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Abstract

Platelet heterogeneity has been an area of controversy for many years as the relationships
between platelet age, volume and function are complex. Previous research however, has
been limited by the use of older techniques which are less sensitive and prone to
artefactual changes. The principle aim of this thesis was to investigate the relationship
between platelet volume, age and functionality as this might improve our understanding
of the relevance of platelet heterogeneity to platelet physiology. Flow cytometric methods
were used to allow for the sensitive and rapid analysis of platelet activation, function, age
and granularity of intact human platelets within whole blood.

The clinical use of reticulated platelet measurement was evaluated, and found to be
sensitive, rapid and simple compared to other measures of platelet turnover (GCI and
TPO). A mouse in vivo biotinylation model established that young platelets are larger and
more granular than older platelets. This finding was consistent with the analysis of
platelets from normal controls separated on the basis of volume. In a study of the origin
of platelet production and volume heterogeneity, the platelet count was found to be
greater in the pulmonary vein compared to the pulmonary artery. The measurement of
reticulated platelets and MPV however, were not sensitive enough to determine that
young, large platelets are released in the pulmonary circulation. In a clinical
investigation, the effect of altered platelet mass on platelet heterogeneity was
investigated. Patients with acute coronary syndromes were found to have increased MPV,

increased platelet activation but normal platelet turnover. Patients with



thrombocythaemia had increased platelet count, reduced MPV, increased platelet
activation and normal platelet turnover. This study has provided a clearer understanding
of the physiological interplay between platelet age, volume and function, and how this is

altered in disease states.
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Introduction

Platelet heterogeneity has been an area of controversy for the past three decades as the
relationships between platelet age, volume and function are complex. Previous work has
been based on comparative ultrastructural studies of megakaryocytes and platelets, use of
animal models, in vivo labelling of platelets, or the separation of platelets by density or
volume. Much of the discrepancy in the literature has been due to species variation, and
the relationships between platelet age, volume and function still remain unclear and are
confusing. Following much discussion, a consensus opinion was reached, that both the
megakaryocytes and the agents to which platelets are exposed in the circulation may
contribute to platelet heterogeneity. It was also agreed that in response to a reduction in
the platelet count, larger platelets are produced, and that the properties of platelets may
change as they age (Martin & Trowbridge, 1988). The aim of this thesis has therefore
been to reinvestigate platelet heterogeneity using new techniques that were not previously
available. In order to approach an investigation of platelet heterogeneity, an
understanding of platelets, specifically their structure and function, as well as platelet
production from megakaryocytes, must be attained. In this chapter, the literature on

platelet heterogeneity will also be reviewed.
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1.1 Platelets

1.1.1 Platelets in Haemostasis

The human haemostatic system has evolved such that blood is maintained in a fluid state
within the vasculature until vascular injury occurs. A localised response then prevents
blood loss from the area of damage. Primary haemostasis is the process in which platelets
interact with elements of damaged endothelium, resulting in the initial formation of a
‘platelet plug’ (Bloom & Thomas, 1987). This interaction involves a series of events
including platelet adhesion, activation and shape change, release of platelet oo and dense
granular contents, with subsequent formation of fibrin-stabilised platelet aggregates and
ultimately clot retraction. One important product of the release reaction of activated
platelets is serotonin which acts as a vasoconstrictor, and results in constriction of the
damaged vessel to divert blood from the site of injury. The activation of platelets also
results in the exposure of negatively charged phospholipids (phosphatidyl serine and
phosphatidyl ethanolamine) on the platelet surface, facilitating the assembly of
coagulation factors, and leading to thrombin generation and subsequent fibrin deposition,
which stabilises the platelet aggregate. This platelet-fibrin clot can then retract into a
smaller volume to facilitate tissue repair.

Platelets therefore play an important role in the haemostatic system as they comprise the
main component of the primary haemostatic plug and are critical elements in the
maintenance of normal haemostasis. Platelets do not normally adhere to the endothelium
which serves as a protective barrier, separating platelets from subendothelial components

such as collagen, however platelet ‘rolling’ along the vessel wall may occur. During
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blood flow, platelets are displaced towards the vessel wall (Palmer, 1966), where they can
immediately respond to areas of endothelial damage. Vascular breaks are therefore
rapidly detected, and occluded via platelet plugs. Platelets adhere to the damaged
endothelium via adhesive proteins such as vWF which binds to the platelet glycoprotein
(GP) Ib/V/IX complex, and fibronectin, which binds to integrin receptors. VWF
(synthesised by endothelial cells) circulates in plasma, and following tissue damage,
binds to exposed collagen in the subendothelium.

Abnormalities in either platelet number or function may lead to disruption of the
haemostatic system and result in a bleeding tendency. Indeed, patients with Bernard
Soulier syndrome (BS) and von Willebrands disease (vWD) illustrate the importance of
these adhesive proteins. Platelets from patients with BS lack GPIb/V/IX, and thus have
impaired vWF-mediated platelet adhesion resulting in prolonged bleeding time and a
bleeding tendency. Patients with vWD have reduced or defective plasma von Willebrand
factor (vWF), also resulting in prolonged bleeding times. Platelet function may therefore
be affected by defects or mutations of the a) glycoproteins responsible for adhesion and
aggregation, b) primary receptors for agonists, c) dense- and a-granular secretion, and d)
intracellular signalling pathways. The platelet is thus fundamental to haemostasis, and its
many roles include: adhesion at sites of endothelial damage, spreading of adherent
platelets on the exposed subendothelial surface, secretion of platelet contents involved in
haemostasis and wound healing, and the formation of large platelet aggregates. These
responses are important for haemostasis, but when they occur at sites where they are not

required, or when they are poorly controlled, they may result in thrombotic disorders such
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as ischaemic heart disease, cerebrovascular disease, peripheral vascular disease and

venous thromboembolism.

1.1.2 Platelet Structure

Platelets are anucleate cellular fragments which arise by cytoplasmic fragmentation of
megakaryocytes. As such, they contain no nucleus, but retain other normal cellular
constituents such as mitochondria, golgi apparatus, ribosomes, endoplasmic reticulum,
mRNA, a cytoskeletal apparatus, unique receptors and specialised secretory granules,
important for their function. An extensive surface connected canalicular system (SCCS)
penetrates the platelet. Glycoproteins expressed on the surface of human platelets are
important in platelet adhesion to subendothelial tissue and subsequent aggregation, the
initial events leading to platelet plug formation during haemostasis.

Figure 1.1 summarises ultrastructural features observed in thin sections of discoid
platelets. The peripheral zone at the surface of the platelet and lining channels of the
SCCS consists of an amorphous exterior coat or glycocalyx, a trilaminar unit membrane
and a sub-membrane region containing specialised filamentous elements. It is here that
stimuli are received or transmitted via membrane receptors, and platelet
adhesion/aggregation occurs. The membranes of the platelet are rich in glycoproteins,
which serve as receptors for components that trigger platelet activation and bind to
aggregating agents, inhibitors and coagulation factors. Furthermore, phospholipids are
located at the peripheral zone. Phospholipids provide a surface upon which coagulation
proteins react, and also serve as the initial substrate for platelet enzymes to produce

thromboxane A,.
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The sol-gel zone is located beneath the peripheral zone. It is the matrix of the platelet
cytoplasm, containing several fibre systems in various states of polymerisation. A
circumferential bundle of microtubules lying close to the cell membrane supports the
discoid shape of un-activated platelets (Behnke, 1970). Sub-membrane filaments, actin
and myosin, stabilise the membrane in un-activated platelets and provide a contractile
system which is involved in shape change, pseudopod extrusion, internal transformation
and secretion in activated platelets. The sol-gel zone thus provides the framework or
cytoskeleton of the platelet which forms the support for the platelets discoid shape as well

as the contractile system which enables platelet responses to activation.
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The organelle zone consists of granules, electron dense bodies, mitochondria, and
glycogen randomly dispersed in the cytoplasm. These serve in metabolic responses and in
the storage of enzymes, non-metabolic adenine nucleotides, serotonin and calcium which
are critical to platelet function. Granules are the most numerous of the organelles in the
platelet cytoplasm. Within the platelet there are functionally important granules which
may be divided into four groups; the a granules, dense granules, lysosomes and
peroxisomes. These are characterised by their different contents. a-granules contain
adhesive proteins involved in platelet adhesion and aggregation and growth factors. Some
of the a-granular components such as vVWF and platelet factor 4 (PF4) are synthesised by
megakaryocytes. Others, such as fibrinogen, are acquired from the plasma by receptor-
mediated endocytosis, while others such as the abundant plasma proteins, albumin and
IgG are acquired by fluid-phase pinocytosis (George, 1990). Dense granules contain
primarily calcium, ADP, ATP, serotonin and pyrophosphate which can recruit more
platelets to the site of vascular injury in a positive feed back loop (Fukami, 1992), thus
reinforcing platelet aggregation. Finally, lysosomes contain degradative enzymes
(Dangelmaier & Holmsen, 1980), which are also released in vivo in humans following
platelet activation (Ciferri et al, 2000). Platelet secretion and endocytosis are facilitated
by a network of deep invaginations of the platelet surface membrane, the SCCS. A

complete list of the platelet granule contents is given in Table 1.1.
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Alpha granules Dense granules

Albumin Serotonin
Fibrinogen ATP
Fibronectin ADP
Vitronectin Calcium
Osteonectin Pyrophosphate
Von Willebrand factor

Von Willebrand antigen II

Thrombospondin

Platelet factor 4

IgG, IgA, IgM

Cl1 inhibitor

Plasminogen

Plasminogen activator inhibitor-1
Platelet derived collegenase inhibitor
High molecular weight kininogen
Protein S

o,-antitrypsin

o,-macroglobulin

o,-antiplasmin

Multimerin

Platelet basic protein
B-thromboglobulin

Histidine rich glycoprotein
Connective tissue-activating protein III
Neutrophil activating protein II
Platelet derived growth factor
Transforming growth factor 3
Vascular Endothelial growth factor
Coagulation factor V

TPO

Lysosomal granules
Cathepsin D

Cathepsin E
Carboxypeptidase A
Carboxypeptidase B
Proline carboxypeptidase
[-N-acetyl-p-hexosaminidase
- p-glucuronidase

- p-galactosidase

o.- D-mannosidase

o.- L-arabinofuranosidase
o- D-galactosidase

a- L-fucosidase

B- p- fucosidase

B- p-glucosidase

o- D- glucosidase

Acidic phosphatase
Arylsulphatase

Table 1.1: Contents of o, dense and lysosomal granules, membrane components are

listed in table 1.2.
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The membrane zone is composed of channels of the SCCS, the dense tubular system and
the membrane complexes. The SCCS is derived from the plasma membrane of the
megakaryocyte and consists of invaginations of the cell wall, tunnelling throughout the
cytoplasm. These channels serve as conduits for substances delivered by platelets during
the release reaction, and markedly increase the total surface area of the platelet in contact
with plasma. Channels of the dense tubular system are also randomly dispersed
throughout the platelet cytoplasm. It is here that calcium, important for triggering
contractile events is stored and concentrated.

Following activation the platelet shape changes from the normal disc shape to a compact
sphere with long dendritic extensions, which facilitate adhesion. The cytoplasm is rich in

actin and myosin, which bring about the change in shape and retraction of the clot.

1.1.3 Platelet Function

The role of platelets in haemostasis has already been described, however the functional
responses of platelets following stimulation, may be further subdivided into adhesive,
secretory, and aggregatory processes. Other functional capacities of platelets, including
their procoagulant activity, their role in allergic inflammation, non-allergic responses,
phagocytosis, tumour progression, and promotion of wound healing (Page, 1988), will

not be further discussed.
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Platelet Adhesion

Platelets exhibit an array of receptors on their surface (Table 1.2). The adhesive proteins
enable the platelets to adhere to injured vascular endothelium, to exposed subendothelial
extracellular matrix, to leukocytes and to each other. Collagen binds large multimers of
vWF, which subsequently react with the platelet membrane GPIb/V/IX complex,
resulting in immediate platelet attachment. GPIa-Ila, another receptor for collagen is also
involved in initial platelet adhesion to the subendothelial matrix (Santoro & Zutter,
1995). vWF dependent platelet adhesion is most prominent at high shear rates.

Platelet adhesion induces a series of metabolic reactions within the platelet, which initiate
platelet release reactions, shape change and aggregation. Post adhesion, platelets become
spherical, extruding long pseudopods that enhance platelet-platelet interactions. The
ability of the platelet to spread on a surface strongly influences the extent of platelet

adhesion. Spreading occurs rapidly on surfaces such as the subendothelium and collagen.
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G-protein-linked platelet activating receptors

Receptor Agonist

PAR-1, PAR-4 Thrombin

o, receptor Adrenaline

SHT receptor Serotonin

TxA, receptor TxA,, PGH,, PGG,

PAF receptor PAF

V,A receptor vasopressin

G-protein-linked platelet inhibiting receptors

A, receptor adenosine

PG, receptor PGI, PGE,

PGD, receptor PGD,

Platelet Glycoproteins

GPIb/V/IX Thrombin, vWF

GPlIa/lla collagen

GPIc/Ila Fibronectin, laminin

GPIIb/ITIa Fibrinogen, vWF, fibronectin,
vitronectin, thrombospondin

GPIV Thrombospondin, collagen

GPVI collagen

P, Purinoceptors

P,T ADP, ATP

P,X, ADP

P,Y, ADP, ATP

Table 1.2: Adhesive platelet membrane glycoproteins and their ligands.
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Platelet Activation

Platelets respond to a wide variety of chemical, particulate and surface stimuli, through
surface receptors for ADP, thrombin, serotonin, adrenaline, thromboxane A,, platelet
activating factor and collagen. These receptors facilitate ‘outside in’ signalling, and some
‘inside out’ signalling. GPIb binding to vWF is an example of ‘outside in’ and results in
‘inside out’ signalling whereby platelet activation results in GPIIb/Illa conformational
change. A variety of cellular responses will occur following platelet activation, including
shape change, translocation of membrane glycoproteins, exocytosis of granule contents
and the formation of microparticles. Platelets quickly lose their discoid shape, becoming
spherical in form, with long spiky pseudopods and bulky surface protrusions. The final
stage of activation occurs when the platelet granule contents are extruded, indeed, two
types of membrane vesicles are released following platelet activation: platelet
microparticles and exosomes (Heijnen et al, 1999). The degree of platelet activation will
depend on the nature of the stimulant, the extent of stimulation, the presence or absence
of inhibitors and the reactivity of the platelet. The primary, reversible response to
activation is primary aggregation in which platelet aggregates may disperse and
dissociated platelets may recover their discoid shape. Secondary aggregation involves the
irreversible response, ADP release and thromboxane A, generation.

The response of the platelet to an external stimulus includes the synthesis and/or release
of several lipid messengers derived from membrane structures. One major pathway
involves the activation of guanine nucleotide-binding (G) proteins which are interposed

between the receptors and the extracellular effectors (Ware & Coller, 1995). When an
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agonist binds to its platelet receptor, G proteins become activated, and in turn activate the
enzyme phospholipase C (PLC). PLC then hydrolyses phosphatidylinositol 4,5-
biphosphate (PIP,), which results in the secondary messengers diacylglycerol (DG) and
inositol 1,4,5-triphosphate (IP,). IP, binds to a receptor in the dense tubular system
resulting in the mobilisation of intracellular calcium, and DG activates protein kinase C
(PKC) activity. Calcium (Ca™) mobilisation and PKC activation are necessary for many
intracellular biochemical processes associated with platelet aggregation and release of
platelet granule contents. Ca”™ mobilisation results in activation of the enzyme
phospholipase A, (PLA,), which releases arachidonic acid from membrane phospholipids,
leading to the generation of prostaglandins and thromboxane A, (TXA,) which cause
further mobilisation of second messengers, platelet aggregation and release of dense

granule contents (Ware & Coller, 1995)

Platelet Secretion

Platelet secretion of the contents of a-granules, dense granules and lysosomes is triggered
by an influx of calcium and the subsequent change in the contractile elements of the
cytoskeleton. The result is the movement and fusion of granules to the platelet membrane
where the soluble granule contents are released into the SCCS from where the substances
diffuse to the extracellular space. One of the results of this phenomenon is that the
granule membrane becomes a part of the platelet external membrane. In this manner
platelet activation may be detected by analysis of surface glycoproteins by flow

cytometry. This may include granule specific glycoproteins such as CD 62p and CD 63.
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Platelet Aggregation

Platelet aggregation is the process by which platelets clump together. Primary
aggregation is reversible and does not have to be preceded by platelet shape change.
Secretion of the products stored in granules plays an important role in driving the reaction
towards secondary or irreversible aggregation. Large amounts of ADP and TXA,,
released by platelets, and platelet contractile proteins all contribute to irreversible platelet
aggregation at the site of vascular injury.

While many agonists are able to induce platelet aggregation, they all have a final
common pathway involving GPIIb/IIIa. This abundant surface protein glycoprotein,
requires conformational change during platelet activation to express receptor function,
mainly for its major ligand fibrinogen (Shattil et al, 1998). Binding of a symmetrical
fibrinogen molecule to two GPIIb/Illa receptors mediates platelet aggregation, as the
fibrinogen acts as a bridge between adjacent platelets, resulting in their attachment. As
platelets adhere to each other, they undergo release reactions, liberating more ADP and
TXA, and so on in a positive feedback reaction, causing additional activation of
circulating platelets, and recruitment to the site of vascular injury, resulting in the
formation of a platelet mass large enough to plug the area of endothelial injury. The
importance of this effect is exemplified by the compromised haemostatic capacity of

patients with dense granule deficiencies (e.g. storage pool defect).

Platelet Procoagulant Activity

Resting platelets maintain phospholipid asymmetry, in an energy dependent process

involving several enzymes. Following platelet activation and release, negatively charged
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phospholipids are translocated to the outer surface of the plasma membrane. The exposed
anionic membrane phospholipids (phosphatidylserine and phosphatidyl ethanolamine) are
able to support several coagulation reactions. The vitamin K proteins (factors II, VII, IX,
X, protein C and protein S), bind anionic phospholipids with high affinity. The surface of
the activated platelet has been shown to facilitate formation of the tenase complex leading
to the formation of factor Xa, and the prothrombinase complex, which leads to thrombin
generation. In a positive feedback loop, the thrombin generated is able to further activate

platelets. The platelet surface may also protect factor Xa from plasma protease inhibitors.

1.1.4 Analysis of platelet function

Primary laboratory evaluation of platelets generally includes a full blood count. Platelet
parameters included in the full blood count may include, platelet count, mean platelet
volume (MPV) and platelet size distribution width (PDW). The measurement of MPV
and PDW are largely ignored however, and in the majority of platelet function defects,
the platelet count is often normal, therefore further assessment of platelet function is
required.

The bleeding time offers the only in vivo test of platelet function. This test however has
technical limitations, and is operator dependent. Briefly, a sphygmanometer is placed on
the upper arm and inflated to 40 mm Hg. A template bleeding time device produces a cut
of specific length and depth on the patient’s forearm. The side of the wound is then
blotted every 15 seconds until cessation of bleeding, and the time taken (generally less
than 10 minutes with the Simplate II device) recorded. The bleeding time becomes

progressively prolonged with reduction in the platelet count below ~100x10°/1. A
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prolonged bleeding time in a patient with normal or near normal platelet count however,
suggests a defect in platelet function. Qualitative or quantitative platelet function defects
and von Willebrand’s disease are the major causes of a prolonged bleeding time in the
absence of platelet inhibitory drugs. The bleeding time however lacks sensitivity for
milder haemostatic defects and may be normal in the presence of significant platelet
abnormalities.

Assessment of platelet aggregation to a panel of agonists provides a more specific
analysis of platelet function (Born, 1962). Agonists commonly used include ADP,
adrenaline, collagen, arachidonic acid, ristocetin, and thrombin. A given pattern of
aggregation allows for diagnosis and classification of platelet defects. Platelet
aggregometry is thus a well established method for studying platelet function. This test
however is performed in platelet rich plasma, is time consuming and thus not as suitable
as a rapid screen of platelet function in whole blood.

An alternative in vitro screening test for platelet function, performed in whole blood,
employs the PFA-100 ™ analyser. This system uses disposable test cartridges containing
a membrane, which contains a microscopic aperture and is coated with collagen plus
either ADP or adrenaline. The PFA-100 ™ simulates primary haemostasis by aspirating
citrated whole blood under high shear (5000 — 6000/s) through the 150 um aperture in the
membrane. Platelets adhere to the membrane and aggregate until the aperture is sealed.
The closure time required to occlude the aperture is recorded by the instrument and
provides a simple measure of high shear dependent platelet function in vitro. The PFA-

100 ™ therefore provides an indication of platelet function by measuring shear stress
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induced platelet activation, and is a potential replacement of the bleeding time (Francis et
al, 1999). It is particularly sensitive for detecting platelet hypofunction e.g. in patients
with von Willebrand’s disease, platelet glycoprotein deficiencies and storage/release
defects (Fressinaud et al, 1998; Harrison et al, 1999).

Various flow cytometric assays have also been established for the measurement of
platelet function in whole blood (Table 1.3). Specific flow cytometric assays have been
developed for the diagnosis of congenital deficiencies in platelet glycoproteins such as
the case of Glanzmanns disease of Bernard Soulier syndrome. Various subtle aspects of
platelet function may be detected in whole blood through the use of monoclonal
antibodies specific for markers of platelet activation. It is essential to minimise artificial
activation during sample preparation as these tools are very sensitive.

CD 62p (P-selectin or PADGEM) is a transmembrane protein expressed on the platelet
surface following activation, where it mediates platelet-leukocyte interactions (Rinder et
al, 1991). Blockade of CD 62p also attenuates platelet aggregation, suggesting that CD
62p has an additional role in platelet-platelet interactions (Parmentier et al, 1991). CD
62p is localised in platelet a-granules (Stenberg et al, 1985) and also platelet dense
granules (Israels et al, 1992). Whilst the activation-dependent increase in platelet surface
CD 62p is not reversible over time, circulating degranulated platelets in vivo rapidly lose
their surface CD 62p (which becomes soluble P-selectin) yet continue to circulate and
function (Michelson et al, 1996). This marker is thus useful in detecting circulating
activated platelets in disease states in which there is continuous activation of platelets.

However, the blood must be tested within 5 minutes of the activating stimulus or drawn
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Application

Labelling

Clinical Use

Platelet surface

markers

Platelet specific glycoproteins, CD 61, CD 41,
CD 42

Diagnosis of diseases associated with loss of specific

markers.

Platelet-associated

immunoglobulin

CD 41 and anti- IgG, IgM, IgA and C3

Diagnosis of immune thrombocytopenia.

Platelet activation

CD 62p, CD 63, LAMP-1 or changes in
GPIIb/IIIa: activation induced conformational
change (PAC1), ligand-induced conformational
change (PM 1.1, LIBS1, LIBS6),
induced conformational change (2GS, 9F9, F26)

receptor

Measurement of spontaneous or stimulated platelet

function.

Reticulated platelets | Thiazole orange, Coriphosphine-O, Auramine-O | Measurement of platelet production.

Platelet-leukocyte CD 41 and a leukocyte specific marker Study of platelet leukocyte interactions and a measure of
interactions platelet activation.

Platelet derived | CD 41 or 42 Measurement of platelet fragmentation, and platelet
microparticles activation.

Platelet granularity | Mepacrine Measurement of platelet granular content.

Table 1.3: Applications of flow cytometry for the study of platelets Taken and adapted from (Ault & Mitchell, 1999)
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immediately distal to the site of platelet activation. Another source of soluble P-selectin is
endothelial cells (Weibel-Palade bodies) (McEver et al, 1989), where P-selectin
expression is stimulated by thrombin, histamine or free radicals and is expressed within a
5 to 10 minute period (Geng et al, 1990).

CD 63 is another transmembrane protein expressed at the platelet surface following
activation and degranulation. The specific function of CD 63 remains unclear however, a
role as a mediator of cell surface protein complex formation and in the facilitation of
intracellular signalling has been proposed (Maecker et al, 1997). In addition to being a
lysosomal granule membrane protein (Metzelaar & Nieuwenhuis, 1991), CD 63 is also
present in dense granule membranes (Israels et al, 1992).

As well as exposure of granule membrane proteins on the platelet surface, changes to
some of the membrane glycoproteins may also take place following platelet activation.
The GPIIb/IIIa complex undergoes a conformational change which may be detected by
several monoclonal antibodies. Furthermore, when platelets become activated they can
bind to monocytes and neutrophils by a number of receptor-ligand pairs or bridges such
as CD 62p-PSGL1, CD 36-TSP-CD 36, Mac1-Fg-GPIIb/Illa and CD 40L-CD40.

More than one activation marker should be measured in the analysis of platelet activation
as it is unknown what the exact time frame of expression is for each marker, and the
pattern of platelet activation may vary in different clinical situations.

Other flow cytometric assays for platelet function include the measurement of reticulated
platelets (young RNA rich platelets), and platelet mepacrine uptake, release or

granularity. These methods are discussed in sections 3.2 and 2.3.5 respectively.
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volume is cytoplasm containing platelet specific granules and an extensive invaginated

demarcation membrane system (DMS).

Models of Platelet Formation

Initially, the internal membranes were thought to demarcate fields or territories of pre-
packaged platelets, which were later released by fragmentation of the cytoplasm
(Yamanda, 1957). Subsequently, the formation of proplatelets has been observed with the
simultaneous disappearance of the DMS (Radley & Haller, 1982). The DMS is thus
considered not to delineate platelets but represents a stored plasma membrane.

In this model of thrombopoiesis, mature megakaryocytes extrude long cytoplasmic
extensions, or proplatelets (Becker & De Bruyn, 1976), which deliver packets of platelet
material to their ends (Italiano et al, 1999). Time-lapse cinematography has been used to
examine the formation of processes in in vitro megakaryocyte cultures (Italiano et al,
1999).

Megakaryocytopoiesis begins by proliferation, followed by differentiation (acquisition of
platelet glycoproteins, polyploidisation) of megakaryocyte precursors. Megakaryocyte
polyploidisation (endomitosis or endoreduplication) is the process of chromosomal
replication without nuclear or cellular division. Megakaryocytes mature to the point of
cytoplasmic disintegration, with a mean ploidy of 16 N, ranging from 2 N to 124 N.
Polyploidisation is believed to be essential for platelet production as only mature
polyploid megakaryocytes display considerable development of dense core granules and
of the DMS. Indeed, the cytoplasmic maturation of megakaryocytes proceeds only after

DNA synthesis has stopped. As the cytoplasmic volume increases, there is a concurrent
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synthesis of demarcation membranes and granules. Alpha-granules containing von
Willebrand factor, thrombospondin, fibrinogen, fibronectin and CD 62p for example, are
formed during megakaryocyte maturation. These proteins are either synthesised by the
megakaryocyte (Harrison & Cramer, 1993) or endocytosed from the plasma (Handagama
et al, 1989). As megakaryocyte ploidy correlates with cytoplasmic size, the number of
platelets formed per megakaryocyte should theoretically also correspond to the degree of
ploidy. Platelet count and megakaryocyte size are inversely correlated suggesting that
megakaryocytes are capable of rapid response in terms of size and ploidy to changes in
platelet count. Indeed, it is possible that cells of different ploidy may respond differently

to various stimuli and may form platelets of different sizes (Paulus, 1970).

1.2.1 Regulation of Megakaryocytopoiesis

Megakaryocytopoiesis is the process of megakaryocyte development through to platelet
formation and platelet release in the peripheral circulation. This complex process is
regulated by a variety of cell-cell interactions as well as by a number of cytokines with
either stimulatory or inhibitory effects.

Normal megakaryocytopoiesis is the result of positive and negative regulators of
proliferation and differentiation. While thrombopoietin (TPO) is the primary hormone
controlling megakaryocyte development, other cytokines also have an impact on cells of
this lineage. Interleukin- (IL) 3 and granulocyte-macrophage-colony stimulating factor
(GM-CSF) exhibit megakaryocyte colony stimulating activity (Yang et al, 1999). Other
factors that have little effect when utilised alone, but synergistic activity when used in

conjunction with IL-3 or GM-CSF include IL-1, IL4, IL6, IL11, erythropoietin (EPO)

43



and leukaemia inhibitory factor (LIF). EPO and IL-6, for example not only stimulate
platelet production, but also enhance the reactivity of the resulting platelets (Peng et al,
1994a). Negative regulators of megakaryocytopoiesis include transforming growth factor
B1 (TGFB1), platelet factor 4 (PF4) and other chemokine CXC family members, as well
as interferon-a. A negative feedback mode of regulation exists as megakaryocytes and
platelets themselves synthesise and store the inhibitors within a-granules. Indeed, platelet

extracts inhibit megakaryocytopoiesis in vitro (Han et al, 1990).

TPO

The term TPO has traditionally been applied to a serum substance which acts to restore
the platelet count to normal after thrombocytopenic stress. After 30 years of research, the
normal counterpart of an oncogene (v-mpl) present in the MPLV virus was found to
augment megakaryocyte proliferation, maturation and thrombopoiesis (Lok et al, 1994;
Kaushansky et al, 1994; DeSauvage et al, 1994; Wendling et al, 1994). TPO is the
primary regulator of megakaryocyte maturation and platelet production (Kaushansky et
al, 1995b) and acts through binding its receptor c-mpl which is located on megakaryocyte
progenitor cells, megakaryocytes and platelets. Inhibition of c-mpl expression in marrow
cells specifically blocks megakaryocyte development (Methia et al, 1993). Injection of
recombinant TPO into mice and non-human primates results in increased platelet count,
spleen and bone marrow megakaryocytes, and CFU-MK (Lok et al, 1994; Kaushansky et
al, 1994). C-mpl knockout mice have 85 % fewer platelets and megakaryocytes than
normal (Gurney et al, 1994), as well as decreased progenitor numbers of myeloid and

erythroid lineages (Alexander et al, 1996; Carver-Moore et al, 1996) and decreased
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haematopoietic stem cells (Solar ef al, 1998). Mice deficient in TPO have 90 % fewer
platelets than normal accompanied by a reduction in megakaryocyte progenitors and
megakaryocyte ploidy (DeSauvage ef al, 1994). TPO thus seems to be the major regulator
of platelet production (Gurney et al, 1994). The response of megakaryocytes to TPO
includes stimulation of megakaryocyte proliferative activity and augmentation of
differentiation and polyploidisation. In culture, TPO treated megakaryocytes have
increased viability compared to untreated cell cultures. Furthermore, TPO has been
shown to stimulate megakaryocyte synthesis of a-granule proteins (Phillip et al, 1998).
Early clinical trials using a recombinant human (th) TPO molecule have shown dose
dependent increases in circulating platelet counts and bone marrow megakaryocytes. rh
TPO was found to attenuate chemotherapy induced severe thrombocytopenia and reduce
the need for platelet transfusions (O'Malley et al, 1996).

Unlike EPO, circulating levels of TPO are not regulated by modulating TPO gene
expression. The main mechanism in regulating TPO levels can be described as a simple
feedback mechanism. TPO is produced by several organs including the liver, kidney,
bone marrow and the spleen (McCarty et al, 1995) at a constant rate to stimulate
megakaryocytopoiesis and subsequent platelet production. Progenitor cells,
megakaryocytes and platelets carry c-mpl, the receptor for TPO (Debili 1995). TPO is
removed from the circulation via binding to this receptor. Both megakaryocyte and
platelet mass are therefore involved in the maintenance of TPO levels (Kuter &
Rosenberg, 1995), indeed the megakaryocyte mass seems to be more important than the

platelet mass in the regulation of TPO levels (Nagasawa et al, 1998). Circulating levels of
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TPO reflect the constitutive production of the hormone and its degradation by platelets
and megakaryocytes. Clearance of TPO occurs after it binds to c-mpl receptors when it
becomes internalised. There is conflicting evidence to suggest that once internalised, TPO
is either degraded (Fielder et al, 1996), or stored within platelet granules in a biologically
active form, which following platelet activation is released (Folman et al, 2000; Fielder et
al, 1997). TPO binding sites are not recycled (Li et al, 1999), and thus the in vivo binding
of TPO is saturable (Stefanich et al, 1997). The relatively constant TPO production rate
means that when platelet numbers are high, most of the TPO produced is removed from
the circulation leaving little to stimulate thrombopoiesis. Conversely, during
thrombocytopenia, the plasma concentration of TPO will be high resulting in stimulation
of thrombopoiesis. A reciprocal relationship thus exists between TPO levels and platelet
mass (Kuter & Rosenberg, 1995).

Platelet production is also dependent upon three other parameters, the number of marrow
megakaryocytes, the volume of megakaryocytes (related to ploidy distribution) and the
extent of megakaryocyte cytoplasmic maturation. Indeed, administration of a single bolus
of a recombinant form of TPO to healthy volunteers was found to double the peripheral
platelet count by stimulating megakaryocyte proliferation and endoduplication thus
doubling the megakaryocytic cytoplasmic mass available for platelet formation (Harker et
al, 2000). The resulting platelets were not altered in terms of viability, responses to
physiologic agonists or expression of activation epitopes. Other cytokines in combination
(stem cell factor, IL-3 and IL-6) have been shown to be as potent as TPO in the growth of

megakaryocytes in culture, however proplatelet and platelet formation are greatest in
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cultures grown with TPO (Norol et al, 1998). IL-11 is also able to stimulate
megakaryocyte fragmentation (Phillip et al, 1998).

A correct understanding of the mechanism of platelet formation is essential to explaining
the origin of the platelet volume distribution, however the site(s) and mechanism(s)

whereby platelets are released from megakaryocytes is still controversial.

1.2.2 Megakaryocytes reside in the bone marrow

It was first established that circulating platelets were detached fragments of
megakaryocyte cytoplasm using a Romanowsky polychrome stain (Wright, 1906).
Megakaryocytes are located primarily in the bone marrow, an observation which has
resulted in the hypothesis that the bone marrow is the primary site of platelet production.
However, megakaryocytes with naked nuclei are rarely encountered in normal marrow
biopsies. Furthermore, platelets are not motile cells, and few, if any are found in normal
bone marrow. These observations are inconsistent with the view that platelets are
produced from megakaryocytes in the bone marrow. It has therefore been proposed that
platelets are produced by bone marrow megakaryocytes through budding of
megakaryocyte proplatelets which project into the venous circulation.

Mature megakaryocytes are motile cells, which can insert long pseudopods or proplatelets
in the marrow sinusoids. These processes often develop constrictions, defining nascent
platelets and are possible sites of detachment from the parent megakaryocyte. Single
platelets could then be released from the terminus of a pseudopod or alternatively, long

segments could become detached and fragment into individual platelets in the circulation.
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The theory of proplatelet formation was made, based on light microscope observations
(Wright, 1906). These have been confirmed by subsequent studies of bone marrow using
scanning and transmission electron microscopy. Such studies show that megakaryocytes
are located preferentially close to the walls of marrow sinuses and are capable of inserting
long pseudopodal processes through the endothelial lining cells into the vascular sinuses.
Indeed, even megakaryocytes situated some distance from a marrow sinusoid are capable
of extending pseudopodia a considerable distance through the extravascular compartment
in order to contact and penetrate the sinus endothelium (Scurfield & Radley, 1981). These
processes often occur in clusters, suggesting a common origin from a single
megakaryocyte (Becker & De Bruyn, 1976). They may contain cytoplasmic organelles
similar to those of platelets and their luminal penetration may thus be proplatelet
formation resulting in platelet release (Weiss, 1965). These processes are often free of
organelles, in which case their endothelial penetration may serve as an anchor, stabilising
the megakaryocyte in its location (Tavassoli, 1979). The proximity of the
megakaryocytes to the vascular endothelium may also improve their sensitivity to the

circulating requirement for platelets.

1.2.3 Megakaryocytes in the peripheral circulation

As previously mentioned, the cytoplasm of the megakaryocyte is able to penetrate the
endothelium to reach inside the lumen (Tavassoli, 1979). Indeed, using serial sections of
bone marrow from male Wistar rats, the passage of entire megakaryocytes has been
observed through the marrow-blood barrier (Tavassoli & Aoki, 1981). Megakaryocytes in

the peripheral circulation may be intact or proplatelets of variable sizes, and if they had
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not completed development in the marrow prior to their migration, they may become
transiently trapped in the pulmonary circulation where they would fragment.
Megakaryocytes and proplatelets have been observed in the peripheral circulation of
normal controls and patients suffering from thrombopathies, thrombocytopenic purpura
or thrombocythaemias (Hansen & Tinggaard Pedersen, 1978). Proplatelets have also been
described in the inferior vena cava and aortic blood of normal rats (Behnke & Forer,
1998; Tong et al, 1987), and megakaryocytes with well developed platelet territories have
been observed trapped in pulmonary capillaries (Lunetta & Penttild, 1997).

It therefore appears that in vivo, platelets are not the immediate progeny of
megakaryocytes, and that there are more intermediate stages of platelet production.
Furthermore, it is in the peripheral circulation that proplatelets are further fragmented into
platelets. Larger proplatelets isolated from platelet rich plasma have two general shapes:
ovoid, sausage like forms and longer, slender forms (Behnke & Forer, 1998; Pedreno et
al, 1999). Both forms have been observed to undergo shape change which can be
classified as either 1) elongation and fragmentation, 2) curving and 3) membrane flow
(Behnke & Forer, 1998). Intermediate forms are also observed, again in various shapes
such as discs with tails, various degrees of bending, and rings (Behnke & Forer, 1998).
The break-up of proplatelets into their intermediate shapes and subsequent platelet
formation may occur within the general circulation or within the pulmonary circulation,
where megakaryocytes and proplatelets could become trapped. It is likely that the high
shear stress experienced by the proplatelet in small arterial vessels could lead to final
detachment at the constriction sites. An alternate mechanism for the disruption of

proplatelets is based on the observation that thrombin was able to cause the rupture of
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proplatelets, resulting in the release of mature platelets in an activated state (Pedreno et
al, 1999). It is therefore also possible that platelets might be released at sites of
megakaryocyte/platelet activation.

MPYV may be increased in situations of platelet recovery. This could result from rapid
platelet release by proplatelets (Kraytman, 1973). Alternatively, increased MPV might
arise from stressed platelet formation from immature megakaryocytes. Mature bone
marrow megakaryocytes may respond to a sudden demand for platelets by releasing their
cytoplasm in the form of proplatelets in the circulation. Indeed, following acute blood
loss in rats, and during recovery from acute thrombocytopenia, a three fold increase in
circulating proplatelet numbers has been observed within 24 hours (Handagama et al,
1987; Tong et al, 1987). Rare reports of proplatelets in the peripheral blood may relate to
the fragility or aggregability of these forms. Indeed, cell counters are unable to detect
proplatelets. Furthermore, beaded proplatelets rapidly retract into a ball when stimulated

by ADP (Radley & Hartshorn, 1987).

1.2.4 Platelet production in the pulmonary circulation

It is well established that megakaryocytes derived from the marrow are a normal
component of the blood. Their numbers have been shown to be increased in the
circulation following surgery, in cancer and inflammatory diseases. Identification of
megakaryocytes with copious cytoplasm in blood indicates that platelet release from
these cells may take place outside the bone marrow. Megakaryocytes are also found in
various tissues including the lung, spleen, kidney, liver and heart, but are particularly

abundant in the lung and pulmonary circulation (Zucker-Franklin & Phillip, 1999).
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Megakaryocytes were first observed in the pulmonary vascular bed in 1893 (Aschoff,
1893), and it was proposed that they had originated from the marrow, entered the venous
circulation and because of their size, become trapped in the lungs where they were
fragmented into platelets. Changes in the biochemical environment may facilitate this
process, and an oxygen-rich environment within the lung microvasculature may
accelerate proplatelet formation. Subsequent studies have shown circulating and
pulmonary megakaryocytes and naked nuclei in normal subjects and their increase in
several conditions (reviewed by (Tavassoli, 1980)). Based on differential megakaryocyte
and platelet counts between pulmonary arterial and venous systems (Tinggaard Pedersen,
1978), and scanning electron microscopic studies (Handagama et al, 1986), it has been
concluded that pulmonary blood vessels may play a role in platelet production.

The hypothesis is that megakaryocytes and proplatelets enter the peripheral circulation,
travel to the pulmonary circulation where they are physically fragmented by random
sequential binary divisions in the pulmonary circulation. Mathematical modelling has
revealed that this process could result in the observed log-normal distribution of platelet
volume (Trowbridge et al, 1983). To investigate this hypothesis, blood has been sampled
from either side of the pulmonary circulation. Megakaryocytes isolated from the
pulmonary artery have been shown to be intact, easily classifiable as mature, and at the
platelet forming stage. Such megakaryocytes were large, occasionally larger than the
megakaryocytes seen in marrow smears and in the pulmonary vein (Woods et al, 1992b).
Indeed the potential number of platelets produced from megakaryocyte cytoplasm in the
pulmonary circulation each day approaches the expected daily production rate. Further

estimates of the numbers of megakaryocytes required to maintain normal platelet count in
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man and rats, were compared to experimentally observed numbers of megakaryocytes.
Sufficient numbers of megakaryocytes were found to enter the pulmonary circulation and
shed their cytoplasm to account for total platelet production (Martin et al, 1986). In the
absence of lung filtration during cardiopulmonary bypass, intact megakaryocytes are
found in venous and arterial blood (Woods et al, 1992a), indicating that megakaryocytes
normally lose their cytoplasm in the pulmonary vasculature. Further support for
pulmonary platelet production is the finding of increased platelet count in pulmonary
veins compared to pulmonary arteries (Kallinikos-Maniatis, 1969), and the histological
identification of megakaryocyte cytoplasmic fragments in pulmonary vessels (Lunetta &
Penttild, 1997). Indeed, the numbers of entire megakaryocytes observed in the lung was
found to increase in thrombocytopenic rabbits with increased thrombopoiesis when
compared to control animals (Martin et al, 1986), and the mean proplatelet count has also
been shown to be higher in the right ventricle compared to the left ventricle in normal rats
and rats with induced acute blood loss (Handagama et al, 1987).

In umbilical cord blood, the number of megakaryocytes with copious cytoplasm is higher
in arteries compared with veins (Woods et al, 1992a), indicating the removal of
megakaryocyte cytoplasm in the placental circulation. The placenta therefore seems to be
the site of intrauterine platelet production since the pulmonary circulation is bypassed
during pregnancy.

The theory of pulmonary platelet production is thus supported by observations of changes
in megakaryocytes, megakaryocyte naked nuclei and platelet counts between central
venous and arterial blood (Zucker-Franklin & Phillip, 1999; Zucker-Franklin & Phillip,

2000).
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1.2.5 Megakaryocytes and Platelet Formation in Culture

Various investigators have obtained valuable insights into platelet formation by studying
living megakaryocytes in short-term cultures. Thiery and Bessis (1956) showed that a
proportion of freshly prepared megakaryocytes from rat bone marrow were capable of
transforming themselves from globular cells to squid-like forms with long pseudopodal
extensions. After four hours in culture these pseudopods had lengthened and developed to
the typical appearance of proplatelets. Pulvertaft (1958) observed similar transformations
in preparations of human bone marrow.

More recently, the discovery of TPO has enabled adequate megakaryocyte maturation to
achieve the terminal stage of platelet production (Cramer et al, 1997); (Norol et al, 1998;
Falcieri et al, 2000). Without the addition of TPO to cell cultures, terminal differentiation
of megakaryocytes was not possible. That megakaryocytes are able to produce platelets in
suspended culture possibly rules out the necessity for the stromal microenvironment and
the shear stress within the circulation. Phase céntrast microscopy and video microscopy
has revealed the ability of cultured megakaryocytes to form proplatelets, and subsequent
platelets (Italiano et al, 1999). In the initial stages of proplatelet formation, the
megakaryocyte was found to spread, and the cytoplasm began to unravel at one end. As
the cytoplasm unravels, it is remodelled into large pseudopodia, which elongate and
become thinner, forming narrow tubes of 1-4pm diameter. In this manner, the entire
cytoplasmic space of the megakaryocyte is converted into proplatelets, which develop
further develop constrictions along their length that impart a beaded appearance. In the

final stage of platelet formation, proplatelets separate from the residual cell mass and are
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released into the culture medium by a retractile mechanism. However, this is only

circumstantial evidence as it may not entirely reflect what happens in vivo.

1.3 Platelet Heterogeneity

Platelets are known to be heterogeneous with respect to size, density, function,
metabolism and age. One possible explanation for this is that heterogeneity relates
primarily to ageing and that young platelets are larger, with greater buoyant density,
metabolism and function when compared to the general platelet population or aged
platelets. Loss of granules, due to the release reaction occurring during their life span,
would result in diminishing size as the platelets age in the circulation. The second
hypothesis for the origin of platelet heterogeneity follows the observation that
megakaryocytes mature to the phase of platelet release in different classes with respect to
DNA content. It is therefore possible that megakaryocytes of different ploidy release
platelets with different physical properties. Whether heterogeneity is a function of platelet
senescence with loss of function and/or a reflection of heterogeneous platelet production
remains to be fully established. The study of the origin and biological significance of
platelet heterogeneity has progressed slowly and with conflicting results. This can be
attributed to the use of diverse methods for separating platelet sub-populations, to the
performance of studies within different animal models and to the inherent complexity of

platelet heterogeneity.
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1.3.1 Platelet Volume

In a manner similar to the way in which RBC production is controlled to maintain
oxygen-carrying capacity of blood, platelet production is regulated to maintain a constant
functional platelet mass. Contributing to platelet mass are platelet count, and volume,
which are determined either by production, age or previous haemostatic interactions. A
number of studies have demonstrated a correlation between platelet volume and platelet
aggregation, (Karpatkin, 1978a; Ginsburg & Aster, 1972). This observation does not
simply reflect the physical differences of size, but differences in function (Thompson et
al, 1983a).

Advances in cell sizing have made MPV routinely available in most clinical laboratories,
however the relevance of platelet volume to platelet physiology and pathology remains to
be fully established. This can be attributed at least in part to methodological problems.
MPYV has been shown to vary with the type of anticoagulant used, and the time to analysis
after venepuncture. EDTA is the most commonly used anticoagulant for full blood count
analysis, however platelets are transformed from their elliptical shape to spheres
immediately upon exposure to this anticoagulant. Furthermore, EDTA increases
intracellular cyclic AMP, and alters membrane permeability thereby inducing progressive
cellular swelling. The increased MPV induced by exposure to EDTA is therefore time
dependent. Citrate containing anticoagulants do not change the normal platelet discoid
morphology and therefore produce steady MPV’s when compared to EDTA (O'Malley et
al, 1996). Furthermore, the MPV does not vary with time when citrate is used, provided

that in vitro platelet activation is not occurring.
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Normal platelets are heterogeneous in size, with a normal volume ranging from
approximately 5 to 11 fl, and a diameter of 1.5 to 4 pm. An inverse relationship between
platelet volume and count has been reported (Levine & Bessman, 1983). Under normal
conditions, the platelet mass (count x volume) remains steady to achieve similar
haemostatic efficiency in different individuals. The inverse correlation between platelet
count and MPV apparently appears not to exist for individuals with a platelet count over
450 x 10%/1. This suggests that there is a physiological restriction for the minimal platelet
volume produced so that when platelet count exceeds 450 x 10%1, maintenance of
constant platelet mass can no longer be achieved by decreased MPV (Thompson &
Jakubowski, 1988). In disease states it is possible to find platelets with increased MPV,
such as patients with heterozygous thalassemia, sickle cell anaemia, ITP, ET, diabetes
and heart disease, and decreased MPV in subjects with chronic renal failure,
megaloblastic anaemia, or in patients treated with cytotoxic chemotherapy (Levine &
Bessman, 1983; Garg et al, 1971; Bessman & Levin, 1979; Domoulin et al, 1981).

The broad log-normal distribution of platelet volume that exists suggests a degree of
randomness in platelet formation, which may reflect megakaryocyte fragmentation. A
close relationship exists between megakaryocyte ploidy and platelet size and number.
Within 18 hours of induction of thrombocytopenia in rats, large platelets appear in the
circulation. These platelets are therefore potentially derived from megakaryocytes that
were already undergoing final maturation. Changes in megakaryocyte ploidy coupled
with major cytoplasmic growth also occurred between 18-48 hours. This shift towards a

higher average ploidy level in megakaryocytes resulted in an influx of platelets between
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48 and 96 hours (Odell et al, 1976). In normal situations however, megakaryocyte ploidy
follows a direct non-linear relationship to MPV. Furthermore, the control of MPV may be
governed by the average thickness of the proplatelets as well as the distance between
constriction sites. Proplatelet processes from canine megakaryocytes appear to be thicker
than those from rats (Handagama et al, 1986), an observation which is consistent with
canine platelet MPV being 40 % greater than that of rat platelets (Eason et al, 1986).
Analysis of platelet volume distribution suggests that the small deviation from log-
normality in the tail of the distribution is caused by the presence of a small number of
unfragmented proplatelets (Paulus ef al, 1996).

Whether this variation in platelet volume may be a consequence of megakaryocyte
fragmentation or ageing, platelet volume may have some relationship to platelet function
and may have clinical and therapeutic importance. Clinically, a bleeding tendency is seen
less frequently in patients with ITP or with bone marrow recovery following
chemotherapy when platelet counts are low and MPV high, than in patients with aplastic
anaemia who have low platelet counts and low MPV (Eldor et al, 1982). This can be
explained by the observation that larger platelets have increased functional capacities
(Kraytman, 1973). A further support for this explanation is the decreased bleeding time
associated with production of large platelets in response to experimentally induced
thrombocytopenia in animal models (Martin et al, 1983). The mechanisms by which
platelet volume is regulated following depletion of platelet mass remain unresolved. In
response to destruction of platelets by anti-platelet serum, platelet volumes significantly
increase 40 hours before a change in megakaryocyte ploidy distribution (Corash et al,

1987), and as early as 4 hours following induction of severe thrombocytopenia (Corash et
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al, 1990), suggesting that the mean platelet volume of platelets released from the
megakaryocyte is determined by the process of growth or demarcation rather than
alterations in megakaryocyte ploidy. Furthermore, platelet volumes have been found to
increase rapidly following moderate thrombocytopenia without any subsequent change in
bone marrow megakaryocyte ploidy distribution (Corash et al, 1987). Indeed an inverse
relationship has been observed between the severity of platelet depletion and the maximal
platelet volume achieved (Corash et al, 1990) in intact and splenectomised mice. An
explanation for the rapid increment in platelet volume following induction of severe
thrombocytopenia is an increase in megakaryocyte cytoplasmic volume without an
increase in ploidy resulting in the production of larger platelets. Alternatively, platelet
volume could be altered rapidly by a change in the process of platelet release from mature
megakaryocytes. Following induction of severe thrombocytopenia, an increased
proportion of ‘proplatelets’ have been observed (Tong et al, 1987).

Some studies of platelet size in response to cessation of platelet production have
suggested that platelets decrease in size as they age in the circulation (Blajchman et al,
1981). Other studies however have shown that platelet volume is not associated with
platelet ageing in the circulation during steady state thrombopoiesis (Harris & Penington,
1984). It has been proposed however, that due to improved capacity for self maintenance
and repair, larger platelets have a longer life span than smaller ones (Thompson et al,
1983b; Chamberlain & Penington, 1988b). The decrease in mean platelet volume of
circulating platelets seen following radiation or chemotherapy may reflect platelet ageing
in the circulation, altered platelet physiology caused by treatment, or selective

consumption of larger platelets as a result of increased haemostatic demand. Selective
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consumption of large platelets has been reported following surgery and trauma
(Kraytman, 1973; Yamazaki et al, 1980).

Using counterflow centrifugation (Thompson et al, 1982) it was shown that differences in
platelet volume correlate with differences in density, dense body content, platelet

aggregation to ADP and serotonin uptake and release.

1.3.2 Platelet Density

Circulating human platelets have an approximately normal density dispersion within the
range of 1.04 to 1.09 g/ml (Martin et al, 1983b). The density of platelets is determined
primarily by granular content (Corash et al, 1977; Corash et al, 1984). The platelet
density is thus related to platelet volume and is an important determinant of platelet
activity, high density (HD) platelets thus have greater functional capacity (Harver &
Gear, 1981), and a metabolic advantage (Chamberlain et al, 1989b) compared to low
density (LD) platelets. HD platelets were found to release considerably more ADP and
ATP following exposure to ADP and thrombin, and increased calcium mobilisation
compared to LD platelets (Karpatkin, 1969b; Bai-Yan et al, 1996). Furthermore, HD
platelets have greater magnitude of aggregation by thrombin, ADP and 5-HT (Karpatkin,
1969b; Thompson et al, 1983a). Further evidence that HD platelets have enhanced
functional capacity is that LD platelets release negligible quantities of PF4 while HD
platelets release ten times as much (Karpatkin, 1969b). Furthermore, HD platelets contain
more glycogen, orthophosphate, ATP, AMP and protein than LD platelets (Karpatkin,

1969a). HD platelets also have greater glycogen synthetase, protein synthesis and more
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rapid glycogenolysis and glycolysis and thus have a metabolic advantage. LD platelets
also contain only 2/3 the concentration of mitochondrial enzyme activity possessed by the
HD platelets (Chamberlain & Penington, 1988c). More recently, a computerised image
analyser has provided greater amounts of objective, quantitative data than was previously
published (Chamberlain et al, 1988a). LD platelets were found to contain significantly
greater amounts of SCCS than HD platelets, and the number of mitochondria per unit
area are were also found to be related to platelet density.

In humans, platelet density has been reported to increase (Boneu et al, 1982; Mezzano et
al, 1984; McDonald & Ali, 1983) to remain constant (Penington et al, 1976; Boneu et al,
1982) (Leone et al, 1979), or to decrease (Karpatkin, 1969b; Amorosi et al, 1971) during
ageing in the circulation. A possible explanation for an increase in platelet density during
platelet ageing is a progressive accumulation of 5-HT by platelets as they age in the
circulation (Mezzano et al, 1984). The relationship between platelet age and density is
thus controversial, most likely due to inter-species differences and difficulties in
experimental technique. Indeed, the validity of these studies has been questioned
(Penington et al, 1976) following the observation that platelets may degranulate during
density separation. If this was the case then such measurements of platelet density, and
function may simply reflect platelet degranulation as activated, degranulated platelets in
the circulation have a significantly lower density distribution than normal platelets
(Reimers et al, 1976; Cieslar et al, 1979; van Oost et al, 1983). Such degranulated
platelets can circulate for the same length of time as normal platelets (Michelson et al,
1996) and can thus have an effect on the overall platelet density. It seems likely that the

processes of thrombopoiesis plays a key role in the determination of platelet density. Low
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density human platelets however, show metabolic and functional deficiencies which
might be attributed to worn-out senescent platelets.

It has also been proposed that platelets are heterogeneous not only with respect to volume
and density, but also with respect to their survival characteristics with LD populations

being shorter lived than their HD counterparts (Corash et al, 1978).

1.3.3 Platelet Ageing, life span and clearance

Platelets are shed from the cytoplasm of the most mature megakaryocytes into the bone
marrow and lungs and from there are released into the peripheral blood. These anucleated
platelets contain rough endoplasmic reticulum (derived from the megakaryocyte) and thus
retain the ability to synthesise small amounts of protein (Kieffer et al, 1987). Young
platelets hence contain some residual mRNA which degrades relatively quickly (~24
hours) following their release into circulation (Dale et al, 1995; Ault & Knowles, 1995)
in comparison to the total life span of the platelet (~10 days). It is possible to detect this
mRNA in individual platelets by staining with a variety of fluorochromes and supravital
dyes. Intact platelet mRNA can also be extracted for PCR analysis of platelet proteins
(Newman et al, 1988).

The term “reticulocyte” was proposed at the beginning of the century to describe the
young erythrocytes which stained with supravital dyes (Howes, 1909). It was not until
1969 however, that the platelet analogue for reticulocytes, “reticulated platelets” was
described by Ingram and Coopersmith (1969) when they observed the appearance of a
unique population of newly formed platelets soon after the induction of acute blood loss

in beagle dogs. These newly released platelets contained coarse and punctate
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condensations, which could be labelled with new methylene blue (NMB), and hence, they
were suggested to be analogous to red cell reticulocytes.

The first procedure for routine manual analysis of red cell reticulocytes was developed to
provide a simple means for assessing the erythropoietic activity of the bone marrow. This
procedure was based on the fact that ribosomes within cells react with the supravital dye
NMB to form a precipitate of granules/filaments (reticulum) which can be detected and
counted via oil immersion microscopy.

When platelets were decreased in normal subjects to a level of ~75 x10%/1, the bleeding
time became prolonged. Newly formed platelets such as those produced in the recovery
phase of drug induced purpura, were able to promote a normal bleeding time at a level of
~25 x 10°/1. New platelets entering the circulation thus appear to be much more effective
than platelets of a normal age distribution (Shulman & Watkins, 1968)

Data obtained from the measurement of autologous platelet survival in normal subjects
suggests that platelet removal is approximately linear, with minimal random destruction
until the tail-end of the life span. Platelets from humans therefore circulate for 10 days
prior to being removed from the circulation by an age dependant process. Platelets are
also removed from the circulation in a random fashion as they undergo their
physiological function.

The mechanisms involved in the clearance of senescent platelets are mostly unknown.
Reticuloendothelial cells in the liver and spleen can distinguish mature from young cells

and remove the aged cells.
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As human platelets age in the circulation they have been shown to undergo a series of
changes. Platelet ageing is associated with changes in density, size, a-granule content,
fibrinogen content, mRNA content, platelet associated IgG, and serotonin (5-
hydroxytryptamine) content (Heilmann et al, 1994; McDonald et al, 1964; Mezzano et al,
1981; Mezzano et al, 1984; Rinder et al, 1998b; Ault et al, 1992; Dale et al, 1995). Loss
of membrane phospholipid asymmetry (Pereira et al, 1999a), and phosphatidylserine
exposure in the outer leaflet of the cell membrane, are distinct steps in platelet ageing,
occurring just before the platelets are removed from the circulation. In vitro phagocytosis
studies have revealed (Pereira et al, 1999b) a three fold greater uptake of
phosphatidylserine expressing platelets over resting platelets by activated monocytes
through the scavenger receptor CD 36.

More recently, platelets have been shown to express apoptosis-related genes (Vanags et
al, 1997). Platelet activation was found to result in Bcl-2/Bax modulation which
combined with volume shrinkage, phosphatidyl serine exposure, vesiculation and cell
fragmentation, is suggestive of apoptosis (Brown et al, 2000) (Vanags et al, 1997). Such
apoptotic proteins may be derived from megakaryocytes, which may also undergo
apoptosis once they have completed the process of thrombopoiesis. Indeed it has been
suggested that the process by which megakaryocytes produce platelets involves apoptosis
(Radley & Haller, 1983).

Furthermore, features of apoptosis have been observed in platelets aged for 18 hours in
citrated plasma including cytoplasmic condensation, retention of plasma membrane

integrity, and phosphatidylserine and P-selectin exposure at the platelet surface (Brown et
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al, 2000). Human platelets in vitro have thus been shown to undergo a constitutive
program of cell death that is caspase-independent and that results in the specific
recognition of affected cells by phagocytes employing the scavenger receptor as a
recognition mechanism (Brown et al, 2000).

The relationship between platelet age and volume is an important one. Large platelets
have been used as an index of megakaryocyte proliferation (Garg et al, 1971). Few
studies however have compared properties of young and old platelets during steady-state
thrombopoiesis. It is therefore possible that the larger size of ‘young’ platelets observed
in many studies‘may be conditioned by the rapid rate of production rather than their
youth. Young platelets in rabbits show greater adherence to collagen fibres in vitro and in
vivo, but are not selectively aggregated by ADP (Hirsh et al, 1968). Greater aggregation
of young rat platelets has been reported following ADP stimulation (Harver & Gear,
1981), and young baboon platelets have been reported to be more sensitive to thrombin-
induced aggregation than relatively old platelets (Thompson et al, 1984).

A patient with congenital thrombopoietin deficiency, whose thrombopoiesis could be
switched on by plasma infusions, provided some information on age dependent properties
of platelets (Johnson et al, 1971). Following infusion of fresh frozen plasma, the platelet
count rose from 10 to 500 — 800 x 10%1, by day 9-10 and then gradually returned to
baseline by day 21-23. Relatively young and old platelets were obtained 4 and 18-21 days
after infusion respectively. Older platelets were associated with longer bleeding times,
decreased platelet adhesiveness and deficient platelet factor 3 availability. Aged platelets
lose the ability to aggregate in response to weak agonists such as ADP, and fail to adhere

and spread on collagen coated slides (Brown et al, 2000). Furthermore, in vivo
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biotinylation studies have shown that older platelets have an impaired response to
thrombin (Peng et al, 1994b) as measured by P-selectin expression. In another study of P-
selectin expression, human reticulated platelets were shown to have enhanced responses
to agonists (Rinder et al, 1998b). Platelets have thus been shown to deteriorate in
functional ability as they age in the circulation. A possible explanation for this is a
decrease in MPV as platelets age in the circulation (Mannucci & Sharp, 1967; Harver &
Gear, 1981). There is also some evidence to suggest that platelets undergo little change in
size as they age (Thompson et al, 1983b), and that platelet age and size are independent
determinants of platelet function (Thompson et al, 1984). Another explanation for the
age-related decrease in platelet function is the loss of platelet surface glycoproteins as
platelets age in the circulation (Steiner & Vancura, 1985; George, 1978). Loss of these

molecules over time may lead to deterioration of the functional ability of the platelet.

1.3.4 Platelet sequestration in the spleen

The spleen continually, but transiently sequesters about a third of circulating platelets.
Splenic platelets also tend to be larger than their circulating counterparts (Freedman &
Karpatkin, 1975), and can be released into the circulation following exercise (Peatfield et
al, 1985) or the administration of adrenaline (Lande et al, 1985). There is also some
evidence to suggest that young platelets may be preferentially sequestered to the spleen.
Recovery of peripheral platelet count following acute severe thrombocytopenia was more
rapid in splenectomised mice than in mice with intact spleens (Corash et al, 1990). In
another study, patients with intact spleens were found to have prolonged bleeding times

despite having a higher platelet count, when compared to patients who had been
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splenectomised (Shulman & Watkins, 1968). When thrombocytopenic patients were
hypertransfused with platelet concentrates from normal and splenectomised donors, the
overall survival of platelets from splenectomised donors was found to be two days longer
than that of normal platelets. Furthermore, platelets from normal donors became
ineffective haemostatically after being in the circulation for more than two days while
platelets from splenectomised individuals became ineffective after four days in the
circulation (Shulman & Watkins, 1968). In a canine model, in vivo biotinylation studies
revealed that splenectomised animals had significantly lengthened platelet life span
compared to control animals (Dale ef al, 1996). This evidence all supports the notion that
the spleen potentially retains the newly formed platelets for a period of 1 — 2 days before
release into the circulation.

Measurement of the circulating platelet number therefore underestimates the available
platelet pool by 30 — 35 % because of sequestration of platelets, primarily in the spleen
(Shulman & Watkins, 1968) (Aster, 1966). Adrenaline injection into rabbits or dogs
resulted in a rapid increase in platelet count and mean platelet volume, while splenic
massage of anaesthetised rabbits resulted in an increase in mean platelet volume
(Freedman & Karpatkin, 1975). Platelets sequestered in the spleen are thus larger on
average than those in the circulation. Predictably, a marked increase in platelet count and

MPYV may be observed in subjects following splenectomy (Boneu et al, 1973).

1.3.5 Circadian Variation of platelets

Circadian variations of platelet aggregability, heart rate, blood pressure, fibrinolytic

activity, thromboxane production and coagulation have been described in normal controls
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(Jafri et al, 1992). Indeed, increased platelet aggregability and onset of MI seems to occur
more frequently in the morning, following awakening (Tofler et al, 1987). Circadian
rhythms have also been observed in platelet activation and in circulating platelet
aggregates (Undar et al, 1999), with platelets circulating in an activated state between
6:00 and 9:00 a.m. There is also circadian rhythm and indeed seasonal variation in
platelet production with abundant proplatelets found in the blood of humans in the
morning, which are almost absent by late evening (Behnke & Forer, 1998), coinciding
with a peak in low density platelets (Opper, 1994). Assumption of an upright posture and
activity in the morning, therefore coincides with increased platelet aggregability,
activation and increased numbers of proplatelets. Furthermore, platelet function as
measured using the PFA-100™ which uses whole blood under high shear to provide an in
vitro equivalent of the bleeding time, demonstrated that the closure time shortened on
rising, then gradually increased during the day (Dalby et al, 2000). It is therefore
unsurprising that the onset of MI often occurs in the period of waking and commencing

activities.

1.3.6 Heterogeneity in Disease

There is considerable inter-individual variation in platelet counts within the population,
with a normal range varying from 150 — 400 x 10%1. Changes in platelet number
(thrombocytopenia, thrombocytosis) or in platelet function may result in defective
haemostasis. Indeed, a low platelet count (below 10-20 x 10°/1) may lead to bleeding
problems, and a transfusion threshold of 50 — 100 x 10°/1 is recommended for patients

undergoing surgery. Even when the platelet count is normal, changes in platelet volume
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may be indicative of certain disease states. A relationship between platelet count and
volume has been shown to exist (Bessman & Levin, 1979; Bessman et al, 1982). In
general low platelet counts are associated with higher MPV, and high platelet counts are
associated with low MPV. This non-linear inverse relationship between platelet count and
volume however does not exist when the platelet count exceeds 450 x 10%/1. It therefore
seems likely that it is the platelet mass (product of platelet count and volume) which is
closely regulated.

The relationship between platelet volume and age remains unclear with some data either
suggesting that young platelets are large, or that platelets of varying sizes are produced by
megakaryocytes. Despite this it is apparent that the number of platelets produced in
normal subjects and in disease states, is determined by the number of megakaryocytes,
and MPV is determined by megakaryocyte ploidy (Bessman, 1984). Furthermore, platelet
volume heterogeneity appears to influence platelet function with larger platelets
exhibiting increased haemostatic capacity when compared to smaller ones. Young
platelets have also been shown to have increased functional capacity, however such age
related changes in haemostatic capacity might not be related to platelet volume, but rather
a progressive loss of cell surface glycoproteins and receptors.

Alterations in platelet volumes have been described in various disease states, e.g.
abnormally large platelets have been associated with myocardial infarction. Indeed it has
been suggested that an increase in the production of larger platelets may contribute to the
myocardial infarction itself as large platelets are more active than smaller ones. Indeed

increased MPV has been shown to correlate with reinfarction (Martin et al, 1991). A less
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likely hypothesis is that increased consumption of small platelets at the site of the
infarction would result in the observed increase in MPV (Sewell ef al, 1984).

Studies of experimentally induced thrombocytopenia in mice have shown a relationship
between the decreasing platelet count and the increasing MPV (Levine & Bessman,
1983). The increased MPV was shown to reduce to normal with the normalisation of the
platelet count. Indeed, increased MPV and decreased platelet count may be observed in
patients with ITP and preceding platelet recovery following treatment with cytotoxic
drugs. In such instances, the appearance of large platelets may reflect increased platelet
production from stressed megakaryocytes. The increased MPV results in a shorter
bleeding time than would normally be expected based on the platelet count alone. Low
MPV in thrombocytopenia however, is associated with marrow aplasia. The platelet
volume may therefore be predictive of whether a low platelet count is caused by
hypoproduction or hyperproduction.

Furthermore, MPV has also been shown to have a predictive value in the distinction
between primary and secondary thrombocytosis and in predicting the development of pre-
eclampsia and progressive hypertensive disease in pregnancy.

In addition to the platelet count, analysis of platelet age, size, and previous haemostatic
interactions might therefore be able to further our understanding of platelet heterogeneity
in disease states. Application of these concepts to clinical problems may provide
important insights into platelet physiology and reactivity. Failure to account for
differences in platelet heterogeneity among individuals may introduce significant errors
in the interpretation of data from laboratory and clinical investigations. However, despite

advances, a number of practical issues remain to be resolved before measurements of
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platelet heterogeneity become accepted as routine clinical tests and are used in the

diagnosis of pathologic states.

1.4 Aims of Thesis

While decisions for patient treatment and management are often based on the platelet
count, measurement of other platelet parameters might better determine the potential for
bleeding. There is some evidence to support the hypothesis that large platelets with
increased function compensate for low platelet count. It has also been suggested that
young platelets, recently released into the circulation are larger in volume, and have
increased function compared to older platelets. Primary haemostasis might therefore be
better reflected by measurements other than platelet count, which provide an indication of
the quality of platelets. Potential measurements therefore include MPV, platelet
activation markers and reticulated platelets.

In the late 1980’s, there was a great deal of research on platelet heterogeneity, however
there was considerable discrepancy in the literature, and the relationships between platelet
volume, age and function remain unclear (Carver-Moore et al, 1996). Experiments have
therefore been designed, utilising new technology, to determine the relationship between
platelet age, volume and function. A clearer understanding of the physiological interplay
between these parameters is important in understanding the pathophysiology of diseases
influencing platelets, and may provide more useful approaches to detecting the
contribution of platelets to primary haemostasis. Measurement of the quality and
functionality of platelets in conjunction with an accurate platelet count, may be more

relevant in making decisions relating to patient treatment.
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The aim of this thesis is therefore to investigate the relationship between platelet volume,
age and functionality as this might improve our understanding of the relevance of platelet

heterogeneity in platelet physiology.

Specific Aims

1. To investigate the granularity of young platelets and its relevance to the measurement
of reticulated platelets

2. To determine the relationship between volume, age and function in normal subjects,
using flow cytometric methods

3. To investigate the origins of platelet production and platelet volume heterogeneity

4. To determine the clinical relevance of altered platelet heterogeneity

71



General Methods

The addresses of companies, which supply the reagents, equipment and consumables

used in this thesis, are given in appendix 1, and are thus cited by name only.

2.1 Collection and Separation of Blood Samples

2.1.1 Sample Collection

Ethical Committee approval and informed consent was obtained for the collection and
investigation of any extra blood samples from patients. Blood was collected from
apparently healthy normal subjects and patients previously diagnosed with essential
thrombocythaemia (ET), human immunodefficiency virus (HIV) infection, Bernard
Soulier syndrome (BS), Hermansky Pudlak syndrome (HPS), idiopathic
thrombocytopenic purpura (ITP), storage pool disease (SPD), thrombotic
thrombocytopenic purpura (TTP), myocardial infarction (MI), unstable angina (UA), and
patients recovering from chemotherapy.

Since the physiological role of platelets in blood is to identify and react with abnormal
surfaces, they are immediately affected by exposure to any foreign surface. To minimise
and standardise platelet activation during venesection, an atraumatic procedure was used.

Samples for platelet activation studies were collected from donors who had rested for
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approximately 20 minutes prior to venepuncture. Blood was collected from the
antecubital fossa with minimal stasis using a 21-gauge Butterfly® needle and
Vacutainer® system with a luer adapter (Becton Dickinson). The first 4.5 ml of blood
was drawn directly into a sterile Vacutainer® containing a final concentration of 1.0
mg/ml EDTA (K,) and was used to perform a full blood count. The tourniquet was
released slightly for collection of the next 4.5 ml of blood collected into a sterile
Vacutainer® containing 0.5 ml 0.105 M sodium citrate. This sample was used for platelet

activation markers and other platelet tests.

2.1.2 Separation

Platelet Rich Plasma (PRP)

PRP was prepared from citrate anticoagulated whole blood. Samples were centrifuged at
180 g for 10 minutes at room temperature. The top two thirds of PRP was carefully
removed without disturbing the buffy coat, and diluted to a platelet count of 250 x 10%/1

using PPP (see below).

Platelet poor plasma (PPP)

Plasma was separated within two hours of collection. PPP was prepared by centrifugation
of anticoagulated blood samples at 2000 g for 15 minutes at room temperature. The top
two thirds of plasma was removed with a disposable Pasteur pipette. From this, platelet
deficient plasma was prepared by further centrifugation at 2000 g for 15 minutes at room

temperature. Once more, the top two thirds of plasma was removed and aliquoted into
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polypropylene tubes and frozen at —70 °C. Plasma was rapidly thawed at 37 °C

immediately prior to further analysis.

2.2 Full Blood Counts

Full blood counts and mean platelet volume (MPV) measurements were performed on
blood anticoagulated with EDTA and citrate, using a Coulter STKS cell haematology

analyser (Beckman-Coulter Ltd) or SE9500 (Sysmex UK Ltd).

2.3 Flow Cytometry

2.3.1 General Principle

Flow cytometry is a powerful laboratory technique for the assessment of platelet
activation and function within whole blood. Hydrodynamic focussing allows the flow
cytometer to simultaneously detect scattered light and fluorescence of platelets. The
resulting scattered light and fluorescence are collected and converted to electrical pulses,
which are digitalised for computer analysis. Frequency distributions can be viewed as
single or multiple variable histograms for evaluating cell measurements. Advantages of
this technique are: 1) only a relatively small amount of blood is required, even from
thrombocytopenic donors, 2) the capacity to obtain information about the physiological
state of platelets with minimum sample manipulation, 3) the ability to identify and
analyse platelets without contamination by other cell types, and 4) the ability to measure

multiple populations of cells. This technique is able to measure the three functional
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responses of platelets (release, adhesion and aggregation), platelet hyperactivity,
circulating activated platelets, leukocyte-platelet aggregates and platelet-derived
microparticles. Clinical applications of flow cytometric assays of platelet function may
include identification of patients who would benefit from additional anti platelet therapy
or platelet transfusions and prediction of ischemic events. Furthermore, flow cytometry
permits diagnosis of inherited deficiencies of platelet surface glycoproteins, storage pool

disease and measurement of thrombopoiesis.

2.3.2 Quality Control

A daily verification of the flow cytometer’s optical alignment and fluidics system was
performed, using Flow-Check™ Fluorospheres (Beckman-Coulter Ltd). This is a
suspension of microspheres with uniform size (10 pm) and fluorescence. Each
fluorosphere contains a dye with fluorescence emission from 525 to 700 nm when excited
at 488 nm. The half-peak coefficient of variance (HPCV) and peak position was recorded
daily for forward scatter and each of the fluorescence parameters. HPCV’s of < 1.6 were

accepted for the quality control .

2.3.3 Platelet Surface Markers CD42b, CD62p and CD63

Principle

Platelet membrane glycoproteins located on the surface of platelets play a key role in
normal platelet adhesion and aggregation. Some of these glycoproteins such as
glycoprotein Ib (CD42b) are platelet specific and can therefore be used to identify

platelets within whole blood. In response to agonists such as thrombin, collagen or ADP,
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specific activation dependent modifications of platelet antigens can be detected. Platelet
activation results in an intracellular signal transduction cascade involving ion fluxes and
activation of the cytoskeleton. The end result is secretion of granule contents, and altered
expression of already constitutively expressed surface glycoproteins. The release reaction
of platelets is associated with the neo-expression of o—granule glycoproteins such as
CD62p or dense granule and lysosomal glycoproteins such as CD63. Measuring the
expression of these antigens on circulating platelets reflects not only the activation state

of the platelets but also to what extent secretion has occurred.

Reagents

Monoclonal antibodies: anti-CD42b-PE, anti-CD62p-PE, and anti-CD63-FITC

(Immunotech, Beckman Coulter)

e Isotype controls IgG1-PE and IgG1-FITC (Immunotech, Beckman Coulter)

e HEPES buffered saline (HBS): NaCl 0.145 mol/l, KCl 5 mmol/l, MgSO, 1 mmol/l,
HEPES 10 mmol/l, pH 7.4, stored at 4 °C, warmed to room temperature and filtered
with a Sartorius Ministart® 0.2 pm syringe filter (Fisher Scientific) prior to use

¢ Formaldehyde solution (0.2 %): made up in 0.145 mol/l NaCl daily, and filtered with
a Sartorius Ministart® 0.2 um syringe filter (Fisher Scientific) prior to use

e Thrombin receptor activating peptide (TRAP) (Sigma-Aldrich, a kind gift from

Roche): used for validation of method, stock solution 400 pM
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Method

Blood samples were processed within one hour of venepuncture. 5 pl whole blood was
added to 40 pul HBS and 5 pl of test antibody or its corresponding isotype control for 20
minutes at room temperature. At this point the samples were fixed in 0.5 ml of 0.2 %
formalin saline for 10 minutes prior to flow cytometric analysis on a Coulter® Epics®
XL-MCL flow cytometer (Beckman Coulter). Platelets were identified according to their
characteristic size (log forward scatter) and granularity (log side scatter). An electronic
gate was drawn around the platelet cloud within a listmode gate to exclude red and white
cells from the analysis and 10,000 platelet events were collected (Figure 2.1).
Verification of the platelet gate was performed using the monoclonal antibody anti-
CD42b. The platelet gate was adjusted such that > 95 % of the particles analysed were
anti-CD42b positive (Figure 2.2). Such verification of the platelet gate is especially of
benefit in problematic samples where cellular debris can overlap with the platelet cloud.
Analysis regions were set using negative controls such that 0.5 % of the platelet
population were in the positive region. Fluorescence profiles for CD 62p and CD 63
taken from a healthy normal subject may be visualised in Figures 2.3 and 2.4
respectively.

20 haematologically normal donors were used to establish the normal range. The mean
percentage of CD 62p positive platelets was 2.4 % with a 2SD range of 0 — 5.4 %, and the
mean percentage of CD 63 positive platelets was 5.9 % with a 2SD range of 2.1 - 9.7 %.

The inter assay CV for both CD 62p and CD 63 was 7.6 %.
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Method Verification

Platelets were activated in preliminary experiments using thrombin receptor activating
peptide (TRAP) of increasing concentrations to verify that the antibodies were capable of
detecting different degrees of platelet activation. An example of a TRAP dilution curve as
measured by CD 62p expression is given in Figure 2.5. Thrombin cleaves a portion of the
thrombin receptor PAR-1, creating a new N terminus, which acts as a tethered ligand to
activate the receptor. TRAP is homologous to this N terminus and has been shown to
activate platelets without the formation of multi-cellular platelet aggregates. TRAP may
therefore be added to platelets to simulate the release reaction of platelet activation
without aggregation. It is important to note however, that platelet activation mediated by
thrombin results in activation by at least three pathways (PAR-1, PAR-4 and GPIb), and
that the tethered ligand receptor (PAR-1) may not be the only platelet receptor for

thrombin (Seiler et al, 1991).
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2.3.4 Reticulated Platelet Measurement

Principle

This two-colour analysis of reticulated platelets utilises the antibody CD61 conjugated to
PerCP and a dilution of a thiazole orange solution (TO, Retic-COUNT) to determine the
percentage of reticulated platelets present in whole blood samples. The CD 61 PerCP
antibody binds to surface glycoprotein Illa on the platelet, whilst TO readily crosses the
platelet membrane. Since there is no quality control material available for the
measurement of reticulated platelets, a haematologically normal sample should be run
with every batch of samples, and the values obtained for this sample should fall within a
normal range as established for each individual flow cytometer. The platelet cloud is
isolated based on the characteristic size (log forward scatter) and granularity (log side
scatter) of platelets (Figure 2.1), and is verified using anti-CD61, which fluoresces in the
FL4 channel. Microparticles and platelets bound to other blood cells will thus not be
included in the analysis. Reticulated platelets from within the GPIIla positive population
are identified by dual staining with Retic-COUNT solution, which fluoresces in the FL1
channel. (A PE conjugated antibody should be avoided in conjunction with TO, to avoid
problems with spectral overlap between fluorescence emissions caused by the relatively
high amount of fluorescence in FL2 compared to FL1). Histograms for the measurement

of reticulated platelets may be visualised in Figure 2.6.
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Reagents

¢ Monoclonal antibody anti-CD61 PerCP (Becton Dickinson)
e Isotype control IgG1-PerCP (Becton Dickinson)
e Retic-count (Becton Dickinson)

e Isoton® II (Beckman Coulter)

Final Method

5 pl of citrate anticoagulated whole blood was incubated with 5 pl CD 61-PerCP for 15
minutes, following which 1 ml Retic-COUNT (diluted 1:10 in Isoton® II) was added for
exactly 30 minutes in the dark. Control tubes consisted of 5 pl blood incubated with 5 pl
Mouse IgG,-PerCP for 15 minutes then 1 ml Isoton® II for 30 minutes. The tubes were
centrifuged at 800g for 5 minutes, the supernatants discarded and the pellets gently
resuspended in 0.5 ml Isoton® II for analysis. Platelets were identified by flow cytometry
(Coulter® Epics® XL-MCL) according to their characteristic size (log forward scatter)
and granularity (log side scatter). An electronic gate was drawn around the platelet cloud
within a listmode gate to exclude red and white cells. 10,000 platelet events were
collected. In the case of samples with large platelets extending into the red cell cloud,
whole blood was stained with CD 61 PerCP, and platelets identified by fluorescence (log
FL4) and log side scatter (log SS). Dual staining with TO was as described above. The
percentage and absolute numbers of reticulated platelets were found to be independent of

gender and age. The normal range of the percentage of reticulated platelets was 9.8 %
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with a 2SD range of 4.8 — 15.2 %, and the normal range of the absolute numbers of
reticulated platelets was 22.8 x 10°/L with a 2SD range of 11.4 — 35.1 x 10°/L. An intra
assay CV of 7.5 % was established for both the percentage of reticulated platelets and the
absolute numbers of reticulated platelets from 10 measurements of a single sample on one

day.

Method Verification

Details of method specificity and verification are given in Chapter three.

2.3.5 Mepacrine Measurement

Principle

Mepacrine (also called Quinacrine) is a fluorescent acridine derivative, which binds with
high affinity to adenine nucleotides, and stains only the dense bodies within platelets
(Skaer et al, 1981). It crosses the platelet membrane rapidly and is selectively taken up by
platelet dense granules. Measurement of mepacrine stained platelets provides a rapid and
sensitive way of studying platelet dense granules within PRP or whole blood. Therefore,
not only it is possible to identify patients with defects in the number of dense granules, it
is possible with TRAP degranulation to measure defects in platelet release from dense
granules. In this way, Mepacrine provides a measure of dense granule uptake and release.
Mepacrine is a metachromatic dye and thus dual labelling was not possible. Fluorescence

was collected in FL1 as either a percentage of positive events or as mean fluorescence
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intensity. Histograms for the measurement of mepacrine uptake with and without TRAP

degranulation may be visualised in Figure 2.7.

Method Validation

In order to verify that the method is measuring platelet granules, it was assessed by
measuring samples from five patients with storage pool disease (SPD) and five patients
with Hermansky Pudlak syndrome (HPS) where the platelets have an absence or
decreased number of dense granules (and thus reduced ADP content), or a defect in the
storage and/or release of granules. Indeed, the mepacrine uptake was significantly
reduced, when measured as a percentage of positive platelets or as mean fluorescence
intensity, in patients with SPD (25.3 % or 0.87) and HPS (16.8 % or 0.72), compared to
normal controls (41.1 % or 1.34, p, 0.04). The uptake of mepacrine after TRAP
degranulation was only significantly reduced in patients with SPD compared to normal
controls, when measured as mean fluorescence intensity (0.54 and 0.73, p=0.03). The
release reaction (the difference between mepacrine uptake in platelets with and without
TRAP degranulation), when measured as a percentage of positive platelets or as mean
fluorescence intensity, was significantly reduced in patients with SPD (14 % or 0.33) and
HPS (9 % or 0.15), compared to normal controls (25.9 % or 0.61, p<0.04). These results

may be visualised in Figures 2.8 and 2.9.

86



%

& #HB

% (

&

?

%

#

& (

(&

233

233

>

% ?

%

2333

2333

%

%

9?7 #

n

%



4
> $ $ 6 > $ $6 > $
&0 ! !
" >K?
% > -7 % $ % $ % >
: & ( $ 5 %
% ( & 3! [/ % & % Y & (

44



& (

% (

> $
&0
.
-2 %
& 3! |/

47

%



Reagents

e Mepacrine solution (2.5 pM): made up in Isoton® II prior to use from stock solution
of 5 mM Quinacrine (Sigma-Aldrich) in Methanol (Merck)

e Thrombin receptor activating peptide (TRAP) (Sigma-Aldrich, a kind gift from
Roche): used to determine TRAP-induced release of Mepacrine, stock solution 400
uM

e Isoton® II (Beckman Coulter)

Method

To measure total mepacrine uptake, 5 pl of citrate anticoagulated whole blood was
incubated with 1 ml 2.5 uM mepacrine for exactly 15 minutes in the dark. Control tubes
consisted of 5 pul blood incubated with 1 ml Isoton® II. The tubes were centrifuged at
800g for 5 minutes, the supernatants discarded and the pellets gently resuspended in 0.5
ml Isoton® II for analysis. To measure mepacrine uptake following TRAP degranulation,
5 pl whole blood was incubated with 80 pM TRAP (a concentration previously
determined to degranulate platelets as verified using CD 63) for 15 minutes. Mepacrine or
Isoton® II were added to control and test tubes as outlined above. Platelets were
identified by flow cytometry (Coulter® Epics® XL-MCL) according to their
characteristic size (log forward scatter) and granularity (log side scatter). An electronic
gate was drawn around the platelet cloud within a Listmode Gate to exclude red and

white cells. 10,000 platelet events were collected. The percentage or MFI of Mepacrine
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positive platelets with and without TRAP degranulation were found to be independent of
gender and age. The normal range for total Mepacrine uptake was 41.1 % or 1.34 with a
2SD range of 24.4 — 57.8 % or 0.88 — 1.79. The normal range for Mepacrine uptake
following degranulation was 15.2 % or 0.73 with a 2SD range of 4.2 — 26.2 % or 0.49 —
0.97. The difference between the two (functional granule content) was 25.9 % or 0.61
with a 2SD range of 12.8 — 39.0 % or 0.26 — 0.96. The intra assay CV for the
measurement of percentage mepacrine positive platelets was 9.1 % or 6.2 % for MFI,
while the intra assay CV for the measurement of percentage positive platelets post TRAP

degranulation was 13.8 % or 6.0 % for MFIL.

2.3.6 TRAP dose response

Principle

To provide an indication of the functionality of a population of platelets, platelets were
treated with varying concentrations of TRAP. The level of platelet activation achieved

was monitored by the expression of P-selectin on the platelet surface using CD 62p-PE.

Reagents

e Monoclonal antibody: anti-CD62p-PE (Immunotech, Beckman Coulter)

e Isotype control IgG1-PE (Immunotech, Beckman Coulter)

e HEPES buffered saline (HBS): NaCl 0.145 mol/l, KCI 5 mmol/l, MgSO, 1 mmol/l,

HEPES 10 mmol/l, pH 7.4, stored at 4 °C, and filtered with a Sartorius Ministart®

0.2 um syringe filter (Fisher Scientific) prior to use
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e Formaldehyde solution (0.2 %): made up in 0.145 mol/l NaCl daily, and filtered with
a Sartorius Ministart® 0.2 pm syringe filter (Fisher Scientific) prior to use
e Thrombin receptor activating peptide (TRAP) (Sigma-Aldrich, a kind gift from

Roche), stock solution 400pM

Method

Tubes were prepared containing 5 pl platelets, 40 pl of a graded concentration of TRAP
and 5 pl CD 62p-PE or its isotype control. Following a 20-minute incubation at room
temperature, the reaction was stopped by addition of 0.2 % formaldehyde solution.
Platelets were analysed on a flow cytometer as described in section 2.3.3 platelet surface

markers.

2.4 Enzyme Linked Immunosorbent Assays (ELISA)

2.4.1 General Principle

The assays described in this section are solid phase assays. Plastic microtitre plates are
coated with a capture antibody and successive washing steps remove any unbound
antibody. Test and control samples are added for a specified time, then unbound antigen
is washed away. This is followed by addition of a conjugated antibody directed against
the isotype and species of the antigen of interest in the test samples. The enzyme

conjugated to the secondary antibody cleaves a colourless substrate resulting in a
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coloured product, which may be measured spectrophotometrically. The amount of colour

measured is proportional to the level of bound antigen in the test sample.

2.4.2 Quality Control

A quality control (QC) sample was included with all assays. An acceptable QC value was
required for inclusion of the results from the entire plate. All test and control samples
were performed in duplicate. If the sample value fell outside the range of the assay, then
it was repeated at a suitable dilution. The value of each pair of duplicates was reported
with the coefficient of variation (CV). If the CV between duplicates was greater that 10

%, the results were not accepted.

2.4.3 Glycocalicin

Principle

The glycocalicin EIA is a solid phase EIA based on a sandwich method utilising two

mouse monoclonal antibodies, which detect glycocalicin in a two step procedure.

Reagents

All reagents (except stop solution and washing buffer) were supplied by TaKaRa
Biomedicals as part of a kit (Glycocalicin EIA Kit) and include:

¢ 96 well microtitre plate

e Coating buffer

¢ Blocking buffer
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¢ Anti-glycocalicin antibody labelled with peroxidase
e Standard

e Sample Diluent

e OPD Tablets

o Substrate Diluent

e Washing Buffer: PBS

e Stop Solution: 1 M H,SO,

Method

The plate was coated (200 pl Coating Solution in each well) overnight at 4 °C. Each well
was then aspirated and vigorously tapped on paper towel, and 200 pl Blocking buffer was
added for two hours at 37 °C. Each well was once again aspirated and washed three times
with 400 pl PBS, before adding 100 pl sample (diluted 1:10 in sample diluent) or
standard into each well. All samples were run in duplicate. The plate was gently mixed,
sealed and left for one hour at room temperature when each well was aspirated and
washed three times. 100 pl anti-glycocalicin antibody-peroxidase conjugate was then
added, the plate gently mixed and incubated for a further hour at room temperature. The
sample solution was then removed and the plate washed three times prior to addition of
100 pl of substrate solution for 15 minutes at room temperature. 100 pul stop solution was
then added and the plate gently mixed. The absorbance was measured at 492 nm with a
plate reader within fifteen minutes of addition of the stop solution. The intra assay CV for
this assay is 4.5 %. The glycocalicin index (GCI) (the glycocalicin value in ng/ml

multiplied by the platelet count and divided by a normal platelet count of 250 x 10°/L)
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was used as the glycocalicin measure. The mean GCI in normal controls was 1.27 with a

range of 0.87 — 1.77.

2.4.4 Human TPO

Principle

The glycocalicin EIA is a solid phase EIA based on a sandwich method utilising a
monoclonal antibody specific for TPO pre coated on the plate, and an enzyme-linked

monoclonal antibody.

Reagents

All reagents were supplied by R&D Systems as part of a kit (Quantikine® human TPO
EIA Kit) and include:

¢ 96 well microtitre plate

¢ Anti-TPO antibody labelled with peroxidase

e TPO Standard

e Assay Diluent

e (Calibrator Diluent

o Washing Buffer Concentrate

e Colour Reagent A

e Colour Reagent B

e Stop Solution
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Method

50 pl assay diluent was added to each well followed by 200 pl standard or sample with
enough force to ensure mixing. The plate was sealed and incubated for three hours at 2 —
8 °C following which the plate was washed four times. Conjugate was removed from
refrigeration and 200 pl added immediately to each well. The plate was sealed and
incubated for one hour at 2 — 8 °C then washed four times. 200 pl substrate solution
(Colour Reagent A plus Colour Reagent B) was added to each well for thirty minutes at
room temperature followed by 50 pl stop solution. The plate was then read at 450 nm
within fifteen minutes of addition of the stop solution. The intra-assay CV for this
method is 5.2 %, and the inter-assay CV is 9.5 %. The kit reference range for levels of
TPO was non detectable - 136 pg/ml. The mean level of TPO established in the

laboratory was 11.0 pg/ml with a 2 SD normal range of 0.1 —26.9 pg/ml.

2.4.5 Human soluble P-selectin

Principle

CD 62p may be cleaved from platelet and endothelial cell surfaces, resulting in soluble P-
selectin, which may be detected in the plasma at ng/ml concentrations. These levels may
be elevated in a variety of pathological conditions, as measured by a quantitative

sandwich immunoassay technique.

Reagents

All reagents were supplied by R&D Systems as part of a kit (Parameter® human soluble

P-selectin EIA Kit) and include:
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¢ 96 well microtitre plate

e Anti- sP-selectin antibody labelled with peroxidase
e sP-selectin Standards

e Sample Diluent

e Conjugate Diluent

e sP-selectin Control

e Wash Buffer Concentrate

e Substrate

e Stop Solution

Method

The standards, controls and samples were assayed in duplicate. Samples and control were
diluted 10 fold with sample diluent, then 100 pl standard, sP-selectin control or sample
was added to each well, followed by 100ul of diluted sP-selectin conjugate which was
added with enough force to ensure mixing. The plate was sealed and incubated at room
temperature for 1 hour. Each well as then aspirated and washed three times with 300 ul of
wash buffer. 100 pl substrate was added to each well and the plate sealed and incubated
at room temperature for 15 minutes at which point 100ul stop solution was added to each
well. The plate was then read at 450 nm within 30 minutes of addition of the stop
solution. A reference curve was established using the mean absorbance values of the
standards. From this the concentrations of the samples were derived, and adjusted for the

dilution factor. The intra-assay CV for this method is 5.2 %, and the inter-assay CV is 8.7
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%. The kit reference range for levels of sP-selectin was 18 - 40 ng/ml. The mean level of

sP-selectin established was 44.2 ng/ml with a 2 SD normal range of 25.4 — 63 ng/ml.

2.5 PFA-100™ Platelet function analyser

Principle

The PFA-100™ (Dade-Behring) is an in vitro test of platelet function, simulating primary
haemostasis by reproducing the high shear conditions to which platelets are exposed
within the microcirculation, capillaries and small arterioles. A constant vacuum is applied
to aspirate citrate anticoagulated whole blood under high shear (5000-6000 s') through a
capillary and onto a central 150 uM aperture of a membrane to which the platelets adhere
and aggregate until the aperture is sealed. The instrument measures the time from the start
of the test until a platelet plug fully occludes the aperture, and the result is recorded as a
closure time (CT) measured in seconds. The CT is indicative of platelet function. The
membranes are coated with collagen and either epinephrine (CEPI) or ADP (CADP).
The CEPI cartridge identifies prolonged closure time caused by non steroidal anti-

inflammatory drugs e.g. aspirin.

Quality Control

A quality control check was performed at the start of each day. The PFA-100™ has an in
built self-test which verifies machine operation by checking various systems and
components. The test may be selected from the maintenance menu. Blood taken from
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healthy volunteers (who had not taken any medication or foodstuffs known to affect

platelet function) was used as normal controls.

Reagents

Dade®PFA Collagen/Epinephrine Test Cartridge (CEPI) — membrane coated with 2

ug equine Type I collagen and 10 pg epinephrine bitartrate (Dade Behring)

e Dade®PFA Collagen/ADP cartridge (CADP) — membrane coated with 2 ug equine
Type I collagen and 50 pg ADP (Dade Behring)

e Dade®PFA Trigger Solution — 0.9 % aqueous sodium chloride (Dade Behring)

¢ Isopropanol (Merck)

Method

Test cartridges were warmed to room temperature for 15 minutes prior to analysis. Their
foil seals were removed and the two cartridge types snapped into position on the PFA-
100™ cassette. Citrate anticoagulated whole blood was mixed by gentle inversion of the
tube 8 times, and 800 pl blood pipetted into the front opening of each test cartridge,
taking care to avoid the trapping of air bubbles in the sample reservoir. The cassette was
loaded onto the instrument carousel, and the analysis started. Whilst testing the samples,
the machine prints a real time plot of the flow rate, and at the end a closure time is
displayed. The closure time was found to be independent of gender and age. The normal
range of closure time was 61.4 — 104.7 seconds for CADP cartridge, and 78.9 — 139.3
seconds for CEPI cartridge as established in healthy normal subjects. The CV’s for each

type of cartridge were < 10 % (Harrison ef al, 1999).
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2.6 Separation of Platelets by Volume

Principle

Platelets may be separated on the basis of density or volume using centrifugation through
media of varying densities. In this study, a discontinuous stractan gradient was used to
fractionate the platelets on the basis of size using a slow centrifugation. The two basic
parameters that determine separation of platelets in a centrifuge are the platelet volume
and density. The variation in volume and density in a platelet population means that the
time taken to reach equilibrium is different for different platelets. The use of an isotonic
stractan gradient provides a physiologic medium through which platelets travel and from

which platelets are readily isolated and resuspended.

Reagents

e Stractan™ (Sigma-Aldrich)
e Buffered Saline Glucose Citrate (BSGC): 0.117M NaCl, 0.014M sodium citrate,
0.011M glucose, 8.8 mM Na,HPO,, 1.6 mM KH,PO,, pH 7.4, 290 mosm.

o Cellulose Nitrate tubes (Beckman)

Method

Stock solutions of 30 % Larcoll and working solutions of 20 %, 15 % and 10% were
made up daily in BSGC. The osmolarity of the BSGC buffer was measured with an

osmometer by freezing point depression, and filtered through a 0.2 pm filter to remove
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bacteria prior to storage at 4 °C. The Larcoll working solutions were underlayed into
Ultra-Clear™ Centrifuge Tubes (Beckman) forming a gradient such that the 30 % Larcoll
layer was on the bottom and the 10 % layer on the top. PRP was prepared from citrated
whole blood, and 1 ml PRP was layered onto the gradient, which was then centrifuged at
1000 rpm for 30 minutes. Following centrifugation, the top 1 ml was removed as the
small volume fraction, the next 2 ml was removed as the intermediate volume fraction,
and the next 2 ml was removed as the large volume fraction. The remaining medium

contained no platelets.

Method Validation

Blood from six normal controls was separated on the basis of volume using the above
described method. The platelet volume of the subsequent platelet fractions was measured
to ensure that platelets were being separated on the basis of volume, as can be seen in

Figure 2.10.
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agglutination method (STA Liatest® vWF) was used on the CA-1500™. The technique
utilises latex particle which have been coated with rabbit anti-human vWF. This causes
the particles to agglutinate in the presence of vWF, the degree of agglutination being

directly proportional to the amount of vWf:Ag in the test plasma.

Reagents

All reagents (except control plasmas and consumables) were supplied by Diagnostica
Stago as part of a kit (STA Liatest® vWF) and include:

e Vial 1: (4 x 5 ml) Reaction buffer: glycine buffer pH 8.3

e Vial 2a: (4 x 2 ml) Latex particles coated with polyclonal rabbit anti-human vWF.

e Vial 2b: (4 x 4 ml) Dilution buffer: glycine buffer pH 8.3

e Immuno Coagulation Reference (Technoclone Ltd)

¢ Immuno Coagulation Control A (Technoclone Ltd)

e Reaction tubes (SU 40) CA-1500™ (Sysmex UK Ltd)

o CA-CleanI (Dade Behring)

e CA-CleanII (Dade Behring)

Method

All reagent vials were left to stand at room temperature for 15 minutes prior to opening.
The contents of vial 2b were transferred to vial 2a and thoroughly mixed, and left to stand
for 15 minutes at room temperature. Once placed in the analyser, the reagents were left

for a further 10 minutes to equilibrate.
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Measurements were performed on a CA-1500™ (Sysmex). The CA-1500™ aspirates 20
ul neat plasma and dilutes this in 60 pl vWF buffer. 100 ul vWF latex was then added.
The reaction is monitored for 120 seconds at 575 nm. The protocol was programmed into

the CA-1500™ as shown in Table 2.1.

Parameter vWf.Ag Para. Code 35 Rinse
Sample vol. 20 pL
Diluent vol. vWf{.buffer 60 pL
Off
Second Dilution 0 uL
Diluent vol. None 0 pL Off
Factor Plasma None 0 uL
Push-out Solution. No 0 pL Off
First Reagent vWTf Latex 100 pL, 60 sec
Push-out Solution. No 0 pL Off
Second reagent None 0 pL
Push-out Solution. No 0 pL Off
Third reagent None 0 pL
Push-out Solution. No 0 pL Off
Detector Immuno For D.Dimer
Sens Low Gain /575 nm
Maximum Time 120 sec

Table 2.1: CA-1500™vWF:Ag protocol
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Plasma samples from twenty apparently healthy normal subjects were assayed for
vWTf:Ag using STA Liatest® vWf on the CA-1500™ to establish normal reference ranges.
All samples were assayed at three dilutions with a replicate at each dilution, yielding six
potency estimates for each sample. The mean vWF:Ag level was 124.2 iuv/dl with a 2 SD
range of 67.1 — 182.2 iu/dl. The averaged CV for the six readings for all samples was

2.05%.

Method Validation

The assay offers good correlation (R* = 0.98) with an ELISA technique over a wide range

of potencies (10 — 700 iu/dl).

2.8 Reference Ranges

Assaying samples from at least 20 apparently healthy normal volunteers provided a
reference range for each assay. If the parameter measured was normally distributed the
reference range was defined as the mean * 2 standard deviations. For non-gaussian data
with positive skew, the data was normalised by log transformation. The mean + 2
standard deviations of the log data were antilogged to provide the reference range. Thus
for lognormal data the reference range was defined as the geometric mean with 95 %

confidence interval.
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2.8 Assay Performance

The performance of each assay was assessed by intra- (within) and inter- (between) assay
coefficient of variation (CV). The intra-assay CV was calculated from ten measurements
of a single sample on one occasion. The inter-assay CV was calculated from the

measurement of a single sample on ten different occasions over several months.

2.8 Computer Hardware and Software

A Toshiba Satellite Pentium notebook was used to prepare this thesis. Data was organised

using Excel 7.0.
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Is the Measurement of Reticulated

Platelets Clinically Relevant?

3.1 Introduction

Platelets are anucleate cell fragments which are derived from megakaryocytes. Young
platelets, although anucleate, contain residual mRNA in their rough endoplasmic
reticulum (derived from the megakaryocytes during thrombopoiesis) and are thus able to
synthesise small amounts of protein (Kieffer et al, 1987). The appearance of platelets
containing RNA-like material, which stained positive with methylene blue by supra vital
staining, was first described following acute blood loss in dogs (Ingram & Coopersmith,
1969). Similarly to red cell reticulocytes, these methylene blue positive platelets were
representative of the youngest platelets in the circulation and were termed reticulated
platelets. The mRNA can be stained with nucleic acid fluorescent dyes such as thiazole
orange (TO) and easily measured using flow cytometry (Kienast & Schmitz, 1990). TO is
a dye specific for nucleic acids which exhibits a several thousandfold increase in
fluorescence emission upon binding to RNA or DNA (Lee ef al, 1986) and has since been
widely used for the measurement of reticulated platelets. More recently, an automated,
reticulated platelet measurement using Auramine-O has been developed for use in routine

laboratories (Rapi et al, 1998; Watanabe et al, 1995).
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While several investigators have reported that platelet RNA is degraded within 24 hours
of platelet release from the megakaryocyte (Ault & Knowles, 1995; Dale et al, 1995;
Kienast & Schmitz, 1990), there is also some evidence to suggest that platelet RNA is
stable and capable of protein synthesis for the life span of the platelet (Warshaw et al,
1967; Shaw et al, 1984; Kieffer et al, 1987). Despite this, the estimation of the percentage
of reticulated platelets measured by staining platelet RNA with TO has been established
as a measure of bone marrow platelet production and is potentially sensitive enough to
discriminate between consumptive and aplastic causes of thrombocytopenia (Harrison et
al, 1997). The utility of mRNA measurement in patients receiving growth factor therapy
has also been demonstrated (O'Malley et al, 1996) where a rise in reticulated platelet
levels was detected after three days of infusion of human subjects with megakaryocyte
growth and development factor, a recombinant form of thrombopoietin.

My preliminary data suggested that the measurement of reticulated platelets was non
specific and that in addition to labelling platelet RNA, TO also labelled platelet granules
(Robinson et al, 1998). Although degranulation of all samples is a relatively easy control
to perform as a research tool, eventual automation of the procedure incorporating this step
will be difficult. A simple, one step measurement is desirable, in addition to dual
labelling of TO and a platelet membrane specific antibody. A new method was therefore
developed for the measurement of reticulated platelets by their RNA content. It is
possible however, as young platelets are thought to be larger (Karpatkin, 1969a; Amorosi
et al, 1971; Karpatkin, 1978b) that a granular/RNA combined measurement may be more
relevant clinically. The clinical utility of the new method was therefore assessed by

measurement of reticulated platelets in several patient groups. To assess the ability and

108



suitability of reticulated platelet measurement to discriminate between decreased platelet
production and increased platelet destruction as causes of thrombocytopenia, it’s

measurement was compared to plasma glycocalicin and TPO measurements.

3.2 Reticulated Platelet Measurement

The measurement of reticulated platelets is based on the assumption that only young
platelets contain RNA. In 1990 the first flow cytometric method for the measurement of
reticulated platelets was published (Kienast & Schmitz, 1990). This paper addressed a
number of important methodological considerations and demonstrated that TO labels
platelets in a time and concentration dependant manner. High concentrations of TO and
prolonged incubation resulted in a dramatic shift in the fluorescent intensity, most
probably as a consequence of non-specific labelling. Despite this, high concentrations of
TO and/or prolonged incubation times have been used in various studies(Chavda et al,
1996). Such studies either looked at the largest and most fluorescent platelets, setting an
arbitary gate following RNase treatment, or measured a shift in fluorescence of the entire
platelet population. The main cause of variation in methodology between different
laboratories is that there is no reference method for the measurement of reticulated
platelets, and no available standard. Despite these limitations, in vivo biotinylation studies
using animal models, have provided the definitive proof (within animal models) that TO
positive platelets represent the youngest platelets in the circulation (Ault & Knowles,
1995; Dale et al, 1995), and in the case of mice, identifiable as reticulated platelets for

about 1.5 days, with a total life span of 4.5 days (Ault & Knowles, 1995).
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A number of specificity issues have been addressed. A proportion of the TO signal is
RNase insensitive (Ault ef al, 1992). In a preliminary study (Robinson et al, 1998) TO
uptake by normal platelets and TRAP degranulated platelets was compared. TRAP
degranulation resulted in significant reduction of TO uptake, suggesting that in addition
to platelet RNA, platelet granules are stained non specifically by TO. Furthermore,
studies of TO uptake by platelets from patients with storage pool disease (reduced/absent
granules or abnormal storage/release) and Hermansky Pudlak syndrome (SPD in
association with albinism) confirmed the finding that platelet granular ADP is stained by
TO. Thus, TO labelled not only platelet RNA, but also platelet granular nucleotides. It is
therefore possible, that the level of TO labelling observed in various clinical settings by
some authors could also be related to platelet granularity, rather than their RNA content.
Indeed TO labelling has been shown to be related to platelet size and granularity
(Balduini et al, 1999).

The problem of non specific labelling in the measurement of reticulated platelets in a
clinical setting is highlighted by Figure 3.1. It demonstrates platelet recovery in a patient
(from UCLH) with chronic relapsing thrombotic thrombocytopenic purpura (TTP), as
well as the reticulated platelet measurement with and without TRAP degranulation. A
peak in reticulated platelets is shown to occur 3 days prior to the recovery of the platelet
count. Following TRAP degranulation however, the peak in young platelets was
diminished and occurred only 1 day before the recovery of platelet count. This data
therefore indicates that with unsuitable TO labelling conditions, young platelets are
apparently not being measured. In this instance, it is probably the change towards larger

and more granular platelets in the circulation (stress platelets) rather than normal platelets
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sometimes overlap with the platelet cloud. A dual staining method utilising a platelet
membrane specific antibody in addition to TO would thus improve reticulated platelet
measurement in samples that have poor platelet cloud discrimination.

As TO fluorescence of platelets has been shown to increase with the length of incubation
and concentration of TO, the aim of this study was to determine the conditions of TO
staining which would label reticulated platelets most specifically. Dual labelling was
employed for improved accuracy, and the impact of TRAP degranulation of samples was
monitored as a control for platelet dense granule labelling. Reticulated platelets were
measured in patient samples to demonstrate the clinical utility of this method. The data
from this study provides valuable insight of the laboratory conditions required for TO to

stain young platelets specifically to provide a clinically relevant measurement.

3.2.1 Materials and Methods

Anti-CD62p-PE, CD63-FITC and their mouse IgG1 isotypic controls (used to monitor
degranulation) and Isoton®II were from Beckman-Coulter (High Wycombe, UK).
Thiazole orange (Retic-COUNT solution), CD61-PerCP and Mouse IgG1-PerCP were
from Becton Dickinson Immunocytometry systems (Oxford, UK). Thrombin receptor

activating peptide (TRAP, Sigma-Aldrich, Poole, UK) was a kind gift from Roche.
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Patients

Whole blood was obtained by clean venepuncture into buffered 0.105M citrate
Vacutainer® via a 21 gauge needle. The normal range was collected from 20 healthy
normal controls. The assay should either be performed within two hours following blood
collection, or the sample should be stored at 4 °C for a maximum of 48 hours for later

analysis (ISLH, reticulated platelet workshop recommendation 1996).

Degranulation of platelets

5 ul whole blood was incubated with 80 pM TRAP for 20 minutes prior to the addition of
TO. TRAP degranulation was monitored using anti-CD62p-PE or anti-CD63-FITC (with
their respective isotype controls). Saturating concentrations of antibodies (5 pl) were
added to the samples prior to the addition of TRAP. Following 20 minute incubation, the
samples were fixed in 0.5 ml of 0.2 % formalin saline solution prior to analysis on the

flow cytometer.

Response of platelets to differing concentrations of TO and different incubation times

Intact or TRAP degranulated whole blood (5 pl) was incubated with 5 pl CD 61-PerCP or
5 pl Mouse IgG1-PerCP for 15 minutes, followed by addition of 1 ml of TO diluted in
Isoton®II (or Isoton®II alone for controls) for a specified time. Samples were

centrifuged at 800g for 5 minutes and the pellet gently resuspended in 1 ml Isoton®II.
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Measurement of Reticulated Platelets

5 pl of whole blood was incubated with 5 pl CD 61-PerCP for 15 minutes. 1 ml Retic-
COUNT (diluted 1:10 in Isoton®II) was then added and the tube incubated at room
temperature for exactly 30 minutes in the dark. Control tubes consisted of 5 pl blood
incubated with 5 pul Mouse IgG,-PerCP for 15 minutes. 1 ml Isoton®II was then added
for exactly 30 minutes. The tubes were centrifuged at 800g for 5 minutes, the
supernatants discarded and the pellets gently resuspended in 0.5 ml Isoton®II for
analysis. Platelets were identified by flow cytometry (Coulter XL-MCL) according to
their characteristic size (log forward scatter) and granularity (log side scatter). An
electronic gate was drawn around the platelet cloud within a Listmode Gate to exclude
red and white cells. 10,000 platelet events verified using CD61 were collected. For
patients with known large platelets, it is possible to use the CD 61-PerCP antibody in the
control tube and on the flow cytometer to trigger on FL4. In some samples platelet
aggregates and platelet — white cell complexes will be collected in this manner, and they
should not be included in the analysis region. The percentage and absolute numbers of
reticulated platelets were found to be independent of gender and age. The median
percentage of reticulated platelets in normal controls was 10.5 % with a range of 4.6 —
14.8 %. The mean absolute number of reticulated platelets in normal controls was 24.2 x

10°/L with a 2SD range of 13.0 —40.2 x 10°/L.

Statistical Analysis

The paired t-test or the Mann-Whitney U test was performed to compare parameter values

between patient samples and normal controls.
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3.2.2 Results

Dose and Time response of platelets to TO

Figure 3.2 shows a TO dilution curve and the concentration dependant increase in TO
staining of platelets in normal controls (n=3). Increasing the nucleic acid dye
concentration resulted in an increase in the number of TO positive events. In addition to a
concentration dependent uptake of TO, there is a time dependent uptake of TO. Figure
3.3 shows the uptake of undiluted, 1:5 and 1:10 diluted TO, by platelets over time (n=6).
Increasing the length of incubation of TO at several concentrations resulted in a linear

increase in the number of TO positive events.

Effect of TRAP degranulation on TO uptake

TRAP degranulation of platelets prior to the addition of TO resulted in different uptake
kinetics of TO as seen in Figure 3.4. The uptake of neat Retic-COUNT by the platelets
was reduced following pre-treatment with TRAP. This effect was most noticeable with
longer incubation periods (upper panel). At lower concentrations of TO however (Retic-
COUNT diluted 1:10), the level of staining was not significantly diminished by pre-

treatment of platelets with TRAP, even with prolonged incubation times (lower panel).
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Reticulated Platelets Predict Platelet Recovery

Reticulated platelets were measured (using the optimised method described in section
3.2.1) in patients recovering from chemotherapy and patients with chronic TTP to
determine whether reticulated platelets may be used to monitor platelet recovery. It was
not possible to perform a TRAP degranulation step on these samples as they were
obtained from samples sent to the Haematology Department for a full blood count.
Examples of platelet recovery in three patients with chronic relapsing TTP and four
patients following chemotherapy may be seen in Figures 3.5 and 3.6 respectively. A peak
in the percentage of reticulated platelets was observed prior to the recovery of the platelet

count.
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