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ABSTRACT

The effect of shear rate on the ADP-induced aggregation of human
blood platelets in flow through tubes was studied over the full -
physiologically significant range. The exéent of single platelet
aggregation at 0.2 pM ADP in citrated platelet-rich plasma, PRP, was
greatest at mean tube shear rate, G = 314 s~}; however, aggregate size
steadily decreased from G = 39.3 to 1800 s~!, At 1.0 uM APP the rate of
aggregation increased up to G = 1800 s~ ! where virtually noaundggregated
platelets remained after 43 s of flow, although, aggregate size was still
limited by shear rate. A shear-dependent delay in the onset of
aggregation and an increase in collision efficlency with time suggesé the
exlstence of a time and phear-dependency in the expression of honds
media;ing agéﬁegation. Greater aggregation of platelets from female
donor; than male donors was due to differences in the ionized calcium

concentration, [Ca24], in the plasma of donors of different hematocrit

when the chelating agent cltrate 18 used as anticoagulant. At

.physiological [CaZt) aggregation was much greater in heparinized and “

hirudinized plasma than in citrated plasma and no sex difference was

present. Aggregation in whole blood was much greater than in PRP due to a

shear-dependent increase in the frequency of collision between activated

platelets caused by the motion of red cells.
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L'éffet de la vitesse de cisaillement sur 1'agrégatlion des
0 L.

plaquettes humaines 'induites par 1'AD[{ fut &tudié dans un systdme
circulant in witro, en variant le débit 3 1'intérieur des limites
physiologiques. L!agrégation de plaquettes seules dans le plasma citraté
et riche en p{aiuettes contenant 0,2 pM ADP, atteignit son maximum quand
la vitesse de cisaillement dans le tube &tait de G = 314 s™l, 11 est 2
noter que la g\randeur des agrégat”:s diminua d'une manilre consistante entre
C = 39,3 et 1,800s 1L, Avec,u;le concentration d'ADP de 1.0 pM, le taux
d'agrégation augmenta jusqu'a G = 1,800 s~1, quand on ne pouvait presque
plus appercevoir des plaquettes non-agrégés aprés une durée du débit de
43 s‘, néanmoins la “grandeur des agrégats demeuralt toujours limit&e par
la vitesses de cisaillement. 4Un delai relié& au cisa{ll\ement au début de
1'agrégation, ainsl qu'une augmentation de l'efficacité de collision av,ec
le t»emps suggérent que la formation des liens entre les plaquettes dépend
du' temps de stimulation et de 1la vite‘sse de cisaillement, L'agrégatior}
des plaquettes provenants des femmes &tait plus marquée que celle
provenant des hommes. Cecl est dit 3 la différen;:e entre les deux
concernant la concentration de calcium, [Ca2t], dans le plasma citraté, °

car 1'hematocrite est différent entre les hommes and les femmes. Avec un

taux physiologique de [Ca2+], 1'agrégation &tait beaucoup plus marquée

< dans le plasma hépariné ou traité & 1'hitudine que dans le plasmavcitraté,

indépendemment du sexe., L'agrégation des plaquettes était plus marqtiée
dan‘s le sang total que dans le plasma enrichi’, au cause de 1'augmentation
de la fréquence de collision entre les plaquet:te;s sactivées, éette
augmentation. dépendait du niveau de contrainte et elle est 'caus,éé parc:‘la

mobilité de globules r.:étige“is. .
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PREFACE

The work p’resented in this thesis falls into four main sections \

comprising Chapters II to V, respectively. The option provided to the

A"
candidate by Section 7 of the Guidelines Concerning Thesis Preparation has

>

been utilized: s
9
"The candidate has the option, subject to approval by the
Department, of including as part of the thesis the text of
an original paper, or papers suitable for submission to
learned journals for publication. In this case, the thesis

must still conform to all other requirements explained in

Guidelines Concerning Thesis Preparation.”

=

Each of the above cited chgpters has been written in a manner
sultable for publication in the scientific literature, and thus each is ‘
complete in itself with its own Abstract, Introduction, Methods, Results,
piscuszion and Bibliography. The co-authors on the papers to be submitt"ed“
are my thesis director, Dr. H,L. Goldsmith and the technician, Ms. S,
Spain whose help was required to accompliéh the multiple tasks involved in

the experiments.

As required by the Guidelines,'the chapters follow from each
other, creating a coherent disgsertation., Additional material, giving
background for the experimental method used to count cells, and detafls of
the method of averaging log—volume histog‘rams, are given in Appendi;:;ee I

an 1I, tespectively;' Also, as required by the Guidelines, Chapter I 18 a I

- General Introduction to the subject matter of. this thesis, including a

H
literature review and outline of research goals, Chapter VI summarizes

¢
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the conclusions, claims to originality, and suggestions for further

research,

~

A Nomenclature 1s placed at the beginning of Chapter II; it serves L

I

to define the symbols used therein, and in subsequent chapters of the -

&

thesis, '
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INTRODUCTION

This thesis constitutes the second phase of an investigation into
the ADP-induced aggr%gation of human platelets in flow through tubes, In
the first phase, a micréscopic double infusion technique was used to
rapidly and uniformly introduce an aggregating agent into the bulk of a
platelet §;7Fension undergoing Polseuille f%ow (Bell, 198358ell et al.,
1984; éell pné Goldsmith, 1984). ADP was infused into the, filowing

i
suspension ‘through a micropipette tip located concentrically within the

entrance of the flow tube, and the aggregation reaction was observed under

]

‘a microgscepe at various distances downstream, At 1 pM ADP, both the rate

and fingl extent of aggregation were found to increase over ine range of
mean tube shear rate from 2 - 54 s~!, Although ttie technlque permltted
direct visualization gf the aggregation reaction, the microscopic _
dimenslions and constraints on the diffusion of ADP restrilted Its use to
relatively short reactlion- times and low sheaﬁ rates, The presenE
technique circumvents the diffupion problem amd extends the previous work
to longer times, higher ghear rates, and whole blood. ADP and-pratelet
suspension are simultaneously: infused into a common mixing chamber and,
after a brief mig&ng period,»flow through various lengths of polyethylene
tubing into 9.5% glutéraldehyde. The effects of shear raté and transit
time on platelet aggregation are followed throtgh an analysis of the\
complete particle volume distribution from 1 - 105 ym3. Thus, the present
technique permits the application of fluid ﬁechanical and collold\theory

to the kinetics of platelet activation and aggregation, and as such,

provides a.convenient marriage of cell biology and suepénaion rheology.

1 ey
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1. Role of Platelets in Hemostasis and Thrombosis"

The development of a circulatory system which adequately preserves
. e ‘
the primordial unicellalar environment essential for normal cellular

metabolism 18 a sine qua non of multicellularity. A consequence of this
\

vascularization is the potential for tissue necrosis should vessel

integriLy be disrupted.' Several mechanisms have evolved by which
organisms repair vessel damage. In arthropods hemocytes are responsible
for wound repair (Grégoire, 1970). The equivaleat in amphibians s the
spindle cell (Loeb, 1927), whereas in mammals the blood platelet is the
primary cellular element of hemostasis (Maupin, 1967). Indeed, in man the
mogt Egrmly established function\of pla;elets is the formation of a

hemostatic plug to prevent the rapid extravasation of blood upon vessel

“\
3

trauma,

The alteration of one ‘or more of the steps in hemostatic plug .
formatlon can result in bleeding disorders; whereas certain-pathological
mechanisms .of plaEele; activation and fibrin formation can*lead to
thrombosis, Although deviation from the normalxequilibrium in either
direction may be deleterious, most platelet studies are concerned with the
etiology and prophylaxis of thromboembolic disorders.: Under the |
approprlate 1ntravasc¢lar conditions for thrombogenesis, an initial mural
thfombua may grow to occlude the vessel, or it hmay break away or,f;agment
creating an embolus capable of o;;luding smaller Qessels downst;eam.a |
Reduced blood flow'causing tissuye ischemia may be severeiy Aebilitating or

~

fatal should the myocardium or the brain be affected.
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Thromboembolic disorders manifest themselves in a varlety of
diseases such as cerebrovascular disease (Guuning et al., 1964), coéonary
artery disease (Steele et al., 1973; Weiss, 1976), peripheral
arteriosclerosis and arterial disease (Meade, 1979; Thomas, 1978), and
venous and microvascular thrombosis (ngsler and Nachman, 198l1)., 1In
addition, hyperresponsive platelets may play an important role in the
development of atherosclgrosis (Colwell and Halushka, 1980; Fuster et al.,
1981; Weksler and Nachman, 1981l) which in turn is considered the principal
factor determining susceptibility to heart attack or stroke (Mustard et

\
al., 1978).

Thromboémbolism has also been shown to be a serious complicatlon
of prosthetic cardiac valves and circulatory devices (Salzman, 1971).
Both the interaction of platelets with artificial surfaces and Lhe effect
of extreme or dhusual flo; conditlons on cells contribute to platelet
microaggregate formation (Vroman, 196}; Leonard, 1972), This has been
observed in association wiéh hemodialysis (Bischel Eﬁnﬂl'v 1973), clinical
perfusion (Rittenhouse_gg_gl:, 1972), and cardiopulmonary bypass
(Allardyce et al., 1966; 301{5 et al., 1975).

J ~

Platelets have been impli%ZEéd\in ;an§ other physiological ’
processes including the support of the normal vascular endothelfum
(Johnson, 1971), stimulation of arterial ssaoth muscle proliferation (Ross
et al., 1974), participation in the inflammatory response and

immunological reactions (Caen et al., 1977), as well as in cancer

metastasis (Tobelen et al., 1974; de Gaetano and Garattini, 1978).



2. An Historical Perspective

C :

The Q}scovery of platelets awaited the development of a microscope

with sufficient resolving power to reveal their undisputed presence.
After the introduction to the sclentific community of a compound
microscope capable of resolution to about 1 um (Hodgkin and Lister, 1827),
Donné (1842) was able to describe little globules in the blood distinct
from the previously established red and white globules. At around the
game time, Gulliver (éerber, 1842) and Addison (1842) independently
provided the first drawings of these new cells. Several years later,
William Osler's description (1874) of single platelets within intact blood
vegsels, and of thelr tendency to form granular masses in blood removed
from the circulation, was instrumental in establishing the platelet as a
normal constituent of blood. Before long, Bizzozero (1882) had confirmed
and extended these concepts by observing platelzzs flowing through the
vessels of living animals and de%onstrating thelr role in hemostasis and
thrombosis, He also described the change in shape preceding platelet
_aggregation, and even commented that platelets are capable of releasing
substances. Eberth and Schimmelbusch (1886) labelled the platelet shape
\ change as "v¥scous metamorphosis” and worked out some of the early events
of platelet deposition and fibrin formation. The next major development

came with the histological studies of Wright (1906) in which he

demonstrated the fragmentation of the megakaryocyte cytoplasm yielding

g

R single platelets.

- 1 The identification of ADP as the specific agent in red cells that
|
stimulates gla;elet shape change and aggregation (Gaarder, 196l), as well

‘E? as the development of convenient methods of testfng other potential
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agonists, antagonists and cofactors (Born, 1962; 0'Brien, 1962), set the

Y
stage for a new wave of platelet investigation that continues today.
SHEAR RATE AND PLATELET AGGREGATION

Shear rate is the most important physical parameter povernlapg

platelet aggregation in flowing suspenslons. It determlues the platelet

i)

collision frequency, the shear and normal stresses which act Lvate single
cells and break up aggregates, and the interactfon time of cell-coll or
cell-surface collisions. Since shear rate is proportional to fluid

velocity, these sequelae elther promote or Inhibit hemostatic or
thrombot ic mechanisms, depending on flow rate and vessel s{.e.
L]

Time-averaged systemic artertfal wall shear rate, Gw' In humang
ranges from 100 - 1000 s™! and may exceed 1000 s~! f{n the caplillariey,
based on a parabolic velocity profile for whole blood (Whittmore, 1968;
Chien,‘l973; Turitto 1982). A higher rate of wall shear would he expectod
for a blunted velocity profile (Goldsmith, 1972), but 4t lg untikely that
shear rate, G, exceeds 2000 s~! in the normal human vasculature (Turtttn
and Baumgartner, 1982). The cross-linking of flbrinogen moleculeys between
the membrane glycoprotein complex, GPLIb-ILla, of actlivated plateletg Iy
the believed mechanism underlying ADP-induced platelet agpregat lon

(Nurden, 1987). However, at a plasma viscosity n = 1.1 mbPa 8 al 3 e,

platelet agpregates must withstand In vivo shear stresses, ¢ = 1, that
are an order of magnitude greater than those sufficlent to break up bphth

! red cell rouleaux formed by nonspecific fibrinogen cross-linking

|

(t ~ 0.2 N o4, Chien et al., 1967; Schmid-Schonbeln et al., 1973)kand




the highly specific antigen-antibody bonds between sphered red cells

cross-linked by antibody (v ~ 0.2 N m~2, Tha and Goldsmith, 1986).

The predilection of white platelet thrombi to form In reglons of

-

hiph bilood flow velocities, f.e., in the arterial as opposed to the venqﬁs
slde of the vasculature, emphasizes the need to focus on the early stages
of platelet apgregation {n well-defined flow., Studles at G > 2000 s~ are
mont relevant to flow through extracorporeal and prosthetic devices, and

throuph replons of altered blood flow such as stenotic atherosclerotic
lestoas and rheumat fe heart valves., As will be discussed below, high
shoar stresses and altered flow patterns under these conditions of flow

encourage thromboembolle processes through shear-induced platelet

detivation and platelet-surface interactions, respectively. As a

consequence of the overriding influence of shear rate on platelet
apgregatfon, a number of well-defined {n vitro, and relatively more

qualltative in vivo flow studles have emerged.

¢

l. Red Cell-Free Platelet Suspensions

v

Studies using red cell-free platelet suspensions are of necessity

fn vitro. This fact alone is responsible for the major artifact of such

studtes; however, red cell-free suspensions provide the best medium for an
/
unonﬁ$nhvred analysis of the biochemical and physical aspects of the

agpregat lon reaction. Most of the studles to be discussed were done using

iR

0

cltrated PRP, heparinized PRP or washed platelets.

(a) Shear-lnduced Platelet Aggregation

"

(1) Low shear rate: It would appear that shear rates less than 2000 g1
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do not {induce aggregation. An initial report oi\spontaneoup agaregaption

»

using a cone and plate rotational viscometer (Klose et al., 1973) has not
been supported by similar studles using cone and plate viscometera (Belval
et al., IQBA;ABelval and Hellums, 1980), cylindrical (Chang and Ror ~ttson,
1976) or parallel plate (Yung and Frojmovic, 1982) Couettes, or S\ eady
laminar (low through tubes (Gear 1982; Bell and Goldsmlth, 1984),

Spont anrous aggregat lon was also absent tu oscillatory tlow 1o tubes,
although the platelets were hypersensitive to post—shear, thrombin induced
release (Goldsmith et al., 1976). Platelets have, morcover, been observed
to aggregate In a vortex downstream of a sudden tubular expanaton (Kartlao
and Goldsmith, 1979a). The reported differences in shear-Induced platelet
aggregatlon at low shear rates may derend on the geometry amd materialas of
the device used, the time of exposure to the shear fleld, and the method
of platelet preparation (Breddin et al., 1976). The large surlace area to
volume ratio of rotational viscometers facilitates the fnteractlon of

platelets with the viscometer surface, and the subscquent release of

platelet—derlived platelet agonists, partlcularly ADP,

(11) High shear rate: The shear-induced aggregation of platelets at hiph

shear rates follows progressive changes In the degree of platelet
activation, lysls and fragmentatlon in proportion to the level ot flutd
shear stress. Such effects, however, are highly depeadent on the time of
) &

exposure to the shear field and on the proximlity of platelets to wolfd
surfaces. Again, work using rotational viscometers has shown that

D
aggregation {s induced within 10 s exposure to a threshold shear streqas of

T =5Nm 2 (G =2800 s!; Belval et al., 1984). Aggregates were unstable

at this level of shear and started to break up within 30 s. However, over



the same time Iinterval, Iirreversible aggregation was 1induced at

t = 10N m™ ¢ and colncided with the post-shear impairment of normal
platelet serotonin uptake and aggregation in response to exogenous ADP
(Hellums And Hardwick, 198l)., The release of dense granule serotonin was
tnvoked at 1 = 15 N m~Z with platelet lysis detectable at t > 60 N m~2 and
overt single cell fragmentation at t > 80 N m~2. Thus significant
shPJr-induced platelet aggregation and impairment of normal function can
oLvur in the absence of granule release and/or ccl} lysis. Platelets also

exhiblt temporal changes after the initial response of shear—induced

activatlion and aggregation,

l.ower shear stresses are sufficlient to produce similar results
mfler sustalned exposure to the shear fleld. Aggregates present after 5
min exposure to T = 5 N m™ 2 coincide with the shear-induced release of
platelet dense granule ADP and serotonin (Brown et al., 1375). Some lysis
also appears to be present under these conditions. Aggregation s still
completely reversible after 5 min exposure to up to t = 7.5 N m~ ¢ (Hellums
and Hardwick, 1981), although a larger amount of platelet-derived platelet
agonists is released than after 30 s at t = 15 N m~2, Post-shear
serotonin uptake and ADP-induced aggregation are impaired at t > 10 N m™2,
as they were after 30 s, while single cell fragmentation and aggregate
disintegration are observed after 5 min exposure to shear stresses as low
as U = 40 N m™2, Thus, sustained exposure to the threshold shear stress

rd
can lead to additional platelet aggregation through the shear—induced

activation of platelet release. Continued exposure to the shear field

also lowers the threshold for both blatelet lysis and fragmentat{on.




ot

,~Ln\£iuce platvelet release at room temperature, yet ADP-induced release ls

High surface area to volume ratios in rotational viscometers

enhance platelet lysis at T > 16 N m™¢ (Hung et al., 1976), although the
use of unsiliconized surfaces and the presence of secondary flod leading
to increased platelet wall collisions may have contributed to this effect.
Significant ultrastrictural platelet damage in the absence of aggregation

or serotonin release has been demonstrated after 15 min exposure to

1= 4.4 Nm % in a device designed to enhance platelet-wall collisions
(Bernstein et al., 1977). These studies tend to support the premlse that
platelet damage caused by surface 1nteractions is more important after

long exposure tides to low shear stresses where platelets damage In

suspension is minimal (t < 5 N o~ 2; Hellums and Hardwick, 1981)

At extremely short exposure times (< 5 ms) to high shear slressecs
in narrow bore capillary tubes, aggregation and/or fragmentation was not
induced below t = 1500 N m™?, although serotonin release and platelet
lysis were initiated at ©t = 700 and 1500 N m™2, respectively (Colantuoni
et al., 1977)., For exposure times as short as 0.1 ms, much higher shear
stresdes, T > 4000 N n~2, were required to yleld measurable release and
lysis. | Shear stresses as high as t© = 10> N m™? have been required to ’
induce release plus a small amount of aggregation after ~ 0,0l ms exposure
(Bernstein et al., 1977), Despite the release of platelet-derived
platelet agonists, short platelet-platelet interaction times and high
shear stresses appear to severely inhibit aggregation.

©

It 18 interesting that in the absence of\kysis, shear stress can

4

inhibited at this temperature 'in the aggregometer (Valdor f-Hansen and



N

\
{fntracellular platelet cAMP substantially reduce shear-induced platelet

- 10 - Lo

Zucker, 1971), The shear-induced release 1s only partially inhibited by
agpirin, and aggregiation is unaffected (Stevens et al., 1980; Hardwick

et al., 1980). Thus, the induction of release by shear stress lanvolves an
addf{tlonal mechanism, independent of the platelet cyclo—oxygenase mediated
arachidonate pathway. Elevation of cytoplasmlic fonized calcium appears to

be essentifal to this process since agents that maintain high levels of

aggregatlon (Hardwick et al., 1981). Other evidence indicates that
leakage of cytoplasmic or granule nucleotides due to platelét damage
contributes significantly to shear—induced platelet aggregation. After 5
min exposure to low shear stzjess‘('t =4 N m"2), enough ADP (~ 1 uM) has
been detected in PRF in the absence of serotonin release to stimulate
aggregation, suggesting the leakage of cytoplasmic ATP/ADP from injured
platelets (Hardwick et al., 1983). Indeed as mentioned prevlously,
platelet-wall collisions at this' level of shear stress can impart striking
ultrastructural changes in the platelet membrane, cytoplasm and gran(files
atyplcal of normal platelet activation but suggestive of platelet damag\e
(Bernsteln et al., 1977). The critical shear stress for serotonin release
also colncides with that for the release of lactate dehydrogenase
(Hardwick et al., 1983) which is an indicator of cell lysis. Colchicine
which interfewres with normal platelet granule release only partially
inhibits shear-induced serotonin release, It seems likely that platelet
activatlon through the action of fluid shear stress on the cell surface

can induce release, in addition to platelet aggregation that is, at least

initially, independent of the normal release reaction.
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(b) Agonist-Induced Platelet Aggregation in Flowing Suspensions

The importance of the release of platelet—derived platelet

agonists, particularly ADP, in sustalning and enhanclng shear-induced
platelvet aggregation has led to a number of studies on the effect of f{low
on agonist-induced platelet aggregation, Since high shear stresses
activate platelets and induce release, the aggregation of platelets in
response to exogenous agonists is generally confined to‘shear rates and
to agonist concentrations that are below the threshold for release. Room
temperature facilitates such studies since platelet release 'is completely
inhibited at ambient temperatures below 27 °C (Valdorf-Hansen and Zucker,
1971), although aggregation in response to ADP is enhanced. "Studles of

agonist-induced platelet aggregation in laminar flow, however, are

"handicapped by the method of mixing agonist and platelets. Rapid mixing

ensures uniform exposure of all cells to the agonist and allowd early

observation of the aggregation reaction, but usually ulres interruption

he conditions of flow t\hat are the subject of study, While most

ies address this 1ssue, the development of well-defined laminar flow

regimes has tended to supersede considerations of agonist diffusion and

| exposure time. 1In addition, most techniques have relied upon gross

| indices of platelet aggregation, such as changes in suspension turbidlty
or single platelet concentration, and have not focuséd on the kinetics of

aggregate growth and/or break-up.

f An initial effort to follow the early stages of aggregation
stemmed from the desire to interpret the optical density changes of a
stirred platelet suspension (Born and Hume, 1967). Although the flow

‘?@ regime was not well-defined, rapid mixing was ensured by a rotating stir
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bar. Microscopic enumeration of single cells and aggreéates after
exposure to 1 uM ADP at 37°C, revealed that a 7% increasezin the amount of
Light transmitted through the suspension after 75 s coincided with an 87%
decrease in the concentration of single platelets., Within 3 s, the number
of aggregates containing 2 - 6 platelets had increaséd, but by 30 s thelr
numbers had started to decrease. The optical density of the platelet
sugpension continued to decrease, indicating continued aggregation.
However, at the threshold ADP concentration for the platelet release
reaction, It was found using an electr;nic particle counter that 86% of
single platelets had aggregated within 20 s (Gear and Lambrecht, 1981).
The fonset of release‘as indicated by the inflection of the optical density
tracing at ~ 40 s did not result in the further recruitment of single
cells. The continued decrease 1in_the optica} density gjm{ge suspension
may Instead reflect the formation of larger aggregates from smaller ones,
and/or the consolidation of existing aggregates into tighter, more dense
masseg. Although the rate of aggregation was not quantitated in terms of
suspension shear rate in either study, this work showad{’hat turbidimetric
methods of studying platelet aggregation are insensitive to significant
changes in single cell and small aggregate concentration.

Despite variability in the ADP concentration and suspension
temperature use?, a nwnbe;‘bf studies have shown the aggregation of
ADP-stimulated platelets to increase with increasing shear rate over the
tange/G = 0 - 2200 s~!, Unsfable aggregates that formed at 1.5 pM ADP in
a parallel plate Couette at 37° were stable at 5 pM ADP (Yung and

. )

”
Frojmovic, 1982); however, the release of endogenous ADP at this leyel of

platelet stimulatisn would have increased the effective ADP concenfration.
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A brief perlod of high shear used to mix the ADP and plateliets prevented

observation of the early stages of the aggregation reaction. As well,

agpgregate size and the kinetics of aggregate growth could not be extracted

-~

from the changes in suspension turbidity that were used to monitor

Y

@

aggregation.

Chang and Robertson (1976) followed the kinetics of both Browntan

motion~ and ggear—induced aggregation in a cylindrical Couctte using an

4
elaborate light'scattering theory., Calculation of the concentration of

small order multiplets predicted that even after extensive aggre
single platelets could still account for as much as 35% of Lhe[lnitlal
particle concentration. It was found that tﬂe light scattering ph¢nomena
of such suspensions were dominated by gingle cells, The r@
maximum attainable conce;ttations of doublets, triplets and quadruplets
(11%, 4% and 2%, respectively) did not permit accurate quantftatlon of the
kinetics of aggregate growth, Consequently, only overall changes in
suspension turbidity were used as 1ndice§ of aggregation, At 10 M ADP,
the rate of aggregation was shown to lncrease over the. range *@u

10 < G < 75 s~! and level off beyond 75 é;l, although shear rates greater
than 100 s~} were not tggted. The rate of aggregation increased with
increasing ADP concent%aiion, reaching a maximum at 100 pyM ADP, Again,

the early stages of aggregation were lost due to a 10 s pre-shear mixing )

period.

The :%mplete aggregation reaction has been observed directly
using a microscopic double infusion system uuéch allowed the rapld

diffusion of ADQ{Q:roughout the bulk of a platelet duspension undergoing

u
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Poiseullle flow (Bell et al., 1984; Bell and Goldsmith, 1984). 1In
contrast Lo conventional fixed—volume rotational viscometers and
aggregometer cugegtes, such a flow-tﬁrough system more closely mimics in
vivo conditions. Even though mixing is complete, collisions can occur
between platelets at different stages of activation due to the nonlinear
«velocity profile. At 1 puM ADP the rate and final extent of aééregation
reached after a transit time of 40 s increased with increasing mean tube
shear rate, G, over the range 4 ~ 54 8”1, The conéentraéion of aggregates
of guccessively increasing size increased and then decreased iﬁlaccordance
with the kinetics of aggregate gfowth predicted by Smoluchowski for inert

colloldal size particles (Smoluchowski, 1917)., Aggregates formed most

rapidly in the region of the highest shear near the tube wall and as they

-

. grew In size and rotated, collisions with the\hall culminated in the

formation of large (> 100 platelets) centrally-located aggregates. Higher

shear rates and longer exposure times were lmpractical due to the

microscoplc dimensions of the flow system and constraints on the distance
for complete diffusion of ADP.

Aqyindependent study also using Poiseuille flow has shown thag
higher shear rates enhance ADP-induced aggregation (Gear, 1982),
Platelets and ADP were pumped through narrow-bore teflon tubing into a
Y-junction, and then through a common reaction tube, Aggregation was
expressed as a decrease in the concentration of single platelets. At 10
pM ADP and at 37°C, 1t was found that ~ 50X of the platelets had
aggregated within 2 - 4 8 of flow through the reaction tube at G = 1300 or

2200 s}, with the rate of aggregation higher at the higher shear rate.

-

_ Again, the release of endogenous ADP at 37°C would considerably augment

*
n
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the degree of aggregation. This flow system was principally designed to.

follow the early stages of the aggregation reaction in terms of various
agonists, antagonists and cofactt;rs, and not the effects of suspfkion

} shear rate.” In this regard, the absolute aggregation rate must be
interpreted carefully since this was determineda by var‘ying the flow rate
through fixed lengths of tubing.v Short reaction times required high

flow rates; Consequently, as reaction time lucreased, G decreased,, A
cursory look"at the effect of shear rate was achieved by changlng the tube
diameter; however, the relationship between flow, rate, transit time and
shear rate is not clear. In addition, no fé’talla of the,flow patterns in
the Y—junction were provided alchogg’h indirect evidence auggesteci that
mixing was virtually instantaneous. 1In the absence of secondary flow and
underdconditions of lamirfar flow at the Reynolds.numbers in the j/unction,
mixing would occur only iby diffusion and the distance required for the
equtlibratié% of ADP across the tube would be flow-dependent. _This may be,

important considering a 1 s lag preceding aggregation at G = 1300 8! was

A
P eliminated at G = 2200 s~!, : f
(2) Whole Blood
Studies in whole blood (WB) have the advantag¢ of allowing in vivo
experimentation but the results have ténded to be morelyariable due to a ..
-~ general loss of precision in both the induction and measupement of

platelet agpgregation, and te significant differences bejween specles
(Grabowski, 1978). Platelet aggregation in WB 180 complicated By the
presence of additional humoral factors and cellular components,

Z*' particularly red cells (rbc), white cells (wbe), and endothelial cells in

o vivo. Red cells contain large amounts of adenine nucleotides (Gaarder et

&



al., 1961) that may be liberated during hemolysis. Intact:wd rbc actively
take up (Schrader et al., 1972; Gresele et al., 1983; Gresele et al.,
1986) the platélet inhibitor (Born and Cross, 1963; Skoza et al., 1967),

adenosine, which 1s formed on the external membrane of rbc by {enzymatic

dephosphorylation of adenine nucleotides (Parker, 1970; DePierre"ﬁd

: ,Karuosky\ 1974; Bartlett, 1977). Endothelial cells produce a potent

inhibltor of platelet aggregation, prostaglam;;ln I, (prostacyclin;

(Moncada et al., 1§75; Welss and Turitto, 1979). White cells also produce

,"prostacyclin (Blackwell et al., 1978; Borgeat and Samuelsson, 1979),
’

dephosphorylate plasma ADP (Bolton and Emmons, 1967; Gilliam et al.,
198I1), and produce platelet activating factor (Benveniste et al., 1972;

]

Benveniste et al., 1981)

(aﬁ; Platelet Aggregation in Suspensfon

ar rates below G = 2000 s™! do not induce platelet aggregation
in cltrated WB (Jen and Mclntire, 1984). Spontaneous aggregation
initially present in heparinized WB prior to shearing was promoted between
G = 100 ayd 500 s~!, but the aggregates fo'rmed were disrupted at

G > 1000 s~!,

The response of platelets in WB to high shear stress is gimilar to
that of platelets in plasma but;, over the same range, the aggregates 1n7 WB
are lacger (Dewitz e_t_g}_. 1978; Jen and McIntire, 1984), Although the
number of aggregates in citra!:ed WB increagsed with increasing shear stress
after 5 min exposure to t between 7.5 and 45 N ™2 in a cylindrical
viscometer at 37°C, aggregate size decreased over the same range (Dewitz

1

et al., 1978). Higher stresses up to T = 60 N m™2 produced a sudden drop -

.

|
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In the fraction of platelets within agg;egates. After shearing, platelets

in WB exh{bited impaired aggregation in rgé/ponse to ADP in a manner

similar to that found with PRP, A reduction in the total platelet count

in WB\ was observed within 5 min exposure to T < 30 N m™2, however there

were no such change; in total platelet count in PRP below 1 = 40 N m~2

(Hellums and Hardwick, 1981), 'I‘h; count reduction in WB was attributed to

platelet .destruction at high shear stresses but particles in the size #

range of platelet‘fragments were not counted. Platelet” adhedfon to the

viscometer surface may have contributed to the count reduction in WB.
Reversible aggregation could be induced..at v = 1 N m 2 gubsequent

to a 30 s exposure of citrated WB to * = 9 N m~2 in a cone and plate -

@
viscometer at room temperature (Jen and McIntire, 1984). At shofter

‘exposure times, higher shear stresses were required to promote the:

subsequent low shear aggregation. Platelets in heparinized WB showed
greater aggregation at high shear) stresses than those in cWB, and the
%

aggregates were more stable after short exposure times.
S;ear—induced platelet aggregation in PRP has been attributed to
ADP released from the shear—activated platelets., The threshold shear
gstress for serotonin release in both PRP and WB at 23°C 1s 5 N m™4, The .
extent of release increases‘ with further increases in shear stress;
although, .the release in WB is significantly less than in PRP (Hellums and
Hardwick, 1981). Since the threshold for aggregation in both PRP and WB
occurs at T > 5 N m™2, and both respond similarly to t < 60 N m™2, it is
likely that in WB the shear—induced release of platelet ADP also

contributes significantly to the induction of aggregation at high shear N
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stresses, The ADP utilizing enzyme sytem, creatine phosphéte/creatine
phosphokinase has been shown to block spontaneous aggregation in
heparinlzed WB and substantially reduce shear—induced platelet aggregation
(Jen and McIntire, 1984). . 9
p ) «,/

The role o;‘. ADP released from lytic or sublytic rbc fnjury in
spontaneous or shear-induced platelet aggregation is r;ot clear. Red cells
were observed to enhance platelet adhesion/aggregation in glass bead
columns in proportion to the hematocrit (Hellem, 1960). It was then
proposed that ths transient accumulation of ADP as a result of red cell
damage or lysis is responsible for both spontaneous aggreg;tion in vitro [
and normal hemostasis in vivo. The extension of this mode of platelet
activation to thrombosis has given i‘mpet:,us to this hypothesis. Red cells
are mo;e sensitive tI{an platelets at very short exposures times (< 5 ms)
to very higﬁ shear stresses (t > 300 N m™2) but the converse is true for
exposure times and shear stresses above and below .these values,
respectively, Shear stresses greater than 150,,“ n~? ate required to
induce measurable hemolysis after 2 min‘ exposure in rotational vlsconieters
(Nevaril et al. : 1968; Leverett et al., 1972). Shgar-induced platelet
aggregation after, 5 min exposure of WB to t # 5 N m™2 at 37°C increased in
proportion to the concentration of rbc and to the concentration of
radioactively labelled adenine nucleotides liberated from rbc (Reimers
et al., 1984), At © =15 N m~2, a concentration of 0.6 pM ADP was
measured. However, g‘iutaraldehyde—hatdened rbc depleted of ADP could also
significantly enhance the shear—-induced aggregation of platelets over that

in PRP, Hemolysis induced by interaction of rbc with surfag:es can occur

at much lower shear stresses but only after longer exposure times




(Leverett et al., 1972; Hellums and Hardwick, 1981),

The possibilty of sublytic adenine nucleotide leakage from damaged
be at low shear stresses is still a subject of debate. Spontaneous
aggregation in stirte‘;i WB (Burgess-Wilson et al., 1984) or rotating
plastic v'als (Saniabadi et al., 1985) showed a positive correlation with
hemetocrit in the absence of detectable hemolysis. Several studies have
focused on the steady leakage of adenine nucleotides from rbc with time
but the overlapping kinetics of ADP formation from ATP and ADI;WQdegradation
to AMP and adensosine have made determination of the effective ADP
concentration during¥aggregation difficult, A total ATP plus ADP
concentration of 0.2 pM has been reported after passage of WB through a
glass bc'ead column (McPherson et al., 1974). Since‘ the ratio of ATP:ADP
was 1.6:1, and that in rbc 18710:1 (Bishop, 1961), it 18 possible that the

ATP and ADP were released from platelets.

12
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(b) Platelet Aggregation on Natural and Artificial Surfaces

This thesis 18 concerned specifically with ADP-inddced platelet )
aggregation in flowing suspensions; however, any consideration of platelhet
aggregation in vivo must also include int’eraccions of platelgts with the
vessel wall, From La pathological standpoint, the growth of mural thrombi
and thelr gubsequent embolization through disruption of platelet-platelet
bonds is at least as important as that of platelet-surface bond disruption
(Scarborough, 1971)., Although the 1initial adhesive events of _.t:hrombus
formation are independent of the subsequent platelet-platelet cohesive
events medi:ating thrombus growth, the latter fateractions are likely

similar to those of platelets aggregating in suspension. Analogous to

-

S



platelet agg:egation in suspension, the rate and extent of platelet
aggregation c;n surfaces is dependent upon the rate of reaction of
platelets with the surface and the conditions of flow., The reaction rate
is influenced by the nature of the surface and the localized concentration
of platelet agonists released from platelets, rbc, and wbc. ‘Flo’w rate
controls the concentration of reactants at the ’surface and determines the
arrival rate of platelets, a process that is g;'eatl).r augmented by rbc. At
sufficiently high flow rates, the magnitude of‘ the shear stress controls
the removal rate of platelets interacting with the surface. Finally,
thrombus height 1is also limited by the flow'rate since small increases in
height produce large increases in shear stress at the thrombus surface.

In the following discussion, the central role of blopd flow rate In
determining thrombus growth through the arrival rate of new platelets and
the time available for surface interaction, as well as the force removing
platelets interacting ;vith the thrombus and the convection of ADP “ :
downst ream, i8 consldered. Through this discussion it will be revealed
that the process of thrombus formation 1s a dynamic continuum from initial

platelet adhesion through to aggregation and embolization involving

spatial and temporal interactions between surfaces, cells and humoral

factors.,

(1) Artificial surfaces: The properties of artificial surfaces that

control thrombus formation and blood coagulation have received much
attent ton (Mason, 1971). In vitro, the reactivity of a surface to
platelets is prfmarily controlled by its ability to 1n;iuce platelet
aggregatton’ rather than just adhesion (Salzman, 1963). EMIO

describe a universal quality that pre&icts the degree of thrombogenicity

3
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have focused on surface free energy and critical surface tension by
extension of Lampert's (1931) rule that wettability by water is inversely
proportional to the clotting time. Nyilas et al. (1975) found that g
thrombogenicity increased in proportion to the contribution of polar
forces to the composite surface free energy. However, no single parameter
seems to dictate the compatability of a given material with blood. In
general, surfaces that are more hydrophilic or have equal numbers of

positive and negative charges are more compatible,

Exposure of native (nonanticoagulated) blood to artificial
surfaces results in plat;let adhesion that 1s mediated by the prior
adsorption and subsequent alteration of plasma proteins, particularly
fibrinogen (Petschek et al., 1968; Dutton et al., 1968; Baler and Dutton,
1969; Zucker and Vroman, 1969). In the absence of prior activation,
platelets initially form a monolayer on surfaces such as glass,

polyurethane, and nylon with the rate of adhesion proportional to shear

rate for Gw< 100 s~} (Petschek et al., 1968; Nyllas et al., 1975). The
parallel adhesion of wbc during the initial platlelet adhesion ceases at a
critical shear rate (G__.<-20 s~}), depending on the nature of the surface
involved. In ese studies blood flowing from the severed carotid artery

!

“ of a dog impinged upon the test material and was deflected radially across

P

the surface., The surface shear rate increased with increasing radial
distance from a stagnation point located at the center of the impinging
fluid. Thus, as the flow rate increased the limiting shear rate for
adhesion moved closer to the stagnation point causing the outer radius of

the adherent wbc ring to decresse.
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Although the initial events of platelet adhesion appear to be
independent of the surface material (Friedman et al., 1970), the degree of
subsequent thrombus growth is not, When large thrombi form, they appear
to originate from sites of surface inhomogeneities (AVCO Everett Research
Lab., 1972). Platelet thrombl develop a characteristic wedge-shaped
profile with the upstream edge higher than the dowmstream edge. Platelets
contacting the upstream edge are often pushed downsteam, but remain
attached causing the thrombus to grow primarily downstream. The surface
which was formerly covered with a monoliyer of platelets becomes covered
with numerous localized thrombl saparated by large areas devoid of
platelets. Despite frequent total or partial embolization of the

thrombus, a fibrin mesh eventually develops on the downstream surface in

which rbc and wbc are trapped.

In an effort to separate aggregation from adhesion in a growing
thrombus, Grabowskl et al., (1978) induced aggregation by infusing ADP
into flowing citrated, canine blood through a synthetic membrane onto
which a standardized layer of adherent plaéelets had been preformed. The
repeated growth and embollzation of surface aggregates was proportional to
the ADP concentratién. At millimolal ADP concentrations, the growth rate
prior to embolization increased monotonically over the range
99 « Gw < 986 s~!, In the micromolal range of ADP, aggregate growth
decreased beyond Gw = 394 s~!, Aggregation was enhanced by the formation
of a reglon of disturbed flow downstream of the leading edge of the
aggregate when aggregate size exceeded 50 pm. As will be discussed in

more detail in another section, low shear rates and long residence times

in zones of recirculation allow longer times for platelet activation and
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promote platelet adhesion and aggregation. The repeated embolization of
aggregates at a critical size and/or lifespan indicates that
platelet-platelet interactions are stronger than platelet-surface

lnteractions under the above conditions. In the above range.of shear, wbc

were not observed to adhere,

[

-

(11) Natural surfaces: The intact endothelium is nonthrombogenic but

removal of the endothelial cells exposes a highly thrombogenic surface.
The nonthro&bogenic activity of endothelium has been ascribed to heparan
sulfate in the endothelilal cell glycocalyx (Wechezak et al., 1975) and to
prostacyclin produced by these cells (Moncada et al., 1975; Welss and
Turitto, 1979). There is evidence to suggest that collagen is the
principal component of the vessel wall'that stimulates platelet adhesion
and aggregation (Baumgartner, 1977). w§shed platelets exhibit greater
aggregation and release on collagen-coated glass than on fibrinogen—- or'
fibronectin-coated glass, while adhesion on albumin-coated glass is
inhibited (Adams and Feuerstein, 1980): Platelets have been observed to
adhere to fibrillar structures of the subendothelial matrix of cultured
endothelial cells that remain after the cells have been removed by -
treatment with 0.5% Triton X-100 detergent (Sakariassen et al., 1983). In
heparinized blood, platelets 1niﬁially adhere randomly to glass tubes )
coated with type I collagen in a manner similar to that on artificial
surfaces (Adams et.al., 1983) but in the former case have been reported to

2

adhere preferentially along the collagen fibrils (Sakariassen et al.,
1983). Although platelet adhesion to collagen is virtually instantaneous,
a 15 - 30 s lag precedes aggregation, even under optimal conditions

(Wilner et al., 1969) . After several minutes, scattered aggregates are
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separated by areas devoid of platelets. In the collagen-coated tubes of
Adams et al. (1983), most aggregates had an elliptical base that grew
predominantly downstream parallel to the direction of flow but also with
some growth occurring transverse to the direction of flow, No
embolization was observed at Gw = 160 s~! while both the width and length
of aggregates increagsed linearly with time with the arrival rate of
platelets the rate limiting step. The release of ADP induced by collagen
was probably sufficient to induce downstream agg;egation after the failure
of the initial contact upstream to establish stable bond formation. This

also produced a migration of the center of the mass downstream.

Type I collagen should actually be considered a pseudo-artificial
surface. Although collagen is a major component of the subendothelium,
the basement membrane is composed mostly of type IV collagen (Miller,
1984) which 1s structurally and biochemically distinct from type I (Timpl
et al., 1981; Schuppan et al., 1980). The gubendothelium also contains
several other glycoproteins such as elastin, laminin (Te}ranova et al.,
1980), and fibronectin (Jaffe, 1978; Yamada, {978), and glycosaminoglycans
such as heparan sulfate and hyaluronic acid that are not present on a

collagen coated tube.

¢

Baumgartner and coworkers have systématically investigated the
effect pf shear rate on platelet adhesion and aggregation on exposed
subendothelium., Everted rabbit abdominal aortae completely denuded of

. e

endothelium in situ by balloon catheter formed the inner core of an

annular perfusion chamber through which blood flowed at controlled rates

.f\
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(Baumgartner, 1973). This group considered platelets in contact with,
and/or spread upon, the subendothelium as pfgtelet adhesion, and thrombus
growth as platelet aggregation. For citrated human blood (cWB) at

Gw < 650 s~1, increasing the shear rate increased the rate of adhealon but
for Gw > 800 s~!, the rate of adhesion was independent of shear rate

(Turitto et al., 1980). Thrombus growth was negligible below G, = 200 a~!l

but beyond this shear rate, the rate and extent of thrombus growth

increased with increasing shear rate up to Gw -/10,000 s” 1, Thrombdg

growth reqched a maximum within 5 - 10 min but was transient and only a |
monolayer of platelets covering the entire surface remained aftep‘QO min.

\

In native blood (nWB) at physiological [C82+], thrombus slze was

3

much larger than in cWB and increased over the ra?ge 650 < Gw < 3300 s~!
(Baumgartner et al., 1980; Turitto et al., 1980). After 2 -3 min
perfusion, the thrombi in nWB also extended -well into the annular space
above the subendothelium and were irregularly shaped with large
overhang;ng projections in contrast to the smaller more stféamltned
thrombi in cWB. Numerous wbc were observed to adhere in nWB but never in
cWB, Fibrin covered 30% of the subendothelium at G, - 650 8~} but
coverage decreased to 0% a:'Gw = 3300 87! emphasizing that fibrin
formation i3 not importa;t for platﬁiet aggregation at high shear rates.
As expected the adhesion and aggregation of platelets from paFients
afflicted withﬁclassiéal hemophilia were the same as that of platelets
from normal subjects in both cWB and nWB at all shear rates (Welss, et al.
1978). These patients had normal levels of fibrinogek, factor_Vli[\von )
LY

Willebrand's factor (FVIII:vWF), and factor VILI antigen but no factor

VIII procoagulant activity, 1.e., the inability to form fibrin,
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(i11) LIntravascular platelet aggregation: Thrombus growth 1s

characterized by a first order rate constant (Begent and Born, 1970).
Iontophoretic application of ADP to small venules (40 - 70 pm) in the

hamster cheek pouch ylelded a maximum growth rate prior to embolization at
mean blood velocities of 0,30 - 0,40 mm 841, independent of vessel\fize.

Higher velocities (0.60 — 2,50 mm s~ !) produced a decrease in aggregate ¢/
growth rate which eventually levelled off, while no aggregates formed '
above 3.0 mnm s“l.’oThe combination of short plhtelet—surface interaction

times and high shear stress may have restricted aggregate growth, although

the dilution of ADP at high flow rates may have limited the extent of

platelet activation. The crucial role of ADP in in vivo aggregation is

—~—

illugtrated by the lack of thrombi in the absence of ADP.

The growth rate of thrombi produced within 10 min at the site of
& - '
laser injury to rabbit ear chamber arterivles of 14 to 32 um diameter was
r

also first order and independent of blood velocity over the range

1 -6 mm s} (Arfors et al., 1976). The maximum thrombus size prior to
embolization was al;o independent of flow rate over the same range. Since
shear rate Increases linearly with flow rate for vessels of a given
diameter, the constancy of thtomb#a size prior to embolization suggests °
additional factors control thrombus growth, For example, thrombus

lifespan may be limiting since the age of eachéthrombus at the moment of

embolization would be the same for a constant rate of growth,
5

*

Of the various in vivo techniques developed, all rely on some .
B —
form of cell or tissue trauma to initiate thrombus formatiom. ADP

initiated thrombus formation only in concert with mild endothelial cell

5
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damage introduced by the method of iontophoresis. Althoﬁgh the source was
nét ident{fied, ADP was also required for throﬁ%ua initiation after lasger
injury to rat mesenteric blood vessels (Seiffge dnd Kremer, 1986), The
number of laser lesions required to induce thrombus formation was
proportional to blood velocity in arterioles (2 -~ 10 mm s“l) but not in
venules (1 - 4.5 mm 8”}). Since more lesions were always required in the
arterioles, the discrepancy between arterioles and venules is presumably
due to the higher range of shear rate in the former, altﬁough it may be
that the ADP is simply diluted more at the higher flow rates. The
dilution of ADP may also account for the constant rate of thrombus growth

and maximuth size above blood flow velocities of ~ 1 mm s~), despite a ?

steady rise in shear rate. In the above studies, however, the shear rate

. and final ADP concentration could not be precisely determined. Where

measurements of shear rate have been made, the time to initiate platelet
aggregation in injured mouse cerebral microvessels increased with
increasing wall shear rate over the range 200 < Gw < 1400 s~1 (Rosenblum
and El-Sabban, 1982). It still remains, howevgf, that the release of-
chemical mediators invoked by tiie non-specific tissue damage used in this
study may be increasingly diluted as a function of flow rate, It should be
noted that such in vivo studies do play a vital role-in thg visualization
of thrombus formation qualitatively in terms of the response to various

stimuli, inhibitors and cofactors.

(c) Factors Controlling Platelet Aggregation on Surfaces

Classical mkss trangport theory has been used to explaip platelet
adhesion and aggregation on surfaces in terms of the arrival rate of

platelets and the reaction rates for adhesion and aggregation. (Turitto

e
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et al., 1980). Platelets in the bulk of flowing suspensions are brought
into the vicinity of a reaction site by fluid convection. In the absence
of rbe, ;écondary flow or t;rbulence, cells travel on streamlines parallel
to the surface and thus cannot reach a fluid-solid interface by convection
alone, The interaction of platelets with a surface is cont¥olled by
Brownian diffusion. The sum of the two processes, known as
convective~diffusive transport, controls the rate of platelet transport to
a unit area of surface, or platelet flux. At low shear rates, the rates
of adhesion and aggregation are primarily dependent on platelet flux and
this 18 called the diffusion-limited case. Mass transport theory predicts
a flux of platelets to the gurface that increases with increasing shear
rate to the power 0,33, “KE'ETE;/:hear rates the rate Qf reection of
platelets with the surface limits the rate of adhesionvand thislis called
the reaction-limited case., The adhesion and aggregation reaction of
platelets at the surface is modeled by a first order reaction., Different
reaction rate coefficients would be expected for adheéion and
aggtegationt
However, as pointed out by Turitto (1982) care must be ta;eﬁ 1n_‘
not overextending the mass transport theory when considering platelet
“adhesion and aggregation, particlarly at high shear rates. Here the
theory does not take into account the short platelet-surfa;e interaction
times, the shear-induced activation of platelets, high shear stresses
preventing stabie bond formation, ana plaeglet detachment kinetics. Short
Nplatélg}-;urface fateraction times .at high shear rates may %imit the rate
of adhesion for a\finite reaction rate., The higﬁ"platelet flux to the

surface would counteract this effect producing an adhesion rate apparently

)




independent of shear rate. The effects of short interaction times and the

R

shear-dependent stability of platelet bond; can generally be accounted for
by a decrease in the reaction rate coefficient with increasing shear rate,
as indeed found by Turitto et al. (1980). The shé;r-induced ‘activation of
platelets and the release of ADP from aggregated platelets may serve to
Increase the reaction rate coefficient for aggregation compared to
adhesion. 1t may also be that, once formed, the platelet—plételet bond is
stronger than the platelet-surface bond and able to withstand high shear
stresses. This is evident by the tendency of aggregates to form at
{nmhomogeneities on artifical sﬁrfacee (AVCO Everett Regsearch Ladb, 1972),

to roll up on or peel off of surfaces (Grabowski et al., 4), and to

embolize completely in vivo rather than fragment at high flow\rates
(Begent and Born, 1970; Arfors et al., 1976). The relJCive slyength of
the adheslon and aggregation forces would depend on“the naturelof the
surface and its ability to activate adherent platelets (Adams and
Feuérstein, 1980). Finally, the platelet flux to an aggregate protruding
into the vessel lumen would be expected to be propo;tional to the flow
rate and to the croés-sectional area of the aggregate. Therefore,
aggregate growth rate would not be as limited by diffusional mechnniémsnaa
would be adhesion onto a flat surface by plateﬁéts travelling along

streamlines parallel to the surface.

i) -

(1) Platelet transport: In cWB at G < 650 8~!, the rate of adhesion on

subendothelium was found to increase with increasing shear rate due to the

increase in platelet flux to the surface, Platelet flux was proportional

to the 0.74 power of the shear rate as oppoéed‘to the 0.33 power predicted

by theory (Turitto et al., 1980). The enhanced arrival rate of platelgts
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was most likely due to the increased diffusivity of platelets in WB
(= 60'61) caugsed by the rbe. Red cel%s considerably in¢rease the lateral

dispersion of platelets (Turitto et al., 1972) leading to increased

‘numbers of platelet collisions with (Goldsmith, 1972), and higher platelet

concentrations near (Tangelder et al., 1982; Tangelder gﬁ_gi,, 1985;
Corattiyl and Eckstein, 1986), the vessel wall. Adams and Feuerstein‘
(1981) also found that the rate of platelet accumulation at physiological
[Ca2+] at-the entrance of a collagen-coated glass tube was probartional to
the shear rate ralsed to the exponent 6.77 for Gw < 3208”1, A V

Gw > 800 5'1, the rate of adhesion on subendothelium was found to be
1nde6éndent of shear rafe and was presumed to be limited by a finite rate
of’reaction of platelets with the surface (Turittoiggnggn 1980). Between
Gw = 650 and 800 s~!, there was a transition from predominantly
diffusion-controlled to predominantly reaction-controlled adhesion.

In contrast, the aggregation of platelets on the above-mentioned
surfaces was limited only by platelet flux., In cWB the rate of thrombus
growth on subendothelium increased with increasing shear rate ué to
Gw = 10,000 s~! (Turitto et al., 1980). -The rate and exteat of
aggrgéétion was even greater in naWB at physiological [Ca2+1 (Baumgartner

et al., 1980).  Thus, surface aggregates can withstand shear stresses that

induce platelet activation and release, and impede aggregate growth in

suspension (Dewitz et al., 1978). The increase in aggregation at high

shear rates in the absence of increased adhesion suggests that the
reactionrate coefficient of the former is greater. Adhesion in cWB

appeared to be greater than in nWB but this was likely due to the

scavenging of free platelets by the rapidly growing thrombi in nWB. The

~
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formation of large aggregates separated by areas devoid of platelets is a

common featuré of aggregation on artificial surfaces (AVCO Everett
Research Lab., 1972), collagen (Adams and Feuerstein, 1980; Adams—gﬁ_gl,.
1983), and subendothelium (Baumgartner et al., 1980). Rapld aggregate
growth at these foci may deplete the surface platelet councentration
sufficiently to inhibit thrombus growth at other sites in the immediate
vicinity. On less reactive surfaces, such as fibrinogen and fibronectin,
platelet aggregation is diminished and adhesion 18 more diffuse over thez
entire surface (Adams and Feuerstein, 1980), The exponential growth of
aggregate volume at a constant flow rate in vivo (Begent and Born, 1970;
Arfors et al., 1976) reflects the increase in platelet flux to the
aggregate surface that 1s in proportion to the cross-sectional area of the
aggregate, H;wever, above blood flow velocities of ~ 1L mm 8™ ! in
azzérioles, thrombus growth was independent of flow rate and likely,
limited by the rate of reaction of platelets (Begent and Born, 1970;
Arfors EE.Ei:? 1976; Seiffge and Kremer, 1986). Since the platelet flux
is proportional to the flow rate, the fractién of platelets pafticipating
in thrombus growth must have decreased with increasing flow rate. This
may be Interpreted as a decrease in collision efficlency (as defined
below) with incieasing flow rate mediated in part, perhaps, by the

increased dilution of ADP and a decreased reaction rate coefficient,

¢

-

The reaction rate toefficient has been found to depend upon
[Caz+] which 18 an essential cofactor for both hésion and aggregation.
The coefficlents in cWB where the [Ca2+] 1s depressed are lower than those
in nWB (Baumgartner et al., 1980; Turitto, et al., }980).q This hypothesis

was substantiated by increasing the citrate concentration further and
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lowering [Ca2t] even more. Adhesion was inhibited at Cw > 650 s~! and
'[% thrombus formation was ab&iished at all shear rates. In normal cWB where
[Ca2+] ~'50 uM, the [Ca2+] is sufficient to maintain normal adhesion but
diminisfied aggregation., Thus, the aggregation rate coefficient 1s more’
sensitive to low [Caz+] than the adhesion rate coefficient which appears

to be Lndependent of [Caz+] at low shear rates.

(11) Platelet ADP: Since platelet shape change is generally considered a’
prerequisite fér platelet aggregation in suspension in vitro (Frojmovic
and Milton, 1982; yiltbn and Frdjmovic, 1984), it is assumed that shape
change must precede platelet aggregation on a mural thrombus. A n
concentration of ADP at the thrombus surface is required that would induce
platelet shape change within the short time available. for a passing

" platelet to become activated and adhere. The induction of aggregation by
ADP infusion and its absence without the infusion of ADP both in vivo
(Begent and B;rn, 1970) and in vitro (Grabowski et al., 1978), as well as
thg inhibition of’spontaneous aggregation on both glags (McPherson et al.,

‘ 1974) and collagen (Téchopp and Baumgartner, 1976) by enzymes that degrade
ADP, strongly suggest that ADP is the critical agent mediating

- aggregation. Furthermore, preincubation of platelets with aspirin which -

prevents the prostaglandin-mediated release of platelet ADP almost
completely inhibits platelet aggregation on subendothelium (Weiss et al.,
1975) and‘collagen (Muggli et al., 1980) but not adhesion. These results
also show that platelet activation is a prerequisite for platelet
aggregatiéh on surfaces, and ;;at in f10w}ng suspensions ADP

concentrations at surfaces are sufficient to activate newly arriving

@ platelets in time for them to fc;m stable bonds.
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In the absence of significant shear-induced platelet activation or

leakage of adenine nucleotides from rbc through lytic or sublytic injury,
the ability of a surface to induce the release of endogenous platelet ADLP
would determine the‘rate and extent of thrombus growth and hence the
degree of thrombogenicity. At low shear rates, the formation of thrombin
\
in native (nonanticoagulated) blood through the activatfon of factor XII
and the intrinsic coagulation cascade would greatly augment the extent of
platelet release and, independently, the degree of tW{;mbogenicity through
fibrin formation. However, high localized ADP concentrations are

necessary to support aggregate growth at high ghear rates due to the rapld. ¢

convection of platelets away from the thrombus surface.

Adams and Feuerstein (1981) have shown that the surface
concentration of ADP produced by porcine platelets aggregating on
collagen-coated glass tubes is at least sufficient to induce shape change.
Calculations show that the conce )ration of ADP ranged from 0.6 pM at
G, = 80 8”1 to 1.8 uM at G, =32 s™! at the sur face, but decreased
dramatically with increasing distance from the surface. The higherﬂADP
concentration at higher shear rates was caused by a higher rate of
accumulation of platelets. At all shear rates platelet accumulation was -
observed to decrease exponentially from tube entrance to exit (Adams and i::>
Feuerstein, 1980), It was also found that the percent release of ADP by
platelets increased with increasing distance downstream soithat the

[N

surface ADP concentration remained relatively constant along the length of

the tube, The depletign of platelets near the wall due to initfal

aggregation at the tube entrance may have accounted for the reduced

aggregation downstream while the synergistic action of released ADP

= -
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convected downstream and the release induced by collagen could have been’

respongible for increased platelet release downstream,

- ~

The maximum surface shear rate in this work was below the level at
which Grabowski et al. (1978) obeervc;d a decrease in the rate of
aggregation at the same [ADP]. Grabowski et al, attributed the decrease
1n@gtegation at micromolal ADP to an increase in the dilution of ADP at
high flow rates. Even though at millimolal ADP the surface [ADP] also
decreased with increasing shear rate, it remained sufficiently
suprathreshold so as not to limit the aggregation reaction. Thus, at the
threshold range of [ADP] for shape change, aggregation and release in
suspension, the rate of reaction 1s limited by the degree of platelet
activation, This 18 reflected in a rate of aggregation that is
reaction—limij:ed at lower shear rates. ﬂGrabowski and coworkers calculated
a reaction time of only 0.2 8, in keeping with estimates of the reaction
time for ADP-induced aggregation in vivo from Begent and Born's data

(Grabowski and Leonard, 1973; Richardson, 1973). The reaction times seem

reasonable for ADP-induced aggregation since Gear (1984) has detected

. shape chaﬁge within 0.5 s exposure to ADP or thrombin. Thus, as the shear

rate increases and the interaction time decreases, the rate of aggregation
is severely limited by a finite reaction rate at low [ADP]. At high
[ADP}, the reaction rate coefficient is so high that the rate of

aggregation 18 still diffusion—limited at Gw = 1000 s~1,

" ‘

(1i1) Interaction time: Born (1980) has argued that the interaction time

of platelets with the wall of a severed arteriole could be as short as

10 ms, This is not likely to 1nhib1t ‘adhesion since Adams and Feuerstein

- r
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(1980) have demonstrated stable adhesion on collagea after interaction
times of less than 33 ms, but these reaction times are more than an order
of magnitude shorter than those measured for platelet shape change. Since
platelets aggregate without delay, one must postulate a faster shape
change than can be measured presently, longer ianteraction times, or a
mechanism of aggregation that 1s independent of prior platelet activation.
Gear (1984) has shown that the rate of shape change is greatly accelerated
by the synergistic action of adrenalin. The synergistic action of other
platelet agonists such as serotonin and thromboxane A, that are released
from platelets in concert with ADP should also support a much faster rate
of platelet activation and a shorter reaction time. In the same severed
arteriole mentfoned above, a sudden increase in blood flow velocity
through the open end can result in wall shear stresses up to
T, T 10 N w2, particularly 1f the vessel lumen is reduced by the
encroaching platelet plug. As discussed previously, such shear slLresses
are capable of inducing platelet activation and release in PRP {n less
than one millisecond. Thus, the synergism of chemical and mechanical
stimulatioﬁ could be sufficient to activate platelets rapidly enough to
promote aggregation. In such cases the reaction rate coefficient would be
verf‘high. An increase in the radial velocity component of platelets
caused by the motion of rbc may also increase tﬁe interaction time,

W0

Fibrinogen 18 required for ADP- or collagen-induced platelet

aggregation in suspension, yet washed platelets aggregate on

collagen—coated surfaces without added fibrinogen (Adams and Feuerstein,

1980). 1In one patient with congenital afibrinogenemia with normal levels

-

of factor VIII and vWF, adhesion onto subendothelium was normal in nWB and
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slightly greater in cWB (Weiss et al., 1978). Surprisingly, thrombus
formation in nWB was normal up to Gw = 3300 s~! but strongly inhibited in
cWB at Cw = 1300 s'l.u It is likely that fibrinogen 18 released from the
a-granules of adherent platelets but fibrinogen-independent mechanisms of
aggregat fon have been proposed. If these mechanisms do not require the
mutual exposure of otherwise latent adhesive membrane rece;tors, such as
Gp llb;llla for fibrinogen binding, on single platelets and aggregates,
then aggregation could be induced through changes in only the membrane of
the adherent cr aggregated platelets that pesmit binding of unactivated

{

platelets.

(d) Pathological Consequences of Free-Flowing Platelet

Aggregates

<

At high shear stresses direct platelet activation and/or damage in
the bulk of sheared suspensions dominates the jprocess of shear-induced
aggregation. This may be true of devices in which a uniform shear fieli,/
18 geunerated but one would expect the shear-induced activation of
platelets in suspension in cylindrical vessels to be greatest near the
wall where the shear stress is maximal. Average wall shear stresses in
the intact microcirculation (1 < 4 N m™2; Lipowsky and Zweifach, 197{) are
below the threshold for platelet activation, regardless of exposure time,
This is in agreement with the relative absence of thrombotic processes )
origlnating in the microvasculature (Turitto, 1982). Platelets are
exposed to shea} stresses that may be as high as 100 N m™2 at the sur face
of normal cardlac valves but for only 1 - 10 ms (Roschke and Harrison,

1977), which is below the threshold for activation. Peak shear stresses

in the aorta‘;nd the coronary artery during systole have been estimated to
A
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range from 15 to 35 N m¢ (Ling et al., 1968; Atabek et al., 1975; Benson
et al,, 1980) but the duration of this level of shear would not be
sufficlent to activate platelets. In diseased arteries, however, where
the vessel lumen is reduced, such as caused by the intimal thickening of
atherosclerosis, thé fluid shear stress through this region increases 1in
proportlon to the cube of the reduction in vessel diameter, for a constant
rate of flow (May et al., 1963; Young et al., 1975), In a multiply
stenosed coronég;)artery that is ~50% occluded, the maximum gshear sitress
at the apex of tﬂe stenotic plaque has been estimated to excced

T = 40 N m™ 2 (Back et al,, 1977). Even though this shear stress Is
sufficlent to remove endothelial cells from the vesgsel wall (Fry, 1968),
it is considered insufficient to induce platelet activation due to the
short particle transit times past this surface (Born, 1980; Hellums and
Hardwick, 1981). However, if only a few platelets are activated and these
cells are subsequenti; trapped within a zone of Fecirculatlon immediately
downstream of the stenoslis (Karino and Goldsmith, 1979a) then localized
aggregation may be promoted. In geuneral, in areas of flow separation such
as occur at mural stenoses, bifurcations, or in the carotid sinus, there
1s a region of high shear stress and short exposure time in close
proximity to one or more zones of recirculation where relatively low shear
stresses but long particle residence times exist (Turitto, 1982; Goldsmith
and Karino, 1979). In many cases these regions are connected by fluid
streamlines (Yu and Goldsmith, 1973; Karino and Motomiya, 1984; Karino,
1986) so that cells activated by high shear stress can be subsequently
delayed for one or more orbits in a zone of low shear stress but with

sufficiently high collision frequeacy to promote aggregation. Since all

vortices studied to date in the human circulation at physiological flow

Y
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rates are open (Karino, 1986), any aggregates formed would be eventually
shed downstteam. Free—flowing aggregates have been experimentally

produced and shed from a zone of recirculation in an ex vivo flow device

(Morton et al., 1975). » Thus, digeases that increase the shear-induced
activation of platelets such as through vessel narrowing may enhance the

formation of free-flowing platelét aggregates.

An increase in the fraction of completely degranulated platelets
in the peripheral blood of patients following coronary bypass surgery
indicates that activated platelets do circulate (van Oost et al., 1983).
The reported circulation of platelet aggregates in patients predtsppsed to
chronic thromboembolic disease (Wu aﬁd Hoak, 1974), however, has been
attributed to an artifact of the isolation of the cells (Kohanna et al.,
1984), The absence of circulating aggregates 1s not suprising since tl}ey
would have beenL expected to be filtered out by the first microcirculatory
bed encountered. In the case of the sudden onset of an acute vascular
crisis, the origin of occlusive aggregates should be immediately upstream
of the microcirculatory bed concerned. Indeed the visual disturbances
experienced by patients suffering transient ischemic attacks has bLeen
t;ttributed to platelet emboli tﬁavelling Ehr\ough the retinal vessels
(Gumilng et al., 1964; Pickering, 1968). Platelet aggregates
1mtermittent1y shed from upstream carotid artery vortices may well be the

source of these emboli.

It should be mentioned that platelet emboli shed from mural

thrombi located preferentially in, or immediately downstream of, zones of

recirculation (Karino and Goldsmith, 1979b; Mitchell and Schwartz, 1963;
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Packham et al., 1967) could also contribute to free-flowing aggregates,
However, the cause of the platelet adhesion, whether.mediated by
shear-activation or vessel wall alteration remains to be established.
Certainly, in the majority of cases of acute wmyocardial infarction, the
rupture of a pre—existing stenotic atherosclerotic plaque precedes
subsequeét coronary artery occlusive thrombosis, involving predominately
platelets (Falk, 1983). The extent of occlusion is highly dependent on
the degree of pre-exisiting vessel narrowing. Below 70% narrowing, plaque
rupture rarely precipitates complete occlusion. The avid adhesion of .
platelets to the ruptured plaque 1is enhanced by a high rate of delivery of
cells, while high shear stresses across the surface of the plaque may be
gufffcient to activate passing plételets. The size of recirculatlon zones
immediately down;tream of the rupture may determine the extent of ensuing
thrombosis through a combination of relative stasis allowing fibrin
formation and trapping of platelets promoting aggregation.

The obvioas importance of free flowingaplatelet aggregates,
“independent of pre-existing mural thrompi! is demonqtrated by thelir
effects 6; thie cerebral %nd myocardial circulation, and on the circulatlon
through various microcirulatory;beds. .In the absence of significaant
cerebrovascular disease, transient ischemic attacks may be induced by
hyperresponsive platelets (Ai—Mefty et al., 1979). 1t {s known that
platelet emboli resgulting from cardio-pulmonary bypass are resbunslble for

r
significant neuropatbological damage (Hill et. al., 1969). 1n the case of
fatal myocardial infarction in the a£sence of detectable upstream
atherosclerotic lesions or mural throgbi, the fraction of subjects

displaying iantravascular platelet éggregation in the coronary circulation
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at autopsy (Jorgensen, 1967) is similar to that of pig(rzn which
_myocardlal infarction was Induced up to 2 hours after intra-coronary ADP
{njection (Jorgensen et al., 1967). The absence of such aggregates in all
subjects examined may reflect the transient nature of these aggregates
which are not stabilized by fibrin and are easily disrupted, but which may

survive long enough to cause ischemia and ultimately infarction.

The high shear stresses (1 > 103 N n™2) over the surface of
prosthetic cardiac valves at exposure timesubetween 1 - 10 ms (Roschke
et al., 1975) are capable of damaging platelets, and perhaps even more so,
red cells. A major complication of extracorporeal circulation is end
organ dysfunction caused by platelet emboli. In a simuiation of
extracorporeal circulation using native canine blood exposed to
polyurethane, a zone of recirculation was placed downstream of the initial
blood-surface contact (Morton'gg_g}:, 1975). The combination of platelet
au;face intefaction causing ADP release and the activation of coagulation
factorys producing thrombin was/;ufficient to actlivate platelets and induce

aggregation in, and repeated embolization from, the zone of recirculation,,

Conditlons which lead to red cell trauma and—the release of 1ntracg11u1ar

- ADP from red cells (Harriédh and Mitchell, 1966; Chambliss et al., 1950)

ave been purported‘to induce platelet aggregation, and these aggregates

, 1977) and ischemia. . The longer exposure times (0.1 - 1 3) to the
ar stregses in extracorporeai circulatory deviées can lead to
greater platelet aggregation and destruction (Addonizio et al., 1979) in
addition to platelet adhesion (Richardson et al., -1976), the degree of

which is highly dependent on vessel geometry as just discussed.

o - '
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(e) Summary

Shear stresses below t ~ 5 N w2 do not activate platelets in
suspension, Higher shear stresse; can induce pléEelet activation and
release culminatinguaggfegation, the extent and stability of which depends
on the magnitude of the shear fleld and the time of exposure to it, A
graded response from dggregation through to lysis occurs within 10 s
expésure to shear stresses between 5 and 60 N m™2, Lower shear stresses
are sufficient to produce similar effects after longer exposure times., At
equivalent shear rates, rbc increase aggregate size, presumably through
the ability to increase platelet diffusivity. The release of ADE from
injured rbc also appears to greatly enhance aggregation bht the relative
contributions of mechanical.forces and chemical s?imulation are not clear,

The shear—-induced activatio; of platelets in suspension can lead to
free-flowing platelet aggregates in certain pathological conditions. Flow
disturbances in vascular prostheses and extracorporeal circulatory devices

in concert with surface activation may also promote the formation of

free—flowing aggregates.

PR
Aggregation on surfaces 1s controlled by the diffusional processes

which determine the transport of platelets to a growing nidus of
aggregation primarily through the shear-dependent mixing motion of red
celld., The ability of a surface to induce platelet activgfion and release
controls the rate of reaction between incoming plételets and the site of
aggregation. The combination of very high shear stresses and potent
cheﬁical activation produge large reaction rate coefficlents whiéh do not;

appear to limit aggregation. Sgbeqdothelium is hlghly thrombogenic and,

even in the absence of fibrin stabilization, surface aggregates can
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withatandniery high shear stress, at least transient%;;w

Platelet aggregation 1in suspension at phyéiological ahefar rates
below those sufficient to induce activation (G < 2000 s~l), would be
controlled by similar mechanisms through the frequency and efficiency of
collisions between actfvated platelets. As will be discussed below,
collision frequ;ncy is primarily determined by shear rate, and co]l.lision
efficiency by fluid mechanical forces and platelet-platelet 1interaction
times in relation to the degree of agonist-induced platelet activation.

¥

*\  COLLISION FREQUENCY AND EFFICIENCY

1. Theory
_A two~-body collision theory has been developed for neutral rigid
spheres in shear flow (Smoluchowski, 1917; Goldsmith and Mason, 1967) and
extended t;o interactiona between charged colloidal size particles by van
de Ven and Mason (1977) usipg an analysis of the particle trajectory (van
de Ven and Mason, 1976a,b; Arp and Mason, 1977), and the DLVO theor?' of
colloid stability (I&erjaguin and Landau, 1941; Verwey and Overbeek, 1948).
In dilute suspensions, partiéle velocity is equal to the undisturbed fluid
velocity provided the particle is small in relation‘t‘:'o the .dimensions of
~the flow ch;nnel (Trevelyan and Mason, 1951; Goldsmith a;ld Mason, 1962).
Collisions between particles travelling on ad jacent £fluld streamlines at
different velocities (Fig. 1) result in the formation of doublets, some of
.which are transient and separate after collision, while others are
permanent (Takamura et al., 1979, 198la,b; van de Ven, }982). The binary

collision frequency between unequal~sized rigid spheres in simple shear gy
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' Figure 1: Two~Body Collision in Poiseuille Flow

v

Schematic in the median plane shdwing a collision between two
rigid ‘spheres travelling at different velocities through a t:ube/c;f radius
Ro and separated by a radial distance < one sphere diameter between sphere
centers. The faster moving sphere nearer the tube center (unshaded)
approaches and collides with a slower moving sphere near the tube wall
(shaded). The slower sphere 18 shown travelling in the direction opposite
to t:‘he faster sphere because the collision has been drawn with the ;ncial
velocity of the cénter of the collision doublet at radial position R fixed
relative to the observer. This 1is equivalent to moving the tube upward
with a velocity equal to but in a direction opposite to the fluid velocity

at R, generating the. parabolic velocity profile as shown.

&
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“flow 1s given by (Manley and Mason, 1955):

. .
312 = 5 G(by + b)3N, , (1)

where j,, is the number of collisions experienced by a single sphere of
radius b1 with spheres of radius b, and number concentration N2. For

monodisperse suspensions Eq, [1] tfduceé to (Smoluchowski, 1917; Manley

and Mason, 1952):

3 -%icbi"n , (2]

where-j 18 the two~body collision frequency for spheres of radius b and
concentration N, Here, collisions are defined as the rectilinear approach

of sphere centers to within a distance of < 2b.

Eq. [2] has been shown to apply in Poiseuille flow at any given

radial position, R, in a tube of radius, Ro’ where the shear rate is given
by: 1 “ .

4Q
G(R) = —uR N ' (3]
TIRo
and Q is the volume flow rate. The effect of unequal particle flux dwt,xe to
an unsymmetrical «ig:lliaion‘cross gsection caused by the curvature of the
s N
tube, as well as the nonlinear velocity profile, can be neglected i .

providing b/R0 << 1 (Goldsmith and Mason, 1964). The total number of

two—body collisions per unit volume of suspension for equal-sized spheres

can then be expressed as: ..

J-le-gﬂ’ v [4]

b1

AN

L)
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where ¢ is Ehe volume fraction of suspended particles. Because of the

nonuniform shear field, the mean tubé shear rate, G = ZQIuRg, is used.

The factor of } is included because every collision involves two

particles.

Equation [2] was originally derived by Smoluchowski in order to ~
describe the kinetics of aggregating dispersions; however, it applies only
to .two-body collisions between equal-sized spheres and relies on purely L.
geometrical arguments which neglect the influence of both interparticle
and f£luid mechanical forces. It also assumes that all collisions result
in permanent doublet formation without subsequent break-up. Inclusion of.
the orthokinetic collision or capture efficlency, a = jc/j, 1n'Eq. (2},
where jc_is the capture frequency, accounts for the influence of both
intetaction and hydrodynamic forces on particle capture (van de Ven and
Mason, 1977). If a = 1, then jcﬂ j and every collision resultsfin ,
capture; however, in the absence 6f attractive forces permanent capture 1is
impogsible (Brenner, 1961), although orbital pairs can exist (van de Ven,
1982). . The addition of e, also relaxes the requirement of rectilinear

approach since, theoretically, spheres can be captuted from distances -

between sphere centers > 2b (ao+ ©). \

Assuming no aggregate break—up and neglecting the formation of
higher order aggregates, the kinetics of aggregation are fiﬁst order with

respect to the total particle concentration, N, (Swift and Friedlander,

{

1964): ' ' -
dN_ 4ba OGN o
e (5]
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Integration of Eq. [4] ylelds:

N_(t) 4¢a06c

S () I (6]

L

where N_(0) and N_(t) are the total particle concentr;tions at time O and
t, respectively, The total particle concentration decays exponentlally
and a plot of & N_(t) vs t should giGe.a straight line, the slope of
which yields . JThus, measurement of the total particle concentrééion

over the carly stages of aggregation provides a value for\go.

2. Model Particles

The collision efficiency of various colloidal dispersions has been
measured over a range of suspension shear rate. Swift and Friedlander
(1964) sheared 0.9 pm diameter polystyrene latex particles suspended in

concentrated electrolyte over the range 1 — 80 s™! using a cylindrical
Couette. They verified that the kinetics of shear—contr&lled aggregation
are first order with‘respect go the total particle c;ncentration. Basé&
on the incorrect assumption of additivity of the independent collision
rates due to Brownlan motfon and shear (van de Ven, f§82), Swift and,
Friedlander measured a combined collision efficienpyr(0.364) similar to
that of Brownian motion alone (0.375), and independent of shear rate,
However,’é; demonstrated by van de Ven and Mason (1977), calculation of
@ from Swift and Friedlander's data over the range of shear rate where
the {influence of Brownian motion can befneglected (20 < G < 80 s~1), shows
that the collision:;fficiency in fact decreases with increasing shear

rate. Similarly, Curtis and Hocking (1970) found a, to decrease from

0.552 to 0.318 as shear rate increased from 1 to 112 s~ respectively,

o
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for 2 pm diameter polystyrene latex spheres suspended in 0.15 M NaCl and

gheared in a Couette viscometer. Zeichner and Schowalter (1977) also

found a decrease in LR with increasing shear rate in Couette flow.

The measured values of o in the above studies are likely maximal
for a given shear rate since the high, ionic strength of the suspensions
used would minimize double layer repulsive forces acting between
partlcles. According to the DLVO theory of colloid stability, doublet
formation 1is the product of competition between relatively long range van
der Waals attractive forces and double layer repulsive forces emanating
from charged particles (Fig. 2). In the presence of sufficient repulsive
Forces, an energy barrier prevents close contact. Doublets foi‘%ed at
relatively large separations between surfaces are captured in a weak
secondary energz/minimum in which the particles can exhibit independent
rotation and small changes in the éeparation distance during rotation.
External forces causing collisions of energy sufficient to overcome the
energy barrier form doublets firmly held in a primary energy minimum.
Subsequent disruption of such doublets requires a much higher force than
was required to form them due to the depth of this minimum, In the
absence of double layer repulsion, no energy b?rrier exists and with only

van der Waals attractive forces present, the particles would be mutually

>-captured in a primary energy minimum,...... -

In a study of orthokinetic aggregation in which both attractive ﬂ
and repulsive forces operate, van de Ven and Mason (1977) used a
theoretical analysis of particle trajectories during collision to evaluate

the boundary of the capture cross section. This is the limiting distance
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Figure 2: Interaction Energy vs. Separation Distance

Schematic representation of the interaction energy between two
charg/ed rigid spheres as a function of the distance of separation of their
survf’faces as degeribed by the DLVO theory. Competition between repulsive
fordes due to overlapping of the electrical double layers of the spheres
and relatively long range attractive van der Waals forces produces energy
curves as shown. The depth of the primary energy minimum is governed by
Born repulsive forces due to an adsorbed layer of water or counter ions
(Stern layer) and by van der Waals forces. An energy barrier resists the
approach of surfaces to a distance at which they could be captured in the

primary energy minimum, At larger separation distances there is a smaller

secondary minimum, <



between sphere centers beyond which particle capture does not occur and

which provides an estimate of LA Van de Ven and Mason's calculations
showed a  to depend principally upon shear rate, surface potential,
Hamaker constant, fonic strength and particle gsize. When only attractive
interaction forces operateébetween colliding particles, a decreases with
increasing shear rate. For 2 um diameter polystyrene latex spheres in
aqueous suspensions of high lonic strength, @ decreases from 0,56 to 0.10
over the range of shear rate from 1 to 9000 s~l, respectively. 1t was
also shown that, under these conditions, the capture frequency is actually

proportional to ¢%82 4nd not G.

In the presence of double layer repulsive forces, the calculated
o« follows a complex relagionship with increasing shear rate due to a
transition from particles captured in a secondary energy minimum to those
captured {n a primary energy minimum. Depending on the height of the
energy barrier resiating primary doublet formation, o suddenly decreasecs
at a glven critical shear rate which prevents secondary doublet formation.
Much higher shear rates are required for the formation of primary
doublets, at which point « increases but subsequently decreases as the
shear rate g further increased., Van de Ven and Mason (1977) also
verified these predictions experimentally using the above mentioned
spheres in 1073 M KCl. At the d%}tical shear rate of 16 s8™!, a, dropped

¢
from 0.45 to O and increased transiently at G = 24 s”!, but decreased

thereafter,

3. Platelet-rfch Plasma

Polystyrene latex spheres the size of human platelets suspended in
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a medium of the lonic strength of plasma serve as a model for two—body
interactions between platelets., Platelet-rich plasma at a volume fraction
of ~ 0.3% is sufficiently dilute so as not to limit applicab;licy of the
two-body collision theory; however, the treatment of either unactivated or
activated platelets as rigid spheres is at best a rough approximation.
Although rigid, unactivated platelets are better characterized as oblate
spheroids of axis ratio 0.36 (Frojmovic et al., 1976). Upoa activation,
the platelets undergo a morphological transformation to become roughly
spherical and extend numerous pseudopods, depending on the degree of
activation and the time of exposure to a given agonist (Frojmovic and
Milton, 1982). Thus, no single shape adequately describes the wide
gpectrum of shape available to the platelet; however, the.selection of a
sphere has an obvious theoregical advantage and 1s more appropriate for
the activated cells which are of most interest here. It should be noted
that the presence of pseudopods would likely increase the effective
collision cross section of a sphere of size equivalent to that of a
platelet excluding pseudopods. Indeed, Brownian motion-controlled
collision efficiencles greater than 1.0 have beenifound for human
platelets exposed to 1 uM ADP (Frojmovic and Longmire, 1986). Such high
collision efficiencies can be explained by considering the diffusional

interactions between cells with 2 or 3 pseudopods of length from 2 - 3 um

(van de Ven, personal communication).

The DLVO theory of colloid stability has been successful in

describing interactions between charged latex spheres; however, it is

13

unable to predict the observed interactions between blood cells in plasma

3

and physiological salt solutions. The measured electrophoretic mobflity
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of human platelets in isotonic saline at pH 7.4 was found to be ~ 0,9

pm s~ ! v-l cm‘l, corresponding to a net negative charge density of not’
&

less than 2900 esu cm™2 (Seaman, 1967, Seaman and Brooks, 1970), At the

high lfonic strength of plasma, or saline, the DLVO theory predicts that

LN
electrical double layer repulsion would extend only ~ 1 nn from the
surface of a platelet, This double layer thickness would allow the cells
to approach close enough for the longer range vanoder Waals forces to
capture them in the secondary energy minimum. A calculation using a model
of a lipid bilayer coated with charged wmucoprotein, when applied to
platelets or red;cells, shows that there is a secondary minimum with an
interact {on potential = 100 kT um~¢ at a distance 5 - 8 nm from the
surface, more than enough to hold cells together (Parsegian and Gingell,
1972)., Yet, in the absence of fibrinogen cross~linking, netther platelets
nor red cells aggregate in physiological salt solutions at normal pH. The
failure of colfoid stability theory to describe interactions betwecen blood
cells appears to be due mainly to the existence of the glycocalyx which )
extends up to 5 nm into the medium and prevents the cells from forming

aggregates (Parsegian and Gingell, 1972; Lerche, 1982). Only under

nonphysiological conditions, such as low pH or low lonic strength, has

. o

aggregat lon between blood cells in saline been observed (Parseglan and

LY

Gingell, 1973; Lerche, 1982). "

The aggregation of platelets is unlike that of inert spheres in
)
that it involves an active, time-dependent exposure of speciflc receptor

sites for binding fibrinogen monomers, which in turn cross-liank the

‘blatelets in a manner analogous to pBlymer bridging (Takamura et al.,

1981b), Thus, the interplay betweén.yan der Waals attraction and double

\

-

~
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layer repulsion is likely secondary to high affinity receptor-ligand
interactions and is8 only of significance during the earliest and latest
stages of platelet activation when the magnitude of the receptor-mediated
process {3 limiting. In light of this last consideration, values of a,
are likely to be time-depeadent and vary in proportion to agonist
strength, Since the E:o—body collision theory 1s strictly applicable only
to the early stages of the aggregation of dilute, monodisperse
suapension, any such measurements of a, in PRP should coincide with the

14
period of maximum platelet activation.

/
Chang and Robertson (1976) used changés in the turbidity of

suspensions of rabbit platelets after exposure to 10 pM ADP at 25°C to
calculate a Brownian motion collision efficiency, 0.301, which remained
constant ove\t a -period of 10 min and wa: similar ¢o that determined by
direct microscopic enumeration, 0.368. , They™also calculated the collision
efficlency due to Brownian motion and shear together and obtained a value
that was constant at 0,25, It is interesting that they assumed additivity
of collision rates due to Brownian motion and shear, as did Swift and
Friedlander (1964), and found the collision effficiency to be independent
of shear rate over a similar range, 10 < G < 75 s~1. It should be note@
that all measurements of collision eff&ciéncy were preceded by both a 10 8
premixing period and subsequently, at least 30 s of increased suspension
turbidity attributed to shape change. Thereafter the collision efficiency
remalined conskant for up to 10 min; the maximum t;me tested., This is
surprising considering that not only is platelet deactivation usually
gvident within this time but“significant multiplet férmgﬁion would be

e;;hgted at the ADP concentration used and this would interfere with
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measurements of ao.

Bell et al. (1984) measured L Eor human platelefs undergoing
Poiseuigle flow after exposure to 1 yM ADP at 22°C by microscopic
enumerﬁtﬂqg_gf/fg;—zgﬁgizﬁxconcentration. Although @ decreased from
0.140 to 0.0l1 between mean ADP exposure times of 74 and 175 s at
G = 5.6 s~!, the fraction of multiplets containing > 3 platclets Increased
from 6 to 11% over the same period. Since the 1&corporatton of dnublets.
into higher order multipiets would reduce the doublet concentration, and
hence artificially lower as it was important to measure a over short,
but equivalent, reaction times. With the flow—through system employed,
&his was difficult at high shear rates; however, for reactlon times

< 30 s, a decreased from 0,27 to 0.04 as the shear rate was Increased

from 7.9 to 54 s~! (Bell and Goldsmith, 1984).

Aggregate growth was also found to follow the kiﬂetics predicted
by Smulochowski (1917) wherein there is a continuous rise and fall in the
concentration of éggregates of successively increasing size, and a tandem
decrease in the single and total particle concentration. As much as 60X
of the'platelets had aggregated within one minute and 1tlis Likely that

the extent of aggregation would increase further with longer exposure

times.

The problem of the time-dependency of @ was specifically
4
addressed by Belval and Hellums (1986) who used a sophisticated iterative
procedure to continuously model the shape of the evolving particle volume

distribution of an agg}egating platelet suspension. Values of a  vere
’

——
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systematically adjusted to generate the best fit curve to the
experimentally determined distribution. An additional variable was also'
included t; ;ccount for thehgggregate void volume. Smoluchowski's theory
treats all newly formedéﬁhrticles as spheres that are the product ;f the
coalescence of two smaller colliding spheres, thus neglecting the
{influence of unoccupied spaces between rigid spheres on tve resultant
particle collision cross section, For activated platelets, which are not
smooth spheres, this effect would be exacerbated (Born and Hume, 1967).
The large average void volume fraction of 0.75 that gave the best fit
indicates that most of an aggregate is ehpty space and/or of 1riegu1an

shape (Belval and Hellygs, 1986). .

In the absence of exogenous agonist, the collision efficiency
averaged over the first 60 8 for heparinized PRP sheared in a cone and
plate viscometer was 0 for G < 2000 s”1l, in keeping with the lack of
shear-induced platelet aggregation at this level of shear. Higher shear
rates produced a rise in @, up to a maximu? of 1.3 x 1073 at 9 - 5060 s~1,
which subsegpently decreased to 0.7 x 10=3 at G = 10,000 s~!, Within 10 s
at G = 5006_3'1, o  reached a maximum of 2.3 x 1073 but decreased to 10~3

over the next 50 s.

The rise in a_ over the range 2000 <G < 5000Ys~1 can be accouéted
for by an increasing level of platelet activation méhiated through the.
shear-dependent releasé of platelet-derived agonigts discussed earlief:
.However, beyond a maximum state of platelet activation, further increasepv
in shear rate (G = 10,000 s~!) would only r;ault—iﬂ a higher fraction of

inefficient collisions. -Despite the lower collision efficiency, the

\

- . .
»
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extent of aggregation observed at G = 10,000 s~! was greatest. At this
shear rate, the high collision rate can support an appreciable rate of
aggregation, as fougd by Bell and Goldsmith (}9845 aé much lower shear
rates for ADP-induced ;ggregation. It is unlikely that aggregate |
dispersal orbplatelet fragmentation would be significant at the short

exposure times to this level of shear.

The decrease in a beyond 10 8 exposure to the shear fleld may
represent platelet deactivation, the effects of which would be enhanced at
high shear stresses. It ias aldo possible that the collision efficlency is
not independent of particle size as assumed in the analysis of Belval aﬁg '
Hellums (1986;? Unequal—-sized particles do not readily agproach one
another to within distances over which colloidal forces are appreciable
(van de Ven, 1982), Consequently o« 18 gmaller for interactions between
unequal-sized particles and this would be of importance at high levels qf
aggregation. However, in the presencé of absorbed polymers, aggregation
rates for equal— and Qnequa1~sized particles are comparabie gince polymer
bridging can act over the minimum distance of approach between
uneaual—sized particles. 1In such cases, aggregates of equal-sized
particles are more readily disper%ed\than those of unequal-aiz;a particles
by shear stresseg that are capable of disrupting polymer bonds. Since
fibrinogen cross—iinking between acti#ﬁted platelets is analogous to
polymer bridging, it is possible that @, i indeed independent of particle

A
size at shear rates below those capable of breaking the

%fibrinogenﬁplatelet bond.




4, Summar

~

None of the limiting assumptions of the two—body collision theory
outlined above 1s inordinately strained by application of this theory to
platelet aggregation, The aggregati‘on of platelets 18 sufficiently
different from that of model particles, however, to require additioﬁal
eiplanatton for the deviation from the inverse relationship between
collision eif-ficiency and shear rate that 1s predicted‘ v;hen attractive
forces dominate. The induction of aggregation is completely different at
low (g < 54 8~1) and high (G > 2000 s~!) shear rates studied thus far. q
At low concentrations of ADP, o decreases rapidly with small increases in
shear rate, yet 1its value remains above zero. This 1is important at high
ghear stresses, since extremely small collisio:x efficlencies .are
sufficient to'support a high rate of aggregation due to thé high cohll.ision
frequency. It also suggests the presence of a high shear-resistant,
platelet-platelet bond that persist;s througih éhear rates that iohibit the
forn'lation of weaker bonds, The following experin;ents were, therefore,
designed to examine platelet collision effﬁ:iency in the transition range,
55 < G < 2000 8™1, as a means of verifying sgxch a mechanism. At these
ghear rates, o, can be satisfactorily determined in Polseuille flﬁow ixsing
Eq. [6] provided an exogenous agonist is present and measurements are
confined to the early stages of aggregatim‘x. Changes in « with ADP
exposure time require techniques which do not rely strictly on collisions

between /equal~sized particles, such as the population balance method of
Q -

Belval and Hellums (1986). o
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It has long been known that ADP is one of the principal mediators
of platelet aggregation in stirred suspensions. Studies in vitro,
ex vivo, and in vivo have also shown that ADP is crucial to aggregation in
flowing blood. Much 13 known of the effects of high shear stress on
platelets, particularly its ability to activate platelets and induce
aggregation and release, However, much of the work at lower shear rates
has not dealt specifically with the physiological range of shear, and have
been concentrated in rotational viscometers where surface area—~to- volume
ratios are high. The in vivo work has remained comparatively qualitative -
in that ADP concentrations and/or shear rates Qere not precisely known.
Thus, the present work is an investigation of the éffect of ghear rate on
ADP-induced platelet aggregation over the full physiological range. An
12“!i££§.9y3tem was designed that allowed precise control over the [ADP]
and the shear rate..rA cylindrical vessel was also chosen to more closely -
mimic in vivo conditions. Within this range of shear rate, the effects of ‘ >

shear rate, [ADP], [Ca2+], and rbc are fully investigated and interpreted

in terms of existing collision theoty.

I 1
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CHAPTER 11

] «
ME’ASUREMENT OF THE CONCENTRATION AND SIZE

d/ OF SINULE PLATELETS AND AGGREGATES : .

‘\I’:



) ‘ ABSTRACT

A double infusion flow system gnd particle sizing technique were
developed to study the effect of time and shéar rate on ADP-induced
platelet aggregation in Poiseuille flow. Citrated platelet-rich plasma,
PRP, and 2 M ADP were simultaneously infused into a 40 pf cylindrical
mix{’ng chamber at a fixed flow' ratio PRP:ADP = 9:1, Aftef rapid mixing by
a rotating magneEic stirbar, the platelet suspension Qowed through 1,19

or 0.76 mm {.d. polyethylene tubing for mean transit times, E, from 0.1 to
£

’

86 s, over a range of mean ¢ ube she rate, G, from:39.3 to 940 s~1,
Known volumes of suspension were collggted into 0.5% buffered
glutaraldehyde, and all particles in the volume range 1l to 10° yn3 were
counted and sized using a Coulter ZM particle counter and logarithmic
amplifier in conjunction with a multichannel pulse—height analyzer. The
decrease 1in the single platelet concentration served as an overall index
of aggregation and the decréase in the total particle concentrgtion was
ueed'to calculate the collision capture efficiency dtxring the early sgtages
Qf\aggregation. Aggregate growth was followed by changes in the volume
fraction of particles of succ;ssively increasing size. Preliminary
results demonstrate that both collision efficiency and particle volume

fraction reveal important aspects of the aggregation process not indicated

/(:y changes in the single platelet concentration alone.
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NOMENCLATURE
]
v " N
. . -f
b Sphere radius v
“ » AN

D Z\ Maximum absolute difference between F'(xk) and

6(x,) over all classes, k = 4 v

. o
\
Dcrit Maximum value of D beyond which f;‘(xi) id-not
: normally distributed, p < 0.05 ¢
D, Q Translational diffusion coefficient
!
E Sum of squared error
f(xi); f‘(xi) Measured platelet and aggregate log-volume
-

histogram; minus background
fm Maximum clasg content of f(xi)
F(xi); F'(xi) Normalized cumulative measured platelet and

aggregate log—volume histogram; minus background

4

g Acceleration due to gravity /
g(xi); G(ki) Histogram of fitted Gaussian distribution to

f(xi); normalized cumulative Gaussian histogram
815 89 Skewing; kurtosis of Gaussian distribution \)

N\
G;&% Shear rate; mean value in Poiseuille flow )
. . -
h, h' . Channel anumbers of pulse-heig_l\j{analyset
- .

s ~ (
i, k Histogram class nugber
B3 Two~body collision; capture frequency

»



Total two-body collision fdequency per unit

- volume of suspension .

Lower, upper histogram classes

A\
Lower, upper volume of classes % and u

1

-

Content of class 1 of any histogram, number of

particles between L and U.

between L and U, at time t.
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INTRODUCTION

This work constitutes the second phase of an investigation into
the effect of shear rate on the ADP-induced aggregation of human platelets
in Poiseuille flow. In the first phase, ADP was infused into a flowing
suspensiqn of platelets through a micropipette tip located concentrically
within the entrance of a 100 um diameter flow tube. The aggregation
reaction was followed under a microscope at various distances downstream
and recorded on cine film (Bell, 1983; Bell et al., 1984; Bell and
Goldsmith, 1984), At 1 pM ADP, both the rate and final extenF of
aggregation in citrated platelet-rich plasma, PRP, were found to increase
over the range of mean tube shear rate from 2 - 54 s~ !, This technique
permitted direct visualization of the aggregatien reaction; however, the
microscopic dimensions and constra£;t8 on the diffusion of AD% restricted
its u;e to relatively short reaction timéﬁ and low shear rates. The
present technique citcumvents the diffusion probi;m and extends the
previous work to longer reaction times and higher shear rates. ADP and
PRP are sim&ltaneously infused into a cémmoﬁ mixing chamber and, after a
brief mixing period, flow through various lengths ok polyethylene tubing
into 0.5% glutaraldehyde. The effects of shear rate and transit time on
platelet 'aggregation are followed through an analysis.of the volume ‘
distribution of sing}e platelets and aggregates from 1 - 10° um3,- The
present flow system also permits the use of higher moleculé; weight )
plateiet agonists sdch as thrombin and collagen, and can be readily
adapted for use with whole blood.

A resistive particle co%nter and logarithmic amplifier are used in

h 3

conjunction with. a multichannel pulse height-analyzer to generate

\

PP
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continuous distributions of gsingle platele;ban'd ,é'gg'rﬁga‘te log~volume." A
logarithmic expansion increases the dynamic wo\tk.t\ng‘?ange of the par—tlcle
counter and provides the large range of volume over which aggregate ai:e :
is measured. A logarithmic scale is also convenient for platelet |sizing
since numerous studies have demonstrated that platelet aize is ' )

log=normally distributed (Bahr and Zeitler, 1965; von Behrens, 1972; §

Paulus, 1975),

- v

' 4

Platelet aggregation has been traditionally measured through the

-decrease in the optical density of stirred suspensions of platelgts

{ L 3
aggregating in response to an exogenous agonist (Born, 1962). Effbﬁgta to
, , - .
relate the concentration and slze of aggregates to the optical density of

the° suspensions have shown that relatively small changes in suspension /
turbidity at early exposure times are acdompaniéd by large decreases 1in
the concentration of single platelets (Born and Hume, 1967), but that »
large decreases in turbidity later in time at higl{ ADP concentraﬁ;tona are

not necessarily associated with the further aggregation of single

plateleﬁt,s (Gear and Lambrecht, 1981)., Nichols and Bosmann (1979) meastred
the distribution of aggregate size and found that the relationship betpeen

particle concentratjon and optical density was nonlfnear, and that An the
R .
presence of disaggregation the point of dminimum optical densi
* o

14
correlate with the point of maximum aggregate size, Chang an

41d not
Robertson
(1976) used. an elaborate light scattering theory to follow the klnetics,o/f
»agg.regate‘ growth in response to ADP at shear rates less than 75 s~! fn 8
cylindrical Couette, but found the light scattering phenomena to be
dominated by single platelets, e:en after extensive aggregation. Gear

(1982) used a resistive particle counter to measure the ADP-induced

decrease in the concentration of single platelets in flow through tubes at

<
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mean shear rates less than 2200 s~1, Butl:h'd‘_id not deal with the effect of

'

{

shear raf% on the kinetics of aggregat:eﬁglrowth. Aggregate size .
distributions have been generated for sﬁ%ar—in(‘luced platelet aggregation ' \

| [ N
in cone and plate viscometers (> 3000 s"\l\), ('Belval et al. 1984; Belval !

and Hellums, 1986) where it was ol;éetm\that\ single platelets are still &/
the most numerous particles at ad;ranced s!;:ages of aggregatioh. In the

lower physiological range of shear rate (< 2000 s~l; Whitmore, 1968; -
\ o

Chien, 1975; Turitto and Baumgartner, 1982) of the present experiments, it

N

is shown that aggregate growth is highly dependent on s’hear rate, and that
changes in the concentration of single platelets do not adequately reflect
changes in aggregate growth. Suspensions —such as PRP readily lend
themselves to the application of two-body ‘collision theory that can

further characterize the effect of shear rate on ago‘r;ist—induced platelet

-

aggregation in Poiseulille flow,

, ; N )
In this chapter, the flow system and particle counting and sizing

procedure are introduced, A representative donor is used to illustrate

the time course of ADP-induced aggregation over a range of mean tube shear
rate f;om 39.3 - 940 8”1 through changes in the number concentration and

volume of single platelets and aggregates. The fraction of collisgions
r

P o

that result in the formation of stable aggregates, or the collision Sy

-

efficiency, is determined from changes in the total particle concentration,

according to classical two-body collision theory (Smoluchowski, 1917; .
~ ' ¥

Manley and Mason, 1952)., Subsequent chapters use the technique described

herein to study the effects of shear rate, donor sex and red blood cells
- ’ " - -
on the time course of ADP-induced platelet aggregation-in suspensions

flowing through tubes.
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s “ MATERIALS AND METHODS

1. Platelet—Rich:Plasma and Reagents
-

~

Venous blooé was slowly drawn from healthy volunteers ;ia al9
gauge needle and winged infusion set into 30 m{\plastic syringéf
containing 1/10 volume, 3.8%,€odium citrate. All donors had refrained
from aspirin‘ingéstion for at least 10 days prior to blood withdrawal and
no female donors were taking oral contraceptives. Aftér mixing by gently
inverting the syringe, the blood was trapnsferred to polycarbonate tubes
and kept under a mixture of 957% air and 5% C02 to }Eeserve pH 7.4, All
subsequent platelet suspensions were maintained under this gas mixture,

"8

The bléod vas incubated at 37;C for 30 min, centrifuged at room
temperature at 100g for 20 miﬁ, and thevsupe:natant PRP containing from 3
to 5 x 10° cells pi~! transferred to a 60 ml plastic luerlok syringe. The
suspension was diluted to 3.30 x 10° cells prl with platelet-poor plasma,

PPP, which was obtained by centrifuging the remaining blood at 2000g for

20 min.

1 Frozen ali}uots of 2,0 mM adenosine-5'~diphosphate, ADP, (Sigma,
St. Louls, MO) were thawed immediately prior to use and diluted in
modified Tyrodes solution (137 mM NaCl, 2.7 mM KCL1, 11,9 mM NalCo 4, 0.36
mM Nal,PO,.H,0) at pR 7.4. Electron microscope grade glutaraldehyde (J:B.
EM Services, Pointe Claire-Dorval, QC) was diluted to 0,5% (v/v) in Isoton
II (Coulter Electronics, Hialeah, FL). One per cent {(v/v) silicone

¢(Siliclad, Clay Adams, Parsippany, NJ) was used to siliconize the mixing

" chamber prior to experiments, ) S

o

e
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Monodisperse polystyrene latex spheres of 2.02, 5,00, 9.82 and
b /

20,54 pm diameter (Coulter Electronics) were used to calibrate the
particle sizing equipment. -

3

2. Flow System and Mixing Chamber

-

All experiments were a?ne at 25 + 1°C. Platelet-rich plasma and
ADP wecre simultaneously infused into a common mixing chamber (Fig. la) by
independent syringe pumps (Models 957 and:903, respectively, Harvard
Apparatus, Millis, MA) at J'fixéa flow ratio, PRP:ADP = 9:1 (Fig. lb).

The infusion pumps responded linearly over the range of flow rates used to

/ v
- within * 1.1% and * 0,4% for the ADP and PRP flow rates, respectively.

For flow rates i 81 pa s8~! 1t was necessary to use custommade syringe
pumps, with motors of higher torque, reproducible to t 1.1% and + 2.6% for
s P Ao

the ADP and PRP pumps, respectively.

The mixing chamber was constructed by placing a polyethylene-
coated magnetic stirbar (4 mm long, 1 nm diameter) within a cylindric;l
section of polyethylene tubing (6 mm i.d., 9.5 mm o.d., 1.5 mm height),
and sealing both between two glass slides., Platelet-rich plasma and ADP ‘
entered the chamber through five of six alternately located (3 PRP, 2 ADP) «Q
18 gauge stainless steel tubes (20 mm long) spaced equidistant around the
circunference of the mixing chamber. The rapidly mixed platelet
suspension éxited via the tfemaining stainless ;teel tube and flowed‘ X
through 1.19 or 0.76 mm (1.d.) polyethylene tubing (Clay Adams,

Parsippaay, NJ) ;p to 15.25 m long, Known volumes of the eluted platelet
suspension were collected into 0.5Z isotonic glutaraldéhyé& to give an

~ 20x dilution of the plasma. The exdct volume of the effluent was then

= - e _ ‘ \
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magnetic stirbar-

stainless sleel tube

PRP

\ 7 0
DP*PRP cylmdncul polyothylene section
(b)
r'd
/
teflon ‘T'-connector teflon ‘X'-connector

stainless steel tube— \T=0 s
‘ polyéethylene tube —]

2

A\

) .

ADP and PRP
+ effluent

Figure 1: Flow éystem and” Mixing Chamber

Platelet-rich plasma and ADP were simultaneously

/ " piatelet

ADP \ . rapid
_.:” . mixin
infusion pump cha)rfnb?ar w . infusion pump

t— 0.5% glutaraldehyde

infused 1nto a

common mixing chamber (Fig. la) by independent syringe pumps (Fig. lb),

After rapid mixing, the plateiet sugpension containfh&éz
x 10° cells ut~! flowed through polyethylene tubes up

«2 yM ADP and 3.0
15.25 m long.

Known volumes of effluent were goﬁlected into 0.5% glutaraldehyde.

)
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determined by weight. Suspensions of fixed cells were maintained at room

A

Y ) '
temperature-with constant end-over—end rotation to prevent particle
[ % .

sedimentation until the concentrations were measured (< 2 days).

! 1

Mean transit times of the platelet suspension through the flow
tube, t = X3/ﬁ, where X, is the distance down the flow tube and U s the
mean linear fluid velocity, ranged from < 0.1 to 86 s, d%gending on the

volume flow rate, Q, and tube radius, Ro.
1

-

Volume flow rates’of the platelet suspension through the flow tube

were preset from 13 to 104 p2 s~! (1.19 wm 1.d.) and from 54 to§ px';"l

(0.76 mm 1.d.), and assuming Poiseuille flow, resulted in mean tube shear

rates, G = ZQ/nRg, from 39.3 to 940 s”!, inclusive.

o <

Tube Reynolds numbers, Re = 2Roﬁp/n, where f and n are the
» ' .

suspending phase dehsit;\,and viscosity, 1.02 g m1™! and 1.8 mPa s
respectively for human plasma at 22°C, were < 80, thus enguring laminar

flow over the range of flow rates tested. ' .(

-
.
.

Tubes > 1 m*long were colled vertically to prevent particle

sedimeﬁtatipn within the flow tube. For all flow rates tested, the vg'lue

»

of Re /(Ro/r), where r is the radius of curvature of the coiled tube

L

(400 mm), was below the.critical value of 10° at which secondary flow

-

becomes significant (Schiichting, 1968).
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3. Particle Concentration and Size Measurement

The number and size of single platelets ;nd agg;Lgatea were
determined using an electronic particle counter (Fig. 2; Coulter ZM),
Voltage pulse§ corresponding to particlf volume derived from the Coulter -
ZM pre-amplifier were amplified 1ogar1thm}cally (Coulter Logarlthmté”énnge
Expander) and then collated into a histogram of the logarithm of particle e

®

volume using a 100 channel, pulse-height analyzer (Coulter Channelyzer

€1000).

articles of volume 1 to 102 pum3, corresponding to equivalent
phere diameter frog 1.24 to 5.76 pm, were measured using a 50 ym diameter
x 60 pum length ;perture (1.5 mA,;attenuatioé 16, base channel threshold
10, window width 100, negative polaé}ty,*?dit off). Particles of vold#e
102 to 10° pm3, corresponding to equivalent sphere diameter from 5.76 to
57.6 pm, were measured using a 100 ym diameter x 120 pm)length aperture

(0.15 mA, attenuation 8, base channel threshold 20, window width 10O,

‘Regative polarity, edit off). ‘v‘ “

The suspensions of fixed cells were diluted in Isoton LI <

electrolyte and counted for 100 s with the stopcock of the mercury
manometer open and the sample continuously withgrawn to give Lotal
particle counts between 15~290 and 20,000, and between 5,000 and 40,000 on
the 50 x 60 énd 100 x 120 pm apértﬁres, féebectively. At a constant
pressure differential of ~ 200 mm Hg, the mean volume flow rate through

the 50 x 60 pm aperture was 11.3 + 0.6 pf éil, while on the 100 x 120 pm

- aperture it was 44.8 + 0.7 pgf s~!,




>

log range
expander

7

sample particle
sltand g coun > /
unter C 1000

o pulse height XY-plotter
analyser

Coulter ZM

CRT

A
HP-86
computer

XY-plotter ‘)V(/

Hewlett-Packard

printer d@ﬁﬁnx

Figure 2: Particle Concentration and Size

Voltage pulses corresponding to particle volume derived from the
Coulter 7M were amplified logarithmically, and then collated into a
log-volume histogram using a 100 channel pulse-height analyzer. Separate
histograms from 50 x 60 and 100 x 120 pm (diameter x length) apertures
were manually transposed into a microcomputer using a digitizer and joined
to form a single, continuous histogram from 1-10° pm3. Integration of the

composite histogram ylelded the relative fraction of particles of a given

volume,
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The sedimentation velocity, ugs of particles during counting was

estimated using Stokes equation,

2 (p,-p)b3g

u_ = ;~———::—————, (1]
where p;, 1s the particle density, b, the radius of the équ}valent sphere
and g, the accgleration due to gravity. The denzgty of fixed platelets
(~ 1.097 g ml™!) was determined by isopycnic centrifugation Ln Percoll
(Pharmacia, Dorval, QC). For the largest particle counted on the 50 x 60
um aperture (b = 2.88 um) suspended in Isoton LI (p = 1.007 g ml~};
n = 0,95 ﬁ}a s), sedimentation during the 100 s counting time {is
negligible (0.17 mm). The largest particle cougted on the 100 x 120 ym
aperture (b = 28.8 um), however, would sediment {17,1 mm in 100 s.
Therefore, particles measu?ed on this aperture re kept in suspension
during counting by constant mixing.

4, Log-Volume Histograms

v

Permanent tracings (Coulter XY4 Recorder) of the log-volume
histograms were manually transposed into a microcomputer (Hewlett Packard
86, Kirklard, QC) using a digitizer (HP 9111A)., The upper limit of the
last class the histogram obtainel using the 50 x 60 pym aperture was
joined to thy lower limit of the first class of the histogram obtalned
using the 100/x 120 pum aperture, to generate a single, continuous 250

v

class histogram over the range of log-volume from 0 to 5. The mark and

Xy

the volume of the ith class are given by X = (1-0.5)Ax and v(xt) = 10 7,
respectively, where Ax = 5/250 ig the class width. The generalized class

content, n(xi), corresponds in turn to efther the number of particles in
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)

log-volumes, f(xi), or that of the measured background distribution in

the ith class of the measured distribution of platelet and aggrégate

glutaraldehyde-fixed PPP, y(xi). The number concentration per histogram
class {s given by N(xil = Sn(xi), where S 18 the suspension dilution

&
factor.

The number of particles counted between the lower, L = v(xl), and
upper, U = v(xu), volumes corresponding to the lower, 2, and upper, u,

histogram classes is given by:

u
I a(x)), (2]
i=2

nL,U =

and the number concentration by NL,U = SnL,U'

¢

The volume fraction of particles between L and U is given by:

Ll

u
eooom ] e(x,), (3]
LU L

where ¢(x1) - N(xi)v(xi) is the volume fraction per histogram class.

5. Curve Fitting and Background Subtraction

All platelet distributions showed a pronounced negégive skew in
the small volume range due to contaminating backgrou&d in the
glutaraldehyde—fixéd plasma suspensions.- Background was proportional to
the concentration of fixed plasma in the electrolyte/cell suspension, and
subtraction from f(xi) at each mean transit time was facilitated by
fitting an exponential curve to y(xi) and a normal curve to f(xi)'at

[}

E L] O‘S.
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A normal curve of the form:

=(x; - x)2/2g2
g(x;) = £ e (4]

wag fitted to f(xi), with fm the maximum class content of f(xi), and x and

82 the respective mean and variance of X,
)
x, f(x,)
L oqmy U
X = e, , [5a]
L f(x)
1=g 1
u
- x)2
1Zlf(xi)(x1 X)
g2 = . [5b]
)
f(x,) -1
=g 1

The classes % and u were selected by inspecting f(xi) and truncating the
lower and upper bounds of the single platelet distribution to reduce the
effect of background and microaggregate contamination, respéctlvely, on

both the initial estimate of x and s, and the fitting of g(xi) to f(xt).

A trial and error iterative proéedure minimized the sum of squared
errors,

.

[£x;) - 8(x) )% . 6]
{ .

X

Equation [6] was computed using the initial estimates of fm’ x and 8 which
were then successively varied by increments proportipnal to thelr
magnitude, and E computed again. If E decreased, the newly adjusted

3

parameter replaced the previous parameter. In either case, the increment

P
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was ‘decreased by a fractional amount and the procedure repeated until the

increment was < 1% of the initial increment of each parameter. This was.
P
Bxy /

y'(xi) = ge N ) . (7]

usually the case after 70-80 {iterations.

The exponential:

where a and f are constants, was fitted to the measured backgrouad

histogram, y(xi), over the first fifty classes. Expressing Eq. [7] as:
In y'(xi) = ln a + Bxi . [8]

allowed a straight line regression of 1n y(xi) on x,. The class contents

were weighted 1n proportion to y(xi) in order to counteract the

approximate 1/y(x1) welghting which results from using ln y(xi) Instead of

¥
y(xi) in the regression. The weighted least squares condition:

50 »
izl Y‘(xi)[ln y(x;) - 1n a - Bxi]2 = minimum, 5 (9]

givetise to the notmal equations (Kenney and Keeping, 1951):

50 50 30 :
In aizl y(xi) + ﬁiZl xiy(xi) = igl Y(xi)ln y(xi), . [10a]
é 50 50 50
1n aizl X y(x,) + Bizl xiy(xi) - 121 x,¥(x )1n y(x,), © [10b]

and hence a and B. Since the background count in PPP was always less than
that in the autologous PRP, the magnitude of background was adjusted by

the factor y = [f(xl) - g(~xl)]/y'(xl), to give the same content in class 1




of the resultant histogram:

-

‘ £7(x)) = £(x)) - vy'(x)) , ) {11]

as that predicted by g(xi). A proportionate amount of background was

subtracted from the content of each class of f(xi) at t = 0 8, and at all
]

subsequent transit times, over the range X, = 0 to 5 using Eq: (11). The
use of Eq. (7] preventéd the transfer of random fluctuations in the class
_contents of y(xi) due to low particle counts to f'(xi) after background

4
suBtraction.

-

4

BASIC STATISTICS AND HYPOTHESIS 'I‘E?ING

Assuming a normal distribution of Xys the mean, ;, standard
| deviation, o, median, Mned® and mode, Brod® of the linear d}stribution

were calculated using (Kenney and Keeping, 1951; Documenta Gelgy, 1962):

"log u = x + 4s2In 10, ‘ [12a]

62 = 52(10921“ 10y, (12b]

log b4 = % . [12¢] o
log pyoq = x =82 1n 10 . [12d)

The assumption of log-normality of single platelet volume was
tested using the Kolmogorov-Smirnov, K-S, one sample test (Young, 1977).

The maximum absolute difference determined over all classes, k = {: .

o

D = max |F“(xk) - G(xk)|, Lek < (13}

between the normalized cumulative log~volume histogram,
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k
o 2 f-(’ii) .
F(x,) = i=1 - [14]

‘;’ ,
), £7(x,)
4= 1

and the equivalent normalized Gaussian density function,

. x=x, +§ Ax e o TN219a2 -
G(x,) = Iok Lo T T W%y, [15] >
* x=u

-

based on the sample statistics x and 8, was compared to a critical maximum
difference Dcrit' The histogram class u, corresponding to the largest
single platelet log-volume was determined by inspection of f'(xi). The

null hypothesis,

Hot F7(x) = G(x,) (16]

was rejected at the 5% significance level, and f’(xi) was not codsidered

u
to be normally distributed, if D > Dorit ™ 0.886//[) f‘(xi)] (Lilliefors,

i=]
1967). Skewing, 8), and kurtosis, g,, of f'(xi) and theilr standard errors 7

t

were determined uainé standard equations for frequency distributions
(Sokal and Rolhf, 1969). The significance of deviation of these sample
statistics from the parametric value of zero was tested using two-tailed

Student's t-tests. The above statistics were also applied to the single

e

platelet region of f(x;) 1in which case F(x,) replaced F~(x,) in the K-S

test.
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EXPERIMENTAL ERROR ,

1. Resgidence Time in Mixing Chamber

The length of time platelets spend in the mixing chamber w;s
measured by injecting a 5 uf pulse of concentrated,
glutaraldehyde-hardened platelets into the chamber through one entry port
while diluent was pumped through the remaining entry ports at total
volumetric flow rates corresponding to those used in the experiments.
Figure 3 shows the fraction of, particles recovered from the chamber vs
time after injection. Only at the lowest two flow rates, 13 and 26 pl
s”!, was the residence’ time substantial. Above 52 pf s™!, 50% of the
patticles had exited by 0.7 s, and 90% by 1.3 s. At the highest Flow rate o
Efsted, esgentlally all particles had exited the chamber within 1 8 after
1njagtion;qwhich was the shortest sampling time feasible with the current

technique. ' . '

2. Instruﬁent Calibration -

Over a four decade expansion the volume of the equivalent sphere,

o e O

V., in channel number, h, of the pulse~hei§ht analyzer is given by:

h

a

(h - h')/25 '
v, =V, X 10 , (17}
where Vh‘ is the modal volume of a spherical calibration standard in -

o~

channel number h'. “The measured modal volume of standard calibration
spheres was assumed equal to the mean volume calculated from the mean

diameter stated by the manufacturer. Since the coeffféient of variation
- \ . X
of the sphere volumes is less than 8% any error in this assumption is J

slight. The lower and upper channel limits for the 50 x 60 and the 100 x

-

¥

-
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Figure 3: Residence Time in Mixing Chamber

1

The fraction of platelets recovered from the mixing chamber after
injectlon of a 5 pt pulse of concentrated, glutaraldehyde-hardened

. platelets at time 0 s for flow rates from 13 to 155 pg s”!, \,\

W
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100 x 120 pm apertures, respectively.’
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120 pm aperture were 9 and 59, and 7 atf 82, respectively.

The response of the instrument at the setting for the 50 x 60 pm
aperture was tested over the range 1-102 um3 using 2.02 pm and 5.00 pm
diameter spheres and found to be perfectly logarithmic within a 6X error
inherent in the assignment of a particle volume to a given channel of the
pulse-helight analyzéf. The,lowe: limit of the 10Q_x 120 pym aperture was
matched to the upper limit of the 50 x 60 pm aperture using the 5,00 pm
calibration standa}d. The 100 x 120 um aperture was calibrated up to 4540
pm3 using 9.82 anQ\ZO.S pum spheres. The expansion using this aperture was
not perEectly logarithmic, however., Over and above the 6% assignment
error, thé measured Qodél volumes of the 9.82 and 20.5 pum diameter spheres
were 6.5% and 8% greater than the respective calculated mean volumes. The
‘over-est imation of the true particle volume appeared to increase with
lincréasing particle size; however, since the instrument cglibration wasg
tested every three months and found to remain constant throughout the

duration of the experiments, all particles were measured under the same

conditions.

'

3. Count Reproducibility and Suspension-Stability N

Dilute particle suspengsions were required to ensure accurate

volume and concentration mgasurement. Due to the slow response time of

the d.c. restorer of the log range expander, gomplete volume distributions

of partlcle suspensions were noticeably shifted to smaller volumes in a

-
o

concentration-dependent manner. Particle concentrations < 14 uf~! and < 4

p~l were required to prevent any volume shifts on the 50 x 60 and
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Due to the larger volume of the deep-bore apertures <
(length/diameter = 1,2), particle coin:}zgzge is greater than in the
equivalent standard apertures., Measurements made on serial dilutions of
stock calibration suspensions were compared to hemacytometer counts.
Coincidence was < 10% below 20 and 6 particles per pf in the 50 x 60 and
IOd‘x 120 pm apertures, respectively. This measure of coincidence also
includes a 2 to 3% count reduction due to the selectivity of the particle
sizing circuitry of the pulse-height analyzer (Coulter Channelyzer Manual,
1978). The cémbined count loss was uncorrected due to the 31fficulty in
determining the contribution of particles of different sizes to the level
of colncidence in polydisperse suspensions. This error, as well as th;

concentration-dependent shifting of the volume distributions, was

minimized by using dilute samples and counting for long periods of time.

&

\.‘

Table 1 shows particle counts, n U of platelet suspensions
14 \

L
collected into 0.5% glutaraldehyde after t = 0,2 and .43 s exposure to 0,2
uM ADP at Q = 104 pR s~1., Particles measured on the 50 x 60 um aperture

corresponded primarily to single platelets (L = 1, U = 102 ym3) while

- those on the 100 x 120 pm aperture were strictly aggregates tL =102,

U = 10§fpm3).‘ Multiplerparticle counts taken on the same sample dilution wf
using each aperture were reproducible to * 2X. A 3% pipetting ergbr

In concert with this random couﬁting error produced a maximum 5% variation

in measured particle céunts. After four days storage of the fixed

platelet suspensions with constant mixing, there was no significant change

in mean particle counts using either;hpertufe. Thus, there was no

particle aggregation or break-up induced by the fixation and storagé

procedure, as also shown by Nichols and Bosmann (1979).
- . \




TABLE 1

~

Particle Counts of Fixed Platelet Suspensions

0.2 s - 43 s
TIME AFTER EFFLUENT ®
COLLECTION, hr * * %
1~-102, um3 102-105, um3 1-102, ppd 102-105, pm3 "

¥ ¥

3 16823 + 1.392 6526 13158 + 0.64Z | 42435 + 0.292

k%

24 16954 + 2.28% 6528 + 1,17% | 12665 + 1.65%7 | 40797 + 2.12%
%

98 16505 + 1.15% 6712 12534 + 0.79Z | 43270 + 1.89%7 |

’ \
Particle counts (* C.V.) in fixed platelet suspensions using the“50 x 60 um
pm3) and 100 x 120 pum (102 - 10° um3) apertures after c = 0.2 and 43 s exposure

(1 - 102

to 0.2 uM ADP. Separate but constant Suspension dilutions were used for each aperture.

Multiple counts were taken on the same suspension up to 98 hr post-fixatiomn.

*p=5 *pa=j3

¥ np=2
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COLLISION FREQUENCY AND EFFICIENCY

The two-body collision frequency for monodisperse suspensions of

-

rigid splieres in simple shear flow is given by (Smoluchowski, 1917;

Manley and Mason, 1952):

-~ ¢

1 -¥Gb3n , [18]

where b is the sphere radius and N the number concewtration. Collisions
are defined as éhe rectilinear approach of sphete'centersAto within a
distance of <'2b and provided b/R° << 1, Eq. [18]) has been shown to apply
in Polseuille flow (Goldsmith and Mason, 1964). Using the mean tube shear

rate, G, the total number of two-body collisions per unit volume of

suspension is then:
_ 4aGN : \

J = iNJ il ) ) [19]

’

where & is the volume fraction of suspended particles.

Inclusidn of the orthokinetic collision capture efficiency,
@ " jc/j in.Eq. [18]) where jc is the -collision capture frequency, accounts
for the influence of both interaction and hydrodynamic forces on particle
capture (van d; Ven and Mason, 1977). |If a:= 1, then jc= J and every
colliéion results in capture; however, in ;he absence of attrijﬁyve
forces permanent capture 1s impossible (Brénner, 1961), The addition of
@ also relaxes the requirement of rectilinear approach since, N
theorefically, spheres can be captured from.distancés between sphere

' o '3
centers > 2b (a°¥ ©), '

Assuming no aggregate break-up and neglecting the formation of




<!
higher order aggregates, the kinetics of aggregation are firat order w

1964): J ’ v

dN 4Qa_GN
b S
de . T *
Integration of Eq. [20] ylelds:
Y

N_(t) 40a Gt

An N_(0) = n '

: {21]

where NN(O) = N and Nw(t) are the total particle concentrations at time O
and ?; respectively. Thus, the total pdrttqle concentration decays

exponentially and a plot of in N_(t) vs t should give a straight line, the

slope of which ylelds a,.
kY

In the present work the influence of Brownian motion 06
‘égregation can be neglected due to the largefvalue of the Egclet number,
Pe = (_;blet > 1200 where D, is the translational diffusion coefficient {or
a sf;gle gphere calculated from the Stokes-Einstein equation. Thus,.the

measurement of the total particle concentration over the early stages of

aggregation provides a value for a .

'
Ve

RESULTS ”

l. Single Platelet Distribution

(a) Concentration and Size

Prior to background subtraction, the single platelet volumes‘of
unsheared suspensions appeared log-normally distributed (Fig. 4, t = 0 8).

Of a total 278,000 particles per pf, > 99% were in the range 1 ~ 30 um3,

// : -
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Figure 4: Log-Volume Histogram

The number concentration per histogram class N(xi) plotted against
the equivalent sphere volume v(xi) over the range X, = 0 -5 for an
unsheared control, t = 0 8, and after t = 86 s exposure to 0.2 uM ADP at
G = 314!, Arrow at 100 um? denotes point at which separate histograms
from the 50 x 60 and 100 x 120 pm apertures were joined.

-




consisting principally of single platelets. Aside from the presence of

some contaminating white blood cells of modal volume ~ 170 and 370 um3,
measurements using the 100 x 120 pm aperture showed only ~ 0.06% of
particles as aggregates greater than 100 pm3,

Shearing the suspension at G /- 314 s~! {n the presence of 0.2 M
ADP produced a time~dependent loss of single platelets accompanied by the
format ion of aggregates of successively increasing size (Fipg. 4; t =86 8).
Of the 98,000 particles per uf remaining ~ 4% had volumes greater than
100 pm3, while more than 90% were in the volume range of single platelets.
Thus, extensive aggregation involving as much as 2/3 of the original
single cells reduced the fraction of singlets of the total number of
particles by only lﬁ/., and demonstrates th;a need for employing two
apertures to count sufficient numbers of both single cells and aggregates
in the same suspension. The accuracy of the sampling technique i8
evident by the continuilty of the log—volume histogram in the region where

the separate histograms from each aperture were jolned (Fig. 4, arrow),

(b) Curve fitting and background subtraction

The presence of contaminating background in the small volume
region of fixed—plasma suspensions interfered with the evaluation of the
true shape of the distribution of single platelet log-volume (Fig. 4).

The relative influence of background also increased as particle
concentration decreased. Approximately 3% of particles counted as single\
platelets fell in the range 1 - 1.7 pm3 at t =0s, wl.lile at t = 86 g this
region accounted for 7.5% of the single platelets, Figure 5a shows the

distribuétit;n\of background in.the autologous PPP of the platelet

\

A
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Figure 5: Curve Fitting and Background Subtraction

(a) Exponential curve, y'(xi), (broken l1ine) fitted to the
measured distrib:n:ié’n of background, y(xi), (solid 1line) in the autologous

PPP 6f Lhe platelet suspension in Figure 4.

(b) Normal curve, g(xi), (broken 1line) fitted to the single
platelet log—-volume histogram, f(xi), (solid line) " ever the range
3~ 14 um’ (vertical arrows). The fitted curve was then extrapolated in
both directions to encompass the range 1 - 100 ym3. The horizontal arrow
" denotes the frequency in class 1 of g(x,).

(c) Background was subtracted”from each class of f(xi) over the

—range-1 --10° um’ using y'(x,) to give the same content in class 1 of the

newly formed distribution, f"(xi), (solid 1ind) as that predicted by
g(xi). The broken line shows g(xi) fitted to f(xi) prior to background

subtraction.
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suspension shown in Figure b Clearly this distribution is well-matched
to a decreasing exponential curve.

-

Figure 5b shows the normal curve initially fitted to the measured
log-volume histogram at t =0 ; over éhe ;egion of the single platelet
distribution where the influence of background and microdggregate
contamination could be safely neglected (vertical arrows), and then
afterwards extrapolated to include these regions of overlap. As shown by
the ordinate, the background in PPP was less than that in PRP. Using the
exponential curve, background was subtracted to give the same content in
class 1 of the resultant histogram aé\;hat predicted by the normal curve
(horizontal arrow)., It is evident that after Hackground subtraction a
normal curve closely fits the distribution of the logarithm of single
platelet volume (Fig 5c). A proportionate amount ofmbackground was
subtracted from the log-volume histograms at all suﬁsequent mean trangit

times.

\

The Kolmogorov-Smirnov test strongly supported (p < 0,05) the

Ry

agsumption of log-normality of the distribution of single platelet volume
and justified use of the fitted normal curve during background subtraction
(Table 2, left), The presence of background produced a significant
negative skewing (g, < 0) of the single platelet distribution which became
significantly positive after ~ 4% of the total particles were subtracted
as background. Positive skewing was more pronounced in the case of
extengive aggregation (Tableuz, right) where, as expected, the
distribution of log-volumes was no longer normal. The deviation from
log-normality was accompanied by an increase in mean and median volumes of

this distribution. The mode remained constant, however, indicating that
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TABLE 2
Statistics of the Single Platelet Distribution
‘Statistic Control, t = 0 s Aggregation, t = 86 8
f(xi) f‘(xi) f(xi) f'(xl)
X 0.78 0.79 0.79 0.85
] 0.27 0.25 0.34 0.29
s/x, % 34 31 43 34
g, -0,137 *%* 0.068 *** ~0,062 *** 0,223 #*&
&9 0,225 *** 0,076 -0,072 * 0,118 w*
D 0.01550 0.00624 * 0.03096 0.02622
Dcrit 0.00703 0.00718 0.00616 0.00656
n 15863 15213 20699 18214
1,50
m 7.2 7.3 8.3 8.9
g 4.8 4,5 7.6 6.7
Q olu, % 67 62 91 76 —
oed 6.0 6.2 6.2 7.1
Mnod 4,1 4,5 3.4 4,5

o

'

Statistics of thé single platelet log-volume and volume distributions
over the range 1-50 pm3 for the‘data in Figure 4 prior to, f(xi), and after,
f‘(xi), background subtraction., Logarithmic data are shown in the upper part and
after the appropriate linear transformation in the lower part for the unsheared
control, t =08, (left), and after 86 s exposure to 0.2 uM ADP at G = 314 g1 .

(right). Symbols are as described in the text and volumes of the linear statistics
° hhk kk
p < 0.001, p < 0.002,

are in pm3. Significantly different from zero:
* .
p < 0,05

N
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the removal of ~ 12% of the particles as background was valid.

2, Platelet Aggregation

(a) Single Platelet Concentration

3>

One ipdex of the degree of platelet aggregation is the
time-dependent decrease in the concentration of single cells, N1,30(E),
relative to the concentration at t = 0 g, Figure 6 shows the effect of
mean tube shear rate on the normalized single platelet concentration. . A
noticeable 4 s lag preceded aggregation at all G tested. Aggregation then
proceeded at rates dependent upon G. At G = 940 s~l the lag phase was so
protracked that the initial rate of aggregation was much reduced, as was
the final extent of aggregation reached at t = 86 s. The maximum rate and
final extent of aggregation occurred at G =157 8”1, Above and below this
shear rat;, the degree of aggregation was always lower when measured by

A
the decrease in the single platelet concentration.

(b) Collision Efficiency

' Equation [21] shows that the coliision efficlency, a s is
> .

proportional to the slggs/gf a pl?t of -ln[Nl,los(E)/N1’105€9)1 vs t,
where Nl,lob(g) is the total mea;qred particle concentration at t{me t.
Such plots are shown in Figure 7 for the data in Figure 6, and reveal a
time- and shear rate-~dependency for a in the aggrégating suspensions,
Actual measurements of collision efficiency can only be made over the-
reglon of constant slope after the onset of aggregation. After tge
initial lag, . remained relatiygly constant bet;een Ejs 4 and 43 s, but

decreased with increasing G from = 0.105 at G = 39.3 57! to a, = 0.001

at G = 940 s~1,
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Figure 6: Single Platelet Concentration

-

" The normalized single platelet concentration, Nl 30(E)/N1 30(0),
- _ - ’ ’
) plotted against t for G = 39.3, 157, 314, and 940 s™1.

1
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Figure 7: Collision Efffciency

-~

The negative logarithm of the normalized, total particle-
concentration, --Jln[N1 105(E)IN1 105(0)], plotted against’t for each of the
’ ’ -
four shear rates in Figure 6. The values of @, were calculated over the

range t = 4,3 to 43 s at G < 314 s~! and the range t =21 to 43 s at
G = 940 s~ using Eq. [21]. -




~

Beyond t = 43 s, @ appeared to decrease- at all G below 940 s~!,

~

[ i

~ kc) Aggregate Growth

As shown 1in Figure 4, the number concentration of aggregates of

volume > 100 pm3 was so 1dw that ftequency histograms do not adequatel&

reflect the contribution of such particles to the total platelet
concentration., As a result; the particle volume,graction g;r histogram
class, @(xi), was plotted agalngst particle volume, v(xi), in Figure 8 for
the same data as in Fiédre 4 after background was subtracted. The
relative contribution of large aggregates to the total volume fraction of ‘
cells 1s readtly apparent. Figure 8 shows the formation of distinct peaks

of aggregates of successively increasing sike with increasing t. A o

;g##;aximum aggregate gize is also~indicated by the sharp drop in particle

"

volume fraction at 10% pym3 at t = 86 s. a

te

The volume fraction of particles between lower, L, and upper, U,

volume limits, (E), normalized to the total volume fraction of "

%,u
particles at t=0 8, Ql 105(0), was plotted agalnst t An Figure 9 for
- » “

each of the four shear rates shown in Figure 6. The decrease in the
volume fraction-of single cells, 1-30 pm3, paralleled the decrease in the
.number concentration of the same’partigles in Figure 6, At any given mean
transit time the combined volume fraction of aggregates and single cells

equals the total volume fraction, 1-105 pm3,

! - -

- At G = 39.3 g~} (Fig. 9a), there was a significant fraction of o
= - ‘—/ - td
) particles between 30 and 103 pmd at the earliest sampling time, t = 2 8,

o ‘ and the fraction of single cells.was concomitantly reduced. With
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Figure 8: Aggregate Grawth

Three~dimensional plot of the volume fraction per histogram class,
- L
¢(xi), vs particle volume, v(xi), for the datg of Figure 4 at t = 0, 21

\ and 86 s after background was subtracted.




Figure 9: Effect of Shear Rate on Aggregate Growth

The normalized volume fraction of particles between lower, L, and
upper, U, volume limits, @L’U(E)/él,IOS(O), plotted against t for the data
of Figure 6. The volume limits, L-U, from 1-30, 30-102, 102-103, 103-10%,
104-105, and 1-10°% ym3 are shown beside their respective plots.

-
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increasing t, there was a slight increase in the volume fraction of .
particles of volume from 3¢-103fim3, followed by an increase in the
fraction of partigles fromzlagﬁz;; pm3. During this same.time p%riod. the
volume fraction of single cells dropped from 75% to 25%'of the initlal
total particle volume fraction.

At G = 157 g~! (Fig. 9b), the formation of aggregates of .
successively increasing size with increasing t was evideng. The sharp.
drop 1n the fraction of particles from 1-30 pm3 was accompanied by a
successive rise and fall in the volume fraction occupied by small
aggregates, followed by the steady accumulation of aggregates from
103-10"% um3, and finally of aggregates from 104-105 pti3 beginning at
t = 43 s. There was a noticeable increase in the total volume fraction

with the appearance of aggregates > 103 pma.

The pattern of aggregation at G = 314 s'lj(Fig. 9c) was simtlar to
that at G = 157 g~}; however, prior to the formation of aggregates from
103-10% um3, there was an early (t = 43 8) rise in the fraction of
particles of volume 10%-10° pm3 to ~ 30% of the total which then decreased
to only ~ 3% by t = 86 8. This decrease was accompanied by both the
appearance of smaller aggregates from 103-10% um3 and a furt?er rise in
the volume fraction of aggregates fro; 102-103 ym3, although the vo{ume
fraction of single cells decreased only slightly. This pattern of

aggregation is suggestive of aggregate break-up at loﬁg t. Thus, analyses

of aggregation limited to changes in the single platelet concentration or

volume fraction do not reveal the changing pattern of aggregate growth,

~
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The modest decrease in the single platelet volume fraction at

G = 940 s~! (Fig. 9d) was accompanied by the formation of only small

aggregates < 103 um3,

DISCUSSION

The present work follows directly from previous investigations by
this laboratory into the ADP-induced aggregation of human platelets in
Poiseuille flow (Bell et al., 1984; Bell and Goldsmith, 1984). The
problem of introducing an aggregating agent rapidly and uniformly into a
sugpension of platelets flowing through a tube was solved by placing a
small mixing chamber ;k the tube entrance. Such a flow system permitted
the analysis of platelet aggregation over a wide range of shear rates at
both the early and late stages of the reaction. Particle counting and
sizing instrumentation were then configured to minimize errors inherent in
their operation, and to allow the rapid measurement of the continuous
volume distribution of single platelets and aggregates over the range
1-10° um3. This chapter introduces the technique and, using a
representative donor, demonstrates the pattern of changes in particle

volume and concentration during platelet aggregation through the analysis

of the complete log-volume histogram.

1. Single Platelet Volume

A dual aperture counting and sizing procedure was necessary to
minimize slzing artifacts due to high particle-to-aperture diameter
ratios, The dynamic working range of each aperture was increased by using

a logarithmic amplifier which allowed the continuous measurement of all
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single platelets and aggregates in the range of volume from 1-10° ym3, A
logarithmic expansion was also chosen because numerous studies have‘
established a log—&ormal distribution of platelet size, whether determined
by diameter, mass or volume (von Behrens, 1972; Bahr and Zeitler, 1965;
Paulus, 1975). Single platelets and all other particles from 1-102 pm3
were measured uSing a 50 pm diameter x 60 um length aperture, and
particles from 102-10° pm3 werk measured using a 100 pm'diameter x 120 um
length aperture., The statistical analysis of the shape of the platelet
log-volume distributions provided a sensitive -measure of depattgres from
normality, and of the presence of microaggregates. The large varlance in
single platelet volume and the low number concentration of aggrégates
precluded the resolution of distinct peaks of microaggregates. From
ingpection of control platelet suspensions where the concentration of
microaggregates was low, the range 1-30 um? was selected to be principally
single platelets, despite considerable overlap of single platelet and
microaggregate volume. A more conservative estimate of the single
platelet volume range, 1-50 pm3, was selected for the statistical unalyJ!s
of the single platelet volume distribution in order to reduce subjective

bias in the selection of platelet volume.

Good agreement was found with theﬂlog-hormal model for the
distribution of single platelet volume. In shear flow, both native and
fixed unactivated, single platelets behave as rigid oblate ellipsoids of
revolution with a mean axis ratio of 0,36 (Frojmovic et al., 1976).
Aperture-impedance particle counters such as the Coulter ZM measure the
volume of liquid displaced by a particle in the sensing zone of the

aperture through an incremental increase 1n the resistance of the
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suspending electrolyte, It is well-known, however, that these instruments
overestimate the volume of suspended particles by factors dependent on
particle shape (Grover et al., 196%3; Hurley, 1970), orientation in and
trajectory through the aperture (Shank et al., 1969; Akeson and Mel,

1986), and the ratio of particle diametet to aperture diameter (Smythe,
1961; 1964)., Most single platelets are measured in the central core of
the aperture where the electrical field and fluid velocity are uniform,
and experience little rotation on transit through the aperture (Grover et
al., 1969a; Kachel, 1979; Waterman et al., 1975). Thus, the shape factor,
which 1s the ratio of the voltage pulse height generated by a given

particle to the minimum pulse height generated by a particle of the same

volume, can be considered constant at 1.2 when the major axis of the

" platelet 1s aligned with the aperture axis (Velik and Gorin, 1940; Groig;

et al., 1969a). Since the Coulter ZM was calibrated with spheres of shape
factor 1.5 (Gregg and Steidley, 1965; Grover et al., 1969a, 1969b;

Hurley, 1970), the measured volume of single cells and aggregates were
those of the equivalent spherical particle. The measured single platelet
volume must‘then be multiplied by 1.5/1.2 to glve the absolute single
platelet volume. The correction factor of 1.25 has been -experimentally
verified for the ratio of the volume qf the approximately spherical
platelets suspended in EDTA to the apprpximately discoid platelets in
citrated plasma, and found to remain relatively constant after fixation of
the cekls in.glutaraldehyde (Mundschenk et al., 1976). In addition, after
exposure to 10 uM ADP, the volume of the more spherical shape—cha;ged
platelets was ~ 25X greater than the uncorrected volume of their ~

unactivated more discoid counterparts when measured on a Coulter Couhter

(Holme and Murﬁhy, 1980), Thus, in the absence of shape change, the
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absolute mean/single platelet volume given in Table 2 after .background
@ subtract’ion is 9.1 pm3. A statistical analysis of the mean platelet volume )
of several donors is given in Chapter III of this thesis. Since activated
platelets, and aggregates can assume a wide array of complex shapes having
separate shape factors, both were treated as the equivalent spherical
particle for the analysis of aggregation. No shape factor was necessary
to determine the absolute equivalent sphere volume of these particles,
The shape factor also increases with increasing particle diameter
‘ to aperture diameter ratios above 0.2 (Smythe, 1961; 1964), Since the
? diameter ‘'of the largest spherical particle measured on the 50 x 60 um
1 ;perture was only 12% of the aperture diameter, all 'equivalent sphere
volumeg measured on this aperture were Iabsolute within the limitations )
given above and below, On the 100 x 120 pum aperture,\l however, particle
slze can reach 58% of the aperture diameter over the volume range of the
present experiments. Consequently, the volume of particles > 4000 pm? was
overestimated. Since all platelet suspensions wyere measured under |
idehtical conditions, aggregation was satisfactorily followed through the»

- relative changes in the concentration of particles of an approximate

absolute equivalent sphere volume.

The electrical fiéld only reaches a radially uniform value at
) distances greater than one aperture diameter into the aperture (Grover et
al., 1969a), The volume of particles traveling on trajectories near the
aperture wall where both the electrical field and fluid velocity are\\
nonunifoFAris overestimated (Shank et al., 1969; Thom et al,, 19({9;

o Kachel, 1979). There 18 no single correction factor for such
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meaeurements, however, the use of deep-bore apertures with length to

diafieter ratios of 1.7 cdnsiderably reduced the .positive skewing of the

single platelet log-volume distribution caused by the overestimated
particle volumes, Indeed, as shown in Table 2, the slight positive
skewing of the single platelet log-volume higtogram after background
subtraction was insufficient to influence the positive fit of a normal

S
distribution as verified by the Kolmogorov-Smirnov test, This test is
easy to perform for continuous frequency distributions and is more
power£:1 than the parametric ;hi—square test since no assumption 1s made
about the distribution of sampling error. The artifactual positive
skewing could be further reduced by using a hydrodynamic focusing device
to direct the particle stream through the center of the apert;re (Spielman
and Goren, 1968; Kachel et al., 1970). The deep—bore apertures provided
satisfactory results, however, and were more convenient for processing.the
large number of ﬁamples to be counted and sizea in the present

experiments.

2, Platelet Aggregation

A ready index of the degree of aggregation is the decrease in the
concentration of single cells. Analysis of the aggregation of platelets

from a representative donor revealed a substantial delay before the: onset

" of aggregation at all mean tube shear rates tested and suggested the

7

existence of a 11m1t1né shear rate above which aggregation is prévented.
Although the rate of aggregation was greatest at G =157 s =L, the

collision efficiency, o decreased steadily with increasing mean tube

ghear vate ftom G = 39,3 to 94051, Intauitively, this can be understood-w_

by realizing that the two-body collision frequency predicted by Eq. (18]
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for G = 157 s~} was 4x that at G = 39.3 s~!, Thus, the aloﬁe of the curve
gﬂ’ at G = 157 s~! in Figure 6 should be &x that at G = 39.3 s~l; simply to
maintain the same collision efficiency. The inverse relationship between
@ and G is 1n agreement with theory and experiment for suspensions of
) charged colloidal particles (van &é Ven and Mason, 1977)., Since the
( theory is strictly applicable to collisions between single equal-sized
sph;rical particles, and assumes no doublet break-up, it is valid only at
the eagly stages of platelet aggregation. As a result, the decrease in a,
at long mean transit times may simply be due to a lowered collision rate
from the lower particle concentration, despite the greater collision
crogs—section of the larger particles., Indeed, in th@/ggse where
aggregation was leés extensive, G = 949 8”1, the coilision efficiency

still appeared to be constant at t = 86 s,

Neither changes in the single platelet concentration nor the
collision efficiency yielded information on the pattern of aggregate
growth. Since the number concentration of aggregates was so low, the

volume fraction of particles was used as an index of aggregate size.

Volume fraction histograms revealed that aggregate size increased in
discrete increments, even for very large-sized aggregates where the
potential variation in size and shape 1is great, ;ﬁd that, at any given t
‘and G, there 18 a maximum upper limit to particle size. More
surprisingly, analyses of changes in the concentration of particles of
discrete sizes showed that at G = 314 s”! there was an initial rapid

¢

growth of large aggregates that appeared to break up at longer mean

—transittimes, —This—clearly {llustrates the antagonistic effects of

° collision rate and fluid shear stress, both of which are dependent on N
\ ’ . -

8
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ghear rate.. The rapid formation of large’ aggregates is indicative of a %

C, “snowball” effect at high collision rates (Bell and Goldsmith, 1984), and B
the subsequent brea&up_is indicative of platelet Bdeactivation at.long .-
mean transit times. Although break—up 1s not evident at G = 157 s~1, the
collision rate was not sufficient to support the "snowball" effect ami the
rapld formation of large aggregates, The large increase in the total
volume fraction of particles accomp;;ying the formation of large
aggregates of volume between 103 and 10° pm3 i8 likely the result of an
increase in the aggregate void volume (Born and Hume, 1967; Belval and
Hellums, 1986), and of the artifactuai overestimation of the volume of
large particles discussed previously. The total volume fraction

4
subsequently decreased with the formation of aggregates of volume greater

than the maximum volume measured in the present experiments, 10° um3."

- A much higher shear r.ate, G = 940 s~1, appeared to inhibit
aggregate formation initially. The continued formation zf,j aggregateg at
t =86 s ;At this shear rate, however, suggests the presenge of more than
oﬁe' type ‘of platelet-platelét bond: an early l;ond of weak strength and a
stronger bond that forms later in time., Thus, the critical shear rate for
\either the inhibition of aggregation or the initiation of aggregate

break-up 1s likely time-dependent,

3. Summary : ; ;

The present work demonstrates an effective technique for following

platelet aggregation in Poiseuille flow after rapid and uniform exposure

of the cells to knowd concedtrations of ADP. The entire volume

ﬁ distribution of particles between 1 and 105 ~pm3 can be analyzed over a

~
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wide range of shear rate and trangit time. Changes in the eingI; platelet
concentration provide. a ready measure of the overall rate and extent of
aggregation while changes in the total partiéle éoncentration yféld values

: e
of the collision efficiency. A sensitive index of aggregate growth is
provided by changes in the volume»jraciion of particles in suspension.

Together, all three approaches provide a completé account of the

v

aggregation process.

The following chapters of this thesis constitqte a c¢omprehensive
study on the ADP-induced aggregation of human platelets in Poiseuille flow
covering many donors. The effects of shear rate, tr;nsit time, donor sex —
‘ADP concentration, and red blood ceélls are followed througﬁ the

measurement of the single platelet concentration, the collision efficiency

and the volume fraction of particles.

>
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CHAPTER III

EFFECT OF SHEAR RATE AND ADP CONCENTRATION
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ABSTRACT

The effect of shear rate on the ADP-induced aggregation of human
platelets in Poiseuille flow was studied using a previously described
technique for measuring the concentration and volume of single platelets
and aggregates in platelet-ricp plasma, PRP (Chapter 1I, this thesis).

The rate and extent of aggregation were explained in terms of the effect
of shear rate on the number of collisions between activated platelets and
the level of fluld shear stress, At a low level of platelet stimulation
in citrated plasma, changes in the single platelet concentration with time
and shear rate suggest that more than one type of platelet-platelet bond
mediates platelet aggregation at physiological shear rates. Changes 1in
the single platelet concentration, however, do not adequately reflect
changes in the rate of aggregate growth which was generally observed to
decrease with increasing meap tube shear rate from 39.3 to 1800 s~1. Both
the rate of single platelet aggregation and aggrrgate growth were always

" greater for female donors than for male donors. This sex differeace 1s

related to differences in the hematocrit between the two groups. At high

levels of platelet stimulation, the rate of single platelet aggregation

h was much higher but aggregate size was still limited at high shear rates.

/!
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INTRODUCTION

Shear rate is the most important physical parameter governing
platelet aggregation in flowing suspensions. It determines the platelet
collision frequency, the shear and normal stresses which activate single‘
cells and break up aggregates, and the interaction time of cell-cell or
cell-surface collisions, Since shear rate is proportional to fluid
velocity, these factors eilfﬁé\r promote or inhibit hemostatic or throuwbotic
mechanisms, depending on filow‘rate and vessel sgize., The predlilection of
white platelet thrombi to form in regions of high blood flow velocitles,
i.e., in the arterial as opposed to the venous side of the wvasculature,
emphasizes the need to focus on the effect of shear rate on platelet
aggregation In well-defined flow., Time-averaged systemlc arterfal wall
shear rate in humans ranges from 100 - 1000 8”1 and may exceed 1000 g~} in
the capil(laries, based on a parabolic velocity profile for whole blood
(Whitmore, 1968; Chien, 1975; 'i‘uritto 1982). A higher rate of wall shear
would be expected for a blunted velocity profile (Goldsmith, 1972), but it
is unlikely that shear rate exceeds 2000 s~! in the normalﬁhumnn .
vasculature (Turitto and Baumgartner, 1982). It has been shown in vitro
that shear rates less than 2000 s~! are insufficient to activate platelets
directly and induce aggregation (Chang and Rot.)ertson,hl976; Gear, 1982;
Yung and Frojmovic, 1982; Bell and Goldsmith, 1984; Belval _é_t_:_gi., 1984,
Belval and Hellumg, 1986). However, the higher shear rates comwonly found
in e;tracorporeal flow devices and vascular prostheses can induce platelet
aggregation, release and lysis depending on the magnitude of the fluid

shear stress and the time of exposure to the shear field (Brown et al.,

1975; Colantuoni et al., 1977; Dewitz et al., 1978; Belval et al., 1984;
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Jen and MclIntire, 1984).

The importance of the release of platelet-derived platelet
agonists, particularly ADP, in sustaining and enhancing shear-induced
platelet aggregation has led to a number of studies on the effect of flow
on agonist-induced platelet aggregation. Since high shear stresses
activate platelets and induce release, theé aggregation of platelets in
response to exogenous agonists 'is generally confined to shear rates and
to agonist concentrations that are below the threshold for release. Room
temperature facilitates such studies since platelet release 1s inhibited
at ambient temperatures below 27°C (Valdorf-~Hansen and Zucker, 1971),
although aggregation in response to ADP is enhanced. Studies of
agonist-induced platelet aggregation in laminar flow, however, are
handicapped by the method of mixing agonist and platelets., Rapid mixing
engures uniform exposure of all cells to the agonist and allows early
observation of 'the aggregation reaction, but usuall& requires interr\;ption
of the condi'tions of flow that are the subject of study. While most
studies address tt}is issue, the development of well—-defined laminar flow
regimes has tended -to supersede considerations of agonist diffusion and
exposure time. In addition, most techniques have relied upon gross
indices of platelet aggregation\, such as changes in suspension turbidity

or single platelet concentration, and have not. focused on the kinetics of

aggregate growth and/or break-up.

Despite variability in the ADP concentration and suspension
temperature used, several studies have shown the aggregation of

ADP-stimulated platelets to increase with increasing shear rate over the
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range from 0 - 2200}3"1. Chang and Robertson (1976) followed the kinetics
of both Brownian motion— and shear-induced agg’regationx avt: 25°C in a
cylindrical Couette using measurements of suspension turbidity. At 10 uM
ADP, the rate of aggregation'was shown to Increase over the range of shear
rate from 10 to 75 s”! and level off beyond 75 ™1, although shear rates
greater than 100 s8~1 were not tested. The rate of aggregation increasad
with fncreasing ADP concentration, reaching a maximum at 100 pMVM)P;—"
however, the early sta;ges of aggregation were 108;: due to a 10 s pre—shear
mixing period. As well, aggregate size and the kinetics of aggtjegate b
growth could not be extractéd from the changes in suspension turbidity
that were used to monitor a;gregation. Unstable aggregates that formed at
1.5 yM ADP in a parallel plate Couette at shear rates less than 150 s~ at.
37°C were® stable at 5 pM ADP (Yung and Frojmovic, 1982); however, the
release of endogenous ADP at ghe higher level of platelet Cst.lmulation
would have increased the effective ADP conceantratlon. Again, a brilef
period of highl shear ugsed to mix the ADP and platelets prevented

. )
observation of the early stages of the aggregation reaction,

' The complete aggregation reaction has been observed directly

-

4
using a microscopic double infuslon system which allowed the rapild

diffusion of ADP throughout the bulk of a platelet suspension undergoling
Poiseuille flow (Bell et al.,1984; Bell and Goldsmith, 1984). 1In

contrast to conventlonal fixed-volume rotational viscometers and

)

aggregometer cuvettes, such a flow-through system more closely mimics in
vivo conditions. Even though mixing is complete, collisions can occur
between platelets at different stages of activation due to the nonlinear

velocity profile, At 1 pyM ADP, at room temperature the rate and final
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extent of agg}egation after a transit time of 40 s increased wltgrn
{ncreasing mean tube shear rate, G, over the range 4 — 54 8~l, The
c%ncentrgtlon of aggregates of successively increasing size increased and
then decreased in accordance with the kinetics of aggregate growth
‘predicted by Smoluchowski for inert colloidal size particlés
(Smoyuchowski, 1917). Aggregates formed most rapidly in the region gf the
highest shear near the tube wall and as they grew in size and rotated,
collisions with the wall resulted in the formation of large (> 100
plgkeleta) centrally—-located aggregates. Higher shear rates ana longer
exposure times were impractical due to the microscopic dimensions of the
flow system and constraints on the distance for complete diffusion ok
ADP, .Independent measurements oé the decrease in the councentration of
single platedets in Poiseuille flow have shown that higher shear rates
enhance ADP—-induced aggregation (Gear, 1982). At 10 pM ADP and at 37;C,
it was found that ~ 507% of the platelets had aggregated within 2 — 4 s of
flow through the reaction tube at G = 1300 or 2200 8”1, with the rate of

aggréegation higher at the higher shear rate. Again, the release of

endogenous ADP at 37°C would considerably aughent the degree of

aggregation,

LY

Surface-mediated aggregation has also been induced by exogenous

ADP vitro and in vivo. Grabowski et al. (1978) induced the répeated
;d gmbolization of aggregates adherent to\a synthétic membrane
ich ADP was infused. At millimolal ADP concentrations, the
growth rate Yrior to embolization increased monotopically over the range
of surface shear rate from 99 - 986 s~! but in the micromolal rauge of

ADP, aggregate growth decreased beyond surface shear rates of 394 s~!l,

o




Tontophoretic application of ADP to small venules (40 - 70 pm) in

the hamster cheek pouch yieL@ed a maximum growth rate prior to
embolization at mean blood velocities of 0.30 - 0.40 mm 8™, independent
of vessel size (Begent and Born, 1970). Higher velocities

(0.60 - 2,50 mm s~!) produced a decrease in aggregat; growth rate which
eventually levelled off, while no aggregates formed above 3.0 mm s~ 1, Tha,\
combination of short platelet—surface interaction times and high shear
stress may have restricted aggregate growth, although the dilution of ADP

at high flow rates may have limited the extent of platelet activation.

This work examines the effect of shear rate on the ADP-induced

aggregation of human platelets in Poiseuille flow. In the preceding

chapter a method was introduced for rapidly mixing ADP and platelet
suspension prior to flowing through fixed lengths of polyethylene tubing -
at controlled rates, The number concentration and volume of single
platelets and aggregates were measured in the glutaraldehyde-fix;d ,
effluéﬁt using an electronic particle counter. Aggregation was expressed

in terms of the decrease in the concentration of single platelets and

through changes in the volume fraction of single cells and aggregates over
the volume range from 1 - 10° pm?. The two-body collision efficiency was
calculated from changes in the total pa;ticle concentration according to
existing theory. This chapter uses the method of Chapter II to follow the
aggregation of platelets in the citrated plasma of a large group of donors

over a range of mean tube shear rate from 39.3 to 1800 sl at 0,2 and

1.0 pM ADP at room temperature, ,

<
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MATERIALS AND METHODS
. - ' A
1. Platelet-Rich Plasma and Reagents T4

Experiments were performed as described in Chapter II. Venous

blood was slowly drawn from equal numbers of healthy, age-matched male and
‘female volunteers 1nto 1/10 volume, 3.8% sodium citrate. All donors had
refrained from aspirin 1ngestion.for at least 10 days prior to blood
withdrawal and no female donors were taking oral contraceptives,
Hematocrit, HCT, was determined on undiluted venous blood at the time of‘
blood withdrawal. After incubating the blood ata37°c' for 30 min,
platelet-rich plasma, PRP, was prepared at room temperature by
centrifuging the whole blt;t‘)d at 100g for 20 min, and platelet~poor plasma,
PPP, by centrifuging the remair}ing blood at 2000g for a further 20 min, {
All platelet suspensions were maintained under a mixture of 95% air and 5%
CO, to preserve pH 7.4, Frozen aliquots of 2,0 mM adenosine—5'-
diphosphate, ADP, and 100 NIH U ml~! human thrombin (Sigma, St. Louts, MO)
were thawed immediately prior to use and diluted in modified Tyrodes (137
mM NaCl, 2.7 mM KCl, 11:9 mM NaﬂCOa,‘0.36 mM NalllzPOH.liZO) at pH 7.4,
FLfty mtlli‘molar acetyi salicylic acid, ASA, was solubilized by treatment N
with 5 N NaOH and then titrated to pH 7.4 with 1 N HCl. When-required, y

PRP was lncubated for 10 min at 37°C with 1% (v/v) stock ASA. For work

done at room temperature, the PRP was incubated for m further ‘10 min in a

v

22°C water bath,

b

\\2. Flow System

\ All flow experiments were performed at 23 + 1°C. Platelet-rich
plasma was adjusted with PPP to 3.30 x 105 cells pi~! and infused into a,

small cylindrical mixing chamber (6 mm f.d., 9.5 mm o.d., 1.5 mn height)

!
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using a syringe pump. ADP was simultaneously infused into the mixing
chamber \via an independent syringe pump at a fixed flow ratio,

PRP:ADP = 9:1. -After rapid mixing, the PRP-ADP suspension exited fhe "
chamber and flowed through lengths of 0.595 or 0.380 mm radius, Ro’
polyethylene tubing (Clay Adams, Parsippany, NJ), for preset mean cell
transit times, t = Xalﬁ, from < 0.1 to 86 s, where X, is the distance down
the flow tube and U is the mean linear fluid velocity. The aggregation
reaction was instantaneously ahd permanently arrested by collectlng’ known
volumes of the effluent into 20x the suspension volume of 0,5% (v/v)
isotonic glutaraldehyde (J.B. EM Services, Pointe Claire-Dorval, (C).
Total volume flow rates, Q, were preset from 13 to 155 puf s~! to generate

mean tube shear rates, G = 2Q/nRg, between 39.3 and 1800 s~1,

3. Thromboxane B, -

Thromboxane B,, TXB,, was measured to a lower limit of 50 pg m1~l
in the plasma of selected experiments by radlioimmunoassay, RIA, using
3H-T)$/ﬁ2 (New Engiand Nuclear, NEK700A, Lachine QC). Approximately 800 uf ’
of, w’\fixed effluent platelet suspension were collected into 1 ml plastic
syr/;.nges and immedi 1'y filtered free of cells using 0.2 pm pore syringe
filter units (Millex-GS : il1lipore, Missisgsauga, ON), The filtered plasma

was incubated for 20 min at 37°C and stored at -20°C until the RIA was

performed. '
/4. Particle Concentration and Size .
The number concentration and sizé of single platelets and

»

/ aggregates were measured using an electronic particle counter (Coulter _ZM,

,,/ Coulter Electronics, Hialeah, FL) in conjunction with a' logarithmic

/

/
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~

amplifier KCoultér Log Range Expander) and a 100 channel pﬁise height
G“ ‘ analyzer (Coulter Channelyzer C1000) to gene‘rateAa 250 class log—volume
histogram over the volume range 1 - 105 pm3. As described 1in detail-in
Chapter 11, permanent tracings (Coulter XY4 Recorder) of each histogram
were manually transposed into a microcomputer (HP 86, Hewlett Packard,
Kirkland, QC) using a digitizer (HP 9111A). The distribution of
background in the small volume range of the log—-volume histograms was
measured separately in PPP and then fitted by a decreasing exponential
function using a weighted least squares regression. Using a trial and
error iterative procedure, a normal curve was fitted to the distribution
of single platelet log-volume over the range where the influence of
background and microaggregate contamination is minimal. Background was
subtracted from the méaeured log-volume histograms' to give the same
content in clas? 1 of the resultant histogram as that predicted by a
normal distribution of single platelet log—volume. The number~
concentration per histogram class is N(xi), particle volume v(xi), and
- volume fraction Q(xi) - N(xi)v(xi), where xiis the mark of the ith class.
Computer:integrat:ion of the log-volume histograms yielded the numl?er of

13 e

particles counted, n (E), the m;mber concentration, N (E), and the
L,U ) 0 L,U

”vollume fraction, @L,U(E), of particles between lower, L, and upper, U, -

-volume limits at time t.

1 4
4

e

Average log-~volume histograms were generated from multiple donors

o

/t each mean transit time after the individual histograms wer;e transformed
into equivalent histograms using the average of the mean single platelet

volume qnd'standard deviation of all donors concerned, The mean,

@i normalized volume fraction of the ith class is given by

-

tarans
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5(x1) = [ﬁ(xi)v(xi))/[Q(xm)v(xm)], where ﬁ(xi) 1s the mean normalized

o . particle concentration per histogram class, and ﬁ(xm) and v(xm) are the

respective mean normalized number conceantration and volume of the class of

maximum concentration, m, at t/= 0 s. Details.of the transformation and
averaging are described in Appendix I1I. The ultiwmate effect of these

procedures is estimate of the changes in particle volume 1n

relation to the mean s%rglé platelet volume and standard deviation, as
opposed to simply averaging changes in absolute volume.

5. Statistics ) -

The mean, ;, mode, Bood? median, Mned and standard deviation, c;
of the linear volume distribution were calculated from the mean, ;. and
standard deviation, s, of the log-volume distribution, assuming a normal
distribution of the latter (Kenney and Keeping, 1951; Documenta Geigi;

11962). The assumption of log-normality of single platelet volume was
te;ted using(the Kolmogorov-Smirnov, K-S, one gample test (Young, 1977;
Lilliefors, 1967). Skewing, g,, and kurtosis, 52, of the log-volume
histograms and their standard errors were uctermined using standard
gquations for frequency distributions (Sokal and Rolhf, 1969). The
gignificance of deviation of these sample statistics from the parametric
value of zero was tested using two-talled Student's t-tests. Two-tailed

t—tests were also used to test the significance of correlation
. , 4
coefficients. Two-way analyses of variance for unequal sample sizes were

used to test the significance of the effects of shear rate and donor sex -
[

13

~on platelet aggregation.



RESULTS

1. Distribution of Single Platelet Volume

A

/‘ N
Forty male and forty female donors of age 31 # 11 (+ S.D., n = 57)

and 30 £ 6 (n = 56) years, respectively, were used in a total of 113
experiments involving 9 shear rates as shown in Table 1. The data are
grouped according to sex because of large differences in the degree of

- aggregation between male and female donors.

Table 2 shows average statistics of the individual single platelet
log~volume histograms after background was subtracted as described in
Chapter II. The distribution of single platelet volume in citrated
PRP was log—normal according to the Kolmogorov-Smirnov one sample test fé;
74% of 47 male donors and 60% of 42 female donors. All volumes are those
of the equivalent sphere due to the variation in single platelet aund
aggregate shape diééussedﬂin Chapter II., Platelet volume distributions
from both male and female donors that were log—-normal shared the same
average mean volume,‘j = 7.3 pm3. The average standard deviation, mode
and median of the two sexes were also virtually identical, and neither
group exhibited significant skewing or kurtosis., For both groups of
donors, the average measures of platelet volume of distributions that were
rejected by the K-S test were always greater than those of their
log-ﬁormal counterparts; although none of the differences was
statistically éignlficant. The apparent increase in cell volume of the
rejected distributions coincidedlwith significant positive skewing

(8, >0, p < 0,02) and an increased tendency toward leptokurtosis (g, >0,

p <0,01), °
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TABLE 1

) Number of Donors Tested at each Mean Tube Shear Rate

i

Ro G Number of donors "
mm g~1 Male Female
X )
0.595 39,3 13 13
78.6 14 11
' 157 6 7
s | 6 6
0.380 627 : 6 6
940 5 5 -
1250 12 10
1490 6 6
1800 6 6
0 o

L0
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TABLE .2

-

Average Statistics of the Single Platelet Log-Volume Distributions

’ Male Female
Statistic Log-Normal Not Log-Normal Log-Normal l Not Log-Normal
No. Donors ° 35 12 25 17
HCT, % 46.1 + 2.2 44.9 + 2.5 40.4 ¢ 2.5 40.1 + 3.0 )
m 7.3 + 0.9 Je4 1l 7.3 £ 1.0 7.5 £ 1.1
o 4.6 + 0.8 4.7 + 0.7 4.5 £ 0.9 4.7 £ 0.9 \
| ' =
S 4.5 £ 0.5 4.5 £ 0,7 4.5 £ 0.4 - 4.5 = 0.5 T"
Poed 6.2 t 0,7 6.3't 0.9 6.3 + 0.7 6.3 + 0.9
* %%k %k
g 0.014 + 0,037 0.050 + 0.112 0.022 + 0.046 0.086 + 0.066
kk *%
g5 -0.035 + 0.069 0.104 *+ 0.154 0.002 + 0.081 0.108 + 0.098 C—
nL,U(O) 15385 + 1313 15380 + 1244 14904 + 1269 15080 + 1173 -
- Statistics of individual platelet log-volume distributions calculated at t = 0 s

over the range 1 - 50 pm3 after background was subtracted were averaged for the stated nfsber
of douors of each sex. The distributions were further partitioned into those that were

- accepted as normal by the K-S one sample test and those that were rejected. Symbols are as

described in the text and volumes are in pm3. Significantly different from zero:

* p < 0.02, ** p < 0,01, *** p < 0.001.

| S 5




2. Single Platelet Concentration

e

(a) Effect of Shear Rate and Donor Sex

The mean single platelet concentration prior to shearing was
279,000 + 23,000 cells pL"!l (% 8.D.) for the male donors and 278,000 ¢t
34,000 cells pk’l fo; the female donors. Figure 1 shows the single
platelet concentratiogxafter t = 4325 exposure to 0.2 uM ADP, N1'30(E).
normalized to a control at O s, N1’30(0), as a functlon of khe mean tube
shear rate. A two-way analysis of variance verified that the exteat of
aggregation of platelets from female donors was significantly greater than |,
that of platelets from male donors (p < 0,001) over the range of shear
rate 39.3 < G < 1800 s~! (Table 3). The gex difference was greatest at N
G = 314 s~ 1 where 76% + 3.4 (S.E.M., n = 6) of single platelets from the
female donors but only 497 + 3.9 (n = 6) of those from male donors had
aggregated, Significant changes (p < 0.001) in the single platelet
concentration as a function of mean tube shear‘rate produced a similar
pattern of aggregation for both groups%of donors., Aggregation {ncreased
as the shear rate increased up to a maximum at émax = 157 and 314 8~} for
male and female donors, respectively, Thereafter, aggregation decreased
linearly with increasing shear rate down to a minimum at G = 940 and
1250 s”! for male and female donors, respectively. Further increases in
shear rate, however, produced an increase in aggregation for both sexes,
The two aggregation curves intersect at G = 1250 s~} where aggregation had

beguneto increase for the male donors while it was still decreasing for

the female donors.

Although no significant aggregation was observed Ln the controls

in which modified Tyrodes was infuged (Table 3), and no sex difference was

-
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Figure 1: Single Platelet Concentration vs. Mean Tube Shear Rate

The normalized single platelet concentration, N1 30(E)/N1 30(0),
- ] r
(t S.E.M,) after t = 43 8 exposure to 0,2 yM ADP as a function of mean
tube shear rate for male and female donors, In the control runs modified

¥

Tyrodes was infused instead of ADP,
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TABLE 3

Two-Way Analysis of Variance of Data Shown in Figure 1

ADR
Test Sum of Squares df Mean Square F-Ratio p
) o
*
Sex 906988 1 906988 45,4 < 0,001
Shear 1275183 . 8 159398 7.97 < 0,001
Sex x Shear 268612 8 33577 1.68 n.8,
Error 2199741 110 19997
CONTROL
Test Sum of Squares df Mean Square F-Ratio P
L 7
ﬁ
Sex 53 1 : 53 0.026 n.8.
Shear 21072 7 3010 1.447 n.s,
Sex x Shear 46384 7 6626 3.186 < 0,006
Error 137273 66 2080 ¢ '\
]
0o “
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present, a significant interaction (p < 0.006) between donor sex and mean
tube shear rate was reflected in reciprocal single platelet .
concentrations. This pattern was produced by the break-up of preformed
aggregatesg(N1 30(E)/N1 30(0) > 1) for the males at G < 940 s~! and for

» 14
the females at G > 940 s~1 in conjunction with a slight degree of
aggregation (N 5 (£)/N,;(0) > 0.93) of the platelets from the

] ’ -
respective donors of the opposite sex, It-is interesting that in the
controls the single platelet concentrations for the male and female donors

reversed at the same shear rate at which the ADP aggregation curves

intersect, ///’—5\\\\).
-

The sex difference persisted through all mean transit times
between L = 2.1 and 86 s as shown in Figure 2. At Emax = 314 s”! for the
female donors, only 13% + 2.4 (a = 5) of single platelets rgmained
unaggregated after t = 86 s, while for ma}e donors after the same mean
transit time, 37% * 9.2 (n = 6) were unaggregated at émax = 157 s~l, For
both groups of donors, the aggregation curves for t < 11 s show the length
of an initial time delay in the onset of significant aggregation (lag
phase) to increase with increasing mean tube shear rate. The effect of
the lag phase was more pronounced for the female donors where changes 1in
the ringle platelet concentration were greatést. Heré, the length of the
lag phase decreased at amax = 314 8”1, but by G = 1250 s~! it approached

t =21 sy similar to that for the male,donors.

(b) Donor Hematocrit

A strong correlatigp of the normalized single platelet

concentratiog}with donor hematocrit (r = 0,91, p < 0,001) was obtained
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Figure 2: Single Platelet Concentration ve., Mean Tube Shear Rate

Normalized single platelet concentration, N1 30(E')/N1 30(0),
- : ' y ?
o (f S.E.M.) vs mean tube shear rate for female (a) and male (b) donors
after 2.1 < t < 86/s- exposure to 0.2 uM ADP.
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when male and female donors at t = 43 8 and G = 314 s~! were grouped
together (Fig. 3).\ Similar, but generally less significant, correlations
were found at all mean tube shear rates from 39.3 to 1800 s~l, except at

. Ty,
G = 1250's~1 (r = -0307) where p@ sex difference existed.

(¢) Thromboxane 82- ,

The concentration of TXB, w;s measured in éRP at 940 < G < 1800 s~}
for several male and female donmors (Table 4). Although TXB,
concentrations as high as 6 ng m1~1 in PRP and 10 ng m1™}! in PPP were
obtained ﬂuring platelet preparation, neither sex showed significant
changes in TXB, concentration fromsthat at t = 0 s in either control or
ADP infusion runs, Concentrations of TXB, at t=03s8 slightly greater
than-those in PRP during platelet preparation resulted from the dilution
of PRP with PPP to obtain‘the required platelet concentration for the flow

experiments. Thromboxane B2 concentration did noE correlate with donor

‘hematocrit in either PPP (r = -0,43, n = 10) or in the PRP of the ADP

fnfusion runs at t = 43 or 86 s (r = 0,05, n = 28), nor did it correlate
with the normalized single platelet concentration at C = 1250 (r = 0,27,

n=11), 1490 (r = 0,30, n = 7) or 1800 s~! (r = 0.46, n =410).

For comparison, PRP from three donors was stirred in standard
aggregometer cuvettes and TXB, was measﬁred after exposure of the
platelets to ADP or thrombin for 2.5 min in the presence and absence of
506 puM ASA (Table 5). At 22°C, 100 pM ADP was incapable of inducing TXB,
generation, and 5 U m1~! thrombin was capable of inducing only a modest-
amount of ASA-insensitive TXB, production. At 37°C, 100 M ADP produced

TXB, concentrations less than those produced by 5 U wl™! thrombin at 22°C.

T
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Figure 3: Correlation of Single Platelet Concentration with Hematocrit

Normallzed single platelet concentration, N 1, 30(t)/N 30(0), Vs
donor hematocrit for the male and female donors combined at t = 43 g and

G = 314 s~1,
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. TABLE 4

Plasma Thromboxane B, Concentration
L
ng m1~1 (+ S.D.)

G, g~}

Platelet Preparation

n* Control ADP
] PRP PPP t=0s <1ls 86 s t<ls 43 s 86 s
E -
940 1 | 1.09 6.00 1.09 1.10 1.65 0.68 - 1.23
-
1250 6 | 0.87 (2> 3.30 (4) | 3.15 2.13 2.09 2.27 (5) - 1.97
+1,23 +1.59 +1.55 +1.58 +1.46 +1.50
5 4.40 (1) 9.98 (3) 4.05 4.08 4.15 5.40 (3) - 4,43
: +5,68 +3.04 +2.89 +3.32 +4.42 +3.15
v’
i
1490 4 0.34 (2) 2.05 (1) 1.48 1.65 (3) 1.77 1.16 (3) 1.44 -
+2.08 +2,02 +1.84 +0.79 +1.93
3-11.24 (2) 9.60 (1) | 1.93 1.29 (1) 2.59 (2)] 2.58 (2)  1.60 -
' 1800 5 - - "6.19 - 6.05 5.81 6.15 -
£4.00 +4.05 +3.64 4,16
5 - - 2.00 - 2,11 2,60 2.32 -
+2.37 +2.54 +2,02 +2.04
*~ﬁhmber of donors, except where indicated in parentheses

e

f
-
i
»
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TABLE 5

-}

Thromboxane B, Concentration (ng ml~!) in PRP in Aggregometer

after 2.5 min Exposure to Platelet Agonist

Temperature Agonist Donor 1 Donor 2 Donor 3
B - _ female nale , female
’_l_'__—:__?;_——__—r_:*——%;—_—fz;
22°C ADP '
0.2 uM 2,9 - 0,00 - 4,06 -
1.0 pM 2.78 - 0.14 - 4,25 -
10 pM 2.75 - 0,31 - 3.95 4,55
100 '.M 2.82 - 0.90 0.78 a;lo -
- Thrombin M
0,1 U w1~} 2.28 - 1.40 - 5.55 -
1 u.pl} 2,63 - 16,2 - 6.19  5.45
5y ml~} 43,8 - 25.5 29,5 40.1 -
37°C ADP ;
1 pM - - 1,04 - 4,55 -
" 10 uM - - - 3,12 - -
100 pM 21,4 - 16,0 3.78 12.2 7.00
Thrombin
0.1 ¥ m17! - - 1.75 - - -
1 ¢ ml~} 3.25 - - - - -
50 ml”! | 260 - 266 - 390 47.5
X .
pM ASA for 10 mip. v

* Incubated with (+) or wi%hout (=) 500
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L
Thromboxane B, generation in the former was, however, inhibited by ASA.
‘;? Aspirin also inhibited most of the large quantity of TXB, produced by 5 U
ml1™! thrombin at 37°C, although significant amounts of TXB,, comparable to
those produced at 22°C, persisted.

v

3. Total Particle Concentration

(a) Rate of Aggregation

Mean values of the negative logarithm of th; total particle
concentration at time t, N1,105(E)’ n?rmalized to that at t = 0 s,
N1'105(0), were plotted against t for the female donors in Figure 4,
Although the extent of aggregation was greatest at G = 314 871, the
highest rate of aggregation occurred within the first t =2s at
G = 39.3 s~} where the single platelet concentration decreased at a rate

of 4.2% g1 + 0.9 (% S.E.M., n =~ 10). At this shear rate, the rate of

aggregation ategdily\decreased with ingreasing mean transit time.

The combined effects ;f an initial lag phase followed by
progregsively increasing then decreasing rates‘;f aggregation produced
sigmoid aggregation curves for all G > 39.3 8”1, The length of the lag
phase increased with increasing mean tube shear rate reaching t ~11 8 at
G = 1250 s‘l._ In addition, as the mean tube shear rate was raised, not
only did Lhe maximum rate of aggregation decrease, but it occurred at
progressively increasing mean transit time. At G = 314 g~1 the maximum
rate of aggregation of 2.8% s™! + 0,2 (n = 5) occurred between t = 8,6-
and 21 s, while at G = 1250 s~! the rate was maximal at 1.0% s~! + 0.2
@ {n = 5) between t = 21 and 43 8. Male donors exhibited a pattern of
aggregation similar,to that of the female donors at-the same shear rate

1
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Figure 4: Total Particle Concentration

The negative logarithm of. the normalized, total particle
concentration, -J!n[N1 105(E)JN1 105(0)], (+ S.E.M) plotted against t at
- ]

G = 39.3, 314, 1250 and 1800 s™' for the female donors.
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but always with much longer lag phases and reduced rates of aggregation.

f?b) Collision Efficiency

In addition to p?oviding an index of the rate of aggregation, the
slope of the curves in Figure 4 can be used to calculate the collision
efficlency according to Eq. [21] of Chapter II. The individual coilision
efficlencies of all donors at each mean tube shear rate were averaged over
three time intervals for both sexes as shown in Table 6. A maximum

collision efficiency, a, = 0.282, was obtained at G = 39,3 s~! between

t = 0 and 4,3 8. Throughout all three time intervals, @ either decreased

or remained congtant as the mean tube shear rate was increased up to

G = 1250 8”1 where a < 0.002, Considering the high collision rate at

G = 1800 s~1, a small but significant increase in collision efficiency was

»
sufficlent to*support a high rate of aggregation (Fig. 4).

The dgpen&énce of collision ;fficiency on time and shear rate
together is revealed in Figure 5 where @ is plotted against the logérithm
of the product tG. For any given time interval, increasing tG has the
effect of increasing the shear rate, The individual curves were more
clearly delineated by plotting @, vs. tG, rather than @, V8. G. Between
t =0 and 4.3 8, the collision efficiency followed an apparent exponential
decrease with increasing mean tube shear rate. . A similar decline in
collision efficiency Qith increasing shear rate over the time interval
from t = 4.3 to 8.6 s was interrupted between G = 157 and 314 s~!, but
resumed at a higher rate of decrease beyond G = 314 s~1, The collision
efficiency\pgmaided r;latively constant in the interval from t = 8.6 to”

21 s for G € 157 871, Higher shear rates, however, produced a sharp drop
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TABLE 6

Effdct of Shear Rate and Trangit Time on Collision Efficlency

3
a x 1g) (& S.E.M.)

SEX G, s~1 .
t =0-4.38 4.3 - 8.6 8 8.6 -2l 8
39.3 | 126 + 32,0 72,6 + 22,9 62,9 + 15.6
157 21.2 + 11,0 27.2 + .8.7 52.4 t12.3
Male NG 8.0l + 2.62 | 14.8 + 47 | 23.8 & 3.3
1250 2.42 + 0,84 0.99 + 0,41 2.05 + 0.46
39.3 282 + 69,1 94,1 + 30,5 115  +21.9
157 40.8 + 7.61 37.6 + 10.5 101 + 20.1
Female 314 18.6 + 5.23 37.7 + 8.79 53,2 + 8,05
1250 0.0L + 0,01 1.92 + 0.58 2.14 + 0,71
1800 0.66 + 0.36°} 2,45 + .0.95 -
* < ]

T
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Figure 5: Collision Efficiency vs. tG

Collision efficlency, s (+ S.E.M) over three time intervals,

t =0 -4.3, 4.3 - 8.6 and 8.6 - 21 s plotted against G,
7/
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in collision efficiency in this time interval.

4, Agpregate Growth

v

(a) Aggregate Size Distribution

The evolving pattern of aggregate growth for the female donors is

11lustrated in Figures 6 - 8 through plots of the normalized average claas
p

vélume fraction, E(xi), versus particle volume, The decrease in single
platelet concentration (1 - 30(um3) was accompanied by a sequential rise
and fall of aggregategfék Qucéessively increasing volume., Joining the
steadily decreasing rate of aggregation with time shown earlier at
G = 39.3 s~! was the formation of aggregates having a broad spectrum of
gize at t = 86 8. At G = 314 8”1, no aistinct aggregate peaks were
present prior to t = 8,68 bgt by t=21s aggregates of relatively
" discrete size were present. As aggregation continued, the upper limit of
.aggregate size increased. By t = 86 s, most aggregates were present in
one large group, a significant proportion of which exceeded 103 um3, the
largest volume measured. Although there was considerable aggregation at
G = 1800 s‘l, the aggregates occ¢upled a size range considerably narrower
than at the same mean transit time at G = 314 s~l, A similar pattern of
‘aggregate growth was exhibited by the male donors; however, aggregate size

was always much reduced compared to that for the female donors at the same

mean transit time and mean tube shear rate.

(b) Aggregate Growth Rate

Figures 6 - 8 {llustrate the continuity in the evolving
distribution of aggrégate size, but they do not convey a sense of the rate

of aggregate growth. This 18 provided in Figures 9 and 10 for female and

\

!



- 159 - ‘ S

v(x;), pm3

Figure 6: Volume Fraction Histograms at G = 39.3 s~!

Three—dimensional plot of the mean, normalized class volume
fraction 5(x1), (t S.E.M, dotted line) vs particle volume at mean transit
(7 ) times fromt = 0 - 86 s for the female donors at G = 39,3 s~I,
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Figure 7: Volume Fraction Histgbgrams at G = 314 g1

Three-dimensional plot of the mean, normalized class volume
fraction 5(1(1), (t S.E;M, dotted line) vs particle volume at mean transit

times from t =,0 - 86 s for the female donors at G = 3t4 81,
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Figure 8: Volume Fraction Histograms at G = 1800 g~!

Three~dimensional plot of the mean, normalized class volume

- - \
fraction @(xi), (+ S.E.M, dotted line) vs particle volume at mean transit
times fromt = 0 - 86 s for the female donors at G = 1800 s~1,
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Figure 9: Effect of Shear Rate on Aggregate Growth for Females

The normalized volume fraction of particles between lower, L, and
upper, U, volumes, @L,U(E)/Ql,los(O) (¢ S.E.M.), plotted agalnst t for the
female donots., The volume limits, L-U, from 1-30, 30-102, 102-103,
103-10%, 10%-105, and 1-105 pm3 are shown beside their respective plots.
No particles were present in volume ranges not listed., The broken line

represents the control values of single platelets (1-30 pm3). -
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Figure 10: Effect of Shear Rate on Aggregate Growth for Males

The normalized volume fraction of particles between lower, L, and
upper, U, volumes, Qi,u(z)/¢1’105(0) (t S.E.M.), plotted against t Eor the
male donors. The volume limits, L-U, from 1-30, 30-102, 102-103, 103-10%,
104-105, and 1-105 um3 are shown beside their respective plots. No
particles were present in volume ranges not lieted./’The broken line

represents the control values of single platelets (1-30 pm3),
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W
male donors, respectively, where theivolume fraction of aggregates, L
[
o @L’U(t), between lower, L, and upper, U, volume limits was normalized to g

the\fotal volume fraction, <I>1,105(0), att = 0 s, As previously noted,
small aggregates were pregsent at t =0 s, For the female donors (Fig. 9),
i at \(?= 39.3 871, _a rapid rise in the volume fraction of aggregates from .
30 - 102 pm3 was followed by increases in theﬂvolume fraction of ¢
aggregates of successively increasing size. At higher shear rates, -
\ changes Ln th;: volume fraction of sfngle platelets (L =1, U = 305 with
increasing mean transit time fqllowed the sa;me sigmoj:d curve as did

changes in the single platelet and total particle number concentration

- described previously. The phase preceding aggregation was evident

through delays in the ofiset of changes in the volume fraction of both

single cellsﬁ and aggregates, The lag phase increased with increasing mean

tube shear rate up to G g 1250 8”1 where no aggregates > 10" um3 vere »
.. formed. Even though the lag phase at G = 1800 s~} was shorter and the \f -
rate of aggregation higheri than at G = 1250 8~!, the aggregates formed
were smaller than those at G = 314 s~ at the same mean transit time. At
G = 314 8”1, the sequential formation of aggregates of discrete size and
their subsequent iicorporation into éggregates of larger size was clearly
evident. -The total normalized volume fraction greatly exceeded ‘l.O with
the appearance of aggregates greater th;;t 103 pm3, but decreased again as \
the number of aggregaltes greate:"‘kthan 104 pm3‘(}increased.

\

- ¥,

~

A similar pattern of aggregation at all equivalent mean tube shear
rates was observed for the male donors but with consistently longer lag
phases and lower rates of aggregaf’f‘:c;rf as seen through changes in the

o volume fraction of both single cells and aggregates (Fig. 10). At G = 314 871,

e emem AY ’
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however, there was a significant departure. The volume fraction of the

- (
. largest aggregates méasured at t = 43 s (10% - 10P ym3) was greater than

that of aggregates in the next smallest group (103 - 10% ym3). The
concentration of the largest aggiitegates subsequently decreased at
t = 86 s; however, that of aggregates from 102 - 103 pm3 and 103 - 10% pm3

X
continued to increase, and the latter at a gredater rate, This phenomenon

“is indicative of aggregate break-up at long transit time.

5. ADP Concentration

(a) Single Platelet Concentration

, Flatelet-rich plasma from single representative male and female
donors of wideli different ﬂématocrit (HCT = 43.9% and 34.5%,
regpectively) was sheared at G = 39,3, 314, and 1800 s™! in the presence
of 0.2 ;nd 1.0 pM ADP., The normalized single platelet concentratibn,at
three mean transit times is shown in Figure 1l. At equivalent Qean
transit times and mean tube shear rates, the extent of agé%egation was
always greater at 1.0 yM ADP than' at 0.2 uM ADP for both the male and the.
female donor. As.previously found at 0.2 uM ADP, aggregation was greater
for the female donor than for the male &onor at all shear rates and
transit times with the greatest difference at G =‘314 s~l, At this shear
rate aggregation was minimal prior to t = 4,3 8. At 1.0 uM ADP, however,
tlie male donor exhibited a degreé of apgregation greater than that of the
female donor at G = 39,3 and 314 ™!, while both donors exhibited the
greatest aggregation at G = 1800 s™! with no apparent sex difference. It
18 interesting that at this shear rate < 1% of single platelets remained
unaggregated at't = 43 s, In addition, no lag phase was apparent

preceding aggregation for the male donor at 1.0 pM ADP.
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Figure 11: Effect of [ADP] on Single Platelet Concentration

The normalized single platelet concentration at t =4,3, 11 and |
43 5 and G = 39,3, 3lh.and 1800 s~ for the male and female donor.
Unghaded bars denote 0.2 puM ADP and shaded bars 1.0 puM ADP. .
* < 1Z single platelets remaining.g
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(b) Collision Efficiency

Values of the collision efficiency at 0.2 pM ADP for the femaie
donor STable 7) were consistent with the mean values of the female donors

.given in Table 6, while those for the male donor shodedhmoré variation,

- particularly at G = 39.3.57! where they were .considerably higher. With
1.0 pM ADP there was a large increase in @, at all mean transit times and
mean tube shear rates, A notable exception was at G = 39.3 s~! between
t =0 and 4.3 s for the female donor where @, actually decreased. For the
male donor at this shear rate and time. interval, however, the collision

" efficiency increased dramatically from @ = 0.277 to 0.765.

-

o

At all mean transit times with both 0.2 and 1.0 pM ADP, o
(decreased with increasing mean tube shear rate, Collision efficiency
Qaried with mean transit time, however, in a manner dependent on mean tube
shear raté, At G = 1800 s'ﬁl , always increased witgdﬁpcreasing mean
transit time with 0.2 pM ADP but decreased after t = gl s with 1.0 uM ADP.
The concentrat{on of TX;Z zt t = 43 3 was generally less than 1.0 ng ml™1

at all shear rates with either ADP concentration for both donors

(Table 7). . /

(c) Rate of Aggregation

Table 7 also shows the rate of decrease of the normalized single {
platelet concentration over the same time interval that the two—body
collision efficlency ﬁgs calculated. At 0.2 pM ADP the rates of
aggregation of platelets from the female donor were generally greater than

those from the male donor at all mean tube shear rates and mean transit

times, with maximum values for both donors at G = 39.3 s~! petween t = 0
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o TABLE 7

Effect of ADP Concentration on Collision Efficlency and Rai{Wwegf Aggregation

t=0-4.38 4.3 -1138 11 - 43 s
Sex ADP *TXB2 G **a *rate a rate | a . rate
(o] o o)
uM ng ml”!  g71 | x103 % sl | x103 % s~lf x103 % g!
0.2 1.35  ° 39.3 | 277 2.2 78,7 0.6 | 109 0.7
0.78 314 0.00 0.0 23.4 1.7 | 32,7 1.4
0.50 1800 1.02 0.4 3540 1.3 7.09 1.6
) Mile
1.0 2,28 39.3| 765 5.7 | 238 1.3 [ 317 1.2
0.9 314 | 49.8 3.2 |29 8.1 | 981 0.9
0.72 1800 5.45 2.0 44.2 9.5 | 38.5 0.9
0.2 0.52 39.3 | 334 3.0 83.7 0.8 | 84,2 0.6
0,41 + 314 27.6 2,1 38.7 2.6 | 56.8 1.7
0.76 1800 0.39 0.3 4,96 2.0 9.41 2.0
Feﬁale )
1.0 0.27 39.3 | 246 2.6 | 140 1.0 | 237 1.4
) ©0.26 314 26.3 2.1 | 58,9 3.7 | 82.9 1.8
b ‘ 0.65 1800 10.0 4.2 36.8 8.4 | 24.4 0.8
“ : :
*. Measured at t = 43 s, - . - / '

‘** Calculated from Eq. [21]) of Chapter 1I. . —

¥ Given as>the ,percent decrease in the normalized ainglq platelet

. : concentration.

vt




and 4.3 8. As previously found,’longer transit times resulteéd in

decreased rates of aggregation, and as the shear rate was increased the
maximum rates of aggregation both decreased and occurred at progressively

longer transit times,

A similar pattern was observed with 1.0 uM ADP at G = 39,3 g1 and
314 s~} with the maximum rates of aggr;gation l;eing generally greater than
those at 0.2 M ADP. This was particularly true for the male donor whe;'e ]
the rates of aggregation now exceeded those for the female donor., The .
highest rate of ag:gregation also shifted to G = 1800 8-,1' between t = 4.3

and 11 8 where the single platelet concentration decreased at rates of 9.5

and 8.4 % 8~} for the male and female donor, respectively.

(d) Aggregate Growth

Aggregate growth at 0,2 pM ADP (Fig. 12 - 14) followed the

patterns typical of Figures 6 — 8 for both donors, At all three shear

‘rates at t = 43 8 both the number and size of aggregates of platelets from

the female donor were greater than those from the male donor, while the
single platelet concentration was, accordingly, much reduced. The sex
difference was most pronounced at G = 314 8”1, A slight degree of

aggregatlon was present in the control of the female donor after the same

mean transit time at G = 314 5”1,

The much greater rate of aggregation at 1.0 yM ADP than at 0,2 uM

ADP at the same shear rates led to the production of larger aggregates,

At the higher ADP concentration, however, no sex difference was evident.

Aggregates from the female donor were slightly larger than those from the

.



Figure 12: = Aggregate Growth vs [ADP] at G = 39.3 g7}

'

Offset plot of the volume fraction per histogram Elasa, m(xi), \4:
particle volume, v(xi), for the male (a) and the female (b) donor after
t = 43 s exposure to 0.2 and 1.0 ﬁM ADP at G =~ 39.3 s7l, Also shown 1s.a

N control at t =0s.
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Figure 13: Aggregate Growth vs [ADP] at G = 314 g~}

PR Of fget plot of the volume fraction per hjstogram class, @(xi), vs
particle volume, v(xi), for the male (a) and the female (b) donor after n
t =~ 4)s exposure to 0,2 and 1.0 pM ADP at G = 314 s, Also shown is a
control at t = 43 s where modified Tyrodes was infused instead of ADP.
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Figure 14: Aggregate Growth vs [ADP] at G = 1800 s~!

Offset plot of Ehe volume, fraction per histogram class, @(xi), vs
particle volume, v(xi), for the male (@) and the female (b) donor after
t =43 s expoéu;e to 0.2 and 1.0 yM ADP at G = 1800 s~!, Also shown is a

control at t = O s,
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male donor at G = 39,3 s~!, while the converse was true at G = 314 871,

At the latter shear rate, a significant proportion of aggregates from the
male donor exceeded the maximum volume measured (103 um3). At ’

G = 1800 s”!, the aggregatesn from both donors were unugsually tightly
grouped into a single population between 10% and 105 um3 with no larger or
smaller aggregai:es, and virtually no single p}atelets remaining., An
increase in the overall volume fraction of. these aggregates is szen by the
magnitude of the ordinate of these log—volume distributions. The small
population of particles between 130 and 260 pm3 at t =0 and 43 s are

white cells which were not incorporated into aggregates.

DISCUSSION

The present work {s the first account of the ADP;induced\
aggregation of human platelets in Poiseuille flow to span the full range
of physijologically significant shear rate. Within this range, the rate of
single platelet aggregation, as measured by the decrease in the
concentration of single platelets, and the rate of aggregate growth were

both highly dépendent on mean transit time and mean tube shear rate. An

- increase in the lag phase preceding aggregation with increasing shear raté

suggests a latency in the expression of platelet-—platélet bonds of high
strength. Measurement of the two-body collision efficlency also reveals
the presence of more than one type of platelet—platelet bond. 1In

addition, . a strong sex difference was observed in both the rate of 'single

platelet aggregation and size of agg‘regat‘esl
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1. Platelet Size ] ‘ .

5

Y

The log-normal model for the distribution of platelet size (Bahr

.

. and ieitler, 1965; wvon Behrens, 1972; Paulus, 1975) was verified

independently for platelet volume from male and female donors. The
average mean platelet volume of 7.3 pm3, uncorrectez; for platelet shape, ’
is consistent with previous uncorrected measurements of mean platelet
volume obtained using electronic particle counters (Nakeff and Ingram,
1970; Paulus, 1975; Mundschenk ﬂﬂ" i976; Holme and Murphy,’; 1980), ~
ng—normal distrikbutions are characteristic of particles that are

w

generated from the multistep fragmentation (Epstein, 1947) or growth
N L S

{Cranmer, 196‘6) of another particle where the variati'on 1?13’: size at each
step 1s a randem proportion of the size reached at the preceding step -
(Ait:chir;son and Brown, 1957). By analogy, Paulus (1975; Paulus et al.,
1976) has proposed that the log~normal size distribution of platelets is a
consequence of random factors controlling the combined rates of growth and
demarcation of, platelet territories during megakaryocyte maturation,
Megakaryocyte polyploidy has also been postulated as a source of platelet
hetérogeneity (Penqington et al., 1976). It has also been proposed that

. o
platglet size heterogeneity is determined by aging in the circulation and
that larger more dense platelets are younger and more reactive (Booyse
gigg., 1968; Karpatkin, 1969a,b; Corash et al., 1978; Rand et al.,
1981). Whatever the source of the’ large var’iance in platelet size, the
present work provides further dat;a to confirm that platelet volume ;\;
repregsented by a single unimodal log-normal distribution.

I

The Kolmogorov-Smirnov one sample t'tf’t was sensitive to small

-

departures ﬁam log—normality and was supported by significant changes in
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the shape of the log-volume d—bstr\ibutions as measured by the statistics a{"
skewing and kurtosis. ThoHe distributions accepted by the K-5 test as
log-normal did not exhibit \hgkewing or kurtosis. Those distm
re.1egted by the K-§ test, however, were both significanti); pos'itively
skewed and leptokurto'tic, i.e., more platelets were located at the mean
and extreme log-volumes than at intermediate values. Taken together,

these parameters poilnt to the p;esence of contaminating microaggregates

.

that were formed during platelet preparation. Such microaggregation is
unavc;idable fn citrated whole blood or PRP’ where a small degree c;f
‘gpontaneous aggreg;tion can occur (Breddin _e_tig_}_., 1976), even after
isolation under stringent conditions. Despite careful blood withdrawal
and the relatively low-speed preparative centrifugation in the present
work, sufficient platelet activation may have occurred (Table 4) to_cause
slight microaggregation. The presence of microaggregates; in some of ‘the
experiments of the present work is revealfﬁy thei:r subsequent brealé—up

in the “controls, and at)early times at G » 627 s~! in the Ai)P infusion

runs (see Fig. 2).

2., Two—-Body Collision Théory '

o . N

The relationship between platelet aggregation and mean tube shear

rate can be explained using the two-bod ligion theory that has been
huccessfulv in modeling interactions between charged colloidal-size
particles in shear flow (Bell and Gol&smith, 1984), In this model the
hydrodynamic resistance preventing the approach of platelet.surfaces and
the hydrodynamic force which alternately brings platelets together and

pulls them apart both increase in proportion to the rate of fluid shear.

In the absence of attractive interaction forces, platelet aggregation is
’




impossible and all collisions result in separation. The expreasion of
14 ”
attractive forces between platelets can result in particle capture and

-

stable doublet formation. For a given state of platelet activationm,
however, as the magnitude of the hydrodynamic forces increases relative to.

1

the attractive force, a Eritical shear rate will be reached beyond which
the attractive forces are unable to preserve doublet integrity., The force
resisting stable aggregate formation is commoniy expressed in terms of the
fluid shear stress. In the preseat experiments the mean tube shear
stress, T = nG, ranged from 0.07 to 3.2 N m~2, where n = 1.8 mPa s 18 the
plasma vi;cosity at 22°C. As the mean tube shear rate increases, the
extent of aggregation is theﬁresulg of a balance between an Increased
frequency of collision (see Eq. [18], Chapter 115 and an increased fluld
shear stress, High collision rates support a high rate of aggregation in
the absence of shear stressea Bufficient to inhibit” doublet formation.

Beyond an optimum shear rate for aggregation, higher fluid shear stresses

can break the platelet-platélet bond and aggregation decreases, It thuld

1 f I

be remembered that in Poiseuille flow the wall shear  stress 1s twice the
mean tub; shear stress. Due to the gradient in shear ratLe across the
tube, overall aggregation in the tube would decrease gradually with
iecreasgs in mean tube shear rate beyond the optimum value, whereas in - '
uniform shear‘fields pggregation would be expected to cease entirely at
some critical shear rate, as has been obgerved in Couette flow by Yung and
Frojmovie (1982).
' ?he time available for stable. bond formation between particles

during cdllision would be expected to have a greater effect on platelet

aggregation than on the aggregation of col}oidal particles since the cells

.
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exprese time-dependent bhénges in the degree of activation that are absent )
fn inert particles. Short interaction times may limit stable doublet

¢

formation at high shear rates byt, since'this time 1s inversely

\ ° 4

proportional to the shear spte (Goldsmith and Mason, 1967), it {is
impossible to separate 'the effects of short interaction time and high
shear stress in limiting stable bond formation. The two-body collision
efficliency, hod%ver{ takes both effects into account by measuring the
fractlon of total platelet-platelet collisions that result in stable
doublet formation, The accuracy of the measur;d colligion efficlency in
the present experiméntsg’ can be verified independently by calculation of
the fraction\of successful gwb—body collisions from the initial rate of
single platelet decrease. ihe total number of two-body collisions per

unit volume of suspension per second can be calculated from Eq. [19] of

Chapter II by u;ing the initial number concentration and volume fraction

of single platelets: ;

. 4@1,30(0)N1,30(0)?

T ’; - [1]

Thus, for téspective rates of single Pfatelet decrease of 2.7 and

4,2 % 87! at 0.2 uM ADP at G = 39.3 8”1, 14% and 21% of all two-body
collLsigns resulted in the forma?ion of stable doublets for the nale and
female donors. The mean volume fraction of single platele&s was

0.195% + 0,023 (+ S.D.) and 0.197% + 0.023, respectively. These values .
are remarkably similar to the collision efficiéncy calculated according to
Eq. [21] of Chapter II between t = 0 and 4.3 8 (Table 6). Although the
collison efficiency was calculated well into the. aggregation reaction, it

1s theoretically based on only two-body collisions. However, the main

3
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result of calculating the collision efficieﬁcy at long times would be 7,
lower“vglues due to the decrease in p;rticle concentration with increasing
aggregation. Thus, it is unlikely that the increase in collision
efficlency with time is artifactual, In the following discussion, the

«

aggregation phenomena observed in the present experiments are explained in

L4
terms of the two—-body collision theory.

3. Effect of Shear Rate \

~

ADP concentrations of 0.2 and 1.0 uyM were selected to give
consistently the same respec€t;e patterns of aggregation 1in the
aggregometer as_ 1 and S-IO-pM ADP at 37°C, within the natural variation
among donors. Thus, plafelet aggregation at 22°C was ~5x greater than at
37°C; however, the release reaction was inhibited (Table 5). Release.
could only be induced in the aggregometer at 22°C. by high concentrations
of thrombin. This is 1; agreement with Valdorf-Hansen and iucker 21971)
Qho showed the release of platelet serotonin induced by ADP but\not

thrombin to be inhibited below 27°C., In the flow experiments qué, as

measured by the stable énd product TXB,, was not significantly hlgher than
Y

:static controls at mean tube shear rates between 3?.3 and 1800 g~! {n

elther the control runs or with 0.2 and 1.0 yM ADP, Thus, it is unlikely
that ADE— or shear—-induced platelet release contributed to the observed
aggregation. In the discussion to follow, 0.2 and 1.0 puM ADP are referred
to as low and high. platelet stimulation, respectively.

~

(a) Low Platelet Stimulation , )
( »
(1) » Single platelet aggregation: Neglecting for the moment the

sex difference, the extent of platelet aggregation increases with
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) 1ncreasingomeanytube shear rate up to an optimum value at ~314 s~1,
Higher she;t rates result in a st‘eady decline in aégregatlon which .
{ncreases again beyond 1250 s~1, Shear stresses abové 5 N m~2, have been
reported to induce platelet aggregation in rotational viscometers at room
temperature (Brown et al., 1975; Belval _eiﬂg’ 1984)., .Platelet granule\
release 18 induced after 5 min exposure to this level of shear stress
while shear stresses of 15 N m~2 g\r\e required to induce release within
exposure ti’mes of the present\experiments (Hellums and Hardwick, 1981).
In the present work wall shear stress reached 6.5 N v~ 2 and, as discussed
above, no release was detected. Furthermore, there was no shear-induced
aggregation in the controls at. the same level of :s8hear stress. It would
seem unlikely that shear—-ind‘txced platelet aggregation contributed to the
increase in ag%regation at high shea;' rates in the present experiments,
It is possible, however, t:hadt.j platelet surface activation in concert with
ADP stifulation led to the enhanced affinity of existing receptors, the

exposure of latent receptors or the induction of some independent o

mechanism of aggregation (discussed later).

©

rd

It is interesting that the highest rate of aggregation was at the

lowest shear rate but this was true for omly the first few seconds of

aggregation, The two-body collision efficiency was also highest under

.

these conditions. Even so, at most only 28% of all collisions resulted in

stable doublet formation. Although the fluid shear stress is low, the

i

collision rate is not sufficient to sust®in & high rate of aggregation.,
At higher shear rates th‘ere was generally a decrease in the fraction of

efficient collisions but a hfgh collision frequency accounts for the

highet rates of aggregation. Theory predicts that when net attractive

.
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forces operate between colliding particles, the collision efficiency
decreases with increasing shear rate (van de Ven and Maso;\, 1977). This

J
has been shown experimentally at shear rates less than 112 s~} for the

aggregation of model latex spheres in solutions(of high fonic strength °
(Swift and Friedlander, 1964; Curtis and Hocking, 1970; Zeichner and
Schowalter, 1977) and human platelets exposed to‘l p.!:i ADP (Bell ;r;d
Goldsmith, 1984)., At the maximum shear rate in the‘ present exper*imenta
collision efficlencies between 0.7 x 1073 and 2.5 x 1073 were measured.
This is in good agreement with the values :reported for shear-indu%
platelet aggregation at shear‘rates between 2000 and 10}000 8~! (Belval and
Hellums, 1)986)0. Thus, the col}ision efficiency decreased by approxisnatelyl
two orders of magnitude betweengshear rates of 39.3 and 1250 s™}, but
remained rela‘;:ively constant th‘ereafter up to shear rates of 10000 s~1,
The large decrease in collision e‘ciency at relatively low shear rates
and the persistence of a nonzero collision efficlency at high sl;ea'r rates
suggest that m‘ore than one type of platelet-platelet bond mediates
ADP-induced aggregation.

-

The increasing ra;tes of aggregation with time as depict'ed by the
sigmoid aggregation curves (Fig. 4,9, and 10) indicate that collision
efficiency increases with time, even after a delay of up to 1l s in the
onset of aggregation. Indeed, not only do measurements of ccllision
efficiency confirm this but they also indicate that the hetérogeneity
among platelet bonds 1s htime-dependent ﬂFig. 5). At early transit times
the high rate of aggregation at low shear rates is gustained by a weak -
bond thz;t is easily disrupted at higher shear rates, resulting in a

corresponding shear-dependent lag phase: Even at low shear rates the

strength of this bond’ gradually -diminishes with increasing transit time
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and, in conjunction ”1fh a low collision rate, produggs a steadily
decreasing rate of aggregation. At high shear rates, the increasing rate
of aggregation at times beyond the lag phase reveals the emergence of a
second stronger bond, Longer times are required before each bond is
gsuffictently strong, or is present in sufficient numbers, to support
aggregation. The two types of bonds coexist at Intermediate trqpsit times
where the weak bond 18 disrupted at low ghear rates but higher shear rates
are required to disrupt the stronger bonds. \The interruption in the /
decrease in collision efficiency with increasing mean tube shear rate
between 157 and 314 s~! at mean transit times between 4.3 and 8.6 s (Fig.
5) points to a transition from weak to strong bhond. At very long exposure
times the strong bonds are maximally expressed through either strength or
numbers, and only high shear rates are sufficient to disrupt them. It is
important to note that although the collision efficiency is very low at
high shear rates, the high collision frequency can sabport a high rate of
aggregat ion, as also found by Belval and Hellums (1986). )

’

The effect of decreasing particle concentration in limiting
aggregation through a decrease in the collision frequency is evident from
the decreasing rates of aggregation at long transit times despite
collision efficiencles that have remained constant or actually increased.
This 13 best 1llustrated by rates of aggregation at t =21 s that are
increasing at G = 1800 s~! but that are actually decreasing at
G = 314 s™L, The higher initial rates of aggregation at G = 314 s~!
depleted the single platelet conceantration to a polnt where the rate of
aggregat ion later in time decreased even though collision efficlency

\

increased. At G = 1800 s~! the inhibition of aggregation at early transit




times preserved a particle concentration sufficient to support™a high rate

of aggregation once aggregation was initiated. Furthermore, the high
concentration of small aggregates at G = 1800 a'{ may have enhanced a high
rate of single platelet aggregation By maintaining a high collision
frequency between small aggqegates\aqdhsingle platelets.

]

(ii) Mechanisms of ADP-induced platelet aggregation: Flbrinogen

1s an essential cofactor for ADP-induced platelet aggregation (Simonettl
et al., 1961; Cross, 1964; Born and Cross, 1964; Solum and Stormorken,
1965; McLean et al., 1965; Tollefson and Majerus, 1975). The
cross-linking of bivalent fibrinogen molecules between activated
glycoprotein 11b—11la (GP§Ib-1IIa) complexes in the platelet membrane is
the believed mechanism underiyin ggregation. Other plasma glycoproteins
such as fibronectin and von Willelrand factor (vWF) bind to GPLIb-Illa
complexes through a similar argini kiglycine-aspartic acid- (RGD)
containing binding sgpuence to that which appears twice in the a-chaln of
fibrinogen (Pytela et al., 1986). However, the high concen?ratlon of
fibrinogen in plasma (George et al., 1984) and the preferentfal binding of
fibrinogen to stimulated platelets in the presence of other adhesive )
glycoproteins (Nurden, 1987) suggest fibrinogen is the primary plasma
glycoprotein mediating platelet aggregation,

The steadlily increasing lag phase preceding aggregation Jith
increag}ng shear rate in the present work polnts to a latency in the
strength of the platelet-platelet bond. An argument can be made for the

requirement of latency in the expression of platelet bonds from the

limitations placed on any colloid whose aggregatibn is mediated by polymer ,
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cross-linking, In order for cross-linking to occur, unoccupled binding
sites must be avallable on both surfaces., In the case of platelets, the
high concentration of fibrinogen in plasma would beé expected to saturate
all binding sites on platelets before cross-linking could occur, In fact,
cross-linking wo&ld require the simultaneous binding of opposite ends of
the bivalent fibrinogen molecule to two platelets immediately after
actixetton of GPIIb-111a complexes, and prior to saturation of these
receptors with free fibrinogen. This scenario seems unlikely given the
high concentration of fibrinogen in plasma., It 18 more likely that all
GPIIb-TIIa complexes would be saturated with free fibrinogen long before
two platelets could simultaneously bind a single fibrinogen molecule.
Instead, a modei of aggregation requires either a low affinity for
fibrinogen binding by activated platelets, and the subsequent continuous
breaking and forming of new platelet—fibrinogen bonds, or the
time-dependent exposure of new bonds that permits cross-linking during the
interaction time of-&pllis}on. Peerschke et al. (1980) have provided
evidence for both high and low affinity binding sites for 1251-labelled
fibrinogen on ADP stimulated platelets; however, Marguerie et al. (1980)
found only a single clas; of receptors. In both cases binding was
saturable and required the continuous presence of ADP- in the absence of
release. Both groups reported that binding increased with time; however,
Peerschke et al. found binding to reach equilibrium after one minute while
Marguerie et al. measured increased binding up to 30 minutes. In
addition, fibrinogen itself appears to have a binding sequence in the
carboxy terminus of the y-chain that recognizes the GPIIb-IIIa complex,
but is distinct from the RGD-containing sequence (Kloczewiak et al., 1984;

Plow et al., 1984; Timmons et al., 1984; Santoro and Lawing, 1987).




Thus, the relatively slow kinetics of fibrinogen binéing and the existence

of heterogenelty in the affinity for fibrihogen provide a mechanism for
platelet aggregation in the presence of high concentrations of the
cross-linking ligand. Furthermore, the increase in the two-body collistion
efficliency with time and the formation of a high shear rate-resistant bonq
can be explained in terms of a time-dependent increase in fibrinogen

binding.,

ol

\

Additional evidence for fibrinogen hinding comes from the covalent
cross-linking of fibrinogen to the GPILb-11la complex (Bennett et al.,
1982), and by the inhibition of hinding by RGD-containing peptides
(Haverstick et al., 1985; Plow et al.,, 1985; Gartner and Bennett, 1985)
and by monoclonal antibodies that recognfze the GPIIb-[Ila complex (Coller
et al,, 1983a; Bennett et al., 1983). These binding assays do not pr%ve,
however,uthat fibrinogen mediates aggregation by directly cross—linking
activated platelets. It has been proposed that GPIIb~IIlIa receptor
clustering is a prerequisite for fibrinogen binding and platelet
aggregation (Aasch et al., 1985; Newman et al., 1987). It is possible
that the role of fibrinogen is to stabilize such clusters permitigg them
to interact in some complementary manner between activated platelets.

.
Thus, fibrinogen cross-linking between platelets per se would not be
necessary for aggregation., If the platelets were initially aggregated by
a mechanism independent of fibrinoéen cross-linking but which maintained
close contact, cross—linking could follow as fibrinogen binding sites were
expressed. Coller (1983)/has proposed that platelet binding of fibrinogen
alone would be sufficent to lower the electrostatic repulsion between the

¢

similarly charged platelets and permit aggregation through van der Waals
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attraction. Coller also points out that platelet aggregation mediated by
pseudopod~sur face or pseudopod- pseudopd interactions would be enhanced
by the effect of the small radius of curvature of pseudopods on lowering
electrostatic repulsion. Since such aggregation is not* mediated by
Bpecificvfibrinogen crosg-linking, it may not be resistant to high sgear {
rates. It does, however, provide a mechanism for the relative{y weak |
aggregation observed at short transit times in the present work.

Recent evidence also supports a stronger role for vWF in platelet
aggregation than previously contended. The pEimar¥ VWF receptor mediating
platelet adhesion to subendothelium iF GPIb (Coller et al., 1983b) and, as
mentioned earlier, vWF can also bind to GPIIb-IIIa (Fujimoto and Hawiger,
1982; Fujlmoto et al., 1982) but the significance of this lattgr binding
is not clear. A role for vWF in mediating stablé adhesion at high shear

rates has been proposed from the observation that the adhesion defect in

von Willebrand’s disease (Tschopp‘gg_}gr, 1974), in which vWF is partially
or totally missing, is more pronounced at wall shear rates greater than

2600 &~ (Weiss et al., 1978). Platelet aggregation onto ;ubendothelium

hds also been reported to be reduced at wall shear rates less than

1300 %‘1 in von Willebrand's disease (Turitto et al., 1984), and a role ,
for vWF in platelet aggregation.has been postulatéd. Recent studies

suggest that GPIIb~IIIa is involved in both platelet adhesion and
aggregation onto subendothelium (Weiss et al,, 1986; Sakariassen et al.,

AJ

1986), and t@at vWF is the principal ligand involved (We}ss 55.21,;31288).
Moreover, VWF has beén found to substitute for fibrinogen in the
ADP-induced aggregation of washed platelets (Timmons et al., 1986) and of
platelets from patients with afib}inogenemia (de Marco et al., 1986).:

Work on shear—induced platelet aggregéti&h has also shown that vWF appears




to mediate platelgt aggregation in suspension at high shear rates at

exposure times of 30 s and that high molecular weight forms, such as found )
in the a-granules of plateiets, ate the most effective (Moake et al.,

1986; 1988). However, in the absence of significast relqgs&‘of.vWF from

\

»

the a-granules, plasma vWF can successfully medi te p%atelet aggregation.
Both GPLb and GPIIb Illa appeared to be essential for %he vWF~medlated
aggregation, as was activation of the surface receptors by endogenous ADP
released from platelets at shear stresses between 3 and 6 N m™2, It is
therefore of interest to po?tulate that plasma VvWF binding i{s responsible
for the high shear rate resistant bond in the present work. Although
there was no release, platelet activation by ADP may have been sufficlent
to induce vWF binding. A role for thrombospondin (TS) in ;tabiltztng the
platelet—fibrinogen bond at high shear rates can be ruled out d;é to the
requirement of platelet release for the expression of TS on platelet
surfaces (Phillips et al., 1980), and the inability of monospecific
anti-TS Fab fragments that inhibit thrombin induced platelet aggregétton
to inhibit primary aggregation induced by ADP (Leung, 1984).

* .

(11i) Aggregate size: The wide spectrum of aggregate slze at

G =39.3 s~ ! shows that aggregate growth is notolimited by a shear gtress
of 0.07 N m™2, Although the fluid shear stress is low, the colllson rate
is not sufficlent to sustain a ﬁigh rate of aggregation and the subsequent
"gnowball" effect fou?d previously at this shear rate with 1 puM ADP (Bell
and Goldsmith, 1984). 1n the present work this effect was evideant at

G = 314 s~1, where large numbers of small aggregates that r;ptdly

accumulated were subsgquently incorporated into a new relatively

homogeneous population of larger aggregates. Analysis of aggregate size
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distributions 'has shown similar behavior for aggregation induced by ADP
in the aggregometer (Nichols and' Bosmann, 1979) or by shear rates greater

than 2000 s~} in rotational viscometers (Belval et al., 1984; Belval and

b

,Hellums, 1986). This form of aggregate gr:)wth 1s characteristic of the

succesaivé rise and fall in the number of small order multiplets of
progressively increasing size predicted by Smoluchowski (1917) for model
spheres and verified experimentally for platelets at G < 54 s~! (Bell and
Goldsmith, 1984). The secjuential formation of similarly-sized aggregates
of relatively large size in the present experiments may have been
encouraged by the presence of a limiting shear rate that restricts
aggregate size at each mean transit time$. The effect of this limit is
more pronounced at G = 1800 5”1 where despite a high rate of aggregation,
aggregate size was much reduced compared to that at G = 314 871, It is
known that for particle aggregatior_x in the presence of adsorbed polymer,
aggregates of equal-sized particles are more readily broken up than
aggregates of unequal;sized particles by shear stresses capable of
disrupting polymer bonds (van de Ven, 1982). Since fibrinogen
crosg-linking between activated platelets is analogous ,to polymer
bridging, this effeect would favor the aggregation _of single platelets and

aggregates at high shear rates. ’ -

b High Platelet~Stimulati
(b) g et §timulation

Comparison of the rate of single platelet aggregation for the two

t

donors tested shows a slight shear-dependent lag phase still present. In
spite of a 5-fold increase in the collision efficiency at G = 39.3 8~} for
the male donor, the collision rate still could not support massive

v

aggregation.' Aggregate size was only slightly greater than at 0.2 pM

BN .




ADP, The high collision efficiency may reflect a Iafge increase in the

affinity or number of fibrinogen binding sites at the highgt level of
platelet stimulation. An increase in the length or numbers of platelet
pseudopods may also increase the effective collision cross-section of ghe
cells., This effect may be responsible for collision efficiencies greater
thaz -1~v that have been measured for ADP-induced platelet aggregation
due to Brownian motion (Frojmovic and Longmire, 1986)., The opposing

effects of a high collision efficiency and. a size-dependent limiting shear

" rate are strikingly evident at high shear rates. At G = 314 8”1 there was

a large increase in both\the rate of single platelet aggregation and
aggregate size. The high rate of decrease in the single platelet
concentration at G = 1800 s~} between 4.3 and 11 8 of 8 - 102 571 led to
the rapid depletion of virtually all single platelets; however, aggreg.ote
gfowth was severely limited. The aggregates were grouped into a narrow

volume distribution between 10% and 10% um3, yet at G = 314 s~! where many

5
‘l

single platelets still remained, aggregate volume greatly exceeded
105 um3, The shear stress of 3.2 N m™2 did not inhibit the recruitment of

all platélets Into aggregates but clearly inhibited aggregate growth,
\

It has been suggested that some platelets within a normal -
population typically do not aggregate (Born and Hume, 1967; Nichols and
Bosman, 1979; Gear, 1982). The present work shows clearly that given a

eqfficiént collision frequency and degree of platelet activacion'all

- 7
platelets will aggtegatef Neglecting the overlap of single platelet and

microaggregate volume, the shape of the single platelet log-volume
- 4

distribution remained symmetrical about the initial modal volume during

Al

aggregation indicating that'ali siagie platelets were beirng recruited

\1 et



equally well into aggregates. Belval et al., (1984) also observed the ‘

aggreéation’bf almost the entire single platelet population as a result of

shear~induced aggregation at shear rates greater than 3000 gL,

4, Sex Differeénce

There is a highly significant sex difference in the gégregation\pf
human platelets in response to 0.2 uM ADP at room tempesftége o;eg’the
range of mean tube shear rate 39.3 < G < 1800 8”1, JThié finding 1s .
consigstent with previous work done in Poiseuillexflow at G < 54 s~ with
1.0 uM ADP (Bell and Goldsmith, 1984), and in the aggregometer at 37°C
with 0.5 - 5.0 pM ADP, collagen or epinephrine (Kelton et al,, 1980;
Coppe et al., 1981). In all cases the platelets from female ddgors
aggregated more than those from male déﬁors. Kelton 35_3}3/(1980) ’
attribﬁted the gex difference to the hematocrit~dependent chelation of
fonized calcium, Calt, wﬁich occurs in citrated PRP when a 1/10 (v/v)‘
dilution of the citrate anticoagulant in whole-blood is routinely
employed. Since at least 96X of added citrate i;\exgluded by the blood
cells (Sakariassen gﬁ_gg:,ﬁl984) and femalp donors generally have lower‘
hematocrits, the plasma citrate concentration would be lower, and the
[Ca2+] correspond%ngly higher, for female donors than male donors. It has
been shown that [CaT*] in citrated PRP correlates inversely Qith donor
hematocrit (Sakariassen et al., 1984), and in the present work an inverse
relationship was found between hematocrit and aggregation. Both platelet
aggregation (Geat, 1982) and adhesion to.subendotheiium (Sakariassen
55_315, 1984) have been shown to increase with.!Ca2+] o;er the range of
(Caz*l (30 -\60 uM) ;o:mally pregent in citrated PRP, Although theﬁ[Cazf]

i
in plasma was not directly measured, Kelton et al, (1980) removed the sex
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difference by adjusting the volume of a fixed concentration of’citrate ) —
[}

added to whole blood According to donor hematocrit to give a constant
concentration of citrate in plasma. In such a‘achemé, however, any other
plasma factor involved in the s;x difference would be diluted, algo as a
function of donor hematocrit, and subsequent removal of the sex difference .
by adjusting the volume of cittatg added would be purely coinc%dental. In

Chapter IV the [Ca?*] was measured using an ion selective electrode and

the sex difference was shown to be due to the difference in plasma [Ca2+]

between males and females. The sex difference was reversed when the

concentration of a fizsf volume of citrpte was adjusted according to-donor —

hematocrit to reverselthe plasma [Caz+] between the sexes.

\
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ABSTRACT

The sex difference in the .ADP-induced aggregation of human
platelets in flowing suspensions was studied using a previously described
technique for measuring the concentration and volume of single platelets
a\nd‘ 'aggregates in cittjated platelet~rich plasma, cPRP (Chapter II, this
thesis). In Chapter III the aggregation of platelets from female donors
was s‘ignificantly grearier than from male donors o'\;eathe range of mean
tube shear rate, G, from 39.3 s™! to 1800 s~! and mean transit time, E,
from 0.2 to 86 8, In this chapter the sex difference was verified at

G =314 57! and © = 43 8. The inverse correlation betveen the extent of
single platelet aggregation and donor helgat:ocrit, and between hematocrit
and the plasma ion}zed calcidm/o}ﬁcentration, [ca?t], as well as the B
positive correlation between the extent of single platelet aggregation and
[Ca?*], fndicated that the sex difference is due to hematocrit-dependent
differences in the [Caz"'] ’that result when a fixed volume of thé chelating
agent citrate 1s used to anticoagulate blood. When the initial citrate
concentration was ad justed independent of the variable volume dilution of
citrate in plasma for each donor, the sex diffletence was reversed. Again, .
aggregation ?orrelated with [Ca2+]. At the physiological [Ca?*] in both
heparinized-PRP and hirudinzed-PRP, the rate of aggregation was much

greater than in cPRP but no sex difference was detected. Aggregate size

was also nfuch larger than in cPRP, "and in heparir!ized PRP virtually all
single platelets had aggregated by t = 86 8. Thus, the rate of platelet
aggregation in flowing suspehéions has a strong Ca?t-dependerice in the low

§

range of [Ca?t] normally present in cPRP,

+

\ [4
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INTRODUCTION

There exists substantial evidence attributing a sex difference to
the behavior of human platelets. Aspfrin, a well-known inhibitor of
ptosta’é\landinﬂnediated platelet release (Weiss and Aledort, 1967; Zucker
and Peterson, 1968; Mustard et al., 1975; Roth and Majerus, 1975; Moncada
and Vane, 1979), 1is successful in reducing post-operative deep vein
thromhosis (Harris et -al., 1977), and 1& lowering the risk of recurrent
transient ischemic attacks and strokes (Canadian Cooperative Study Group,
1978) in men but not in women. Platelet aggregation in citrated
platelet-rich plasma, cPRP, 18 greater for female donors than for male
donors in response to epinephrine (Johnson et al., 1975), collagen (Coppe
et al., 1981), and 0.2 - 5.0 pM ADP at 37°C (Johnson et al., 1975;
Reading and Rosie, 1980; Kelton et al., 1980) .gr at room temperature (Bell

and Goldsmith, 1984; Chapter III, this thesis). /

However, ‘the in vitro sex difference may be an artifact of
anttcoe:gulation. When whole blood is routinély \anticoagulated with 1/10
volume sodium citrate the plasma citrate concentration will depend on
donor hematocrit, since the added citrate is almost entirely excluded by
the blood cells (Sakariassen et al., 1984), The plasma citrate
concentration of a donor ‘;lith a 502 hematocrit would be 20% greater than
t;hat of a donor with a 38% pl;ematocrit, and the concentration of ionized

calcium, Ca?t, correspondingly lower, The [Caz"'] in cPRP correlates

fuversely with hematocrit (Sakariassen et al., 1984) as does ADP-induced

’

aggregation (Chapter III, this thesis). Ionized calcium is an essential

cofactor for platelet aggregation with the rate of aggregacion increasing

ovefithe range of [Ca?t] from O to 100 pM (Gear, 1982).

/




B

Systematic variation in the plasma [Caz+], in ;he low range normally
present in cPRP, might generate significant differences in the rg}e of
aggregation of platelets between groups of donors with sufficiently
different hematocrits. A sex difference occurs because females generally

have a lower heématocrit than males.

Kelton et al. (1980) removed the sex difference in cPRP by
ad justing the initial v?lume of citrate added to whola blood to give a
constant clitrate concentration in plasma, independent of hematocrit.
However, this does not unequivocally demonstrate that ca?t {8 the cause of
the sex diffef;nce. Any other plasma facgor responsible for the sex
difference would also be subject to the same hematocrit—dependent dilution

effect, and the subsequent removal of the sex difference by correcting

the variable plasma dilution would be fortuitous.

- In light of coésistent differences found in the ADP~induced
aggregation of c¢PRP from male and female donors in this laboratory, the
role of‘Caz+ in the sex difference was further investigated., The [Caz+]

was measured before and after the plasma citrage concentration of males

" and females was rev;}sed without altering the hematocrit-dependent \

dilution effect.. The [Ca?t) was reversed and so was the sex difference.

In both cases aggregation correlated with [Ca2+). In contrast, no sex

difference was found using either heparin or hirudin anticeagulants.

Platelet aggregation was induced using a .previously described

technique (Chapter 11, this thesis) in which PRP and ADP are

simultaneously infused into a small mixing chamber prior to flowing
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through polyethylene tubing at preset mean tube shear ;ates. The volume
distribution of particles between 1 and 105 ym3 was measured at various
distances downstream corresponding to mean transit times through the tube,
Aggregation was expressed in terms of the decrease im the single platelet
concentration and 9f the volume fraction of single cells and aggregates.
Two-body collision theory\developed for colloidal-sized particies was
applied to the platelet suspensions to determine the efficlency of

collision between the activated cells.

MATERIALS AND METHODS

1. Platelet-Rich Plasma and Reagents

Experiments were performed as described in Chapter 1I. Venous
blood was slowly drawn from healthy, age-matched volunteers via a 19 gauge
needle and winged infusion set into 30 ml plastic syringes containing
ant icoagulant, ‘All donors had refrafned from aspirin ingestion for at
least 10 days prior to blood withdrawal and no female donors were Eaking
oral contraceptives., Hematocrit, HCT, was determined on undiluted venous
blood at the time of glood withdrawal. After inc;bating Ehe<Biood at
37°C for 30 min, PRP was prepared at room temperature by centrifuging the
whole biﬁoa at 100g for 20 min; and platelet-poor plasma, PPP, by
centrifuging the remaining blood at 2000g for % further 20 min. All
platelet suspensions were maintained under a mixture of 5% €O, and 957 air
to preserve pi 7.4. Frozen aliquots of 2.0 mM adenosine-5'-diphosphate,
ADP, (Sigma, St. Louis, MO) were tha&ed immediately prior to use pnd
diluted in modified Tyrodes solution (137 m& NaCl, 2.7 mM KC1, 11.9 mM
NalCO,, 0.36 mM NaH2P0u.H205‘at pH 7:4. Electron mic%oééope grade

glutaraldehyde (J.B. EM Services, Pointe Claire-Dorval, QC) was diluted to




S

0.5% (v/v) in Isoton II (Coulter Electronics, Hialeah, FL). One per cent

(v/v) sil{fone (Siliclad, Clay Adams, Parsippany, NJ) was used to

siliconize the mixing chamber prior to experiments.

(a) Citrate

Bibod from both male and female donors was drawn into 1/10 volume,
3.8% sodium citrate. In some experiments a second sample of blood was
drawn into 1/10 volume of sodium citrate at an initfal concentration, Ct'
that was adjusted according to donor hematocrit. The initial citrate
concentration of male donors was lowered and that of female donors raised

to give the same final citrate conceatration in plasma, Cf, as that of

donors of 38 and 50% hematocrit, resp?ctively, at C1 = 3,8%, as given by:

C, = Cp x [9(1 - HCT) + 1], Y

Ci ranged from 3.2 to 4.5%.

(b) Heparin
Each 30 ml syringe contained 15 p2 of 10,000 units ml™! sodium

heparin (Organon, Toronto, ON) yielding 5 units heparin per ml of whole

blood.

(c) Hirudin ‘

Hirudin (grade IV, Sigma) was dissolved in modified Tyrodes to
givé 4000 units m1~! and aliquots were stored at —-20°C. On the day of the

‘experiment hirudin was thawed and one ml was placed in a 30 ml syringe at

o

an initial concentration, H,, according to: 3

Hy = 150 x (29(1 - HCT) + 1], (2]
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to give 150 units hirudin per ml plasma, independent of hematocrit. Since
the sedimentatfon rate of hirudinized whole blood was observed to be much
greater than that of both citrated and heparinized whole blood, PRP was«
prepared by omitting the 30 min incubation at 37°C and immediately
centrifuging the blood at 40g for 25 min, After removing the gupernatant

PRP, the blood was centrifuged at 1000g for 20 min to get PPP,

2. Flow System

‘ All experiments were done at 23 + 1°C, Platelet-rich plasma was
ad justed with PPP to 3.30 x 10° cells pf”! and infused into a small
cylindrical mixing chamber (6 mm {.d., 9.5 mm ¢.d., 1.5 mm hetght)n using a
syringe&pump. ADP was. simultaneously finfused into the mixing chamber via
an independent syringe pump at a fixed flow ratio, PRP:ADP = 9:1, After
rapld mixing, the PRP-ADP suspension exited the chamber through lengths of
0.595 mm radius, Ro, polyethylene tubing (Ciay Adams, Parsippany, NJ), for
preset mean cell transit times, t = X3/ﬁ, from 0.2 to 86 s, where Xa is
the distance down the flow tube andﬁ-]— 1s the mean linear fluid velocity.
The aggregation reaction was instantaneously and permanently arrested by
collectling known volumes of the effluent into 20x the s(mpension volume Q{\
0.5% (v/v) isotonic glutaraldehyde (J.B. EM Services, Pointe

Claire-Dorval, QC). The total volume flow rate, Q, was preset at 104

ul 5”1 to generate a mean tube shear rate, G = 2Q/nR3, of 314 g1,

3. Thromboxane B,

Thromboxane B,, TXB,, was measured to a lower limit of 50 pg ml~l
in the plasma of selected experiments by radioimmunoassay, RIA, using

34-TX8, (New England Nuclear, NEK700A, Lachine QC). Approximately 800 uf
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of unfixed effluent platelet suspension were collected into 1 ml plastic
syringes and immediately filtered free of cells using 0.2 um pore syringe
filter units (Millex-GS, Millipore, Mississauga, ON). The fll;eqed plasma *
was Ilncubated for 20 min at 37°C and stored at -20°C until the RIA was

performed.

4, Particle Concentration and Size

The nunber conceatration and size of single platelets and
aggregates were measured using an electronic particle couanter (Coulter ZM,
Coulter Electronics, Hialeah, FL) in conjunction with a logarithmlc
amplifier (Coulter Log Range Expander) and a 100 channel pulgse helght
analyzer (Coulter Channelyzer Cl000) to generate log-volume histogramsa

over the volume range 1 - 10° ym3., As described in detall {n Chapter I1I,

awaA e b ST e sk et a1

permanent tracings (Coulter XY4 Recorder) of each histogram were manually
transpogsed into a microcomputer (HP 86, Hewlett chkard, Kirkland, QC)
using a digitizer (HP 9111A), The distribution of background in the small
volume range of .the log-volume histograms was measured separcately in PPP
and then fitted by a decreasing exponential function using a weighted }
least squares regression. Using a trial and error iterative procedure, a
normal curve was fitted to the distribution of single platelet log-volume
over the range where the influence of background and microaggregate

r
contamination are minimal. Background was subtracted from the measured

log-volume histograms to give the same content in class 1 of the resultant
histogram as that predicted by a normal distribution of single platelet
log—-volume. The number concentration per histogram class 1is N(xl),
particle volume v(xi), and volume fraction ¢(x1) = N(xi)v(xl), where xtis

'the mark of the ith class. Computer-integration of the log-volume

@
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v -

“ ,

histograms ylelded the number of particles counted, . U(E), the number
’
concentration, NL U(E), and the volume fraction, ¢i U(E), of particles
1 1

between lower, L, and upper, U, volume limits at time t.

Average log-volume histograms were generated from multiple donors
at each mean transit time after the individual histograms were transformed
into equivalent higtograms using the average of the mean single platelet
volume and standard deviation of all donors concerned, The mean,
normalized volume fraction of the ith class 1; given by
@(xi) e [ﬁ(xi)v(xi)]/[ﬁ(xm)v(xm)], where ﬁ(xi) 18 the mean normalized
particle concentration per histogram class, and ﬁ(xm) and v(xm) are the
respective mean hormalized number concentration and volume of the ciass of
max lmum concentration, m, at t =0 s. Details of the transformatfion and
averaging are described in Appendix II. The ultimate effect of these
procedures {s to provide an estimate of the changes in particle volume in
relation to the mean single platelet volume and standard deviation, as

opposed to simply averaging changes in absolute volume.

5. Statistics

The mean, ;, mode, Bood? median, Boed? and séandard deviation, o,
of the linear volume distribution were calculated from the mean, ;, and
standard deviation, 8, of the log-volume distribution, assuming a normal
distribution of the latter (Kenney and Keeping, 1951; Documenta Gelgy,
1962)., The assumption of 10;-normallty of single platelet volume was
tested using the Kolmogorov—-Smirnov, K-S, one sample test }Young, 1977;

Lilliefors, 1967). Skewing, g,, kurtosis, 8,5, of the log-volume

histograms and their standard errors were determined using standard
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equations for frequency distributions (Sokal and Rolhf, 1969). The
gsignificance of deviation of these sample statistics from the parametric
value of zero was tegted using two-talled Student's t-tests. Two-taliled
t-tests were also used to test the significanée of correlation
coefficients while unpaired, one-tailed t-tests were used to test the

significancel of differences between means,

6. Ionized Plasma Calcium

The [Ca2+] in plasma was measured using aé ion selective electrode
(ORION 93-20, Cambridge, MA) in conjunction with a single junction Ag/AgCl
reference electrode (ORION 90-0l1), Separate standard curves were
generated for each experiment over the range 1075 to 1072 M Ca?* using
highly purified CaCl, (Merck, Darmstadt, West Germany) in solutions the
fonic strength of plasma (155 mM NaCl, 2.7 mM KCl, 1.0 mM MgClz.GHZO). On
a logarithmic scale, the electrode response was linear above 80 uM ca?t
and slightly curvilinear below this value., Calcium measurements in plasma

were stable after 120 8 equilibration at 23 t 1°C.

RESULTS

1. Citrate
2L

*(a) Constant Ci

Samples of citrated PRP from 10 male donors of mean age 30 ¢t 11 yr
(t S.D.) and 9 female donors of mean age 32 + 6 yr were sheared in the
presence of 0.2 uM ADP at G =3148") for t = 43 8. A good correlation
was found between donor hematocrit and the normaiized single plagelet

concentration, N (t)/N (0) (Table 1). The plasma [Cg2+] correlated
1,30 1,30

inversely with hematocrit, as did the normalized single platelet
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TABLE 1

(Y
Correlation Coefficients, r, at Given Degrees of Freedom, df

Anticoagulant df HCT vs HCT vs [Ca7§{\;?
v Singlets [caZt) Singlet
Kk * *
Citrate 17 0.68 - 0,73 - 0.76
Heparin 20 - 0,05 0.25 0.10
Hirudin 10 - 0.13 0.46 - 0.45

* p < 0,001, ** p < 0,002 :
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concentration with [C32+] (Fig. l). The mean hematocrit (p < 0.001) and
single platelet concentration (p < 0,02) of the maie donors were also
significantly higher than those of the female donors, while the mean
[Ca?*] was significantly lower (Table 2, left; p < 0.0l). Independent
measurements of [Ca?%] for 33 male and 37 %emale donors gave a range of

[Ca?*] from 34 to 51 pM and from 40 to 55 uM, respectively.

(b) Adjusted Ci

For the same male and female donors above, C1 was ad justed N
according‘to Eq. [l] to give the sanme Cf in plasma as that of donors of 38 ,
and 50% hematocrit, regpectively, at C1 = 3,8% (Table 2, right). After
adjustment of the initial citrate concentration, the plasma [Ca2+].of the
male donors was significantly higher than that of thé female donors

(p <0.,001), and the sex difference was reversed so that the platelets

from the male donors aggregated significantly more than thogse from the

-
>

female donors (p < 0.002). The [Ca?t] now correlated positively with HCT
(r = 0,64, p < 0,005) while the single platelet concentration stlll

- 3
correlated inversely with [Ca?t] (r = - 0.68, p < 0.002) for all donors

combined.

Figure 2 illustrates the effect of small but signiffcant

differences in the plasma [C32+] on aggregate growth. Before adjusting

the plasma citrate concentration, the volume fraction of single platelets
was lower and aggregate size larger at t- = 43 s for the fe;ale dono?s than
the male donors. It is ;lear that reversing the plasma {ca2?¥] produced —
volume fraction profiles similar to the ptofiles of the donors of the

opposite sex prior to adjustment.
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0.8 y=-0.0229x + 1158
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r=-076

N |,30(?) P< 0.001
N1.30(0) g4l . -
} »
0'2 i ;=435 ¢ 7
o male
e female
] L 1 i
40 44 48 52
' ¢
[C°2+] ' ﬂ'M ’

~. Figure 1: Aggregation vs, [Ca?t)

® Correlation of the normalized single platelet concentration,

N (E)/N (0), at G = 314 s~ with tlﬁ: plasma [Ca2*] in cREP.
1,30 1,30




TABLE 2

I's

v

Normalized Single Platelet Concentration vs {Ca2¥] in Citrated PRP (% S.D.)

Sex n HCT \ NORMAL ADJUSTED
2+ g 2+ T
y 4 [Ca<T] Nl,BO(t) {Ca<T] N1’30(t)
Male 10 46.2 + 2.3 44,2 + 2.9 0.519 + 0,103 54,3 + 2.4 0.347 + 0,080
[£4
p < 0.001 p < 0.01 p < 0.02 p < 0.001 p < 0.002
Female 9 40.4 * 3.6 48,5 + 4.3 0.389 + 0.118 40.0 + 3.2 0.513 + 0.125
\
t
o

- 817 -
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Figure 2: Effect of [Ca?*] on Aggregafe Growth

(a) The mean, normalized class volume fraction, 5(xi), (+ S.E.M.)
versus particle volume, v(xi), for the male donors at G = 314 -1,
t = 39,3 8 and 0,2 uM ADP before ([ca?t] = 44,2 yM) and after
([CaZf] = 54,3 uM) lowering the plasma citrate concentration. Shown also

1s the control at t = 0 g for the unad justed plasma samples.

(b) Same as above for the female donors before ([Ca?t] = 48.5 M)
and after ([Ca?* = 40.0 M) raising the plasma citrate concentration.

t

N
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2. Hegatin

There was no significant sex difference in heparinized PRP,

. heb—PRP, although the mean hematocrit of the 10 male donors (30 * 11 yr)

was significantly higher than that of the 12 female donors (29 + 6 yr;
Table 3, p < 0,001). fhé rate and extent of aggregation in hep-PRP was
much greater than that in cPRP with less than 26% of single cells
remaining unaggregated after only t = 8.6 s for both male and female
donors, The mean [Ca2t] was more than an order of magnitude greater than
that in ¢PRP, but was not significantly different between male o
(1.23 + 0,08 mM) and female (1.22 *+ 0.07 mM) donors. There was no
rélationship between hematocrit and single platelet concentration,
hematocrit and [Caz+], or [Caz+] and the single platelet concentration
(Table 1), In a large? independent study on [Ca2+] in hep~PRP involving
16 males and 17 females, respective mean [Ca2¥] of 1.27 + 0.03 and

1,27 t 0,05 mM were obtained with a correlation coefficient between
hematocrit and [Ca2+] of r = 0.09,~for all donors combined.

In contrast to the time course of platelet aggregation in cPRP for
the male and female donors of Chapter III there was almost no lag phase
preceding aggregation in hep-PRP (Fig. 3). The rate of decrease of the
single platelet coﬁcentration for thé male and female donots cowbined
increased from 6.1 t_p.B %2 sl (t'S.E.M) during the first t =2.s to
11.6 + 0,7 % 8”1 between t = 2.1 and 4.3 s. Although the rate of
aggregation dé;;;ased Gith longer mean transit times to give the
characteristic sigmgid aggregation curves found in cPRP, the colllsion :

efficiency increased to a maximum, a, = 0.242, betdéen t =4.3 and 8.6 8

(Table 4). ; ) "




TABLE 3

Normalized Single Platelet Concentration in Heparinized PRP (% S.D.)

Sex

HCT

Nl 30(8.6)

N 30(0)

Male

Female

47.6 ¢ 3.1

p < 0.001

40.8 t 2.9

0.251 /¢ 0.075

0.256 + 0.127
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Figure 3: Effect of Anticoagulant on Platelet Aggregation

The normalized single platelet concentration, N1’3—0(E)/N1’30(0),
(t S.E.M) plotted against mean transit time at G = 314 s~! and 0.2 uM ADP:
® male donors, citrate; Ofemale donors, citrate; ®male plus female
donors, hir‘udin; A n;ale nrlus female donors, heparin. 1In the controls
modifled Tyrodes was iufused instead of ADP:'_A broken line, heparin.

K‘_..
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TABLE 4

Collision Efficiency, @

x 103 (¢ S.E.M.)

Anticoagulant t= 0-~4.38 4,3 - 8.6 s 8.6 - 21 s
*
Heparin 116 + 10,2 (20) 242 + 14,5 (22) 118 (2)
Hirudin 87.2 +13.9 (12) 181 + 17.4 (12) 92.6 (2)
* no. of donors 1n parentheses -
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Aggregate growth in hep~PRP 18 shown in Figure 4. Accompanying
the rapid reduction in the fraction of single cells is the growth of RN
aggregates of progressively increasing size. By t =21 8, a significant
proportion of aggregates had exceeded the largest particle volume measured
(105 um3) while by t = 86 s less than 1.2% of single platelets remained,
and virtually all aggregates had volumes‘greater ‘than 10% ym3. As found
in cPRP the presence of a white blood cell peak (130 - 270 um3) at

t = 86 s indicates that these cells are not incorporated into platelet

aggregates,

3. Hirudin

No sex difference was present in hirudinized PRP, hir-PRP, (Table
5), although the mean hematocrit of the 6 male donors (33 + 13 yr) was
significantly higher (p < 0,02) than that of the 6 female donors
(34 7 yr). The rate and extent of "aggregation of hir~PRP was also much
greater than that of cPRP but 1es§ than that of hep-PRP, with less than
36% of single platelets remaining unaggregated at t = 8.6 s. No
correlation was found between hematocrit and the single platelet
concentration, hematocrit and [Caz+], or [Caz+] and the single platélet
concentration (Table 1). The mean [Ca2t] in hir-PRP of the male
(L.15 £ 0.04 wM) and the female (1.14 * 0.07 mM) donors was less than that
in hep-PRP but_afterlcorrection for the greater.dilution of plasna by the
hirudin, the mean [Ca?t] for the male and female donors were 1,22 + 0,04
and 1,21 * 0,07 mM, reépectively.

The sigmoid time course of platelet aggregation im hir-PRP was

similar to that in hep-PRP, although the rates of aggregation were always

r
A

N
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Figure 4: Apggregate Growth in Heparinized PRP

Three dimensional plot of the mean, normalized class volume
fraction, 5(x1), (t S.E.@.) versus particle volume, v(xi)l for the male
and female donors combined between t = 0 and 86 8 at G = 314 s~! and
0.2 uM ADP in heparinized PRP,

Lo
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TABLE 5

Normalized Single Platelet Concentration in Hirudinized PRP (+ S.D.)

Sex n HCT [Ca?t] N1,30(‘8'6)
% M Ny ,30(%)
Male 6 | 46,1 + 2,1 | 1.15 + 0,04 { 0.359 + 0.112

p < 0.02 N.s. N.S.

Female 6 42,9 + 2,2 .14 + 0.07 0.344 + 0,177
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lower, The initial rate of aggregation (E < 2.1 8) for the male and
female donors combined was 4.5 *+ 0,7 Z s"l, and the maximum rate was

9.8 + 1.6 % s~! between t = 2.1 and 4.3 s. The maximum collision
efficliency, a = .181, was lower than that {n hep-PRP, but also occurred
between t = 4,3 and 8.6 s. It is not clear from’Figure J 1f the extent of
aggregation in hir-PRP would reach that in hep-PRP; although, the extent
of aggregation in cPRP from the female donors at t = 863 appears io Pave
reached‘\ithat in hir-PRP. Indeed, according to Figure 5, the volume -
fraction ‘profile for cPRP from the female donors at t = 86 s (Fig. 7;
Chapter 111, this thesis) is very similar to that for hir-PRP at t = 21 8.
The slightly lower rates of aggregation in hir-PRP than {n hep-PRP are
shown by both slightly higher single platelet volume fragtions and smaller
aggregate volume fractions at t < 8.6'9. The difference is more
pronounced at t = 21 s where considerably more single platelets remained
in hir-PRP. The prominent white blood cell peak at t = 21 s but absent at
earlier transit times in hir-PRP occurs because this histogram is the

average of only two donors, one of which had a high white cell count in

PRP.

The concentration of TXB“‘2 in the plasma of pre-shear and sheared

'S

samples exposed to 0,2 uM ADP were not significantly different for elfther
¢ .

sex or at any point between the sexes (Table 6). The concentration of

TXB, was always well below those levels that result from the platelet

¢
¢

release reaction.

4. Single Platelet Volume

o Statistics of the platelet log—volume distributions in hep-PRP and
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Figure 5: Aggregate Growth in Hirudinized PRP

Three dimensional plot of the: mean, normdlized class volume

fraction,’ &>(x1), (* S,E.M) versus particle volume, v(xi), for the male and
female donors combined between t =0 and 21 s at G = 314 g~! and 0.2 uM

ADP ip hirudinlized PRP.
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TABLE 6

TXB, in Hirudunized PRP, ng ml7! (+ s.D.)

PRP + 0,2 uM ADP
Sex PRP PPP f =0 g 43 & —
*
Male - 0.78 (1) 0.42 + 0,31 (4) 0.47 + 0,33 (4) \
Female 0 (1) 0.74 (2) 0.68 + 0,66 (3) 0.53 + 0.63 (3)

3
* number of donors in parentheses °

=
&
|
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" hir~PRP are provided in Table)7 for comparison w(zz the data in cPRP in
_Table 2 of Chapter III of this thesis., The data for male and female
donors were combined since, as with cPRP, there was no sex difference in

platelet volume in either hep-PRP-or hir-PRP. The mean, modal and median

A

volumes of platelets in hep-PRP and hir-PRP were similar to those in cPRP.

A substantial proportion of the distributions in hep-PRP were log~-normal
but almost all of those in hir-PRP were rejected by the K-S test. All
distributions that were not log-normal showed significant positive skewing

and leptokurtosis both of which were generally greater than that of the

=

equivalent distributions in cPRP,

DISCQSSION

/

b
’ The strong inverse correlation previously found (Chapter 1II)

between donor hematocrit and the degree of ADP-induced platelet

aggregation in citrated platelet-rich plasma was verified for the present
- |

group of donors. In Chapter IILI élgtrong sex difference occurred after

t =43 s expoeqré‘to 0.2 uM ADP at G = 314 s8~!, where the normalize

gingle platelet concentration of Eﬁe female donors (0.240 % 0.084; t S.D.,

n=6) was significaﬁtly lower (p < 0.001) ‘than that of the male donors

(0.508 + 0,095, n = 6). . In this chapter measurements of ‘the single

!

platelet concentration under the same conditions were similar tp those

e

It has been proposed (Kelton et al., 1980) that the source of the
variable 1Ca2+] in cPRP is a variable plasma citrate concentration caused

by the HCT-dependent°dilution of the cltrate anticoégulant._ The inverse




TABLE 7

Average Statistics of the Single Platelet Log-Volume Histograms

) Heparin Hirudin
Statistic Log-Normal Not Log-Normal Log-Normal Not Log—-Normal
No. Donors 9 : 13 1 11
B 8.0 £ 1.1 7.7 £ 1.0 7.5. 7.8 + 1.1
o 5.0 + 0.9 4.8 + 0.8 4.9 5.0 + 0.8
Bood 4.9 + 0.6 4.7 + 0.5 4.4 4.7 + 0.7
Kmed 6.4 + 0.8 6.5 £+ 0.8 6.3 6.6 + 0.9
8 0.038 * 0.039 0.063 *+ 0.091™ 0.036 0.119 + 0.063**
g5 0.012 + 0,091 | 0.231 + 0.184"" 0.060 0.205 + 0.177**
ag, y(0) 15514 + 1136 (14991 + 763 15503 15424 + 1047

“

Statistics of individual single platelet log-volume distributions calculated at
t = 0 s over the range 1 - 50 pm? were averaged (+ S.D.) for the stated number of dopors
The distributions were further partitioped into those

grouped according to anticoagulant.

that were accepted as normal by the K-S one sample test and those that were rejected.

Symbols are as describeéd in the text and volymes are in pm3. Significantly different from

zero;\*;p < 0,002, ** p < 0,001, g

- T¢C -

7 alalal ol ¢
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relationsl-lip between HCT and plasma [Caz"'] found in thegpresent work and
elsevhere (Sakariassen, et al., 1984) supports this contention. Although -
[Caz'*'] was not measured, Kelton et al. (1980) removed the sex difference
by adjusting the volume of a fixed concentration of citrate according to
HCT to give a constant dilution of plasma, However, these findings do not
unequivocally demonstrate that variation in the [CaZt] 1s the cause of the
sex differénce. An); other plasma factor responsgible for the sex
difference would also be subject to the same hematocrit-dependent
dilution, and removal of the sex difference and the correlation of [Ca2t]
with aggregation would be fortuitous. In this chapter, the citrate
concentration was adjusted independent of the HCT dilution effect and the

plasma [Ca2t] of males was thereby raise& significantly above females,

The sex difference was then reversed, and again aggregation correlated

with [Ca?t].
. The degree of aggregation correlated .witﬁa [Caz"'] over the range of
[ca?t] normally found 1h cPRP, 34 - 55 uM, although the sca;;tet of the

F 3
individual measurments suggests that other factors may be involved. It.
-\ -

+ ‘ !
would seem, however, that systematic differences in [Ca2+] within this

]

narrow range are sufficient to generate a significant sex difference. The
rate of ADP-induced aggregétion is k;lom to increase markedly with
increasing [Ca?*] in the range 0 - 100 pM Ca?t but to level off
eubstant‘;ally thereafter (Gear, 1982), Indeed, in the present work a
change in the plasma [Caz'*‘] of on-%";'\m uM was found to Teverse the shape

of the aggregate volume fraction distributions between males and females

(Fig. 2). : -
:—\ ' . 3

~




If citrate s Eesponsible for the sex difference ‘then

anticoagulants that do not change the [CA2+] in plgsma should not produce
a sex difference.  Indeed, no sex difference was observed in tht;.
millimolar range of (CaZ+] in heparinized éRP, and aggregation did not
correlate/with HCT orw[Caz"']. The rate of aggregation was so much higher
than in cPRP that within one and a half minutes no single platelets
remained and almost all aggregates were greater than 10° pnd, In fact,
the rate of aggregation and slze of aggregates were greater in hep-PRP at
0.2 pM ADP than in cPRP at 1.0 iM ADP (Chapter LI, this thesis). It
could be argued that the rate of aggregation in hep-PRP 18 so great that
any sex dlfference 1is obliterated. The rate of aggregation in h‘trudinized
PRP, however, was comparable to that in hep-PRP. The slight plasma
dilution effect of the hirudin solution did not lower the [Ca"2+] ‘
suf ficiently to allow any detectable differer.{ce in the rate of aggregation
between males and females. Again no correlations were found between ~
aggregation and HCT, and aggregation and [Caz+] in hir-PRP. The swidmilar‘ly

high rate of aggregation in hir-PRP and hep-PRP challenges the |

generally-held notion that heparin directly activates platelets causing a

greater rate of aggregatibn in hep~PRP than in cPRP. Similarity in the
statistics”of the distribution of single platelet volume in hep-PRP and

cPRP, as well as, the lack of aggregation in the control runs in hep~PRP

(Fig. 3) corroborate the cohtention that the platelets were not unduly .

&

activated by heparin, It would seem likely that the enhanced aggfeghtion

in hep-PRP and hir-PRP i8 due to the much higher [Cazf].

—

The sigmoid decrease in the concentration of sirigle platelets

N -

previously found in cPRP was still present in both ﬁe‘p-PRP and hir-PRP;
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AN

although, the lag phase preceding aggregation w;s much reduced and the “
maximum rates of aggregation much higher than in cPRP, It is interesting
that the rate of aggregation was highest between 2.1 and 4.3 s in hep-PRP
and hir-PRP !Jl;t at the lower [Ca?t] in cPRP, not only was the n;aximpm rate
of aggre;;ation lower, it occurred at later times, In Chapter III the
sigmoid aggregation curves in cPRP were explained in terms of a
time-dependént increase in the expression of stable platelet-~platelet
bonds. The mechanism believed to underly platelet aggreéation is the
cross-linking of bivalent fibrinogen molecules between activated
glycoprotein IIb-IIIa (GP IIb-111a) copplexes in the platelet membrane

(Nurden, 1987). Ionized calcium is an essential cofactor for both

_ fibrinogen binding (Marguerie et al., 1980) and maintenance of the GP

Iiia:IIIa heterodimer complex (Brass et al., 1985; Fitzgerald an—d Phillips,
1985). ‘Furthermore, fibrinogen binding increases with [C§2"'] and ‘requires
at least one minute to reach saturation (Marguerie et al., "1980; Peerschl:e
et al., 1980; Marguerie et al., 1982), Thus, the decrease in the lag .
phase at the physiological [Caz"'] in hep-PRP and hir—-PRP (Fig. 3) may be
due to a highe't: rate of fﬂ?rinogen binding. A differ;nce of ~ 10 pM ca2t

between male and fgmale donors in the low range of [CaZt] in cPRP has a i

a,t.i'ong effect on both the lag phase and the maximum rate of aggregation.

eV

However, the continued increasing rate of aggregation in hep-PRP and
hir-PRP reveals that the formation of stable bonds increases with time
even at ¢pt{siologica1 [Ca2+]. This is reflected by a corresponding increase
in the two-i:‘oc}y collision efficiency which reaches a maximum of 0.242 in

hep-PRP between 4.3 and 8.6 s. This collision efficiency 1s approximately

ign order of magnitude greater than in cPRP over the same time interval,
\ .

i

The collision efficiency in cPRP \c?gtinues to #ncrease with time, whereas,

gy
-
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in hep-?RP and hir-PRP 1t decreases. This may reflect a more rapid
expression of stable platelet-platelet bonds at physiological [Ca?t),
tﬂrough}eithet an {ncrease in the number or affinity of fibrinogen binding
sites., In Chapter III, the induction of aggregation at G = 1800 s~! after
an ~ 11 s delay indicated the time-dependent emergence of a high shear
rate resigtant platelet-platelet bond. It would be of interest to examine

this effect in hep-PRP and hir-PRP,

Platelet granule release does not contribute to the sex difference
or the higher rates of aggregation in hep-PRP and hir-PRP., The conditions
of the experiments were such that release was prevented, Temﬁeruturea
iess than 27°C are known to inhibit ADP-induced release (Valdorf-Hanaen
and Zucker, 1971; Chapter [II, this thasis), and the concentration of ADP

-

was well below the threshold required to elicit release at 37°C, although
the platelets are more sensigive to ADP at room temperature. Furthermore,
release that occurs at 37°C in cPRP is inhibited at the physiologi;al
{Ca?t) in hep-PRP and hir-PRP (Mustard gi_gk., 1975). The shear stress
was also well below the threshold required to activate the cells directly
or induce release (Brown et al., 1975; Belval et al., 1984; Hellums and
Hardwick, 1981). Cogcentratlons of TXB, 1nqhir—PRP were not significantly
different from those in cBRP (Chapter LII, this thesis) and showed no

changes from pre-ghear levels., WNo significant differences between male

and female 'donors were fouund.

~
The sex difference i{n the ADP-induced aggregation-of human

platelets in cPRP is real but artifactual, Differences in the ifonized

o “calcium concentration that normally occur in cPRP are sufficlent to affect

Y




£

the degree of aggregation. Since mean hematocrits are usually-
significantly different between groupgﬂof male and females, and since
[Caz+] is controlled by the plasma citrate concentration, which in turn is
determined by hematocrit, a significant sex difference exists in c¢PRP. 1In
ungrouped data, sex differences are inconsequential; however, the citrate
effect must’ be taken into account when attributing a sex link to platelet
onists, antagonists or cofactors in cPRP. This is particularly grue
whenJ;rying to cotrelateyplatelét aggregability with a propensity for
thremboembolic disease. Evidence for an additional sex factor 1s given by
the finding that aspirin is effective in reducing post-operative deep vein

thrombosis (Harris et al., 1977) and transient cerebral ischemic attacks

and strokes (Canadian Cooperative Study Group, 1978) in men but not in

women., Such differences occur in vivo, however, and are independent of

q
the hematocrit-dependent anticoagulant artifact.

It must also be remembered that due to the prevalence of citrate
as an antlcoagulant, many blatelet studies are conducted under conditions
of depressed [Ca2+] tﬁat consistently impede the optimum rate of
aggregation., The enhanced rate of aggregation,}n hep~ and hir-PRP serves
as a strong reminder that platelet hehavior at physiological [Caz+] can be
substantially different, it is well established that physiological [Caz+]
actually iphibits the ADP-inducedﬂplatelet release reaction (Mustard et
al., 1975). The pivotal role of [Cat] in aggregation, adhesion and
release cannot be underestimated and it must be constantly borne in mind

that much of ouropreéént knowledge of platelet behavior was obtained under

————t

conditions of depressed calcium.
\
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CHAPTER V

WHOLE BLOOD
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ABSTRACT

The effect of shear rate on ADP-induced platelet aggregation in

whole blood, WB, flowing through polyethylene tubing was studied using a

previously described technifjue for measuring the ‘concentration and size of

single platelets and aggregates 1n platelet-rich plasma, PRP (Chapter II,
this thesis). Effluent WB was collected into Oghb”% glutaraldehyde and the
red cells, rbe, removed by centrifugation through Percoll. The rate of
single platelet aggregation was up to 9x greater(in WB than in PRP
(Chapter [II, this thesis) at mean tube shear raffes, 5-; 39.3, 314, and
1800 s™!, and at both 0.2 and 1.0 pM ADP, At 0.2 uM ADP, the rate of
aggregation was greatest at G = 39.3 s~! over the first 1.7 s mean transit
time through the flow tube, E, but at this shear rate the rate of
aggregation decreased steadily with lacreasing t. At G > 314 8”! the rate
of aggregation increased between t = 1.7 and 8.6 s; however, aggregate
size decreased with increasing G. At 1.0 puM ADP, the initial rate of,
single platelet jaggregation was still highest at G =39.3 s~! and large
aggregates up to several millimeters in diameter and containing rbc formed
within t = 43 s. At G » 314 s~!, aggregate size was still limited at

1.0 uM ADP but the rate of single platelet aggregation was markedly

increased., By t = 43 s, no single platelets remained ad rbc were not

‘1ncorporated into aggregates., Aggregate size lncreased slowly and large

aggregates eventually formed. White blood cells were not significantly
incorporated into aggregates at any shear rate or ADP conceantration.
Since the present technique did not {nduce platelet TXA, formation or
cause cell lysis, these experiments provide strong evidence for a purely

mechanical effect of rffc in augmenting R}atelet aggregation in WB.

- )
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INTRODUCTION

AN
It 1is commonly observed that red blood cells, rbec, are not

incorporated into platelet aggregates at the high shear rates found in the
arterial side of the vasculature (Begent and Born, 1970; Arf;rs gg_gl:,
1976). But this does not mean that rbe do not influence the process of
platelet aggregation under such conditions. Ever since the discovery that
the adhesion/aggregation (retention) of platelets in glass bead columns
was enhanced by rbe in propprtion to the hematocrit (Hellem, 1960), a
-mechanism has been sought to explain the role of rbec in platelet
.aggregation, The identification of ADP as the active agent in red éélls
that stimulates platelet aggregation (Gaarder et al., 1961) and the
observation that it increases the platelet retention of platelet-rich

!
plasma, PRP, in glass bead columns (Hellem et gl., 1963; McPherson et al.,
1974) led to the proposal that ADP libergted from damaged rbc is
responsible for the enhanced platelet aggregagion in whole Slood, WB.
This(hypothesis helps .to explain the shortenicg of the bleeding time in
anemic and thrombocytopenic patients after blood transfusion that persists
-when platelet counts have fallen to pre-transfusion levels (Duke, 1910;
Heilem et al., 1961; Livio et al., 1982), There are numerous examples
in vitro of the inhibition of spontaneous platelet aggregation (Harrison
and Mitchell, 1966; Fox et al., 1982; Saniabadi et al., 1984), the
reduction in shear-induced platelet aggregation (Jen and McIntire, 1984)
and platelet retention in glass bead cglumns (McPhefson, et al., 1974),
and ig_xlxg of the lengthening of the bleeding time (Zawilska et al.,
1982) by the addition of enzymes thag degrad; ADP, Red cells also promote
the aggregation of platerbia activated by exogenous ADP éhrough the uptake

of the platelet inhibitor? adenosine (Born and Crbss, 1963; Skoza et al.,

’




1967), which 18 formed after successive dephosphorylation of adenine

nucleotides by enzymes located on the external surfsdce of rbec (Parker,
1970; DePierre and Karnosky, 1974; Bartlett, 1977). ;‘I‘hus, it is observed
that adenosine is a more potent inhibitor of ADP-induced platelet
aggregation in PRP than in WB (Gresele et al., 1986) and that
dipyridamole, at concentrations which do not directly inhibit platelets
but which block adenosine uptake by rbc (Harker and Kadatz, 1983),
inhibits ADP-induced aggregation in WB but not in PRP (Gresele et al.,
1‘983; Gresele et al., 1986). Dipyridamole also inhibits experimental
thrombus formation in animals (Emmons et al., 1965; Didisheim, 1968;
Mayer and Hammond, 1973) and reduces thromboembolic complications

L associated with prosthetic cardiac valves in man (Kincaid-Smith, 1969;

Harker and Schlichter, 1970; Sullivan et al., 1971).

These results strongly support a role for ADP in platelet
aggregation in vivo but since platelets also contain ADP (Holmsen et al.,
1969) and release it (Mills EE..‘.’.l.‘: 1968) in responsge to a variety o\f
. chemical and méchanical stimuli, the source of ADP in vivo remains -
unclear. McPherson et al. (1974) found that the total concentration of
ADP and ATP in plasma after passage of whole blood through a glass bead -
column of ~ 0.2 yM at a ratio ATP:ADP of 1.6:1 was inconsistent with the
10:1 ratio in rbe (Biahop; 1961)° but more consistent with that in
platelets (Holmsen et al., 196'9). However, the correlation between
platelet retenti:on" and ADP concentration was poor. Aspirin whuich blocks
the prostaglandin—mediated release of platelet ADP, potentiates the

inhibitory action of dipyridamole in WB (Gresele et al., 1985), and

prostacyclin which ~et1;ulates platelet adenylate_cyclase and inhibite



- 244 ~

platelet aggregation and release 18 more effective at Mphibiting
ADP-induced aégregation in WB than in PRP (Riess et als, 1386).

™

¢

It muSt be remembered, however, that aggregation adhesion
normally occur in flowing blood. Shear rate is the most important

physical parameter governing platelet aggregation in flowing suspengions.
It determines the plaFelet collision frequency, the shear and normal
stresses which activate single cells and break up aggregates, and the
interaction time of cell-cell or cell-surface collisions. Since shear
rate 18 proportional to fluid velocity, these factors either promote or
inhibit hemostatic or thr?mbotic mechanIims, depending Pn flow rate and
vessel size, Time-averaged systemic. arterial wall shear rate in humans
ranges from 100 - 1000‘8-1 and may exceed 1000 s~! in the capillaries,
based on a parabolic velocity profile for WB (Whitmore, 1968; Chien,
1975; Turitto 1982). A higher rate of wall shear would be exp;cted for a
blunted velocity profile (Goldsmith, 1972), but it 1is unlikely that shear
rate exceeds 2000 s~! in the normal human vasculature.(TurICto and
Baumgartner, 1982). It has been shown in vitro that shear rates less than
2000 s~! are insufficient to activate platelets directly and induce
aggregation (Chang and Robertson, 1976; Gear, 1982; Yung and Frojmbvic,
1982; Bell and Goldsmith, 1984; Belval et al., 1984; Belval and Hellums,
1986). However, the higher shear rates commonly found in extracorporeal
flow devices and vascular prostheses can 1;duce platelet aggregation,
release anqﬁ}ysis depending on the magnitude of the fluid shear stress and
the time of exposure to the shear field (Brown et al., 1975; Colantuoni

et al,, 1977; Dewitz et al., 1978; Belval et al., 1984; Jen and McIntire,

1984). i ' : N

-
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Red cells also influence the motions and distribution of platelets

in flowing blood. Continual shear-induced collisions between rbc lead to L
a marked lateral dispersion of platelets (Goldsmith, 1971) resulting in *
platelet diffusion coefficients 2 - 3 orders of magnitude greater than in
PRP (Turitto et al., 1972). Higher platelet collision frequencies due to
the enhanced platelet diffusion could be responsible for the greater
platelet aggregation in WB., Platelet aggregation could be further
augmented by higher platelet concentrations at the periphery of blood
vessels than in the interior, as measured by Tangelder. et al. (1985) in

25 pym diameter arterioles. Support for a physical role of rbe in
enhancing platelet aggregation is provided by the ability of rbc ghosts
depleted of ADP to 1ncrease‘plate1et retention in glass bead columns
(Stormorken, 1971; Zucker et al., 1972), and of washed rbc in the presence
of apyrase to increase platelet adhesion to collagen-coated glass tubes in
proportion to the hematocrit (Ka;ino and Goldsmith, 1979). Harde?ed
ADP-depleted rbc have also been shown to enhance shear-induced platelet

aggregation over that in PRP, but only to a level of ~ 50% of that by

native rbc (Reimers et al., 1984).

While both chemical and mechanical augmentation of platelet
aggregation are likely to operate in vivo, the relative contribution of
each under normal physiological and pathologically altered flow conditions

réma}ns obscure. The present work shows that much of the enhanced

aggregation of acaivated platelets in WB at physiological shear rates can
- 7

) /
be accounted_forxby the purely mechanical effects of red cell motion

leading to.higher collision frequencies between pl‘atelets.= Since most

prior work on platelet aggregation in WB has been qualitative and dq9e in

,‘-“ o , \\
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WB aggregometers or through electronic counting of single platelets,
little information has been prov}ded on the size distribution and growth
rate of aggregates in WB. This issue i; specifically addressed in the
following work through a‘systematic study of the effect of shear rate on

aggregate growth at shear rates generally considered physiologically

significant,

e

A%
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MATERIALS AND METHODS &

1. Whole Blood and Reagents

Experiments were performed as described in Chapter II. §eﬁous
blood wés,slowly drawn from healthy volunteers via a 19 gauge needle and
;lnged 1n%usion set into a 60 ml plastic syringe containing 1/10 volume
sodium citrate. The initial concentration of citrate, Ci’ was ad justed
for both male and female ponors as described in Chapter 1V to give the

-game final concentration in plasma, Cf, ag that of a donor of 43%

hematocrit, HCT, and C1 = 3,8%, according to: »

Cy = Cp x [9(L - HCT) +1]. (1]

Hematocrit was predetermined on undiluted venous blood drawn using the
gsame technique. All donors had refrained from aspirin ingestion for at
least 10 days prior to blood withdrawal and no female donors were takingy
' oral contraceptives. The syringe was tightly capped and the blood was
left to stand at room temperature for one hour to allow equilibration to
room temperature, and to simulate the handling time for normal PRP

preparation (Chapter iII, this thesié).

Frozen aliquots of 2 mM adenosine-5'-diphosphate, ADP, (Sigma, St.
~ Louis, MO) in modified Tyrodes solution (137 mﬂ NaCl, 2.7 mM KC1, 11,9 mM
NaHCO;, 0.36 mM NaH ,PO,.H,0) were thawed immediately prior to use,
Electron microscope grade glutaraldehyde (J.B. E@,Services, Pointe
_ClEire-Dorvél, QC) was diluted to 0.5% (v/QS in Igoton II (Co;lter
Electronics, Hialeah, FL). One per cent (v/v) silicone (Siliclad, Clay
Adans, Parsippany, NJ) was'us;d Eg.silgconize the mixing chamber prior to

experiments.
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2, Flov System .
All experiﬁents were done at 23 + 1°C. Whole blood was infused
1nt; a small cylindrical mixing chamber (6 mm 1{.d., 9.5 mm o.d., 1.5 mm
height) using a syringe pump. ADP was simult;neously infused into the
mixing chamber via an indépendent syringe pump at a fixed flow ratio,
WB:ADP = 9:1, After rapid mixing, the WB-ADP suspension exited the
chamber through lengths of 0,595 or 0.38 mm radius, Ro’ polyethylene
tubing, corresponding to preset mean cell transit times, t = Xalﬁ, from
< 1.0 to 43 s where, X5 18 the distance down the flow tube and U is the
mean linear fluid velocity. The aggregation reaction was instantaneously
and permanently arrested by collecting known volum;s of the effluent 1n£o
20x the suspension volume of C.5% isotonic glutaraldehyde. Total

volumetric flow rates, Q, were preset from 13 to 155 pf s~! to generate

mean tube shear rates, G = 2Q/nRg, between 39.3 and 1800 s™! assuming

Poiseuille flowl,

3. “ADP Concentiation

[

Stock ADP was prepared at an initial concentration, ADPi, to give

a constant final concentration in plasma, ADPf, independent of both donor

1 Bluncing of the velocity distribution will result in higher wall shear
“rates than in Poiseuille flow at the same Q. For HCT > 20%, and
cell-to-tube diameter ratios of ~ 0.06, the degree of blunting in ghost
cell suspensions increased with increasing HCT and cell-to-tube diameter

“ratio, and decreased with increasing Q (Goldsmith and Marlow, 1979).

Extrapolating from this data, significant blunting is not expected at the
present flow rates, even at Q = 13 i s"1 due to the low cell-to-tube
diameter ratio-(0.007) and the high mean velocity (> 9.8 tube

diameters s~1). The contribution of rouleaux formation to blunting is not
likely to be significant in the present range of shear rate.
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hematocrit and the 10x dilution of ADP in whole Glood in the mixing
chamber. Final ADP concentrations of 0.2 and 1.0 pM were used to

calculate ADPi, according to:

ADP, = ADP, x [8,1(1 - HCT) + 1.9) ’ 12)

LS

4, Thromboxane B,

Thromgoxane B,, TXB,, was measured to a lower limit of 50 pg ml~}
in the plasma of selected experiments by radioimmunoassay, RIA, using
J4-TXB, (New England Nuclear, NEK700A, Lachine QC). Unfixed effluent WB
was collected into 1,5 ml polypropylene microfuge tubes and immediately
centrifuged at ~ 10,000g for 30 s. Approximately 0,75 ml of “supernatant
plasma were quickly filtered free of any éells idadvertantly igtroduced
during plasma extraction using 0.2 .um pore syringe filter units
(Milléx—GS, Millipore, Mississauga, ON). ‘The filtered plaema“wa;
incubated for 20 min at 37°C and then stored at -20°C until the RIA was

performed.

5. Separation of Single Platelets and Aggregates from Red Cells

Approximately 5 ml of effluent WB fixed in glutaraldehyde were
carefully layered onto 40 ml of isotonic Percoll solution (1.097 g ml™l, .
Pharmacia, Dorval, QC) in a 50 ml polycarbonate tube and centrifuged in a
horizontal swingout rotor at ﬁOOOg for 20 min. The rbc formed a tight
pellet at the bottoi~of the tLbe while single platelets and aggregates
formed a thin layer at the glutaraldehyde-Percoll interface. The }qtter

were carefully removed using a wide-mouthed polyethylene Pasteur pipette

and resuspended in ~ 8,0 ml Percoll.
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6. Particle Concentration and Size

‘ The number concentration and size of single platelets and
aggreéates were measured using an electronic particle counter (Coulter ZM)
in conjunction with a logarithmic amplifier (Coulter Log Range Expander)
and a 100 channel pulse height analyzer (Coulter Channelizer C1000) to
generate log-volume histograms over the volume range I - 105 um3, As
described in detail in Chapter II, permanent tracings (Coulter XY4
Recorder) of each histogram were manually transposed into a microcomputer
(HP 86, Hewletv Packard, Kirkland, QC) using a digitizer (HP 9111A). The
distribution of background in the small volume rangé of the log-volume
histograms was measured separately in platelet-poor plasma, PPP, and then
fitted by a decreasing exponential function using a weighted least squares
regression. Using a trial and error iterative procedure, a normal curve
was fit;ed to thé distribution of single platelet log-volume over the
range where the \{nfluence of background and microaggregate contamination
are minimal. Background was subtracted from the measured 19g~volume‘
histograms to give the same content in class 1 of the resultant histogram
as that predicted by a normal distribution of single platelet log-volume.

The number concentration per histogram class is N(xi), particle volume

!
v(xi). and volume fraction Q(xi) - N(xi)v(xi), where X, is the mark of the
th

&:m class. Computer-integ;ation of the log~-volume histograms ylelded the
A

ber of particles counted, n, U(E), the number concentration, NL U(E),
and the volume fraction, ¢i U(E), of particles between lower, L, and
’

upper, U, volume limits at time t.

Average log-volume histograms were generated from multiple donors

at each mean transit time after the 1ndiv1dual histograms were transformed-




into equivalent histograms using the average of the mean single platelet

/

volume and étandard deviation of all donors concerned. The mean,
normalized volume fraction of the ith class is given by

5(xi) = [ﬁ(;i)v(xi)]/[ﬁ(xm)v(xm)], wherelﬁ(xi) is the mean normalized
particle concentration, and ﬁkxm) and v(xm) are the respective mean
normalized particle concentration and volume of the class of maximum
concentfation, m, at t = U s, Detalls of the transformation and averaging
are described in Appendix II. The ultima;e effect of these procedures is
to provide an estimate of the changés in particle volume in relation to
the mean single platelet volume and standard deviation, as opposed to

simply averaging changes in abgsolute volume.

7. Statistics N

The mean, ;, mode, Mmod ® mediaﬁ, Foed’ and standard deviation, o,
of the linear volume distributioﬁ were calculated from the mean and
standard deviation of the log-volume distribution, assuming a normal
distribution of the latter (Kenney and Keeping, 1951; Documenta Gelgy,
1962)., The «Fsumption of. log-normality of single platelet volume was
tested asing'the Kplmogorov~Smirnov, K~5, one sample test‘(Young, 1977;
Lilliefors, 1967). Skewingz 8)» and.kurtosis, 8, of the log-volume
histdgrams and thelr standard errors were determined usfhg standard

L4

équations for frequency distributions (Sokal and Rolhf, 1969). The
LY
- /
significance of deviation of these sample statistics from the parametric

value of zero was tested using two-talled, Student's t-tests. Unpafired,

one—tailed t-tests were used to test the significance of differences

“
»

between means. °
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EXPERIMENTAL ERROR

1, Platelet Extraction Efficiency

Counting platelets and aggregates in a suspension containing rbe
by using upper and lower size discriminators on the particle counting
equipment was not possible with the present instrument configuration, Due
to the far"greater number of rbc in the volume range of the aggregates

under consideration in the present.study, a method of first removing the

rbc from the WB suspensio;\was required.

The density of hardened rbc was independently determined in this
laboratory to be 1,155 g ml~!l, and that of hardened platelets 1.04 g ml~l,
The density of the Percoll suspension was constant at 1.097 g ml~l, and
provided a good separation of platelets and rbc. When a platelet
suspension was carefully layered over the Percoll and then centrifuged, a
thin turbid layer of platelets was present at the interface between the
yellowish, translucent fixed plasma and the Percoll. The interface was
easlly i@entified by the difference in refractive index of the plasma and
the Percoll, The extraction of platelets and aggregates adjacent to the
interface was facilitated by the reduction in the suspension turbidity as
partig%es were removed from this region. At the bottom of the tube, the
rbe formed ajlight pellet with a qharp interface which wasusepar;ted from
the plasma/Percoll interfacé by a clear r;giqq,3f Percoll '

<
indistinguishable from the original Percoll suspension.
The efficiency of the extraction of single platelets and

aggregates from the glutaraldehyde-fixed whole blood suspensions was

evaluated by layering suspensions of PRP, platelet aggregates and WB onto




=
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Percoll and comparing the particle counts (Table 1). Unless stated

o;herwise all PRP was collected into citrate anticoagulant as described in
Chapter III. When a 3.0 ml sample of glutaraldehyde-fixed PRP was layered
onto 40 ml of Percoll and then centrifuged at 4000g, all the platelets
were recovered in the top 7.0 ml, with greater than 83X of the cells
located in the thin layer at the plasma/Percoll interface. 1In ocrder to
recover all the cells, it was necessary to withdraw at leést 6.0 ml total
volume from thig region-alone. 4s will be seen in the subsequent particle
log-volume histograms, large numbers of white blood cells, wbc, were also ~
extracted with the platelets due to the similarity in the densfttes of
thése two cell types. The number of wbc, however, was.not large enough to
interfere with the identification gnd quantitation of aggregates of
gsimilar volume. No platelets, wbc or rbc were found between the interface
and the rbc pellet at the bottom of the centrifuge tube. In addition:
because most of the plasma remained at the top of the tube and w38 not
extracted with the platelets at the interface, the background in the

log-volume distributions produced by the fixed plasma proteins was much

reduced compared to that in fixed, neat PRP.

A suspension of single platelets and aggregates was prepared by
mixing PRP and ADP in an aggregometer cuvette until the aggregates were
visible to the naked eye, at which point they were fixed in
glutaraldehyde. Again, after centrifuging this suspensfon through
Percoll, all particles were recovered in the top 7.0 ml, more than 88% of
which were at the interface.

»

Although no measure of the single platelet concentration in WB was

[ -
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( | TABLE 1 bt

s

Extra;:tlon of Single Platelets and Aggregates from PRP and WB

Particle Concentration, pf~!
*
Suspension |y 4t 1a1 Top Interface  Total
. a 1.0 ml 6.0 ml 7.0 ml
) ‘ PRP 173,144 29,305 143,535 172,840
aggregates 540,189 4,550 34,887 * 39,437
v
WB - 13,748 297,435 311,183
kKk Kk k
WB, 2x - 18,249 18,249
WB + - . 7,159 314,672 321,831
aggregates
- ' *kk
. WB + \ - 4,352 4,352
aggregates !
*k
2x
* without centrifugation through Percoll

**  rbc pellet resuspended in bottom 4.0 ml Percoll;
recentrifuged through 40 ml neat Percoll
*** no interface when rbc pellet resuspended’in Percoll;

top 4.5 ml extracted




available prior to centrifugation through Percoll, more than 96% of the

platelefs recovered in the top 7.0 ml were at the interface. The fh{ed
rbc were washed free of excess glutaraldehyde on transit through the
Percoll and did not agglutinate after being compressed into a pel-lec‘a't
the bottom of the tube, but readily dispersed with mild agitation. When
the rbec pellet was resuspended in the bottom 4.0 ml of Percoll and this
suspehsion relayerad onto another tube of Percoll, an extra 5% of
platelets were recovered from t(;le rbe residue. Of the aggregates that
were added to WB, 98X were recovered at the interface during the first
egctraction :—}nd only 1% of additional particles were recovered from the rbc
;ellet.

Thus, an excellent separation of fixed platelets and aggregates ) .
from fixed rbc was achieved using the present technique and density of
Pe\rcoll. The rbc did not entrap significant numbers of single platelets
or \aggregates as’ they migrated through the Percoll, with at most 5% of
platelets and 1% of aggregates co-sedimenting wibth the rbc. In the
present experiments 8.0 ml of suspension was extracted froum the

plasma/Percoll interface to ensure the recovery of all particles from this

region,,

2. Wall Adhesion

Vi sual inspection of the polyethyiene flow tubes after each

experiment falled to reveal the presencé of adherent aggregates with

: C
either PRP or WB. In contrast, many large aggregates visible to the naked

eye were recovered in the effluent of PRP and of WB after the rbc were’ 1

removed, The adhesion of large aggregates to the tube wall after being

-
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formed entirely within suspension at the wall shear tfate; in the present

experiments 18 unlikely due to the known inward radial migration of both

deformable and rigid particles (Goldsmith and Mason, 1967; Gauthier

et al., 1972), and to the large gradient of shear across large aggregates

acting to prevent adhesion (Hyman, 1972),

'i‘he following experiment was carried out to determine the extent,
1f any, of platelet wall-adhesion in the present w\ork. Whole blood was
collected into glutaraldehyde-free Isoton II after t = 43 s exposure to
0.2 uM ADP at G = 39.3 and 1800 s~} in the flow tube. As will be shown
below, .extensive aggregation was present under these conditions. The
effluent WB suspension was kept on a rotator for 2 hr in order to
facilitate aggregate break—up and then fixed in 0.5% glutat‘::ldehyde.
Particle concentrations were compared to those of an unst;eared control,
t =0s. At G =39.3 s8”l, where the extent of aégregation was the
greatest, 97% of platelets in the control were recovered after aggregate
digpersal, and at G = 1800 8™1, 78% of platelets were recovered., Since
almost the same number of single platelets c;)uld be recovered before '
aggregation and after aggregate break-up, it w;mld seem that significant

G
wall adhesion did not occur in the present experiments.

RESULTS

Five male (33 t 15 yr) and six female (32 * 6 yr) donors were used
in a series of 13 experiment's involving 0.2 and 1.0 pM ADP at G = 39,3,
314, and 1800 s~1, Thexmoean hematocrit of the male donors (45.1%  1.7;
% 5.0, n = ) was significantly higher (p < 0.005) than that of the female

N
donors (42.4% % 1.3, n = 6) but, after the initial citraté concentration

a -
A

T e




was adjusted, there was no significant difference in (Ca2+] in WB between

@ the male (45.7 * 6.7 pM) and female (48.3 * 4,7 M) donors, and-no
correlation between [Caz"'] and donor hematocrit (r = -0,02). Thus, the
efforts to correct the hematocrit-dependent dilution of citrate (Chapter
1V, this thesis) and keep the plasma fCaH] the gsame for both sexes were

/ successful., As such, the data for both sexes at the same mean tube shear
rate and ADP concentration were pooled.

1. Single Platelet Volume

Table 2 shows average values of the statistics of the ‘irdividual 4
single platelet log-volume histograms after background was subtracted as
described in Chapter IL. The mean single platelet volume
(0 = 7.5 + 0,8 pm3) was not significantly different from'that obtained in

PRP (p = 7.3 + 0.9 pm3) in Chapter IIL. ALl other statistics of the

log~volume distributions from WB and PRP were virtually identical as well. ’

Distributions from 9 out of the 11 donors tested were also log-normal

o,

|

} \ according to the K-S one sample test. On avera’ge, however,q“hhe log—-normal
: distributions of platelets in WB tended to be more positively skewed

(g; >0, p <0.05) than those in PRP, pointing to the presence 3f some
mitroaggregates 1in the suspen‘sions prior to shearing. The high fraction

of log-normgl distributions in both WB and PRP, and the similarity of the

[}

statistics characterizing the distributions from these suspensions, -
indicate that the. shape gf the single platelet log-volume distributions of

those cells extracted from WB 1s identical with that of cells in PRP

without extraction. Thus, the entire single platelet population was

recovered from WB by the present tectnique, and a unique subset of

o platelets was not preferentially recovered due to differences in cell

“

density,
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c TABLE 2

14

. " Average Statistics of the Single Platelet Log-Volume Histograms

Y
[

> ¢ .
Statistic .
e No. Donors 11

No. Log-Normal 9

mn 7.5 + 0,8
) o 4,6 + 0.7 -
. .

Pood 4.6 + 0.4
B oed 6.4 *+ 0.6 .

o *
8, -0.024 + 0,117

. nL,U(O) 15700 + 1060

Statistics of individual single platelet log-volume distributions
in WB calculated at t = 0 8 over the range 1 - 50 un? were averaged
(z S.D.) for the stated number of donors. Also given is the
number of distributions that were accepted as logi-normal by the
K-S one sample test. Symbols are as desr‘ibed in the text and

volumes are in um3._ !
Signi€icantly different from zero: * p < 0.05,
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2. Single Platelet Concentration

(a) ADP N

At all three mean tube shear rates, the rate and extent of
aggregation in WB were always greater than those in PRP at both ADP
concentrations, For the purpose of comparison, thie combined average
values of aggregation in PRP from the male and female donors of Chapter
IIT are also shown. Figure 1 shows the single platelet concentration at

time t, N 0(E), normalized to that at t = 0 s as a function of mean

1,3 v

transit time at G = 39.3 s”!. As discussed in Chapter II of this thesis,
the volume range from 1 to 30 pma was selected to be single platelets ’
despite some overlaplgf microaggregate volume, The ini;;al single N
platelet concentration per unit volume of WB 12,the flow tube was

170,550 + 36,210 (+ S.D., n = 11) and that per unit volume of PRP f;r the
pooled donors from Chapter III was 279,000 + 29,1Q0 (n = 14%4), At 0.2 pM
AbP, the rate of aggregation was highest over the first t = 1.7 g where

26% + 2.5 (+ S.E.M., n = 55 of the initial single platelets aggregatediper
secopd. This rate of aggregation is more thaq 7x greater than in PRP, In
both platelet suspensions no lag phase preceded aggregation, and the rate
of aggregation decreased steadily with increasing mean transit time. At -

t = 43 s, however, only 13% + 1.4 (n = 5) of platelets remained

unaggregated in WB as compared to 64% + 2.7 (n = 18) 1in PRP, At 1,0 yM ~

ADP, the initial rate of aggregation in WB of 37% 8l £ 2,8 (n = 5) was 9x

g?eatgr than the mean value for the single male donor and female donor %‘
1 N wa
from Chapter 111, Although the initial rate of aggregation in WB also

decreased steadily with increasing mean transit time, it remained
B‘Ejiciently high to leave only 6.8% *+ 0,7 of the single platelets

unaggregated at t = 43 s,

ﬁ‘h



Figure 1: Sin&le Platelet Concentra@lon VS, t at G =.39.3. 8

>
Tra-

The normalized single platelet concentration,,nt 30(t:)/N1 30(0),
(2 S.E.M) at G = 39,3 s~k as a. function of mean transit time. Solid line

WB; broken line, PRP; 0 0,2 pM ADP; @ 1,0 pM ADP; ® modified Tyrodes. .

4
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As found at G = 39.3 s~1, the aggregation o-f platelets in WB at
G = 314 s~} (Fig. 2) was always greater than that in PRP at both 0.2 and
1.0 pM_'ADP. Although the initial rates of aggregation at both ADP -
concentrations at G = 314 s~! were less than the respective val'ues/ at
G'= 39.3 g1, they decreased to a lesser extent with increasing mean
transit time so that the extent of aggregation at t = 43 8 was greater at

G = 314 s~!'than at ¢ = 39.3 s~!, At 0.2.uM ADP, a low initial rate of

aggregation increased between t =1,7 and 8.6 8 before decreasing. This

‘pattern of aggregation produced the characteristic sigmoid aggregation

curve found in PRP, At 1,0 yM ADP, the initial rate of aggregation of
112 s~1 2 1,7 (n =5) at G = 314 s~} was higher than that at:( 0,2 uM ADP
but less than that at either ADP concentration at G = 39.3 8”1, The rate
of aggregation at 1.0 puM ADP at (-; = 314 sg~1, however, remained almost
c;nstant until € = 8,6 8 at which point B4 % 1.8 (n = 5) of the single
cells héd aggregated, The rate of aggregation slowed considerably

thereafter, but by T = 43 s, 99% + 0.2 (n = 5) of the cells had

aggregated.,

The pattern of aggregation at G = 1800 s~} in WB was almost
identical with that at G = 314 s~! at the same respecti;.'e ADP
concéntrations P(Fig. 3). At 0.2 yM ADP, the rate and extent of
aggregati_on was “%;@imila‘xl: at the two shear rates that the aggregation
curves were vi}'t:ually suqerimposable. At 1,0 uM ADP, the initial rate of
aggregation was higher than \that at G = 314 s~} but Bl:‘:lrll less than that
at G = -39.3 s~l. Again, as atm_a = 314 g}, the rate of aggregation barel
decreased between t = 1.7 and 8.6'8 so that by the latter mean transit

\

time 952 * 0.8 (n =5) of the single plateletd had aggregated. Due to

°

S

-
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.Nl.soﬁ’ e
N;,30(0)

Figure 2: Single Platelet Concentration vs. t at G = 314 g~}

5

The normalized single platelet concencration, 1, 30(t)/N1 30(0),

(+ S.E.M) at G = 314 s~! as a function of mean transit time. Solid line

WB; broken line, PRP; 00,2 pM ADP; @ 1.0 yM ADP; mmodified Tyrodes.




Figure 3: Single Platelet Concentration vs. t at G = 1800 g~} ~ .

The normalized single platelet concentration, N 1, 30(!:)/N1 30(0),
h (i S.E.M) at G = 1800 s~! as a function of mean transit time. Solid line
WB; broken line, PRP; " o0. 2 pM ADP; 1.0 yM ADP; -modifi.ed Tyrodes.

—
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the enormous depletion of single platelets;lthe rate of aggregation beyond
t = 8.6 s decreased considerably, yet by t =43 s virtually no
(0.5% £ 0.2, n= 5) single platelets remained. This tremendous extent of[\
aggregation was also achiieved for the male donor and female donor in PRP
at 1.0 uM ADP in Chapter 1II. Here,‘thg initial rate of aggregation was
much slower than in WB at either 0.2 or 1.0 \M ADP. Only after E =1,7 8
did the rate of aggregation iAcreaae to approximately the same value as at
1.0 pM ADP in WB between t = 1.7 and 8.6 5. Although the rate ofw

aggregation in PRP also decreased after t = 8.6 8, it remained higher than «”

.at 1,0 pM ADP in WB beyond this mean trangit time, presumably due to the

o

larger number of unaggregated platelets remaining:

(b) Controls
Compared to similar shear rates in PRP, the extent of aggregation

at t = 43 s was generally gre;ter in the controls in WB in which modified
Tyrodes was infused 1né}ead of ADP. The aggregation in the controls was
greatest at G =39.3 and 1800 8”1, but was not significantly different

from that in PRP at G = 314 s~!, The enhanced aggregation in the controls

" was not due to the release of "platelet granule contents since the level of

TXB, in either the control runs or the ADP runs at t = 43 s was aot

hd — ’ a
significantly higher than at t > 0 8 at any of the three mean tube shear

rates (Table 3), 1In addition, the mean plasma lactate dehydrogenase‘
concentration, EDH, in WB for swn donors was thea;ame at all three shear
rates as in the static controls. Since the conceiitration of LDH was in
the normal range for plasma (Dittmer, 1961), Eh; flow system did not

induce significant hemolysis.

(—J




- TABLE 3

TXB,, ng m&"! (+ S.D.) and LDH, U g~}

. G s-! i}
- *
t,s | n 0 39,3 314 1800
TXB, CONTROL 0 10 0.14 - . - -
+ 0,19
43 7 - 0.56 . 0-25 1030
+ 1.08 + 0,42 + 1,93
ADP 43 9 - 0.61 - 0.29 0.77 (10)
+ 0,78 + 0,56 + 1.69
LDH CONTROL ) 0 2 102 <113 95 94 (1)
43 2 - 108 99 101 (1)
\ ‘
B - 300 2 101
- 4

* number of donors except where indicated in parentheses -

o
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3. Aggregate Size and Growth Rate

'Y T

The pattern and extent of ggéregate growth at both ADP
concentrations and at all three mean tube shear rates is illustrated. by
the corrc inuous volume fraction histograms in the upper half of Fl’gures 4,
18 and 9. Here, the mean normalized class volume fraction, E)(xi), is

plotted against particle volume, v(xi), over thie range from 1 to 10° pym3,

(a) G = 39,3 g~}

Prior to éxposure to 0.2 uM ADP and G = 39.3 g~ 1 (Fig. 4a;
t =0 8), the single platelet volume fraction followed an appareat
log~normal distribution with relat:ively‘ few aggregates present, The
reduction in the volume fraction of single platelets at t = 1.7 s wvas
accompanlied by the growth of aggregates of a wide range of volume but
always less than 10“ p,m3. The continued formation of aggregates of many
sizes led to the broad aggregate volume fraction distribution at t = 43 s,
The large peaks of modal volume ~200 and 380 pm3 correspond to wbc. The
standard error of these peaks is large since the extraction procedure was
designed to recover platelets not wbc, Consequently the number of wbe
inadvertenély coextracted varied wmore s!:rongly from donor to donor and
extraction to extﬁtaction. It is evident by the persistent wbc peak at
t =438 Efxat these cel]:s were not incorporated into aggregaté’s.‘

The rate of growth of aggregates of progressively 1nc;eq§1ng slze
is also shown in the respective lower halves ;f Figuresj 4, 8 and 9., 1In
these figures-, the volume fraction of particles{at time "t-, q’L,U(E)’

between lower, L, and upper, U, volume limits was normalized to the total

volume fractibh‘ at time t = 0 8, Ql 105(0) and plotted against mean
' 1]




~
Figure 4: Aggregate Growth at G = 39.3 s~!

Upper: Three dimensional plotg of the mean, normalized class
| volume fraction, @(x ), (+ S.E.M., dotted 1ine) versus particle volume,

v(x ), .at mean transit times, t = o, 1. 7, and 43 s.

Lower: The normalized volume fraction of particlés between lower,
L, and upper, U, volumes, L, U(t)/tb1 105(0) (+ S.E.M), plotted against t.
The volume limits, L-U, from 1-30, 30- 102, 102-103, 103-10%, 104-10° are
shown beside their respective plots. .
a,b) 0.2 M ADP; c,d) 1.0 uM ADP/ .
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transit time, At any given mean transit time, the combined volune
fraction of aggregates and single cells equals the total particle volume
fraction. The rate of growth of aggregates between L = 102 and Q
U = 103 um3 was more clearly revealed by deleting the particie counts
corresponding to wbc. All particles in this volume interval at t=0s
were gsubtracted from those in the same interval at all other mean transit

‘-
times, The decrease in the normalized volume fraction of single cells

(Fig. 4b; L = 1, U = 30 pm3) clo;ely paralleled that of the normalized
singlefplatelet concentration (Fi‘g. 1). The rapid growth of aggregates of
many sizes concurrently 1s also evident., This 18 in contrast to the
sequential rise in the volum: fraction of aggregates of su‘ccessivel)ﬁ
increasing size found at higher shear rates in WB and in PRP. The total
particle volume fraction at first remained relatively constant aand only

began to decrease with the formation of large aggregates of volune greater

than 10° p.m3, the maximum volume measured in the present experiments.

It should be noted that at both ADP concentrations and all three
mean tube shear rates, aggregates were plainly visible to the naked eye
afiér the rbc were removed, and that the increase in the extent of
aggregation with Increasing mean transit time could be followed during
platelet extraction. The aggregates were almost always white in color and
similar in shape to those obtained in PRP, The largest aggregates were
also more like flakes than spheres which was easily demonstrated by

~ —-

swirling the suspension after extraction. The major axis of thede

@

aggr'egate[-joften exceeded 1 mm.

L .




The higher rate of single platelet decrease at 1.0 yM ADP than at -

0.2 pM ADP at G = 39,3 87! (Fig. 1) was accompanied by a larger range of
aggregate size that extended beyond 10° pm3 at t = 1.7 s (Fig. Ac).m'rhe
steady dec?ease in the volume fraction of single platelets, and of
aggregates between 30 and 105 ym3 beyond t = 8.6 s (Fig 4d), accompanied
the concinued‘ growth of aggregates to volumes greater than the maximum (E‘
volume measu:“ed. This was reflected in a concomitant decrease ir; the

total patticle volume fraction. By t = 43 s,C;:)st all the aggrega&s

Iexceeded 10° um3, although some single platelet ¥'still remained.

The peak present at ~ 64 pm3 at both t = 1.7 and 43 s corresponded
to contaminating rbc 1n these preparations. The equivaleat sphere volume
of the rbc 18 smaller than their real volume because, as discussed in
Chapter 1I, the amplitude of volume signals generated in the Coulter
Counter depends on particle shape, The fixed rbc are rigid discs of shape
factor ~1.2 but the Coulter scale 18 calibrated with spheres of shape
facior 1.5. By correcting for the difference in shape factor, a modal rbc
volume of 80 um3 is obtained, This is close to the normal mean rbc volume - :
(88 p,m3) consldering the assumptions made regarding cell shape, The
presence of rbc I8 not surprising since only at 1.0 M ADP at
G =39.3 871, were the aggregates; visibiy red in color after extraction
from WB, 6}\he aggregates were still flak e-like but also much larger, often
with a major axis of several millimeters, than those described above that
contained exélusively platelets. Some of these aggregates were completely
red while others had az red central core with the remainder of the particle

from pink to white. It is possible'thac some rbc incorporated at the

periphery of the aggregates were dislodged during the constant agitation

»
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of the suspensions that was maintained'betwegn extraction and measurement
to pfevént sedimentation and posgible clumping at the bottom of the tube.
These free rbc would give rise to the peaks seen SE‘theﬁlog—volume

histograms,

Light micrographs taken under epi-illumination differential
interference contraet; D.I1.C., microscopy (¥ig. 5a) show numerous rbc
interspersed among the tighfly packed platelets, ass well as some free rbc.
At a lower magnification under transmitted light, the red colour of these
aggregates is clearly evident (E}g. 5b). A transmission electron
micrograph, T.E.M., of a section through an aggregate (Fig. 6) verified
that rbc were trapped within the interior of platelet aggregates and not
simply attached to their surface as an artifact of fixation. In contrast
the aggregates at t <43 8at G =314 s'1 (Fig. 7a) and at G = 1800 s~

(Fig. 7b) were not red in colour and few rbc were observed trapped within

the aggregates. ‘ ' o

(b) G = 314

The volume fraction histogram at G = 314 s~! (Fig. 8a) shows that
after t = 43 8 ex;%sure to 0.2 uM ADP, the aggregates were grouped into a
Bingle large population of volume less than 6.b-x 104 ;ma. furthermore,
at this mean tube shear rate, the formation of large aggregates was
preceded by theuformation of smaller aggregates (Fig. 8b). An early rise
in the volume fraction gf aggregates between 30 and 102 ym3 was succeeded
by that of aggregates between'loé and 103 ym3, By t = 8.6 s, a )

significant number of aggregates between lﬁj and 10* ym3 had appeared. At

¢his mean transit time there were very few aggregates between 10% and

’




Figure 5: Light Micrographs of Platelet Aggregates Containing Rbc

a) Epi-illimation D.I.é, micrograph of platelet aggregate formed
after t = 43 g exposure to 1.9 uM ADP at G = 39.3 57!, The smooth surface
and distintive shape of the larger rbc are evident at numerous locations
1d the aggregate (500x magnification). . .

b) Transmitted light D.I.C. micrograph of aggregate showing red

color due to rbe (79x magnification).
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Figure 6: T.E.M. of Section Through Platelet Aggregate Contaiﬁi_qg Rbc =
¢ A single rbc is shown deformed to conform to the confines of the

oy

aggregate. Since all cells and aggregtes were quickly fixed in

glutaraldehyde the rbc could .not have been deformed during any of the
P

preparatory steps for the T.E.M, (~6000x magnification).
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Figure 7: Light Microgéphs of :ﬁatelbt Kggregates Without Rbe

a) Epi-illumination D.I.C. micrograph of platelet aggregate -
formed after t = 43 s exposure to 1,0 uM ADP at G = 314 s~!, In.contrast
to Fig. 5a, no rbc can be discerned on or within the aggregate (500x
magnification). , f \ Lo

b) Transmitted light DIC micrograph of platelet aggregate fdrmed
-after t = 43 8 exposure to 1.0 pM ADP at G = 1800 s~l. In contrast to
Fig. 5b, the aggreéate is not réq in color (200x magnification).
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Figure 8: éégggsate Growth at G = 314 s~! ) .
Upper: Three dimensional plots of the mean, normalized class

volume fraction, a(xif?‘(t S.E.M., dotted line) versus particle volume,
v(xi), at mean transit times, t = 0, 8.6, and 43 s. .
~ Lower: The normalized volume fraction of particles between lower,
L, and upper, U, volumes; @L.U(E)/Ql’los(O) (+ S:E.M), plotted against t.
The volume limits, L-U, from 1-30, 30-102, 102-103, 103-10%, 10%-105 are
~ shown beside their respective plots.

a,b) 0.2 pM ADP; c,d) 1.0 pM ADP
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10° pm3 but by t = 43 s, the large population of aggregates shown in
Figure 8a resulted from a sharp increase in the rate of formation of
aggregates of volume from 103 to 105 pma. The single platelet volume

fraction followed a sigmoid decline with the rate of decrease steepest

f'
accompanying the formation of small aggregates between 30 and 103 yum3,

At 1.0 pM ADP (Fig. 8c), the higher rate of aggregation was
accompanied by an Increase in aggregate size, &The constant decline in the
volume fraction of sinéle platelets between t = 1.7 and 8.6 s was
paralleled by a sharp rise in the volume fraction of aggregates of volume
from 102 to 10% um3 (Fig. 8d), although aggregates as large as 5 x 105 pm3
were also prevalent. The vol{me fraction of aggregates of volume greater
than 16" um3 steadily increased between t = 8,6 and 43 8, while that of
smaller aggregates declin;d sharply. By t =43 s, almost all of the
single platelets had aggregated, yet many of the aggregates were still
less than 10° pmd, It is apparex:t here that, as in PRP (Chapter III, this
thesis), the total volume fraction rose above its initial level when large
numbers of aggregates between 103 and 10 pm3? accumulated. Again, as

aggregate volume eventually exceeded 10°% p.m3, the total volume fraction

decreased.

(c) G = 1800 g~}

The time-dependent -increase in the volume fraction of aggregates
of successively increasing size was even more pronounced at G = 1800 s'l‘:
at 0,2 uM ADP (Fig. 9b), where the aggregates occupied a narrow range of
volume (Fig.\ 9a). A slight delay of t=1.7 s preceding the decrease in

the volume fraction of single platelets was accompanied by a similar delay
&




Figure 9: Aggregate Growth at G = 1800 g~ ! - .

Upper: Three dimensional plots of the mean, normal@zed class
volume fraction, @(xi), (¢+ S.E.M., dotted line) versus particle volume,
v(x,), at mean transit times, t = 0, 8.6, and 43 s. "

Lower: The normalized volume fraction of particles between lower,
L, and upper, U, volumes @L’U(E)/¢1’105(0) (+ S.E.M), plotted against t.
The volume limits, L-U, from 1-30, 20-102, 102-103, 103-10%, 104-105 are
shown beside thelr respective plog

a,b) 0,2 uM ADP; c,d) 1.0 uM ADP
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in the growth of aggregates. Once aggregation was initiated, the volume

fraction of aggregates between 30 and 102 pum3 peaked at t = 8.6 s and
declined thereafter. The volume fraction of aggregates between 102 and
103 um3 also peaked at t = 8,6 8 but remained at relatively the same
value., By t = 8.6 s, aggregates b;tween 103 and 104 um3 had atart;d to
fprm. Although the single platelet concentration at t = 8,6 8 at 0.} uM
ADP was similar to that at G = 314 8”1, the maximum aggregate size was
much reduced (< 2.1 x 103 pma) compared to that at the two lower shear
rates. Aggregates between 10" and 105 pm3 did not appear until t = 43 8
where, together with a distinct population between 103 and 10% pm3. t hey

formed a blmodal aggregate population.

At 1.0 pyM ADP, the single platelets aggregated so fast that within
t = 8.6 s they were almost exclusively incorporated into one large
aggregate population between 102 and 10% pm3 (Fig. 9c,d). Once formed

this population appeared to increase in volume as a unit in discrete

] steps./,Further aggregation resulted entirely from the self assembly of

these similarly-sized aggregates into larger aggregates also of narrow

size range. The total volume fraction decreased suddenly at t =43 8 as
f"
this group of aggregates assoclated into a single population of volume

greater than 5 x 10" pym3, Below this volume, only wbc remained. Again,

the steepest decline in the single platelet volume fraction was associated

with formation of relatively gmall aggregates between t = 1.7 and 8.6 s,

at the end of which the total volume fraction showed a characteristic

increase. ‘\
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DISCUSSION

The present work shows that platelet aggregation 18 much greater

in WB than in PRP. At G = 39,3 s~! and at 1.0 uY4 ADP, rbc were
incorporated into aggregates but this did not occur at higher shear rates
or at lower ADP concentrations. Wbc were largely excluded from aggregates °
at all shear rates and both levels of platelet stimulation. High shear
rates were successful in recruiting all platelets into aggregates but
aggregate growth exhibited a progressive time-dependent inhibition with
increasing mean tube shear rate. As will be discussed below, the
augmentation of platelet aggregation can be interpreted in terms of the
pitysical effect of rbc on the frequeqcy and efficiency of collisions

between activated platelets, and between platelets and aggregates. -

1. Wall Adhesion

Measurements of the total volume fraction of suspenqed particles
independently support the contention that significant wall adhesion did
not occur in the present experiments. For any given suspension the total
particle volume fraction should remain constant during aggregation,
independent of the distribution of platelets within aggregates and
independent of aggregate size. As was observed in Chapters II and III of
this thesis, the total particle volume fraction did not decrease until
aggregates of volume greater than 105 pm3 were formed. The total volume
ftaction!decreaaed at this polnt because such large aggregates were beyond
the range of particle volume measured in the preseat experiments. If wall
adhesion wag occurring concomitantly with aggregation then a steady

decrease in the total volume fraction with increasirg mean transit time




would have been observed from the onset of aggregation., 1In fact, as
discussed in Chapter II, the total volume fraction actually increased as
the concentration of aggregates from 103 to 10° pm3 increased before
?écreasing agalin as these aggregates were ilncorporated into larger
aggregates whose volume exceeded 103 um3. This translent rise ia the
total volume fraction was due to the artifactual over-estimation of the
volume of particles of diameter that is more than 20X of the aperture
diameter of the electronic particle counter (Smythe, 1961; 196Al: Since
aggregates of volume greater than 100 un? were measured on a 100 um
diameter aperture, particles of equivalent sphere diameter greater than
20 pm, or of volume greater than 4,2 x 103 pm3, would be over-estimated.
In addition, a vold volume of plasma trapped between platelets comprising
aggregates (Born and Hume, 1967; Belval and Hellums, 1986) fncreases with
increasing aggregate size., Since electronic particle counters measure the

envelope volume of particles, the volume'of aggregates would be

over-estimated. ., e

It is unlikeiy that platelet thrombi growing from nidi on the tube
wall were shed intermittently into the mainstream as observed in vivo. In
patent blood vessels single platelets first ad;ere to a site of intimal
injury and a mural thrombus grows into the vessel lumen as new platelets
are recruited (Begent and Born, 1970; Arfors et al., 1976). In the
absence of complete vessel occlusion, the thrombus eventually embolizes or

sheds fragments once an unstable size is reached. The same process is

often repeated continuously at a given<site of vessel injury. If such a

process were occurring in the tube in the present experiments there would

have been large fluctuations in both the number and size of aggregates at
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a given mean transit time instead of the obeerved continuous increase in

the concentration of aggregates of progressively increasing size.

2. Platelet size

The mean platelet volume after platelet extraction from‘WB through
Percoll was the same as that in PRP prepared under standardized conditioga
(Chapter III, this thédis). A mean value of 7.5 pm3, uncorrected for
particle shape, was obtalned that is consistent with previous estimates of
uncorrected mean platelet volume obtained using electronic particle
counters (Nakeff and Ingram, 1970; Paulus, 19Z5; Mundschenk et al., 1976;
Holme and Murphy, 1980). The descriptive statistics of the distribution
of\platelet volume were virtually identical for the two methods of
harvesting platglets. In both cases platelet volume closely followsif
single Aog—normal model as previously reported for the distribution of
platelet diameter, mass, and volume (von Behrens, 197z; Bahr and Zeitier,
1965; ;;ulus, 1975). Due to the high density of the Percoll suspending
phase, not only does the present technique not extract a subset of
platelets based on density, it demonstrates that only one continuous
population of platelets exists with respect to size and density, and that
this same population is normally retrieved in PRP, '

a

Numerous reports of platelet size gnd density heterogeneity have
indicated that a subset of large dense, more reactive platelets exists
(Booyse et al., 1968; Karpatkin, 1969a,b; Corash et al., 1977). It is
further contended that the large variance in platelet size is determined

by piatelet aging in the circulation and that the larger platelets are

younger (Karpatkin, 1969b; Corash et al., 1978; Rand et al., 1981). The
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increased reactivity of large platelets may primarily reflect their higher
content, of dense bodies and a-granules (Thomps;n.gg_gi., 1983; Corash,

et al., 1984). It has also been suggested that platelet heterogeneity is
determined b} the factors controlling platelet production in the bone
marrow (Paulus, 1975; Pennington & al., 1976). The log-normal size

- £
distribution has been modeled mathematically in terms of random factors

controlling the rates of megakaryocyte membrane demarcation and platelet

fragmentation (faulhs, 1975).

The converse of the hypothesis of a subset of more reactive
platelets would suggest that some platelets within a normal population
typically do not aggregate (Born and Hume, 1967; Nichols and Bosmann,
1979; Gear, 1982). The present work shows clearlyrthat given a sufficient -
collision frequency and degree of platelet activation all platelets will
aggregate, Neglecting the influence of microaggregates, the shape of the
single platelet log~volume distribution rem;ined symmetrical about the
initial modal volume during aggregation indicating that all single
platelets were being recruited equally-well into aggregates, as also
observed by Belval et al. (1984) for shear-induced aggregation. The same
extent and pattern of single platelet aggregation was alsg demonstrated at
room temperature in citrated PRP at 1 yM ADP at G = 1800 sl (Chapter III,
this thesis) and in heparinized PRP at 0.2 pM ADP at G = 314 s~} (Chapter

w

1V, this thesis). That this is so with ADP at room temperature where

serotonin release from platelets is inhibited in citrated plasma
(Valdorf-Hansen and Zucker, 1971) and often absent in heparinized plasma

even at 37°C (Mustard et al. 1975; Skoza et al., 1967) suggests that more

. {
potent platelet agonists such as thrombin and collagen would also cause -
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all platelets in suspension to aggregate. Whatever the source of size ]
heterogeneity, the present data confirm that platelet volume follows a
single unimodal log-normal distribution, and that all) platelets appear to

aggregate with equal ability in the absence of rele%se. °

4
N ?

3. Shear-Induced and Spontaneous Platelet Aggregation

The h;gher degree of platelet aggregation in the coantrols in WB
than in PRP indicates that some prior platelet activation may have been
present i;n WB. At a plasma viscos'ity of n= 1.8 mPa 8 at 22°C and at
exposure times of 43 s, the maximum mean tube shear stress, T = na, of
3.2 N ™2 1in the present experiments is below the threshold for
shear-induced platelet aggregation and release in PRP kBrovm et al., 1975;
leval et al,, 1984) and WB (Dewitz et al., 1978; Jen and McIntire, 1984).
Ft;rtherluore, no shear-induced platelet aggregation or release was present
in PRP at the same shear rates and exposure times using the same flow
system and method of measuring the concentration of single platelets and
aggregates (Chapter III, this thesis), Since aggregation in the controls
was greatest at G = 39,3 s~), where t = 0.07 N m™2, it is highly unlikely
that shear—induced platelet activation contributed‘signifigaptly to

&

platelet activation in the controls or the ADP-infusion runs.

It has been proposed that the transient accumulation of ADP as a .
regsult of rbc damage or lysis is responsible for bo;i1 spontaneous
aégregation Ey&g_ (Hellem, 1960; Gaarder et al., 1961) and normal
hemostasis in vivo (Born and Wehmeier, '1979). The extension‘of this mode
of platelet activation to thrombos!.s has given impetus to this hypothesis.

However; in the present experiments the maximum mean tube shear stress is

g .

/
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well below the threshold for shear-induced hemolysis at equivalent

exposure times (Nevaril et al., 1968; Leverett et al., 1972)., Hemolysis
due to the inter‘action of rbe wi;h surfaces (Bernateinlgi al,, 19675 is |
only important at exposure times on the order of several minutes (Leverett
et &1., 1972; Hellums and Hardwick, 198l1)., Measurement of plasma TXB, and
LDH conéentraticaa wwallrm that ADP from platelet release or lysis, as
well as hemolysis, did not cont:‘bute to the induction of aggregation in
the present experiments.
. ’ ' N )

The possibility of sublytic adenine nucleotide leakage from
damaged rbc gt low shear stres;ea is still a subjédct of debate,
§pontaneous aggregation in stirred WB (Burgess-Wilson sg_gl., 1§84) or '
rotating plastic vials (Sanlabadi et al., 1985) shows a positive
correlation\with hematocrit in the absence of detectable hemolysis, ahd
can be reduced by the addition of enzymes that degrade ADP (Fox et al.,
1982; Saniabadi et al., 1984). Other groups h#Qe failed to detect
significant spoataneous aggregation in stirred WB (Riess et al., 1986;
Abbate et al., 1986) and have reported instead diminiahed'ADP-induced
aggregation in WB compare? to PRP. The discr%pancy in reports of
spontaneous aggregation may reflect differe;ces in the method of
.extraqting and handling blood. Spontaneous aggregation in PRP ﬁ&s been
shown to be gréater in samples stored at room temperature than ;t 37°C and

to reach a maximum 2 = 3 hr.after blood withdrawal, but is inhibited if -

the plasma pH is prevented-'from rising (Breddin et al., 1976), Moreover, .

d there‘was no difference’ 1f the platelets were stored in WB or PRP before

!

‘testing.

P oy
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Due to the 10:1 ratio of ATP:ADP in rbc (Bishop, 1961), and the
higher rate of depﬁosphotylation of ATP than ADP in plasma (Holﬁseq,
1982); the slow leakage of adenine nucleotides from rbc could hransiently
.generate enough ADP to activate platelets. However, due to the short half
life of both nucleotides (Holmsen, 1982), it 1is not likely that_gfter the
one hour incubation at room temperature sufficient ADP remains to activatg
platelets. The accumulation of ADP may actually promote a period of
refractoriness to stimulation by exogenous ADP as observed by Abbate
et al. (1986)., At shear stresses suff;cient to generate signifiéant
hemolysis and release large améunts of adenine nucleot{des, thévratio of
ATP:ADP:AMP after 5 min. exposure was 1:2:20 with an ADP concentration‘of
0.6 uM (Reimers g&_gl,,JIQBA). At 30 s exposure to flow through
collagen-coated glass tubes at a wall shear rate of 320 s~1, Adams gnd
Feuerstein (1981) éid not measgure any significant release of ATP and ADP '
from waéhed rbc. The possibility that sliggt shear—-induced ieakage of
adenine nucleotides from platelets could generate sufficieq;"ADP to induce
aggregation duriﬁg the 43 8 of flow 18 also unlikely given the duantitiea
_released and half lives of ATP and ADP in‘glasma. ‘

4t

4, ADP-In&uced Platelet Aggregation

oy N

(a) Physical Effect of Red Cells on Platelet Aggfégation

The results of the present experiments clearly show that the rate

of single platelet aggregation is much greater in WB than in PRP at the

B

same ﬁéan tube shear rate and ADP concentration. The effect of shear rate
on plaﬁelet aggregation in RRP—aﬁq in WB can be interpreted in terms of

the number of collisions bétween activatéﬂ platelets and the fraction of

.collisions ylelding stable aggregates. The kinetics of single platelét
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aggregation in flowing suspensions has ﬁeen previously described for
dilute suspensions such as PRP in terms of classical two-body collision
theory (Bell and Goldsmith, 1984; Chapter ITI, this- thesis). The two-body
collision frequency between spherical particles in Poiseuille flow is

given by (Smoluchowski, 1917; Manley and Mason, 1952):

J-%g-c b3 N, (31 “

where N is the number concentration of spheres of radius b. Application

of Eq. jBi to collisions between unactivated or activated platelets

IN (0)] requires that the cells be treated as the eqdivalent

=N 30
spherical particle. During the initial stages of single platelet
aggregation, the number of collisions resulting in stable doublet
formation is Jc - aoJ, where < is the fraction of collisions yielding
stable doublet formation, or the collisfon efficiency. -Thus, the two-body
collision freqﬁencywinéreases in proportion to the mean tube shear rate
and the cube of the particle radius, but would be expected to decr?ase
significantly in the later stages of aggregation when the single platelet
conceatration is much reduced. The frequency of collisions between
particles of all sizes also decreases as the gbﬁpl particle con?entration
diminishes. The collision efficlency has been previously shown to
decrease with increasing shear rate for both medel particles (Curtis and
Hocking, 1970; Zeichner and Schowalter,l1977; van de Ven and Mason,
1977), and for human platelets stimulated by shear rates greater than
5000 s~} (Belval and Hellums, 1986) and by ADP at mean tube shear rates
less than 2000 s~! (Bell and Goldsmith, 1984; Chapter III,lthia thesis).
However, the high collision frequencies accompanying high shear rates can

often support a rate of aggregation that increases with increasing ahcaé

rate despite the decrease in collig}on efficiency. In Chapter III it was

a
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shown that the average collision efficiencies for the male and female

‘donors measured over the first 4.3 s of flow at G = 39.3, 314 and 1800 s~!
were 0,204, 0,013, and 0,001, respectively, and that the greatest extent 4
of aggregation at t = 43 8 occurred at G = 314 s~1, Tﬁe collision
efficiency between platelets, unlike that of 1inert spheres, 1s also
dependent on the time of efiosure to the activating agent. Although
collision efficiency showed a shear-dependent variation with time, in
general at G » 39.3 871, it increased between t = 8.6 and 21 s. (Chapter

\
111, this thesis). ,

In concentrated suspensions, rbc have been shown to increase the
diffusivity of plateletq in plasma by at least two orders of magnitude -
(Turitto et al., 1972) due to an increase in the lateral dispersion of
platelets caused by the erratic motions of the rbc (Goldsmith, 1971g‘

" Goldsmith and Marlow, 1979). This could translate into a higher
platelet-platelgt collision frequency and, hence, a higher rate of
aggregation for activated cells, byt .calculation of the collision
frequency between platelets in WB is not possible using Eq. [3]). However,
i1f ome assumes that at the same ADP concentration, mean transit time and
mean tube shear rate, the colliafbn efficiency is the same in WB and PRP,
then the collision frequency in WB can be estimated from compariso;\of the
initial rates of single platelet aggregation. This approach assumes‘fhat’
multiple collisions betweenirbc, platelets and aggtegate; do not
significantly alter the collision efficiency, particularly with regard to
the velocity of approach and time of interaction during collision
(Takamura et-al., 1981), and to the stresses acting on the iritera;:ting

cells. These assumptions do not seem to be too restrictive in light of
‘ \
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the avidity with which platelets cohere.

Considering that in the flow tube the initial single platelet
concentration per umit volume of WB was ~ 60X of that of PRP, calculations
using the initial rates of single platelet aggregation reveal that
collisign frequencies in WB are from 7 to 15 times greater than in PRP at
at G = 314 and 39.3 8~!, respectively, for both ADP concentrations, This
corresponds to the level of augmented platelet diffusion in WB (Turitto
et al., 1972) and indicates that enhanced collision frequencies in WB are
sufficient to account for the higher rates of aggregation compared to PRP,
Turitto and Baumgaftner (1975) have used classical mass traunsport theory
to show that the greater adhesiecn of platelets to subendothelium in WB
than in PRP {8 due to the enﬁanced~d1ffusion of platelets in the former.,'®
Higher collislon frequencics could also be genergted in tubular vessels {f
at the periphery, where the shcar rate is highest, the platelet
concentation i; two—fold greater than at the center of the vessel, as

observed by Tangelder et al. (1985). It is interesting to note that in

the present experiments the platelet concentrations per microliter of

plasma were approximately equal in WB and PRP,

Comparison of the rate and extent of ADP-induced aggregation ;ith
that in the controls supports the contentioé that platelet or rbc-derived
ADP did not contribute to aggregation in either case, Since the infusion
of 0.2 yM ADP induced much greater aggregation than did modified Tyrodes,

and 1.0 pM ADP increased aggregation even further, the effects of ADP

-
—

released from platelets and/or rbc in the -submicromolar range would have

o produced more marked effects than observed. Instead, it is believed that
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slight platelet aciivation i8 the same in WB and PRP and typical of normal
blood extraction and handling where ~ 30% of platelets exhibit some degree
of shape change (Frojmovic and Milton, 1982). Since shape change 1s
generally considered a prerequisite for ADP-induced aggregation (Milton
and Frojmovic, 1984), the high collision frequencies in WB enhance the
formation of small weakly-bound aggregates at low shear rates that are
easlily disrupted at higher shear rates., The reappearance of aggregation
in the controls at G = 1800 g™l may, however, represent a slight degree of
platelet activation since the wall shear stress, ~ 6 N m~2, 1s near the
threshold for shear-induced platelet activation. Relmers.et al. (1984)
reported that glutaraldehy&e-fixed rbc depleted of ADP could augment
shear-induced platelet aggregation over that in PRP after 5 min exposure
to 5 N m™2 but only to ~ 50% of that by native rbc. Although the lateral
dispersion og\platelets, and hence the collision frequency, would _be
expected to bé\hégher in sugpensions of rigid rbc than of deformable rbc,

¢

this work is supésative of a mechanical effect of rbec on ADP-induced

platelet aggtegaz;on.

(b) Low Shear Rates

At low levels of platelet activation (0.2 puM ADP), the primary
determinants of the rate of single platglet aggregation are the collision
frgquency and the fluid shear stress inhibiting stable aggregate
formation., At low shear rétgs, G = 39.3 8”1, the rate of aggregation in
both PRP and WB decreased steadily with time. 1n PRP this was due -to the
inability of the low collision frequency to sustain a high rate of
aggregation (Bell and Goldsmith, 1984; Chapter III, this thesis) despite

initial collision efficiencles of a, = 0.204, Even at high levels of

[
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was unsuccessful in sustaining a high rate of aggregation. The higher

collision frequencies in WB produced higher initial rates of single

platelet aggre@a;ion but in this case the rapid formation of large

aggregates led to an enormous depletion of particles and a steady decrease

in the rate of aggregation with time. Mean tube shear stresses of '

0.07 N m™~? did not appear to interfere with aggregate growth, At higher \
levels of platelet activation in WB (1.0 uM ADP), the rate of single

platelet aggregation increased but followed the same pattern. The

combination of a high collision frequency, low éhear stress and the

incorporation of red cells into platelet aggregates led to the formation

of aggregates much greater than 105 um3 within 1.7 s.

(c) ﬂiﬂh Shear Rates

The rates of single platelet aggregation in WB at low ADP
concentrations support the finding in PRP of a two phase process of
aggregation at higher shear rates. The sigmoid single platelet
aggregation‘curves in PRP at G > 314 s”! were previously explained in
terms of time-dependeng bond heterogeneity with an initial weak bond
gradually reinforced by a stronger bond (Chapter III, this thesis)., This
explaing the absence of sigmold aggregation curves at G = 39.3 sl uhere
the shear stress 1s not sufficilent to break the weak bond. At higher iy
shear rates the latency of the expression of the‘strodger bond was
revealed through the progressively increasing lag phase with increasing
mean tube shear rate. Despite high collision rates, the initial rate of

aggregation decreased with increasing mean tube shear rate due to the

decrease 1in collision efficiency.
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The sigmoid aggregation curves found in PRP at G » 314 s71 are
sti1ll present in WB but are much less pronounced. The higher collision
frequency in WB partially compensates for low collision efficiencies at
early exposure times, The similar rates of aggregation at G = 314 and
1800 s~! indicate that the collision frequency in WB is high enough not
to limit the rate of single platelet aggregation despite the decrease 1in
collision efficiency at the higher shear rate. This effect 18 missing in
PRP, even at high levels of activation where, in the absence of collisions
induced by the motion of rbc, the platelet collision frequency 1is more

sensitive to single platelet and aggregate concentration and is not

sufficient to override the effect of low collision efficiencles. The
constant rate of aggregation up to t = 8.6 8 at 1.0 yM ADP may reflect the
%,
presence of a higher concentration of qggregates of smaller size than at
G = 39.3 871, Although the rates of single platelet aggregation were
rapid at the higher shear rates, aggregate size was severely limited from
the outset. At G = 39.3 s~! gmall aggregates were rapidly 1&;orporated
into larger aggregates; however, a time-dependent inhibition of aggregate
growth was apparent at G =314 87! (1 =0.6 Nm2), and extremely marked
at G = 1800 s~! (; = 3,2 N mw2), At low levels of platelet stimulation
the slze range of aggregates decreased with increasing mean tube shear
rate at exposure times less than 8.6 s, Even at high levels of platelet‘
stimulation the high collision frequency at G = 1800 s~! allowed a very
high rate of single platelet aggregation but aggregate size was npot |
significantly greater than that at low levels of platelet activation until
longer exposure times, The eventual growth of aggregates later in time at

high shear rates coincides with the increase in collision efficiency

discussed above, and likely reflects the expression of a more
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shear-resistant bond.

5. Summary

The data of the present experiments indicate that red cells at
normal hematoctits can increase the frequency of collisions between
platelets by an order of magnitude at physiological shear rates., The
enhanced collision frequencles lead to a high rate of single platelet
aggregation but the shear-dependent kinetics of aggregate growth

ultimately determines the extent of single platelet aggregation. Shear 1

.

stresses of ~ 0.07 N m~2 do not inhibit aggregate growth; however, the
rapid formation of large aggregates decreases the number of collisions
between single cells and aggregates and 1limits the rate of aggregation.
Higher shear stresses (1 > 0.6 N m~2) limit aggregate size at short
exposure times and, by maintaining relatively higI:l particle
concentrations, sustain a higher rate.of single platelet aggregation, At
longer exposure times, the expression of stronger bonds allows aggregates
to grow to larger sizes, The incorporation of rbc into aggregates at
shear rates found in the venous side of the vasculature (Turitto, 1982)
suggests a more active role for rbc in promoting the growth of red thrombi
in the veins than simply through the passive entrapment of rbc ianto a
growing platelet-fibrin mesh, Although the involvement of wbc in platelet
L

aggregation cannot be excluded in the present work, these cells were not

significantly incorporated into platelet aggregates. -
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GENERAL CONCLUS IONS

This thesis has examined the effect of shear rate on the
ADP-induced aggrepation of human platelets in suspensions flowing thrdﬁgh
tubes. Analysis of the complete particle volume distribution from
1 - lqs um3 allowed the simultaneous measurement of the rate of change in
the concentration of single platelets and aggregates, The kines}cs of
aggregation were explalned in terms of the product of the frequency and
efficiency of collisions between activated cellg. The copllision frequency
i{s dependent on the shear rate and particle concentration while the
collision efficiency 18 governed by the magnitude of the fluid ghear .
stress in relation to the level of platelet activation and the time after
stimulation. This work provides the first rheologlcal evidence/for
heterogeneity in the bonds mediating stable aggregation at phy;iological
ghear rates, It is also quite apparent that the conditions which lead to
the greatest aggregation of singlekplgtelets do not necessarily produce
the largest aggregates. In the followlng discussion low, moderate and
high shear rates refgr to G = 39.3, 314, and 1800 8~!, respectively, and

low and high levels of platelet stimulation refer to 0.2 and 1.0 pM ADP,

respectively.

\ It was found that at the low concentration of fonized ¢alcium,
[Ca2+], in citrated PRP, the formation of stable aggregates was highly
dependent on mean transit time and mean tube shear rate, At low shear
rates and low levels of platelet stimulation, the rapid formation of a . |
relatively weak bond led to high initial rates of aggregation and the

formation of aggregates having a broad distribution 6f size. The strength

of this bond gradually diminished with time, and the rate of aggregation
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decreased steadily due to the inabilii;_of the low collision frequency to
sustain a high rate of aggregation. fhe weak strength of the early bond
was revealed by a progressively increasing delay in the onset of
aggregation with increasing shear rate. The collision efficiency at early
exposure times decreased with increasing shear rate in aécordance with
established theory for colloidal-sized particles. At longer transit
times, however, the rate of aggregation at hfgher shear rates increased
due to an increase in the efficiency of collision. This may reflect the
gradual expression of a more shear-resistant platelet-platelet bond,
perhaps through an increase in the number or affinity of fibrinogen
binding sites., The maximum extent of aggregation was reached at

G = 314 87! as a result of the combination of a sufficiently high
collision frequency and collision efficiency. The magnitude of the
collision efficiency at high shear rates, however, was much less than at
early exposure times at low shear rates and, consequently, a high
collision frequency was required to support a high rate of aggregation.
The induction of aggregation at G = 1800 s~! after an ~ 11 s delay
illustrates the emergence of the stronger platelet-platelet bond. Due to
the extremely low collision efficiency only a high collision frequency was
able to support a high rate of aggregation. At this level of platelet

st imulation aggregate growth rate decreased with increasing shear rate.

At high levels of platelet stimulation, the rates of aggregation
were generally much higher than at low levels of stimulation, as reflected
in the much higher collision efficiencies. As observed at low levels of
platelet stimulation,othe rate of aggregation at low shear rates exhibited

a steady decrease with time due to a steady decrease in collision
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efficiency. ‘Aggregate size was only marginally greater than at the lower
level of platelet stimulation. The maximum rate of single platelet
aggregation, however, occurred at the highest shear rate, G = 1800 g~!,
The effect of even a small increase in collision efficiency is readily
apparent in the presence of a high collision frequency. Even though all
platelets were observed to aggregate, aggregate size was severely-limited
at the mean tube shear stress of 3.2 N m™2 with all aggregates between 10%
and 105 pm3 after 43 s of flow. At high shear rates, a slight lag phase
preceding aggregation remained and the collision efficlency ilncreased with
time indicating that the time-dependent expression of stronger
platelet-platelet bonds persists at high levelé of platelet stimulation.
¢

The high rate of aggregation in whole blood was attributed to an
enormous lncrease in the platelet-platelet collision frequency caused Sy
the erratic motions of the red cells. As a consequence, the rates of
aggregation in whole blood are much less affected by decreases in
collision efficiency and particle conceantration. Thus, despite the
decrease in the collision efficlency with time at low shear rates in PRP,
a high rate of aggregation was maintained at this shear rate in whole
blood. At high shear 5ates the initial lag preceding aggregation in PRP
was almost absent in whole blood and aggregation proceeded at a high
initial rate. At high levels of platelet stimulation, the extent of
sinéle platelet aggregation increased with increasing shear rate. At
G = 1800 s~! fewer than 5% of the initial single platelets remained after
only 8.6 s. Moreover, the much higher collision frequency could sustain a
high rate of aggregation despite the enormous depletion in the single

platelet concentration, This effect also promoted collisions between
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aggregates, and consequently their growth to much larger sizes than at the
same shear rate and ADP concentration in PRP, The work in whoié'blood
demonstrates the ability of a high collision frequency to produce a high
rate of_aggregation in the presence of a small collision efficiency. The
increased platelet-platelet collision frequency caused by red cells at all
shear rates and the incorporation of red cells into aggregates at low
shear rates suggest a stronger role than ;enerally congidered for red

cells in promoting platelet aggregation in regions of the vasculature

where shear rates are low.

A steadily increasing rate of aggregation and a time-dependent
increase in the collision efficiency was also observed in heparinized-PRP
and hiéudinized-PRP. The much higher rate of aggregation at physiological
[Caz+], may have reflected a higher initial rate of fibrinogen binding.
However, the steadily increasing collision efficiency suggests Fhe

continued expression of binding sites at high [Caz+]. Aggregate size was

!

also much grea;erbthan in citrated PRP, apd this suggests a role for
ionized calcium in both the initial fibrinogen binding and stability of
large aggregates., A persiséent sex difference in citrated PRP w;s shown
to be due to an artifact of platelet preparation. Because of the
congistently lower hematocrits for female donors, the dilution of titrate
in plasmagis greater, and the }Caz+] correspondingly higher, than in the
plasma of %ale donors, Platelet aggregation was shown to be very

gsensitive to small changes in [Ca2+] in the low range of [Ca2+] normally

present in citrated PRP.

\

Single platelet volume in citrated, heparinized, and hirudinized
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plasma, and in citrated whole blood followed a single unimodai 1og-n;rnal‘
‘E’ distribution. Under conditions of high platelet' stimulation or high ' ‘
[Ca?t) in PRP, or the high collision frequencies in whole blood at low
platelet stimulation and low [Ca?t], all platelets were observed to
aggregate equally'well and ng‘platelets remained unaggregated after 43 o
of flow. Finally, the results in citrated whole blood show that white

blood cells are not significantly incorporated into platelet aggregates.
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CLAIMS TO ORIGINAL RESEARCH

These are summarized as follows:

1. A mixing chamber and flow system were designed to allow the

rapid exposure of all platelets in suspension to an aggregating agent

prior QO flowing through fixed lengths of polyethylene tubing

qotresﬁonding to preset mean transit times, E, from 0.2 to 86 s. The flow

1
rate and agonist concentration were adjusted independently to cover the

range of mean tube shear rate, G, ftoé 39.3 to 1800 s~! at both 0.2 and

k]

1.0 M ADP. b

2. A particle counting and sizing technique were developed that
allowedithe meagsurement of the continuous distribution of single platelet
and aggéegate volume over the range 1 - 105 ym3 in the fixed effluent
suspensions, Statistical analysis of the particle volume hf%tograms

allowed the characterization of the distribution of single platelet volume

in terms of the log-normal model, and the detection of contaminating

t

microaggregates,

3. A large group of blood donors was tested over a large range of

mean tube shear rate at several mean transit times, As aﬁcgnsequence,
average log-volume histograms were generated for multiple donors at each
mean transit time by first tra;sforminé the individual histograms into
standard normal deviates of their respecti&é mean single platelet volume

aud standard deviation. As such, thé shape of the individual histograms

was preserved during the averaging procedure.

\
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4. In citrated PRP at 0.2 pM at room temperature, the rate of
qt' aggregation was dependent on mean transit time and mean tube shear rate.
A progressively increasing lag phase with iuncreasing mean tQSe shear rate |
preceded ;ggregation. The maximum extent of aggregation was reached {t
/) G = 314 s~! but aggregate size decreased from G = 39,3 to 1800 s~l, The
(7 increasing rates of aggregation and collision efficiency with time at high.

shear rates were explained in térms of a heterogeneity in

platelet-platelet bonds.

5. At 1.0 yM ADP the lag phase was still present. The rate of
aggregation increased with increasing mean tube shear rate up to )

G =1800 s~! but aggregate size was severely limited.

6. \A strong sex difference was found in citrated PRP over the j
range of G from 39.3 to 1800 s~! and t from 0.2 to 86 s. This was shown
?to be an artifact introduced by the citrate anticoagulant., The sex
difference was feversed by accounting for the differences in donor
hematocrit that generate small but significant differences in plasma

[ca?t]. . S

7. No sex difference was found in the physiological range of

[Caz+] in heparinized or hirudinized plasmaf‘ﬁln both cases the rate of

aggregation and size of aggregates were much greater than in citrated

plasma.

8. A method of extracting single platelets and aggregates -from
o glutaraldehyde~fixed whole blood was developed in which the red cells were

4 removed by centrifugation through Percoll.

-
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9. The rate and ex-tenr. of aggregation was much higher in whole
blood than in PRP due to much higher platelet and aggte’gate collision
frequencies caused by the motion of the red cells, At 1.0 M ADP amz at
G =39.38" 1) red cells were incorporated into aggregates. At higher
shear rates red cells were excluded fronm aggf:egates.” White blood cells

were not Incorporated into aggregates.

10, Under the appropria}:e conditions in citrated, heparinized and
hirudinized PRP, as well as in citrated whole blood all platelets were

observed to aggregate and o population of nonaggregating platelets was

detected.,

»
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SUGGESTIONS FOR FURTHER WORK P

1. By using washed platelet suspensions the effects of fibrinogen
concentration and of purified von Willebrand factor at high and low [Ca?t)
can be investigated in terms of the time- and shear rate-dependency in the

expression of stable bonds between platelets in flowing auapensions.

2. The effects of shear rate on platelet -aggregation in
heparinized and hirudinized PRP can be t:sted to determine if the same
shear~depe53ent delay precedes aggregation at high [Ca2+] and to see if
aggrégate size is also limited under these tonditions at high shear rates.
Platelet aggregation in heparinized and hirudinized whole blood can also

be examined to measure the effects of high [Caz+] and high collision

frequencies at low and high shear stresses.

3. The effects of red cells in augéenting the colliison
frequency between platelets can be further examined by adjusting the
hematocrit over a large range. Specific platelet release inhibitors as
well as enzyme systems that degrade ADP can be used to establish if the
greater platelet aggregation in the controls in whole blood is due to a
mechanical effect or dle to leakage of ADP from platelets and/or red

cells,

A
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NOMENCLATURE

semi-axis of revolution, semi-equatorial axis of

ellipsoid of revolution

equatorial diameter of right cylinder

aperture current

cylinder, aperture length

spheroid axis ratio, a/d

cross—-sectional area normal to apetture axis of the

face of right cylinder

cross—sectlional area of aperture

‘radial distance, aperture radius

tube Reynolds number
voltage increment

aperture volume; particle volume

axlal distance
GREEK
fractional particle volume, AV/V; &/(6-1)

shape factor for ellipsoid of revolution with a-axis
aligned with aperture axis, with b-axis aligred
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T, shape factor for sphere
¢ .
Y average shape factor
v Py Py Py eifective suspension, particle, electrolyte
resistivity
) .
/ ~
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Proper fize and concentration measurement of particles in
suspension using an aperture-impedance particle counter requires knowledge
of both the underlying theory and the limitations of the inatrument. In
light of these considerations a specialized technique was developed to
derive a continuous size distribution of single platelets and aggregates
from measurements of a single suspension. The following 18 a description

Ay

of the sizing and counting principle leading to the design of the present

techaique.

THEORY

1. Principle and General Description

The aperture-impedance counter is essentially an electrical
transducer for detecting and sizing particles suspended in an electrolytic
medium. This transducer consists of a cylindrical aperture separating two
electrode chambers filled with electrolyte (Fig. 1). The aperture 1is
commonly fabricated from ruby or glass with a diameter, 2R°, between 3 um

and 1 mm, and a nominal length, L, -‘2Ro.

When a constant current d.c. voltage 18 applied between the
eiectrodes, the aperture and a small hemispherical volume at either end of
it provide the major electrical resistance. A known volume of electrolyte
containing the particles to be measured is drawn through the aperture from ‘
the outer electrode chamber. As a particle passes through the aperture it
displaces electrolyte, ptodufing a change in electrical resistance
observed as a voltage pulse. Voltage pulses mepsured across the two
électrodes ate then amplified #nd fed to a thrgshold circuit with an

adjustable level. Pulses reaching or exceeding this level are counted,
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Figure 1: Aperture-Impedance Particle Counter

Schematic of.; conventional counter showing the mercury
manometer, as well as the glass aperture and.electrodes immersed in
electrolyte., Preset independent lower and upper voltage thresholds
select a particle size window (from Jones, 1982). .

Lo
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- Particle volume vs frequency distributions can be generated with the aid

of multichannel pulse-height analyzers. Here, the voltage pulses sre °
collated into a spectrum of pulse—-heights inh which the channel numbur

(voltage increment) is proportional to the volume of the particle sensed.

2. Pulgse Height va Particle Volume

<

Originally, the theory of the relationship between pulse height

13
t

and particle volume relied on the following assumptions:
(a) The passage of individual particles occurs at random and
the particles aré evenly distributed across the aperture cross—-section.
~ (b) &he electrically effective volume of the particle in the
aperture is that of a right cylinder of length < L and of 'the same
resistivity as the particle and aligned with ghe aperture axis (Fig. 2).
(c) The aperture forms a cylindrical resistar in which current’

density 18 uniform.

ey

The voltage pulse height produced by a particle in the aperture,
AU, was given by (Kubitschek, 1958):

AU p,av _

1
— = -q./ : 1
i q22 ( 1=p,/p, 1 qz) (]

where 1 = constant aperture current
AV = particle volume
p, = effective particle resistI¥ity
p———
ps = electrolyte resistivity
q, = cross-sectional area normal to aperthre axis of the face of the
eﬁuivalent right cylinder of a particle

q_= cross-sectional area of aperture.
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Figure 2: Particle within Aperture

Mathematical model of a particle as a right cylinder suspended

within the aperture at moment of sensing (from Jones, 1982).




If q;<<q, and p;>>p,, then the response becomes independent of q\l and Py

and Eq. [l] reduces to: -
AU poAV
— = . [2]
i q22

However, for given electrical con)itions and aperture slze, the
relationship between voltage pulse helght and particle volume cannot be
explained simply by the volume of elect(\olyée displaced in the aperture by
the particle, Particle shape and the orilentation of nonspherical
particles with respect to the lines of current determine the extent to
which particles disrupt the electrical field within the aperture. Rigid
latex spheres, with diameters accurately measured by optical or scanning
electron microscopy, generate pulses that are about 50% higher than the
amplitude predicted by thelr geometric volume (Gregg and Steidley, 1965).

Hardened red blood cells (rbc) also give volume measurements consliderably

N
N

different from those determiﬁed by centrifugation and measurement of the
packed cell volume for a known concentration of the same cells, Fluid
shear stresses in the flow field can also cause the deformation of
nothigid particles and the rotation of nonspherical particles, leading to

variations in particle shape and orlentation, respectively.

(a) Shape Factor and Conductivity

Distortion of the electrical field in the aperture by a particle
causes the lines of current to follow the essentlal surface of the
particle rather than each crevice and wrinkle, thus sensing the "envelope
volume” (Berg, 1958). When the electrical field does not confora to the

particle shape an "electrical shadow" is formed which makes the particle




C

appear to displace a volume larger than its actual volume (Fig. 3). The

shape factor for a sphere 1s 1.5 (Grover et al., 1969a; Grover et al.,

. 1969b; Hurley, 1970) which is the ratio of the pulse height produced by a

sphere to the minimum pulse height produced by a particle of the same
%

volume, -
Equations relating volltage pulse height to particle volume which

account for particle shape and resistivity have been derived for both

spherical and ellipsoidal conducting particles. For spheres, the

following equation 18 used (Maxwell, 1883):

291 + Po + 6(91 - 92)

p = Py » (3]

291 + py - 25(91 = pz)
where 6 = AV/V, V = aperture volume, and p = effective resistivity of the

suspension. Assuming 6 << 1, Eq. [3] reduces to:

_Auq22

oV = s ‘ [4]

Paly,
where the shape factor for spheres,

3((py/py)-1) ‘

Y, = ———— . [5]
(92/91 )+2
| .

For nonconducf:ing spheres the magnitude of Yg = 3/2, 1t 1is assumed that
tt;e electrical field within the aperture is uniform and the particle
diameter 18 << 2Ro' High particle-to-aperture diameter ratios result in
overestimates of particle volume which depend on particle shape (Fig. 4a;

Smythe, 1961). However, for particles moving near the aperture axis, this

error does r;ot exceed 1X 1f the tatio is below 0.2,




| A MATHEMATICAL
\ ASSUMPTION -

SPHERICAL .
B EQUIVALENT

C MEASURED SHAPE

Figure 3: Electronically Sensed Particle Volume

All particles were initially treated mathematically as right
cylinders, A. :Shown is the overestimation, C, of the measured volume of

the equivalent sphere, B (from Jones, 1982).
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Figure 4: Particle Shape Factor

(a) Shape factor as a function of the particle
diameter to aperture diameter ratio for spheres and ellipsoids
of revolution (from Smythe, 1961). 0

(b) Shape factor for oblate (solid L%&F) and prolate

(dashed line) spheroids in relation to the spheroild axis ratio,-

a/b for oblate and b/a for prolate, and the orientation of
the spheroid axis*with respect to thé aperture axis. Yo'
va—axis parallel to aperture axis., yé : elther b-axis

parallel to aperture axis (from Grover et al., 1969a).

(¢) Shape factor for oblate spheroids as a function of axis ratio

for several particle resistivities {from Kachel, 1979).

(d) Shape factor for 6blate spheroids as a function of particle

resistivity for several axis ratios (from Kachel, 1979).

.
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Equation [3] has been extended to ellipsoids of revolution of
principal axes a and b, where a is the semi-axis of revolutlon and b the

semi-equatorial axis (Velick and Gorin, 1940; ’Grover et al,, 1969a): .

Py + (v = Dpy + (v _~ 1)(p; = p,)b
e e 1 2

p = Pg » (6]
Py + (v~ e, = (p) = p3y)6

where Yo Ls the shape factor for ellipsoids of revolution.

When p, >> YeP2s Eq. [6] reduces to:

Ap _
— = Yeé' ’ [7]
P2

where Ap = p - p,, and &' = §/(5 1),
Equation [7] can also be expressed in the form of Eq. [4] assuming

. —
6 << 1t

-AUq22

Yy - . ) N - [8]

pziYe

«

L]
-

When the a-axis is aligned parallel to the aperture axis the shape )

factor for oblate ellipsoids of revolution (m = a/b < 1) is given by:

- €

1 mcos™1m q m2 - .
’ - - 9]
, - m2y3/2 - 2
Yo (16 m<)~" " l1-m ‘ .

N

-

while for prodate ellipsoids of revolution (m = a/b > 1),

1 m2 mcosh™im

prprer R o @

3

U %
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If the b-axis i{s aligned parallel to the aperture axis, Ye is replaced by

v, =2y, /@y - 1). \

Equations [4] and [8] are identical except for the shape factors
Ve and vya. Figure 4b shows the calculated shape factor for fixed N
orientations of both oblate and prolate ellipsoids of re;rolution as the
. axis ratio approacl;es l. The orlentation of the spheroid also has a
strong effect on the shape factor. For nonconducting prolate spheroids
aligned with the aperture axis, Figure 4c shows that at high particle axis
» ratlos, Yo ~ 1,0, It 1s evident that the 1ideal particle is a slendar,
tapered body aligned with the aperture axis, Here, Yo " 1.0. With

~

alb =1, vy, = v,

. The effect of particle conductivity 1s shown in Figure 4d. : For
most axis ratios y_ and ye' are constant as long as p,/p, < 0.01. Thus,
the particle resistivity is only important 1if it 18 less than 100x Lhe
resistivity of the electrolyte. The resistivity of most particles is many
orde;'s of magnitude greater than that of the electrolyte. In fact, it is
difficult to find par’ticles which do not behave as perfect insulators
{(Jones, 1982). Even for metal particles, a high field strength is -
required before ilonic conduction through the par;:icle occurs, This is

hypothesized as being due to oxide surface films and ionic inertia of the

Helmholtz electrical double layer and associlated e'glvent ‘molecules at the -
surface of such particles, Electrical charges on the particles have

e otherwise no effect (Berg, 1958; Grover et. al.,, 1969a). Blological

pérticles behave as nonconducting particles (Kachel, 1979).
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(b) Particle Orientation and Hydrodynamic Field

Assuming a uniform electrical potential through the aperture, the
effect of the electrical field on particle rotation and deformation is
negligtblé (Grover et al., 1969a). For." suspénsions of biological celly
such deformation should be less than 1% for cells below 10 pm diameter.
Although the electrical field 18 not uniform, the major factor determining

particle orientation and/or deformation is the hydrodynamic field within

the aperture.

At distances > 2Ro from the aperture entrance, the fluid is
esgentially at rest, Hence, the fluid accelerates from rest to its

average velocity at the aperture entrance in the space of ZRO. Because of

’ this @acceleration nonspherical particles tend to align with the aperture

axis and nonrigld particles may defor-m.

-

The tube Reynolds numi:ers in the aperture, Re, are below 1,000 for
pressures and aperture diameters commonly used (Grover et al., 1969a).
This indicates that the flow is laminar; ‘howeve’r, the distance for
parabolic (Polseuille) flow to fully develop is usually > L. Assuming the
axial velocity 1s uniform across the entrance of the aperture and zero at
a radlal distance from the tube) axis, R = Ro, the radial {relocity profile
through the length of the aperfure can be constructed (Fig. 5a). Due to

the finite viscosity of the fluid electrolyte, the thickness of the

- viscous bouyndary layer orighnating at the aperture wall increases

downstream until, for sufficiently long tubes, it becomes equal to Ro’ at
which point there i1s fully-developed Poigseuille flow. As the velocity of

the fluid in the boundary layer decreases, the-central core accelerates to
i)
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(a) Vefoc:lty profile as a function of axial distance, x, and tube

Reynolds number, Re. Numbers represent dimensionless axial distance,

x/(ZRoRe). ) )
(b) Cells travelling through the central core-of the aperture

do not rotate but those contacting the encroaching boundary layer rotate

continuously.
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-the aperture, identical particles can pfoduce voltagé’pulges of widely

~ Al6 -

4

preserve the mass balance. For the apertures and flow rates usually
employed, the exit flow is not fully developed, falling somewhere between
p{ofiles 3 and 4 of Figure 5a (Grover et al., 1969a). Therefore, a
central core of uniform velocity exists in which particles experience no
shear and hence do not rotate, 1t is in the viscous boundary layer th;t

the shear rate is sufficient to rotate particles th;ough more than 90°

(Grover et al., 1969a). /l

The previous treatment of particle shape factor considered only
finite fixed orientations with respect to the electrical field. Rotation
of nonspherical particles passing through the aperture, however, will lead
to continuously changing shape factors. The native, undeformed rbc
approximates an oblate spherold and in its minimum and maximum
orie:tations has a calculated sﬁape factor of 1.174 and 3.365, -
respectively (Velick and Gorin, 1940), Theoretical analysis of
nondeformable rbc at the moment they enter ;he aperture shows the shape
factor to vary cyclically with particle orientation (Breitmeyer et al.,
1971). The orientation of rigid rbc entering the aperture is not random
but, due to the orlenting effect of fluid acceleration, most cells enter
with their major axes aligned with the aperture axis (Goldsmith and Mason,
1567;¢Thom et al., 1969; Grover et al., 1972). In transit through the
central core there 18 general agreement that cell rotation 1s negligible.
Cellsﬂﬁithin the boundary layer, however, will rotate and, depending on

{ . . ;

their initial orientation, the shape factor may continuously change

-

throughout much of their transit (Fig. 5b). Thus, in the outer region of

varying height because of differences in their orientation at the moment

¥
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they are sensed.

The residence time of particles within the aperture i8 also
radially dependent. 1In the central core region particle transit time

through the aperture is constant but increases sharply at R > 0.8&0.

Thus, the duration of pulses in the outer reglon of the aperture is also

longer.

4

3. Electrical Field

The previous analysis of the relationship between pulse height and
particle shape and orientation has assumed a uniform electrical fileld
across and through the aperture. Actually, the field becomes uniform only
at L/ZRo > 1 (Fig. 6; Grover et al., 1969a). Since LIZRO <1 for most
apertures, no homogeneous electrical field exists and the field strength
at any point in the aperture depeunds on both the axial and radial
coordinates of the particle. )

L)

The potential drop between exit and entrance planes of the aperture —
18"< 60% of the total potential drop between electrodes for L/2R > 1.5
and, due to symmetry, the 50% equipotential area 1s 1? the middle of the
aperture, The remaining potential difference exten&s into the electrolyte
in a hemisphercal manner diminishing to 2% of the total at 6R°. In the
reglon of R < O.6Ro, the field.sttength steadily increases from the
entrance of the aperture to the middle, and reaches a radially uniform
value when E/2R° > l. Hence, particles travelling through thé central
core reglon experience fields of successively increasing an&hdecreasing

[

trength, and produce bell- or trapezoidal-shaped voltage pulses that, in 5

long apertures, are of equal height for particles of equivalent shape and

v
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Figure 6: Electrical Field within Aperture
u {

_Electrical field is symmetrical with respect to the middle of the
aperture and only becomes uniform in both axial and radial directions at
X > ZRO. The sensing zone of the aperture extends in a hemispherical

manner into the bulk electrolyte at both aperture entrance and exit.




orientation.

However, if the assumption of an equal distribution of particles
across the aperture is correct, 35X of the particles will enter the
aperture at R > 0.8R°. In this region, high cvrrent densities near the
aperture w;TI\and distortion of the fleld b; edge effects at the aperture
entrance and exit pyoduce altered voltage pulses (Fig. 7). Since voltage
pulse height is proportional to current density, particle paths near the
aperture wall prodice large, 'M'-shaped voltage pulses that tend to glve
volumes greater than determined on the basis of particle shape and
orientation alone. Hence, 1n short apertures such particles produce a

prénounced positive skew in volume distributions.

For the special case of rbc, the size distributlon of native cells
}s strongly bimodal ia coantrast to the much less skewed distribution of
fixed cells, It has been proposed that the nature of the hydrodynamic
field preceding entry into the aperture may cause a greater fraction of
the deformable cells to select trajectories through reglons of high
current density, as opposed to trajectories selected simply on the basis
of a uniform distribution of particles across the entrance of the aperture

{Shank et al., 1969; Akeson and Mel, 1986).

Currently, there 1s no mathematical analysis to calculate the
voliume-pulse-height relationship for nonhomogeneous electrical fields.
However, several methods have been developed for improving the shape of

particle size distributions by removing the artifacts in pulse size and
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AXIAL PATH
"STANDARD" PULSE

OBLIQUE APPROACH
NON-AXIAL PATH

h RE-ENTRANT
PARTICLES

Figure 7: Voltage Pulse Shape

Particles sensed while travelling through the core region produce
symmetrical "bell”-shaped voltage pulses as the field strength
successlvely increases and decreases. Particles near the aperture wall
where the f}eld strength 1s stronger at the entrance and exit produce
large "M"—shaped pulses.

4




shape induced by the hydrodynamic and electrical fields. Since both
effects are most prominent at R > 0.8R°, they are often reduced
concomitantly, Pulses of longer duration produced by slower moving
particles in the outer region of the aperture can be electronically
filtered (Fig. 8). The shape factor then becomes less variable since
particles in this region of the aﬁerture also exhibit large rotations.
Aberrant pulses produced by particles that reenter the sensing zone
because of a region of fluild recirculation immediately downstream of the

1

aperture exit are also removed. Other electronic editing devices rely or

the suppression of the first peak of fast-rising 'M'~shaped pulses by slow

rise-time amplifiers or the rejecflon of pulses with more than one peak,
and the selection of uniform ratios of pulse height-to—width or, time from

pulse initiation-to-peak.

It 1is possible to reduce the positive skew of volume distributions

through the use of longer apertures. A delayed sensing circuit can also
be added in which pulses are evaluated only in the region where the
electrical field has become more uniformly distributed. Longer apertures,

however, increase particle coincidence and generate greater electronic

noige,

The skew can also be removed by focusing a narrow stream of
particles into the core of the aperture (Spielman and Goren, 1968; Kachél,
1979). This technique is very efficient at removing the electrical field
and viscous boundary layer artifacts without the use of complicated
electronic circuitry. By moving the focus of the stream of particles, the

change in pulse shape, and corresponding volume, for particles neasutﬂ_in

-
e
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Reduction in the positive skew and in particle counts of native

rbc by rejection of pulses of long duration.



the outer layer of the aperture was readily demonstrated. Since both

electrical and hydrodynamic artifacts are significantly reduced in such
gsystems, the shape factor for native rbc is very close to 1.0 (Kachel,
1970; Waterman et al., 1975), indicating that most of the cells measured

are deformed into elongate&, spindle shapes.

Using eilther s;andard or deep-bore apertures without electronic
editing or hydrodynamic focusing, an average shape factor, ;, accounting
for all particle orientations and positions in the aperture can be \
calculated by independently determining the true mean or modal particle

' volume., Hence,

- measu429 volume

true “volume (11]

Due to their ease of deformation, the average shape factor for native rbc
w
is 1.18 (Grover et al., 1972). In the core the cells stretch because of &
fluid acceleration and approach the ideal spindle shape with ; = 1.0.
High current densities and the rotation and bending of rbc within the

fluid bbundary layer contribute to a highe¥ mean ; = 1.18.

4, Summar

The major influences altering the linear relationship between
particle volume and voltage pulse hgight are particle shape and the
hydrodynamic and electrical fields in and around the aperture. A
correction factor can be determined which accounts for particle shape
while the hydrodynamic and electrical effects are mainly fmportant at
R? O.BRO. The alignment with the axis and negligible rotation of

nonspherical particles in the central core region, as well as the uniform
/
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radial velocity and the homogeneous électrical field in this region for
L/ZRo > 1, produce voltage pulses of relatively uniform shape and height
for equivalent particles. Approx{::felxjﬁﬁz of all particleé are measured
under these ;onditions. The ma jor siziAg artifact affecting the remaining
particles is induced by entrance and wall effects where periodically
varying shape {actors and trajectories through regions of high current

density lead to overestimates of particle volume. Such particles

{
contribute to a broadening of volume distributions in the direction of

larger volume,

PRACTICE

The present technique 1s designed to measure the size and
concentration of glutaraldéhyde—fixed single platelets and aggregates in
suspension. A dual aperture counting and sizing procedure was necessary
to minimize errors introduced by variable shape factors, and to compensate
for the substantial decrease in particle concentration with increasirg
aggregate size, The dynamic working range of each aperture was Increased
by logarithmically ;mplifying voltage pulses originating from the Coulter
ZM pre-amplifier. As explained in the METHODS section of Chapter II of
this thesis, Lhe scale was calibrated with a range of polystyrene latex
spheres and the amplifier was found to respond logarithmically over the
size range used on each aperture (Fig. 9a,b). A logarithmic expansion was
also chosen because numerous studies have established a log-normal
distribution of platelet size, whether determined by diameter, mass, or

voliae (von Behrens, 1972; Bahr and Zeitler, 1965; Paulus, 1975)., Single

platelets and all other particles from 1-102 pm3 were measured using a 50 .

pm diameter X 60 um length aperture, and particles from 102-105 pm3 were

.

»
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Figure 9: Coulter ZM Calibration

(a) 50 x 60'ﬁm (length/diameter) aperture: measured
volume range 1-102 pm3. Dashed line denotes maximum
volume measured in present experiments. Polystyrene spheres of
small c.v. have a narrow distribution on a logarithmic
scale. Given are the measured modal volume, modal channel
number of the pulse—ﬁeight analyzer and the mean sphere
diameter stated by the manufacturer. Doublets of
the 2.02 pm diameter spheres are almost completely
separated from the single particles.

(b) 100 x 120 pm aperture: measured volume range
102-10° ym3. The 5.00 ym diameter spheres are used to match
the scale of the 50 x 60 pm aperture to that of the 100 x
120 pum aperture., Dashed line denotes minimum volume

measured in present experiments.
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measured using a 100 pm diameter x 120 pm length aperture.

1. Aperture Length

Deep—~bore apertures were employed to enhance the development of a
homogeneous electrical field in the middle of the aperture. At

L/ZRo = 1.2, the resolution of particle size was considerably improved by

greatly reducing the pesitive skew (Fig. 10)., Although hydrodynamic

focusing might better reduce the positive skew, the present technique was ¢
more convenlent for processing the large number of samples to be counted

;p each experiment, The Coulter Cl000 pulse-height analyzer is equipped

with an electronic editor which rejects voltage pulses that do not

adequately match the pulse shape of an internally generated standard. The
editor 1s intended for relatively monodisperse systems, however, and

cannot be used with a logarithmic amp{ifier due to the large variation in
voltage pulse size and shape generated by particles of widely varylig size

and shape.

(

1

Since the volume of deep-bore apertures is larger than that of
standard apertures of the same diameter, low particle concentrations vwere
required to minimize particle coincidence within the sensing zone of the
aperture., Low particle counceatrations were also required to prevent the
concentration-dependent shift in volume distributlons caused by the slow
response time of the the log amplifier. As explained in the METHODS
section of Chapter II of this thesis, sample dilution was adjusted‘to
count an equivalent number of particles in each sample after 100 s of

counting.
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Figure 10: Deep—Bore Apertures

Standard 50 X 50 um aperture (broken line) showing the large
positive skew and shift of the volume distribution of the 2,02 and 5.00 pm
spheres, and the concomitant loss of resolution of multiplets compared to
that for the 50 x 60 um aperture (solid line).
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2. Background Counts

For a given particle, aperture and electrical conditions, voltage
pulse height 1s proportional to aperture curreat. Thus, high currents
produce high voltage signals and high signal-to-nolse ratios, Htgh‘
currents, however, produce excessive heating of the electrolyte in the

" aperture (Berg, 1958; Kachel, 1979). An aperture current and
amplification wére empirically determined which minimized background
electronic noisecyet provided sufficient separation of the single platelet
volume distribution from the baseline.

At an eiectrolyte reslgtivity of 62.4 ohm—cm for 0.9% NaCl (Samyn
and McGee, 1965), background counts in the electrolyte alone never

exceeded 0.5% and 0.05% of the total counts on the 50 x 60 and 100 x

120 um apertures, respectively. A higher background was produced by
s

-

platelet-poor plasma fixed in 0.5% glutaraldehyde when measured on the 50
x 60 pm aperture and was proportional to the volume of the fixed plasma

added to the electrolyte for counting. The details of the sqbtragtion of
this background from the single platelet volume distributions is given in

the METHODS section of Chapter II. s ///’

3. Shape Factor

Good agreement was found with the log-normal model for the
distribution of single platelet volumes. B&Eh native and fixed platelets
behave as rigid discs and, therefore, do not exhibit the
deformation~dependent bimodal volume distribution typical of native red
blood cells, but their volumes have a greater qatural variance. In shear

k3
* flow unactivated, single platelets behave as oblate ellipsoids of
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revolution with a mean axis ratio of 0.36 (Frojmovic et al., 1976), and
hBence Yo~ 1.2 (Fig. 4b; Grover et al., 1969a). Since the major axis of
most discoid platelets will be aligned with the aperture axis in the
céntral core‘region of deep~bore apertures where the electrical field has
become radially homogeneous and cell rotation is megligible, an
approximate absolute, mean volume of the unactivated cells can be
determined. by applying this Yo uniformly to all single platelets measured
in the aperture. Furthermore, since the radius of the largest equivalent
spherical particle measured on the 50 x 60 pm aperture is only 0.12R0, Yo
18 independent of particle size. An additional correction factor of 1.5
must be applied since the scale was calibrated with spheres. Thus, the
final ghape factor for single, unactivated glatelets measured on a scale
calibrated with spherical particles is y_/y, = 1.25. The mean volume of

activated cells can alsoibe measured as the equivalent spherical particle

in suspensions in which the concentration of multiplets is low.

-

Since a unique shape factor is required for each aggregate shape
and orientation in the 100 x 120 pm aperture, aggregation is expressed as
the relative fraction of single cells and aggregates of a given equlvalent
spheze volume. However, the radius of the largest equivalent sphere
measured on the 100 x 120 pm apertures was 28.8 pm (10° pm3),
corresponding to 0.58R6. Consequently, on this aé;rture, the shape factor
for particles of > 10 pm radius will increase with increasing particle
size. Although the absolute size measurement of particles of this

diameter is not exact, all platelet suspensions were measured under the

same conditions.
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AVERAGE LOG-VOLUME HISTOGRAMS




AVERAGE LOG-VOLUME HISTOGRAMS

at
As described in Chapter 11 of this thesis, a platelet counting and

slzing technique was developed that generated continuous 250 class
log-volume histograms over the range of partic;le volume from 1 - 10° ym3,
In order to follow the time—dependent changes in particle volume during
the aggregation of platelets from all the donors at each mean tube shear
rate, it 1s necessary to averége the histograms, However, due to the
natural variation in mean platelet volumé¢ and standard d;viatinn, a
straight forward scheme of averaging each histogram class would broaden
the average log~volume histogram and reduce the resolution of changes in
single cell and aggregate volume (Fig. 1). This effect can be minimized

by first expressing the particle log-volume fdr each donor at all mean

transit times in terms of the mean single platelet log-volume and standard
deviation of the same donor at t = O s. At this mean translt' time the
1ﬁflue$ce of microaggre\g\ate contanination on the mean and standard
deviation is minimal. The transformed log-volume histograms are then
standardized to the average of the mean single platelet volume and
standard deviation of all donors concerned. After correcgtng for changes
in class width introduced du;ing transformation, the’contenta of the
individual classes can then be averaged. The ultimate effect of this
procedure is to provide an estimate o} the changes in particle volume {n

relation to mean single platelet volume and standard deviation, as opposed

to simply ave*r}aging changes in absolute volume,

1. Standard Normal Deviated.

Prior to averaging all the histograms at the same mean transit

time at each mean tube shear rate, the histograms from each individual
\w
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Figure 1: Broadening of Single Platelet Log-Volume Histogram by Averaging

" Histograms’of two normal distribution; of x, with separate mean,
X, and standard deviation, s. The contents of each of the 1 clagses,
N(xi), were normalized to the respective class, m, gf maximum conteqt,
N(xm). The normalized average of the two histograms* (cross—~hatched) is
much broader than either of the original histograms.
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donor were treated independent of those from the other donors at the same

shear rate. In accordance with the nomenclature of Chapter II, the
normalized content of the ith class of the histogram of the jth donor at

mean transit time, E, ig given by:

N(3,t,x)) .

N'(§t,%y) = o
bl )xm

(1] <

where N(j,-t-,xi) is the corresponding absolute content, Xy the mark of this
class, and m, the class of maximum content at t = 0 8. For each donor the

mark of the 1 = 250 classes of the histogram at each mean transit time was

transfo med to a standard normal deviate of the mean, :—t(\j), and standard €

deviation, 8(j), at t = 0 s, and then expressed in terms of the average S~

h - h
mean, X = }-X x(j), and standard deviation, s__= }-2 8()), of all h
av hj=1 av hj-l :

donors, according to:

[x; = X(D]s,

! a v
X TED + X0 [2)
where x' is the transformed mark of the 1‘:h class,

i

2. Standard Log—Volume Histograms

<

‘
/

Due to variatié]n in the histogram range and class width after

= . \

E%)Ax, prior to averaging each hidtogram was
mapped back onto the standard 250 class histogram of equal class width,

transformation, Ax(j) =

Ax = 0,02, over the range 1 - 109 ym3, - .

-

“
¢

(a) 8x(3j) = bk ] ' ’ v

In the case where the clasces of the transfotm‘ed histogram are of

"

«

—’



P

()
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width equal to those of the standard histogram, a straight forward 1:1

mapping i8 used:

N'(j,E,xi) - N'(J,E,xi). 1<1< 250, ° (3]

(b) Ax(j) < A&x

Since the class widths of the transformed and standard histograms
are not equal, the respective class numbers wil]l not coincide at the same
point on the abscissa, Consequently, the classes of the tansformed
histograms are mapped onto those of the standard histogram aﬁ equivalent
log-volume. The class numbers at this point on the abscissa are

determined by the multiples of class widths at this log-volume.

A

-- 1

The contents of multiple classes of the tranforhed histogram

-
.

that fell within the limits of a single class,_ i, of the standard

histogram were averaged "(Fig., 2a):

q
‘N(:l..x)-;i—pXN(:l,.X).' (p <o <q) (4]
o=p

where p and q are the respective lower and upper classes of the

transformed histogram within the bounds of class 1 as given by:

(1 = L)ax < x! < 1% . ’ _ (5]

Vacant classes in the standard histogram between 1 pm3 and the first

occupied ¢lass of the tranaformed higtogram were assigned values based on

4

a log-normal volume distribution according to:




Figure 2: Mapping of Transformed Histograms onto Standard Histograms

Tfansformed hiatogré&s were mapped onto the standard histogram of
equal class width, Ax = 0,02, The changes in class width after
transformation have been exagerated to illustrate the mapping procedure.
In actuality, due to the narrow range of the standard.deviation,of
plateiet log-volume among donors, class widths varied by .at most 17% after .
transformation. The vertical dashed lines designate the class limits of

the standard histogram. , |

(a) bx(j) < Ax: Vacant classes at the ends of the narrower
transformed histogram were assigned values (solid dots) as described in-
the text., The contents of multiple classes of the trans formed histogram
that fell within the lim}ts of a single class of the standard histogram

as shown by similar shading wefe averaged. -

(b) Ax(j) > Ax: Arrows show the assignment of classes of the
transfo}med histogram into the correspon&ing class of the standard
histogram according to the location of the transformed class mark,/x;,
between the lower and upper class limits of the standard histogram as
given by Eq. [5]. ‘The content of vacant classes formed between occupled
_ classes wefe assigned a value that was the "average of the lower and upper

%

ad jacent classes,
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and the contents of classes of histograms that fell short of 10°

assigned a value.@f zero:

N'(J,t,x,) = 0. 5o < X

(c) Ax(j) > Ax

<53

(6]

pm3 were

{7}

Transformed histograms that extended below 1 pm3’ [x(') < 0] or

beyond 10° pm? [x; > 5] were truncated at these respective limits while

vacant classes in the standard histograms were assigned contents that were

the average of the lower and upper adjacent occupled classes (Fig, 2b):

N'(j,E,xi) = ;[N'(j’g’xi"l) + N"(J9E9x1+1)]

3. Average Standard Histograms

(8]

Once transformed into standard format, the log—-volume histogrn’ﬂ

at the same mean tube shear rate were averaged over all donors at-each

mean transit time. The average, normalized content of each of the 250

classes at mean transit time, E, is given by:

A S B
- ﬁ(t ,r;{i) - ‘h‘jzl.@“(j,tsxi)

and the class content standard.deviation by:

h S
L [N'(3,t,x) - N(E,x))]?
N
N (t,x ) = : .
st h-1 .

- {

91



s of,

At each mean transit time, the average normalized volume fraction

( per histogram class 1s given by:

fwl'(t-:,x1 “V(E,xi) &

E(xi) - [11]

ﬁ(O,xm)v(O,xm) ’ B

where ﬁ(O,xm) and v(O,xm) are the respective average, normalized content -

and particie volume of the histogram class of maximum content, m, at

t =0 s - Rl
{ — \ -
° In the experiments of this thesis, the average values of the mean
log-volt;me and standard deviation for all donors were 0.79 and 0.25,
repectively. The standard deviation ranged between 0.22 and 0.30, leading
to'respective transformed class widths that were 14% larger and 177
smaller than the standard class width, - Conseqﬁentl}, few classes gad to

be estimated or deleted in order to average the ‘transformed histograms,

°

and any error introduced by these procedures would be slight.




