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ABSTRACT 

In mammalian species, platelets are heterogeneous with 

respect to many biochemical and functional characteristics. 

The functional significance of this hetarogeneity i5 

unr"" .olved. To-date, studies of platelet aggregation have 

not focussed on the contributions of platelet mean volume 

(v), platelet number (No) and volume fraction (~) to 

aggregation .cesponses. These pa.rameters must be controlled 

in order to determine intrinsic platelet aggregability. 

Here, the relationship between v, No and platelet 

aggregation was evaluated in human platelet subpopulations 

separated by size using counterflow centrifugation. Micro

aggregation (PA) and macro-aggregation (TA) were determined 

respectively by electronic particle counting and 

turbidometry on the original platelet population and three 

size-dependent platelet fractions. At similar No, large 

platelets (L; v = 7.3±O.2 fI; 16±4% of the total population) 

were about two-fold more sensitive and more rapidly 

recruited into both micro (PA) and macro (TA) aggregates in 

response to ADP than the smallest platelets (5: v = 4.2±O.2 

fI; 16±3%). At similar ~, the abJve differences persisted 

solely for PA. In addition, maximal rates of shape change ta 

ADP were the same for Land S platelets. Similar size

dependent results were obtained for platelet activating 

factor (PAF) and U46619, a thromboxane A2 analogue, but no 

significant differences between Land S platelets were seen 

for ristocetin-induced agglutination. These distinct 

responses appear to arise from intrinsic biochemical 

differences present in size-dependent subpopulations for 

wnich a likely model is proposed. 
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RESUME 

Chez les mammifères, les plaquettes sang,lines sont 

hétérogènes en ce qui concerne de plusieurs caractéristiques 

biochimiques et fonctionelles. Sa signification fonctionelle 

demeure inconnue. Jusqu'à présent, les études sur 

l'aggrégation plaquettaire n'ont: pas tenu compte de 

l'importance relatif de la grarldeur moyenne plaquettaire 

(v), du nombre de plaquettes initial (No) et de la fraction 

de volume plaquettaire un aux réponses d' aggrég'ation. Ces 

paramètres doivent être controlées afin de connaître les 

capaci tés intrinsèques d' aggrégation des plaquettes. Dans 

l'étude présent, le rapport entre v, No et l' a été évalué 

pour des sous-populations plaquettaires humaines. Ces 

dernières étaient isolées selon leur grandeur par une 

centrifugation à contre-courant. La microaggrégation (PA) et 

la macroaggrégation des plaquettes (TA) ont été mésurées 

respectivement par comptage électronique des particules et 

par l'analyse de la transmission lumineuse des suspensions 

plaquettaires. Celles-ci ont été éffectuées sur la 

population pla~lettaire complète et sur trois sous-fractions 

ayant de grandeurs distinctes. A No semblable, les grandes 

plaquettes (L;v := 7. 3±O. 2; soient 16±4 % de la population 

complète) étaient à peu près 2 fois plus sensibles et 

rapidement recrutées que les petites plaquettes (S; v = 
4.2±O.2;16±4%) pour PA et TA induites par ADP. A ~ 

semblable, les réponses ci-hauts mentionnés ont persisté 

uniquement pour PA. En plus, les taux maximales de 

changement de forme plaquettaire étaient les même~ entre les 

plaquettes L et S. Des résultats semblables ont étés obtenus 

pour l'agent actionnant plaquettaire (AAP) et U466l9, un 

analogue de thromboxane A2f mais non pas pour 

l'agglutination induite 

distinctes semblent 

par ristocetin. 

provenir des 
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caractéristiques 



biochimiques et intrinsèques chez les sous-populations 

plaquettaires de différentes grandeurs, pour lesquels un 

modèle vraisemblable est proposé. 
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GENERAL INTRODUCTION 
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1.- THE IMPORTANCE OF PLATELETS IN HEMOSTASIS. 

Plate1et:; play a central role in both physiological 

hemostasis and pathological thrombosis. Although platelets 

occupy a smal1 relative volume fraction of circulating 

b10od, « 0.2% v/v), they are critically needed for 

arresting blood loss and restoring vascular integr~ty 

fo11owing trauma [1-4]. In thrombosis, p1atelets often 

participate in pathological mechanisms which induce damage 

and/or tend ta subsequently occlude the vasculature. 

In the non-activated state, platel@ts circulate as 

elliptica1, disc shaped ce11s, moving in close proximity to 

and thus often colliding with the luminal side of blood 

vessels [5]. Normally, platelets do not adhere to a 

morphologically intact and healthy endothelial wall. 

However, endothel ial injury (arising from trauma or 

pathology) can expose subendothelial materials such as 

collagen, elastin, and microfibrils, whose reactions with 

b100d activates the hemostatic mechanism. Platelets 

colliding with the newly exposed materials are activated 

upon contact. Platelets undergo a quick morphological change 

from tha t of the smooth disco:i d to a more spheroid forro. 

This is followed by their adherence to the exposed 

subendothelium as weIl as their adherence to each other, 

i.e., aggregation [1,5]. 

Acti vated plate1ets can release factors which induce 

further activation of nearby platelets in circulation. 

Substances such as ADP, thro:_~::'n and adrenalin induce 

platelet aggreqation which will form a platelet p1ug at the 

site of in jury. Thus, the activities of platelets can be 

generally described in stepwise fashian: 
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(1) adhesion: sticking to and spreading onto exposed 

endotheli~m or foreign surfaces. 

(2) aggregation: adhesion of platelets to one another, 

initially forming aggregates of < 10 platelets, followed by 

build-up of much larger aggregates ( > 100' s of platelets) 

from the smaller sized aggregates. 

(3) secretion : active release of stored granular contents 

following activation which stabilizes large aggregates [6]. 

(4) procoaffillant activity: coagulation occurs in response to 

injury or under pathological conditions and platelet surface 

properties accelerate the reactions leading to the formation 

of fibrine 

(5) clot retraction: platelets are required for contracting 

a platelet-fibrin meshwork into a more tightly packed, less 

hydrated clot with enhanceà mechanical strength. This ls 

related to clot consolidation, mediated by the contractile 

activity of fibrin-bound platelets [3]. 

2. - PLATE LET STRUCTURAL ANATOMY 

Under resting conditions, platelets circulate as disc

shaped, anucleated cells, called discocytes (0) [1,5]. Close 

examination of platelets under electron microscopy reveals 

surface indentations and a general roughness which represent 

sites of exchange between channels of the surface connected 

canalicular system (SeCS) and the exterior environment [7]. 

The SCCS constitute the portion of plasma membrane that 15 
invaginated. This type of surface connection found in the 

outer membrane is exclusive to platelets and is not found in 

any other blood cell type. Under light or phase contrast 
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microscopy, the internal structure of the platelet appears 

simple and cannot be studied in great detail. Fine 

examination of platelet internal structure has also required 

the use of electron microscopy. To facilitate the 

relationship between structure and function, White and 

Gerrard [8] have devised a useful classification that 

divides platelet structure into 4 main ragions (refer to 

Figure 1) . 

(1) The peripheral zone is the outer region consistinq of 

the membranes and closely related structures forminq the 

platelet surface and the convoluted channels of the secs. 
since channels of the sees represent invaginations of the 

cell wall, the peripheral zone is a continUO\lS structure. 

This zone can be further divided into 3 components: t.he 

exterior coat, the unit membrane, and the submembrane 

region. The exterior coat, also known as the glycocalyx, is 

thicker and denser than the surface coats of other blood 

cells. The glycocalyx is a lining 150 to 200 A. thick and 

rich in glycoprotein content. There are at least 8 different 

glycoproteins types which make up the glycocalyx. Some of 

these are exclusive ta platelets and are specifically 

involved in generation of platelet stickiness and subsequent 

adhesion or aggregation. The receptors for agonists that 

elicit platelet activation, and for adhesive proteins 

mediating adhesionjaggregation reactions, are aiso found in 

this exterior coat. 

The platelet unit membrane resides in the peripheral 

zone and acts as barrier between intracellular and 

extracellular components. The intl.;rmediate layer of the 

peripheral zone co~tains a high proportion of phospholipids 

which play a critical role in providing a surface for 
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Figure 1. Diagram of an edge-on discoid platelet in cross 

section as it would appear in electron microscopy. 

Components of (1) the peripheral zone include: the 

exterior coat (E. C.), trilaminar unit membrane 

(C.M.), dense bodies (D.B.); (2) the SOl-gel zone: 

microtubules (M.T.) and glycogen (Gly); (3) the 

organelle zone: mi tochondria (M); granules (G); 

and dense bodies (D. B. ). (From: White J Gand 

Gerrard J G. Anatomy and structural crganization 

of the platelet. In: Hemostasis and Thrombosis. J 

B Lippincott, Toronto 1982.) 

M. 

M. 

S.C.C.s. 
G+D.B. Gr. 
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interaction wi th plasma coagulant proteins. The last and 

innermost layer of the peripheral zone serves tC' transmit 

signals received from the outside surface into secondary 

messages required for further platelet activation. These 

secondary messengers may be in the form of a biochemical 

intermediate or a physical alt~:Ci-.tion of the membrane 

consti tuents • 

A system of filaments physically similar to 

microfilaments of microtubules is found here. These 

submembrane filaments interact with the circumferential 

microtubules of the SOl-gel zone (described beIow), ta help 

maint".ain the discoid shape of the platelet. In addition, 

they may also play a rale in pseudopod formation and 

interact with other components of the platelet contractile 

mechanism to carry out platelet aggregation and clot 

retractian as weIl. 

(2) The sol-gel zone consists of the matrix of the platelet 

cytoplasm. It also cantains structural proteins which enable 

the platelet to assume a discoid shape under resting 

conditions. The two major protein types found in this zone 

are the micrafilaments and a circumferential band of 

microtubules. More importantly, actin and/or myosin proteins 

in this region provide a contractile system which mediates 

shape change, pseudopod expression and secretion following 

appropriate stimuli. 'rhe discoid shape is primarily 

attributed to a polymerized state of tubulin, a major 

protein component of microtubules. The location of the 

circumferential band of micratubules along the cross 

sectional plane underneath the cell wall in discoid-shaped 

platelets is suggestive of i ts importance in cytoskeletal 

support. Loss of the discaid form is associated with the 

contraction of this circumferenti..:Ll band. Contractile 

activity that is typically induced by physiological 
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.- activators is associated with 

constriction of the mi(:rotubules. 

central movement and 

(3) The organelle zone is that region of the cytoplasm where 

granules, electron der~se bodies, lysosomes and mi tochondrion 

are randomly found. These organe11es are involved in 

platelet metabolic processes, storage of enzymes and oth~:.: 

vital components such as serotonin and calcium. There are 

also storage granules which are discharged of th~ir products 

during platelet secretion. Three types of granules are found 

in platelets: dense granules, Cl -granules and acid hydrolase 

lysosomes. These organelles are heterogeneous with respect 

te differences in their size, density of their content as 

seen under electron microscepy and te the degree of 

microtubule association. 

wi th an appropriate stimulus, the contents of these 

organelles are selectively expelled to the exterior 

environment without any simultaneous loss of material from 

other subcellular compartments. Platelet secretion occurs 

via fusion of organelles wi th the secs channels which 

previde a conduit for granular contents to the cell 

exterior. 

(4) The dense tubula~stem CDTS) is a membrane system that 

falls in a grey area with respect to the above divisions. 

Channels here are distinguished from the clearer appearance 

of the secs channels. The DTS may participate in stabilizing 

the circumferential microtubules in the maintenance of 

platelet discoid shape [9]. More notably, this system is the 

site of sequestration for calcium, important for initiating 

contractile activity. Both intracellularly stored calcium 

and the presence of a ea2+, Mg2+ -ATPase found here regulate 

intracellular calcium fluxes and platelet activity in 

gene:L"al. It also contains the enzymes necessary for the 

synthesis of prostaglandins (endoperoxides and thromboxanes) 
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during platelet ac'tivation. The secs, in close proximity 

wi th the DTS, provides access of products frem the DTS ta 

the exterior of the platelet. 

3.- PLATE LET GLYCOPROTEINS 

The responses of platelets te stimulating agents are 

usually mediated by the platelet plasma membrane since these 

agents are excluded from the celle This membrane has 

receptors for these agents and must transit signaIs arising 

from stimulus-receptor interactions [10, Il]. The platelet 

plasma membrane consists of a layer that is 100 A te 150 A 

thick, the glycocalyx, which extends about 150 A from the 

membrane surface. The platelet I..smbrane is composed of -10% 

carbohydrate, -40% protein, and -50% lipid [12]. Since sugar 

residues are attached to sorne lipids or proteins, the 

membrane also contains glycolipids and glycoproteins. Wi th 

the exception of the two contractile proteins, actin and 

myosin, most proteins found in or associated with the 

platelet plasma membrane are glycoproteins. For examp1e, 

glycoproteins can link surface bound substrates wi th the 

internaI contractile system. Th~s occurs when inner portions 

of either GP lb or GP lIb-IlIa associate with actin-binding 

protein or actin filaments. 

Platelet glycoproteins may act as receptors for agents 

that elicit activation or inhibit function [10,11,13]. 

Glycoproteins mediate pro-coagulant activity by interacting 

wi th coagulant proteins (i. e. intrinsicjextrinsic pathway 

clotting factors) which :ead to fibrin formation. The 

receptors for some high molacular weight proteins such as 

von willebrand factor (vWf) and fibrinogen (Fn) can be 

expressed on the platelet surface, enabling platelet 

adhesion and aggregation. One c1ass af receptars, 

cytoadhesins, which are modified glycoprotein lIb-IlIa, bind 
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Fn and vWf in mediating respectively, interplatelet 

aggregation and adhesion onto subendothelium [14]. 

Considering the vital functions of glycoproteins in adhesion 

and aggregation, it is not surprising that severa: bleeding 

disorders (e.g., Glanzmann's thrombasthenia, Bernard-Soulier 

syndrome) are caused by deficient or defective platelet 

glycoproteins [13,15]. 

3 Ci) GLYCOPROTEIN CLASSIFICATION. 

Both membrane proteins and glycoproteins can be divided 

into two categories depending on the nature of their 

attachment to the membrane. Peripheral proteins are bound to 

only the outside bilayar of the membrane whereas integral 

proteins are usually transmembrane and therefore more 

tightly bound (see Figure 2). The arrangements of proteins 

and glycoproteins are asymmetric, with some portions of the 

glycoproteins extending beyond the outside of the membrane. 

Sialic acid residues are part of the glycoprotein structure, 

thus contributing to the negative charge of the membrane 

[10]. Glycoproteins were originally classified using Roman 

numerals ( e. g., l, II : in order of decreasing molecular 

size [16]. Finer divisions were subsequently made possible 

with improved labelling techniques [17,18]. The nomenclature 

was expanded by using the ab ove numerical designations along 

with an additional letter to assign glycoproteins within the 

similar molecular weight class ( e. g., glycoprotein ra, 

glycoprotein Ib). 
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Figure 2. The various types and orientations of platelet 

membrane glycoproteins. Numerals 

denote the glycoprotein species. 

of glycoprotein with contractile 

is depicted. (From: Phillips 

and lettering 

The interaction 

actin filaments 

D R. Platelet 

membranes and receptor function. In: Hemostasis 

and Thrombosis. J B Lippincott, Toronto 1982.) 
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3 (ii) GLYCOPROTEIN lIb-IlIa 

Glycoproteins lIb and IlIa, each at about 75,000 per 

platelet, are the two most common glycoproteins found in 

platelet membranes [11,13]. The two glycoproteins together 

form a single, calcium-dependent, heterodimer complex (GP 

lIb-IlIa) that can act as the receptor for fibr~nogen 

mediated platelet aggregation. About two-thirds of the 

complexes are randomly dispersed on the platelet surface, 

while the remainder are found between membranes of the sees 
and the Ci -granules. Regardless of their location at rest, 

aIl complexes are like1y accessible on the surface of 

activated platelets. The topica1 complexes are transmembrane 

and may interact with actin filaments within thé: platelet 

under stimulus conditions. 

GP lIb-IlIa complexes undergo conformational changes on 

the membrane surface to acquire the ability to bind 

fibrinogen [19]. structural changes appear to be a prerequi

site in binding to adhesive proteins. There is also evidence 

to suggest that Fn, when bound to GP lIb-IlIa, interacts 

with thrombospondin (TSP) in adhesive reactions [20]. TSP is 

an alpha granule prote in that is secreted upon platelet 

stimulation and is believed to have GP IV as its receptor 

[21]. The interaction with TSP appears to stabilize fibrino

gen binding to GP lIb-IlIa, thus strengthening platelet

platelet linkage. Studies have also suggested the ability of 

GP lIb-IlIa to bind other adhesive proteins, namely vWf and 

fibronectin [22,23]. 

Cellular redistribution of GP lIb-IlIa occurs during 

platelet stimulation. Interaction with adhesive proteins 

leads to clustering and localization of these complexes at 

platelet pseudopods and at regions of inter-platelet contact 

[22] . In addition, adhesive proteins (vWf, Fn and 

fibronectin) are localized on the platelet surface following 
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their release from intracellular granules [24J. Whether 
activated by weak or strong agonists, platelets change shape 

and express fibrinogen binding sites on their membrane 
surfaces. Fibrinogen binding is normally a prerequisite for 

aggregation and 1s depandent upon the GP IIb-IIIa complexe 

Amongst aIl adhesive proteins, Fn appears most 

preferentially used as a cross linking agent in platelet

platelet cross-linkage [11,25J. 

4. FUNCTIONAL EXPRESSION IN PLATELETS. 

4 (i) PLATE LET SHAPE CHANGE. 

Activation of platelets by a variety of agonists leads 

to morphological changes on the platelet body (Figure 3) [l, 

5, 26J. The shape change occurs following the interaction of 

activators su ch as adenosine diphosphate (ADP) with specifie 

receptors present on the plasma membrane. The morphological 

changes are due to biochemical and physical mechanlsms in 

the platelet that alter its shape. changes in platelet size 

and surface topology of the platelet membrane are reflective 

of shape change. These changes can also be induced following 

adhesion to reactive materials such as collagen. Many 

platelet functional expressions such as adhesion, 

aggregation and release are associated with changes in its 

structure. 

The extent of platelet shape change depends on the 

activator type and strength of the stimulus, as weIl as the 

time elapsed following activation. An unactivated discocyte 

(D) undergoes changes whereby i t loses i ts smooth discoid 

shape te beceme more spherical and thus its axial ratio ( rp 

= t/d = thickness (t) over diameter (d» increases. The 

surface membrane becomes more ruffled with an apparent 

increase in roughness, thin proj ections called pseudopods 
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emerge from the main body, and there is a net increase in 

platelet size. 

These changes have been collectively referred to as a 

hypervolumetric shape change [5], and may be associated with 

an increase in externalized plasma membrane. The source of 

this extra surface membrane may derive from secs membranes. 

At this point, the platelet is called a disco-echinocyte 

(DE), see Figure 3, which depicts discocyte-echino~yte 

transformations. The DE term reflects the presence of 

pseudopods and the sustained ellipsoid shape of the 

platelet. The transformation from D to DE is initiated 

within -100 milliseconds of activation [26], with maximal 

conversion by 8 - 10 seconds [5]. Under appropriate Gtimulus 

condi tions, the DE undergoes further changes to become a 

sphero-echinocyte (SE). The latter is characterized by a 

spherical body, highly ruffled surface membrane and 

cptimally long pseudopods (1-3 pm). 

This classification of platelet morphology is largely 

based on the appearance of platelets under phase contrast 

microscopy (Figure 4) [5J. Under these conditions, 

discocytes appear as clear ellipsoids edge on (rp < .5), 

while face on they appear round and dark throughout. Sphero

echinocytes under any orientation appear circular (rp > .9) 

wi th a clear center and relati vely prominent pseudopods. 

Disco-echinocytes are those platelets which do not meet the 

criteria set for 0 and SE. These are convenient terms to 

categorize platelet shape, bearing in mind however, that 

there is a continuous spectrum of shapes ranging from the 

smooth D to the spherical, pseudopoded SE. 

Platelet shape change has been studied using various 

microscopy techniques such as phase contrast, int~rference 

contrast and transmission electron microscopy (5, 27, 28 J • 
These studies have arrived at a comrnon agreement that 

platelets assume different shapes adequately defined by the 

D, DE and SE classification. 
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Figure 3. The sequence of platelet shape change associated 
with platelet activation. Morphological changes 
from unactivated discocyte (0) --> disco
echinocyte (DE) --> sphero-echinocyte (SE) can be 
reversible. (From: Frojmovic M M and Milton J G. 

Blood Cells 1983:9;360.) 

D 
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Figure 4. Typical examples of discocytes, disco-echinocytes 

and sphero-echinocytes as viewed under phase 

contrast microscopy. A,B: face-on and edge on view 

of a discocyte: C, D, E: disco-echinocytes wi th 

increasing roundness towards sphero-echinocyte; 

and F: sphero-echinocyte. Final magnification 

3000x (From Frojmovic M M and Milton J G. Physiol 

Rev 1982:62;187) 
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Another method used to study shape change is 

aggregometry, which monitors changes in light transmission 

of a suspension of platelet-rich plasma (PRP) following 

addition of an agoni st [27]. A certain portion of the 

aggregometry tracing is deemed to reflect shape change. This 

portion corresponds to the ini tial decrease in % light 

transmission (%T) following activator addition. Changes in 

platelet axial ratio, mean volume, refractive index and 

pseudopod formation aIl contribute to the changes in %T. 

While platelet volume increase and pseudopod projection bath 

tend to increase %T, changes in platelet axial ratio (toward 

1) and refractive index diminish %T. Refractive index may 

be al tered dUE~ to: 1) :.nfl ux or effl ux of water 2 ) 

externalization of invaginated membrane (i.e., secs 
membranes) and 3) changes in membrane intrinsic properties. 

It is uncertain whether changes in refractive index directly 

parallel shape change. However, it has been shown that the 

initial decrease in light transmission occurring with 

turbidometrically measured activation does reflect the 

initial rate of D to DE transformation [27J. The initial 

rate of %T decrease essentially reflects changes in platelet 

axial ratio, with more minor contributions due to pseudopod 

formation in the first few seconds of shape change. These 

observations have been confirmed by paraI leI microscopie 

studies [27-29J. 

Analyses using both microscopy and aggregometry can 

describe shape change in terms of rates and extents. For 

example, measurements of initial de creas es in turbidity of 

platelet suspensions following agonist addition have 

kinetically described platelet shape change [30 J • This 

kinetic measure of shape change would reflect biochemical 

and functional properties of platelets as described above. 

Morphornetric measurements of shape change support 

aggregometric measurements of shape change, and have 

indicated that D are transformed to DE bearing l to 3 
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pseudopods per platelet within about 8 to 10 seconds post 

activation. DE formation is accompanied by an increase in 

cell volume of -40%. This i5 followed by SE formation, 

detectable by -8 to 10 seconds, reaching a maximum by -15 

seconds, and accompanied by a -20% decrease in volume in 

comparison to the original unactivated D [5,29]. 

InternaI platelet rearrangements occur with shape 

change. Loss of discoid shape along wi th pseudopod 

projection are associated with cytoskeletal re-organization 

[8]. The intracellular organelles centralize, micro-tubules 

partially dissociate, and contractile proteins are re

organized. Specifically, the circumferential band of 

microtubules, along with contractile proteins actin and 

myosin, assemble into highly organized structures that 

contract centrally and thereby converging storage granules 

in the cell center. Myosin-actin interactions generate the 

forces required for subsequent release who can occur 

following these internaI avents [31]. These intracellular 

events are necessary for the generation of adhesivenes3 on 

the surface membrane, priming the platelets for subsequent 

aggregation, as well as for the induction of pro-coagulant 

activity. 

4 (ii) THE ROLE OF SHAPE CHANGE IN AGGREGATION. 

In the presence of extracellular calcium and 

fibrinogen, shape changed platelets can be recruited into 

micro-aggregates (PA). It has been shawn that shape c~ange 

is a necessary requirement for early aggrega tion induced by 

the platelet agonists, adenosine diphosphate (ADP) and 

adrenaline [29]. Shape-changed platelets are preferenti~lly 

recruited into early aggregates of - 10 platelets. Pseudopod 

formation, in particular, appears to be crucial in allowing 

aggregation ta occur. It has been shawn that pseudopods can 
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be formed in the absence of any significant changes in rp or 
main body volume for adrenaline used as activator (5). The 

latter two parameters appear to be less important in early 

aggregation. Platelet sphering is likely to he more 

important in the advanced stages of aggregation associated 

with secretion. 
The presence of pseudopods is expected to favor 

platelet aggregation by reducing electrostatic repulsions 

between platelets and by increasing platelet collision 

frequencies due to increased collision diameter [1,32]. 

Furthermcre, these projections can increase the surface are a 

of cell-cell contact, thereby stabilizing adhesion [33]. 

Finally, there is evidence indicating that following 

activation, adhesive proteins and their respective glycopro

tein complexes are localized on pseudopods between 
adjacently adhered platelets [20). 

4 iiii) INTRACELLULAR SIGNALS IN ACTIVATION. 

The morphological changes observed with platelet 

activation p3.rallel important biochemical events occuring 

intracellularly. These bioch~mical reactions can be 

categorized as those that lead to either 1) an alteration in 

structure, i. e., shape change or 2) expression of other 

functions, i.e., adhesion and secretion. It is believed that 

following platelet-agonist interaction, movements of Ca2+ 

from outside the platelet through the plasma membrane and/or 

from the intracellular dense tubule system to the cytoplasm 

constitute the final pathway for activation [34, 35]. 

Two major pathways lead to calcium mobilization (Figure 

5): one centered on Ca2+ movement from intracellular stores, 

the other centered on diacylglycerol (DAG) formation and 

associated prote in phosphorylation [36]. Movement of Ca2+ 

during activation derives from 1) external Ca2+ movi~g into 
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,. the platelet interior; 2) Ca2+ released from DTS si.tes and 

3) dense granule release of stored ca2+. 

Ca2+ movements and intracellular activation depend on 

the generation of two intracellular messt!ngers: l, 2-

diacylglycerol (DAG) and inositol 1,4,S-triphosphate (IP3)' 

both of which depend 

phospholipase C (PLC) 

on receptor-mediated activation of 

[36,37]. DAG leads to protein kinase C 

activation, proteirt phosphorylation and non Ca2+ dependent 

activation while IP3 Cch1 mobilize ca2+ from intracellular 

stores. 

Following IP3 generation, freed Ca2+ activates enzymes 

such as phospholipase A2 which lead to the generation of 

thromboxane A2 (TXA2) from arachidonic acid. TXA2, in 

addition to direct mobilization of ca2+ stores, can activate 

PLC which renders more IP3 and DAG. The further production 

of these two intermediates provides the greatest 

amplification of Ca2+ movements which are Important 

intracellular events leading to, or associated with platelet 

shape change, aggregatien and release. 

Ionized calcium functions as a second messenger for 

ether intracellular reactions associated with stimulus-

response activity [38] • These include microtubule 

depolymerization, actin-myesin contraction and mobilization 

of phospholipase A2 • The abili ty to regulate Ca2+ woulcl 

also control the activity level of the platelet. For 

example, the maintenance of disco id shape would depend on 

modulating intracellular ca2+ concentrations, and may 

involve an intermediate such as cyclic AMP which inh i bi ts 

Ca2+ mobilization. 

The concentration of intracellular Ca2+ can coincide 

with the level of activation [39]. Relatively low ca 2+ 

concentrations have been reported during shape change 

whereas higher concentrations appear associated with further 

stages of activation, i.e' r shape change --> micro

aggregation --> macroaggregation --> stable macro-
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rigyre 5. Platelet biochemical pathways associated with ca2+ 

and intracellular signaIs following activation. Of 
central importance are the involvement of inositol 
tri-phosphate (IP3) and diacylglycerol (DAG) with 
the endoperoxide pathway generating thromboxane A2 
(TXA2). For definitions of abbreviations, see p. 
xiii • (From: Longmire K A. MSc. Thesis, p. 47, 
McGill University, Montreal 1988). Figure shown on 
next page. 
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aggregation associated with secretion [40]. Moreover, the 

ability to modulate Ca2+ pools are essential to achieve 

complete activation leading to platelet secretion and clot 

retraction. 

4 (iv) PLATE LET ADHESION 

Platelet adhesion to subendothelium is the first major 

step in hemostasis (2,41]. Adhesicn is an event mediated by 

the surface of the platelet and therefore is dependent upon 

structures found on the plasma membrane. Adhesion involves 

direct interZ'ction of the platelet membrane with factors 

made available by endothelia1 damage or wi th a foreign 

surface [42]. Like p1atelet aggregation, adhesion is 

initiated by a sper::ific stimulus (e.g., collagen fibers) 

interaeting with a recognition site, ( e.g., the co11agen 

receptor). There is speeificity in platelet adhesion. Under 

nonnal condi tiens, platclets do not adhere to endothelial 

cells nor to other bleod cells wi th which they collide in 

the circulation. Adhesion oceurs only with appropriate 

stimulus such as that following vessel injury and 

exclusively involves other platelets and the subendothelium. 

Since the platelet membrane is rich in glycoproteins, a 

specific type may interaet with the subendothelium. It is 

also possible that some moleeular species aets a bridqe 

between the platelet-subendothelium surfaces. Evidence 

derived from the study of disease states of adhesion 

indicates that adhesion depends on both a specifie membrane 

glycoprotein (Glycoprotein Ib (GP lb)) and a specifie plasma 

prote in (von Wtllebrand factor (vWf) ) [43,44]. Reduced 

adhesion of platelets to subendothelium is observed in von 

willebrand's disease, a disorder in whieh the plasma prote in 

(Factor VIII:vWf eomplex) is defieient. In Bernard Soulier 

Syndrome, reduced adhesion oceurs as a result of deficient 
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GP lb. Evidence also suggests a major role in adhesion for 

another adhesive protein, fibronectin, which can bind to GP 

lIb-IlIa [24J. 

Another pIateIet glycoprotein, GP Ia, plays an 

important role in in vivo adhesion by possibly serving as 

the receptor for collagen [45]. The GP Ia-collagen inter

action appears related to platelet spreading whereas GP rb 

interaction with vWf allows initial attachment to the 

subendothelium. Alternatively, GP la may interact with 

another co factor of platelet adhesion to collagen. Sorne 

evidence suggests that this co factor may be fil::ronectin 

[46]. Moreover, GP la demonstrates interaction with the 

platelet cytoskeleton, specifically with actin-binding 

protein, as well as with GP lb. Thus, GP la and GP rb may 

interact indirectly to both mediate and stabilize platelet 

adhesion. 

An experimental technique developed by Baumgartner, 

which involves perfusion of vascular tissue, is considered 

an accurat9 model of in vivo adhesion [47]. However, it has 

disadvantages with respect to standardization and is 

difficult to employ routinely. Another in vitro model exists 

to study platelet adhesion [48]. This model employs 

ristocetin, an antibiotic effective against gram positive 

bacteria, as a platelet agglutination agent. Agglutination 

is a passive. surface mediated cross linking of platelets 

that does not require intraplatelet activation. As ~uch, 

formaldehyde-fixed platelets can be agglutinated. 

Ristocetin-induced agglutination is similar to platelet 

adhesion in that both require the same plasma adhesive 

protein, namely Factor VllI-vWf, as weIl as the same 

platelet membrane component, GP lb. Studies of Bernard 

Soulier Syndrome, a platelet disorder characterized by lack 

of adhesion to subendothelium despi te normal amounts of 

plasma vWf, had indicatea the invol vement of a specif ic 

glycoprotein in agglutination [49 J • Ristocetin-induced 
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agglutination is routinely used as a dlagnostic test for von 
Willebrand's disease, a disorder of platelet adhesion due to 

plasma vWf deficiency. 
The molecular interactions between Factor VllI-vWf, 

ristocetin and glycoprotein lb in agglutination are unclear. 

Studies had suggested that ristocetin either 1) bridges the 

interaction of Factor VIlI-vWf with the membrane surface, or 

2) binds to and induces a structural change on Factor Vlll

vWf so that the latter can bind platelets [50,51]. More 

recent observations suggest that ristocetin induces multimer 
formation of vWf, which in turn cross-links platelets and 
can rnediate platelet adhesion to subendothelium [52]. It is 
possible that ristocetin-induced agglutination does not 
involve the same biochemical events as those occurrinq with 
physiological activators causing platelet aggregation. 

since agglutination is a passive, surface membrane
mediated cross-linking of cells, it is dependent upon the GP 

Ib "receptor" properties (i.e., number per unit area, 

availabi1~ty or affinity) and the size of the p1ate1ets 
affecting collision frequencies. This wou1d be true assuming 
that vWf and ristocetin are not 1imiting factors. Thus, the 

kinetics of agglutination are influenced by platelet v~lume 

fraction (v x No), which also reflects tha amount of surface 
area available for passive cross-linkage. Therefore, studies 

of the kinetics of ristocetin-induced agglutination would 
require control of the volume fraction parameter, as 
described in section 7. 

4 Cv) PLATELET AGGREGATION. 

In the hemostatic response, platelets adhere to exposed 

subendothelium, followed by deposition of more platelets to 

forro an unstable platelet plug. Platelets near the site of 

injury adhere to an initial platelet layer either as 
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singlets or in the form of aggregates. Aggreqation occurs 

following the secretion of material from adherent platelets 

(e.g., ADP) which activates newly arriving single platelets. 

The latter change shape and upon collision with other 

platelets, adhere to ea,:;l- o-cl!er and/or the initial platelet 

layer. Aggregation of platelets is a specialized forro of 

adhesion, involving sorne common and distinct biochemical 

requirements from that of adhesion to sub-endothelium. 

Platelet aggregation has been subdivided into two 

sequential categories [53]. Figure 6 depicts a simple scheme 

of platelet aggr~gation showing a two stage proce5S. 

Platelet microaggregation (PA) refers to formation of early 

aggregates consisting of <10 platelets per aggregate, 

derived from the recruitment of single platelets. Under 

appropriate conditions, such as flow a't low shear rates, 

macroaggregation (TA) can occur with weak to moderate 

activation of platelets, i.e., the formation of much larger, 

visible aggregates ( » 10 platelets per aggregate) from the 

build-up of the smaller micro-aggregates. Because these 

macro-aggregates are mechanically unstable, slight increases 

in shear rate induce reversion to micro-aggregates. However, 

with st ronger activation induced, typically, by high agonist 

concentrations (e. g., 2 to 3 )lM ADP) , secondary stable 

aggregation is attained with accompanying platelet secretion 

even at high flow rates. 

Evidence suggests that the two processes of aggregation 

(PA and TA), have distinct time and agonist concentration 

dependencies [39,53] • Typically, single platelets are 

maximally recruited into doublets, triplets and higher 

multiplets by -10 seconds post activation at which time TA 

has achieved < 10% of its maximum response. Sensitivity as 

expressed by activator concentrations reg'A: red to induce 

half maximal rates of aggregation, e.g., [ADPJ1/2' i5 much 

lower for PA than for TA. In addition, they are distjnct 

with respect to sensitivity to inhibitors and 
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Figure 6. The sequence of platelet activation leadinq to 
irreversible macro-aqqreqation. It consists of 3 
main processes having distinct activation 
requirements: shape change (SC), micro-aggregation 
(PA), and macro-aggregation (TA). Fn-Ca refers to 
the co-factors required for both PA and TA. Figure 
shown on next page. 
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refractoriness. Platelet refractoriness, or loss of 

sensitivity to agonist, may occur in the interval between 

micro-aggregate to macro-aggregate formation, but not during 

micro-aggregate formation from single platelets [53]. 

The most common method of in vitro study of platelet 

aggregation involves the monitoring of visible light 

transmittance through a stirred suspension of platelet-rich 

plasma (aggregometry). Changes in plasma turbidity are 

recorded following addition of activators. Typical tracings 

obtained for many types of agonist induced responses consist 

of distinct phases that represent platelet shape change and 

macroaggregation. 

The initial decrease in %T in the first 4-5 seconds 

following activator addition reflects platelet shape change 

to disco-echinocyte forros [5]. Under optimal stimulus, 

aggregation oeeurs biphasically and is so represented in 

aggregometry traeings by a two phase increase in light 

transmission (Figure 7). Primaryaggregation (TA-l) refers 

to the initial portion of %T rise associated with the 

aggregation of aIl platelets present. This initial 

aggregation will revert in the absence of platelet 

secretion. Seeondary aggregation (TA-2) occurs with platelet 

secretion and i5 associated with the build-up of even larger 

aggregates than those obtained in TA-l, with each aggregate 

becoming more compact [53J. 

The study of aggregation in terms of micro- and macro

aggregation, requires two distinct methodologies. Whereas 

eonventional light transmission aggregometry can monitor TA, 

it is insensitive to the detection of microaggregation. This 

is because rnost platelets ( > 80%) will foml rnicro

aggregates containing up to 7 platelets per aggregate before 

any increase in %T is detected. Particle measurements done 

by microscopy or electronic counting are required to study 

PA. Microaggregation can be measured from the decrease in 

the number of non-aggregated or single platelets. The time 
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Figure 7. Representative example of an aggregometry tracing 

showinq agonist (A)-induced platelet shape change 

and bi-phasic aqgregation (TA-1 & TA-2) in 

platelet-rich plasma (c-PRP). Changes in % light 

transmis'sion are recorded continuously as a 

function of time. Kinetic parameters of aggre

ation shown are: rate of shape change (Vs), rate 

of macroaggregation (Va)' and maximal extent of 

aggreqation (%Tmax). (Modified from Tang S Sand 

Frojmovic M M. J Lab Clin Med 1980:95:243) 
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PA following the addition of various 
of ADP to stirred platelet rich plasma is 

shown in Figure 8 [53]. The ons et of shape change involving 
pseudopod extrusion precedes microaggregation, underscoring 
the importance of echinocyte formation. This lag time of 
about l second corresponds to an activation step independent 
of external calcium. The PA response with time appears S
shaped, with an initial rapid linear increase between 1 and 
4 seconds, during which time doublet and triplet formation 
occurs. PA attains a maximum by -10 seconds, corresponding 
to the maximal disappearance of single platelets into micro
aggregates [53]. 

Aside from experimental differences, the concept of two 
distinct processes of aggregation is supported by 
observations that fibrinogen binds to activated platelets 
with distinct affinities [54,55]. DifferentiaI aggregation 
responses for PA and TA would be characterized by distinct 
expression of nurnbers and/or affinities of GP IIb-IIIa on 
activated plate1ets. Thus, PA might require fewer FBS 
expressed with highest affinity for Fn, with low activation 
conditions, while TA would require more FBS per platelet to 
provide stronger Fn-mediated platelet cross-linking to 
resist shear(flow)- induced disaggregation. Finally, 
different responses to the same stimulus by sub-populations 
of platelets) could be attributable to differences with 
respect to FBS characteristics as weIl as te other 
biochemical differences between platelet sub-populations 
(see Section 6). 
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Figure B. Time courses of ADP-induced microaggregation (PA) 

at various activator concentrations. Percent PA 

was determined as a function of time after ADP 

addition to stirred platelet-rich plasma, and 

assessed by microscopy from the decrease in single 

platelets. The initial linear rate of PA can be 

readily determined, typically represented by PA at 

t=3 seconds. (From: Frojmovic M M, et al. J Lab 

Clin Med 1983:101:96) 
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5. PLATELET PRODUCTION 

Platelets are derived from the fragmentation of bone 

marrow megakaryocytes (MK) [56,57]. The latter is a 

specialized cell of an exclusively committed stem ce11 line, 

which in turn derives from a precursor p1uripotent cel1 

common to both myeloid and erythroid ce11s ( Figure 9 ). 

Megakaryocytes are nucleated cells which synthesize platelet 

proteins, assemble platelet organelles and gi ve rise to 

platelets only upon reaching full maturation. Platelet 

production is under the control of a humoral factor, 

thrombopoietin, which stimulates the proliferation of 

co~~itted stem cells. 

The time interval between the transformation of a stem 

cell into a platelet-producing MK is about 10 days, 

comparable to the average life span of a platelet. Once the 

committed stem cell becomes a megakaryocyte, it undergoes a 

unique stage of maturation distinct from common binary cell 

division. The growing MK enters endomitosis whereby it 
matures wi thout cellular division. Thus maturing MK' s be::come 

larger and can be sub-classified according to "ploidy", 

i.e., the number of nuclear doublings (N) undergone. There 

is a correlation between the size of a MK and its respective 

number of nueleii [56]. The three principal classes of MK 

which eventually give rise to platelets are the SN, 16N and 

32N ploidy classes. Each respective ploidy class matures to 

produce platelets, wi th the greatest contribution made by 

the 16N class. Megakaryocytes produce and accumulate 

platelet specifie materials (e. g., platelet factor 4, B

thromboglobulin) during maturation [58]. 

During maturation, the MK cytoplasm develops a large 

network of demarcation membranes which are actually 

extensions of the MK plasma membrane [59]. Observations have 

shown the demarcation membranes to be in the forro of tubules 

and flattened cysternae that undergo branching. The 
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membranes appear to arise from the plasma membrane by 

invagination. It is thought that the demarcation membrane 

system delineates platelets within the cytoplasm of 

megakaryocytes. 

Simultaneous with cytoplasmic maturation, the nucleus 

undergoes changes in appearance that correlate with nuclear 

division. Ini tially , the early stage MK nucleus is mul ti

lobed and contains relatively littlg cytoplasm. with further 

maturation, the nuclear material becomes more compact while 

the cytoplasm, i.e., demarcation membranes, become larger. 

The formation cf platelet precursors involves exten~ion 

of the MK cytoplasm into t!le sim~~oids of the bone marrow 

[60]. This is then followed by the pinct.ting off of these 

processes to give rise to pro-platelets [611. These pre

cursor fragments often contain more than one potential 

platelet. Platelets therefore are not produced by direct 

shedding from megakaryocyte cytoplasm within the bone 

marrow. Some evidence suggests that between 20 to 50% of 

mature MKs are released into the circulation as intact cells 

[57,61]. 

Large fragments broken off from megakaryocyte processes 

undergo further fragmentation as weIl as internaI re

organization to yield platelets. Division of the pre 

platelets into bona fide platelets 'jccurs readily in the 

lung microvasculature [62]. Large fragwents, or MKs would be 

trapped in the pulmonary microvasculature. It has been 

suggested that the regular movements associated wi th 

breathing may provide the mechanical force required to cause 

further breakage into individual platelets. Megakaryocytes 

at maturity can each give rise to about 1000 3000 

platelets. with normal platelet turnover in man at about 8-

9 billion per hour, the corresponding MK turnover would be 

about 4 - 5 million per hour [63]. 
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Figure 9. A: A model showing similarities in the production 

of three major blood cell types oriqinatinq from 

common pluripotent stem cells. Each cell line 

likely has its own subsequent committed stem cells 

and regulator(s) (-poietins(s» of production. 

A. 

B. 

B: A model of megakaryocyte (MK) maturation and 

platelet production. Growth of MK's is 

characterized by nuclear enlargement due to 

endoreplication and the yielding of polyploidy 

MK's (e.g., 16N). MK cytoplasmic development 

precedes fragmentation into pro-platelets. ( From: 

Ebbe S. Biology of Megakaryocytes. In: Prog Hemost 

Thrombos, Vol.3, Grune and stratton, New York 

1976. ) 
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~ PLATE LET HETEFOGENEITY 

Much evidence suggests that circu1ating platelets are 

heterogeneous with respect te density, volume, 

ultrastructure, biechemica1 content and re1ated function 

[56, 64-66]. Figure 10 i1lustrates the heterogeneity a"d 

inter-relationships between megakaryocytes and pl~telets and 

their cellular properties. The basis of platelet 

heterogeneity is unresolved, i.e., whether platelet 

diversity ar ises from production characteristics or as a 

consequence of aging or both. For example, sorne 

investigators have suggested that platelet aging ln 

circulation is associated with a simultaneous decrease in 

plate1et density [64,67]. P1atelet heterogeneity would be a 

consequence of senescence in the circulation whereby large, 

heavy platelets become small, lighter ones with age. Others 

have repcrted an increase in density with age or that 

density heterogeneity is determined during megakaryocyte 

maturation (56]. In the latter case, platelets of a 

particular density wou1d originate from megakaryocytes of a 

particular ploidy c1ass. 

These apparent contradictory findings may have arisen 

from differences in methods of platelet isolation, bue 

opposite conclusions have been drawn by investigators 

employing the same technique. Methods using ùifferential 

centrifugation [68], density and functional separatjon have 

yie1ded conf1icting results for functional measurements and 

associated platelet size, age, density and metabolism. 

The unique process of megakaryocyte maturation and 

subsequent platelet production is thought to give rlse to 

heterogeneous platelets [56J. The three major ploidy classes 

are the aN, 16N and 3 2N. Megakaryocytes from these ploidy 

classes have been shown to differ with respect to 

cytoplasmic properties, and therefore platelets arising from 

each class would expect to car~l vver these differences. The 
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differences between the three types of megakaryocytes would 

consti tute a source of heterogenei ty. This appears to be 

true in light of findings in these studies that SN 

megakaryocytes give ri se to denser and larger platelets 

which have greater content o"f granules and organelles per 

unit volume than smaller, less dense ones [56]. The denser, 

larger platelets also appear to have less invaginated sees 

membrane. These denGity and size-dependent differences may 

have functional significance. 

Earlier studies which isolated platelets on the basis 

of differing density had established that circulating 

platelets are heterogeneous with respect to physical 

properties and function [65,69). The investigators had 

ascribed these densi ty related differer.ces to aging. 

Subsequent studies however showed that platelets of varying 

densi ty are released simul taneously; therefore differences 

would be present regardless of aging [70]. 

Platelet size appears to be.. a determinant of platelet 

function. Platelet aggregat:)n assessed in whole platelet 

populations as measured from aggregometry showed that 

aggregation velocity was proporticmal to platelet volume 

[67]. The response correlated best with the megathrombocyte 

index which indicates the relative number of large sized 

platelets present. 

There are methods for actual physical isolation of 

size-dependent fractions from whole platelet populations. 

Counterflow centrifugation takes advantage of the > 200% 

difference in size of large versus small platelets cornpared 

to < 5% differences in density, and separates platelets into 

different size fractions having relatively less overlap 

between fractiop..s than other rnethods. Investigators using 

this method found platelet size to be a determinant of 

function and biochemical properties [66,71J. Platelet 

function as measureè by aggregation, release and serotonin 

uptake was found to be faster and/or more extensive for the 
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lar~est sized platelets. 

Further experiments by this group showed significant 

positive correlations between platelet volume and rates and 

extents of aggregation as measured by aggregometry [71]. 

However, these studies were conducted for different-sized 

platelets at identical platelet counts thereby ignoring 

contributions of total platelet mass to observed rates of 

aggregation. Size-dependent responses were seen for ADP- and 

thrombin- induced aggregation, but not for ristocetin

induced agglutination. other biochemical properties suah as 

ATP content were also shown to be size dependent. These 

investigators concluded that the intrinsic function of 

platelets was similar but their absolute capacities 

correlate with size. Subsequently, it was shown that 

platelet size and age are both determinants of function that 

act independently [72]. In these studies, platelet size was 

found to be a geometric determinant of aggregation rates. 

HOWE;'Jer, the relationship betw~en platelet membrane mass 

versus intrinsic membrane biochemical differences could not 

be quantitatively interpreted because aggregation was 

assessed at identical platelet counts for the different 

sized fractions. 

Measures of aggregation kinetics and sensitivity by 

particle 

platelets 

counting methods have also 

separated by functional 

been reported for 

and differential 

centrifugation [68,73J. In functional fractionation, the 

reactive platelets were separated from the less reactive 

ones by exposure of whole platelet populations to low doses 

of activator. This induced aggregation of the reactive 

platelets, which were isolated by light centrifugation, 

followed by their disaggregation into single platelets. 

These highly reactive platelets were not refractory te 

further activation and were thus re-challenged with 

activator, as were the less reacti ve ones. Whole platelet 

populations were separated into size- and density- dependent 
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fractions following differential centrifugation by removal 

of the top PRP layer following its centrifugation at various 

9 forces. However, both of these methods yield platelet 

fractions wi th large overlap in similar sized plat.elets. 

Larger-sized platelets aggregated wi th greater sensi ti vi ty 

but wi th less rapidity. Larger platelets contained more 

glycogen and surface sialic acidi even when normalized for 

volume. Aging patterns also appeared to be distinct for 

these functionally separated fractions. 

7.CONTRIBUTION OF PLATE LET MASS TO PLATELET AGGREGATION. 

Studies 

separated on 

of platelet aggregation 

the basis of either size 

on subpopulations 

or density have 

generally supported the idea that young platelets which are 

large and dense are the most functionally active. 

Aggregation studies to-date have not focussed on the 

contributions of platelet mean volume (v), plate let number 

(No) and the product of these two, i.e., the volume fraction 

(~) to aggregation responses. From a kinetic point of view, 

these are determinants of platelet aggregation which must be 

accounted for in establishing platelet aggregability. For 

platelets considered as particles, the rate of aggregation 

in simple shear flow is generally expressed as the decrease 

in particle count (-dNt/dt) where, 

Platelet aggregation = dNt 

dt 
= -4G0 Nt x 

7T 

(1) 

where ~ is the volume fraction ( v x Nt) of the particles, 

G is the rate of shear, Nt is the particle concentration at 

time t following platelet activation, and CX G is the 

particle collision efficiency [74]. This equation is 
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expected to de scribe the rate of microaggregation (PA) and 

may carry over to a description of TA. It is clear from 

equation (1) that aggregati~n kinetics will be influenced by 

the platelet volume fraction (v x Nt). In order to know, or 

ta have a comparative idea of how a behaves, it is necessary 

to control platelet volume fraction and/or flow conditions. 

By directly relating aggregation and Œ, one can get an idea 

of the collision efficiency which indicates the intrinsic 

ability of platelets to aggregate. The Œ value reflects the 

efficiency of generation of platelet membrane stickiness, 

which in turn depends on the dynamics of expressi0n of 

fibrinogen binding sites on activated platelets. Thus, 

comparative studies of platelet aggregation kinetics between 

different-sized populations would require control of 

variables which affect the collision frequency (G, ~) in 

order to compare ex. This is readily done by comparing 

distinctly-sized platelet suspensions under identical flow 
" (stir) conditions and at comparable volume fractions. 

Experimentally, distinctly sized-fractions can be obtained 

by counter-flow centrifugation [71,75] and b8 compared for 

aggregation responses at controlJed volume fractions. 
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CHAPTER II 

PLATELET SIZE-DEPENDENT SUBPOPULATIONS: 
RELATIVE CONTRIBUTIONS OF PLATE LET NUMBER, 

VOLUME FRACTIOll AND BIOCHEMICAL DIFFERENCES TO MICRO

AND MACRO- AGGP~GATION FOR THREE PHYSIOLOGICAL 
ACTIVATORS AND FOR RISTOCETIN 
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The relationship between platelet size (v), platelet 

number (No) and platelet aggregation was evaluated in human 

platelet subpopulations separated on the basis of volume 

using countGrflow centrifugation. The original platelet 

population and three size-dependent platelet fractions were 

concentrated and resuspended in autologous citrated 

platelet-poor plasma at varying No. Microaggregation (PA) 

and macroaggregation (TA) were deterrnined respectively by 

electronic particle counting and light transmission 

(aggregometry). At similar No (180±50 x 103/ pl), large 

platelets (Li v = 7.3±O.2 fli 16±4% of the total population) 

were about two-fold more sensitive and more rapidly 

recruited ~nto both micro (PA) and macro (TA) aggregates in 

response to ADP than the smallest platelets ( Si v = 4.2±0.2 

fI; 16±3%). At similar volume fraction, however, aIl the 

above differences persisted for PA but not for TAi in 

addition, maximal rates of shape change to ADP were the same 

for Land S platelets. Although similar results were 

obtained for two other receptor-mediated platelet 

activators, namely a stable thronilioxane A2 analogue (U46619j 

and platelet activating factor (PAF), no significant 

di fferences in L vs. S were se en for ri stocetin-induced 

agglutination. The functional differences with receptor

mediated platelet activation appear to arise from intrinsic 

biochemical differences present in size-dependent 

subpopulations for which a likely model is proposed. 
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INTRODUCTION 

There is a large body of knowledge describing diverse 

structural and functional heterogenei ty of platelE?ts [1-

15], but the precise nature and significance of these 

differences are still controversial. Methods using density 

[1,3 -8,15] , differential centrifugation [8,11] , and 

functional 

conflicting 

[2J separation 

results for 

have been 

functiona1 

used yielding 

measurements and 

associated platelet size, age, density and metnbolism 

[1,3,7-9,13,15]. It does appear that megakaryocytes (MK) of 

low ploidy yield the largest platelets enriclled ln 

organelles and membranes when compared to smaller plate lets 

produced by MK's of high ploidy [6J. Large platelets 

general1y appear metabolically most active [2,9J, most 

responsive to aggregating agents [2,5, 10J, contain highest 

concentrations of dense and Ct - granules [1,6 J, and appear 

most efficient in hemostatic effectiveness [5,12-17]. 

An attempt to relate platelet size ta structure and 

function has recently been made by the elegant use of 

counterflow centrifugat~on which takes advantage of the > 

200% difference in plate1et size between large and small 

platelets compared to the < 5% differences in densi ty [9 J • 

previous studies have all generally measured %T changes for 

different-sized fractions at the same inltial plate let 

counts (No) [9, 10J. In these studies, plate1et size was 

found to be a geometric determinant of rates of platel et 

aggregation. However, actual platelet vol ume fraction vs. 

intrinsic membrane biochemical differences could not be 

quantitatively interpreted because turbidometric mea~,ure

ments for the different sized fractions were made at 

identical No. In fact, interpretation of the data in terms 

of effects of volume fraction versus intrinsic differences 

in platelet reactivity to form large aggregates 1s 
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complicated by recent reports of the physical dependence of 

turbidimetrically-measured aggregation on platelet number 

and refractive index; this study suggested that different

sized plate lets al::e better compared for TA studies wi th 

initial platelet count (No) adjusted to give comparable 

initial %T (%To ) values of the plate let suspensions L1B). 

More specifie measures of aggregation kinetics and 

sensitivity conducted by platelet particle counting methods 

have been reported for platelets separated functionally and 

by differential centrifugation but major size overlap 

existed between the different fractions in these studies. 

Moreover, the different fractions were studied at the sarne 

initial platelet counts [2,11,17J. Here we obtain size

dependent platelet fractions using counterflow

centrifugation and examine their kinetics and sensitivity of 

aggregation at varying platelet counts induced by 

physiological activators: adenosine diphosphate (ADP), a 

stable prostaglandin H2 analogue (U46619) and platelet 

activating factor (PAF) . We compare platelet rnacro

aggregation (TA) with particle counting-derived rnicro

aggregation (PA) since these have previously been shown to 

have distinct physiological and pharmacological properties 

for evaluations of unfractionated platelet suspensions [19-

21J. We also evaluate the initial rate of ristocetin-induced 

agglutination, using particle counting. Ristocetin can cause 

agglutinatlon independent of platelet metabolism and has 

been reported to cause similar agglutination for different 

s ized fractions evaluated turbidometrically [10]. We found 

that the greater aggregability of large platelets over sroall 

platelets seen with turbidoroetrically-measured macro

aggregation of platelet suspensions at identical No 

essentially disappears when No are adjusted to yield 

identical initial %T. In addition, with platelet mass 

adjusted for different-sized fractions, the intermediate to 

large platelets are most responsive to physiological 
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activators in terrns of both kinetics and sensi tivity of 

micro-aggregation, while no significant differences are 

observed for ristocetin-induced agglutination. A simple 

molecular model is proposed to account for the differences. 

MATERIALS AND METHODS. 

BLOOD COLLECTION AND PLATELET ISOLATION. 

Blood was obtained from heal thy human donors between 

the ages of 22 and 34 years. Donors were not on any 

medication and inforrned consent was obtained with a protocol 

approved by a Human Experimentation Commi ttee. Whole blood 

(WB) was drawn by venipuncture into acid citrate dextrose 

(ACO-A, NIH formula Al ( l vol to 5 2/3 WB ) in poly

propylene tubes (Nalge Co., Rochester, N.Y.) and was 

centrifuged at 150 x g for 15 minutes at 25°C. The 

supernatants, consisting of platelet rich plasma ( PRP ), 

were pooled from 70 mIs of WB. A stable prostacyclin 

analogue, Iloprost ( ZK 36374 ) (22], was added to platelet

rich plasma at a final concentration of 0.1 J.IM to minimize 

activation in the subsequent washing and elutriation 

procedure. This ZR - treatment did not alter the platelets's 

responsiveness to ADP when resuspended in ZK-free platelet 

po or plasma, and incubated at 37°C prior to functionaJ 

testing. The ZR - treated PRP was adjusted ta pH 6.5 wi th 

ACD-A and centrifuged at 800 x g for 15 minutes, 25·C. The 

plasma supernatant was discarded, and the platelet pellets 

were resuspended in PBS-A buffer containing phosphate 

buffered saline and albumin 105.5 mM HaCl, 12.8 m?1 

Na2HP04, 2.8 ~~ KH2P04' 13 ~~ Na2EDTA, 15% v:v ACD, O.5~ w:v 

fatty acid-free bcvine serum albumin; 5 M NaOH to titrate pH 

to 6.5; osmolari ty 308 mOsm/l ). This platelet suspension 

was centrifuged at 800 x g for 15 minutes, 2S0C. The 
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supernatant was discarded, and the 

resuspended in 4.5 - 5.5 mIs of PBS-A, 

count varying from 0.5 to 3.3 x 106 

platelets were 

wi th the platelet 

plateletsjpl. The 

approxima te recovery of platelets from whole blood using 

this washing procedure was confirmed to be >80% [9]. 

For reconstituting fractionated platelets with 

autologous citrated platelet-poor plasma (PPP), WB was drawn 

into 3.8% citrate ( 1 vol to 9 vol of blood ), centrifuged 

at 1900 x g for 15 minutes, 25°C. The supernatant PPP was 

removed, incubated at 37°C for 30 minutes, then kept on ice. 

The p1atelet count in PPP was < 1 x 104jpl. Prior to use for 

resuspending pelleted platelet fractions, the PPP was 

adjusted to pH 7.4 ( with ACD-A) and re-incubated at 37"C 

for 30 minutes. 

PLATELET FRACTIONATION 

Whole platelet populations were isolated into size 

dependent fractions by counterflow centrifugation. Also 

referred to as elutriation, this method of isolation 

separates cell samples according to size in cell species 

such as platelets where there is little « 5 %) variation in 

densi ty [23]. Platelets were fractionated in a horizontal 

separation chamber (No. 335205) on an elutriation rotor (No. 

JE6) and centrifuge (No.J2-21) (AlI components: Beckman 

Instruments, Paio Alto, CA). The principle of operation of 

elutriation is as follows. The platelets introduced are 

sUbjected to two opposing forces within the separation 

chamber: the centrifugaI field generated by the spinning 

rotor, and the counterflow of buffer in the opposite 

direction. PIateIets having different sedimentation rates 

can be held in suspension. Platelets tend to migrate to a 

zone where its sedimentation rate is exactly balanced by the 

flow rate of the buffer through the separation chamber. By 
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increasing the flow rate of the incoming buffer, successive 

populations of similarly sized platelets are elutriated from 

the chamber. Subsequent fractions obtained with higher rates 

of buffer inflow will contain Iarger platelets. 

The platelets were separated into 9 slze-dependent 

fractions as previously described in greater detail [9]. 

Briefly, platelets in PBS-A buffer ( 3.5 to 4.5 mIs) were 

introduced into the separation chamber at 1 ml/minute, a 

rate at which no platelets are eluted out. The flow rate of 

incoming buffer was subsequently increased at 1 ml/minute 

increments for intervals of 2 minutes; one distinct fraction 

was collected for each interval. Each fraction collected was 

subsequently counted. 

The recov8ry of platelets introduced into the 

separation chamber was 86±15 % ( ± 1 5.0.; range 41-100% ), 

with < 1 % (by number) of contaminating cells, cornprising 

mainly erythrocytes. On 2 occasions, apparent platelet 

recovery was 41 and 45%, but platelet 10ss did not appear 

selective _ The size differences and relative numbers of 

platelets in different fractions at low yields resemb1ed 

experiments where recovery was > 80 %. In addition, the mc~n 

volumes and size histograms for non-elutriated control 

platelets and those for fractions re-consti tuted in ex~ct 

proportion to their yields were not significantly different 

whether evaluated for a preparation with lower ( < 80%) or 

higher ( -100 %) yield. Our general efficiencies of recovery 

from whole blood wa~ > 70 % ; the me an platelet volumes for 

the different-sized fractions were within the range as 

reported by others ernploying the same isolation technique 

and claiming an overall platellt recovery from whole blood 

of -80% [9,10J. 

Minimal and comparable activation was observed in aIl 

fractions, assessed from quantitative morphometric analyses 

[24) of platelet shape; aIl samples used in functional 

studies contained -20 % discocytes, -70% early disco-
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echinocytes (DE's; axial ratios were -0.35 for large or 

small platelets), and -10% sphero-echinocytes (SE's). The 

greater th an 90% discocytic platelets which include these 

early DE 1 S represent essentially "resting-state" platelets 

which require phl, siological acti vat ors such as ADP or 

adrenaline for recruitment into aggregates [25]. 

PLATELET SIZING AND COUNTING 

Platelets in PRP or PBS-A bu~fer (1 volume) were fixed 

with 0.8 % glutaraldehyde (5 volumes) and counted with an 

Elzone resistive partiele counter Model 80XY, Particle 

Data Ine. , Elrn.hurst, Ill. ) . This device detects as 

partieles, single platelets as weIl as low ~rder aggregates 

of platelets by selection between lower and upper size 

discriminators. The lower size discriminator excludes 

partieles smaller than 1.8 fI; the uppe:c size one excludes 

50% of platelet tetramers. Therefore, platelets 

eIectronieally counted as "single particles" comprise 

singlets, doublets, triplets and sorne quadruplets (26]. 

Operationally, the device counts and sizes particles in 

isotonie diIu~nt (Hematall) which are flowed through a 

sensing oriflee (48 pm diameter). The movements of particles 

through the orifice cause changes in electrical impedances 

(detected by the continuous electrical connection of 

external and internaI electrodes relative to the orifice) 

whieh are registered as electrical pulses. These pulses are 

dispIayed as eounts and are size-associated within the lower 

and upper size discriminators. Once counts for samples of 

interest are obtained, they are corrected for background 

count ( < 5% of raw count). No corrections were needed for 

coincidence as particle counts were < 7000 per 100 pl of 

diluted suspension counted in -10 seconds. 

Calibration for caleulating platelet size was made with 
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2.02 pm diamster latex particles (Particle Information 

Services, Bremerten, WA). Calibration was made using a two 

point calibration line 4.32 fl corresponded to 2.02 )lm 

particles at one electronic channel, i. e. at channel "54". 

Two doublings of volume (17.28 fI) corresponded to another 

channel by addi tien of doubled electronic channels: "54" + 
64 (2 doublings @ 32 channels per doubling) = channel "118". 

Tn>ical volume histograms for sized fractions and control 

are shown in Figure 1 for one donor. The mean platelet 

volumes reported are for electronic volumes which have not 

been corrected for shapp- [27]. However, the shape factor ls 

a constant for the different-sized fractions since the 

morphology distributions ~ere aIl identical ( -80% DE and < 

10% SE, with mean thickness and/or diameters the same for 

aIl fractions). Therefore, ratios of electronic v values for 

platelets of different size will be independent of platelet 

shape. Moreover, the electronic v values and relative ratios 

reported for the different sized fractio~~ are within -5% of 

geometric mean volumes calculated from size and shape 

measurements of platelets in each fraction by microscopy 

and, extrapolated to the expected unactivated discocyte 

population (data not shown). 

PLATELET RECONSTITUTION AND FUNCTIONAL STUDIES 

The nine collected fractions were pelleted at 1600 x g 

for 15 minutes, 2S"C, and reconstituted as PRP with 

autologous citrated PPP. To achieve sufficient and 

comparable numbers of platelets for functional studies in a 

size dependent fraction, the first three fractions were 

pooled as the small (S) fraction; the 5th and 6th fractions 

as :he mid-sized fraction (M); and the last two frdctions as 

the large-sized fraction (L). The control fraction was 

prepared from either: 1) a sample of un-elutriated washûd 
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platelets and reconeti tuted as FRP in the same way as for 

the sized fractions, or 2) reconstitution of aIl elutriated 

fractions in exact proportion to the platelet mase obtained 

in each fraction. There was no functional difference between 

these control types, and data reparted on aggregation 

studies were made on roughly equal numbers of both control 

types. The reconstituted platelet count (No) in any fractic.,n 

used for functional studies ranged from 74 - 239 x l03/p l in 

a typical PRF volume of 4 mIs. 

TURBIDOMETRICALLY-MEAStT.KED SHAPE CHANGE AND AGGREGATION. 

Shape change (SC) and macroaggregation (TA) can be 

measured wi th an aggregometer, which is a photo-optical 

device connected to a recording chart. Briefly, FRP is 

stirred in a glass cuvette, and the light transmission 

through the turbid sample is recorded. Addi tian of an 

aggregating agent causes changes in PRP turbidity associated 

with platelet activation which alters the pattern of light 

transmission. Aggregometry tracings were obtained as 

previously d8scribed [28J by using the Payton single channel 

aggregometer (payton Associates Ltd., Scarborough, Ont.) 

wi th a and 100 %T set respectively with light blocked and 

with water in the cuvette. PRF (0.4 ml) was placed in glass 

cuvettes (6.9 x 45 mm) with stir bars ( 6 x l mm ) and spun 

at 1000 rpm, 37°C. Aggregating agents were rapidly injected 

(1 to 10 pl) into stirred PRP wi th a Hamilton syringe 

(Hamil ton Co. 1 Reno, NV). The rates of change of light 

transmission (d%Tjdt) associated with shape change and 

rnacroaggregation were designated as rates of SC (Vs) and TA 

(Va), respectively. These were taken as kinetic measurements 

of SC and TA. The initial rate of decrease in %T following 

addition of activator parallels the rate of D to DE 

conversion [24 , 3 a J. TA is insensi tive to rnicroaggregation, 
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capable only of measurinq the build-up of aqqregates 

containing >10 platelets [19]. The maximal extent of 

aggreqation, %Tmax, was determined as the maximal increase 

in %T following the initial decrease associated with shape 

change. The half-time for %Tmax to be reached, tl/2(%Tmax), 

was also determined as a measure of macroaggregatiol1 

kinetics. 

MICROSCOPIe EVALUATION OF PLATELET MORPHOLOGY. 

Platelet shape was classified fx:om 

glutaraldehyde-fixed platelets under 

microscopy (40x phase objective on 

the appearance of 

phase contrast 

Zeiss Universal 

Microscope; Carl Zeiss Canada, f.1ùntreal, Que.). Criteria 

used for platelet classification as being discocyte (D), 

disco-echinocyte (DE) or sphero-echinocyte (SE) were as 

previously described [24]. Platelet morphology was examined 

for sized samples fixed under resting conditions to have an 

ide a of 1) the degree of activation resulting from 

elutriation and plasma resuspension in each sample, and 2) a 

comparison of the shape factor associated with each sized 

fraction. Platelet morphology distributions were expressed 

as the percentage of D, DE and SE ~n a given sample for at 

least 300 platelets classlfied . 
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Figure 1. Volume histograms for small (S), medium (M) and 

large (L)-sized elutriated platelets. The log

normal distributions are shown for one donor for 

similar total numbers of platelets. Means and 

standard deviations (S .. D.) are shawn in inset. 

Control values were respectively 6.4, 4.9 and 8.5 

for mean, -l, and +1 S.D. The percent overlap 

between Sand M is 62%; M and L, 56%; and S and L, 

27%. 
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PLATELET AGGREGATION AND AGGLUTINATION BY PARTICLE COUNTING 

Kinetics and sensitivity of aggregation or 

agglutination were determined by measuring the change in 

platelet particle number per unit volume with the resistive 

particle counter at different times following addition of 

aggregating agent or ristocetin. The percent platelets 

aggregated or agglutinated, PAt, was caleulated using the 

relation: 

% PA = [1 - (Nt/No) ] x 100 % (1) 

where NOl Nt are platelet partiele eounts respectively at 

time 0 and t following activator addition [26]. Aggregating 

agents (1-5 ~l) or Ristocetin A (36 pl) were quickly added 

into stirred PRP (0.1 ml) in an aggregometry cuvette at 

37°C. Aggregation or agglutination was arrested by the 

addition of 0.4 mIs of 0.8% glutaraldehyde to the PRP at t 

ranging from 0 to 30 seconds post addition of aggregating 

agent or from 0 to 10 seconds for ristocetin. No protein 

precipitation was seen wi th ristocetin. These f ixed and 

diluted samples were counted within two hours of fixation. 

The maximal rate and extent of PA for aggregation were 

measured respectively at PA) (t = 3 seconds corresponding to 

the initial linear rate of PA) and PAIO (referred to as 

PAmax for t = 10 sp.conds unless otherwise specified) [19]. 

The concentration of activator required for half maximal 

rate or extent of PA, designated as [Act]l/2 , was obtained 

for PA at t = 3 to 7 seconds for acti vator, wi th some 

samples of small platelets with slower kinetics best 

measured at 5 to 7 seconds ( 50 that %PA was > 20-30% ), but 

still corresponding to the initial rate of aggregation. For 

measurements with ristocetin f the optimal time corresponding 
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to the initial linear rate was at 5 seconds. The [Act]1/2 is 

a measure of the platelet sensitivity to PA at the initial 

linear rate of aggregation or agglutination [19) . 

• MATERIALS AND CHEMICALS 

Anti-coagulants trisodium citrate and acid citrate 

dextrose (NIH formula A) were prepared from stock materials 

purchased from Sigma Chemica1 Co., St.Louis, Mo., except for 

fatty acid free bovine serum albumin (ICN Biochemicals, 

Cleveland, OH). Adenosine diphosphate (ADP) , trisodium 

citrate (aIl from Sigma Chemical Co.) and glutaraldehyde (8% 

aqueous stock in sealed ampoules, Polysciences Inc. , 

Warrington, PA) were diluted in ca2+/Mg2+-free Tyrode's 

solution (NaCl 140 mM, KCl 2.7 mM, NaHC03 0.4 mM; pH 7.4). 

Iloprost (ZR 36 374; gift from Dr. Th. Krais, Schering AG, 

Berlin, FRG) was prepared as a frozen 10 pM stock solution 

in saline (0.9% NaCl and 0.125% sodium bicarbonate, pH 8.2). 

PAF (purchased from Calbiochem-Behring, La Jolla, CA) was 

diluted in Tyrode's bufter containing albumin (3.5 mg/ml). 

U46619 (a stable PGH2 analogue; gift from Dr. G. Bundy 1 

Upjohn Co., Kalama~oo, MI) was dissolved in 100% ethanol and 

dissolveè in Tyrode's buffer. Ristocetin A (Bio/Data Corp'l 
Hatboro, PA) was reconstituted in distilled water at 15 

mg/ml. AlI agents except for Ristocetin A were added to PRP 

at < 5% of the total volume. 

DATA PRESENTATION: 

Rates and extent of aggregation (PA or TA) determined 

for PHP at varying No have not been normalized for No unless 

otherwise specified. Mean ± 1 S.D. are presented for pOüled 

data for different donors, but ratios deterrnined for 
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different size fractions are based on comparisons for each 

donor, then averaged except where it is otherwise speclfied. 

Tests for signifi.cance were madld using a student' st-test 

determined for paired values for each donor. 

RESULTS 

AGGREGOMETRIC STUDIES OF LARGE VERSUS SMALL PLATE LETS WI'l'H 

ADP AS ACTIVATOR. 

We found using ADP as activator that most samples were 

responsive to high ADP (10-100 }.lM), wi th 10 pM generally 

yielding 72-90% of maximal values observed at 100 ~M ADP for 

rates of shape change (Vs) and macro-aggregation (Va). For 

the samples represented in Table l, the fractionated 

platelets were partially refractory to ADF when compared to 

freshly isolated platelet-rich plasma: l±O. 3 ~M and 4.8: o. 5 

)lM for [ADF] 1/2 causing 50% of maximal rates of change ~n 

shape (Vs> and macro-aggregation (Va) for the different 

fractions reconstituted in proportion ta their respective 

yields, compared to mean normal values of 0.5 pM and 2-] 

pM respec~ively [19]. This partial refractorincss was 

readily overcome by increasing ADP as reported for platelets 

in fresh platelet-rich plasma [19]. We therefore chose to 

compare maximal functional responses to high ADP ( < 100 ~M) 

for the different-sized platelets to ensure that the Al.JP 

concentration would not be rate limiting. 

Measures of maximal rates of shape change (Vs), macro

aggregaticm (Va) iJ.J1Ù extent of aggregation (%Tmax), made for 

large vs. small platelets at similar platelet counts (Table 

lA), indicate a 2-fold greater functional activity for 

platelets which were 2-fold Iarger than the smaller-sized 

fraction. Similar results have been reported for 

aggregometric studies using collagen, thrombin and ADP (up 

to 25 J,lM) [5,lOJ. 
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It has been shown previously that turbidometrically

measured parameters are dependent on initial platelet count 

(No), on plate1et size (v) and associated geometric cross

section, as weIl as on platelet refractive index; it was 

suggested that plate1et counts be adjusted to yield platelet 

suspensions of identicê'.l initial turbidity when comparing 

aggregometrically-measured aggregation [lB J. Moreover, we 

have observed that Vs is approximately constant for No > 200 

x 103/1-11 but decreases by > 50% for No at 80-100 x 103 jJll 

(evaluated for unelutriated PRP). We therefore compare.d 

aggregometry parameters for large (L) versus small (S) 

p1atelets for suspensions having comparable initial light 

transmission (%T) as shown in Table lB. This resul ted in 

suspensions with volume fractions actually favouring the 

smaller platelets (see Table lB), but this procedure has 

been reported to minimize any differences in Vs or 

aggregatio~ oarameters other than those related to intrinsic 

functiondl differences in L vs. S platelets [18]. Thus, the 

enhanceè responses to ADP observed at similar No for the 

larger sized platelets (Table lA) generally disappeared at 

similar initial turbidity (where ~ actually favours S 

platelets) for maximal rates of shape change (Vs) and for 

rate of r.lacroaggregation (Va) appears to be significantly 

enrlanceè. for the small-sized fraction, al though the half

time for overall maximal extent cf macroaggregation 

(t l / 2 (%TmaX» was unaffected by changes in volume fraction, 

rernaLüng -2 x elevated for large versus small platelets 

(compare A and B in Table 1). 
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Table 1: Shape Change and Macroaggregatlon (aggregometry) for Large vs Sma!! 
Platelets With ADP (100 ~M) for Varylng Platelet Number and Volume FractIons 

PLATELET PARM1ETERS RESPOIJSES Ta ADP 

Fraction y No ~ Vs Va l.Tmd~ tl~( ~ Tm,J ~) 
f1 x10 3 /~ 1 f1/~lx10b 'tT/sec 't sec 

A) At Slml1ar No (7)a 

L 7.3 : 0.1 225 : 25 1.64 0.72 :!: 0.14 0.27 : 0.17 19 ! 4 72 15 

S 4.1 :!: 0.1 238 :!: 30 0.98 0.48 :!: 0.15 0.10 : 0.03 15 ± 4 126 ': 9 

L:S b 1.8 : 0.1** 1.0 :!:0.1+ 1.7:0.3** 1.5 ± .3* 3.5 ± L.8* 3.2 !2.3+ 0.6 ! O. l • 

B) At Sim11ar ~To (4)c 

L 7.2 : 0.2 96 :!: la 0.69 0.40 : 0.20 0.06 :!: 0.04 14 ! 5 73 ± 13 

S 4.1 :!: 0.1 229 :!: 6 0.94 0.45 ± 0.25 0.14 ! 0.14 14 7 12'ï 23 

L:S b 1.8 ± 0.1** 0.4 =0.1** O. 7:!:0.1 * 1.0 :!: 0.5+ 0.3 ! 0.3 + 1. 3 :0. 8 ~ O. 6 ~O.2· 

a Number of donors as shawn in braekets, except for the last two eolurnn~ wiJer#] only J 
donors 1 da ta were used due to low '!. Tmax va 1 ues. 

b L:S ratlos are calculated for eaeh lndnldual donor, and expres<;ed as d meùn ± ~D for 
the pooled donors, thereDy reduclng lnterdonor vandtlons. 51gnlflcance ot jlffe":rlcl'~ 
shawn as P < 0.01**; < 0.025*, < 0.10'" 

c The lnlt,al llght transmlSSlon (~To) of these PRP were wlthln ~·n of edLh otlH~r 
(uncorrected no = 71 ! 5Z; and 67 = 5:t for Land S respectl ve Iy). 
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AGGREGOMETRY STUDIES FOR U46619. PAF AND RISTOCETIN. 

similar results were obtained as reported above for ADP 

for studies with the stable PGH2 analogue, U46619, and PAF, 

when eval°.lated at similar No (Table 2: IA). Rates of shape 

change add macro-aggregation were respectively -2 and -3 

fold faster for the large sized platelets compared to the 

smaller sized ones for U46619 and PAF for compari.sons at 

identical No (Data not shown for PAF). Extent ef macro

aggregation (%Tmax) and the half-time required te achieve 

%Tmax also indicated the larger-sized platelets te be more 

reactive. As in the case for ADP, the enhanced responses of 

the larger sized platelets to eithpr U46619 or PAF were 

reduced when tested at similar initial turbidity (%To ) for L 

and S platelets (Table 2:IB and II). However, these 

responses at the lower ~ for the large platelets are still 

1.5x greater for Va and %Tmax than far the small plate1ets, 

though the scatter in the data is qui te large. 

Ristocetin-induced agglutination ccnducted for large 

and small platelets at varying No showed that large 

platelets agglutinated > 1.5x faster than small platelets 

for ~L > 1.5 x .0s (n=2) , but \vere equal for equivalent .0 
(n=l) [da~a not shawn]. 

MICRO-AGGREGATION KINETICS FOR DIFFERENT-SIZED FRACTIONS AT 

SIMlLAR No..!.. 

Sorne preparations that were unusually refractory to ADP 

when evaluated for aggregometrically-meùsured aggregation 

(TA) \vere consistently very responsive ta ADP as measured 

for early platelet recruitment using particle counting (PA). 

This was the case for aIl the different sized fractions. 
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Table 2: Shape Change and Macro-aggregatlon Induced by U46619 (100 ~m) and PAF for 
Large vs Small Platelets 

PLATELET PARAMETERS RESPONSES 

Fracti on V No U o Vs Va 'tTmax t\~(nmdx) 

fl xI03 /~ l ~T/sec .. secs .. 

Il For U46619 (100 uM) 

Al At Simllar No (4l a 

L 7.2 :!: 0.4 192 : 41 41 :!: 11 0.43 :!: 0.12 0.34 : 0.21 22 :: 14 54 ! 9 
S 4.2:!: 0.2 204 : 55 51 :!: 13 0.37 :!: 0.25 0.16 ± 0.19 12 :: 13 81 ± 3H 
L:Sb 1.7 : 0.1** 1.0 : 0.2+ 0.8:0.1 ++ 1.5 : 0.6++ 3.1 : 1.3++ 2.8 :: 1.3++ 0.8~O. JH 

Bl At Similar 'Ho(6l 

L 7.0 : 0.4 109 : 35 68 :!: 8 0.55:!: 0.25 0.24 : 0.9 18 :: 6 60 ~ 22 
S 4.2 : 0.1 206 ± 32 66 ± 7 0.64: 0.18 0.16 :!: 0.05 14 :: 5 103 ~ 1 ~ 
L:Sb 1. ï ± O. 2** O. 5 : 0.2* 1.0 : 0.1+ 0.9 ± 0.3++ 1.6 : 0.6* 1.4 :!: 0.6++ 0.6 ~o.r+ 

III For PAF (1 m9/mll 

At Slmilar no (3) 

L 6.9 "!: 0.4 105 ± 29 70 ± 6 0.56 :!: 0.23 0.22 ± 0.03 9 :: 4 58 ~ 8 
S 4.5 ± 0.4 188 : 59 68 :; 7 0.75 : 0.25 0.18 :t 0.07 10 :!: 7 85 ± 8 
L:s b 1.6 :; 0.1** 0.6 :0.1* 1.0 :: 0.0+ 0.8 : 0.2+ 2.1 ± 1.1+ 1.5 :: 1.3+ 0.7 ! 0.1 t 

a Number of donors as shown in brackets 

b L:S ratlos lndlvldually calculated and expressed as mean :!: SO for the pooled dOllor,; 

Slgn1 ficance of dl fferences shawn as p < 0.01**; < 0.025*; < 0.10++; > 0.10+ 

69 



The PA time courses showing the maximal initial rates 

and extents of recrui tment for the three size-dependent 

fractions obtained at simi1ar No are shown in Figure 2. This 

data indicates that the different-sized fractions responded 

simi1ar1y to either 5 or 100 pM ADP, consistent with 

previous reports of maximal rates of PA in unfractionated 

PRP achieved with 5 - 10 ).lM ADP [19,21J. It appears that 

the 1arger platelets have greater rates and extents of 

platelet micro-aggregation. Data on these size-dependent 

fractions are shown in Table 3 where the larger (L) 

platelets appear on average 2-3 fold more reactive with 

respect ta recrui tment than the smaller (S) platelets for 

comparisons 3t similar No' The control values (C) shown for 

non-elutriated platelets are generally intermediate in 

value, similar in magnitude to the mid-sized fraction, and 

in the range observed for fresh PRP when determined by 

electronic counting [26J as reported here, rather than by 

micro~copy [19J. A direct cornparison of these parameters for 

2 donors for non-elutriated contro1s versus contro1s 

consist ing of elutriated platelets reconsti tuted in direct 

proportion ta platelet mass isolated in each fraction, 

showed essentially identica1 resu1ts: v respectively = 

6.3±0.1 and 6.1±0.2 fl: No = 228±31 x 103 and 198±28 x 103 

/pli PA3max = 33±19 and 30±4%, with corresponding [ADPJ1/2 = 
1.7±0.1 and 1.5 }lM: and PArnax (at 10 secs) = 45±15 and 

55±3%. The half-time for PArnax to be reached, measured fer 3 

of the donors in Table 2, was 3.5±0.5, 3.6±O.2 and 6.3±0.3 

secs for the large, medium, and small platelet fractions 

re.spectively, compared to 5. 0±2. 0 secs for the non

elutr~ated control. Furthermore, a ratio of each parameter 

in Table 3 obtained for L vs. S p1ate1ets for each oonor and 

then pooled shows L platelets to be 2.5:1.: 1. 2x and 1.4 ±O. 3x 

greater than S platelets respec ti vely for PA3max and "PAmax 

(p<0.025 for both): this is associated with a 1.7±0.1 and 

1.3±0.2-fold difference respectively in v and ~ , but 
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Figure 2. Kinetics of ADP-induced micro-aggregation (PA) for 

different sized fractions at comparable initial 

platelet count (No)' For large CL:.), medium (M: 

........-. 
?fi 
'-' 

« 
0.. 

.) and small (S:.) platelets, the closed symbols 

are for 5 )lM ADP for 3 donors; open symbol s for 

100 ~ ADP for 5 donors, with 2 in common for 5 ~M 

ADP experiments. Symbols represent mean + 1 

S.D. (bars). No for 5 )lM and 100 }lM experiments 

were respectively, 190±25 and 192±29 x 103/pl 

(Range: 150-237 x 103/).11). Mean platelet volumes 

for these donors are essentially as shawn in Table 

3A. 
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similar No (O.9±0.1). Finally, a plot of PA3max or PAmax 

values obtained for different PRP at similar No against the 

v for a particular platelet fraction evaluated, shows a 

highly significant direct linear dependence on v (Figure 3). 

PA DEPENDENCE ON INITIAL PLATELET COUNT (Nol 

Given that the different-sized platelets have distinct 

volume fractions when evaluated at similar No, we determined 

the dependet"Jce of the maximal initial rate (PA3max) and 

extent (PAmax) on No for any given L or S platelet fraction. 

The linear dependence is most marked for PA3Inax and much 

less so for PAmax, as sho~·n in Figure 4. The regression 

lines were determined for individual donors for L or S 

platelet fractions Cv values shown in Table 3A) and then 

represented as an average of these lines in Fig~re 4; 

individual regression lines were essentially aIl parallel. A 

calculated line (L(~s») could then be derived for L 

platelets yieldinq PA values correspû:'1ding to the volume 

fraction ( v x No) equivalent ta that 10r any given No for 

the S platelets ( see LC0S) lines in Figure 4). Thus, the 

approximate 2-fold difference in PA3max values for L versus 

S platelets is seen to persist for the doncrs shawn in 

Figure 4. Similar results are shown in Table 3B for the 11 

donors evaluated at similar No for L versus S platelet 

fractions where the PA3 values for L platelets were 

detenl1ined at equivalent ~ to that of S platelets for any 

given donor using the best-fit lines for L platelets shown 

in Figure 4. For the data in Table 3B analyzed for L: S 

ratios for individual donors and then paoled, we found up ta 

2-fOld greater values for L vs. S platelets for v (1.7±0.1 

(p < 0.005), for PA3max {2.1±1.2 (p < 0.05)) and fur t 1/ 2- 1 

for PAmax (1.6:t0.5(p < 0.05), with considerably smaller 

differences for PAmax (1.3±0.3(p < 0.05». 
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Figure 3. The dependence of maximal initial rate (PA3max) 

and extent (PAmax) of microaggregation (PA) on 

mean platelet volume (v). Data is shown for PA 

studies of different-sized fractions at similar No 

(n=5 donors from Table 3A). The r values are 

correlation coefficients for the linear regression 

lines CP < 0.005 for both r values). 
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Tdble 3: Mlcroaggregation (PAl Kinetics for ADP (100~l for Size-Dependent Fractions 
Compared at Similar Noand at varying Volume Fractions (~). 

PLATELET PARAMETERS RESPONSES ra ADP 

FractIon v No PA 3max PAmaxa 

f1 x 103/~1 

Al At Slmll ar No ( n=11) 

L 7.3 ± 0.2 171 ± 27 41 :t 12 70 :t 9 
M 5,9 ± 0.2 184 :: 33 30 ! Ig 67 :t 11 
S 4.2 :t 0.2 208 :t 20 18 :t 5 53 :'; ~~ OL c li.! 1: 0.3 217 :t 40 34 :t 14 70 :'; 

8 ) At calcul ated equlvalent $ ( n=11) 

L 7.3 :t 0.2 120 :: IZe 37 :: 12 66 :t 9 
S 4.2 :: 0.2 208 :: 20 18 !: 5 53 :t 17 

cl At ,p faVDrlng S platelets (n=3) f 

L 7.2 :t 0.1 84 :t 5 29 :t 7 76 :t 7 
~1 5.2 :t 0.2 154 :: 23 23 :t 2 76 :: 12 
S 4.0 ± 0.1 229 ! 8 14 :t 4 57 :t 18 

J Determlned at 10-30 seconds post-activator addition 

b Determl ned at PA 7 for one donor 

c n = 9 donors; 4 of the 9 controls were common to L. M, S fractions 

ct n -; 7 donors 

~ '/dlues dre derlved trcm normallzatlon of PA vs No graphs (FIg. 4). These are the ,'Jo 
values yleldlng equlvalent D as for the S platelets at No = 208 : 20 ~ 103jul 

f :'lean P Jre 0.6,0.8 and 0.9 respectively for L. r~ and S (SD: :: 7~). 
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Figures 4A and 4B. Dependence of initial rate (PA3) and 

maximal extent (PA10) of aggregation on initial 

platelet count (No). Land S regression lines 

shown are derived from individual donor regression 

lines. Distinct symbols represent individual 

donors (n=7). For 4A, n=4 and 3 donors for Land S 

fractions respectively; 4B, n=4 and 2 donors for L 

and S respectively. Lines labelled by LO~s) in

dicate PA responses for L platelets at calculated 

volume fractions equivalent to that of S platc

lets. Data for 5 out of 7 donors are shawn 1.n 

Table 3A. Equations for L(~s} lines are y=O.095(x) 

+ ~3. 3% and y=O. 066 (x) + 54.7% for PA3 and PA10 

respectively. (Figure shown on next page.) 
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PA AT LOWER No AND HIGHER 9) TO FAVOR COLLISION FREQUENG .. U:;S 

OF SMALLER PLATELETS. 

The time courses shawn in Figure 5 for more comparable 

platelet volume fractions (11) between size-different 

fractions (lowered No for L platelets; data in Table 3B) 

show similar characteristics as already shown ln Figure 2. 

Back extrapolation of the time courses points to an 

approximate onset time of 1 second (Figure 5) as 

previously reported for unfractionated PRP for 10 )..lM ADP 

[19]; individual experiments conducted fo~ conditions of low 

rates of recruitment (PA) .< 10%) suggest onset times for 5 

)lM ADP of < 0.5 secs for LI' M, and S fractions ( see c'otted 

back-extrapolations in Figure 5). Thus, the initial rate of 

platelet recruitment for large platelets might actually bc 

largE~r than that reflectE'!d by PA3max, with differenccs in 

this parameter under-estimated for large versus small 

platelets ( PA3max values in Table 3). The larger platelets 

are more rapidly recrui t'ad and to a greater extent than the 

smaller ones for 5 )lM and 100 ).lM ADP-induced aggregation. 

The extent of recruitment was comparable for M and L 

fractions which may be largely attributable to the amount of 

size overlap between these fractions (-8 0%), compared to 

47±17% between M and S fractions and 27±16% between Sand L 

fractions. Quantitative data is shown for 100 }lM ADP in 

Table 3C. PA kinetics remain distinct fo r the diffe:-ent

sized fractions, with the L:S fraction responses still 

favouring platelet rate and extent of rec~uitment for large 

platelets in the directions seen in Table 3A and 3B. For the 

data in Table 3C analysed for L: S ratios for lndlvidual 

donors and pooled, we still observed up to 2-fold greater 

values for L compared ta S p latelets for v (1. 8±0. 1 (p < 

O.Jl)) and PA3max (2.1:::0.3 (p < 0.10)) with smaller 

differences for PAmax (1. 3'±0. 3 (p<O. 10) ), aIl evaluatcd at 
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relative volume fractions (O.7±O.1 (p < 0.2» favouring the 

smaller platelets. The half-times required to reach the 

above PAmax values were 4.5±O.5, 5.3±1.4 and 7.4±2.3 seconds 

for the L, M and S fractions respectivc1y, for 3 donors. It 

appears that larger plate1ets attain maximal micro

aggregation up to two times more rapidly th an the smaller 

platelets (on average, S:L values for t1/2 were 1.6±O.5 ( p 

<0.05». 

Kinetic differences for U46619- and PAF- induced micro

aggregation in the different-sized fractions generally 

resembled those observed for ADP activation (Table 4). Large 

platelets were recruited into microaggregates -1.: (p < 0.1) 

to -2 ( p< 0.05) times more rapidly than small platelets for 

U46619- and PAF- induced aggregation. As in the case of ADP, 

mid-sized and control platelets had intermediate re~ponses. 

The larg~ and mid-sized platelets showed comparable maximal 

extents of PA for both activators, with somewhat lower 

values for the smallest plate lets (Table 4) as generally 

observed for ADP (Table 3) • 

COMPARISONS OF SENSITIVITY AT THE INITIAL RATE OF PA IN 

DIFFERENT-SIZED FRACTIONS FOR VARYING No AND 0. 

Typical log-dose response curves of the initial rate of 

platelet recruitment for the different sized fractions are 

shown for a single donor (Fig. 6) and are used to determine 

ADP sensitivity, i.e., [ADPh/2. PA was typically measured 

at 3 seconds, but on occasion at 7 seconds for the S 

platelets, whichever corresponded to the linear initial rate 

of plate1et recrui tment. These [ADP] 1/2 values were so 

determined for each donor' s different sized fractions at 

similar No or ~ with actual mean values reported in Table 5. 

To effectively compare the relative changes in platelet size 

with the changes in [ADP]I/2 values for the sized fractions, 
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Table 4: Kinetics for U46619 (100 J.1l"II-and PAF (1 mg/ml l-induced PA at Volume Fractions (pl 
favourlng SmaJl-Sized Plateletsa 

PLArELET PARAt·1ETERS RESPONSES 

V 
.p PA

9
maxb for PA maxb,c for 

U4661 PAF U46619 PAF 
fl fl /~ 1 x10 b t % 

L 6.9 :t 0.5 0.67 :t0.03 31 ± 9 23 :t 8 72 ± 13 58 :t la 

M 5.2 :t 0.2 0.78 :t0.02 24 ± 4 17 :!: 8 68 ± 11 56 ± 9 

S 4.1 :t 0.2 0.87 ±a.02 21 ± 11 11 = 6 58 ± 21 38 ± 22 

C 5.4 ± 0.2 0.76 ±O .02 20 :: 8 13 = 6 70 ± 11 65' ± 24 

a Pooled data for 11 donors, of WhlCh 9 danors were evaluated for PAF; 7 in common ta both. 

b PooJed data for 11 and 9 donors respectlvely for U46619 and PAF. 

c PAmJx measured dt t = 10-30 sec. 
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Figure 5. Kinetics of ADP-induced PA for different sized 

fractions at volume fractions actually favouring 

srnall platelets. Large (L;O), medium (M;"V) and 

srnall (S;O)-sized fractions are shown with closed 

and open symbols for 5 and 100 uM ADP 

respecti vely • Symbols represent me an + 1 S. D. 

(bars) • %PA values for each fraction were 

normalized to respective average No for that sized 

fraction; v and da ta for 3 donors are shown in 

Table 3C. The dashed lines reflect similar ons et 

times of S 0.5 secs found for é3ch of the sized 

fract~ons (extrapolated towards 0.5 seconds). 
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the ratios of the Mean values for v and [~.DPJ 1/2 were 
determined individually for each donor and then pooled for 
eight donors ( 3 donors from table 3A, 2 donors from Table 
3e, one additional donor studied in common for both Tables 3 
and 4). Thus, the larger-sized platelets (L) which are on 
average 1.8±O.3x (p < 0.01) larger than smaller-sized 
platelets (S), a~e 1.6±O.3x (p < 0.05 ) more sensitive than 
the S plate1ets. Identica1 differences in [ADP]l/2 as shown 
in Table 5 ( P < 0.10) were obtained for L vs. S p1atelets 
for 5 don ors eva1uated at similar No ( 172±27 and 217±17 x 

l03/~1 respectively for Land S platelets). Comparable 
ratios of 1.4±0.1 for L:M and M:S mean pldtelet volume and 
sensitivity were also observed. Since the measurement of 
sensitivity, [ADP) 1/2' has been shown to be independent of 
platelet count for normal PRP ( No > 100,000/).11) [19], the 
results shown here reflect intrinsic differences in ADP 

sensitivity of different sized platelets. Indeed, [ADP] 1/2 
appeared independent of platelet volume fractions over the 

entire range studied ( r = 0.2, P > 0.2 for linear or 
exponential best fit regression analysis; data not shown). 

Sensitivity differences for U46619 and PAF-induced 
microaggregation were also platelet size-dependent, similar 
to that found with ADP (Table 5). Typically, large platelets 
were about 1.5 to 2-fold more sensitive than small platelets 

for the initial rate of platelet recruitment respectively 
for U46619 and PAF (both p < 0.1). Similar to results for 
ADP, mid-size and control platelets were found to have 

intermediate sensitivities for initial recruitment for both 
U466l9 and PAF. 
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Figure 6. Typical log-dose response curves for control (C) 
and different-sized fractions (L,M,S) for ADP
induced PA3 for 1 donor selected from those shown 
in Table 4. 
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Table 5: Platelet Sensitivity to ADP, U46619 and PAF for Initial Rate of PA as a function 
of Platelet Size a 

Platelet Size [ActivatorJ~ for PAa 

yb ADpc U46619d PAFe 
fl 1J1~ ng/ml 

L 7.3 ± 0.2 1.2 ± 0.4 1.1 ± 0.6 45 ± 22 

M 5.9 ± 0.2 1.5 ± 0.5 1.3 ± 0.6 79 ± 36 

S 4.2 ± 0.2 1.9 ± 0.6 1.5 ± 0.5 112 ± 33 

C 6.1 ± 0.3 1.6 ± 0.6 1.2 ± 0.5 65 ± 15 

a PA detenmned at t = 3-7 seconds, whichever corresponded best to the initial 
rate of platelet recrultment. 

b Values are for the ADP determinations; actual V values for the other 2 activators 
determlned for 6 and 5 other donors respectively were L = 6.9 ± 0.6, M = 5.2 ± 0.2, 
S = 4.1 !: 0.2 af1d C = 5.8 ± 0.3 

c n = 8 don ors 

d n = 6 donors 

e n = 3 don ors 

83 



RISTOCETIN A - INDUCED AGGLUTINATION AT SIMlt.AR VOLUME 

FRACTIONS. 

The kinetics and sensitivity of platelet recruitment 

into early aggregates (PA) was evaluated with ristocetin A 

because it can cause passive, metabolically-independent 

platel(~t aglJlutination and was previously evaluated in size

dependent aggregometric studies [10]. These PA studies were 

made for different-sized fractions at similar volume 

fractions to minimize differences in agglutination aris ing 

from different collision frequencies associated with varying 

platelet sizes. The results in Table 6 show essentially 

identical agglutination sensitivity and comparable rates and 

extent of recruitment to ristocetin for different-sized 

platelet fractions. Calculations of L:S values made for each 

donor and then pooled are similar as values obtained by 

comparing mean values shawn in Table 6: for example, for L:S 

ratios in v of 1. 7±0. 2 (p < 0.05) corresponding ta about 

equivalent volume fractions (.0) (1.O±0.4 (p <0.4», the 

ratios in sensitivity ta ristocetin ([ristocetin]1/2) and in 

PASmax values for L: S were essentially ~nity (respect 1 vely 

l.O±O.l and 0.9±O.1 (p < 0.1 for both parameters». similar 

identity and significance was obtained in comparing L:M and 

M: S parameters. 

DISCUSSION. 

Platelet adhesion to subendothelium and subsequent 

aggregation are central to 

plug in normal hemostasis. 

the formation of a hemostatic 

requires 

leading 

doublets, 

normal shape change 

to rapid recruitment 

The 

of 

of 

process of 

unacti vated 

aggregation 

discocytes, 

single platelets into 

triplets and multiplets, known as micro-

aggregation, with subsequent formation of larger aggregates 
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fable 6: Rlstocetin-Induced Agglutination Kinetics and Sensitivity for Different-Sized 
Fractions at Siml1ar Volume Fractionsa 

Fractl0n 

L 

M 

s 

PLATELET PARAMETERS 

V r-I 
fl xl03~1-L1 

7.5 ± 0.3 

6.4 ± 0.2 

4.5 ± 0.2 

102 ± 31 

127 :!: 20 

186 :!: 11 

0.77 :!: 0.25 

0.81 ± 0.16 

0.83 ± 0.09 

RESPONSES TO RISTOCETlr-I 

[Ristocetin]~ PAs max PAmax 
mg/ml % % 

1.4 

1.5 ± 0.1 

1.4 ± 0.1 

36 ± 7 

38 ± 3 

36 ± 10 

91 

81 

77 

d 3 donors. excep t 4 and 1 donor( s) for PAs max and PArnax respecti ve ly: 

b PA at 5 secs Wl th PAmax at 4 mg/ml 
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referred to as macroaggregation. With certain activators 

su ch as ADP, further macroaggregation occurs with associated 

platelet release. Kinetic studies of these processes wi th 

physiological activaters clearly indicate that they are 

sequential in nature, each having distinct sensitivities to 

activator ~nd inhibitor [19,21]. We have evaluated the 

relative importance of platelet size and number to these 

precesses, in terms of simple physical differences as weIl 

as any intrinsic functional differences associated with the 

different sized platelets. 

Using counterflow centrifugation, we have found that 

the mean size of circulating platelets in the largest 20% of 

the population is up to 2-fold that of the smallest 20% of 

the population, with a parallel enhancement in the large 

platelets' abili ty to form platelet aggregates in response 

to activators. This enhanced efficiency of large platelets 

over that of small platelets to forro aggregates was observed 

for both the initial microaggregation and more advanced 

macroaggregation when evaluated at identical platelet 

numbers (No)' This physically favors the larger plat~l~t 

with a higher volume fraction (~). 

The first step in platelet activation regulating 

aggregatien is considered te be platelet shape change [25J. 

Distributions of morphologies in the different sized 

fractions prior to addition of activator were essentially 

similar, being -80% discoidal platelets and less than 10% in 

the form of advanced sphero-echinocytes (SE). Th€ actual 

shape factor, i. e. , related to the axial ratio ( rp = 
thickness(t)jdiameter(d) < 0.5 for the discoidal platelets) 

was determined (data not shown) and found to be constant for 

aIl the sized fractions. The actual geometric mean volumes 

for the sized fractions therefore would be 10% to 20% lower 

than the electronic volumes reported (for rp ::; 0.4) [27). 

Moreover, the ratios of geometric volumes for the different 

sized fractions will be identical to those shown for the 
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mean electronic volumes. 

Using high concentrations of activators to minimize any 

size-dependent differences in platelet sensitivities, we 

found that maximal rates of shape change were on average 

independent of platelet size, particularly when determined 

for platelet suspensi ons of similar turbidi ty (Table lB). 

Data in Table lA is complicated by the effects of 

differences in suspension turbidity on the apparent rate of 

shape change; it is seen that the apparent maximal rate of 

shape change can decrease with decreasing platelet number 

for any given size population. Light scattering artifacts 

can be minimized by comparing suspensions at similar 

turbidity (Table lB), as reported by Holme et al.[18]. 

AlI previous studies assessing the dependence of 

platelet aggregation on platelet size have been conducted 

fo~ similar platelet numbers for different sized fractions. 

We have re-confirmed the size dependent differences for 

macro-aggregation evaluated turbidometrically for large vs. 

small platelets at similar platelet numbers physically 

favouring the larger platelets [5,9,10]. In order to dissect 

out intrinsic platelet functional differences due to size 

from simple geometric differences favouring larger platelets 

in aggregation, we evaluated turbidometrically-measured 

aggregation for the different-sized fractions at equivalent 

initial turbidity having volume fractions favouring smaller 

platelets. The advantage of large platelets over smaller 

platelets for efficient macro-aggregation was thus greatly 

reduced or eliminated when evaluated at equivalent turbidity 

for maximal rates (Va) and extent (%Tmax) of macro

aggregation (Tables land 2). These resul ts are in accord 

with a report that unfractionated PRP evaluated for normal 

donors and for don ors with abnormally large platelets 

yielded essentially identical aggregometry curves and rates 

of macro-aggregation when the different platelet suspensions 

were compared at identical initial turbidity (%To) [18]. 
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Our data thus suggest that Land S platelets show similar Va 

and similar TA when initial %Ta are made comparable for the 

PRP evaluated. The half time required to achieve the maximal 

extent of macro-aggregation ( t1/2(%Tmax) ) was found to be 

up to 2 times shorter for L platelets as compared ta S 

platelets, whether evaluated at similar No or %To ; this 

parameter appeared independent of platelet count. 

The dependence of these aggregation parameters on the 

%To of PRP was further evaluated by comparing L vs. S 

platelets at similar %To as in Table lB for ADP by raising 

platelet count for S platelets to 520 x 103/J.ll while 

maintaining No for L platelets at 233 x 10 3 /J..ll. Relative 

changes in large ta small platelets were found as reported 

in Table lB for Vs' %Trnax and t1/2 (%Tma::<) ( respectively 

1.0, 0.9 and 0.6 ) whereas the relative values for Va were 

abnormally high: 1.7 compared ta a mean of 0.35 in Table lB. 

Thus difficulties in quantitative interpretation of macro

aggregation arise from the large inter-donor variations seen 

in different parameters evaluated, bath for a given size 

fraction and for the different sized fractions (bath Table~ 

1 and 2), as weIl as from the campl ex dependence of l ight 

transmission changes on the distributions of macro-aggregate 

sizes [31]. 

The difficulties of using light transmission for 

measuring differences in aggreg?~ion behaviour of different 

sized platelets are further underlined by the observation 

that the particle optical (light-scattering) efficiency of 

platelets is about twice as large for L versus S platelets 

(see AppendiA). This suggests that the efficiency of l ight 

scatter varies with platelet size, though it would be 

constant except for variations in platelet refractive index 

and/or internaI structures consistent wi th a structural 

heterogeneity in the size-dependent subpopulations. 

The above difficulties associated with turbidometric 

measurements are overcome by direct measurements of initial 
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platelet reeruitment into micro-aggregates using more direct 

partiele counting. These studies showed that large platelets 

are more sensitive, and are more rapidly recruited than 

small platelets when evaluated at similar No (Tables 3 and 

5). That this was only due in part to the simple physical 

size differences in the platelets was clear from the 

somewhat reduced but persistent differenees in large vs 

small platelets for aggreg' ~ion when evaluated at identical 

volume fraction or at volume fractions favouring S platelets 

(see Tables 3 -5). Large platelets showed up to 3-4 times 

greater initial maximal rates of PA and up to 2-3 time~ 

greater rates for L platelets as compared to S platelets 

when evaluated respectively at similar No and volume 

fraction. Since relative rates of aggregation under similar 

collision frequencies are determined by the relative 

efficiency of collisions [33], it appears that L platelets 

have about 2-3 fold greater efficiency than 5 platelets for 

physiologically induced rates of recruitment into micro

aggregates. In addition, large platelets appear to be up to 

2-fold more sensitive than small platelets (Table 5), 

irrespect ive of No and l' . This facilitation of sticky site 

generation for large platelets would arise from intrinsic 

differences in membrane surface property of large vs. small 

platelets. 

It appears that PAmax was essentially the same for M 

and L platelets and was < 30% lower on average for S 

platelets. This was true whether PAmax was compared at 

similar No (Table 3A) or at l' favouring small platelets 

(Tables 3e and 4). Thus, although the initial rates of PA 

were up to 2-fold different for L vs S platelets, the final 

extents of micro-aggregation became comparable. This is 

consistent with our observations of similar %Tmax for macro

aggregation in aIl the sized fractions (Tables land 2) . 

89 



---~----I 

studies of PA for platelets fractionated by 

differential aggregation and centrifugation showed "large" 

platelets to be more sensitive but kinetically slower than 

"smaller" platelets in their aggregation responses to ADP 

[11,17] . However, direct comparisons wi th our resu1 t.s are 

1imited by the large ov~rlap in volume histograms and the 

use of acid-citrate dextrose as the anticoagulant. 

It has been previously reported that different 

biochemical 

functional1y 

and functional parameters 

fractionated platelets at 

determined for 

simi1ar plate let 

numbers corre1ate positive1y but, in sorne cases, non

linear1y, with plate1et size [11]. We have a1so observed 

such variations. Thus, PA3max and PAmax eva1uated at simi1ar 

No varied linear1y with p1ate1et size over a11 fractions 

studied (Figure 3; p < 0.005). However, [ADP]1/2 velues 

increased with plate1et sizes ( r=O. 2, P > 0.2), but not 

linear1y with plate1et sizes of the volume fractions 

evaluated. Better fits could not be obtained by any other 

curve fitting tests. These analyses may be partially 

obscured by interdonor variations in any given parameter, 

such as [ADP]l/2. It shou1d be noted that the large (L) and 

medium (M) fractions had similar over1ap in their size 

histograms as the M and S fractions, name1y about 46 - 58% ; 

overlap between Land S p1ate1ets was < 20%. 

Platelet shape change is an absolute prerequisite for 

normal receptor-induced aggregation, as observed with ADP or 

adrenaline [25], and is associated with membrane and 

glycoprotein rearrangements leadi.ng to fibrinogen binding 

and aggregation [34,35]. However, ris~ocetin caused 

agglutination without any detectab1e shape change in any of 

the different sized fractions, as ref1ected in an unchanged 

light transmission baseline observed in turbidometric 

studies repcrted by others [13,36]. Agglutination measured 

within 5 seconds of ristocetin addition (Table 6) therefore 

appears to be a passive, surface-mediated process for fill 
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the size fractions evaluated. Thus the rate, extent and 

sensitivity for passive agglutination appear essentially 

identical for aIl sized fractions, ~valuated at similar 

volume fractions (Table 6) or at similar No (data not 

shown). Since ristocetin-induced agglutination is directly 

dependent on vWf-VIII mul timer binding to glycoprotein lb 

(GP lb) (36] , it is expected that the number of GP Ib

associated sticky sites per unit are a of platelet may be 

constant for aIl sized fractions. This is consistent with 

our re-calculations of amounts of GP lb expressed per unit 

area of plasma membrane from data reported for large, heavy 

platelets (v - 7 fI) and small light platelets (v - 3 fI) 

[37]; this was done using our independent measures of plasma 

surface area for subpopulations with identical v values (2.7 

and 6.8 fl) correspondinq to 1. 1 fold increase in mean 

surface area [37]. 

Intrinsic differences associated with platelet release 

of dense granules have not been considered in our reported 

studies as they are not expected to influence the parameters 

we have chosen for functional studies, namely shape change, 

[ADP] 1/2 for Va' and all PA studies [21]. In addition, 

although both a - and dense granule content have been 

reported ta increase with platelet size, similar % release 

was found to occur with platelet activation independent of 

size [10]. 

In response to physiological activators, 

p1ate1ets are prp.dicted to have. > 2x the efficiency 

large 

of 

generation of plasma membrane sticky sites associated with 

initial platelet recruitment into aggregates. The most 

likely source of sticky-~ite heterogeneity lies in the 

receptor for ca2+-fibrinogen binding, namely glycoprotein 

lIb-IlIa [35 J. Studies of platelet size and glycoprotein 

content have not addressed the question of whether or not 

larger platelets have 

unit area than do 

intrinsically more glycoprotein per 

smaller ones [37,39-41] • As for' 
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qlycoprotein lb above, we have recalculated amounts of GP 

lIb-IlIa expressed per unit area of platelet plasma membrane 

from published data reporting similar amounts !,Jer platelet 

for large versus small platelets [39] • Using our 

experimental values for Mean surface are a [38], we find that 

the larger platelets (V-7fl) cO~'ltain about one third less 

qlycoproteins lIb and IlIa per unit are a of membrane than do 

the smaller platelets (V-3fl) • However, since these 

qlycoproteins must be altered and possibly clustered with 

platelet activation for expression of fibrinogen-associated 

sticky sites [34,35]; the re1ationship of GP lIb-IlIa 

heterogeneity to dynamic~ of p1atelet aggregation and 

transformation to fibrinogen receptors remains to be 

elucidated. Further work with flow cytometry on size

dependent subpopulations should help resolve these 

questions. 

The enhanced reactivity of 

representing -20% of the overall number 

in blood is consistent with reports 

larger platelets 

of platelets present 

that < 20-25% of 

circulating platelets are hemostatically effective [12]. 

This heterogeneity ~ay arise with platelet production from 

distinct megakaryocyte precursors [6] and may have clinical 

importance [15,16,42-44]. For example, a bleeding diathesis 

is seen less frequently in patients wi th idiopathie 

thrombocytopenic purpura or with bone marrow recovery 

following chemotherapy, wi th low No and high v, than in 

patients with aplastic anemia with low No and low v [16,14]. 

In so far as PA represents the process of initial platelet 

hemostasis, large platelets appear to be more sensitive and 

more rapidly recruitable into aggregates in early hemostatic 

events. More advanced hemostatic consolidation and/or 

thrombosis reflected in TA measurements, will also be 

favoured by participation of larger pla\:elets but largely 

due to the physical size of the aggregates formed rather 

than intrinsic biochemical differences. Fjnally, size-
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( dependent differences are also beinq observed in the clooely 
related function of platelet spreadinq [45J. 
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CHAPTER :rII 

JOINT SUMMARY AND CONCLUSIONS. 
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The relative contributions of platelet size (v), 

platelet number (No), and platelet volume fraction 0') to 

platelet shape 

sensitivity 

subpopulations. 

change and aggregation 

were 

This 

assessed for 

study points out 

kinetics and 

different-sized 

the relati ve 

importance of these parameters and their interplay in the 

evaluation of platelet activation in light of the following 

observations: 

A) Turbidometric measurements: 

1) Measures of maximal rates of shape change (Vs), 

macroaggregation (Va) and extent of aggregation 

(%Tmax), made for large vs. small platelets at sirnilar 

No, indicate 2-fold greater functional activity for 

platelets which were 2-fold larger than the srnaller 

sized fraction. This is consistent with other studies 

which have obtained similar size-dependent results for 

aggregometric studies using collagen, thrombin and ADP. 

2) The enhanced responses to ADP observed at similar No 

for the larger sized platelets generally disappeared at 

similar initial turbidity (%To ) (where ~ actually 

favours S platelets) for maximal rates of shape change 

and for extent of macroaggregation (%Tmax). At similar 

%To ' the initial rate of macroaggregation (Va) appears 

to be significantly enhanced for the small-sized 

fraction, al though the half-time for overall maximal 

extent of macroaggregation (t1/ 2 (%Tmax» was unaffected 

by changes in volume fraction, remaining -2 x elevated 

for large versus small platelets. 
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3) For studies with the stable PGH2 analogue, 046619, and 

platelet activating factor, PAF, rates of shape change 

and macroaggregation were respectively -2 and -3 fold 

faster for the large sized platelets compared to the 

smaller sized ones for comparisons at identical No. 

Extent of macroaggregation (%Tmax) and the half-time 

required to achieve %Tmax also suggested t!le larger

sized platelets to be more reactive. As for ADP, the 

enhanced responses of the larger sized platelets to 

either U46619 or PAF were reduced when tested at 

similar initial turbidity (%To ). 

4) Ristocetin-induced agglutination measured turbido-

metrically as macroaggregation (TA) for large and small 

platelets at varying No showed that large platelets 

agglutinated at rates paj_·alleling the volume fraction 

advantage over S platelets. Thus agglutination rates 

for Land S platelets were equal far equivalent ~. 

B) Particle Counting 

1) Large (L) platelets appear on 

reactive ta ADP, U46619, and 

microaggregation (PA) than the 

average 2-3 fald mare 

PAF with respect ta 

smaller (S) platelets 

for camparisans at similar No. The control values (C) 

for non-elutriated pla~elets are generally intermediate 

in value, similar in magnitude ta the mid-sized 

fraction. 

2) A plot of PA3m..lx or PAmax values obtained for size

dependent fractions at similar No against the v for the 

particular platelet fraction evaluated, shows a highly 

significant 

linearity was 

platelets. 

direct linear dependence on v. This 

not always continuous fram S ta M ta L 
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3) The linear dependence of the 

(PA3max) on No for any given L 

was more marked than for PAmax. 

maximal initial rate 

or S platelet fraction 

4) PA kinetics in response to ADP at ~ favoring collision 

frequencies of smaller platelets remained distinct for 

the different-sized fractions, wi th the L: S fraction 

responses still favouring platelet rate and extent of 

recrui tDLent for large platelets in the directions seen 

at simiJ.ar No or equivalent ~. Kinetic differences for 

U46619- and PAF- induced PA in the different-sized 

fractions genera1ly resembled thase observed for ADP 

activat1")n. 

5) Comparisons of sensitivity ([activator]1/2) at the 

ini tial rate of PA in different-sized fractions for 

6) 

varying No and 

sensitive than 

~ showed L platelets to be 

S platelets by up to 2 fold. 

more 

The 

(activator] 1/2 appeared to be independent of platelet 

volume fraction. Sensitivity d~fferences for U46619-

and PAF-induced microaggregation were also platelet 

size-dependent, similar ta that found with ADP. 

Typically, large p:.atelets were about 1. 5 to 2-fold 

more sensitive than small platelets for the ini .:ial 

rate of platelet recruitment; mid-size ann control 

platelets were found te have intermediate 

sensitivities. 

Essentially ~ dentical agglutination sensitivities and 

comparable rates and extent of microaggregation (PA) 

induced by ristoce __ ln were found for the different

sized platelet fractions. The kinetics and sensitivi'y 

of PA was evaluated with ristocetin because ~t can 

cause passive, metabolically-independent platelet 

agglutination. 
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Conclusions: 

Evidence already exists to suppor: the concept of 

platelet fllnctional heterogeneity. This study confirms that 

ide a and emphasizes the need to appreciate certain variables 

in the interpretation of measures of platelet aggregation. 

Based on the preceding observations, the following 

conclusions are drawn: 

1) Using counterflow centrifugation, we have found that 

the mean size of circulating platelets in the largest 

20% of the population is up to 2-fold that of the 

smallest 20% of the population, with a parallel 

enhancement in the large platelets' ability te ferm 

platelet aggregates in response to activators. This 

enhanced efficiency of large platelets over that of 

small platelets to fOrIn aggregates was obser'led for 

both the initial micro-aggregation and more advanced 

macroaggregatien when evaluated at identical platelet 

numbers (No), which physically favours the larger 

platelet with a higher volume fraction (~). 

2) previous studies assessing the dependence of platelet 

aggregation on platelet size have been conducted for 

similar platelet numbers for differé.t sized fractions. 

We have re-confirmed the size dependent differences for 

macro-aggregation evaluated turbidometrically for large 

vs. small platelet~ at similar platelet numbers 

physically favouring the larger platelets. In order to 

dissect out intrinsic platelet functional differences 

due to size from simple geomet~ic differences favouring 

larger platelets in aggregation, turbidometrically-

measured aggregation was evaluated at equivalent 

initial turbidity having volume fractions favouring 

smaller platelets. The advantage of large platelets 
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over smaller platelets for efficient macroaggregation 

was thus greatly reduced or eliminated when evaluated 

at equivalent turbidity for maximal rates (Va) and 

extent (%Tmax) of macroaggregation. PlatelAt volume 

fractions and %To must also be adjusted for 

determinations of platelet size-dependent shape change 

kinetics when using turbidometry but not for 

microscopie methods. 

3) Difficulties in quantitative interpretation of macro

aggregation arise from the large inter-donor variations 

seen in different parameters evaluated, both for a 

given size fraction and for the different sized 

fractions, as wel1 as from the cOlllplex dependence of 

light transmission changes on the size dependent 

optieal efficiencies for individual platelets (see 

Appendix) and on the distributions of macro-aggregate 

sizes. 

4) The difficul ties associated with turbidometric 

measurements are overcome by direct measurements of 

initial platelet recruitment into micro-aggregates 

using particle counting. These studies showed that 

large platelets are more sensitive, and are more 

rapidly recruited and to a greater extent than small 

platelets when evaluated at similar No. That this was 

only clue in part to the simple physical size 

differences in the platelets was clear from the reduced 

but persistent differences in large vs small platelets 

for aggregatioù when evaluated at identical volume 

fraction or at volume fractions favouring S platelets. 

Since relative rates of agggregation under similar 

collision frequencies are determined by the relative 

efficiency of collisions, it appears that L platelets 

have about 2-3 fold greater efficiency than S platelets 
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for physiologically induced rates of recrui tment into 

micro-aggregates. In addition, large platelets appear 

to be up to 2-fold more sensitive than small platelets, 

irrespect ive of No and ~ . 

5) In 50 far as PA represents the process of initial 

platelet hemostasis, large platelets appear to be more 

sensitive and more rapidly recruitable into aggregates 

in early hemostatic events. More advanced hemostatic 

consolidation and/or thrombosis reflected in TA 

measurements, will also be favoured by participation of 

larger platelets but largely due te the physical size 

of the aggregates formed rather than intrinsic 

biochemical differences. 

6) optical (or light scattering) efficiencies (k) are 

size-dependent within a whole platelet population. 

Typically, for large versus small platelets of 2-fold 

difference in size, the difference in k is greater for 

the large platelets by same factor. In addition, %To 
are not identical between large versus small platelets 

compared at similar platelet volume fractions because 

of the dissimilarity in k values. This likely reflects 

differences in refractive index associated with 

internal structures and/or membrane t'or large versus 

small platelets. 

7) Some biochemical and functional parameters may 

corralate positively but, in sorne cases, non-linearly, 

with platelet size. We have also observed such 

variations. Specifically, PA3max and PAmax evaluated at 

similar No varied linearly with platelet size over aIl 

fractions studied. However, [ADP]1/2 values correlated 

positively but not linearly with platelet sizes of the 

volume fractions evaluated. 
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8) 

9) 

The rate, extent and sensitivity for 

essentially identical 

passive 

for aIl agglut~nation appear 

sized fractions, evaluated ~t similar volume fractions 

or at similar No. Since ristocetin-induced 

agglutination is directly dependent on vWf-VIII 

mul timer binding to glycoprotein lb ( GP lb), i t is 

expected that the number of GP Ib-associated sticl<y 

sites per unit area of platelet may be constant for aIl 

sized fractions. 

In response to 

U46619 and PAF, 

up to 2x the 

physiological activators such as ADP, 

Ia~ge platelets are predicted to have 

efficiency of generation of plasma 

membrane sticky sites associated with initial platelet 

recruitment into aggregates. The facilitation of sticky 

site generation for large platelets would arise from 

intrinsic differences in meI!.brane surface property of 

large versus small platelets. The most likely source of 

sticky-site heterogeneity lies in the expression of new 

receptors for ca2+-fibrinogen binding 1 namely 

glycoprotein lIb-IlIa. 

10) The enhanced reactivity of larger platelets 

representing -20% of the overall number of platelets 

present in blood is consistent with reports that < 20-

25% of circulating platelets are hemostatically 

effective. This heterogeneity may arise with platelet 

production from distinct megakaryocyte precursors and 

may have clinical importance. 
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FUTURE STUDIES IN PLATELET SUBPOPULATIONS. 

other experimental approaches have been used to study 

platelet sUbpopulations. Flow cytometry, for example, is a 

technique in which individual cells are passed in a fluid 

stream and are analysed by sensors which measure specifie 

physical or chemical characteristics of these cells. Tl:.e 

parameters studied may reflect structural Ce.g., cell size 

and shape) or functional (e.g., surface receptors) 

characteristics [1]. One particular feature of flow 

cytometry, cell sorting, uses electrical or mechanical means 

to screen out cells with preselected characteristics from 

the main analytical stream, and thus can yield cells with 

r.ore homogeneous characteristics. with respect to platelets, 

the analysis of surface glycoproteins using flow cytometry 

is ideal because of: 1) the low numbers of platelets 

actually needed for testing; 2) the abili ty ta detClct and 

sort out subpopulations; and 3) simul taneous platelet size 

measurement. It is becoming widely used as a diagnostic and 

experimental tool in the study of hematological disorders 

[2,3]. Flow cytometry studies have suggested that large 

platelets contain more GP IIb-IIIa than small platelets [4]. 

Moreover, there May be a direct relationship between 

platelet size and the number of surface glycoproteins per 

platelet. However, it is 

intrinsically have more 

glycoprotein per unit 

uncertain whether large platelets 

GP IIb-IIIa r i.e., amounts of 

surface area. The analysis of 

glycoprotein characteristics on platelet subpopulations mus~ 

therefore correct for platelet surface area. 

Another focus of future study may be on the dynamics of 

glycoprotein expression on the platelet membrane. For 

exarnple, the rate ~t which GP IIb-IIIa is surface-expressed 

or clustered may be 

platelets. Intracellular 

different amongst size-dependent 

events associated wi th platelet 

activation are likely ta reflect functional differences 

109 



observed in subpopulations. The dynamics of ca2+ movements 

are closely linked with physiological activation, and can be 

monitored with markers su ch as FORA or Quin-2 in parallel 

with aggregationjactivation studies [5,6]. The focus of 

further studies should be towards the elucidation of 

membrane-related mechanisms 

present studies suggest 

functional heterogeneity. 

in activation, which these 

appears to mediate plate let 
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PLATE LET OPTICAL DENSITY PER UNIT SURFACE AREA DEPENDS ON 

PLATELET SIZE. 

Introduction: 

The optical density (or extinction (e» of a cell 

population reflects its light scattering properties and is 

influenced by parameters such as cellular refractive index 

(nr ), size, shape and internaI structures. These factors 

typically det:ermine the initial light transmission (%To ) of 

unactivated platelet-rich suspensions. From theoretical 

calculations [1-4], it is predicted that normal platslets 

would have similar optical efficiencies (k; = extinction per 

unit cross-sectional surface area) , regardless of the mean 

platelet volume of the population if overall shape, internaI 

structures and n r are the same. 

The parameter e is more closely related to the platelet 

cross-sectional surface area rather than its volume, and ls 

therefore cxpected to be constant if it is expressed per 

uni t platelet cross-sectional area (i. e., as k) instead of 

per unit volume. Here, the dependence of e on the relative 

cross-sectional area of platelets (expressed as V 2/ 3) , was 

examined for different-sized platelets in normal donors. The 

results suggest a dependence of k on platelet size within a 

normal platelet population. 

Methodology: 

For the preparation of platelet-rich plasma (PRP) and 

platelet-poor plasma (PPP), the isolation of size-dependent 

platelet subpopulations, and the determination of platelet 

electronic volume (v), refer to Chapter II, " Methods and 

Materials \1 

113 



Measurement of light transmission (%Tl 

Light transmission (%T) of PRP and ppp suspensions was 

obtained using a Payton single channel aggregometer (Payton 

Associates Ltd. 1 Scarborough, Ont.) with 0 and 100 %T set 

respectively with light blocked and with water in the 

cuvette. PRP or ppp (0.4 ml) was: placed in glass cuvettes 

(6.9 x 45 mm) with stir bars (6 x l mm) and spun at 1000 

rpm, 37 C. Aggregometer settings and further experirnental 

details were exactly as previously described [1,2]. The ppp 

was used instead of platelet-free plasma (PFP) [2] as it 

contained < 5% of the platelets present in PRP and gave %To 
within -1% transmission units of that observed with PFP [2]. 

Theoretical Background: 

Platelets behave as light scattering particles described by 

the Beer-Lambert law: 

E À = -1 ~g T 'A. = K 'A. N L 'Y Y Y (1) 

Where El and Tl are respectively, the optical density and 

transmission 

geometry y ; 

milliliter) ; 

of the suspension, at a wavelength À. and optical 

N = the particle concentration (nurnber per 

L=light path length of the glass cuvette (in 

centimeters) ; KyÀ = the particle attenuation coefficient for 

À. and Y (in square centirneters) which are respecti vely 1 the 

components due ta absorption and scattering by the light

particle interactions; and y = the half-angle subtended at 

the sample by the axial light detector. 
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( 
In the case of platelets in PRP, 

Eplts = EpRP - Eppp = KiN L (2) 

where Eplts = the optical density or extinction of the 
platelets, EpRP and Eppp are respectively, the extinctions 

measured in platelet-rich plasma anè platelet-poor plasma. 
In addition, 

K "= y 
EA 

'Y = --L 

N L L 

(3) 

where e = extinction per platelet. The particle (or 
platelet) optical efficiency is defined by: 

k = 
KA y 

0.434 A 

(4) 

where A, the partiel e proj ected area = 1T as 2 wi th as 
represented by the radius of a spherical particle or of an 
equivalent sphere for an axi-symmetric particle, based on 
the average particle volume (v = 4j31Tas

3 ). Therefore, by 

combining equations (3) and (4), we obtain: 

k e 

0.434 (3v/4 ï1' )2/3 L (5) 
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With rearranqement, equation (5) becomes: 

e = b'k = k' 

v 2/ 3 
(6) 

where b = O.434L(3/41T)2/3, and is a constant fixed for a 

qiven cuvette qeometry, and k'= the apparent k for a given 

cuvette. 

From the above, it is expected that a plot of e versus 

v 2/ 3 for platelets of different sizes will yield a straight 

line with a zero intercept to indicate a propertienal 

relationship of extinction per platelet (e) and platelet 

cross-section. However, it would aIse indicate an overall 

similar refractive index and distribution of platelet 

internaI structures between different-sized platelets. 

Results: 

Figure A shows the dependence of e on platelet cross

sectional area. There appears ta be a size dependence of 

extinction per unit surface area as the line does not pass 

through zero. Large CL) platelets display about twice the 

optical efficiency of small (S) platelets. Data for Figure A 

is shown in Table A. For mid-sized (M) and reconstituted 

control (C) platelets, the optical efficiencies are similar 

and are intermediate between Land S platelets. The 

differences in k' appear ta parallel the differences in 

platelet size (Table A) . 
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( Discussion: 

Differences in optical efficiency between sized 

fractions may be related ta intrinsic platelet 

characteristics [1-3]. This is consistent wi th observations 

that these same sized fractions display different 

biochemical and functional capacities. It is observed that 

%To lS net identica1. for large- CL) versus sma11- (8) sized 

platelet suspensions compared at similar volume fractions. 

Di fferences between Land 8 p1atelets wi th respect to 

intracellular content and structure (e.g., granular content 

and/or distribution) would alter platelet optical efficiency 

[ 1 , 3]. In view of the dependence of k' on platelet size 

within one whole platelet population, it is possible that 

sl1ifts in the distribution of platelet sizes would similarly 

alter average k' values measured for the whole population. 

For example, changes in megakaryocyte ploidy distribution 

favouring the production of large platelets would increase 

the average optical efficiency of the platelet population. 

Such deviations in platelet production may occur in response 

to thrombocytopenia and/or be associated with plate let 

disorders. Indeed, it has been sugges~:ed that optical 

efficiencies for disease-state plate lets (e.g., Bernard

Soulier syndrome, May-Hegglin and others) would be different 

from that of normals [5]. The difference in efficiency would 

be attributable to al tered platelet size distribution and/or 

pathological properties. In light of the above 

considerations, platelet optical efficiency appears to be a 

parameter of platelet heterogeneity and may serve as a 

useful index in the diagnosis of platelet disorders. 
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Table A: The relationship of optical extinction per unit 
\ area of platelet as a function of platelet sizea • 

PLATE LET 
FRACTION 

L 

M 

S 

C 

SIZE 

v 

(fI) 

7.3±O.2 

5. 6±O. 6 

4.l±O.2 

6 .1±O. 2 

RELATIVE 

VALUESb 

1.8±O.2 

1.3±O.2 

1.0 

1.4±0.2 

OPTICAL EFFICIENCYc 

....!L
v2/ 3 

( 10-Sum-2) 

32.3±8.2 

25.3±7.6 

16.9±S.1 

27.7±1.4 

RELATIVE 

VALUESb 

1.9±O.2 

1. S'±O.2 

1.0 

1.6±0.2 

aNumber of donors: n=7 except for reconstituted control 
where n=4. Values are expressed as mean±S.D. 

bRelative values to S platelets, i.e., L:S, M:S, and C:S. 
These ratios were calculated for each individual donor, and 
expressed as a mean±S.D. for the pooled donors. 

cSee equation 6 for the relation between e/v2/ 3 and optical 
eff iciency . 
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