance from the inlet (Figure B4) can be
directly related to the s;rface concentration of ADP, or any other dense
granule matérial a; these quantities change little with distance from
the inlet (Figure B6), It md; then be that other factors are working in
parallel with released subétances to produce the observed release

pattern, Another possibility could be the time dependent sensitization
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of platelets by the released ADP. The platelets that had longer periods
of incubation may have had time to becamne fully sensitive to the
collagen stimulus while those incubated for a short time may not have
been fully sensitized. " In this work, release was found to be
independent of shear rate, The degree of release could then be
dependent on the time from entry into the tube and thus“the distance
from the inlet since cells which adhere downstream are exposed to ADP
longer than cells which adhere upstream. This scheme is consistent with
the observed platelet release pattern along the tube. Platelets
aggregate and release in response to collagen more extensively when
small concentrations of ADP are present than in the absence of ADP
(Table B1). The time required for sensitization by ADP. incubation has
not been-studied in detail.

A third possibility may be that released ageﬂts from other
granules or progressively secreted agents such as thromboxahe A2 could
be modulating release. The concentration of such a material may vary
with distance from the inlet in scme manner other than that shown for

dense-granule materials.

B.#,3 Surface Concentration

Although the conditioné for sggregometer studies are different
from those of our tube flod-studies. concentration—r;sponse data from
this device are -the only information‘ available for comparison with
) " concentrationrespounse iﬁfonmaticn from thié atudf. The calculated

values of ADP surface concentration, 0.6 um to 1.8 uM, are in the range
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where ADP and collagen act synergistically to aggregate platelets (Table
B1). Since both of these stimuli are available in our system, we @ay
surmise that platelet shape change could have occured adjacent to the
surface in preparation for adhesion, aggregation and release at the
surface and that ADP and collagen acting together produced the
acounulation and release demonstrated. Grabowski et al. (16) have shown
that a concentration of 1.5 uM ADP, obtained by infusion of ADP through
a semi-permeable membrane, will cause thrombus growth on a cuprophane
surface, provided a layer of platelets was already on the surface. The
ADP released from platelets or red blood cells was not taken into
consideration by these workers. Studies using glass bead columns have
identified the platelet as the principle source of ADP in retention
experiments (22). Other workers maintain that ADP from red blood cells
is important in thrombogenesis (7) while others feel they serve a

physical purpose (2). The contribution of red blood cell ADP to the

surface concentration for the studies preéented here, was shown to be at-

least an order of magnitude less than that for platelet derived ADP.

A number of synergistic pairs of platelet. stimulatory agents have
been reported (20, 27). Although the concentration of any individual
relea8ed material may not be greatly above the threshold reqﬁired for
platelet response, the combined effecfs of two or ﬁore agents at
subthreshold concentrations may be very signiéicant. More detailed
experiments dealing with combined effects of the varlbus granule
materials should be undertaken especially in regard to their synergistic

nature in pairs and higher number of combinations, as this represents as
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reasonable a picture of the physiological process as the higher
concentrations of single stimuli normally used in aggregometer studies.

The increase of surface concentration with increasing shear rate
is an interesting phencmenon. The final surface concentration of ADP
depends on the rate ;f liberation of the material and the abiliéy of the
flowing blood to carry the released material away. Increasing the shear
rate increases the rate of accumulation and, hence, the flux of ADP.
The experimentally determined dependence of the rate of adhesion on
shear rate is a power law with exponent 0.77. The ability of the fluid
to remove ADP at the same surface concentration would also inecrease with
increag;ng shear rate although the exact relationship is unknown. Since
the caléulated surface concentration rose on increasing the shear rate,
the increased -ability to remove ADP by increased shear rate was
insufficient to cope with an increased rate of liberation of material.
The greater enhancement of platelet deposition due to increased shear
rates over remoyal of ADP due to increased shear rate necessitated an
increase in surface concentration to maintain steady state. This result
suggests that arteries should be more dependent on. reléase~induced
aggregation tﬂan veins where the shear rates are lower,

Weiss et al (32) have 'reéorted a platelet adhesion defect in
bl&od from patients with von Willebrand disease, which was only
demonstrable at high shear rates, These workers suggestea that the high
shear rates result in maximal arrival of platelets at the shrface making
_the rate of adherence of the platelets to the surface the rate limiting

step (32). Since platelets contain von Willebrand factor (26), it may
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be hypothesized, based on the work presented here, that the release of
this protein could be producing the difference between normal and von
Willebrand factor defficient platelets by enhancing the adhesion rate of
normal cells at high shear rates. The experiments and calculations in
this report predict that higher surface concentrations of released
materials would be present at higher shear rates. The ability of von
Willebrand platelets to adhere to collagen as well as normal cells at
low shear rates (2, 32) suggests that von Willebrand factor is not

required for normal platelet adhesion at low shear rates.

B.5  Summary

These results are pertinent to the process of thrombosis in blood
vessels and on biomaterials, and‘to hemostasis. Calculations based on
experimental data show that ADP released from platelets produces
sufficiently high concentrations at a potential site of injury to induce
platelet shape change‘ but nof platelet aggregation. However, trace
amounts of other released agents or vessel wall consﬂﬁtuents ;u;h as
collagen may act synergistically to aggregate platelets. The
concentration of ADP does not change quickly along the surface. Higher
shear rates rgsult in enhanced' arrival of platelets at the surface and
higher concentrations of released materials, The amount of ADP released
from red blood cells was found to be negligible relative to that
releaséd from platelets. The proceding results suggest that the
contribution of platelet released agents to thrombosis is quite possibly
through synergistic action of combinations of agents acting close to the

site of thrombus formation.
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