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Abstract

The aim of my thesis was to study the expression of prion protein (PrP^) in the 

vasculature. The function of PrP^ is unknown but it is thought to refold into a 

pathogenic form termed PrP^^ which damages neurones in the brain causing 

transmissible spongiform encephalopathies. I studied the expression of PrP^ in CD34 

positive stem cells, reticulocytes, erythrocytes and megakaryocytes. These cells were 

found to be positive for PrP^ with a general trend for increased expression during 

megakaryocyte maturation and a decrease in expression during erythropoiesis. Since 

megakaryocytes were positive for PrP^ I hypothesised that they were the source of 

platelet PrP^. I studied the expression, location and function of PrP^ in platelets. PrP^ 

was found in platelet alpha-granules and was transported to the cell surface upon 

cellular activation. Crosslinking PrP^ on the platelet surface was found to be associated 

with signal transduction phosphorylation events, but there was no apparent increase in 

platelet function. I hypothesised that the origin of blood plasma PrP^ was the vascular 

endothelium. Microvascular and macrovascular endothelial cells were found to express 

and release soluble PrP^ in a constitutive manner with no increase in expression upon 

cellular activation. Measurement of plasma PrP^ levels in patients with varying blood 

cell counts demonstrated no association between platelet, erythrocyte or leucocyte 

counts and the PrP^ concentration. Patients with a variety of chronic vascular diseases 

had a normal PrP^ concentration in their blood plasma. However there was a higher 

level of PrP^ in plasma from patients with renal failure that was not removed by renal 

dialysis. In summary I have provided a detailed analysis of the expression of PrP^ in 

several cells of the vasculature for the first time. Although its function is unclear PrP^ 

must be of significant importance for such a large and widespread distribution.
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1. General Introduction

1.1 Prion Protein

1.1.1 Introduction

Transmissible Spongiform Encephalopathy (TSE) or Prion disease, are the names for a 

group of illnesses that cause characteristic spongy degeneration of the brains of both 

humans and animals. They are transmissible in nature meaning that they can be passed 

via inoculation of infected tissue from one animal to another. They may present as 

genetic, infectious or sporadic disorders, all of which involve a modification of a normal 

cellular protein called prion protein (PrP^). The resulting pathogenic protein is called 

PrP̂ *̂  and has the same amino-acid structure as PrP^ but a more stable confirmation 

leading to its deposition in neuronal tissue and disease via an unknown mechanism.

Between 1960 and 1980 there were many unsuccessful attempts to purify the agent 

responsible for the TSE, scrapie. In 1982, the neurologist and biochemist Stanley 

Prusiner published a paper in the journal Science in which he controversially proposed 

that the transmissible agent responsible for TSEs was not a virus but that it consisted 

entirely of an infectious protein. He called this protein ‘prion’, a name constructed from 

‘proteinaceous infectious particle’ (PrP or PrP^^ - named “SC” after scrapie the 

prototypical prion disease). Initially Prusiner’s hypothesis was ridiculed. An ‘infectious’ 

protein implied that the protein had the ability to duplicate itself and this was seen to 

contravene the central dogma of molecular biology, that is that nucleic acids alone have 

the ability to replicate and they contain the information required for the construction of 

proteins. The prion hypothesis, in fact, in no way conflicts with the central dogma, it
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merely shifts the importance away from nucleic acid as the only form of stored, 

inheritable material in biological systems (Prusiner, 1982). The discovery of prion 

protein transformed research into TSEs and provided a molecular marker that was 

shown to be specific for these diseases.

Prion protein was discovered by enriching fractions from the brains of Syrian hamsters 

with scrapie for infectivity. This yielded a single protein PrP 27-30 (Named with respect 

to its apparent molecular weight of 27-30 kDa). This protein was later found to be the 

protease resistant core of prion protein (Prusiner et al, 1984; Easier et al, 1986). Initially 

this protein that was found to co-purify with infectivity was thought to be part of a 

virus. Nucleic acid dénaturation techniques did not inactivate infectivity, arguing 

against this hypothesis (Prusiner, 1982; Alper et al, 1967). The N-terminal sequence of 

PrP 27-30 was determined by Edman degradation and was then used to identify cDNA 

clones from hamster (Oesch et al, 1985) and mouse (Chesebro et al, 1985) identifying 

the open reading frames for the prion protein gene. The search for a protein encoded by 

PrP mRNA revealed the cellular form of prion protein (PrP^) (Oesch et al, 1985). PrP^ 

was found to be expressed in many tissues but highly expressed in neurones 

(Kretzschmar et al, 1986a). The discovery that PrP^ knockout mice are resistant to 

infection with prions was a key experiment in the validation of the prion hypothesis, 

described below, since it demonstrated that PrP^ is essential to the spread of PrP^^ and 

the disease process (Bueler et al, 1993; Prusiner et al, 1993).

1.1.2 Prion protein hypothesis

The prion protein hypothesis (Figure 1.1) states that an infectious PrP^^ causes the host 

PrP^ to convert to the abnormal confirmation. The PrP^^ that is produced is more stable 

than PrP^, making it unlikely to convert back. The cell biology of PrP^^ accumulation
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leading to neuronal damage is unclear. The precipitation o f PrP^^ is thought to induce 

vacuolation o f neurones (DeArmond et al, 1987). W hen these neurones die the vacuoles 

are assum ed to coalesce to form the spongy areas that are seen in prion disease. This 

kind o f  spongiform  degeneration is often confined to limited areas o f  the brain and so 

may not be the only m echanism  o f disease.

Exponential

PrP sc +  pifp + PrpSC'

Figure 1.1 The prion hypothesis. causes endogenous PiP^ to convert to PrP'^^. The newly formed
PrP̂ *" can then continue to convert more host PrP^ to PrP^^.

There are three different routes by which prion disease occurs and these are sum m arised 

in figure 1.2. PrP*̂  has a very low probability o f spontaneously converting to PrP^^ by 

later middle age. This occurrence leads to the general incidence o f  sporadic CJD at one 

case per million population per year. The second possible route is that o f  acquired 

infection. In this case PrP^^ from an external source (e.g. in food such as BSE infected 

beef or iatrogenically through infected human growth hormone treatm ent), converts host 

PrP*  ̂ to PrP"'^. The third possible route is that o f familial transm ission. In this case a 

pathogenic mutation in the PrP gene is inherited m aking the endogenous PrP^ produced 

unstable giving it a much higher probability o f converting to PrP^^ by later m iddle age. 

For most PrP mutations this probability will approach certainty, guaranteeing that the 

family m em bers with the mutation will inherit prion disease.
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Spontaneously converts

Sporadic PrP’

+ (  PrP' > DiseaseAcquired

PrP’ PrpscFamilial

PrP'

Mutation destabilises normal PrP^

Figure 1.2 The mechanisms o f obtaining prion disease. In sporadic disease the probability o f  PrP  ̂
converting to PrP^  ̂ is extremely low, but once it has occurred it is autocatalytic and disease will result. In 
acquired disease, PrP^  ̂ from an outside source initiates conversion, which sustained by positive feedback, 
leads to disease. In familial prion disease a mutation in the gene coding for PrP  ̂ causes it to be unstable 
and spontaneously convert to PrP^  ̂ leading to prion disease by late middle age.

Once PrP^^ is formed it is thought to bind to PrP^ to form a heterodimer. It is then that 

PrP^^ acts as a template for the conversion of PrP^ to PrP^^. Once this has occurred the 

molecules can separate and continue to convert more PrP^.

1.1.3 Protein X

There is increasing evidence for the presence of a protein chaperone denoted protein X. 

Transgenic mice that express human PrP^ were not found to propagate human PrP^^, 

when it was inoculated, any faster than non-transgenic animals. If the endogenous 

mouse PrP^ was removed or the human PrP^ modified, so that it had the murine N- and 

C-termini, then the problem was corrected (Telling et al, 1995). This feature was
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thought to be due to the presence of a cellular chaperone termed protein X that interacts 

in a species specific way with PrP^ during prion propagation. A sequence at the C- 

terminus was later identified as the binding site for the hypothetical protein X. A 

chaperone has not been identified that could be involved in mammalian PrP^ conversion 

but candidates might include known endoplasmic reticulum (ER) chaperones, 

unidentified chaperones or other non-protein molecules that PrP is known to interact 

with, such as glycosaminoglycans. Protein X chaperones may also be cell-type specific 

which may be why PrP^^ proliferates selectively in particular types of cell (Kaneko et 

(d, 1997a).

1.1.4 Model of PrP^^ formation

There is currently a debate concerning the precise details of the conversion process that 

transforms PrP^ into PrP^^. There are two major hypotheses, the first is the nucleated 

polymerisation model, the second, the template assistance model. The nucleated 

polymerisation model postulates that the conversion of PrP^ to PrP^^ is stabilised by the 

addition of monomers to an existing PrP^^ polymer. The kinetic barrier between PrP^ 

and PrP^^ being overcome by incorporation of subunits into an ordered polymer (Come 

et al, 1993; Gajdusek, 1994; Harper & Lansbury, Jr., 1997). A recent variation on this 

model assumes disulphide reshuffling as the mechanism of polymerisation (Figure 1.3). 

Temporary breakage of the disulphide bond during a rearrangement of the proteins 

tertiary structure, e.g. from PrP^ to PrP^^, then reformation of the bond to stabilise the 

new structure (Tompa et al, 2002).
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PrP (1) (2) (3) (4)

8 #

P r p S C  PrP̂ P̂rP̂

Figure 1.3 Illustration o f  the dimer formation and disulphide rearrangement model o f  PrP^  ̂production. It 
is assumed that PrP^  ̂ is a dimer o f  predominantly beta-sheet structure, stabilised by two intermolecular 
disulphide bridges. The crucial step is the recruitment o f  a PrP  ̂ dimer with alpha-helical structure. Upon 
binding to PrP^  ̂ in (1), the PrP  ̂ unfolds to form a transient structure and the disulphide bonds open (2). 
The disulphide bonds then reform intermolecularly (3) causing the structure to then collapse into the more 
stable PrP^  ̂ state (4). The newly formed PrP^  ̂ dimer moves away or remains as a seed for amyloid 
production. Redrawn and modified from Tompa et a i  2002.

The template assistance model suggests that a small number of PrP^ and PrP^^ 

molecules associate possibly with a molecular chaperone (Bamborough et al, 1996; 

Huang et al, 1996). The PrP^^ then catalyses the production of a partially transformed 

intermediate termed PrP*. The kinetic barrier is overcome by the catalytic action of 

PrP^  ̂ and possibly the hypothetical chaperone, protein X. In order to discover which 

model is correct the physical state of PrP^^ inside cells must be characterised. PrP̂ *̂  has 

a strong tendency to aggregate and polymerise (DeArmond et al, 1985; McKinley et al, 

1991) but ordered polymers have not yet been observed, possibly due to limitations in 

current techniques available.

1.1.5 Mutations in the prion gene and hereditary CJD

Human prion disease was the first neurological disease in which the precise gene defect 

was recognised. Approximately 1 in 10 million people carry a specific mutation in the 

gene that codes for PrP^ termed PRNP. There are currently 22 mutations that have been 

identified: (1) Thirteen point mutations, (2) eight insertion mutations, which consist of
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varying numbers of repeats of a 24 base pair sequenee and (3) a stop codon mutation at 

position 145. There are also seven polymorphisms in the PRNF gene (Prusiner, 1999). 

The precise location of the mutation in PRNP, and the identity of the amino acids at the 

polymorphism’s position, determines the type of prion disease that will result and the 

phenotype of the patient. One of the most common polymorphisms is at codon 129 of 

the PRNP gene (Table 1.1).

Haplotype at 
codon 129

Transmitted 
CJD (central) 
(n=15)

Transmitted
CJD
(peripheral)
(n=41)

vCJD

(n=98)

Controls

(n=519)

MM 87% 51 % 100% 41 %

VV 7% 41 % 0% 12%

MV 7% 7% 0% 47%

Table 1.1 PRNP polymorphism at codon 129. Comparison o f  transmitted and variant forms o f  CJD. 
M=methionine, V= valine. Transmitted CJD (central) = Transmitted by comeal or dura mater grafts or 
neurosurgical instruments. Transmitted CJD (peripheral) = Transmitted by injection o f  cadaveric pituitary 
derived growth hormone or ritual endocannibalism. Data from Prusiner, 1999, and the tenth annual report 
o f  the national CJD surveillance unit: www.cjd.ed.ac.uk/rep2001.html

All the victims of vCJD have been homozygous for methionine at codon 129 and it is 

thought that heterozygotes may be protected against developing disease. It is thought 

that variation at codon 129 influences incubation period rather than exogenous infection 

(Zeidler et al, 1997a). It is therefore possible that eases of vCJD will arise in the future 

homozygous for valine at codon 129 and even heterozygous, although the incubation 

period for disease may extend beyond the lifespan of the individual.
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1.1.6 Structure

PrP^^ is formed from PrP^ when the normal isoform refolds. The structure of PrP^ has 

been determined by NMR in humans (Figure 1.4) (Zahn et al, 2000), mice and hamster 

and the structures are essentially identical, but high-resolution structural analysis of 

PrP^^ has not yet been possible due to its insolubility and tendency to aggregate. The 

PrP^ structure appears to have an irregular discoid shape that is somewhat flattened in 

one direction. The characteristics are as expected for a globular protein, in particular 

there is a disulphide bridge buried deep (between residues 179 and 240) in the molecule 

that plays an important role in holding the structure together. Non-polar clusters tend to 

be buried within the structure by helical packing, whilst residues on the protein’s 

surface tend to be polar and this is where the sequence variability occurs. When certain 

residues are mutated and the destabilisation of the resulting molecule calculated, residue 

Thr 183, proximal to the C-terminus, is the only one found to cause a significant 

destabilisation (4kcal/mol). The removal of this threonine eliminates a hydroxyl group 

that mediates two H-bonds and so energy is lost. The structure of the normal protein is 

largely a-helical and a structure of this nature tends to be more mobile than one of p- 

sheet due to the interactions being largely side-chain mediated, (p-sheet interactions are 

mainly backbone mediated) When PrP^ is transformed into PrP^^ a modification in the 

2° structure of the protein occurs converting a protein that is 42% a-helical and 3% P- 

sheet into a protein of 30% a-helical and 45% p-sheet (Pan et al, 1993). PrP^ is soluble 

in non-denaturing detergent but this refolding renders the new protein less soluble and 

partially pro tease resistant. When PrP^^ is digested with proteinase K a residue PrP27- 

30 remains that varies according to its source and glycosylation (Oesch et al, 1985).
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Figure 1.4 The three-dimensional structure o f  human prion protein (PrP^) residues 23 to 230. The helices 
are orange, the |3-strands turquoise, the sections with irregular secondary structure within the C-terminal 
domain are yellow, and the flexible N-terminus (residues 23 to 121) is represented by yellow dots. 
Reproduced from Zahn ef al, 2000.

1.1.7 Cell biology of PrP^

PrP^ is a normal cellular protein that is expressed in the neurons and glia of the brain 

and spinal cord as well as many other peripheral tissues. PrP^ mRNA is first detectable 

in the brains of mice and chickens during early embryogenesis, and its level increases as 

development proceeds (Harris et al, 1993a; Manson et al, 1992). The mammalian PrP*- 

gene encodes a protein of approximately 250 amino-acids that contains several distinct 

domains (Figure 1.5) including: An N-terminal signal peptide, five proline / glycine rich 

octapeptide repeats, a highly conserved central hydrophobic section, and a C-terminal 

hydrophobic region that is the signal for addition of a GPI-anchor. PrP*̂  is synthesised 

in the rough endoplasmic reticulum (REP) and is transported through the Golgi 

apparatus on its way to the cell surface, like other membrane proteins. During this 

process PrP*- undergoes several post-translational modifications. In the RER the N-
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terminal signal peptide is cleaved and two N-linked oligosaccharide chains are attached. 

An intra-peptide disulphide bond is added, the C-terminal hydrophobic segment cleaved 

and a GPI anchor attached (Haraguchi et al, 1989; Stahl et al, 1987; Turk et al, 1988).

BASIC OCTAPEPTIDE  
RESIDUES REPEAT REGION

TM
REGION

23 58 89

B
106 126 142 156 171 194 198 224 254

\
STOP TRANSFER 

EFFECTOR REGION

CHO
180

CHO
196

GPI
232

PROTEINASE K RESISTANT 
(PrP 27-30)

Figure 1.5 Schematic diagram o f  mouse PrP*" showing three a-helices A, B and C in blue. The N- and C- 
terminai sequences in red are removed in the mature molecule. CHO: N-linked glycosylation addition 
sites, GPI: glycosylphosphatidylinositol linkage site, TM: Transmembrane region. Redrawn and modified 
from Moore et al, 1999.

The oligosaccharides added in the RER are of the high-mannose type and are sensitive 

to digestion by endoglycosidase H; these are subsequently modified in the Golgi to 

yield complex-type chains that contain sialic acid and are resistant to endoglycosidase H 

(Caughey et al, 1989). If the N-linked glycosylation is modified experimentally then the 

transport of PrP^ is altered. Mutation of both sites or just the N-terminal site alone 

causes the protein to misfold and accumulate in a compartment proximal to the mid- 

Golgi stack (Lehmann & Harris, 1997; Rogers et al, 1990). Treatment of cells with the 

glycosylation inhibitor tunicamycin still allows a substantial number of PrP^ molecules 

to be expressed on the cell surface indicating that glycosylation is not absolutely 

required for transport (Lehmann & Harris, 1997). In fact, there is a small amount of 

unglycosylated PrP^ on the plasma membrane in the absence of any inhibitor (Caughey 

et al, 1989; Lehmann & Harris, 1997). Interestingly if one or both glycosylation sites
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are mutated or tunicamycin added then the PrP^ formed exhibits several biochemical 

properties of PrP^^ (Lehmann & Harris, 1997). These data indicate that normal PrP^ has 

a tendency to acquire some PrP^^ features during its normal maturation that is prevented 

by the glycosylation (Harris, 1999).

PrP^ undergoes two post-translational cleavages as part of its normal metabolism. One 

occurs within the GPI anchor and releases the PrP^ into the extracellular medium. This 

cleavage is thought to be performed by a cell surface phospholipase (Harris et al, 

1993b). The second cleavage is proteolytic and occurs within a hydrophobic region of 

16 amino acids that is highly conserved amongst all cloned PrP species. This cleavage 

event is thought to take place either within the endocytic compartment of the cell 

(Harris, 1999), or in association with cholesterol rich domains of the plasma membrane 

(Taraboulos et al, 1995). Both of these cleavage events occur relatively slowly with 

respect to the half-life of the protein, so that at any given time, multiple cleavage 

products can be detected along with the intact PrP^ (Figure 1.6). The significance of 

cleavage is unknown. The lOkDa N-terminal fragment released by cleavage within the 

hydrophobic region could potentially serve as a biologically active ligand. Alternatively 

if PrP^ is a cell-surface receptor then the cleavage could be a receptor down-regulation 

mechanism.
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Golgi
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Endosome

Figure 1.6 The cellular trafficking and cleavage o f PrP*". After reaching the cell surface PrP̂  is 
internalised into an endocytic compartment and then most are recycled back to the cell surface. A small 
number o f PrP*̂  molecules are cleaved within a hydrophobic segment, and the C-terminus and a lOkDa N- 
terminal cleavage product are then externalised. Some o f the membrane anchored PrP  ̂ is released into the 
extracellular medium by cleavage within the GPI anchor. Redrawn and modified from Shyng el al, 1993.

PrP does not remain on the plasma membrane after it is produced, rather it cycles 

between the mem brane and the endocytic compartment. In cultured neuroblastom a cells 

PrP^ m olecules cycle with a transit time o f  ~60 m inutes and during this process 1-5% o f 

the m olecules are cleaved within the hydrophobic region. This recycling process is 

important because it indicates that PrP^ may serve as a receptor for the uptake o f an 

extracellular ligand, for example, analogous to the transferrin receptor. It is 

hypothesised that PrP^ may transport copper in this way (Pauly & Harris, 1998). The 

cycling pathway may also be the route by which certain steps in the conversion o f  PrP^

to PrP^^ take place.



Endocytosis of several cell surface receptors e.g. those for transferrin, takes place in 

specialised invaginations of the plasma membrane called clathrin-coated pits (Schmid,

1997). Clathrin is a large protein that forms lattice structures on the inner surface of the 

plasma membrane, causing it to dip and pinch off to form a clathrin coated vesicle. 

These vesicles can then fuse with other intracellular organelles. Clathrin coated vesicles 

are thought to be responsible for the endocytic uptake of chicken PrP^ in cultured 

neuroblastoma cells (Shyng et al, 1994). The N-terminal portion of PrP^ was found to 

be essential for the efficient clathrin-mediated endocytosis (Shyng et al, 1995). The 

association of PrP^ with clathrin is surprising since most proteins endocytosed in this 

way have cytoplasmic domains containing specific amino-acid motifs, often tyrosine 

residues, that bind to clathrin via adaptor proteins (Schmid, 1997). PrP^ being a GPI 

protein does not have a cytoplasmic domain. Chicken PrP^ however, is only about 30% 

homologous with mammalian PrP^ (Harris et al, 1991); most mammalian PrP^ species 

have >90% homology when compared (Schatzl et al, 1995). It is thus thought that 

clathrin-mediated endocytosis may not be of major significance in the cell biology of 

PrP^ (Prusiner, 1999). GPI proteins tend to be endocytosed in association with other 

membrane structures called caveolae rather than clathrin coated vesicles (Anderson, 

1993). Caveolae are flask-shaped membrane invaginations coated on their cytoplasmic 

surface with the protein caveolin. These caveolae are involved in several transport 

mediated processes including the endocytosis of PrP^, but not responsible for the 

internalisation of chicken PrP^ in cultured neuroblastoma cells since these cells lack 

caveolae and do not express caveolin (Shyng et al, 1994). One possible explanation for 

the association of PrP^ with clathrin coated pits is that PrP^ has a receptor that has an 

extracellular domain that is specific for the N-terminus of PrP^, and a cytoplasmic 

domain that localises the protein to clathrin coated pits (Figure 1.7) (Harris et al, 1996).
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The binding of PrP^ to this receptor may be enhanced in the presence of copper, which 

would explain the stimulatory effect of this ion on PrP^ endocytosis (Pauly & Harris,

1998).

PrP'Receptor

* Clathrin 

■ Adaptor 

GPI Anchor

Endocytosis

Figure 1.7 Hypothetical model displaying how PrP  ̂ may bind to a receptor molecule attached to a 
clathrin coated pit via an adapter molecule. Redrawn and modified from Harris et al, 1996.

There is evidence that there are other forms of PrP^ that are not attached to the 

membrane via a GPI anchor. A transmembrane version of PrP^ has been reported. This 

form is thought to arise due to a stop transfer effector region that induces a pause in 

translocation of the polypeptide chain. Cytosolic factors then determine whether the 

protein forms a stable transmembrane PrP^ or if it is fully translocated into the 

endoplasmic reticulum (Yost et al, 1990). PrP^ could potentially adopt two forms with 

the same transmembrane segment but with opposite orientations of the polypeptide 

chain termed '̂ ‘"’PrP (N-terminus cytosolic) and ^̂ ""PrP (C-terminus cytosolic) (Hegde et 

al, 1998a; Hegde et al, 1998b). These versions of PrP^ are usually very low in number 

and it is not known if the GPI anchor has been properly attached particularly in the in 

vitro studies.
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In vivo, neurons, astrocytes and lymphoreticular cells are thought to be able to support 

PrP^^ production following prion infection (Blattler et al, 1997; DeArmond et al, 1987; 

Diedrich et al, 1991; Race & Ernst, 1992). In vitro only a few neuronally derived cell 

lines (PC 12 rat pheochromocytoma cells (Rubenstein et al, 1991) N2a mouse 

neuroblastoma cells (Butler et al, 1988; Race et al, 1988), spontaneously immortalised 

hamster brain cells (Taraboulos et al, 1990), and T-antigen immortalised hypothalamic 

neurons (GTl cells) (Schatzl et al, 1997)) when infected with PrP^^ from the brain of a 

diseased animal continue to produce low levels of PrP^^. Chinese hamster ovary (CHO) 

cells have been transfected with a mutant prion gene to model three familial human 

prion disease (Daude et al, 1997; Lehmann et al, 1997; Lehmann & Harris, 1995; 

Lehmann & Harris, 1996a; Lehmann & Harris, 1996b; Lehmann & Harris, 1997). These 

pathogenic mutations induce significant alterations in the metabolism of PrP^ giving the 

protein PrP -like biochemical properties indicating that the PrP to PrP conversion 

process is being modelled. These cell-derived PrP^^s differ in one respect from those 

obtained from the brains of infected animals, they have a considerably lower degree of 

protease resistance (Lehmann & Harris, 1996a; Priola & Chesebro, 1998). This could be 

due to a difference in the PrP^ to PrP^^ conversion process that is not occurring in the in 

vitro system or could just reflect a natural heterogeneity in PrP^^ isolated from various 

sources (Bessen & Marsh, 1992). The definitive test would be to determine whether 

these proteins produced in vitro are infective in animal bioassays.

Identification of the subcellular location of PrP^^ in infected cells has been difficult 

because PrP^^ has poor immunoreactivity in the absence of denaturing agents that tend
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to have a deleterious effect on cellular morphology. Preliminary studies have shown that 

PrP^^ is widely distributed within infected cells but further studies must be done.

PrP^^, like PrP^, has a C-terminal GPI anchor (Stahl et al, 1992), but unlike PrP^ it is 

not cleaved from the brain cell surface membrane with PI-PLC (Caughey et al, 1990; 

Safar et al, 1991; Stahl et al, 1990). The difference is not due to the composition of the 

GPI anchor since the GPI anchor of purified denatured PrP^^ can be cleaved with PI- 

PLC. This suggests that the difference is in how PrP^^ is associated with the membrane 

and may relate to an inability of the phospholipase to bind due to inaccessibility to the 

GPI anchor of PrP^^ compared to PrP^ (unpublished data Harris, 1999). Dénaturation in 

SDS renders the GPI anchor of PrP^^ susceptible to cleavage indicating that the 

resistance is due to the native structure of the protein blocking the access of the 

protease.

The kinetics of PrP̂ *̂  production after infection of cultured cells in vitro indicates that 

transformation of PrP^ into PrP^^ is a post-translational event. Unlike PrP^ that has a 

half-life of 4-6 hours, PrP^^ has a half-life of 24-48 hours (Borchelt et al, 1990; 

Borchelt et al, 1992; Caughey & Raymond, 1991). Only a minority of PrP^ is converted 

to PrP^^ in infected cells, the majority of PrP^ thought to be degraded in a similar 

process to uninfected cells (Taraboulos et al, 1995).

Little is known about the process of PrP^^ uptake by cells, but it is thought that it may 

bind to PrP^ on the cell surface and follow the endocytic pathway. Consistent with this 

hypothesis is the finding that some PrP^^ molecules can be found in endosomes and 

lysosomes of infected cells. PI-PLC treatment of cells inhibits the production of PrP^^
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possibly due to the cleavage of PrP from the cell surface (Borchelt et al, 1992; 

Caughey & Raymond, 1991). PrP^^ production is also inhibited by treatment of cells 

with brefeldin A which is a fungal metabolite that blocks the cell surface delivery of 

membrane and secretory proteins (Taraboulos et al, 1992).

It has been hypothesised that plasma membrane rafts may be involved in the formation 

of PrP^^. Rafts are detergent-resistant subdomains, enriched in cholesterol, sphingolipid 

and glycolipid, of which caveolae is a sub-family and they have indeed been found to 

contain both PrP^ and PrP^^ (Gorodinsky & Harris, 1995; Naslavsky et al, 1997; 

Taraboulos et al, 1995; Vey et al, 1996). The distribution of PrP^ on the surface of 

murine neuronal cells was found to be at high density in semi-ordered lipid domains 

located primarily at the cell body indicating that the distribution of GPI anchored 

proteins, such as PrP^, can be focussed to different parts of the same cell (Madore et al,

1999). Depletion of cholesterol from cells, a process known to disrupt rafts, inhibits 

PrpSC formation (Taraboulos et al, 1995). Transmembrane forms of PrP^ are not found 

in rafts and are a poor substrate for PrP^^ production (Kaneko et al, 1997b) Certain 

inherited PrP mutations appear to cause neurodegeneration by favouring the synthesis 

the transmembrane protein ^̂ "̂ PrP, in the absence of PrP^^. It has also been shown that 

PrP^^ is better able to cause disease if there is more ^̂ "̂ PrP present. In fact the 

accumulation of PrP^^ appears to stimulate the production or retention of ^^"'PrP, 

suggesting that ^^"^PrP-mediated neurodegeneration may be a common step in the 

pathogenesis of genetic and infectious prion disease (Hegde et al, 1999). The presence 

of PrP^^ is defined by its protease resistance in all of the studies mentioned above and it 

is likely that this property is acquired within membrane rafts.
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Kinetic studies of PrP^^ formation in CHO cells, modelling familial prion disease, 

indicate that it may occur in two different cellular locations. PrP becomes PI-PLC 

resistant within minutes of synthesis in pulse-chase labelling experiments and this step 

must thus take place in the ER. Detergent insolubility and protease resistance take place 

later in the pulse chase and are, as previously mentioned, likely to occur after the arrival 

of PrP at the endocytic compartment or cell membrane. The hypothesis that PI-PLC 

resistance may take place in the ER is novel and logical given the role of the ER in 

protein folding. Perhaps ER protein chaperones are involved in the folding process and 

this is where the hypothetical protein X is located. It would be interesting to investigate 

whether the same process occurs in infected cells since this would indicate that the 

exogenously added PrP^^ can gain access to the ER to influence conversion of PrP^ to 

PrP^^ (Harris, 1999).

Like PrP^, PrP^^ is post-translationally cleaved in cultured cells and brain. The cleavage 

point is at the C-terminal end of the octapeptide repeat region and occurs within an hour 

of PrP^^ formation to form PrP27-30, the same as that produced by treatment of PrP^^ 

with proteinase K. Cleavage of PrP^ within a conserved hydrophobic segment of the 

protein disrupts an amyloidogenic and neurotoxic region of the protein whereas the 

cleavage position of PrP^^ leaves this region intact. Thus the normal cleavage of PrP^ 

may serve in part to prevent toxicity of the protein (Chen et al, 1995). The trimming of 

PrP^^ occurs in the endosomal or lysosomal compartments, however it is not an 

essential step in the formation of PrP^^ since inhibition of the cleavage does not inhibit 

PrP^^ production (Caughey et al, 1991; Taraboulos et al, 1992).
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1.1.8 Hypothesised functions

The function of PrP^ is unknown although its localisation on the cell surface would be 

consistent with a role in cell adhesion and recognition, ligand uptake or transmembrane 

signalling. Defining the function of PrP^ is important in understanding the disease state 

since conversion of PrP^ to PrP^^ may prevent it from performing its normal cellular 

tasks. Mice in which the endogenous PrP*̂  gene has been disrupted have no gross 

anatomical or developmental defects (Bueler et al, 1992) but have been reported in 

some studies to have abnormalities in the hippocampus (Colling et al, 1996; Colling et 

al, 1997) (Collinge et al, 1994; Manson et al, 1995; Whittington et al, 1995), loss of 

cerebellar Purkinje cells (Sakaguchi et al, 1996), changes in memory and learning 

(Nishida et al, 1997) and alterations in circadian rhythm and sleep pattern (Tobler et al, 

1996). In other studies investigators did not observe these features (Bueler et al, 1992; 

Herms et al, 1995; Lledo et al, 1996). This could be due to differences in the lines of 

mice used or the region of PrP^ that was replaced. The effect of abolition of PrP^ is thus 

unclear.

Recently it has been suggested that PrP^ maybe involved in copper metabolism. PrP^ 

has been shown to bind copper via its octapeptide repeat region. The brains of PrP^ null 

mice have a reduced copper content and decreased activity of a copper-zinc superoxide 

dismutase (Brown et al, 1997a; Brown et al, 1997b; Hornshaw et al, 1995a). PrP^ has 

even been shown to have superoxide dismutase activity itself (Brown et al, 1999a). 

There is evidence to suggest that PrP^ may be a transport protein for copper since 

copper stimulates endocytosis of mouse and chicken PrP^ on the surface of N2a murine 

neuroblastoma cells via elathrin coated pits (Pauly & Harris, 1998). Copper has also 

been shown to cause endocytosis of biotinylated murine PrP^ in human neuroblastoma
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(SH-SY5Y) cells (Perera & Hooper, 2001). In these studies the concentration of CUSO4 

that was needed to stimulate PrP^ internalisation was -lOOpM which is 15 fold more 

than the estimated Kd for copper binding to synthetic peptides or recombinant PrP^ 

(Hornshaw et al, 1995a; Hornshaw et al, 1995b; Stockel et al, 1998). More recent data 

using copper concentrations closer to the physiological level saw no transport of copper 

but rather found that PrP^ acts as an extracellular copper sensor protecting the cells 

against toxicity of free copper ions increasing the activities of several antioxidant 

enzymes and conferring high resistance to oxidative stress (Rachidi et al, 2002). PrP^ 

has also been thought to act as a signal transduction protein (Mouillet-Richard et al, 

2000) (See section 4.4 for more details). Laminin receptor precursor has been found to 

bind to PrP^ tightly on the cell surface and could be a receptor or co-receptor (Rieger et 

al, 1997). Heparan sulphate proteoglycans are also possible cell surface co-receptors 

and sulphated polyanions have been shown to prevent scrapie associated PrP^^ 

accummulation in cultured cells and block infectivity in an animal model (Caughey & 

Raymond, 1993; Farquhar et al, 1999). It has been hypothesised that PrP^ may act as a 

co-receptor to bring together two cell surface transmembrane molecules such as laminin 

receptor precursor and heparan sulphate, with the latter molecules providing a cell 

survival signal that may be disrupted by abnormal forms of PrP^ (Hope, 1999). PrP^^ 

has been found to bind specifically to plasminogen (Fischer et al, 2000). Apo-PrP (A 

synthetic prion peptide absent of copper) was also found to bind to plasminogen and 

tPA, stimulating the activity of the latter. The resulting generation of plasmin was 

considered to be a possible cause of the neurodegeneration seen in TSEs (Ellis et al, 

2002; Bass & Ellis, 2002). In contrast Shaked et al. have suggested that the binding of 

PrP^^ to plasminogen occurs only at specific detergent combinations, in which disease 

associated PrPs are present in aggregated states. In conditions in which rafts are
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maintained intact it is actually PrP^ that binds to blood proteins, indirectly, through 

neighbouring raft components (Shaked et al, 2002). Fibrillar structures in addition to 

fibrin have been found to stimulate plasminogen activation, such as the fibrillar form of 

amyloid p-protein (Kingston et al, 1995) but this was not found to be the case with apo- 

PrP (Ellis et al, 2002). Recently plasmin has been found to cleave PrP^ in vitro and the 

liberated NH%-terminal fragment accelerated plasminogen activation (Praus et al, 2003).

1.2 Transmissible Spongiform Encephalopathy

1.2.1 Animal TSEs

There are many different types of TSEs in animals, most presenting as ataxic illnesses. 

Some of the most common ones are given in the table below:

Disease Aetiology
Scrapie Unknown
Bovine Spongiform Encephalopathy (BSE) Acquired
Feline Spongiform Encephalopathy (FSE) Acquired
Transmissible Mink Encephalopathy (TME) Sporadic / Acquired
Chronic Wasting Disease (CWD) Unknown

Table 1.2 Animal TSEs and their aetiology.

The most important TSE for most of the 20̂ *̂  century, in terms of economic cost and 

number of victims has been scrapie in sheep. Scrapie was initially reported in 1732 in 

England, and in 1759 in Germany, and was the first spongiform encephalopathy whose 

transmissibility was demonstrated (Cuille & Chelle, 1936). Scrapie has endemically 

affected flocks in several countries following the importation of sheep infected or 

incubating scrapie. Epidemiological studies have been conducted in order to determine 

the potential risk of transmission of scrapie to humans but have never supported a causal 

relationship (Chatelain et al, 1981). Research into scrapie is very inconvenient since 

most of the experiments require the use of a large number of animals. This problem was
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solved in the early 1960s when it was demonstrated that disease could be transferred 

from sheep to mice by intracerebral inoculation.

1.2.2 BSE epidemic.

In 1986 the BSE epidemic started supposedly due to cattle consuming contaminated 

feed. The epidemic led to 180,000 clinically diagnosed eases and it is likely that there 

were several fold more undiagnosed cases. The cause of the epidemic is uncertain. It 

was originally thought to be due to changes to the rendering process in the United 

Kingdom for meat bone meal production that occurred in 1980 and led to the 

persistence of prions that were previously destroyed by the process. It is now thought 

that the rendering process would not have destroyed the prions but that the change may 

have contributed to the propagation of PrP^^. The source of PrP^^ was thought to be 

scrapie infected sheep or a spontaneous mutation in infected cattle in the early 1970s. 

The pathogenic protein then spread silently and exponentially until it was discovered in 

1986. The discovery that BSE was spreading from meat bone meal was found by John 

Wilesmith (head of the Central Veterinary Laboratory’s epidemiology department in 

Weybridge) in 1987.

The hypothesis that BSE originated from scrapie infected sheep propagated the false 

reassurance that since scrapie has not posed a problem in humans, neither should BSE. 

However, the infection rose as infected animals were recycled and concentrated by 

continual use of bovine material in the production of feed. The Ruminant Feed Ban was 

introduced in 1988 preventing the feed of ruminant protein to ruminants, and culling of 

infected cattle largely ended the epidemic by 1996. The catastrophe meant the slaughter 

of millions of cattle in an attempt to contain the BSE crises that cost the government and 

the beef industry £4 billion. The Specified Offals Ban was put into action in 1989 and
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was designed to prevent the use of offal in food. This was followed by the “30 month 

rule” which meant that cattle could only be slaughtered for consumption if they were 

under 30 months old. Both regulations were aimed to protect the general public from 

contaminated products.

1.2.3 Species variation

Experiments in animals have shown that a particular PrP^^ infects with a shorter 

incubation period if it has come from an animal of the same species than if it is from an 

animal of a different species. The species of a particular prion appears to be encoded by 

the sequence of the chromosomal PrP^ gene of the mammal in which it last replicated. 

In contrast to pathogens with nucleic acid genomes that encode strain specific properties 

in genes, prions appear to encipher these properties in the tertiary structure of PrP^^ 

(Bessen & Marsh, 1994; Telling et al, 1996; Prusiner, 1997).

1.2.4 Human TSEs

Human TSEs generally present as progressive dementia. Some of the most common 

ones are given in the table below:

Disease Aetiology
Creutzfeldt-Jacob disease (CJD) Sporadic / Acquired / Familial
New Variant CJD (vCJD) Acquired
Fatal Familial Insomnia (FFI) Familial
Gerstmann-Straussler-Scheinker disease (GSS) Familial
Kuru Acquired

Table 1.3 Human TSEs and their aetiology.

Kuru is a fatal TSE that was epidemic in the people of the Okapa area of the highlands 

of Papua New Guinea during the 1960s (Gajdusek & Zigas, 1957). There have been 

over 3,000 cases of Kuru which is a tenth of the population at risk (Prusiner, 1999). 

Kuru affected mainly women, and children of either sex in the early stages of the
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epidemic. As it progressed the number of infected individuals decreased and the 

infected adult male:female ratio evened out. The cause of the epidemic was unknown 

but thought to be due to endo-cannibalism. The end of this practice in the late 1950s 

caused a decline in the epidemic and none of the children bom after 1959 have been 

infected. The bias of infection towards women and children was thought to be due to the 

fact that they, rather than the men, ate the internal organs, in particular the brain.

In a letter to The Lancet in 1959 Hadlow drew attention to the similarities between the 

human prion disease kuru and scrapie and he suggested that kuru, like scrapie may be 

experimentally transmissible (Hadlow, 1959). This led to Gajdusek being awarded the 

Nobel prize in 1976. He and his colleagues showed that if brain tissue from a patient 

who had died of kuru was intracerebrally injected into the brain of a chimpanzee, the 

chimpanzee would develop TSE (Gajdusek et al, 1966).

There have been almost 300 cases of CJD that are reported to be due to medical 

intervention (Brown et al, 2000). These were mainly due to cadaveric human growth 

hormone injection or transplantation of dura mater. There have also been a few cases of 

transmission due to corneal transplantation and from surgical instruments previously 

used on patients with CJD (Baker & Ridley, 1996).

In 1990 investigation into CJD was initiated by the CJD Surveillance Unit in the United 

Kingdom in order to identify if there was any change in this condition that could 

indicate that the transmission of BSE to humans had occurred. In 1994 they found their 

first case of a new variant of the classical CJD. The first 10 cases of vCJD were 

described publicly in The Lancet in 1996 (Will et al, 1996). The clinicopathologic
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phenotype was distinct from CJD and uniform. Patients had a young onset with a mean 

age of 29 years in comparison to 6 6  years old for sporadic CJD. The duration of illness 

was also longer with a mean of 14 months in comparison to 4.5 months seen with 

sporadic CJD. This new form of CJD was found almost exclusively in the UK, which is 

consistent with the BSE epidemic being the cause. There have been a few cases in 

France, Ireland and elsewhere but they have all been linked to the UK either through 

imported meat or visits to the UK by the infected individual. Risk factor analysis has not 

discovered any causal links of vCJD with neurosurgery or mutations within the PrP^ 

gene (Zeidler et al, 1997b).

The official diagnostic criteria for vCJD are given in table 1.4 below. A firm diagnosis 

of CJD or vCJD depends on neuropathological examination post-mortem. Clinical 

diagnosis of CJD is relatively accurate, especially if there is an atypical EEG. 

Hereditary forms of CJD may be confirmed by gene analysis. The recognition of a 

relevant risk factor is essential to the diagnosis of iatrogenic CJD. vCJD is the most 

problematic to diagnose due to limited experience and the absence of any specific 

diagnostic investigation.
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Diagnostic criteria for variant CJD

I A Progressive neuropsychiatrie disorder
B Duration o f  illness > 6 months
C Routine investigations do not suggest an alternative diagnosis
D N o history o f potential iatrogenic exposure

II A Early psychiatric symptoms (Depression, anxiety, apathy,
withdrawal, delusions)

B Persistent painful sensory symptoms (Including both frank pain
and / or unpleasant dysaesthesia)

C Ataxia
D Myoclonus or chorea or dystonia
E Dementia

III A EEG does not show the typical appearance o f  sporadic CJD
(Generalised triphasic periodic complexes at approximately one 
per second) (or no EEG performed)

B Bilateral pulvinar high signal on MRJ scan

IV A Positive tonsil biopsy

Definite lA (Progressive neuropsychiatrie disorder) and neuropathological
vCJD confirmation o f  vCJD (Spongiform change and extensive PrP

deposition with florid plaques, throughout the cerebrum and 
cerebellum)

Probable I and IIIA and IIIB and 4 out o f  the 5 criteria in II
vCJD OR I and IVA

Table 1.4 Diagnostic criteria for variant CJD (Data from the Department o f  Health website: 
www.doh.gov.uk/cjd/cjd_stat.htm).

There are many strains of prion that cause TSEs. These strains can be distinguished by 

the type of disease that they cause in experimentally infected animals, in particular the 

incubation period of the disease and the neuropathology. When vCJD and BSE were 

transmitted to a strain of mice (called RIII) there was a striking similarity between both 

the incubation periods and pathology suggesting that the same strain of agent was 

involved (Bruce et al, 1997). Recently the same experiment has been done, this time 

comparing vCJD and BSE prion transmission in transgenic mice that express the human 

prion gene and are methionine homozygous at codon 129. These mice developed 

neuropathological and molecular phenotypes consistent with these diseases being 

caused by the same strain of prion. In addition BSE transmission to these mice produced
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a distinct molecular phenotype that was indistinguishable from that of sporadic CJD. It 

is therefore possible that patients with a sporadic CJD phenotype may have a disease 

arising from BSE exposure (Asante et al, 2002).

If PrP^^ is extracted from the brain of an infected animal or person, treated with 

proteinase K to digest other proteins present including PrP^ and electrophoresed on a 

gel, the PrP^^ fragment termed PrP27-30 is seen. The molecular weight of this fragment 

varies slightly according to the source, number of glycosyl-side chains and percentage 

of each, providing a molecular signature for that particular PrP^^-type (Table 1.5). The 

glycoform ratios for types 1-3 are the same but type 4 is different with more of the 

highly glycosylated form. The BSE and vCJD types were found to be the same with 

respect to the glycoform ratio and molecular weight (Collinge et al, 1996).

Prp̂ L
type

Genotype at codon 
129

TSE type % prion with glycosyl 
side chains
Zero One Two

1 Met/Met Sporadic/Iatrogenic CJD 33 42 25
2 Any Sporadic/Iatrogenic CJD 29 46 25
3 MetA^al or ValA^al Sporadic/Iatrogenic CJD 30 43 27
4 Met/Met vCJD/BSE 15 37 48

Table 1.5 The relationship between PrP̂ *̂  type, genotype at codon 129 and prion glycoform ratio in 
different TSEs (Collinge et al, 1996).

Predicting the size of the vCJD epidemic is extremely difficult. Mathematical modelling 

using data from the first 14 cases indicated that the number of future cases could vary 

widely. Estimates ranged from a few hundred to over 80,000 cases. Predictions depend 

on unknown variables such as the incubation period. The incubation period could span 

from a few years to many decades. The TSE kuru can have an incubation period of 40 

years (Consens et al, 1997). A more recent study predicts that the epidemic could range
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from 63-136,000 cases, based on the faet that methionine homozygosity at codon 129 of 

the PrP^ gene (Approximately 40% of the population) is a risk factor for vCJD (Ghani 

et al, 2000). A study that based their estimation of the size of the vCJD epidemic on the 

age of onset of vCJD patients and assumed that the risk of developing disease decreased 

with age exponentially after age 15, found that the mean incubation period was 16.7 

years and that the total number of cases will be 205 (Vaileron et al, 2001). A model 

using a wide range of incubation periods suggested that the number of infections could 

range from a few hundred to several million. In the latter case the mean incubation 

period would be well beyond the human lifespan making the number of clinical cases 

several thousand at most. (d'Aignaux et al, 2001). Recent analysis of 8318 appendixes 

removed from hospital patients during the 1990s found that one tested positively for 

PrP^^. This finding gives an estimated prevalence in the population of 120 cases of 

vCJD per million people. There are approximately 60 million people in the UK making 

the vCJD figure 7,200 cases, although this finding is highly speculative (Hilton et al,

2002). An investigation into the presence of PrP^^ in the appendixes of four vCJD 

patients found only one positive, questioning the relevance of screening this tissue as a 

marker of vCJD (Joiner et al, 2002). If the risk of infection from BSE infected sheep is 

taken into account then the vCJD mortality predicted in one study to be 50-50,000 could 

extend to 150,000 cases (Ferguson et al, 2002). As the number of vCJD cases increases 

more accurate modelling of the epidemic can be performed. Medley suggests that the 

prediction of the number of future vCJD cases is not worthwhile for the numerical 

values but is useful in developing an understanding of the epidemic process. When the 

vCJD epidemic is over, we will have a good estimate of the incubation period 

distribution allowing more aceurate predictions should there be a further epidemic 

(Medley, 2001).
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1.2.5 Prion disease and Haematology

The potential transmission of prion diseases by blood transfusion or through the 

administration of blood components is of great concern throughout the world. Several 

donors gave blood and subsequently developed vCJD. Potentially infectious donations 

have therefore already entered the blood supply. Although there has not been an 

example of a donor that has later developed CJD, transmitting prions to a recipient, 

many investigators believe that it may be possible (Brown, 1995; Ricketts et al, 1997; 

Burthem & Roberts, 2003). The discovery of vCJD has had a major impact on the blood 

transfusion services especially in the United Kingdom. Prion protein is a marker of 

disease found only in neuronal tissue in patients with classical CJD. In vCJD prion 

protein has been found in lymphoid tissues such as spleen and tonsil (Hill et al, 1999). 

The classical form of CJD has been around throughout the history of clinically used 

pooled plasma products, but has never been shown to be transmitted by such products or 

by blood transfusions. The initial problem is determining whether a patient with TSE 

has obtained it iatrogenically via transfusion or whether they have sporadic CJD. This 

must be achieved by comparing PrP^^ in the blood sample to that in the recipient. There 

is no test at present that is able to detect PrP^^ in blood from a CJD patient.

Investigations demonstrating prion infectivity in blood have been carried out in multiple 

studies using laboratory rodents (Casaecia et al, 1989; Clarke & Haig, 1967; Dickinson 

& Fraser, 1969; Diringer, 1984; Manuelidis et al, 1978; Kuroda et al, 1983). The 

animals were inoculated with prions and it is likely that part of the inoculum migrated 

into disrupted blood vessels and into the blood stream during inoculation. This 

migration could not happen in familial and sporadic CJD as it does in laboratory 

animals since there is no exogenous inoculation. There is no reason to suspect passage
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of infectivity into the blood stream in CJD except perhaps in the later stages of disease 

where there may be breakdown of the blood brain barrier. There may be a greater risk of 

prion passage into the bloodstream in patients with iatrogenic CJD, since these patients 

have been inoculated with exogenous prion.

There have not been any well controlled, reproducible studies demonstrating the 

transmission of prions from the blood of a patient with CJD to an animal. The advent of 

transgenic mice may allow this to be investigated successfully for the first time 

(Prusiner, 1999). Haemophiliacs and other multiply transfused patients have a history of 

iatrogenic infections from blood components. In 1982 the first cases of human 

immunodeficiency virus (HIV) infection were described in haemophiliacs and prior to 

1985 many patients were infected with hepatitis C. Now there is a new risk from prion 

diseases (Liras, 2000). Epidemiological data suggests that there is no prion 

contamination of blood or blood products and argue against the transmission of CJD 

through blood. However these studies are limited in the detection of rare events such as 

CJD (Ricketts et al, 1997).

Recently there has been an investigation into the possibility of transmitting prion 

disease via blood transfusion from BSE or scrapie infected sheep to susceptible scrapie- 

free sheep. This study has reported the transmission of BSE in two cases and scrapie in 

four cases at both the pre-clinical and clinical stages of infection (Hunter et al, 2002). It 

would be interesting to separate the transfused blood into its various fractions e.g. 

platelets and plasma and compare transmission to determine whether infectivity is 

associated with one particular blood component.
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It is not known if patients infected with TSE can transmit infectivity via blood or blood 

products and there is no specific test for the presence of pathogenic prion protein in 

blood as mentioned previously. There is therefore a ‘theoretical risk’ of transmission of 

prions and certain precautions are required to reduce this risk. Individuals who have a 

family history of neurodegenerative disease, or who are at risk from iatrogenic CJD are 

excluded from the blood donor population in the UK. In addition there are several 

countries such as Australia and the U.S.A. that have excluded British donors from their 

blood donor population to reduce this theoretical risk.

Several studies have been performed in order to investigate the partitioning of infectious 

prion during blood fractionation. Infectious prion cannot be detected in human blood 

and so the problem with these investigations is knowing what to use as a spiking agent. 

Will the agent used in vitro, model actual infectivity in vivol This problem is not only 

restricted to the species of prion used but also the biophysical properties of the agents 

(Vey et al, 2002).

Experiments using rodent adapted TSE agents spiked into scaled down manufacturing 

processes to monitor the partitioning of PrP^^ and / or infectivity have found that blood 

fractionation processing steps tend to remove prion (Brown et al, 1999b; Brown et al, 

1998; Foster et al, 2000; Lee et al, 2001; Lee et al, 2000). Recently human vCJD prion 

has been used as a spiking agent in blood fractionation studies and has been found to 

separate in a similar way to hamster scrapie prion, supporting evidence obtained from 

the hamster model of infectivity and providing reassurance for the TSE safety of these 

components (Stenland et al, 2002).
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When vCJD was first discovered, the UK department of health commissioned a risk 

assessment to minimise the theoretical risk of vCJD transmission by blood (Det Norkse 

Veritas, 1999). The conclusions were as follows: To replace UK-derived plasma for 

fractionation, by plasma sourced from outside the UK and to introduce leucodepletion 

of donated blood and its components (Warden, 1998). The réintroduction of UK plasma 

will depend on proof that the process of fractionation will remove infectivity. Data, thus 

far, indicates that this is true. A screening assay for vCJD or a marker will also be 

required to prove definitively that blood and blood products are safe (MacGregor, 

2001).

Leucodepletion is a process that involves the removal of leucocytes from blood. This 

process was implemented in the UK on November 1999 as a precautionary step 

against the theoretical possibility of transmission of PrP^^ via blood or blood products 

costing more than £70 million per year. It was deemed to be necessary due to the 

theoretical risk of TSE transmission via blood, since vCJD is more lymphoinvasive than 

classical CJD and infectivity has been found in buffy coat in animal models of the 

disease. PrP^^ has been found to be present in the follicular dendritic cells of the tonsils 

(Hill et al, 1997; Hill et al, 1999), spleen, lymph nodes (Hill et al, 1999) and appendix 

(Hilton et al, 1998) of patients with vCJD. It was thought that because of the close 

association of follicular dendritic cells with lymphocytes in the lymphatic organs, 

migrating lymphocytes might carry infectivity and thus there may be a risk that these 

cells transmit infectivity during blood transfusion. Current evidence suggests that 

endogenous expression of PrP^ is required for the propagation of PrP^^ since PrP^ 

Icnockout mice are resistant to scrapie (Bueler et al, 1993). The significance of the 

distribution of normal PrP*̂  should therefore not be underestimated. Leucodepletion has
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now been implemented in several other countries (France, Ireland, Portugal and 

Canada). Although there have not been many cases of vCJD in these countries, the 

presence of BSE in these countries has provoked caution.

Leucodepletion is performed on blood components within two days of collection by 

filtration or by selected apheresis techniques. The aim of the process is to reduce the 

leucocyte count to <5x10^ leucocytes / component in 99% of components with >95% 

statistical confidence. This reduction was thought to potentially reduce the number of 

transfusion related vCJD cases by up to 36% (Det Norkse Veritas, 1999).

Apart from the potential protective effect that leucodepletion has in transmission of 

TSEs, it has several other benefits. These include the removal of leucocyte-associated 

bacteria and viruses, and the abrogation of side effects such as febrile reactions, human 

leucocyte antigen alloimmunisation and immunomodulation.

Whole blood is leucodepleted by passage through third generation filters capable of 3-4 

log leucocyte reduction. This is a convenient procedure but the filter removes >2 log 

platelets. Whole blood or processed erythrocytes are filtered either at room temperature 

on the day of collection (day 0) or after overnight storage at 4°C. Platelets are filtered 

during processing on day 1. Units are not filtered after day 2 since leucocytes start to 

fragment due to storage. Platelet leucodepletion can be performed by apheresis without 

the use of a filter.
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There has been concern that leucodepletion may not be an effective tool in the 

protection against vCJD if the process causes significant generation of leucocyte 

fragments (Hérault et al, 2001).

Removal of leucocytes by filtration has not been found to reduce the infectivity of 

plasma and most of the infectivity in blood was found in the huffy coat fraction in mice 

infected with a murine adapted strain of human Gerstmann-Straussler-Scheinker disease 

(Brown et al, 1999b). The huffy coat contains platelets and leucocytes and since 

platelets carry the most PrP*̂  of all the blood cells (MacGregor et al, 1999) it maybe that 

the platelets and blood plasma are an important source of this infectivity (Sivakumaran, 

2000). If this is the case then current leucodepletion measures will be inadequate since 

there is plasma and large quantities of platelet fragments present in leucodepleted 

erythrocyte concentrates (Sivakumaran, 1999). Whole blood filters, not platelet filters, 

have been found to bind soluble PrP^ from plasma reducing the concentration by up to 

62%. The physical properties of PrP^^ means that it is likely that filters would remove 

more infectious prion than PrP^ (Prowse et al, 1999). In an investigation of twelve 

filters, there was no significant rise in the levels of PrP^ in the supernatant of 

leucofiltrated blood indicating that there is limited cellular activation / fragmentation 

(Hornsey et al, 2000). Leucodepletion has not been found to activate platelets 

significantly (Metcalfe et al, 1997). In one experiment whole blood was spiked with a 

micro vesicular fraction of 1 0 % brain homogenate from a 263K-scrapie infected hamster 

brain. The product was then filtered and the PrP^^ content measured by Western 

blotting. Three of the four filters tested removed PrP^^ but there was gross erythrocyte 

fragmentation with all the filters, probably due to lipid present in the brain homogenate 

(Prowse & Bailey, 2000). The filtration experiment performed by Brown et al.
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mentioned above used blood from endogenously infected animals and found that there 

was no removal of infectivity (Brown et al, 1999b). Further experiments are required 

with several filter types and PrP^^ containing preparations to make a conclusion on the 

ability of filters to remove PrP^^.

An accurate test for infection could resolve all of the uncertainties with respect to the 

transmission of PrP^^ through blood or blood products. Ideally it must be minimally 

invasive, easily performed and inexpensive. Blood is the obvious choice for analysis 

since it is easily obtained and has been shown to be infectious in experimentally 

infected animals with TSEs, pre-clinically (Hunter et al, 2002). The problem is one of 

detection. In rodent models of TSE the infectivity may rise as high as 100 lU/ml 

(Infectious Units = Amount of infectivity required to transmit disease to one out of a 

group of animals) in huffy coat at the onset of symptomatic disease (Brown et al, 

1999b). 100 lU corresponds approximately to 1 picogram of prion. The amount of 

sample that could be used in a test would probably be less than a millilitre and the 

amount of prion maybe less in human blood, so the test may have to be several 

magnitudes more sensitive (Brown et al, 2001).

Polyacrylamide gel electrophoresis followed by Western blotting has been found to 

have a limit of detection of approximately 1 0 0  pg/ml which is much higher then the 

theoretical threshold of 1 pg/ml huffy coat (Brown et al, 2001). The only test that is able 

to detect PrP^^ in blood uses a capillary electrophoresis method. A synthetic prion 

peptide is used and an anti-prion antibody added so that 50% of the peptide is bound by 

the antibody. The mixture is then added to an extract of huffy coat from the blood 

sample to be tested. If there is no prion present in the sample then the ratio of bound to

56



free antibody will remain at 50% when analysed by capillary electrophoresis. If there is 

prion present then some of the peptide bound antibody will be displaced with a 

reduction in the bound to free peptide ratio. The technique does not measure prion 

directly and is difficult to standardise but can detect as little as 80 attomol/nL (Atto = 

1 0 '̂ )̂ of labelled peptide and is able to detect PrP^^ in the huffy coats of at least a 

proportion of scrapie infected sheep (Schmerr et al, 1999). It has not been possible to 

replicate these results in CJD infected chimpanzees or humans (Cervenakova et al,

2003). (The DELFIA® assay is described in section 5.2.12) Other candidate test for the 

detection of prion protein in blood are given in table 1 .6  below:

Assay M ethod Principle Detection M ethod Assay M aterial Threshold o f  
Sensitivity

Polyacrylamide 
gel / Western 
blot

PrP molecular sizes Chem ilum inescence Scrapie hamster brain 
homogenate 
Recombinant hamster 
or human PrP

0.1-Ing/m l

300pg/ml

Capillary
electrophoresis

Precursor
pepti de/PrP/anti-PrP 
competition

Laser fluoroscopy Synthetic PrP Peptide 
Recombinant human 
or bovine PrP

5-lOOng/ml 
50-100ng/ml 
2 pg/ml

Conformation
dependent
ELISA

Differential antibody 
binding o f  native 
and denatured PrP

DELFIA® Scrapie hamster brain 
PrP extract 
Recombinant hamster 
PrP

<lng/m l

<5pg/ml

Double antibody 
ELISA

Surface
immobilisation by 
antibody epitope

DELFIA® Scrapie hamster brain 
homogenate 
Recombinant human, 
bovine or ovine PrP

100-500pg/ml

160pg/ml
lOOpg/ml

PrP-receptor
ELISA

Surface
immobilisation by 
PrP receptor

DELFIA® Not tested

Multi-spectral
ultraviolet
fluoroscopy

Differential PrP 
fluorescence under 
UV

UV-fluorescence
spectroscopy

Scrapie hamster or 
mouse brain PrP 
extract

3 pg/ml

Scan for 
intensely 
fluorescent 
targets

Multiple binding 
sites on PrP 
aggregates

Confocal laser 
spectroscopy

Scrapie hamster brain 
PrP extract

50-100pg/ml

Immuno-PCR Chemical link 
between anti-PrP 
and nucleotide

Electrophoresis o f  
PCR product

Not tested

Table 1.6 Possible tests to screen blood for the presence o f  PrP^ .̂ DELFIA = Dissociation-enhanced 
lanthanide fluoroimmunoassay (Brown et al, 2001).
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The prospect of success for each of the tests mentioned above depends on the amount of 

PrP^^ in human plasma, which is unknown. Until there is an appropriate test we must 

continue to depend on donor screening and blood processing to provide maximum 

safety from exposure to infective blood products (Brown et al, 2001).

1.2.6 Route of infection

Prions have not been detected in the muscle of BSE or scrapie infected animals, but 

infectivity has been found in some muscle tissue of experimentally infected mice 

(Bosque et al, 2002) indicating that there is a possibility that TSE could be transmitted 

via consumption of muscle. Prions appear to make their way from the digestive tract to 

the central nervous system (Figure 1.8). The relative resistance to protease digestion 

(Bolton et al, 1982) probably allows the infectious PrP^^ to survive passage through the 

digestive tract (Maignien et al, 1999). It is not clear how the prions pass through the 

digestive tract but M cells in the intestinal mucosa are portals for antigens and have 

been shown in vitro to mediate the transport of prions (Heppner et al, 2001). Prions are 

found in the enteric nervous system (Beekes & McBride, 2000) and Peyer’s patches 

(Maignien et al, 1999) early in the infection process. Prions have also been found to 

accumulate in various tissues of the lymphoreticular system including spleen and lymph 

nodes in experimentally infected mice with scrapie (Prinz et al, 2002), BSE in 

experimentally infected sheep (Jeffrey et al, 2001; Foster et al, 1996) and vCJD in man 

(Bruce et al, 2001), but not in BSE infected cattle (Bradley, 1999). Myeloid dendritic 

cells express a high level of PrP^ and are thought to transport prions within the 

lymphoreticular system (Burthem et al, 2001; Aucouturier et al, 2001; Huang et al, 

2002). Follicular dendritic cells are the cells in which prion amplification and PrP^^ 

accumulation occurs (Montrasio et al, 2000; Mabbott et al, 2000) aided by mature B
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cells that provide lymphotoxin. However prion invasion may occur in the absence of 

follicular dendritic cells indicating that other cells can also amplify prions (Prinz et al, 

2002; Oldstone et al, 2002). Prions move from the lymphoreticular system and 

probably other sites to the peripheral nervous system and the brain, either directly 

through the vagus nerve or via the spinal cord (Beekes et al, 1998; Bencsik et al, 2001). 

If a large enough dose of PrP^^ is administered by intraperitoneal inoculation then 

neuroinvasion can occur without participation of lymphoreticular system (Race et al,

2000). Inoculation of infective prions into the brains of PRNP^^^ mice, that have had a 

neuroectodermal graft expressing PrP^, had no affect when administered 

intraperitoneally (Blattler et al, 1997) or intraocularly, but did by intracerebral 

inoculation indicating that the spread of infectivity depends on PrP^ expressing cells 

(Brandner et al, 1996). This was not corrected by irradiation and reconstitution of the 

PrP^ expressing lymphohaemopoietic system indicating that prion neuroinvasion in the 

mouse was not mediated by the blood system (Blattler et al, 1997) but later shown to 

require the peripheral nervous system (Race et al, 2000). Prion infectivity has not been 

detected in leucocytes in mice with scrapie (Raeber et al, 1999) nor in the blood of BSE 

infected cattle (Bradley, 1999). Low levels have been described in the blood of scrapie 

infected hamsters (Holada et al, 2002a). Sheep fed BSE infected material were found to 

transmit disease pre-clinically to healthy sheep by blood transfusion at a rate of 8%, 

with the experiment ongoing and 2 additional animals likely to also be infected raising 

the transmission rate to 17% (Hunter et al, 2002). The level of PrP^^ in the blood 

appears to be low and is undetectable by the techniques currently in use.
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Figure 1.8 The possible routes o f propagation o f ingested prions. For details see text. PNS=Peripheral 
nervous system, FDC=Follicular dendritic cells. Redrawn and modified from Weissmann et al, 2002.
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1.3 CD34+Stem Cells

Mature blood ceils live for a matter of hours (granulocytes) or weeks (erythrocytes) 

before being destroyed. This means that approximately lO'^ new cells are required 

every day to replace them. In addition higher cell production is required in response to 

infection or blood loss, so the haemopoietic system must be carefully regulated to 

maintain the balance of cells necessary for life. All the various cells in the blood are 

produced from pluripotent stem cells in the bone marrow. These stem cells are low in 

number (0.01-0.05% of bone marrow population) and have two characteristic features. 

Firstly, they are able to replicate themselves in a process known as self-renewal, 

maintaining their own numbers throughout the lifespan of the individual, and secondly 

they can differentiate into all of the mature blood cell types (Figure 1.9).

Pluripotent stem cells produce more developmentally restricted cells, termed progenitor 

cells, such as myeloid stem cells that can in turn develop into cells committed to one 

lineage. This restriction in developmental potential is accompanied by a massive 

amplification in cell numbers (Hoffbrand et al, 1999).

Strictly speaking the formal definition of a ‘stem cell’ is a cell that is able to 

permanently repopulate the bone marrow. It is generally accepted, however, that the 

pluripotent stem cells are found among the CD34 positive cell population, although they 

are only a small minority (< 1%) (Sutherland et al, 1990).

Maintenance of blood cell production requires regulation in a very controlled and co

ordinated way by a huge variety of growth factors and cytokines. Anoxic conditions, for 

example, lead to the production of a growth factor called erythropoietin (Epo) that

61



stimulates the production of more erythrocytes (Fisher, 2003). In addition to stimulatory 

factors there must also be inhibitory factors able to down regulate production of certain 

cells. The control of cell death by apoptosis has been found to be critically important in 

this process. It is known that erythroid progenitors are produced in normal numbers, 

even when there is no need for erythrocyte production. Apoptosis presumably removes 

these cells at the same rate as they are being produced, maintaining equal cell numbers. 

If erythrocyte production is then suddenly necessary, the progenitor cells are ready to 

mount a fast response (Krantz, 1991).

The bone marrow stromal cells are a heterogeneous population comprising of 

fibroblasts, endothelial cells, reticular cells and adipocytes. These cells are important in 

the growth of the various haemopoietic cells since they produce or sequester various 

different growth factors and cytokines. Although the bone marrow appears to be 

composed of a random distribution of cells at different stages of differentiation, the 

distribution of growth factors is localised to specific stromal cell populations indicating 

that the bone marrow is really a highly structured and organised tissue with specific 

environments that preferentially promote the growth of certain cell types (Hoffbrand et 

a/, 1999).

In the clinical setting, stem cells can be obtained directly from the bone marrow by 

aspiration and indirectly by chemotherapy or treatment of patients with growth factors 

such as G-CSF (Granulocyte - Colony Stimulating Factor) which greatly increases the 

number of circulating CD34 cells in the blood. These cells can be collected by apheresis 

and purified for use in autologous transplantation (Fruehauf & Seggewiss, 2003).
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Figure 1.9 Diagram displaying haemopoietic cell production. Reproduced from Carr & Rodak, 1999.
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1.4 Megakaryocytes

Megakaryocytes are large polyploid cells found in the bone marrow and to a limited 

extent in the blood. Their function is to produce platelets. One mature megakaryocyte is 

theoretically able to produce as many as 4000 platelets. Differentiation from stem cell to 

megakaryocyte and then platelets takes approximately 10 days (Colman et al, 2000).

1.4.1 Development

Megakaryocytes are formed from primitive undifferentiated haemopoietic stem cells 

within the bone marrow. In the primary developmental phase three types of 

megakaryocyte progenitor cell have been described on the basis of their physical 

properties, the type of colonies they give rise to when cultured in vitro, and the length of 

time that they take to mature in culture. The most primitive megakaryocyte progenitor is 

the BFU-MK (Burst forming unit - megakaryocyte). These cells take 21 days in culture 

to mature and form multiple clusters of megakaryocytic cells often in the hundreds 

(Briddell et al, 1989). The second megakaryocyte progenitor is the CFU-MK or CFU- 

Meg (Colony forming unit - megakaryocyte). These were the first megakaryocyte 

progenitors to be discovered and are more mature than BFU-MK taking 10 to 12 days to 

mature, producing single clusters of approximately 10 cells (Briddell et al, 1989). BFU- 

MK may or may not start to express platelet glycoproteins (Berridge et al, 1985; Fraser 

et al, 1986). The most mature megakaryocyte progenitor is the LD-CFU-MK (light 

density-CFU-MK) (Chatelain et al, 1988). These cells have little proliferative capacity 

and therefore give rise to small colonies. The individual cells in these colonies tend to 

have high ploidy values. The second phase of development has three stages: 

megakaryoblast, promegakaryocyte and granular megakaryocyte. By the 

megakaryoblast phase in development significant proliferative activity has ceased and
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megakaryocyte / platelet specific markers are present. Megakaryoblast cells have the 

highest nuclear / cytoplasmic ratio. Their nuclei are lobed and compact. Megakaryoblast 

cytoplasm is quite basophilic due to a high RNA content and already contains granules, 

dense bodies and the beginning of a demarcation membrane system. These cells still 

actively synthesise DNA and undergo endomitosis (Leven et al, 1985). Endomitosis or 

endoreduplication is a process by which DNA replication occurs without cell division. 

This process results in a large, lobed, convoluted nucleus. Interestingly neither the 

number of lobes nor the extent of the convolutions correlates with DNA content or 

number of endoreduplications (Odell, Jr. & Jackson, 1968; Breton-Gorius & Reyes, 

1976). Promegakaryocytes have an indented, horseshoe-shaped nucleus. They have 

more cytoplasm and it is less basophilic. These cells have more organelles and the 

demarcation membrane system is more highly developed (Feinendegen et al, 1962) The 

endomitosis ceases and the ultimate cell ploidy level remains fixed from this point in 

development (Zucker-Franklin, 1998; Leven et al, 1985; Young & Weiss, 1987) The 

final stage in development is the granular megakaryocyte. These cells are large (40- 

50pm) with abundant granules and an eosinophilic cytoplasm. They contain multiple 

organelles and the demarcation membrane system is fully developed. A fourth or post- 

mature stage in megakaryocyte development has been described (Levine, 1980). The 

nuclei at this stage show signs of involution and are more dense and compact than stage 

3 cells. Fourth stage cells are slightly smaller with a more intense and evenly stained 

eosinophilic cytoplasm. The stage at which platelets are released is assumed to be stage 

3 or 4 where the granular contents of megakaryocytes are at a maximum and the 

demarcation membrane system is fully formed, however earlier stage cells may well 

contribute to platelet production especially during times of stress.
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1.4.2 Structure

During maturation the megakaryocyte nucleus increases in size and segmentation and 

chromosome clumping occurs. Endoreduplication occurs until a level ranging from 4N 

to 64N is reached. Polyploidization in megakaryocytes is unique among mammalian 

cells. The modal class is 16N in humans (Gewirtz, 1995) and its growth is terminated 

after the synthesis of cytoplasmic organelles has occurred. At the final stage of 

maturation the nuclear lobes tend to elongate and gather together, the chromatin 

becomes coarser, and long clefts of cytoplasm extend between each lobe.

The demarcation membrane system (DMS) is a network of smooth channels that is 

located near to the plasma membrane. These channels are formed from multiple 

invaginations of the plasma membrane (Behnke, 1968) and as such are always in 

contact with the extracellular medium. During maturation the network extends and 

becomes widespread within the whole cytoplasmic volume. The role of the DMS is in 

the delimitation of future platelet territories and future platelet shedding.

Rough endoplasmic reticulum is abundant in immature megakaryocytes. Smooth 

endoplasmic reticulum is derived from rough ER that has lost its ribosomes and remains 

abundant until the end of the maturation process, closely associated with the DMS. The 

endoplasmic reticulum gives rise to the dense tubular system of platelets (Breton-Gorius 

& Guichard, 1972).

1.4.3 Granules

There are 4 different types of storage granules formed during megakaryocyte 

maturation: Alpha-granules, dense granules, lysosomes and peroxysomes. Alpha
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granules appear early in megakaryoeyte development at the same time as the 

demarcation membrane system (Heijnen et al, 1998). They arise from the trans-golgi 

network and are unique organelles in that they acquire their protein through two 

mechanisms: (i) Biosynthesis within the megakaryocyte (Cramer et al, 1985; Cramer et 

al, 1989) and (ii) endocytosis of plasma proteins at both megakaryoeyte and platelet 

stages (Handagama et al, 1989; Handagama et al, 1990; Harrison et al, 1989) either 

receptor mediated or through the fluid phase (Handagama et al, 1993a; George, 1990) 

(Table 1.7). The endocytosed proteins appear later in the megakaryocyte than 

endogenously synthesised proteins (Cramer et al, 1989). The distribution patterns are 

also distinct. The endogenously synthesised proteins are nearer the cell’s nucleus and 

the endocytosed proteins tend to be nearer the cell’s periphery. Since patients whose 

platelets lack a-granules (grey platelet syndrome) have no well-defined haemostatic 

disorder this indicates a-granules have limited significance in haemostasis. Dense 

granules are the final marker of cytoplasmic maturation (Youssefian et al, 1997). Their 

contents is described in section 1.5. Lysosomes and peroxysomes can be detected by 

their specific enzyme contents, acid hydrolases (Bentfeld-Barker & Bainton, 1982) and 

catalase, respectively.
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Matrix of «-granule Membrane of «-granule

Present in blood plasma (Endocytosed) Alpha-granule membrane only

Fibrinogen P-selectin (CD62p)
Albumin GMP33
Fibronectin Osteonectin
IgG, IgA, IgM

Present in blood plasma a-granule and plasma
(Synthesised by megakaryocyte) membrane

VWF GPIIb/IIIa
Factor V GPIV
Thrombospondin CD9

PEC AMI
GPIb-IX
rapl

Absent from blood plasma

Multimerin
p Thromboglobulin
Platelet factor 4
PDGF
EGF
TGF p
VEGF/VPF

T ab le  1.7 A lpha-granule proteins (Colm an et al, 2000)

1.4.4 In vitro culture of megakaryocytes

Research on normal human megakaryocytes has been limited by technical problems 

from the start. Megakaryocytes are rare in the bone marrow (less than 0.5% of nucleated 

cells) and attempts to isolate them by centrifugation or cell sorting has resulted in poor 

yields (Colman et al, 2000). The advent of cell culture has allowed the in vitro growth 

of megakaryocytes from immature progenitors, greatly improving megakaryocyte yields 

and allowing more sophisticated experiments to be performed.
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The term thrombopoietin (TPO) was originally used in 1958 (Keleman et al, 1958) to 

describe a substance found in plasma that is able to increase megakaryocyte production 

in the bone marrow. TPO is the hormone that is the major regulator of megakaryocyte 

development. Purification of TPO was attempted for several years unsuccessfully. 

Eventually v-mpl, a fusion protein of the normal cellular c-mpl with a viral envelope 

protein was discovered. V-mpl was present in the murine myeloproliferative leukemia 

virus (MPLY) a retrovirus that was subsequently found to encode the receptor for 

thrombopoietin (Le Coniat et al, 1989; Mignotte et al, 1994). The discovery of the 

receptor eventually led to the purification of TPO by affinity chromatography. The 

importance of TPO is emphasised in a paper by Cramer et al. in which the 

megakaryocytes were cultured from bone marrow CD34VCD38^ cells and observed by 

electron microscopy. Platelet formation is elegantly demonstrated in this work (Cramer 

et al, 1997). Although TPO is a major factor in the regulation of megakaryocyte 

development and platelet production, several other cytokines and growth factors have 

also been found to be important.

Interleukin-3 (IL-3) is involved in the proliferation of multipotent haematopoietic 

progenitor cells in vitro and can act with kit ligand, granulocyte macropbage-colony 

stimulating factor (GM-CSF), Granulocyte Colony Stimulating Factor (G-CSF) or 

erythropoietin (EPO) to support in vitro colony formation (Lindemann & Mertelsmann, 

1995; Messner et al, 1987; Sieff et al, 1987; Tsunoda et al, 1991). IL-3 bas weak 

megakaryocyte colony stimulating activity on its own.

Interleukin-6 (IL-6) is synthesised by T cells, macrophages and marrow stromal cells. It 

has been shown to stimulate megakaryocyte maturation and increase megakaryocyte
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size (Ishida et al, 1991; Mei & Burstein, 1991; Ishibashi et al, 1989; Bruno & Hoffman, 

1989; Warren et al, 1989; Kimura et al, 1990; Williams et al, 1990). IL-6 has little 

colony stimulating activity on its own but together with IL-3 and IL-1 it can 

synergistically promote megakaryocyte colony formation. Megakaryocytes have 

receptors to IL-6 and are capable of synthesising it, suggesting the presence of a 

feedback loop in regulating megakaryocyte development (Jiang et al, 1994).

Kit ligand (a.k.a. stem cell factor (SCF) or mast cell growth factor (MGF)) has been 

found to increase myeloid and erythroid cell production (Andrews et al, 1990). This 

factor may amplify the proliferation of megakaryocyte progenitor cells in the presence 

of other cytokines.

Interleukin-11 acts with other cytokines such as IL-3, TPO, megakaryocyte growth and 

development factor (MGDF) or Kit ligand to stimulate various stages of 

megakaryocytopoiesis and thrombopoiesis in murine and human bone marrow cells 

(Holyoake et al, 1996; Yonemura et al, 1993; Mason et al, 1993; Kaushansky et al, 

1995; Tsukada et al, 1993; Yonemura et al, 1992; Bruno et al, 1991; Burstein et al, 

1992; Teramura et al, 1992).

Erythropoietin in high doses or with other cytokines has been shown to stimulate 

megakaryocyte colony formation (Vainchenker et al, 1979; Sakaguchi et al, 1987; 

Tsukada et al, 1987; Clark & Dessypris, 1986; Dessypris et al, 1987; Dukes et al, 

1986). It appears to have a similar effect to TPO on more mature cells. Megakaryocytes 

have been found to express EPO receptors, and infusions of EPO into animals have 

been shown to increase platelet production in vivo (Berridge et al, 1988; Fraser et al, 

1989).
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In the megakaryocyte experiments in this thesis, cells were grown in vitro from selected 

CD34 positive cells. TPO was the sole major growth factor used in megakaryocyte 

culture, emphasising the critical role of this particular molecule.

1.4.5 Platelet production

There are two hypotheses to explain the formation of platelets and their delivery into the 

circulation. The theories relate to the formation of the demarcation membrane system 

(DMS). It has been considered that platelets are formed from pro-platelets (Queisser et 

al, 1971). This theory dictates that the DMS in the megakaryocyte cytoplasm is 

organised into discrete domains by fusion of parallel channels of the DMS. This fusion 

leads to the formation of fenestrated sheets of membrane that are then cleaved forming 

platelets (Bentfeld-Barker & Bainton, 1977). The mature megakaryocyte in the bone 

marrow then starts to extend pseudopodia that penetrate the adjacent marrow sinusoid 

walls and break off with the force of blood flow into platelets or larger proplatelets, this 

is facilitated by the alignment of the demarcation membranes, dilation of their channels 

and reorganisation of microtubules. Electron microscopy (Cramer et al, 1997) and video 

microscopy (Italiano, Jr. et al, 1999) of cultured megakaryocytes supports this 

hypothesis demonstrating pseudopodia extension and proplatelet formation.

An alternative hypothesis is that the platelets are formed by fragmentation within the 

interior of the cell and that the peripheral zone of the cell is not involved in the process 

(White, 1989). Evidence for this was based on freeze fracture studies demonstrating that 

intramembranous particles on the DMS and platelet membranes are quite similar but 

different from those present in megakaryocyte plasma membranes. Recently apoptosis 

of megakaryocytes has been shown to produce functionally viable platelets (Clarke et 

a/, 2003).
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The site of platelet production is also unclear. Megakaryocytes are formed in the bone 

marrow and thus it would seem likely that platelets would be released directly into the 

circulation from there. This theory is supported by the finding that naked 

megakaryocyte nuclei are present in the bone marrow (Zucker-Franklin et al, 1989). 

Megakaryocytes are found circulating in peripheral blood, their numbers are 10 times 

higher in the pulmonary artery than the aorta and 98% of megakaryocytes leaving the 

lung are devoid of cytoplasm (Levine et al, 1993). This lead to the hypothesis that 

platelet formation and release occur in the lung (Kaufman et al, 1965)). Proplatelets are 

considered to be transported to the lungs where the final fragmentation is accomplished 

in the pulmonary microcirculation (Zucker-Franklin & Philipp, 2000).
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1.5 Platelets

1.5.1 Structure

Platelets are the smallest blood cells, 2-4|xm in diameter and about 1 |im thick. They are 

anucleated, discs produced by fragmentation of megakaryocyte cytoplasm. They have a 

typical bilammellar structure composed of phospholipid. This membrane forms deep 

invaginations (open canalicular system (OCS)) effectively increasing the surface area of 

the cell. The surface area can increase further upon a-granule release. Through the 

phospholipid bilayer on the platelet surface and OCS various glycoproteins (GPs) such 

as GPIa-IIa, GPIb, GPIIb-IIIa (anbps) and GPIV extrude serving as platelet receptors 

for activating and inhibitory agents. Some of these receptors have cytoplasmic tails in 

close contact with the intraplatelet contractile system (Colman et al, 2000).

The two main platelet membrane glycoproteins are GPIIb-IIIa (anbPs) and GPIb-IX-V 

and their major functions are listed in the table below:

GPIIb-IIIa (ttnbPs) GPIb-IX-V
Structure Integrin receptor family 

Two transmembrane subunits 
Covalent heterodimer of autCGFIIb) and P3 

(GPIIIa) required for cell surface expression

Leucine rich repeat superfamily 
Four transmembrane subunits 
Covalent heterodimer of Ib^ and Ibp and I : I 
noncovalent association of Ib complex with 
IX required for cell surface expression. 
Noncovalent 2:1 association of Ib-IX with V.

Synthesis Ilb: Chromosome 17, megakaryocytic 
specific.
Ilia; Chromosome 17, many cell types.

Ib^: Chromosome 17 
Ibp: Chromosome 22 
IX: Chromosome 3 
V: Chromosome 3
All principally expressed in megakaryocytes 
with limited expression in endothelium.

Location 
and density

Surface plasma membrane, OCS and a  
granule membrane. Surface density increases 
from 40,000 to 80,000 molecules per platelet 
upon activation. (Wagner e/a/, 1996)

Surface plasma membrane. Surface density 
decreases upon activation by translocation to 
OCS. GPIb-IX: 25,000 and GPV: 12,500 
molecules per platelet

Ligands Mainly fibrinogen, also fibrin, VWF, 
fibronectin, vitronectin, thrombospondin. 
Receptor function requires platelet activation.

Mainly VWF. Constitutive receptor function 
for matrix-bound VWF.

Table 1.8 Structure and function o f  GPIIb-IIIa (anbPs) and GPIb-IX-V (Colman et al, 2000)
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Platelets contain a membrane skeleton, consisting of short actin filaments linked by 

actin binding proteins and connected to the plasma membrane mainly via GPIa-IIa and 

GPIb. This skeleton stabilises the lipid bilayer and maintains the shape of the plasma 

membrane.

The platelet cytoskeleton is mainly composed of actin filaments associated with 

tropomyosin, actin binding protein and a-actinin. Upon platelet activation, myosin 

associates with actin filaments generating the tension for the centralisation of granules. 

In addition to actin the platelet cytoskeleton contains a microtubular coil, located just 

beneath the platelet membrane, that is composed of tubulin and maintains the discoid 

shape of unstimulated platelets (White, 1968).

The dense tubular system is derived from the megakaryocyte endoplasmic reticulum 

and acts as a reservoir for the storage of calcium similar to the sarcoplasmic reticulum 

of muscle. It is also the site in which enzymes involved in the synthesis of prostaglandin 

are located (Gerrard et al, 1976). The dense tubular system lies in close contact with the 

open canalicular system.

Open canalicular 
system Glycogen

Dense tubular
system Lysosome

I

Mitochondrion
Dense granule a-granule

Peripheral
microtubules

Cell membrane

Figure 1.10 Diagram depicting the normal subcellular structure present within a resting platelet. Redrawn 
and modified from Hoffbrand et al, 1999.
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1.5.2 Granules

Platelets contain several different types of granule derived from megakaryocytes (See 

section 1.4.3). The contents of the a-granules contribute to platelet function, blood 

coagulation and a variety of non-haemostatic defence mechanisms, such as chemotaxis, 

mitogenesis and vessel repair. For a comprehensive review see (Harrison & Cramer, 

1993). a-granules have glycoproteins on their surface that can be translocated to the cell 

surface upon platelet activation. The movement of glycoproteins with ligands bound 

affects the distribution of those ligands, for example, shuttling of GPIIb-IIIa (anbps) 

between the cell surface and a  granules is the proposed mechanism for a-granule 

acquisition of fibrinogen. (George, 1990; Handagama et al, 1993b). Dense granules play 

an important role in the formation and maintenance of the platelet plug. Dense granules 

are the storage and secretary organelles for small molecules rather than proteins and 

contain 5-hydroxytryptamine (5-HT), adenine nucleotides (principally ADP) and 

calcium ions.

1.5.3 Activation

When platelets are activated they lose their discoid shape, become spherical and extend 

long pseudopodia and surface protrusions. The platelet organelles are contracted 

towards the centre and are enclosed by microtubules and microfilaments that form 

around them. The contents of the secretary organelles are released. The granule 

membrane fuses with the membrane of the OCS and granular membrane proteins such 

p-selectin (CD62p) diffuse into the plasma membrane. The various platelet granules 

require different degrees of stimulation in order for them to release their contents. Dense 

granules are released relatively easily whereas a granules require higher agonist 

concentrations and lysosome granule secretion only occurs with strong agonists such as
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thrombin or high doses of collagen. During activation platelets will also secrete 

substances such as thromboxane (TXA2) and platelet activating factor (PAF) that act as 

positive feedback mechanisms further activating platelets.

The main function of platelets is the formation of a plug during normal haemostasis in 

response to vascular damage. Glycoproteins on the surface and OCS of the platelet are 

particularly important in the platelet reactions of adhesion and aggregation that are the 

initial events that lead to the formation of a platelet plug. There are various 

physiological agents (Thromboxane A2, collagen, ADP, PAF, serotonin and adrenaline 

etc.) and pharmacological agents (calcium ionophores and cyclic endoperoxide etc.) that 

activate platelets. All of these agonists interact with receptors on the platelet membrane.

1.5.4 Platelet adhesion and aggregation

Platelets circulate and ‘survey’ the integrity of the vascular system, discriminating 

between the normal anti-thrombotic endothelial cell lining and areas of damage. The 

main trigger for the formation of a haemostatic thrombus after traumatic vascular injury 

is the loss of the endothelial barrier between the extracellular matrix and flowing blood. 

The response of platelets to this event follows three phases: adhesion, activation and 

aggregation. In conditions of high blood flow platelets cannot initially bind to the 

extracellular collagen until they are tethered to the vascular wall through interaction 

between G Plba and VWF bound to collagen (Savage et al, 1996; Savage et al, 1998). 

The VWF-GPlba interaction becomes an absolute requirement for normal platelet 

adhesion above a threshold shear of approximately 1,000 s '\

Initial platelet adhesion to subendothelial tissue is mediated by collagen and VWF. 

Adhesion to collagen is facilitated by glycoprotein la/IIa (GPIa) (integrin a 2pi).
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Adhesion to VWF is via the constitutively active receptor GPIb-IX-V. These two 

receptors work together as the reactivity of VWF with platelets is enhanced by its 

binding of collagen. Platelet adhesion stimulates shape change, secretion and causes 

activation of GPIIb-IIIa (anbps) ligand binding sites. This leads to the formation of 

platelet-platelet interactions leading to a platelet aggregate. The formation of a platelet 

aggregate requires the synergistic interaction of both the major platelet receptors, 

GPIIb-IIIa (aiibPs) and GPIb-IX-V and their major ligands fibrinogen and VWF.

The activation of GPIIb-IIIa (anbps) ligand binding sites also occurs through signalling 

by small molecules that bind to G-protein coupled seven transmembrane receptors. The 

following three molecules are produced by the platelets themselves: (i) Serotonin 

stimulates platelets through a 5HT-2 receptor (Julius et al, 1990). (ii) Thromboxane A2 

(TxAi) is the product of cyclooxygenase catalysed synthesis and binds to a specific 

thromboxane receptor (Hirata et al, 1991). (iii) ADP is released from dense granules 

and binds to three ADP receptors, P2X1, P2Y1 and P2Yi2. The latter two being of 

functional importance. P2Y1 signals through phospholipase C and P2Yn inhibits 

adenylate cyclase, both are important for platelet aggregation (Jin & Kunapuli, 1998). 

Hormones such as adrenaline and vasopressin are also important agonists for G-protein 

coupled receptors. Thrombin activates its receptor by cleaving it to produce a tethered 

ligand that can then stimulate the receptor (Vu et al, 1991). The main role of most of 

these agonists is to stimulate GPIIb-IIIa (anbps), but thrombin can cause platelet 

secretion directly. There are also several G-protein coupled receptors for inhibitors of 

platelet activation of which the prostaglandins are an important group. The order of 

potency of these inhibitors is: Prostacyclin (PGI2) > 6-ketoPGE] > PGEi > PGD2 > 6- 

ketoPGp2a > PGE2 > PGp2a The main receptor for the prostaglandins is the prostacyclin
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(IP) receptor. Prostaglandin Ej has four receptors: EPl-4 and there are separate 

receptors for PGD2 (DP receptor) and PGp2a (FP receptor). Some of the more important 

agents and receptors are listed in the table below:

Ligand Receptor(s) Type Example o f Number on
effectors platelet

Thrombin PAR-1 GPCR PEC, PI3K, AC(-) 2000
PAR-3 GPCR
PAR-4 GPCR

TxAz TxA zR GPCR PEC 1000
Epinephrine (%2A"AR GPCR ACG) 300
PAF PA FR GPCR PEC 200-2000
Vasopressin V ,R GPCR PEC 100
ADP P2Y1 GPCR PEC ?

I%Yu GPCR A C^) ?
P2X, Ion channel Ca^  ̂influx ?

Collagen «2pl Integrin ? ?
GPVI Ig Syk, PECy ?
GPIb-IX (via VWF) Glycoprotein complex ? 25000
aiibPa (via VWF) Integrin ? 40000-80000

PGI2 PGI2R GPCR A C (D ?

Table 1.9 Important platelet receptors and associated ligands. GPCR=G-protein coupled receptor, 
AC(+)=stimulates adenylyl cyclase, AC(-)=Inhibits adenylyl cyclase, Ig^immunoglobulin superfamily. 
(Colman et al, 2000).

1.5.5 Shear

Blood circulates at a slower velocity near the wall of a blood vessel than in the centre. 

This difference creates a shearing effect between the adjacent layers of fluid that is 

greatest at the wall. The shear stress (Newton/m^) is proportional to the shear rate (s'^) 

and increases with blood flow and is thus greater in arteries, particularly arterioles, than 

veins. The shear rate in normal circulation ranges from 472-4,712s'  ̂ with a median 

value of 1,700s'' (Tangelder et al, 1988). The binding of GPIba to VWF is the main 

adhesive interaction that is capable of tethering platelets to a surface. It is not capable 

however of irreversible adhesion by itself (Savage et al, 1996), rather it serves to 

maintain platelets in close contact with the blood vessel surface. The cells continuously 

translocate in the direction of blood flow until the platelet is activated allowing other
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ligands and receptors to mediate a firm attachment (Savage et al, 1998). The transition 

from rolling to stable adhesion takes seconds when VWF is bound to collagen, 

indicating that the mechanical stimulus of the VWF-GPIba bonds under tensile strength 

may promote platelet activation (Mazzucato et al, 2002).

1.5.6 Thrombin

Thrombin is arguably the most potent activator of platelets. It causes phosphoinositide 

hydrolysis, TxAi formation, protein phosphorylation and an increase in the cytosolic 

Ca^  ̂ concentration as well as shape change, granule secretion and aggregation. 

Thrombin also inhibits adenylyl cyclase, suppressing cAMP synthesis (Aktories & 

Jakobs, 1984). Thrombin receptors are activated by cleavage at a specific site that 

exposes a new N-terminus (tethered ligand). This peptide has been generated in vitro 

and is termed TRAP (Thrombin Receptor Activator Peptide with the sequence, 

SFLLRNPNDKYEPF). This peptide interacts with residues in the second extracellular 

loop and proximal N-terminus of the receptor, initiating signalling (Vu et al, 1991; 

Rasmussen et al, 1991). Once cleaved, each receptor signals for a brief time before it is 

phosphorylated at serine and threonine residues on its cytoplasmic domain. The proteins 

responsible for this are members of the family of G-protein receptor kinases (Ishii et al, 

1994; Vouret-Craviari et al, 1995). After phosphorylation the receptor may be cleared 

from the cell surface and degraded. There are three protease activated receptors for 

thrombin in humans (Table 1.9) of which PAR-1 is the most important. PAR-1 is 

located on the plasma membrane and further receptor can be recruited from the OCS 

upon platelet activation (Molino et al, 1997). Since platelets have a limited ability to 

synthesise proteins they cannot replace cleaved receptor after activation and as a result 

can only respond to thrombin once.
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1.5.7 Collagen

Collagen causes platelets to change shape, secrete and aggregate (Packham et al, 1977). 

These responses are accompanied by phosphoinositide hydrolysis, TxA2 formation, 

protein phosphorylation and an increase in cytosolic Ca^ .̂ There are several different 

types of human collagen. Types I and III collagen form connective tissue and types IV 

and V form basement membrane; all of these types being able to activate platelets. 

Compared to other platelet agonists collagen is very large and so is able to interact with 

more than one receptor on the platelet surface. Two of the receptors (GPIb and aubk) 

require VWF as an intermediate. Three others bind to collagen directly: a 2pi GPVI and 

GPIV. Collagen related peptide (CRP) is a synthetic peptide that exclusively binds to 

GPVI through a glycine-proline-hydoxyproline recognition sequence within the 

collagen triple helical structure. The CRP sequence consists of a GCP*(GPP*)ioGCP*G 

(where P* denotes hydoxyproline) repeat sequence with the N- and C-terminal cysteine 

residues cross-linked to form a structure that resembles the quaternary structure of 

collagen, essential for its activity (Brass & Bensusan, 1974).

1.5.8 Intracellular signalling

It is intracellular signalling, stimulated or inhibited by the various platelet agonists, that 

causes the changes seen when platelets are activated. There are two main pathways 

central to platelet activation, they are: the phosphoinositide hydrolysis pathway and the 

eicosanoid synthesis pathway. The phosphoinositide pathway involves the activation of 

phospholipase C causing the cleavage of phosphatidylinositol 4,5-bisphosphate 

(PI(4,5)P2) to form inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) which 

are both second messengers. The eicosanoid synthesis pathway starts when activated
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phospholipase A% releases arachidonate from membrane phospholipids to form TxA2 . 

The main signalling pathways are illustrated in figure 1.11.
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Figure 1.11 -  Pathways for platelet activation. Agonists such as TxÀ 2 and thrombin activate PLCp via G-proteins leading to the hydrolysis o f PI(4,5)P2 to yield IP3 and 
DAG. The water soluble 1P3 raises cytosolic Ca^^ concentrations by stimulating the release o f Ca^" from the dense tubular system. The non polar DAG remains associated 
with the membrane where it causes activation o f PKC. Increase in Ca^^ stimulates PLA 2 leading to production o f TXA2 and further activation. Prostacyclin (PGI2 ) activates 
adenylyl cyclase causing an increase in cAMP concentration inhibiting platelet activation.
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1.6 Endothelial Cells

1.6.1 Introduction

Vascular endothelial cells form the inner surface of blood vessels. They exist as a 

continuous monolayer that separate the blood from the body’s interstitium. It was 

initially thought that the endothelium simply formed an inert physical barrier, but it has 

become increasingly clear that endothelial cells are metabolically highly active and 

exert important effects on vascular reactivity, thrombogenesis and the behaviour of 

circulating cells. The endothelium has been called the largest endocrine gland in the 

body, with a surface area of l-7m^. Resting endothelial cells are highly heterogeneous 

varying with vessel size both between and within organs, for example the brain and 

retina are lined by continuous endothelial cells connected by tight junctions that help to 

maintain the blood-brain barrier; the liver, spleen and bone-marrow sinusoids are lined 

by discontinuous endothelial cells that allow trafficking between intercellular gaps 

(Cines et al, 1998).

1.6.2 Structure

Endothelial cells are 25-50pm long, 10-15pm wide and up to 5pm deep. They are 

orientated longitudinally with respect to blood flow. Beneath the endothelium there is a 

smooth muscle layer which is orientated radially so that each endothelial cell is in 

contact with several smooth muscle cells. The function of the endothelium as a 

transducing surface and barrier is dependent on the maintenance of the structural 

integrity of the endothelial monolayer. It must therefore adapt to changing 

haemodynamic conditions and tolerate a variety of adverse conditions such as hypoxia, 

ischemia and the exposure to oxidants. The endothelium is able to repair a damaged
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area with m echanism s such as angiogcnesis (Born & Schwartz C., 1997; Folkm an & 

Shing, 1992; Risau, 1995) or repopulation o f the denuded vascular intim a (Schwartz et 

al, 1975; Bjorkerud & Bondjers, 1971). M any o f these properties require active changes 

in endothelial cell shape and generation o f internal forces to counteract the 

haem odynam ic loads exerted on the monolayer. Several o f these features are m aintained 

by an actin- and m yosin-based contractile system. Vascular endothelial cells contain 

many o f the components, that constitute the contractile system o f muscle, at high levels. 

Porcine pulmonary endothelial cells contain 10.1% actin and 6.2% m yosin as a 

proportion o f total cellular protein. This is higher than most other non-m uscular cells 

(G roschel-Stewart & Drenckhahn, 1982).
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Figure 1.12 General organisation o f the cytoskeleton in vascular endothelial cells. The cytoskeleton is 
both directly and indirectly involved in the passage of solutes and macromolecules across the endothelial 
monolayer. Reproduced from Born & Schwartz, 1997.

Endothelial cells have specialised structures, spherical invaginations (~70nm  diam eter) 

in their plasm a membrane, known as caveolae. One o f  the components o f the caveolae 

coat is the protein caveolin. Caveolae are thought to be involved in the transcytosis o f
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molecules across the endothelium, endocytosis, control of cholesterol trafficking and 

signal transduction. Protein kinase C, Inositol 1,4,5-triphosphate and phospholipase C 

are all present in caveolae. In addition to these, many important cell surface molecules 

and receptors are associated with caveolae including those involved in haemostasis: 

Protease activated receptors (PAR), thrombomodulin and tissue factor.

1.6.3 Function

The vascular endothelium interacts directly with the blood and is non-thrombotic, 

inhibiting platelet activation. If the endothelium is damaged the cells rapidly become 

prothrombotic as a result of endothelial activation. A dynamic equilibrium exists 

between these two states.

It is the control of thrombin generation that is central to the balance between the 

prothrombotic and antithrombotic state. The matrix surrounding endothelial cells 

contains the glycosaminoglycan heparan sulphate that promotes the activity of 

antithrombin (AT) (Marcum & Rosenberg, 1984) The subendothelium contains 

dermatan sulphate that promotes the activity of heparin cofactor II (Tollefsen & Pestka, 

1985). Endothelial cells express TFPI (Tissue factor plasminogen activator) that binds 

to factor Xa within the tissue-factorA^IIa/Xa complex. Heparin can stimulate the release 

of TFPI from the endothelium. Endothelial cells also express thrombomodulin that 

binds to thrombin and stimulates activated protein C (APC) with the aid of protein S as 

a cofactor. Stimulated APC inactivates factors V and VIII. In addition, the binding of 

thrombin to thrombomodulin prevents thrombin from activating platelets, factor V, XIII 

and fibrinogen, and promotes fibrinolytic activity. Thrombomodulin can also bind to 

and inactivate factor Xa. Thrombomodulin also supports the activation of TAFI 

(Thrombin activatable fibrinolysis inhibitor) by thrombin, resulting in the inhibition of 

fibrinolysis. TAFI is a carboxypeptidase that cleaves the end of fibrin polypeptides
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inhibiting the formation of the fibrin, tPA (tissue plasminogen activator), plasminogen 

complex thereby inhibiting plasmin generation (Figure 1.13)

Endothelial cells also secrete mediators that influence vascular tone. Nitric oxide and 

prostacyclin stimulate vasodilation and inhibit platelet function, platelet activating 

factor and endothelin-1 stimulate vasoconstriction (Figure 1.14).
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Figure 1.13 Principle reactions in the process o f fibrinolysis. TAFI(a)=Thrombin activatable fibrinolysis inhibitor (activated), Throm=Thrombin, EPCR= Endothelial protein 
C receptor, PS= Protein S, Prot C= Protein C, APC= Activated Protein C, tPA= tissue plasminogen activator. Black arrows denote activation, blue arrows denote conversions 
and red arrows denote inhibition or degradation.
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The primary step in the transformation from antithrombotic to prothrombotic state is the 

induction of tissue factor (TF). TF is a transmembrane glycoprotein that is the primary 

cellular initiator of the coagulation cascade. TF dramatically accelerates the factor Vila- 

dependent activation of factors X and IX. This interaction also promotes the trace 

amounts of factor Xa and IXa to activate factor VII. Endothelial bound factor IXa is 

much more active than factor IXa in solution (Stem et al, 1983). Binding of factors IXa 

and Xa serve to localise coagulation to the endothelial cell surface inhibiting the 

circulation of activated coagulation factors. The endothelium also provides procoagulent 

phospholipid. TF is localised primarily beneath and between cultured endothelial cells 

(Ryan et al, 1992), although there is some evidence that it is also present on the cell 

surface (Narahara et al, 1994). The synthesis of TF is induced by many diverse agonists 

including thrombin, endotoxin, several cytokines, shear, hypoxia and oxidised 

lipoproteins. The factor Xa produced by TF/VIIa generates sufficient thrombin to 

induce local platelet aggregation and activation of factors V and VIII.

Thrombin cleaves protease activated receptors (PAR)-l and 2 that are expressed on 

endothelial cells inducing signalling through G-proteins, activating the cells and 

amongst other things stimulating VWF secretion.
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Figure 1.15 Blood coagulation. Tissue factor is important for the initiation o f coagulation. It forms a complex and activates factor VII. This complex then generates factor Xa. 
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1.6.4 Granules

Endothelial cells are unique in containing granules termed Weibel-Palade bodies. These 

granules are lysosome-related secretary organelles that contain the multimeric 

glycoprotein von Willebrand factor (VWF). They are 100-300nm thick, up to 4pm long 

and their membranes contain the adhesion receptor p-selectin and the tetraspanin of 

unknown function CD63. VWF is produced and released by endothelial cells, stored 

within Weibel-Palade bodies and bound to the subendothelial basal lamina. Most of the 

VWF produced by endothelial cells is constitutively released; only 5-10% is stored in 

Weibel-Palade bodies (Hannah et al, 2002).

VWF plays important roles in primary and secondary haemostasis. It acts as an adhesive 

plasma protein that promotes the formation and stabilisation of the platelet plug.

1.6.5 Activation

Endothelial cells can be activated in the presence of various agonists. There are two 

types of endothelial activation. Type I activation is fast and involves rapid 

secretion/degranulation of substances from the cell. Type II activation is slower and 

more sustained, requiring protein synthesis.

Activation of endothelial cells with thrombin can cause both type I and type II 

activation. Thrombin stimulates Weibel-Palade body release of VWF into the 

surrounding blood or basement membrane (Spom et al, 1989). Little is known about the 

precise process of Weibel-Palade body secretion although the signal is related to Ca^  ̂

influx (de Groot et al, 1984) and microtubule rearrangement (Sinha & Wagner, 1987).
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1.6.6 Endothelial cell culture

The in depth study of endothelial cells has been possible with the development in the 

1970s of cell culture techniques to grow endothelial cells in vitro. (Jaffe et al, 1973) 

(Gimbrone, Jr. et al, 1974; Lewis et al, 1973). A major source of human vascular 

endothelial cells is umbilical cord vein. The human umbilical vein endothelial cells 

(HUVECs) are obtained by collagenase digestion of the interior of umbilical vein 

followed by culture in flat-bottomed flasks in nutrient rich media. (Jaffe et al, 1973). 

HUVECs grow in monolayers of closely opposed cells and can be harvested for 

experiments by incubation with EDTA and/or protease buffer. Another source of human 

vascular endothelium is the immortalised cell-line, human dermal microvascular 

endothelial cells (HMEC-1) (Ades et al, 1992). These cells were produced by 

transfection of the primary cells with a PBR322-based plasmid containing the coding 

region for simian virus 40 that produces the large T antigen, immortalising them. 

HMEC-1 cells, like HUVECS, can be cultured in flat-bottomed flasks.
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1.7 Erythrocytes

Erythrocytes are red blood cells and their main function is to transport oxygen and 

carbon dioxide between the lungs and tissues in the body. They are small (7-8|um 

diameter, 2.5pm thick at the periphery and 1pm thick at the centre), enucleated circular 

biconcave discs. Their shape gives them a larger surface area to volume ratio than that 

of a sphere, increasing the area for gaseous exchange. Their thin width permits efficient 

diffusion of gases from the cell surface. Erythrocytes have a pliable membrane that 

allows the cell to pass through narrow blood capillaries whose internal diameter can be 

smaller than their own. They have a lifespan of approximately 120 days after which 

time they are destroyed in the liver or spleen. An important feature of erythrocytes is the 

presence of haemoglobin which combines reversibly with oxygen in regions of high 

oxygen concentration (e.g. lungs) to form oxyhaemoglobin and releases it in areas of 

low oxygen concentration (e.g. tissues). Erythrocytes are derived from pluripotent stem 

cells in the bone marrow which differentiate along the erythroid lineage forming first 

normoblasts, then reticulocytes and mature erythrocytes (See figure 1.9). During this 

process the cells lose their nucleic acid so that reticulocytes only contain RNA and 

mature erythrocytes do not have any nucleic acid. The morphological changes in 

erythroid differentiation are accompanied by important changes in the cellular 

chemistry. Early cells have a nucleus, mitochondria and Golgi apparatus and are capable 

of oxidative metabolism. At the polychromatophilic normoblast level of differentiation 

(Figure 1.9) DNA and RNA synthesis cease. The organelles and nucleic acid are 

gradually lost and the fully mature cells can only metabolise glucose through the 

anaerobic Embden-Meyerhof pathway. In addition, erythrocytes have a hexose 

monophosphate shunt that provides protection against oxidative damage. Erythrocytes 

and reticulocytes (1-2% total erythrocyte population) can be found in the vasculature.
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Normoblasts remain within the bone marrow in healthy people. Approximately 2- 

10x10^ erythrocytes are destroyed and replaced each second in the human body. The 

rate of this production and destruction is carefully regulated and dependent on the 

amount of oxygen in tissues. Information concerning the oxygenation of tissues is 

transmitted to the bone marrow by a hormone called erythropoietin, produced by the 

kidney, which stimulates the production of erythrocytes.

Erythrocytes have been a popular choice of cell to study cellular membranes. They are 

readily obtainable and simple cells, lacking organelles. The cytoplasmic contents of 

erythrocytes can be released by osmotic haemolysis to give erythrocyte “ghosts” that are 

quite pure plasma membrane.

One glycoprotein that is abundant on the erythrocyte surface is glycophorin A, which 

was the first integral membrane protein to be sequenced. This protein consists of a 

single polypeptide chain with 16 glycosylation sites. In fact 60% of the mass of 

glycophorin A is carbohydrate. The carbohydrate is rich in sialic acid, a negatively 

charged sugar, that gives erythrocytes a very hydrophilic, anionic coat, that enables 

them to circulate in the vasculature without adhering to other cells and the vessel walls 

(Hoffbrand et al, 2001).
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Figure 1.16 The structure o f  the erythrocyte membrane with associated proteins.
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1.8 Aims of Thesis

There has been great interest in prion diseases due to the occurrence of variant 

Creutzfeldt Jacob disease (vCJD). This disease is thought to be caused by consumption 

of bovine spongiform encephalopathy (BSE) infected beef. The role of blood in prion 

diseases is important because: (1) vCJD has been found to be more lymphoinvasive than 

other prion diseases, which has raised the concern that there may be a risk of disease 

transfer via blood transfusion. (2) It is unknown how PrP^^ in infected food reaches the 

brain, the route of infection may be haematogenic. (3) There is the possibility that 

peripheral blood samples could be used to provide a potential non-invasive screening 

test for vCJD.

The aims of my thesis are to study the expression of normal prion protein (PrP^) in the 

vasculature, to examine which cells express PrP^ and how their particular functions may 

be associated with propagation of PrP^^. The expression of PrP^ on blood leucocytes 

has been well documented (Cashman et al, 1990; Dodelet & Cashman, 1998; Li et al, 

2001) and so I focussed on other cells of the vasculature. I aim to investigate the 

expression of PrP^ with a variety of techniques including: Flow cytometry, semi- 

quantitative reverse transcriptase polymerase chain reaction, restriction digests, DNA 

sequencing. Western blotting, cell culture and confocal microscopy. The data presented 

in this thesis will hopefully broaden the understanding of the normal biology of PrP^ in 

the blood, provide a thorough analysis of the expression of PrP^ in cells previously not 

studied in detail, and prove useful in understanding the prion disease process.
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Specific Aims:

1. To investigate the expression of PrP^ in CD34 positive stem cells, reticulocytes, 

erythrocytes and megakaryocytes and the origin of platelet PrP^.

2. To examine the expression, location and function of PrP^ in platelets.

3. To investigate the expression of PrP^ by the endothelium and the source of PrP^ in 

blood plasma.
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2 General Methods

2.1 Collection and separation of blood samples

2.1.1 Platelet rich plasma (PR?)

Whole blood from normal donors was taken into Vacutainer® tubes (Becton Dickinson) 

containing trisodium citrate (0.105M). In order to minimise platelet activation 

individuals were rested for 15 minutes prior to venepuncture, a 21-gauge needle was 

used and the first Vacutainer® tube taken was discarded. Platelet rich plasma (PRP) 

was obtained by centrifuging whole blood at 200g for 10 minutes and removing the top

two-thirds of the supernatant carefully avoiding the huffy coat.

2.1.2 Platelet poor plasma (PPP)

Platelet poor plasma (PPP) was prepared by centrifugation of citrated or EDTA samples 

at 2000g for 15 minutes (x2). The top two-thirds of the supernatant was removed after 

each step. The plasma was then aliquoted and frozen at -70°C until assay.

2.1.3 Pure platelets

Whole blood from normal donors was taken into Vacutainer® tubes (Becton Dickinson) 

containing EDTA. Platelets were isolated by centrifugation at 200g for 10 minutes. The 

top two-thirds of the platelet rich plasma was removed and platelets centrifuged at 

2000g. Pelleted platelets were then washed and resuspended in a small volume of

Na%EDTA PBS, pH 7.4 (lOmM) and centrifuged at 2000g.

97



2.1.4 Buffy coat

Buffy coats were prepared from whole blood collected in EDTA tubes by centrifugation 

at 2000 g for 15 minutes. The plasma supernatant was then discarded and the buffy coat 

carefully removed.

2.2 Molecular biology

2.2.1 General principles

In this section methods to study the expression of PrP^ using molecular biology 

techniques are described. RNA was purified from various cell types. Reverse 

transcriptase polymerase chain reaction (RT-PCR) was then used to create a cDNA 

library and with specific primers the fragment required was amplified. The identity of 

the product was verified using restriction digestion and DNA sequencing. Semi- 

quantitative RT-PCR was then used to estimate the relative expression of PrP^ in the 

different cell types studied.

2.2.2 RNA extraction and purification

Total RNA was isolated from cells using the TRIzol reagent (Invitrogen). TRIzol was 

used in accordance with the manufacturer’s instructions. Briefly, the cellular preparation 

was resuspended in TRIzol (1ml) and frozen at -70°C to lyse the cells. The sample was 

then thawed and chloroform (200pl) added before being shaken vigorously for 15 

seconds and incubated at room temperature for 3 minutes. The resulting sample was 

centrifuged at 12,000g for 15 minutes at 4°C and separated into a red phenol/chloroform 

phase and a colourless aqueous phase. The aqueous phase was removed and incubated 

with propan-2-ol (500pl) for 10 minutes at room temperature before being centrifuged 

at 12,000g for 15 minutes at 4°C. The supernatant was removed and pellet washed with
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75% ethanol (1ml). The sample was vortexed briefly and centrifuged at 7500g for 5 

minutes at 4°C. The ethanol supernatant was removed and the pellet left at room 

temperature for 5-10 minutes to air dry. The resulting RNA pellet was resuspended in 

sterile H2O (~100p.l) and incubated at 60°C for 10 minutes for dissolution. The sample 

was then aliquoted and stored at -70°C.

2.2.3 RT-PCR

First strand cDNA synthesis was performed by adding RNA (5pi) isolated as described 

in section 2.2.2 to an oligo (dT) primer (12.5pg/ml) and H2O. The sample was then 

incubated at 65°C for 5 minutes and 42°C for 10 minutes before the following reagents 

were added: Taq polymerase buffer (IX) (Bioline), MgCb (5.25mM), deoxynucleotide 

triphosphates (ImM), Rnasin ribonuclease inhibitor (2.5U/pl) and AMV (Avian 

Myeloblastosis Virus) reverse transcriptase (0.25U/pl) (Promega). This mixture was 

then incubated at 42°C for 1 hour and 95°C for 1 minute using a thermal cycler (Thermo 

Hybaid Gradient PCR Express, Thermo Life Sciences).

The primers used for PCR are listed below (Table 2.1). The first set of primers specific 

for PRNP (PrP^ gene) generated a fragment 854bp long and were used for most of the 

experiments found in this thesis. The cDNA product (2pi) was then added to the PCR 

mixture {Taq polymerase buffer (IX) (Bioline), MgCl2 (ImM), deoxynucleotide 

triphosphates (0.2mM) (Promega), forward and reverse primers (20pmoles each)) 

before being incubated at 95°C for 5 minutes and held at 85°C. Taq polymerase 

(25U/ml) (Bioline) was then added to each PCR mixture. The following temperature 

parameters were cycled 35 times using a thermal cycler (Hybaid Gradient PCR
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Express): 94°C for 30 seconds, 58°C (for prion-1 primers) for 30 seconds and 72°C for 

1 minute.

Target
gene

Primer sequence Fragment 
size (bp)

Prion-1 5 ’-AGC TTC TCC TCT CCT CAC GAG CG-3’ 
5 ’-CTC CCT CAA GCT GGA AAA A G A -3’

854

Prion-2 5 ’-CTC TTT GTG GCC ACA TGG AGT-3’ 
5 ’- CTC CCT CAA GCT GGA AAA A G A -3’

785

Prion-3 5 ’-AGC TTC TCC TCT CCT CAC GAC CG-3’ 
5 ’-TGT TCC ATC CTC CAG GCT TCG-3’

136

P-Actin 5 ’-GGA GAA GCT GTG CTA CGT CGC-3’ 
5 ’-AGC ATT TGC GGT GGA CGA TGG-3’

485

TGFPRII 5 ’-TGG AAG ATG ACC GCT CTG A C -3’ 
5 ’-ATG CCG CGT CAG GTA CTC C -3’

362

IDS 5’-CTA CTG GAG GGT GCA CGC TGG-3’
5 ’-TGG AAA AGA CCA GCT ATA CGG AGA ATG ATC-3’

146

M13 5 ’-GTA AAA CGA CGG CCA G -3’
5 ’-CAG GAA ACA GCT ATG AC-3’

202 + 
ffagment

Table 2.1 Primers used in this thesis. The first primer o f each pair is the forward primer and the second is 
the reverse primer. IDS=Iduronate-2-sulphatase. The M l3 primers amplify the region o f  pCR®2.1- 
TOPO® vector adjacent to the polylinker site. The fragment amplified is therefore 202bp plus the size o f  
the cloned fragment.

2.2.4 Electrophoresis

PCR products were visualised on a UV transilluminator with ethidium bromide after 

electrophoresis on 2-4% agarose gels.

2.2.5 Restriction digests

The identity of the 854bp PCR product was verified by digestion with the restriction 

enzyme PstI (Invitrogen) at 37°C for 8 hours and the generation of two fragments 

467bp and 387bp in length.

2.2.6 DNA sequencing

The 854bp PCR product was purified using the Wizard PCR Preps DNA Purification 

System (Promega) and a sequencing PCR performed using both forward and reverse 

prion primers (Prion-2 primers, table 2.1) separately and the DNA Sequencing Kit Big
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Dye Terminator Cycle Sequencing v2.0 Ready Reaction (PE Biosystems) following the 

manufacturer’s instructions. The PCR products (20pl) were then precipitated by adding 

sodium acetate (2pl, 3M, pH 4.6) to the PCR product. Ethanol (50pl, 95%) was added 

to each mixture and incubated at room temperature for 15 minutes. The DNA precipitate 

was centrifuged at 12,000g for 15 minutes, resuspended in ethanol (250pl, 70%), 

vortexed and centrifuged at 12,000g for 5 minutes. The ethanol supernatant was then 

removed and residual ethanol allowed to evaporate. The DNA was then resuspended in 

Template Suppression Reagent (15p.l) (PE Biosystems), denatured at 95°C for 5 minutes 

and stored at 4°C. The sequence of the 854 bp prion product was then analysed using an 

Applied Biosystems 310 analyser (Applied Biosystems).

2.2.7 Semi-quantitative RT-PCR

Semi-quantitative RT-PCR was performed according to the method of Harrison et al, 

1998. RNA was prepared from various cell types as mentioned previously and cDNA 

was synthesised as described (Section 2.2.2 and 2.2.3). Primers used to amplify human 

prion (Prion-3) (Invitrogen) and IDS (Oswel) can be found in table 2.1. The respective 

PCR products were 136bp and 146bp in length. One primer of each pair was [-^^P] end- 

labelled by incubating primer (lOpmoles) with [y-^^P]-ATP (4.5p.l) (Amersham 

Biosciences), T4 polynucleotide kinase (lunit), polynucleotide kinase buffer (IX) 

(Promega) and H2O diluted to a final volume of 15pl. The reaction mixture was 

incubated at 37°C for 30 minutes to catalyse the transfer of the y-phosphate from ATP 

to the 5 -terminus of polynucleotides bearing a 5 '-phosphate group. It was then heated 

to 95°C for 3 minutes to inactivate the kinase. The cDNA products (2pi) were added to 

the PCR mixture (Taq polymerase buffer (IX) (Bioline), MgCb (ImM), 

deoxynucleotide triphosphates (0.2mM) (Promega)) with both sets of primers
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(lOpmoles each). The samples were then incubated at 95°C for 5 minutes and held at 

85°C. Taq polymerase (25U/ml) (Bioline) was diluted in the radioactive solution and 

1 pi was then added to the PCR reaction mixture. The following temperature parameters 

were cycled 25 times using a thermal cycler (Hybaid Gradient PCR Express): 94°C for 

30 seconds, 64°C for 30 seconds and 72°C for 1 minute. The PCR products (2pi) were 

diluted in denaturing loading buffer (2pl) and incubated at 95°C for 5 minutes. They 

were then incubated on ice prior to separation through a 6% denaturing polyacrylamide 

gel. The gel was then dried and exposed to Hyperfilm-MP (Amersham Biosciences). 

DNA was quantified using a densitometer (Hoefer Scientific Instruments).

2.2.8 Cloning

In order to verify that the bands generated in the semi-quantitative RT-PCR experiment 

were prion specific, and to identify them, the TOPO TA cloning kit® (Invitrogen) was 

used to ligate the sequences into plasmid cloning vectors and transform Escherichia coli 

cells to generate multiple copies for further analysis. The procedure is described below. 

Taq polymerase has a non-template-dependent terminal transferase activity that adds a 

single deoxyadenosine (A) to the 3’ ends of PCR products. The vector used in the 

TOPO TA cloning kit® has single overhanging 3’ deoxythymidine (T) residues. This 

allows the PCR products to ligate into the vector. Topoisomerase I from Vaccina virus 

is covalently bound to the vector and cleaves the phosphodiester backbone after 5’- 

CCCTT in one strand. The energy from the breakage is conserved by the formation of a 

covalent bond between the 3’ phosphate of the cleaved strand and a tyrosyl residue 

(Tyr-274) of topoisomerase I. The phospho-tyrosyl bond between the DNA and the 

enzyme can then be attacked by the 5’ hydroxyl of the original cleaved strand, reversing 

the reaction and releasing topoisomerase (Figure 2.1).
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Figure 2.1 Illustration depicting the chemistry o f  PCR product insertion into a plasmid vector. Diagram 
redrawn and modified from the TOPO TA cloning kit® product manual.

inker

pCR^2.1-TOPO 
3.9kb

Figure 2.2 Map o f pCR®2.IT0P0® cloning vector displaying the ampicillin resistance gene (red) 
allowing the transformed bacteria to grow on plates containing ampicillin. The lac promoter and lacZa 
gene (blue) are responsible for the synthesis o f  P-galactosidase. When a PCR product is ligated into the 
polylinker site, the lacZa gene and promoter are separated and there is no synthesis o f  P-galactosidase. 
Diagram modified from the TOPO TA cloning kit® product manual.
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RT-PCR was performed as described in section 2.2.3 using the same prion specific 

primers used in the semi-quantitative RT-PCR (section 2.2.7). A cloning reaction was 

then set up containing TOPO® vector (Ipl), salt solution (Ipl), PCR product (3pi) and 

H2O (Ipl). The solution was mixed gently and incubated at room temperature for 30 

minutes. This allowed the PCR products to ligate into the cloning vector (Figure 2.2). 

The reaction tube was then placed on ice. A sample of One Shot® E.coli was thawed on 

ice and 2pi of cloning reaction was added and mixed gently. The cells were then 

incubated for 30 minutes on ice to allow the vector to associate with the cells before 

being heat-shocked at 42°C for 30 seconds to perforate and transform the cells with the 

plasmid.

SOC media (250pl) (TOPO TA cloning kit®) was then added to the cells and they were 

incubated in a shaking incubator at 37°C for 1 hour to allow them to recover from the 

heat shock and promote expression of the ampicillin resistant markers. Luria-Bertani 

(LB) medium (1% tryptone, 0.5% yeast extract, 1% NaCl, pH 7.0), purchased in pre

prepared tablets (Qbiogene-Alexis Ltd) and diluted in sterile H2O, was made up and 

agar (15g/L) added. It was then autoclaved and cooled to ~55°C before ampicillin 

(lOOpg/ml) was added. The medium was poured into Petri dishes and allowed to set and 

dry. 5-bromo-4-chloro-3-indolyl-P-galactoside (X-Gal) (Sigma-Aldrich) (40pl of 

40pg/ml) and isopropylthio-p-D-galactoside (IPTG) (Promega) (40pl of lOOmM) were 

added to each plate with a 50 or lOOpl sample of transformed cells. The cells were then 

aseptically spread over the plates and incubated overnight at 37°C. IPTG functions as a 

lac analogue inducing the expression of P-galactosidase by binding to and inhibiting the 

lac repressor. X-gal forms an intense blue precipitate in the presence of p-galactosidase. 

White and dark blue colonies were visible on the plate the next morning. The white
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colonies have plasmid vector that contains the PCR product, preventing the synthesis of 

P-galactosidase. In order to enhance the contrast between blue and white colonies the 

plates were incubated at 4°C stimulating the synthesis of lacZa in cells that do not 

contain PCR product, making them easier to identify. White colonies were selected 

from the plate and used to inoculate autoclaved LB medium (lOOpl). The medium was 

then placed overnight at 37°C in an incubator to amplify the number of cells. Cells 

(0.5pi) were removed from the medium and used in a PCR reaction. The primers were 

those used previously in the semi-quantitative RT-PCR (section 2.2.7) producing a 

fragment of 136bp long. PCR mixture (human prion primers (Prion-3 primers table 2.1) 

(lOpmoles) (Invitrogen), Taq polymerase buffer (IX) (Bioline), MgCl2 (ImM), 

deoxynucleotide triphosphates (0.2mM) (Promega) Taq polymerase (25U/ml) (Bioline) 

and sterile H2O to a final volume of 20pl).

The samples were then incubated at 95°C for 2 minutes and the following temperature 

parameters were cycled 30 times: 95°C for 30 seconds, 64°C for 30 seconds and 72°C 

for 30 seconds with an additional 5 minutes at 72°C on the final cycle. The PCR was 

performed using a thermal cycler (Hybaid Gradient PCR Express). The products were 

visualised with ethidium bromide on a UV transilluminator after electrophoresis on a 

4% agarose gel.

In order to confirm that the cloned DNA fragments corresponded to the original bands 

visible in the semi-quantitative RT-PCR experiment they were incorporated into the 

method as described in section 2.2.7 and electrophoresed in parallel to the original 

samples.
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M l3 primers (Table 2.1) (supplied with the TOPO TA cloning kit®) bind to either side 

of the pCR®2.1-T0P0® vector polylinker site (Figure 2.2) and will amplify the 

sequence cloned within the vector. The primers were used to amplify the cloned product 

for sequencing. Transformed E.coli cells (0.5pi) were added to M l3 primers (lOpmoles) 

(Beckman Coulter), Taq polymerase buffer (IX) (Bioline), MgCl: (ImM), 

deoxynucleotide triphosphates (0.2mM) (Promega) Taq polymerase (25U/ml) (Bioline) 

and sterile H2O to a final volume of 20pl). The samples were then incubated at 95°C for 

5 minutes and the following temperature parameters were cycled 30 times 95 °C for 30 

seconds, 50°C for 30 seconds and 72°C for 30 seconds with an additional 10 minutes at 

72°C on the final cycle. The PCR was performed using a thermal cycler (Hybaid 

Gradient PCR Express). The products were visualised with ethidium bromide on a UV 

transilluminator after electrophoresis on a 3% agarose gel.

The PCR products were then purified using the Wizard PCR Preps DNA Purification 

System (Promega) and a sequencing PCR performed with Dye Terminator Cycle 

Sequencing (DTCS) master mix (Beckman Coulter) and M l3 forward primer following 

the manufacturer’s instructions. The PCR products (20pi) were then precipitated by 

adding a premixed solution of sodium acetate (2pi, 3M, pH 5.2), EDTA (2pi, lOOmM, 

pH 8.0) and glycogen (Ipl) (Beckman Coulter) to the PCR product. Ethanol (60pl, 95%, 

-20°C) was added to the mixture and centrifuged at 13,000g for 15 minutes. The pellet 

was washed twice in ethanol (200pl, 70%), and centrifuged at 12,000g for 5 minutes. 

The ethanol supernatant was then removed and residual ethanol allowed to evaporate for 

30 minutes at room temperature. The DNA was then resuspended in Sample Loading 

Solution (SLS) (40pl) (Beckman Coulter), incubated at room temperature for 10 

minutes, vortexed briefly and loaded into a 96 well sample plate (Beckman Coulter). A
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drop of mineral oil was added to the top of each sample to prevent evaporation. The 

DNA was then sequenced using a CEQ® 8000 genetic analysis system (Beckman 

Coulter) following the manufacturer's instructions.

2.3 Flow cytometry

2.3.1 General principles

Flow cytometry is a technique for making rapid measurements on cells or particles as 

they flow in a fluid stream through a sensor. An important feature of flow cytometry 

analysis is that measurements are made on individual cells rather than an average 

measurement of a whole population of cells. Upon entering the flow cell particles are 

hydrodynamically focussed. The passage of particles through a laser beam results in 

light scattering that is proportional to the size (forward scatter) and granularity (side 

scatter) of the particle. In addition, fluorescent dyes can be bound to the particles 

internally or externally. When laser light of the correct wavelength is absorbed by the 

dye, fluorescence is emitted which can be detected by photomultiplier tubes. All this 

data can then be processed by a computer to give useful information.

Table 2.2 lists the fluorochromes that I used for flow cytometry. The dyes are often 

tagged to monoclonal antibodies for the detection of specific antigens.

Fluorochrome Abbreviation Emission
Wavelength

Fluorescence Coulter
Detector

Fluorescein isothiocyanate FITC 525 nm Green FL-1
R-Phycoerythrin PE 575 nm Orange FL-2
R-Phycoerythrin-Cy5 RPE-Cy5 670 nm Red FL-4
Thiazole Orange TO 533 nm Green FL-1
Propidium Iodide PI 617 nm Red FL-2,3,4

Table 2.2 Fluorochromes commonly used in flow cytometry
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2.3.2 Quality control

In order to ensure inter-assay reproducibility and to ensure that the laser was correctly 

aligned for optimum detection and analysis, the flow cytometer was tested daily using 

Flow-Check™ Fluorospheres (Beckman Coulter). This is a suspension of 10pm 

fluorescent beads which when excited at 488nm, emit from 525nm to 700nm. This 

covers the whole flow cytometer detection range. The signal is measured in all channels 

and a half peak coefficient of variation < 1.6% on the relevant histograms was accepted 

for quality control.

2.4 Immunofluorescence/Confocal microscopy

2.4.1 General principles

Immunofluorescence microscopy is a technique that enables the viewing of 

fluorescently tagged molecules at high magnification. A fluorescent dye is tagged to a 

specific part of the sample of interest and when light of the correct wavelength is shone 

on the sample (e.g. blue light) the dye emits light at a slightly lower wavelength (e.g. 

green light) which can be visualised with a microscope. The microscope contains a 

dichroic mirror that filters out the incident light so that only the emitted (green) light 

can be visualised. Immunofluorescence microscopes have the advantage that only the 

specific part of the sample that the dye is bound, is visualised. Antibodies to the 

required epitope can be tagged with fluorescent dyes, or the dye may bind directly to the 

molecule of interest. The sample can be visualised directly by eye or the image can be 

sent to a computer.

Confocal microscopes work on the same principle. The light shone on the sample is 

laser light and emitted light is detected with a photomultiplier tube. The confocal
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microscope has a confocal pin-hole that restricts the amount of laser light that can be 

detected by the photomultiplier tube. The pin-hole can be adjusted allowing the laser 

light from a particular focal plane to be detected. The thickness of the focal plane is 

determined by the size of the pin-hole. Unlike standard fluorescence microscopy where 

the whole field is illuminated at once, with confocal microscopy the laser light is aimed 

at a specific point in the sample. Motorised mirrors then allow the laser to scan across 

the sample building up the image a pixel at a time. The intensity of the laser light and 

the speed of scanning affect the resolution of the final image. By adjusting the size of 

the pin-hole and scanning repeatedly, serial sections can be taken at different focal 

planes through the sample. This allows the operator to construct a three-dimensional 

image of the sample if required. In this thesis, samples were viewed with an Olympus 

1X70 microscope with a Biorad p Radiance confocal scanning system (Bio-Rad 

Laboratories Ltd.) or a Multiprobe 2001 CLSM (Molecular Dynamics).

2.4.2 Protocol for fixing and staining cells

Cells were fixed with paraformaldehyde (PFA) (3%) for 15 minutes (Hannah et al, 

1998), then washed and incubated with NH4CI (50mM) in PBS for 10 minutes. Cells 

were permeabilised with saponin PBS (0.2%) for 10 minutes and washed with PGSA 

blocking reagent (PBS, fish gelatin (0.2%), saponin (0.02%), azide (0.02%) (Sigma- 

Aldrich)). Fixed and permeabilised cells were incubated with primary antibody (IgG-1 

isotype control, 6H4 or anti-VWF :Ag (Ipg/ml)) diluted in PGSA for 45 minutes in a 

humidified box. They were then washed in PGSA 3 times before being incubated with 

secondary antibody (goat anti-mouse IgG (Oregon Green (Cambridge Biosciences)) or 

swine anti-rabbit IgG (FITC) (Dako Ltd.) (Ipg/ml)) diluted in PGSA for 45 minutes in a 

humidified box in the dark. The cells were then rinsed in PGSA, PBS (x3) and in
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distilled H2O (x2). The coverslips were then mounted in Moviol (Calbiochem/CN 

Biosciences Ltd.) (See section 2.4.3) on a glass microscope slide and left in the dark to 

dry for 15 hours. The mounted coverslips were then viewed by confocal / 

immunofluorescence microscopy.

2.4.3 Preparation of Moviol

Mowiol 4-88 (2.4g) (Calbiochem) was added to glycerol (6g) (analytical grade), H2O 

(6ml) and Tris buffer (12ml) (0.2M, pH 8.5). The mixture was then stirred for 

approximately 4 hours at room temperature, then left to incubate at room temperature 

for 2 hours. The mixture was heated to 50°C for 10 minutes and centrifuged at 5000g 

for 15 minutes. The supernatant was then removed, aliquoted and stored at -20°C. 

Moviol was degassed briefly on a Speed Vac (Thermo Savant) after thawing. The 

thawed Moviol is stable at room temperature for several months.

2.5 Antibodies

Several different antibodies to prion protein were used in this thesis (6H4, 3F4, AB-1, 

Anti-PrP220-231 and FHl 1). The residues that they specifically bind are displayed in 

the figure below of the amino-acid structure of human prion protein.
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Figure 2.3 Amino-acid structure o f human prion protein. The single letter amino-acid code has been used 
to depict the mature protein. The main proteinase K cleavage sites are shown. The single disulphide bond 
is between residues C l79 and C214. The two potential glycosylation sites are illustrated with branched 
arrows at residues N181 and N197. The transmembrane region is highlighted in red. Antibody binding 
sites are shown at their various locations. Ab-1 = rabbit anti-human polyclonal antibody to prion protein. 
Modified from MacGregor, 2001.
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3 Erythropoiesis and megakaryocytopoiesis

3.1 Introduction

CD34 positive cells are immature haemopoietic progenitor cells found in the bone 

marrow. Within the CD34 positive population exists a subset of cells that are pluripotent 

and that can potentially repopulate all the cells in the blood. Two types of cell that 

differentiate from the CD34 positive population are megakaryocytes and erythrocytes. 

The expression of PrP^ in platelets has been documented (Perini et al, 1996b) but the 

source of this PrP^, has not been fully investigated. In this chapter I aim to analyse the 

expression of PrP^ in CD34 cells and megakaryocytes to determine the source of 

platelet PrP^. Megakaryocytes will be cultured from CD34 cells in vitro and molecular 

biology, flow cytometry and immunofluorescence confocal microscopy will indicate the 

stage at which PrP^ is produced, whether megakaryocytes provide the PrP^ seen in 

platelets and if its production varies through the pathway to platelet production.

Erythrocytes were not originally thought to express PrP^ but recently a small amount 

has been found associated with these cells (Holada & Vostal, 2000). I aim to confirm 

the expression of PrP^ in erythrocytes and to investigate the source of this PrP^ by flow 

cytometry and molecular biology investigations. Since erythrocytes do not contain 

mRNA it is likely that PrP^ is obtained from erythrocyte precursors, reticulocytes, or 

absorption from the blood plasma.
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3.2 Methods

3.2.1 Antibodies

All reagents were purchased from Sigma Aldrich unless otherwise indicated. Mouse 

IgG-1 (PE) isotype control, mouse anti-human CD34 (PE) and mouse anti-human CD41 

(FITC) (Beckman Coulter). Mouse anti-human glycophorin A (PE), mouse anti-human 

CD45 (RPE-Cy5), rabbit anti-mouse IgG (RPE-Cy5) swine anti-rabbit IgG (FITC), goat 

anti-mouse (f(ab)2) (FITC), mouse IgG-1 isotype control and rabbit anti-FITC (F(ab)2) 

conjugated to alkaline phosphatase (Dako Ltd). Normal rabbit immunoglobulins and 

polyclonal rabbit anti-prion protein antibody (Ab-1) (Calbiochem). Super-paramagnetic 

MicroBeads conjugated to monoclonal mouse anti-human CD61 antibody or CD34 

antibody (Miltenyi Biotec). Mouse anti-human monoclonal anti-prion antibody (6H4) 

(Kindly donated by Markus Moser and Bruno Oesch, Prionics). Mouse IgG-1 isotype 

control and mouse anti-human GPIIIa monoclonal antibody (Becton Dickinson).

3.2.2 Preparation of CD34 positive cells

CD34 positive cells were mobilised from the bone marrow to the peripheral circulation 

by chemotherapy or treatment with Granulocyte Colony Stimulating Factor (GCSF) in 

patients donating stem cells for transplant. When the peripheral CD34 cell count was 

judged to be sufficient apheresis collection of leucocytes was initiated. A small sample 

of leucophoresis product (1ml) was added to CliniMax™ buffer (8ml) (Miltenyi Biotec) 

and Ficoll Paque^^ (1ml) (Amersham Biosciences). The solution was inverted to mix 

and then centrifuged at 200g for 10 minutes to pellet the mononuclear cells. The pellet 

was then washed by resuspending in CliniMax™ buffer (10ml) and centrifuged at 500g 

for 10 minutes. The pelleted cells were then incubated with super-paramagnetic 

MicroBeads (50pl) conjugated with monoclonal mouse anti-human CD34 antibody for
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30 minutes at 4°C, with mixing, by hand, every 10 minutes. The cells and beads were 

then resuspended in CliniMax™ buffer (10ml) and centrifuged at 500g for 10 minutes 

to remove unbound beads. A MS-type column and pre-separation filter (Miltenyi 

Biotec) were then placed into the magnetic field of the MS column adapter and washed 

with CliniMax™ buffer. The cells with magnetic beads attached were then resuspended 

in buffer (2ml) and added to the column. The column was then washed to remove non- 

specifically bound cells. The column was then removed from the magnetic field and the 

cells eluted. Eluted cells were then further purified by adding to a new column, washing 

and eluting as before. The pure CD34 cells were then finally eluted from the column 

ready for use.

3.2.3 Generation of megakaryocytes from CD34 cells

Purified CD34 positive cells were then put into culture to grow megakaryocytes. 

Megakaryocytes were grown in 24-well tissue culture plates (Invitrogen) in Iscove's 

modified Dulbecco's medium supplemented with BSA (0.2%), glutamine (2mM) 

(Invitrogen), sodium pyruvate (ImM), MEM nonessential amino acids (O.lmM) 

(Invitrogen), MEM vitamins (IX) (Invitrogen), 2-mercaptoethanol (O.lmM) 

(Invitrogen), penicillin (lOOU/ml) and streptomycin (0.1 mg/ml). This basal medium can 

be stored at 4°C for up to one month. On the day of the experiment human umbilical 

cord blood plasma (10%) and thrombopoietin (40ng/ml) (R&D Systems Europe Ltd.) 

were added to the basal medium. The CD34 cells were diluted to a concentration of 

0.15-0.2x10^ in the medium and 1ml cells were aliquoted per well into a 24 well tissue 

culture plate. The cells were incubated at 37°C for an average of 11 days.
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3.2.4 Purification of megakaryocytes

Megakaryocytes grown in culture were purified using super-paramagnetic MicroBeads 

conjugated with monoclonal mouse anti-human CD61 antibody following the same 

procedure as in section 3.2.2 except that the centrifugation was performed at the slower 

speed of 300g throughout the procedure. A sample of the purified cells was taken and 

centrifuged onto glass microscope slides using a cytospin (Thermo Shandon). To check 

for cellular purity the slides were stained using an alkaline phosphatase-anti-alkaline 

phosphatase method described below.

3.2.5 Alkaline phosphatase-anti-alkaline phosphatase (APAAP) staining 

of megakaryocytes

Microscope slides of purified megakaryocytes or normal bone marrow smears (control) 

were incubated in methanol (100%) at room temperature in coplin jars for 10 minutes. 

The slides were gently washed with TBS solution (TRIS (0.05M), HCl (O.IM), pH 7.6, 

diluted 1/10 in saline). The samples on the slides were incubated with anti-CD41 (FITC) 

monoclonal antibody (diluted 1/50 in TBS) in a humidified box for 1 hour. The slides 

were washed with TBS and incubated with rabbit anti-FITC (F(ab)2) conjugated to 

alkaline phosphatase (diluted 1/50 in TBS) for 1 hour in a humidified box. The slides 

were washed with TBS and incubated with APAAP reagent (Dako) for 1 hour in a 

humidified box. The slides were then washed with TBS. Naptho 1/fast red solution was 

prepared according to the manufacturer’s instructions, filtered with a Sartorius 

Minisart® 0.2pm syringe filter (Sartorius Ltd) directly onto the samples and incubated 

for 15 minutes in a humidified box. The slides were then rinsed in cold tap water and 

allowed to dry. Samples were counterstained with Mayer’s Haematoxylin for 15 

minutes. The slides were then washed with warm tap water and allowed to air dry.

115



3.2.6 Purification of reticulocytes

EDTA whole blood (15|rl) was taken from various patients with reticulocyte counts 

above normal (>2% of total erythroid population) and incubated on ice with CD45 

(RPE-Cy5) for 20 minutes. PBS (2% PCS) (1ml) was then added. The sample was then 

centrifuged at 200g for 5 minutes and resuspended in thiazole orange (lOOng/ml) (1ml) 

in PBS (2mM EDTA). A sample without thiazole orange was also prepared as a control. 

Thiazole orange stains RNA and can be used to differentiate between RNA containing 

reticulocytes and RNA absent erythrocytes. An EPICS ELITE cell sorter (Beckman 

Coulter) was used to sort reticulocytes from blood. Leucocytes also contain RNA and 

could potentially contaminate the reticulocyte samples, therefore, the common 

leucocyte marker -  CD45 was used to ensure that no leucocytes were present in the 

sorted cells.

3.2.7 Molecular biology

Purified CD34 positive cells or CD61 positive megakaryocytes were incubated in 

TRIzol reagent, RNA isolated and RT-PCR performed as described in section 2.2. 

Primers for the PCR reactions (Section 2.2.3, table 2.1) were prion-1 (Perini et al, 

1996a) and p-actin (purchased from Oswel DNA Service) designed to generate 

fragments of 854 and 485bp respectively.

Purified reticulocytes were pelleted by centrifugation at 200g for 10 minutes. RNA was 

then purified from the cells as described in section 2.2.2. Glycogen (250pg/ml) 

(Boehringer Mannheim) was added to the TRIzol reagent in order to stabilise the RNA 

during purification. RT-PCR was then carried out on the purified cells using primers for
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prion protein and p-actin as mentioned above. Semi-quantitative RT-PCR was 

performed on CD34 cells and megakaryocytes as described in section 2.2.7.

3.2.8 Flow cytometry of CD34 cells

Purified CD34 positive cells were centrifuged at 500g for 10 minutes at 4°C to pellet the 

cells. Cells were then resuspended in PBS (350pi) with swine serum (10%) (Dako Ltd). 

(All buffers used for flow cytometry were filtered with a Sartorius Minisart® 0.2pm 

syringe filter (Sartorius Ltd) prior to use). Cells were then incubated with mouse anti

human CD34 (PE) and normal rabbit immunoglobulins or polyclonal rabbit anti-prion 

protein antibody (Ab-1) for 15 minutes on ice. PBS (10% fetal calf serum) (1ml) was 

then added to the cells and they were centrifuged at 500g for 5 minutes at 4°C. The 

pellet was then resuspended in swine anti-rabbit IgG (FITC) (50pl) diluted 1/10 in PBS 

(10% PCS) for 15 minutes. Filtered PBS (10% PCS) (1ml) was then added to the cells 

and they were centrifuged at 500g for 5 minutes. The pelleted cells were then 

resuspended in PBS (10% PCS) (0.5ml) and analysed with an EPICS ELITE flow 

cytometer (Beckman Coulter) (Section 2.3).

3.2.9 Flow cytometry of megakaryocytes

Purified megakaryocytes were centrifuged at 300g for 10 minutes to pellet the cells. 

Cells were then resuspended in PBS (350pl) with swine serum (10%) (Dako Ltd). (All 

buffers for flow cytometry were filtered with a Sartorius Minisart® 0.2pm syringe filter 

(Sartorius Ltd) prior to use). Cells were then incubated with normal rabbit 

immunoglobulins or polyclonal rabbit anti-prion protein antibody (Ab-1) for 20 minutes 

on ice. PBS (10% fetal calf serum) (1ml) was then added to the cells and they were 

centrifuged at 300g for 5 minutes at 4°C. The pellet was then resuspended in swine anti

rabbit IgG (FITC) (50pl) diluted 1/10 in PBS (10% PCS) for 15 minutes. PBS (10%
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FCS) (1ml) was then added to the cells and they were centrifuged at 300g for 5 minutes. 

The cells were then resuspended in PBS (10% FCS) (0.5ml) and paraformaldehyde 

(1%) solution (0.5ml) in PBS was then added. The cells were incubated for 1 hour on 

ice and then centrifuged at 300g for 5 minutes. The pellet was then resuspended in DNA 

staining solution (1ml) (PBS containing MgCl: (2mM), BSA (0.2%), saponin (0.05%), 

propidium iodide (0.05mg/ml) and RNase A (lOU/ml) (Boehringer Mannheim) 

(propidium iodide and RNase A added just prior to use)) or control (Same as DNA 

staining solution without propidium iodide). The samples were incubated at 4°C over 

night and analysed with an EPICS ELITE flow cytometer (Beckman Coulter) (Section

2.3).

3.2.10 Flow cytometry of erythrocytes and reticulocytes

EDTA whole blood was taken from various patients with reticulocyte counts above 

normal (>2% of total erythroid population) and centrifuged at 2000g for 10 minutes. A 

sample (30p.l) was then removed from just beneath the huffy coat in order to obtain a 

reticulocyte rich sample with few contaminating leucocytes, as determined by previous 

experiments. Blood (2.5|il) was then incubated with anti-glycophorin A (PE) (5pi), IgG- 

1 control (PE) (5pi), anti-CD45 (RPE-Cy5) (5pi), IgG-1 control (30pg/ml) or anti-prion 

(6H4) (30pg/ml) in HBS buffer for 15 minutes. Rabbit anti-mouse (RPE-Cy5) 

secondary antibody was then added to the IgG-1 control and 6H4 samples for a further 

15 minutes. The samples were then diluted in PBS buffer with or without thiazole 

orange (lOOpg/ml). Samples were then analysed on a EPICS/XL/MCL flow cytometer 

(Beckman Coulter) (Section 2.3).

In a separate experiment, whole blood was taken from normal donors and centrifuged at 

2000g for 15 minutes. The plasma and huffy coat were then removed and the remaining
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erythrocyte rich pellet resuspended in an equal volume of HBS buffer. The samples 

were then centrifuged again at 2000g for 15 minutes and the pelleted washed 

erythrocytes were then incubated in the presence and absence of proteinase K (24pg/ml 

final) for 20 minutes. Cells were then stained with IgG-1 control antibody or anti-prion 

antibody (30pg/ml) (6H4) for 15 minutes followed by secondary antibody: goat anti

mouse (f(ab)2) (FITC) for a further 15 minutes. Samples were then analysed on a 

EPICS/XL/MCL flow cytometer (Beckman Coulter) (Section 2.3).

3.2.11 Immunofluorescence confocal microscopy

CD34 cells or megakaryocytes were centrifuged on to 10mm circular glass coverslips 

(No 1.5 Chance Propper) using a cytospin (Thermo Shandon). They were then fixed and 

stained according to the procedure in section 2.4.2. The primary antibodies used were 

mouse anti-human GPIIIa (megakaryocyte only), mouse IgG-1 isotype control 

(megakaryocyte only), mouse anti-human CD45 (huffy coat only), rabbit 

immunoglobulins or polyclonal rabbit anti-prion protein antibody (Ab-1). The 

secondary antibody was swine anti-rabbit IgG (FITC). In the megakaryocyte staining 

protocol there was an additional staining step: After the secondary antibody incubation 

the coverslips were washed 3 times in blocking reagent before incubation with 

propidium iodide (500nM) for 30 minutes.

3.2.12 Statistics

The student’s t-test for independent samples was used to compare the expression of 

PrP^ on erythroid cells of low, medium and high thiazole orange fluorescence.
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3.3 Results

3.3.1 Molecular biology

Total RNA was isolated from CD34 positive cells, megakaryocytes and platelets and 

used to synthesise cDNA. PCR of the cDNA using primers specific for P-actin or PrP^ 

yielded a 485bp P-actin product and an 854bp prion product in CD34 positive cells, 

megakaryocytes and platelets (Figure 3.1).

1 2 3  4 5  6 7  8 9 10

854  bp

4 8 5  bp

Figure 3.1 Agarose gel with products o f RT-PCR. RT-PCR was performed using primers for p-actin and 
PrP^. Products were then electrophoresed on a 2% agarose gel. l=Marker, 2=p-actin negative control, 
3-PrP^ negative control, 4=P-actin CD34, 5=PrP^ CD34, 6=P-actin megakaryocyte, 7=PrP^ 
megakaryocyte, 8=p-actin platelet, 9=PrP^platelet, IO=Marker.

Restriction digestion of the 854bp PrP^ product with the restriction enzyme f  .5// yielded 

two fragments, as expected, of 467bp and 387bp that were electrophoresed on a 2% 

agarose gel (Figure 3.2).
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8 54  bp

4 6 7  bp 

3 87  bp

Figure 3.2 Agarose gel with products o f  restriction digestion. PrP*̂  products o f  RT-PCR were cleaved 
with the restriction enzyme Pstl. The 854bp product produced two fragments o f  387 and 467bp. The 
products were then electrophoresed on a 2% agarose gel. l=Marker, 2=CD34 PrP  ̂ uncut, 3=CD34 PrP*̂  
cut, 4= Megakaryocyte PrP  ̂ uncut, 5=Megakaryocyte PrP^ cut, 6 - Platelet PrP̂  uncut, 7=Platelet PrP  ̂
cut, 8=Marker.

Reticulocyte (and CD34 cell as a control) mRNA was isolated and used to synthesise 

cDNA. PCR of the cDNA with primers specific for P-actin yielded a 485bp product for 

reticulocytes and CD34 cells when electrophoresed on a 2% agarose gel. PCR using 

primers specific for PrP^ yielded the predicted 854bp product with the CD34 cell 

sample, but no PrP^ band was seen for reticulocytes (Figure 3.3) indicating that 

reticulocytes do not contain mRNA for PrP^. The lack of a PrP^ signal also indicates 

that there are no contaminating leucocytes present, since these cells express PrP^.

1 2 3 4 5 6

854  bp

485  bp

Figure 3.3 Expression o f PrP^ in reticulocytes. l=Blank (3-Actin. 2=Blank PrP^, 3=CD34 P-Actin, 
4=CD34 PrP^, 5=Reticulocyte P-Actin, 6=Reticlocyte PrP*̂ .
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Semi-quantitative RT-PCR was performed on CD34 cells and megakaryocytes and used 

to estimate the relative expression of prion protein mRNA in these cells when compared 

to iduronate-2-sulphatase (IDS) according to the method of Hanison et al, 1998 (Figure

3.4). This type of technique is commonly used to compare mRNA levels. The control 

gene used should be expressed at a similar level to the protein of interest and have a 

similar level of expression in different cell types. The use of the IDS transcript for semi- 

quantitative RT-PCR is novel but since it is a constitutively expressed housekeeping 

gene, and thus should be expressed at similar levels in different cell types, and is 

expressed at a similar level to PrP^ it is a valid choice for this analysis (Wilson et al, 

1993)

1 2 3 4 5 6
^  <---- IDS

A Prion

Figure 3.4 Semi-quantitative RT-PCR o f CD34 cells and megakaryocytes. RT-PCR was performed on 
RNA extracted from CD34 cells (1-4) and megakaryocytes (5-6) using radioactive (^^P) primers specific 
for IDS and prion. The products were then electrophoresed on a denaturing polyacrylamide gel, dried and 
exposed to Hyperfilm-MP (Amersham Biosciences). The densities o f the IDS and PrP  ̂ bands were then 
compared using a densitometer to give an estimation o f the expression o f these products. Two bands were 
obtained for PrP̂  and both were identified as specific thus they can be sum mated (See below) (n=2).

The intensities of the bands were measured by densitometry. The ratio of the amplified 

mRNA for PrP^ relative to IDS was found to be 0.53 ± 0.28 for CD34 cells and 3.81 ± 

1.91 for megakaryocytes. Thus the expression of PrP^ in CD34 cells was found to be 

approximately half that of IDS and in megakaryocytes was found to be greater than 

triple that of IDS.
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In the semi-quantitative RT-PCR experiments performed in this thesis the PrP^ specific 

primers generated a band in addition to the one expected. In order to explain the 

presence of two bands they were separated and amplified by cloning, PCR and 

sequencing as described in sections 2.2.7-2.2.8. The results indicated that one of the 

bands represented the expected full length product when compared to the published 

sequence (Lee et al, 1998) (Figure 3.5, published sequence and upper band) and the 

other had a four base-pair deletion (Figure 3.5, lower band). The deletion was at the 3’ 

end of exon 1 of the PrP^ gene, close to the prion forward primer (Prion primer set 1) 

and exon 1 and 2 splice site. There are two possible deletions that may have occurred to 

the lower band (Figure 3.5). In addition to this deletion there was a 9 base-pair deletion 

that was expressed at much lower levels in the samples. Neither possible deletion is 

within the coding region (Figure 3.5, start codon “ATG”) and so would not directly 

affect the composition of the translated protein. The region may be important with 

regards to regulation of PrP^ expression as is common with 5’ non-coding regions 

(Cazzola & Skoda, 2000).
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PUBLISHED SEQUENCE
AGCTTCTCCTCTCCTCACGACCGAGGCAG/fr'^Âi/AGCAGTCATTtrl 
PRION-1 FORWARD PRIMER SPLICE START

UPPER PRION BAND
A G C TTCTCC TCTC CTCA C G A C C G A G G C A G /g T . . AG /A G C A G T C A T T #T^ 

LOWER PRION BAND- DELETION 1

A G CTTCTCCTCTCCTCACG ACCG  A G / | t 7 ^ / A G C A G T C A T T E

LOWER PRION BAND- DELETION 2
AG CTTCTCCTCTCCTCACG ACCG AG---------/ g T . . A 0 /A G C A G T C A T T E 1

THIRD BAND DELETION 1
A G CTTCTCCTCTCCTCACG ACCG --------------/ i T . T . A l /  A G T C A T T # !#

THIRD BAND DELETION 2
AGCTTCTCCTCTCCTCACGACCGAG----/#T,!?A#/ TCATT^g

Figure 3.5 Short sections o f  the PrP  ̂ gene sequence. Published sequence was from (Lee et al, 1998) and 
was identical to the sequence obtained from the upper band in the semi-quantitative RT-PCR 
experiments. The lower band could have one o f  two possible 4 base-pair deletions (marked ‘- ’) proximal 
to the prion forward primer (highlighted in yellow) and the exon 1 and 2 splice site (highlighted in green. 
Introns start with GT and end with AG) There appears to approximately equal amounts o f each transcript 
generated in all the cell types studied by semi-quantitative RT-PCR. In addition to the upper and lower 
prion bands, there was a third band that was present at much lower levels in the samples (not shown in 
figure 3.4) that was found to be the result o f  a 9 base-pair deletion (Third band) that could have two 
possible sequences (Deletion 1 or 2).
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3.3.2 Flow cytometry of CD34 cells

Selected CD34 positive cells were double labelled with mouse anti-human CD34 (PE) 

and indirectly labelled with rabbit anti-human PrP^ (FITC). The flow cytometry scatter 

plot below indicates that the cells were positive for CD34 and PrP^ (Figure 3.6) When 

compared to an isotype control antibody (Figure 3.7) CD34 positive cells were positive 

for PrP^.

'S3'S3

PrP'

1 2

• ' . 3 . : 4

CD34
1000

Figure 3.6 Flow cytometry scatterpiot o f CD34 positive cells double labelled with mouse anti-human 
CD34 antibody (PE) and indirectly labelled with rabbit anti-human PrP*' antibody (Ab-I) (FITC).
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Figure 3.7 Flow cytometric analysis o f the expression o f PrP*̂  on the surface o f CD34 positive cells. The 
percentage PrP̂  positivity was measured when cells were stained indirectly with anti-human PrP  ̂
antibody (Ab-1) (Prion test) or rabbit IgG isotype control antibody (Prion control) (n=3).
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3.3.3 APAAP staining of megakaryocytes

Megakaryocytes cultured and selected on the basis of CD61 positivity with magnetic 

beads were stained for CD41 using an APAAP method (Figure 3.8). Bone marrow 

smears were used to optimise staining (Figure 3.8A and B) for purified megakaryocyte 

preparations (Figure 3.8C and D).

(A) (B);v r
V • . . : • x f ’

&1  '

( D) ‘ '

W- •

y

- -  . y

Figure 3.8 Bone marrow smears (A and B) and purified megakaryocytes (C and D) were stained for 
CD41 (red dye). Approximately 100% o f the cells in the purified megakaryocyte sample were positive for 
CD41. The specificity o f  staining is emphasised by the presence o f  a negative cell in the centre o f (D).

3.3.4 Flow cytometry of megakaryocytes

Selected megakaryocytes were double stained with propidium iodide for DNA and 

indirectly labelled with rabbit anti-human PrP^ (FITC). The scatter-plot and histogram 

below display how the separation of megakaryocyte populations was achieved on the 

basis of ploidy using propidium iodide fluorescence (Figure 3.9).
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Figure 3.9 Flow cytometry histogram and scatter plots o f megakaryocytes. Megakaryocytes were stained 
for DNA with propidium iodide (A) (x-axis) and indirectly for PrP̂  with isotype control (B) or IgG rabbit 
anti-human PrP̂  antibody (Ab-1) (C) (y-axis). Staining o f DNA permitted the separation o f cells based 
on their ploidy.

Each of the ploidy classes was gated on, and the expression of PrP measured and 

compared to an isotype control antibody (Figure 3.10). There appeared to be a general 

correlation of increasing DNA content with PrP^ expression in megakaryocytes.
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Figure 3.10 Flow cytometric analysis o f the expression o f PrP  ̂ on the surface of megakaryocytes. The 
percentage PrP' positivity was measured when cells were stained indirectly with rabbit anti-human PrP  ̂
antibody (Ab-1) (Prion test) or rabbit IgG isotype control antibody (Prion control) in the presence of 
propidium iodide (n=3).

3.3.5 Flow cytometry of erythrocytes and reticulocytes

Anti-human glycophorin A (PE) was used to set the flow cytometer gate on erythroid 

cells (Figure 3.11). Anti-human CD45 (RPE-Cy5) was then used to confirm the absence 

of leucocytes (known to express PrP*') in the erythroid cell gate. Dual labelling with 

thiazole orange and 6H4 was then used to measure PrP*' levels on erythrocytes and 

reticulocytes. The scatterpiot generated when cells are stained with thiazole orange is 

displayed in figure 3.12. The cells were designated low, medium or high thiazole orange
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binding reflecting their RNA content. PrP^ expression was then measured at each 

designated level compared to isotype controls.

FL2 LOG / Zoom (S oiree  4)

Figure 3.11 Flow cytometry scatterpiot (A) and histograms (B) o f  erythrocytes and reticulocytes. Cells 
were selected with an polygon gate in (A). The background fluorescence was set to 0.5% when cells in 
(A) were stained with IgG-1 isotype control antibody (B, white histogram). Cells positive for glycophorin 
A were then detected (B, black histogram). Approximately 100% o f cells gated in (A) were glycophorin 
A positive.
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F igure  3.12 Scatterpiot o f erythrocytes and reticulocytes. Cells were separated based on RNA content 
using thiazole orange (TO) on the y-axis. Forward scatter (cell size) was measured on the x-axis.

The amount of PrP  ̂ on the surface of the cells is displayed in figure 3.13 as a corrected 

MFI value, obtained by subtracting the MFI of the isotype control from the anti-prion 

test.
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Figure 3.13 The expression o f PrP^ on the surface o f erythrocytes and reticulocytes in patients labelled 1- 
9. PrP^ positivity was measure on the y-axis as an MFI value. The low thiazole orange staining 
population are erythrocytes and the medium and high populations are reticulocytes with increasing 
amounts o f RNA respectively.
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There was not a consistent correlation of PrP^ expression with erythroid RNA content 

or with disease in the 9 patient samples tested. Comparing the PrP^ expression of low 

thiazole orange binding cells with high binding cells p=0.07. Comparing low thiazole 

orange binding cells with medium binding cells p=0.09, and comparing medium 

thiazole orange binding cells with high binding cells p=0.38.

The proteinase K sensitive nature of PrP  ̂ on erythrocytes was verified by incubating 

cells with proteinase K for 15 minutes. PrP^ expression was then measured on the cell 

surface by flow cytometry (Figure 3.14).

0.2 

0.15 

0.1 

0.05 

0
Prion + PKPrion - PK

Figure 3.14 The expression o f prion protein on the surface o f erythrocytes in the presence and absence of 
proteinase K. Erythrocytes were incubated with either IgG-1 isotype control antibody or anti-prion 
antibody (6H4) in the presence and absence o f proteinase K for 15 minutes. The expression o f PrP*' was 
obtained by subtracting the MFI value o f the isotype control from the prion test.

3.3.6 Immunofluorescence microscopy of CD34 cells

In order to test the CD34 and megakaryocyte staining procedure, it was initially 

performed on leucocytes obtained from normal buffy coat confirming that these eells 

express PrP^ as previously described (Barclay et al, 1999) (Figure 3.15).
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Figure 3.15 Immunofluorescence detection o f  CD45 (A) and PrP^ (B) on leucocytes.

CD34 positive cells were stained with rabbit anti-human PrP^ and swine anti-rabbit 

secondary antibody (FITC). Immunofluorescence microscopy was performed and cells 

were found to be positive for PrP^ as expected (Figure 3.16).

t

Figure 3.16 Immunofluorescence detection o f  PrP^ expression on selected CD34 cells. CD34 cells were 
indirectly stained with an isotype control antibody in (A) and for PrP*' in (B).

3.3.7 Confocal microscopy of megakaryocytes

Cultured megakaryocytes were stained with propidium iodide and mouse anti-human 

GPIIIa (CD61). Confocal microscopy was performed. The characteristic multiple lobed
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nuclei stained in red with propidium iodide can be seen in figures 3.17-3.22. Cells were 

found to be positive for GPIIIa (Green) as expected for megakaryocytes within the cells 

and on their surface (Figure 3.17-3.19).

Figure 3.17 Confocal microscopy o f  CD61 on megakaryocytes. Megakaryocytes were indirectly stained 
with mouse anti-human CD61 antibody (Green fluorescence) and propidium iodide for DNA (red 
fluorescence).
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Figure 3.18 Confocal microscopy o f  CD61 on megakaryocytes. Megakaryocytes were indirectly stained 
with mouse anti-human CD61 antibody (Green fluorescence) and propidium iodide for DNA (red 
fluorescence).
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Figure 3.19 Serial section through megakaryocytes stained for GPIIIa (Green fluorescence) and DNA 
(Red fluorescence).

135



Megakaryocytes were also stained for DNA with propidium iodide and prion with rabbit 

anti-human PrP^ using swine anti-rabbit secondary (FITC). The red nuclei can be seen 

with granular staining for PrP^. Unlike GPIIIa in which the staining was mainly on the 

surface, PrP^ appears to be evenly distributed throughout the megakaryocyte (Figure 

3.20-3.22).

Figure 3.20 Confocal microscopy o f  PrP  ̂ on megakaryocytes. Megakaryocytes were indirectly stained 
with mouse anti-human PrP*" antibody (Green fluorescence) and propidium iodide for DNA (red 
fluorescence).
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Figure 3.21 Confocal microscopy o f  PrP*' on megakaryocytes. Megakaryocytes were indirectly stained 
with mouse anti-human PrP*̂  antibody (Green fluorescence) and propidium iodide for DNA (red 
fluorescence).

Serial sectioning and 3D reconstruction of PrP^ and GPIIIa stained megakaryocytes 

confirmed that GPIIIa was located within the cell and on the surface and PrP^ was 

found throughout the cell, evenly distributed (Figures 3.19 and 3.22).
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Figure 3.22 Serial section through megakaryocytes stained for PrP*̂  (Green fluorescence) and DNA (Red 
fluorescence).
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3.4 Discussion

I have investigated the expression of PrP^ in CD34 positive cells, reticulocytes, 

erythrocytes, and megakaryocytes. CD34 positive stem cells are among the most 

primitive blood cells and contain in their class the haemopoietic stem cells that produce 

all of the cells in the blood.

Platelets have been found to express PrP^ on their cell surface. It was not known if this 

platelet bound PrP^ was obtained from the blood plasma or produced endogenously by 

the platelets themselves. Data that I and others (Perini et al, 1996b; Perini et al, 1996a) 

have produced indicates that platelets have mRNA for PrP^ and can thus synthesise it 

themselves. In order to investigate this expression I studied CD34 positive stem cells 

and megakaryocytes.

The presence of PrP^ on cultured megakaryocytes has been described previously in an 

abstract (Bessos et al, 2001a) in which cultured megakaryocytes were harvested and 

their PrP^ content measured by DELFIA® assay. PrP^ was found to be associated with 

megakaryocyte cell culture supernatants and cell lysates. The concentration of PrP^ in 

the supernatants appeared to increase with the age of the culture and flow cytometry 

confirmed the presence of PrP^ on the megakaryocyte cell surface. The amount of PrP^ 

in megakaryocytes (1.8-4.8ng/10^ cells) exceeded that in platelets (0.4ng/10^cells), as 

expected since one megakaryocyte produces many platelets, and it was suggested that 

the PrP^ observed in platelets is probably synthesised by the megakaryocyte rather than 

being absorbed from the plasma. Megakaryocytes can theoretically produce 4000 

platelets per cell (Colman et al, 2000). The ratio of PrP^ in platelets compared to 

megakaryocytes is consistent with megakaryocytes producing less than 15 platelets per
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cell. This discrepancy could be due to the fact the platelets actively synthesise PrP^, or 

could be due to the absorption of PrP^ from the plasma.

I cultured megakaryocytes from CD34 cells, purifying both CD34 cells and resulting 

megakaryocytes using magnetic beads. I then demonstrated the presence of PrP^ mRNA 

in both cell types and studied the expression of PrP^ by flow cytometry. 

Megakaryocytes were separated into their DNA ploidy groups using propidium iodide 

and the amount of PrP^ in each class was then measured. I found that as the amount of 

DNA in the cells increased, so did the amount of PrP^ expressed. Increased cellular 

DNA content has been found to correlate with gene expression previously in 

megakaryocytes (Hancock et al, 1993). CD34 cells were also positive for PrP^ using 

flow cytometry. Semi-quantitative RT-PCR was then used to compare the expression of 

the housekeeping gene IDS with PrP^. IDS is a lysosomal exohydrolase that is required 

for the degradation of the glycosaminoglycans heparan sulphate and dermatan sulphate. 

A deficency of IDS leads to the accumulation of partially degraded glycosaminoglycans 

causing the clinical disorder mucopolysaccharidosis type II or Hunter syndrome 

(Wilson et al, 1993). IDS was chosen since it has a constitutively expressed 

housekeeping gene and its mRNA was found to be expressed at a similar level to PrP^. 

Less PrP^ relative to IDS was expressed on CD34 cells when compared to 

megakaryocytes indicating that there may be an upregulation in the expression of PrP^ 

mRNA during megakaryocytopoiesis as reflected by the flow cytometry data on 

megakaryocytes. Immunofluorescence and confocal microscopy confirmed the 

expression of PrP^ on CD34 cells. Serial sectioning of megakaryocytes indicated that 

PrP^ was present throughout the cell.
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This data indicates that PrP^ is produced in CD34 cells and its production is upregulated 

upon differentiation down the megakaryocytopoietic lineage, supporting the hypothesis 

that platelet PrP^ is obtained from the megakaryocyte rather than obtained exogenously.

Originally human erythrocytes were not thought to express PrP^, by Western blotting, 

using the anti-prion monoclonal antibody 3F4. In addition mRNA for PrP^ was not 

found in erythrocytes. This is unsurprising since mature erythrocytes do not contain 

nucleic acid. However PrP^ was found on two precursor erythroid lines, K562 and HEL, 

and these cells also expressed PrP^ mRNA. Immature circulating erythroid cells were 

not studied. This data was taken to mean that erythrocytes do not express PrP^. 

(Cashman et al, 1990). More recent data using the DELFIA® assay, with antibody 3F4, 

to quantify the amounts of PrP^ in blood found that 1.8% was associated with the 

erythrocyte fraction (MacGregor et al, 1999). Further investigation utilising a different 

anti-prion antibody (6H4) demonstrated that PrP^ was present on human (263+/-156 

molecules/cell) and mouse (174+7-29 molecules/cell) erythrocytes (Holada & Vostal, 

2000). A study utilising a large panel of anti-prion antibodies confirmed the presence of 

PrP^ on erythrocytes (Mallinson et al, 2000; Barclay et al, 2002).

The reason that PrP^ on erythrocytes is not detected by all anti-PrP^ antibodies could be 

due to small conformation or glycosylation differences between blood cells. 

Alternatively PrP^ shed from other cells may insert into erythrocyte membranes, in a 

process known as “painting”, at different orientations exposing different epitopes. The 

epitope for anti-prion monoclonal antibody 3F4 is within the transmembrane domain of 

PrP^ (Figure 2.3). If erythrocyte PrP^ was bound to the cellular membrane via its
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transmembrane domain with the C-terminus exposed and N-terminus intracellular then 

this would account for the inability of 3F4 to detect PrP^ in contrast to 6H4.

It was argued that since the number of erythrocytes in the blood is far greater than other 

cells the small amount of PrP^ found on erythrocytes could contribute heavily to the 

total blood PrP^ concentration. More than the 1.8% that the DELFIA® technique 

revealed using antibody 3F4 (Vostal et al, 2001). However, the DELFIA® assay 

involved detergent lysis of analysed samples that could expose the previously hidden 

epitope for antibody 3F4 making the erythrocyte estimated PrP^ contribution correct.

In a recent investigation the number of PrP^ molecules on the surface of CD34 positive 

cells was found to be 12,000 molecules/cell. Cells that co-expressed CD34 and 

glycophorin A (An erythroid marker) had 54,000 molecules of PrP^ per cell. The level 

of PrP^ on mature erythrocytes was confirmed to be low. This was postulated to mean 

that PrP^ maybe involved in erythroid differentiation. (Zivny et al, 2002).

I have found that reticulocytes do not contain mRNA for PrP^ by RT-PCR. The flow 

cytometry data indicates that there is no overall trend in cellular RNA content and PrP^ 

expression. It is possible that the varying amounts of PrP^ on reticulocytes and 

erythrocytes in these patients could be due to a differing absorption of PrP^ by the cells 

from the blood plasma. The data indicates that during the process of erythroid 

maturation there is a down regulation of PrP^ production. The recent data mentioned 

above by Zivny et al, 2002, confirms that CD34 cells express PrP^, as I have shown, 

and indicates that very immature erythroid cells express large amounts of PrP^. 

Therefore at some point, probably during the normoblast stage in their differentiation.
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erythroid cells lose the mRNA for PrP^. Both reticulocytes and erythrocytes express 

PrP^ on the cell surface indicating that it is either retained on the cell surface despite the 

lack of PrP^ mRNA, or acquired from the blood plasma as previously postulated.

In this chapter I have analysed the expression of PrP^ in CD34 cells, megakaryocytes, 

reticulocytes and erythrocytes and I have postulated that there maybe certain trends in 

the PrP^ expression upon cellular differentiation in the erythroid and 

megakaryocytopoetic lineages. Limited time and resources prevented further analysis of 

cells at different stages of differentiation that would aid to confirm these findings.
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Platelets

4.1 Introduction

Platelets are small discoid cells synthesised from megakaryocytes and involved in 

normal blood haemostasis. They share several biochemical properties with neurones 

including the production of PrP^. The study of platelets is of particular relevance due to 

the potential transmission of PrP^^ via blood transfusion and the possibility of providing 

a non-invasive screening test for prion diseases. My aim was to explore the expression 

and function of PrP^ in these cells using a variety of techniques. Initially the prescence 

of PrP^ will be verified by Western blotting. Then various molecular biology techniques 

will be used to investigate whether mRNA for PrP^ is present in platelets and in what 

quantity. Flow cytometry and immunofluorescense confocal microscopy will be used to 

study the expression of PrP^ on the platelet surface and the activation dependant 

expression. Immunoelectron microscopy will determine the precise location of PrP^ in 

platelets. The applicability of an anti-PrP^^ antibody (15B3) to detect abnormal prion 

protein in the blood will be tested on platelets by flow cytometry in the hope that it can 

be used pre-clinically as a diagnostic screening tool for prion disease. Finally the 

function of PrP^ in platelets will be investigated. Cu^^ binds to PrP^ and may stimulate 

the redistribution of PrP^ in platelets and this will be studied by flow cytometry. It has 

been demonstrated that PrP^ may act as a signal transduction protein. Crosslinking of 

PrP^ on platelets will be used to investigate if there is any PrP^ mediated signalling in 

these cells.
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4.2 Methods

4.2.1 Antibodies

All reagents were purchased from Sigma Aldrich unless otherwise specified. Mouse 

IgG-1 isotype control, rabbit anti-mouse immunoglobulins, mouse IgM isotype control, 

goat anti-mouse (f(ab)2) (FITC), and swine anti-rabbit IgG (FITC) (Dako Ltd.). Mouse 

anti-human CD62p (PE), mouse anti-human CD42b (PE) and mouse IgG-1 (PE) isotype 

control (Beckman Coulter). Goat anti-mouse IgG (Oregon Green) (Cambridge 

Bioscience). Mouse anti-human monoclonal prion protein antibody (6H4 (IgG-1) and 

15B3 (IgM)) (kindly donated by Markus Moser and Bruno Oesch, Prionics). Mouse 

IgG-1 isotype control, mouse anti-human monoclonal prion protein (3F4), polyclonal 

anti-mouse IgG (FITC) and calibration beads (kindly donated by Dr Philippe Poncelet, 

Biocytex). Mouse anti-human monoclonal FcyRIIA (IV.3) whole molecule and 

(F(ab)2)-ffagment, polyclonal rabbit anti-human Fyn antibody (kindly donated by Dr. S. 

Watson, Department of Pharmacology, Oxford). Anti-phosphotyrosine monoclonal 

antibody 4G10 (TCS CellWorks Ltd.). Sheep anti-mouse horse radish peroxidase 

conjugated polyclonal antibody (Amersham Biosciences). Goat anti-rabbit IgG fraction 

coupled to lOnm gold particles (GAR-10), Goat anti-mouse IgG fraction coupled to 

lOnm gold particles (GAM-10), Goat anti-rabbit IgG fraction coupled to 5nm gold 

particles (GAR-5) (British Biocell International). Rabbit anti-human polyclonal prion 

protein antibody P3 (kindly donated by Dr. Gambetti, Case Western Reserve University, 

Cleveland, Ohio). Mouse anti-human CD63 antibody (kindly donated by Dr E Cramer, 

Institut Cochin, Paris). Polyclonal rabbit anti-human PrP^ specific for the C-terminus 

(220-231) of PrP^ and rabbit IgG control was kindly donated by Dr A. Morrison 

(Scottish National Blood Transfusion Service, Edinburgh).
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4.2.2 Preparation of washed platelets

Citrated whole blood (50ml) was taken from a normal donor and acid citrate dextrose 

(ACD) (5ml) (sodium citrate (0.085M), glucose (O.IM), citric acid (0.07M)) was added. 

The blood was then centrifuged at 200g for 20 minutes to obtain PRP. PRP was 

carefully removed and prostacyclin (800nM) added. The solution was then mixed gently 

by inversion and centrifuged at lOOOg for 10 minutes to pellet the platelets. The cells 

were resuspended in Tyrode’s buffer (850pl) (NaCl (134mM), KCl (3mM), NaHCOg 

(12mM), NaH2P0 4 .H2 0  (0.34mM), MgCl2.6 H20 (ImM), HEPES (20mM), glucose 

(5mM), pH 7.3) and ACD (150pl). The volume was increased to 25ml with Tyrode’s 

buffer and 3ml ACD. The platelets were then counted using a Sysmex KX-21 blood 

counter (Sysmex UK Ltd). Further prostacyclin (800nM) was then added, the platelets 

gently mixed and pelleted at lOOOg. The cells were then resuspended in Tyrode’s buffer 

to a concentration of 0.2x10^/ml and incubated at 30°C for 1 hour before use to allow 

the platelets to recover from the prostacyclin (Moncada, 1983; Stehle, 1982).

4.2.3 Western blotting

Washed platelets were prepared (Section 4.2.2) to a final concentration of 500 x lO^/pl. 

The platelets were then lysed in Triton X-100 (1%) solution containing a protease 

inhibitor cocktail (containing AEBSF (4-[2-aminoethyl]-benzene-sulfonylfluoride), 

aprotinin, bestatin, E-64, leupeptin and pepstatin A) in Tyrode’s buffer and frozen at -  

70°C. On the day of analysis a lysed platelet sample was thawed at 37°C. The sample 

was then centrifuged at 12,000 g for 10 minutes to pellet the insoluble fraction. The 

lysate was mixed with reducing or non-reducing Laemmli buffer. The samples and 

prestained molecular weight markers were incubated in a boiling water bath for 2  

minutes before being electrophoresed on two 10-15% polyacrylamide gels using the
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Phastsystem (Amersham Biosciences) and associated reagents. The first gel was 

developed using the fast coomassie staining Phastsystem protocol. The proteins from 

the second gel were transferred to nitrocellulose paper using the Phastsystem 

PhastTransfer semi-dry transfer kit. The resulting nitrocellulose paper was incubated in 

milk solution (5%) (made up from dry powder in distilled H2O) for 2 hours. The paper 

was then washed 3 times in borate buffered saline - Tween ((BBS-T) H3BO3 (0.02M), 

NaCl (0.15M), Tween-20 (0.1%), pH 7.2). The paper was incubated with 6H4 (58pg) in 

BBS-T (3ml) overnight, then washed 3 times in BBS-T and incubated with anti-mouse 

alkaline phosphatase (20pi) in BBS-T (3 ml) for 2 hours. The paper was washed 3 times 

in BBS-T and developing solution was then added (ethanolamine buffer, (O.IM) (50ml) 

pH 9.6 containing: nitro blue tétrazolium (5 mg), methanol, (500pl) acetone (250pl), 5- 

bromo-4-chloro-3-indolyl phosphate (3mg) and MgCli (4mM)). The paper was left to 

develop for a few minutes until staining was of sufficient intensity before finally 

washing with H2O.

4.2.4 Molecular biology

Platelets and buffy coat were prepared as described in section 2.1. RNA purification and 

RT-PCR was carried out as described in section 2.2. Primers for the PCR reactions 

(Section 2.2.3, table 2.1) were prion-1 (Perini et al, 1996a) and TGFpR2 (purchased 

from Oswel DNA Service, Southampton, UK) designed to generate fragments 854 and 

362bp respectively. Semi-quantitative RT-PCR was performed on platelets as described 

in section 2.2.7.

4.2.5 Immunofluorescence confocal microscopy

Whole blood was centrifuged for PRP (section 2.1.1). PRP (1ml) was incubated +/- 

TRAP (80pM) for 15 minutes. The samples were then fixed with the addition of
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formalin saline (1ml) (0.2% formaldehyde solution in 0.145M NaCl, filtered with a 

Sartorius Minisart ® 0.2}im syringe filter (Sartorius Ltd) prior to use.). The fixed 

platelets were then pelleted by centrifugation at 2000g for 10 minutes. Platelets were 

resuspended in a small volume of HBS and incubated with mouse anti-human IgG-1 

control (PE) (lOpl), mouse anti-human CD42b test (PE) (lOpl), mouse anti-human IgG- 

1 control (30pl) or anti-prion antibody 6H4 test (5.8pg) for 20 minutes. The platelets 

were then resuspended in HBS (0.5ml) and centrifuged at 2000g for 10 minutes. The 

pelleted cells were incubated with goat anti-mouse (Oregon Green) (2pl) for 20 

minutes. The platelets were resuspended in HBS and centrifuged again at 2000g for 10 

minutes. The pelleted cells were then resuspended in a small volume of Moviol 

mounting media (See section 2.4.3 for preparation) and transferred to a poly-lysine 

coated glass microscope slide. 10mm circular glass coverslips (No 1.5) (Agar Scientific 

Ltd) were used to cover the cells. The samples were left overnight to set and then 

viewed with a confocal microscope as described in section 2.4.

4.2.6 Flow cytometry

Platelet rich plasma (PRP) was taken as described in section 2.1.1. PRP (5pi) was 

incubated with mouse IgG-1 (PE) (2.5pi) CD42b (PE) (2.5pl), mouse IgG-1 (PE) (5pi) 

CD62p (PE) (5 pi), mouse IgG-1 (20pl) (40pg/ml), 6H4 (20pl) (40pg/ml), mouse IgG-1 

(20pl), 3F4 (20pl), mouse IgM (20pl) (40pg/ml), 15B3 (20pl) (40pg/ml), rabbit IgG 

(20pl) (40pg/ml) or PrP220-231 (20pl) (40pg/ml) with HEPES buffered saline (HBS) 

(NaCl (0.145M), KCl (5mM), MgS04 (ImM), HEPES (lOmM), pH 7.4) to give a final 

volume of 50pl. The incubation was performed at room temperature in the presence and 

absence of TRAP (80pM final) to stimulate platelet degranulation. After 15 minutes 

polyclonal anti-mouse IgG (FITC) secondary layer (20pi) was added to the prion

148



isotype control, test samples and beads (40|l i 1) (Biocytex). Anti-rabbit IgG (FITC) (5pi) 

was added to the rabbit control and PrP220-231 samples. The samples were incubated 

for a further 15 minutes and diluent (1ml) (Biocytex) (filtered with a Sartorius Minisart 

® 0.2pm syringe filter (Sartorius Ltd)) was added prior to flow cytometric analysis. 

Platelets were gated on the basis of CD42b positivity. TRAP stimulated activation was 

confirmed by CD62p positivity. 10,000 events were collected per sample. Standard 

beads labelled with the FITC conjugated secondary antibody were used to convert the 

mean fluorescent intensity (MFI) values obtained from the 3F4, 6H4 and isotype 

controls into approximate quantities of molecules per cell. The calibration system is 

such that the second layer reagent binds with the same stoichiometry onto cell- 

associated mouse IgGs, as onto bead-associated IgGs. Thus, the bead system actually 

measures the mean number of cell-bound IgGs. The approximate number of PrP^ 

molecules per cell was estimated, by making a standard curve of bead binding sites and 

MFI (See section 2.3 for flow cytometry details).

4.2.7 Incubation of platelets with proteinase K

PRP (lOOpl) was prepared (section 2.1.1) and incubated with or without TRAP (lOOpl) 

(80pM final concentration) for 10 minutes. Diluent (1ml) (PLATELET PrP kit, 

Biocytex) was then added. The solution was then divided between 4 GelSep tubes 

(PLATELET GelSep® kit, Biocytex). The tubes were centrifuged for 10 minutes at 

1200g to allow the platelets to migrate into the gel. Any residual supernatant was then 

discarded and the gel was washed twice with diluent (2ml). The platelet containing gel 

was then resuspended and transferred on to nylon mesh capped tubes (PLATELET 

GelSep® kit). The tubes were then centrifuged for 30 seconds at 170g. The nylon mesh 

retained the gel and the purified platelets were released and collected in the tubes. 

Proteinase K (50pl) (0.25U/ml) or diluent was then added to the TRAP stimulated or
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resting platelets and the samples were incubated for 15 minutes. The platelets (20pl) 

were then stained for flow cytometry. IgG-1 (20pl) (40pg/ml) or 3F4 (20pl) was added 

with HEPES buffered saline (HBS) (NaCl (0.145M), KCl (5mM), MgS04 (ImM), 

HEPES (10 mM), pH 7.4) to give a final volume of 50pl. After 15 minutes polyclonal 

anti-mouse IgG (FITC) secondary layer (20pl) was added to the prion isotype control, 

test samples and beads (40pl) (Biocytex). The samples were incubated for a further 15 

minutes and 1ml diluent (Biocytex) (filtered with a Sartorius Minisart ® 0.2pm syringe 

filter (Sartorius Ltd)) was added prior to flow cytometric analysis.

4.2.8 Immunoelectron microscopy

Blood was taken from healthy donors by venepuncture into plastic tubes containing 

EDTA or ACD-C buffer (citric-acid (0.013M, sodium citrate (0.0126M), glucose 

(0.01 IM)). PRP was generated by centrifugation at 180g for 15 minutes at 22°C. 

Platelets were pelleted by centrifugation of PRP for 5 minutes at llOOg. The pellet was 

then washed 3 times with Tyrode’s buffer (citric acid (360mM), KCl (5mM), CaCh 

(2mM), MgCh (ImM), glucose (103mM), pH 7.4) containing bovine serum albumin 

(0.35%). Washed platelets were resuspended in HBSS. Platelets were then fixed in 

glutaraldehyde (1.5%) for 1 hour and washed 3 times in phosphate buffer (O.IM, pH 

7.4). Fixed platelets were then embedded in sucrose (for cryosections) and the 

immunochemical reactions were performed on thin sections collected on nickel grids. 

Sections were labelled by incubating with primary antibody (Rabbit anti-human prion 

antibody P3 alone or with mouse anti-human CD63 antibody) for 2 hours at 22°C in a 

humidified atmosphere. Sections were then washed in Tris-buffered saline and 

incubated with goat anti-rabbit antibody (1/30 dilution) conjugated to lOnm gold 

particles. In the double immunogold labelling experiments both goat anti-mouse IgG 

coupled to lOnm gold particles and goat anti-rabbit IgG coupled to 5nm gold particles
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were used together for the detection of CD63 and PrP respectively. Samples were 

incubated for 1 hour at 22°C. The sections were then counterstained and observed on a 

Philips CM 10 electron microscope.

4.2.9 Effect of on PrP^ expression

PRP was prepared as described previously (Section 2.1.1). PRP (45pi) was incubated in 

the presence of CUSO4 solution (OmM, 0.25mM, 0.5mM or ImM final concentrations) 

for 90 minutes. Each solution (2.5pi) was then incubated with CD42b (PE), IgG-1 (PE) 

control (5pi), CD62p (PE), IgG-1 (PE) control (2.5pi), 6H4 or IgG-1 (40pg/ml) control 

for 15 minutes. The 6H4 control and test samples were then incubated with goat anti

mouse (FITC) (4pl) for 15 minutes. The samples were then fixed with formalin saline 

(0.5ml) (0.2% formaldehyde solution in NaCl (0.145M) filtered with a Sartorius 

Minisart ® 0.2pm syringe filter (Sartorius Ltd)) and analysed by flow cytometry (See 

section 2.3 for flow cytometry details).

4.2.10 PrP^ dependent signal transduction

4.2.10.1 Platelet aggregometry

Platelet aggregometry was performed with a platelet aggregation profiler (PAP-4) and 

associated consumables (Biodata corporation Inc distributed in UK by Alpha 

laboratories Ltd). 300pl of washed platelets (prepared as described in section 4.2.2) 

were added to a cuvette with a stir bar. The stir speed was set at lOOOrpm and 

temperature set to 37°C. Initially the functionality of the platelets was verified by 

adding human thrombin or collagen related peptide (CRP) (Kindly donated by Dr. D. 

Snell, Department of Pharmacology, Oxford). A further positive control for signalling 

was then performed. Monoclonal antibody IV.3 (5pg/ml final) was added to washed
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platelets. The antibody IV.3 binds to the FcyRIIA receptor. The platelets were then left 

for 2 minutes. Anti-mouse immunoglobulins (20pg/ml final) were then added, to bind to 

and cross-link the IV.3 antibody bound to the platelet surface. This cross-linking 

reaction should stimulate signalling from the FcyRIIA receptor causing platelet 

aggregation. The (F(ab)2) fragment of IV.3 does not have a Fc region and therefore it is 

not possible to cross-link this antibody with anti-mouse immunoglobulins. By 

incubating cells with IV.3 (F(ab)2) you can block activation of FcyRIIA receptor. This 

receptor may be activated non-specifically by the anti-prion antibody 6H4 when it is 

used for platelet cross-linking studies. In order to prevent the activation of this receptor 

distorting the real result, antibody IV.3 (F(ab)2) was added to washed platelets prior to 

each PrP^ cross-linking experiment to block FcyRIIA. IV.3 (F(ab)2) (lOpg/ml final) was 

added to platelets and left for 2 minutes, then 6H4 (20pg/ml final) was added. Finally 

anti-mouse immunoglobulins (20pg/ml final) were added to cross-link 6H4 bound to 

PrP^ on the platelet surface. During each of these additions the platelet aggregometry 

trace was monitored for platelet aggregation. The same experiment was then repeated 

using IgG-1 in place of 6H4 as a control.

A low concentration of thrombin or CRP was then used to potentiate signalling in the 

washed platelets. By stimulating the cells with a low concentration of these agonists the 

platelets aggregate slowly and then by repeating the cross-linking of PrP^ smaller 

previously undetectable signalling events can be observed. Thrombin (0.025U/ml) or 

CRP (0.4pg/ml) was used for potentiation. These agonists were added to washed 

platelets and the aggregation of the platelets observed. When the effect of the agonist 

was visible on the trace the platelets were cross-linked in the presence of the anti-prion 

antibody or control IgG-1 as before. The order of addition of reagents sometimes effects
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the results of functional experiments such as these, so the experiment was then repeated 

cross-linking prion prior to activation with a low agonist concentration.

4.2.10.2 Tyrosine phosphorylation

In order to investigate possible downstream phosphorylation associated with the cross- 

linking of PrP^ on platelets, whole cell platelet lysates were prepared from washed 

platelets with PrP^ cross-linked in the presence and absence of thrombin. The platelet 

lysates were then electrophoresed on a polyacrylamide gel and probed for tyrosine 

phosphorylation. Washed platelets were prepared as described above (section 4.2.2) at a 

final dilution of 4-8x10^/ml. EGTA (ImM final) and indomethacin (lOpM final) were 

added to stop platelet aggregation. Cross-linking experiments were then performed as 

described above (section 4.2.10.1). A larger volume of washed platelets (500pl) was 

used in this procedure. The platelets were incubated with buffer, IgG-1 control or 6H4 

in the presence and absence of anti-mouse immunoglobulins as a cross-linker (All 

reagents were used at the same concentration as for aggregometry in section 4.2.10.1). 

The experiment was then repeated in the presence of a submaximal dose of thrombin. 

The platelets were stimulated for 2 minutes in the presence and absence of thrombin 

prior to addition of ice cold lysis buffer (500pl) (NaCl (300mM), Tris (20mM), EGTA 

(2mM), EDTA (2mM), pH 7.5, NP-40 (2%). On day of experiment the following 

reagents were added: Na3VÜ4 (5mM), PMSF (2mM), leupeptin (lOpg/ml), aprotinin 

(lOpg/ml), pepstatin (Ipg/ml)). The platelet lysates were then electrophoresed on a 10% 

polyacrylamide gel and Western blotted using a PVDF blotting membrane.

4.2.10.3 PVDF membrane blotting

The blotted membrane was blocked in tris buffered saline-tween (TBS-T) (Tris 

(20mM), NaCl (137mM), Tween-20 (0.1%), pH 7.6) with BSA (10%) for 1 hour. The
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membrane was then incubated with antiphosphotyrosine antibody 4G10 (1/1000) 

diluted in the blocking buffer for 1-2 hours and washed twice with TBS-T for 1 hour. 

The blot was incubated with an anti-mouse horseradish peroxidase conjugated antibody 

(1/10,000) diluted in TBS-T for 1 hour and then washed twice with TBS-T for 1 hour. 

The membrane was developed using the ECL® (enhanced-chemiluminescence) system 

(Amersham Biosciences).

4.2.10.4 Immunoprécipitation

Immunoprécipitation is a highly specific and effective teclinique for the analytical 

separation of target antigens from crude cell lysates. This technique utilises highly 

crosslinked agarose macrobeads that have Protein A or G attached. Protein A is 

produced in Staphylococcus aureus and Protein G is produced in Escherichia coli. 

These proteins are attached to the agarose beads by cyanogen bromide mediated 

coupling. If these beads are mixed with an antibody and cell lysate of interest then an 

antigen-antibody-bead complex will form that can then be removed from the rest of the 

cell lysate. Protein A and G have different binding selectivitys depending on the origin 

of the IgG used with them. Protein A sepharose binds strongest to rabbit IgG and 

protein G sepharose binds strongest to mouse IgG. Rabbit polyclonal anti-mouse IgG is 

commonly used with mouse monoclonal antibodies to increase antigen binding density 

per bead.

Immunoprécipitation was used to determine if PrP^ crosslinking was associated with 

any downstream signalling events in particular the tyrosine kinase, Fyn. Washed 

platelets were prepared as described above (section 4.2.2) to a final dilution of 

8 xlO^/ml. EGTA (ImM final) and indomethacin (lOpM final) were added to stop 

platelet aggregation. A larger volume of washed platelets (500p,l) was used in this
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procedure. The platelets were stimulated for 2 minutes in the presence and absence of a 

submaximal does of thrombin or collagen prior to the addition of ice cold lysis buffer 

(500pl) (NaCl (300mM), Tris (20mM), EGTA (2mM), EDTA (2mM), pH 7.5, NP-40 

(2%). On day of experiment the following reagents were added: Na3V0 4  (5mM), PMSF 

(2mM), leupeptin (lOpg/ml), aprotinin (lOpg/ml), pepstatin (Ipg/ml)). The platelet 

lysates were then pre-cleared using protein G sepharose (25pi) (hydrated in TBS-T (Tris 

buffered Saline-Tween: Tris (2OmM), NaCl (137mM), Tween-20 (0.1%), pH 7.6)) for 

mouse anti-human prion antibody immunoprécipitation, or protein A sepharose 

(hydrated in TBS-T) for rabbit anti-human Fyn polyclonal antibody 

immunoprécipitation. The sepharose binds to any IgG present in the sample. The 

samples were then centrifuged at 1 2 ,0 0 0 g for 1 0  minutes to remove the sepharose and 

hence the IgG and any insoluble material. Anti-prion antibody 6H4 (5pg) and rabbit 

anti-mouse polyclonal antibody (0.38pl) were then added to the protein G sepharose 

incubated supernatant, and anti-human Fyn antibody (5pg) was added to the protein A 

sepharose incubated supernatant. The solutions were then incubated for 1 hour with 

rotation at 4°C. Protein G sepharose beads (20pl) were then added and incubated 

overnight with rotation at 4°C. The sepharose was then pelleted at 12,000g for 5 

minutes and washed 3x in TBS-T buffer and pelleted at 12,000g for 1 minute. The 

sepharose samples were finally resuspended in an equal volume of non-reducing 

laemmli buffer. The sepharose was then pelleted at 12,000g for 10 minutes, the 

supernatant electrophoresed on a 10% polyacrylamide gel and Western blotted using a 

PVDF blotting membrane (See section 4.2.10.3).

4.2.10.5 Localisation of membrane bound PrP^.

Washed platelets (lOOpl) (Section 4.2.2) at 2xl0^/ml unstimulated and stimulated with 

thrombin, collagen or convulxin were lysed in buffer (200pl) containing Brij 58 (2%).
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The lysate was mixed with an equal volume of sucrose solution (80%) and added to an 

ultracentrifuge tube. Sucrose (1ml, 25%) and lysis buffer (1ml) (Brij 58 (1% final)) 

were then overlayed. The platelets were centrifuged in the sucrose gradient at 200,000g 

for 2.5 hours at 4°C. Seven fractions of ultracentrifuged product (300pl) were taken 

from the top of the test tube and added to an equal volume of 2x reducing-laemmli 

buffer. Fractions 2 and 3 were the GEM fractions and fractions 6 and 7 were the soluble 

fractions. Proteins were then separated on a polyacrylamide gel (10%) and Western 

blotted using a PVDF blotting membrane (See section 4.2.10.3 except mouse anti

human prion antibody 6H4 was used instead of mouse anti-phosphotyrosine antibody 

4010).

4.2.10.6 Platelet flow cytometry

Flow cytometry was used to further investigate the activation of platelets by cross- 

linking PrP^. PRP was prepared as described in 2.1.1. PRP (2.5pi) was incubated with 

IV.3 (F(ab)2) (lOpg/ml) in HBS buffer to block FcyRIIA. CD62p (PE) or IgG-1 (PE) 

(2.5pi) was added followed by 6H4, IgG-1 (20pg/ml) or buffer. Anti-mouse 

immunoglobulins (20pg/ml final) were then added to cross-link the antibodies. The 

samples were activated with a low concentration of TRAP (lOpM) or HBS buffer 

control. Samples were incubated for 15 minutes before fixation with formalin saline 

(0.2%) (filtered with a Sartorius Minisart ® 0.2pm syringe filter (Sartorius Ltd)). The 

method was also performed by activating before cross-linking with anti-mouse 

immunoglobulins.

4.2.11 Statistics

The Wilcoxon Mann-Whitney U test is designed for non-parametric data and can be 

used with low sample numbers. This test was used to compare the number of molecules
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of PrP^ on the surface of resting and activated platelets by flow cytometry. A one tail 

test was used investigate whether the TRAP activated platelets had a higher number of 

PrP^ molecules on the cell surface than resting platelets. A two-tail test was used to 

compare the results obtained with the Biocytex (3F4) and Prionics (6H4) antibodies.
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4.3 Results

4.3.1 Western blotting

N R  N R  R R  '  N R  N R  R R

T77 ^
35kDa~ ^  ~35kDa

Figure 4.1 SDS electrophoresis and Western blotting o f  platelet lysates. Platelet lysates were 
electrophoresed on a 10-15% SDS polyacrylamide gel under reducing (R) and non-reducing (NR) 
conditions. Total protein was stained with coomassie blue in (A). Western blotting o f  platelet proteins 
with anti-prion antibody 6H4 revealed a band at 35kDa for PrP*' in (B).

Coomassie blue staining of electrophoresed platelets revealed multiple bands on a 10- 

15% SDS polyacrylamide gel, under both reducing and non-reducing conditions. A 

small band was seen at 35kDa that I hypothesised represented PrP^ (Figure 4.1 A). 

Western blotting using anti-prion monoclonal antibody, 6H4, confirmed that PrP^ was 

present in platelet lysates and when compared to molecular weight markers was found 

at 35kDa as expected (Figure 4.1 B).

4.3.2 Molecular biology

Platelet and buffy coat total RNA was isolated and used to synthesise cDNA. PGR of 

the cDNA using PrP^ specific primers produced an 854bp product and TGFpRII 

specific primers generated a 362bp product (Figure 4.2). The prion product had 

predicted PstJ restriction fragments of 467 and 387bp (Chapter 5.3.2 figure 5.1). The 

identity of the 854bp product was also confirmed by DNA sequencing and was found to 

be identical to previously published data (Kretzschmar et al, 1986b).
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Marker Blank Platelet Buffy HMEC-1 HUVEC
TGF PrP TGF PrP TGF PrP TGF PrP TGF PrP

854 bp

362 bp

Figure 4.2 Agarose gel with products o f RT-PCR. RT-PCR using primers for prion and TGF generated 
an 854bp and 362bp fragment respectively. RT-PCR products were then electrophoresed on a 2% agarose 
gel.

Semi-quantitative RT-PCR was performed on platelets and used to estimate the relative 

expression level of prion protein mRNA in these eells when compared to the 

constitutively expressed housekeeping gene IDS.

1 2 3 4 5

IDS

Prion

Figure 4.3 Semi-quantitative RT-PCR with platelets. RT-PCR was performed on RNA extracted from 
platelets using radioactive (^^P) primers specific for IDS and prion. The products were then 
electrophoresed on a denaturing polyacrylamide gel, dried and exposed to Hyperfilm-MP (Amersham 
Biosciences) (1-5). Both bands labelled prion were found to be specific for prion mRNA (See section 
3.3.1, figure 3.5).

The expression of PrP^ was found to be very low and heterogeneous in platelets. Only 

one sample gave a clear signal and only after prolonged exposure to Hyperfilm-MP 

(Amersham Biosciences). The intensity of the bands was measured by densitometry. 

The IDS signal had saturated the film and thus its intensity will be underestimated, 

however, the expression of IDS was found to range from 3- to 24-fold higher than PrP^.
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4.3.3 Immunofluorescence confocal microscopy

Immunofluoresence confocal microscopy was performed on resting and TRAP activated 

platelets. Platelets were identified by CD42b (GPlb) positivity (Figure 4.4 A). The 

expression of PrP^ was then detected using anti-prion monoclonal antibody 6H4. Both 

CD42b and 6H4 were used with an Oregon Green conjugated secondary antibody. The 

distribution of PrP^ positivity within platelets was granular (Figure 4.4 B and C) and 

appeared to redistribute to the cell surface with TRAP stimulated activation (Figure 4.4 

D-F).
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Figure 4.4 Immunofluorescence confocal microscopy o f  platelet PrP*̂  expression. CD42b (GPlb) 
staining confirms platelet identity in (A). Anti-prion monoclonal antibody 6H4 with anti-mouse Oregon 
Green secondary antibody, within resting (B, C) and TRAP activated platelets (D, E, F).
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4.3.4 Flow cytometry

Flow cytometry on platelets demonstrated the presence of PrP^ on the cell surface using 

the monoclonal antibodies 3F4 and 6H4. The cells were identified/gated by CD42b 

(Gplb) positivity (Figure 4.5, 4.6 and 4.8). CD62p (p-selectin) was used as a marker of 

platelet TRAP activation (Figure 4.7 and 4.8).

Figure 4.5. Identification and gating o f platelets for flow cytometry. Platelets were selected with a 
polygon gate C, when log side-scatter (SS LOG) was measured against log forward-scatter (FS LOG). 
Gate B was used to select Biocytex beads in a separate experiment.

CO.

1 1 10 100 1000
Figure 4.6 Expression o f CD42b (GPlb) on platelets. Platelets gated in figure 4.5 were incubated in the 
presence o f  monoclonal antibody CD42b (PE) (Blue histogram) or isotype control antibody (Red 
histogram). Expression o f  CD42b was 97.5% (SD 0.68) for resting platelets and 96.5% (SD 2.59) for 
TRAP activated platelets (See figure 4.8).
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Figure 4.7 Expression o f  CD62p (p-selectin) on activated platelets. Platelets gated in figure 4.5 were 
incubated in the presence o f monoclonal antibody CD62p (PE) (Blue histogram) or isotype control 
antibody (Red histogram). Expression o f  CD62p was 3.67% (SD 2.43) for resting platelets and 93.63% 
(SD 1.92) for TRAP activated platelets (See figure 4.8).
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Figure 4.8 The expression o f  CD42b (Gplb) and CD62p (p-selectin) on platelets. The percentage o f 
platelets that are positive for CD42b (G plb ) and CD62p (p-selectin) in the presence and absence o f 
TRAP. Platelets were identified/gated by their CD42b (G p lb ) positivity. CD62p (p-selectin) was used as 
a marker o f  platelet activation.

The number of PrP^ molecules was approximately quantified using commercial 

calibration beads (Biocytex). Using the Biocytex prion control (IgG-1) and test (3F4) 

antibodies platelets were found to express approximately 297 ± 136 molecules of PrP^
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per cell. Upon degranulation with TRAP this increased to 862 ± 223 molecules of PrP^ 

per cell (n=6) (p=0.001) (Figure 4.9). Using the monoclonal anti-prion antibody 6H4 

and IgG-1 control, platelets were found to express approximately 274 ±145 molecules 

of PrP^ per cell. Upon degranulation with TRAP this increased to 572 ± 230 molecules 

of PrP^ per cell (n=6) (p=0.02). The different prion antibodies gave similar estimates. 

Comparing the results obtained using anti-prion antibody 3F4 with 6H4, resting 

platelets gave very similar estimates of the number of PrP^ molecules on the cell surface 

(p=0.82), The results for TRAP activated platelets were more variable (p=0.03).
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Figure 4.9. Surface expression o f prion protein (PrP*") on normal human blood platelets (n = 6). Flow 
cytometry was performed using two different sets o f antibodies. (A) A Biocytex irrelevant control 
antibody and a prion specific 3F4 antibody and (B) An IgG-1 irrelevant control antibody and a prion 
specific 6H4 antibody. This was performed on both resting and TRAP activated platelets. The final 
corrected number o f surface molecules/platelet was calculated by subtracting the background labelling o f 
the isotype control antibodies from the raw data (corrected).
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The expression of PrP  ̂ on the surface of normal and TRAP activated platelets was 

analysed by flow cytometry in the presence and absence of proteinase K. The results 

(Figure 4.10) indicate that upon TRAP stimulated activation the level of surface PrP^ 

increases on platelets as expected. This PrP^ is cleaved by incubation with proteinase K 

and is reduced to zero for unactivated cells and lowered to resting levels on TRAP 

activated cells.
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Figure 4.10 Surface expression o f PrP  ̂ on platelets in the presence and absence of TRAP and Proteinase 
K (11=2).

Monoclonal IgM antibody 15B3 was thought to specifically binds to the abnormal 

isoform of prion protein PrP^^ at three distinct linear epitopes (Korth et al, 1997) but 

there has been no data published since this original paper and there are now doubts as to 

the specificity of this antibody. I tested the applicability of this antibody for flow 

cytometry (figure 4.11). Results indicated that the anti-PrP^^ antibody bound to 

platelets, but the non-specific binding was high and variable relative to the control. 

Since the expression of PrP^  ̂ is known to be false in these normal donors and the
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purpose o f its use was to develop a flow cytometry screening test for prion disease, 

further use o f  this antibody was abandoned.
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Figure 4.11 Expression o f pathological prion protein (PrP'’̂ ) on platelets measured by flow cytometry 
using anti-PrP''*̂  monoclonal antibody 15B3. The amount of PrP̂ *̂  is measured on the y-axis as a mean 
fluorescence intensity value (MFI). The patient identification number is displayed on the x-axis.

I tested an antibody specific to region 220-231, positioned at the extrem e C-term inus o f 

PrP^, by flow cytometry in order to assess its suitability for use in flow cytom etry 

experim ents. Data in figure 4.12 indicates that the antibody does not bind to PrP^ on 

platelets.
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Figure 4.12 The binding o f antibody PrP220-23l to PrP  ̂ on platelets. PrP  ̂ expression was measured on 
the y-axis as an MPI value when platelets were incubated with or without TRAP activation in the 
presence o f isotype control antibody or anti-PrP220-231. (n=3).
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4.3.5 Immunoelectron microscopy

Immunoelectron microscopy demonstrated PrP^ positivity in the platelet open 

canalicular system and alpha-granules. Double immunogold labelling of PrP^ and CD63 

indicated that PrP^ was present in alpha granules and open canalicular system, but not 

in CD63 positive dense granules (Figures 4.13-4.15).
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Figure 4.13 Immunoelectron microscopy o f platelet section. Arrows indicate PrP  ̂ staining within open 
canalicular system (OCS) and alpha granules (A).
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Figure 4.14 Immunoelectron microscopy o f platelet section at higher magnification. Arrows indicate 
PrP*“ staining within open canalicular system (OCS) and alpha granules (A).
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Figure 4.15 Immunoelectron microscopy o f platelet section. Double immunogold labelling o f PrP*" 
(arrows) within alpha granules (A) and CD63 (large particles) within dense granules (D).
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4.3.6 Effect o f  on PrP^ expression

The effect o f  C ir^  on the expression o f PrP^ in platelets was m easured by flow  

cytom etry (Figure 4.16). Platelets were incubated with CUSO4 for 90 m inutes, then 

stained for CD62p or PrP^. The CD62p level rem ained low indicating that the platelets 

were not activated by Cu^^. The PrP^ level was variable at each Cu^^ concentration 

indicating that Cu^^ has no effect on the expression o f PrP^ in platelets (n=3).

.1 1

[Coppe^ (rrtl/l)

Figure 4.16 Flow cytometry was performed on platelets in the presence o f increasing concentrations o f  
C if \  Mean fluorescence intensity (MFI) was measured on the y-axis. The expression o f CD62p remained 
low (solid line) but the expression o f PrP*̂  was variable (dotted line) (n=3).

4.3.7 PiP dependent signal transduction

PrP^ was cross-linked in the presence and absence o f submaximal concentrations o f 

throm bin or CRP (Figure 4.17). Cross-linking PrP^ had no effect on platelets in the 

absence o f  agonists. There was a slight decrease in platelet activation when platelets 

were cross-linked in the presence o f throm bin (Figure 4.17C) or CRP indicating that 

PrP^ may inhibit platelet activation. When lgG-1 irrelevant control antibody was cross- 

linked under the same conditions, similar inhibition was seen. Therefore there was no 

functional effect in cross-linking PrP^ on its own or in the presence o f submaximal 

concentrations o f  other agonists.
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Figure 4.17 Platelet aggregometry traces with arrows displaying the points at which reagents were added. 
(A) Platelets were incubated in the presence of different concentrations o f thrombin (Thr) in order to 
select the best concentration (0.025 U/ml) for potentiation. (B) Platelets were crosslinked in the presence 
of IV.3 whole molecule as a positive control for platelet aggregation. (C) Platelets were incubated in the 
presence o f antibody IV.3 (f(abi)) for 2 minutes. Anti-prion monoclonal antibody 6H4 was then added 
and after 1 minute the platelets were activated with a submaximal dose o f thrombin (0.025U/ml). 6H4 
was then cross-linked with mouse immunoglobulins (X-link).
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Platelets were incubated with various agonists and then lysed and electrophoresed on a 

10% polyacrylam ide gel. Probing for tyrosine phosphorylation revealed a band 

com igrating with LAT (Linker for activation o f  T-cells) in the sam ples in which PrP^ 

was cross-linked. This is a novel association, it is not usual to see phosphorylation o f 

LAT associated with stimulation o f GPI-linked proteins in platelets. There was no 

increase in this phosphorylation upon throm bin stim ulation compared to the control 

samples. (Figure 4.18).

kDa 1 2 3 4 5 6  7 8 9  10
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Figure 4.18. Tyrosine phosphorylation in platelets. Washed platelets were incubated in the absence (1-5) 
and presence (6-10) o f a submaximal dosage o f thrombin and (1,6) Control, (2,7) Mouse 
immunoglobulins X-linker alone, (3,8) Control IgG-1 + mouse immunoglobulin X-linker, (4,9) Anti
prion 6H4 + mouse immunoglobulin X-linker, (5,10) Anti-prion 6H4 alone. There is a band in the 50- 
60kDa region in all the samples that is likely to represent the Src-family kinases that are phosphorylated 
under basal conditions. There is a band at approximately BSkDa thought to represent LAT in samples 4 
and 9.

Im m unoprécipitation was performed on platelet lysates using anti-prion antibody 6H4 to 

determ ine if  PrP^ im m unoprecipitated in association with any tyrosine phosphorylated 

signal transduction proteins. Probing for tyrosine phosphorylation revealed a band at 

approxim ately SOkDa in the thrombin and collagen stim ulated samples not present in 

the unstim ulated samples that could be a m em ber o f the Src family o f  protein kinases 

Fyn or Lyn (Figure 4.19). The large band at ~1 SOkDa is due to the presence o f  antibody
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6H4 on the gel. The location o f Fyn at this position on the blot was verified by 

im m unoprécipitation o f  unstimulated and stimulated platelets with anti-Fyn antibody 

and w as found to be phosphorylated in both basal and agonist stim ulated platelets (Data 

not shown).
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Figure 4.19. Immunoprécipitation of platelets using anti-prion antibody (6H4) or anti-Fyn antibody. 
1=6H4 alone, 2=6H4 in presence of thrombin, 3=6H4 in presence o f collagen, 4=Whole cell lysate.

PrP^ is a GPI linked protein and this class o f protein is known to be located in OEMs. 

Purification o f the GEM and soluble fraction o f  lysed platelets was perform ed and the 

products were probed with mouse anti-human antibody 6H4. PrP^, as expected, was 

found in both the soluble and GEM fractions (Figure 4.20).
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Figure 4.20 Localisation o f PrP‘‘ in stimulated and unstimulated platelet raft fractions and solution. 
l=Basal raft, 2=Convulxin raft, 3=Thrombin raft, 4=Collagen raft, 5=Basal soluble, 6=Convulxin soluble, 
7=Thrombin soluble, 8=Collagen soluble.

The platelet aggregom etry data indicated that cross-linking PrP^ on the surface o f 

platelets had no functional effect on the cells. To extend this work, flow cytom etry was 

perform ed. Platelet PrP*̂  was cross-linked in the presence (Figure 4.21) or absence (data
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not shown) o f TRAP, and the expression o f  CD62p on the cell surface was measured. 

Platelets were incubated alone, with lgG-1 isotype control antibody or 6H4 anti-prion 

antibody. CD62p expression was not found to be significantly different in the 6H4 

samples compared with blank or lgG-1 incubated samples. Since there was no 

functional response to cross-linking platelet PrP^ the phosphorylation events although 

interesting were not considered to be o f m ajor functional significance.
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Figure 4.21 Flow cytometry of  platelets in normal donors (A-F) cross4inked with mouse 
immunoglobulins in the absence o f  primary antibody (none), or presence of  isotype control (lgG-1) or 
anti-prion (6H4). Platelets were incubated with lOpM TRAP. TRAP was added prior to (A) or after cross- 
linking (B). CD62p was used as a marker of  platelet activation and was measured as mean-fluorescence 
intensity (MFI) on the y-axis. The expression of  CD62p was found to be the same or lower for 6F14 
compared to the samples in which there was no antibody or lgG-1 isotype control, indicating that cross- 
linking PrP^ generated no activation dependent functional response.
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4.4 Discussion

Platelets have similar biochemical properties to neurons, (Mathe, 1995; Da Prada et al, 

1988) demonstrated by important similarities between platelet secretion and neuronal 

exocytosis (Reed et al, 2000). This feature combined with the potential risk of platelet 

blood transfusion in transmission of PrP^^ makes the platelet an important cell to 

investigate. In 1996 a letter was published in The Lancet that drew attention to the 

release of PrP^ by platelets when incubated with pbospbatidylinositol-specific 

pbospbolipase C (PI-PLC) or collagen (Perini et al, 1996b). It bad been suggested that 

PrP^^ could reach the brain of infected animals either via retrograde axonal transport or 

by a baematogenous route, however after 2 weeks of animals being intracerebrally 

injected with PrP^^, infectivity was found mainly in the spleen, a major site of platelet 

destruction (Kimberlin & Walker, 1979). Platelets, however, remain a potential location 

for the conversion of PrP^ into PrP^^ and its transportation in the body. The soluble 

form of PrP^ released from platelets was examined in more detail in a paper from Perini 

et al, 1996a. The PrP^ released from platelets by PI-PLC cleavage was deglycosylated 

and two bands were seen. A 35 kDa sized band representing full length PrP^ and an 

additional N-terminal truncated fragment of PrP^ termed PrPiv-so- This fragment was 

found to be homologous to scrapie PrP27-3o, an infectious protein derived from PrP^^ by 

limited proteinase K digestion, that aggregates into rod-like amyloid structures (Perini et 

al, 1996a). Amyloid proteins involved in the pathogenesis of Alzheimer’s disease are 

thought to be derived from soluble fragments or precursors which, in the diseased state, 

undergo a conformational change leading to aggregation and deposition in target tissues. 

The presence of a soluble form of PrP^ may have direct relevance in the pathogenesis of 

prion disease. The release of soluble PrP^ was also demonstrated during storage of 

apheresis platelets over a 10 day period and shown to be mainly soluble with a smaller
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population microparticle bound (Bessos et al, 2001b). Further work demonstrated the 

presence of PrP^ on the platelet membrane by flow cytometry (1840 ± 860 molecules 

PrP^ / platelet) and Western blotting and demonstrated an increase post TRAP 

stimulated activation (4340 ± 880 molecules / platelet). The level of PrP^ on the 

activated platelet surface was shown to decrease over a 2 hour period at 37°C but not 

22°C indicating that the process was energy dependent, (Holada et al, 1998) and 

probably due to internalisation and recycling of PrP^ as demonstrated in neuroblastoma 

cells (Shyng et al, 1993). The PrP^ post TRAP activation was removed by proteinase K 

cleavage as expected, and confirmed in my data, but not removed by PI-PLC cleavage. 

Previous results, as mentioned, indicated that PI-PLC does cleave PrP^ from platelets. 

The difference was probably methodological. It is likely that platelets released a small 

amount of PrP^ by PI-PLC cleavage that was detected by Western blotting due to the 

use of a larger number of platelets than for flow cytometry. If platelets do express a PI- 

PLC resistant form it may be due to glycosylation differences reducing PrP^ sensitivity 

to PI-PLC (Lehmann & Harris, 1997). It could also be due to an altered membrane 

attachment of PrP^ to the cell surface e.g. a transmembrane form (Hegde et al, 1998a) 

proposed to be the method of attachment of PrP^ in patients with paroxysmal nocturnal 

hemoglobinuria (PNH) who lack GPI linked proteins. (Holada et al, 2002b). PrP^^, like 

platelet PrP^ is also insensitive to PI-PLC indicating that there maybe similarities 

between the proteins. Platelet PrP^, like deglycosylated PrP^, may be more easily 

converted to PrP^^ (Lehmann & Harris, 1997). The expression of PrP^ on normal and 

activated platelets by flow cytometry was confirmed and found to be 1381 and 4776 

molecules of PrP^ per cell respectively (Barclay et al, 1999). The number of Gplb and 

GpIIb/IIIa (aiibps) receptors on the platelet surface, for comparison, are approximately 

25,000 and 40-80,000 per platelet respectively (Colman et al, 2000; Wagner et al.
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1996). I have also quantified the expression of PrP^ on the surface of platelets without 

(297 ± 136) and with (863 ± 223) TRAP stimulated activation (Starke et al, 2000) and 

obtained slightly different results. Both Holada et al, 1998, Barclay et al, 1999 and I 

used the same calibration beads from Biocytex but unlike myself, used washing steps in 

their protocols which are avoided in the Biocytex kit protocols. It is conceivable that the 

kit reagents were optimised for use without washing. The mean fluorescence intensity 

(MFI) values obtained with platelets by Barclay et al, 1999 was less than 10 arbitrary 

units whereas with lymphocytes his MFI was greater than 60 arbitrary units. This could 

be consistent with the copy number of PrP^ being 5-10 times less on platelets than 

lymphocytes, as indicated by my data. In a reply to my letter, Barclay et al, 2000 

reported that they did not appreciate that the Biocytex beads were not supposed to be 

used with a washing method. When they used alternative larger beads and interpolation 

(Quifikit, Biocytex) they obtained similar results to mine (Barclay, 2000).

Incubation of resting platelets with proteinase K removed PrP^ from the cell surface as 

expected but interestingly it did not remove all the PrP^ with the TRAP activated cells. 

This indicates that there maybe an internal pool of PrP^ that is proteinase K resistant. It 

is possible that the intracellular PrP^ is stabilised by other a-granule proteins and has a 

confirmation that is inaccessible to proteinase K.

A DELFIA® assay for PrP^ was used to analyse the distribution of PrP^ in human 

blood and results indicated that the majority of PrP^ in blood was in the plasma fraction 

(68.5%) and that the majority of the rest was in the platelet fraction (26.5%). Thus more 

than 90% of PrP^ is associated with platelets and plasma. A comparison of the 

concentrations of proteins in platelets and plasma has often been used as an indicator for
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the source of platelet alpha-granule proteins with a high ratio (platelets:plasma) being 

associated with megakaryocyte synthesised proteins e.g. von Willebrand factor and a 

low ratio associated with passively imported proteins e.g. albumin. The ratio of PrP^ in 

blood is consistent with a protein actively taken up by the platelets but not synthesised 

by megakaryocytes (George, 1990). Evidence from this and the preceeding chapter 

indicates that megakaryocytes do synthesise PrP^ and that this method of determining 

the source of platelet proteins is not always useful.

It had been shown that platelets contain PrP^ on their plasma membrane and I 

confirmed its presence using Western blotting of whole platelet lysates under reducing 

and non-reducing conditions. I wanted to investigate the precise location and source of 

platelet PrP^.

Platelets have been shown to contain messenger RNA for PrP^ (Perini et al, 1996a; 

Starke et al, 2002) but the amount present has not been quantified. RT-PCR was used as 

previously (Perini et al, 1996a) and confirmed that platelets contained PrP^ mRNA. 

Semi-quantitative RT-PCR was used to compare the amount of PrP^ mRNA in platelets 

compared to IDS. The amount was found to be very low in the 5 samples tested and 

below the range for accurate quantification. Immunofluorescence confocal microscopy 

indicated that the PrP^ had a granular distribution in platelets and was redistributed to 

the surface upon activation with TRAP as already described in flow cytometry 

experiments. In order to determine the specific granules involve, immunoelectron 

microscopy was performed on platelet sections. This revealed that PrP^ was present in 

a-granules and the open canalicular system, but not in dense granules or lysosomes. 

Holada et al, 1998, measured the expression of PrP^ and CD62p by flow cytometry over
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a time course of 120 minutes. The level of PrP^ on the surface of the platelets paralleled 

the change in the alpha granule maker CD62p on the platelets supporting the finding 

that PrP^ is present in alpha granules as demonstrated in this thesis.

Since prion diseases have been demonstrated to be transmissible (Gajdusek et al, 1966) 

many animal models have been used to study disease. Mice and hamsters have often 

been used due to their convenience and relatively short incubation periods of disease. A 

disadvantage with these models, that has recently been shown, is that there are different 

levels of PrP^ expressed in their blood. Mouse platelets and hamster peripheral blood 

cells do not express any detectable PrP^ by flow cytometry and Western blotting 

(Holada & Vostal, 2000). DELFIA® later confirmed that hamster blood cells have no 

detectable PrP^ but that a very small amount is present in blood plasma and that mice do 

express PrP^ on platelets. This was later demonstrated by flow cytometry using a panel 

of antibodies (Barclay et al, 2002). More recently it has been shown that in hamsters 

with clinical scrapie the infectivity is not associated with platelets and could be 

associated with plasma paralleling the distribution of the PrP^ in hamster blood (Holada 

et al, 2002a). If the trend in PrP^ and PrP^^ distribution in hamsters is the same as 

humans then infectivity will be mainly in the human plasma and platelet fraction.

A monoclonal IgM antibody (15B3) specific to the pathogenic form of prion protein 

(PrpSC) used in flow cytometry experiments to test its applicability. It was thought 

that if the antibody could detect PrP^^ on platelets then this could be useful as a 

screening tool for prion disease. 15B3 had previously been used in immunoprécipitation 

experiments. The binding of this antibody, by flow cytometry, indicated that the 

expression of PrP^^ on platelets was high. This was know to be incorrect since (1) the
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blood donors were normal and should not therefore have PrP^^ on their platelets and (2) 

One of the donors for this experiment also donated blood for the proteinase K 

experiment (figure 4.10) Since the prion signal was removed by proteinase K there is no 

PrP^^ present. This data suggested that this antibody is not useful for flow cytometry.

I also tested the applicability of a polyclonal rabbit anti-human prion protein antibody 

that was raised against the C-terminus of PrP^ and hinds to residues 220-231 (See figure 

2.1 for the antibody binding site). This antibody was not found to bind to platelets when 

compared to an isotype control. This is probably due to the conformation of PrP^ at this 

position, since the antibody binds strongly to a synthetic peptide. The PrP220-231 

antibody binding site is where the GPI anchor binds and so there is likely to be steric 

hindrance at this point.

Copper ions (Cu^^) have been shown to hind to an octapeptide repeat at the N-terminus 

of PrP^. The binding has been shown to stimulate internalisation of PrP^ in cultured 

neuroblastoma cells (Pauly & Harris, 1998). I studied the effect of differing 

concentrations of copper ions on PrP^ expression in platelets by flow cytometry and 

found that there was no consistent effect.

The function of PrP^ is still unknown hut it was hypothesised that it could be involved 

in signal transduction. A neuronal differentiation model ( IC ll)  was used to search for 

PrP^-dependent signal transduction through antibody mediated cross-linking. A 

caveolin-1-dependent coupling of PrP^ to the tyrosine kinase Fyn was demonstrated 

(Mouillet-Richard et al, 2000). I decided to study platelets to see if there was any 

similar signal transduction. Results indicated that there was no functional platelet
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response to cross-linking PrP^ in the presence and absence of agonists. However 

tyrosine phosphorylation analysis demonstrated that cross-linking PrP^ was associated 

with phosphorylation of a protein that could represent the transmembrane protein LAT 

(linker for activation of T-cells). LAT is an adapter protein. It has no intrinsic enzyme 

activity but has specific domains for the binding of other proteins. Glycolipid enriched 

membrane domains (OEMs) a.k.a. membrane rafts are localised areas of the cellular 

membrane that are rich in glycosphingolipids, saturated phospholipids and cholesterol 

and are characterised by doubly acetylated and GPI-anchored proteins including LAT, 

Fyn and PrP^. Platelet GEM and soluble fractions were prepared and found to contain 

PrP^. Immunoprécipitation with an antibody to PrP^ and Fyn demonstrated that PrP^ 

immunoprecipitates in association with Fyn. This supports the data of Mouillet-Richard 

et al. Since LAT and Fyn are also GEM located proteins (Wonerow & Watson, 2001; 

Wonerow et al, 2002) it is conceivable that they are associated with one another. 

Further work would be necessary to confirm the identity of the proteins postulated to be 

LAT and Fyn but was not considered of any great significance without an associated 

functional response.

Recently PrP^ has been shown to interact with three more signalling proteins: the 

neuronal phosphoprotein synapsin Ib, the adaptor protein Grb2 and the uncharacterised 

prion interactor Pintl (Spielhaupter & Schatzl, 2001). Interestingly Grb2 forms a multi

protein complex with LAT, Gads/SLP-76, and PLCy in IT AM (immunoreceptor 

tyrosine-based activation motif) signalling and Fyn phosphorylates IT AMs (Wonerow 

& Watson, 2001). PrP^ has also been though to transduce neuroprotective signals 

through a cAMP/PKA-dependent pathway in mouse and rat retinal cells (Chiarini et al, 

2002).
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In conclusion platelets express PrP^ in alpha granules and the open canalicular system. 

Upon platelet activation PrP^ levels on the cell surface increase and the protein is 

released into solution and on microparticles (Perini et al, 1996a; Bessos et al, 2001b). 

Platelets maybe involved in the transmission of PrP^^ to the brain and so the presence of 

PrP̂ *̂  in platelets from patients with vCJD should be investigated. The potential 

transmission of PrP^^ preclinically from patients with vCJD by blood transfusion is also 

important. Platelets may be a useful tool in a preclinical screening assay for prion 

disease.
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5 Endothelial Cells, Microparticles and Blood 

Plasma

5.1 Introduction

Endothelial cells compose the inner lining of the blood vessel wall. A large portion of 

the PrP^ found in blood is located in the blood plasma, not associated with cells. I 

hypothesised that the source of this PrP^ maybe the vascular endothelium. This 

hypothesis will be investigated from two angles. Initially human microvascular 

endothelial cells (HMEC-1) and human umbilical vein (HUVEC) endothelial cells will 

be cultured and a variety of experiments will be performed on them as described below. 

Secondly blood plasma samples will be taken from patients with different diseases in 

order to indirectly assess the potential contribution of endothelial cells to blood plasma 

PrP^ and its fate. The expression of PrP*̂  in cultured endothelial cells will be analysed 

using RTPCR, restriction digestion and DNA sequencing. Flow cytometry will then be 

used to quantify the amount of PrP^ on the surface of the cells and to investigate 

whether there is an activation releaseable pool of PrP^. Immunofluorescence confocal 

microscopy will be used to study the distribution of PrP^ in endothelial cells. The 

concentration of PrP^ in endothelial cell culture medium will be measured by time- 

resolved dissociation-enhanced lanthanide fluoroimmunoassay (DELFIA®) to 

determine if there is a constitutive release of PrP^ from these cells and if it is soluble or 

associated with microparticles.
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5.2 Methods

5.2.1 Antibodies

All reagents were purchased from Sigma Aldrich unless otherwise specified. Mouse 

IgG-1 isotype control, rabbit anti-human von Willebrand Factor (VWFiAg) and swine 

anti-rabbit IgG (FITC) (Dako Ltd). Mouse IgG-1 (FITC) isotype control, mouse anti 

IgG-1 (PE) isotype control and mouse anti-human CD54 (PE) (Beckman Coulter). Goat 

anti-mouse IgG (Oregon Green) (Cambridge Bioscience). Mouse anti-human S-Endo 1 

(CD 146) against the MUC18/S-Endo epitope on endothelial cells (George et al, 1991), 

(unconjugated and FITC conjugated) was kindly donated by Dr Philippe Poncelet 

(Biocytex). Mouse anti-human monoclonal prion protein (PrP^) antibody (6H4) was 

kindly donated by Markus Moser and Bruno Oesch (Prionics). Mouse anti-sheep 

monoclonal prion antibody (FH ll) was produced at I AH Compton against ovine 

recombinant PrP. Mouse anti-hamster monoclonal prion antibody (3F4) conjugated to 

europium^^ was kindly donated by Dr. R. Kascsak (New York State Institute for Basic 

research in Developmental Disabilities, Staten Island, New York, U.S.A).

5.2.2 Cells

Two different types of endothelial cell were used in this investigation. Human umbilical 

vein endothelial cells (HUVEC) (Tebu-bio Ltd) and human microvascular endothelial 

cells (HMEC-1) (Ades et al, 1992) kindly donated by Dr. Edwin Ades and Dr. 

Francisco Candal (Centers for Disease Control and Prevention, Georgia, U.S.A) and 

Thomas Lawley (Emory University, Georgia, U.S.A).
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5.2.3 Reagents and media

HUVECs were grown to confluence in medium 200 supplemented with penicillin, 

streptomycin, amphotericin B (PSA) and low serum growth supplement (LSGS) (Tebu- 

bio Ltd) in 80cm^ or 175cm^ gelatin coated flasks (Invitrogen).

HMEC-ls were grown to confluence (80cm^ or 175cm^ flasks) in MCDB-131 medium 

supplemented with heat inactivated fetal bovine serum ( 1 0 %), penicillin / streptomycin 

(lOOIU/ml), L-glutamine (4mM) (Invitrogen), endothelial growth factor (lOng/ml) 

(R&D Systems) and hydrocortisone (Ipg/ml).

5.2.4 Growth and passaging

HMEC-1 cells are an immortal cell line and thus can theoretically be passaged 

indefinitely, however, new cells were thawed from cryogenic storage periodically. 

HUVECs are primary cultured cells and were used below passage six. When the cells 

reached confluence the cell culture media was carefully aspirated and the cell 

monolayer was washed with Hanks’ balanced salt solution (HBSS) (Invitrogen) (10ml). 

To harvest the cells Trypsin/EDTA (Invitrogen) solution (5ml) was then added and the 

cells incubated for 2 minutes. The flasks were then tapped gently to allow the cells to 

release from the base of the flask. New culture media (10ml) was then added to the cell 

suspension to inhibit the action of the trypsin. The cells were then centrifuged at 200g 

for 10 minutes. The supernatant was removed and the pelleted cells resuspended in a 

small volume of cell culture media. A new flask was then taken and fresh media added. 

A small amount of the resuspended cells was then added to the new flask of media and 

the cells were incubated at 37°C with 5% CO2 .
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5.2.5 Viability

Viability was assessed using Trypan blue exclusion. Cells were harvested as described 

above and a small volume of resuspended cells was mixed with Trypan blue solution. 

Cell count and viability was then assessed using a haemocytometer. The HUVECs were 

tested for Mycoplasma infection by the manufacturer and batches of HUVEC and 

HMEC-1 cells were changed regularly to avoid infection.

5.2.6 PrP^release from endothelial cells

Confluent flasks (n = 3) of HUVEC and HMEC-1 cells were taken, the medium 

removed and the cells gently washed in HBSS. Freshly filtered (0.2pm, Nalgene) 

medium was added to each flask at T = 0 and small aliquots of media were removed at 

exactly the same time each day up to a total of 7 days. Fresh medium was added to 

replenish the volume at each time point. All samples were divided into three and either 

(1) immediately frozen at -70°C, (2) centrifuged at 200g for 20 minutes (to remove 

whole cells) and the supernatant frozen at -70°C or (3) centrifuged at 200g for 20 

minutes, ultracentrifuged at 1 0 0 ,0 0 0 g for 2  hours (to remove microvesicles) and frozen 

at -70°C. Identical experiments (n = 3) were conducted in parallel with the addition of 

either cycloheximide (5pg/ml), camptothecin (5pM) or TNFa (lOOU/ml) to the medium 

to either inhibit protein synthesis, induce apoptosis or activate the cells respectively 

over a 24 hour period. The endothelial cells (n = 3) were also activated +/- human 

thrombin (0.25U/ml) in HBSS for 1 hour to stimulate cellular degranulation. Induction 

of apoptosis was confirmed by annexin V expression by flow cytometry (Section 5.2.9). 

All samples were assayed for PrP^, lactate dehydrogenase (LDH) and VWFiAg using 

DELFIA®, the CytoTox 96 non-radio active cytotoxicity assay (Promega) and an 

ELISA respectively (Short et al, 1982). The ultracentrifugation experiment was repeated
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on supernatants from confluent HUVEC and HMEC-1 cells (n = 3) maintained for 

several days in culture. The supernatant and pellet from the ultracentrifugation step 

were removed and frozen at -70°C.

5.2.7 Blood sample analysis

PPP was prepared form a variety of blood samples as described in section 2.1.2. EDTA 

blood samples were obtained from patients with a wide range of blood cell counts 

including patients with low and high platelet, leucocyte and erythrocyte counts and end 

stage renal failure (See Table 5.1 for summary of cell counts). Citrated blood samples 

were obtained from patients with type I von Willebrand disease (n = 6 ) pre- and 30 

minutes post-Desmopressin (DDAVP) therapy (Dose: 0.4pg/kg). VWFiAg levels were 

measured by ELISA as a positive control for a DDAVP response (Mannucci, 1997). 

Citrated blood samples were also obtained from 3 normal donors. One sample of plasma 

was then frozen at -70°C. Another sample was centrifuged at 200g for 20 minutes, 

ultracentrifuged at 1 0 0 , 0 0 0  g for 2  hours (to remove microvesicles) and frozen at -  

70°C.

Blood plasma samples (Prepared as detailed in section 2.1.2) were taken from ten 

patients undergoing cardiopulmonary bypass, pre- and post-unfractionated heparin. 

Plasma heparin concentrations were measured with a chromogenic anti-factor Xa assay 

(Dade Behring) according to the manufacturer’s instructions on a Sysmex CA-1500 

analyser. The measurement of heparin was standardised using the same lot of 

unfractionated heparin as used during cardiopulmonary bypass (Multiparin, CP 

Pharmaceuticals) diluted in pooled plasma from 20 normal donors. Blood plasma 

samples were also obtained from patients with thalassaemia, sickle cell anaemia.
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thrombotic thrombocytopenic purpura (TTP) and pre- and post renal dialysis. Plasma 

PrP^ concentrations were measured by DELFIA®.

5.2.8 Molecular biology

Total RNA was isolated from HMEC-ls, and HUVECs using the TRIzol reagent 

(Invitrogen). Endothelial cells were isolated for RNA extraction by removing growth 

medium and washing the cells with HBSS (Invitrogen). The TRIzol reagent was then 

applied directly to the cells, the RNA isolated and resuspended in sterile H2O according 

to the manufacturer's instructions (Section 2.2.2). RT-PCR was carried out as described 

in section 2.2.3. Primers for the PCR reactions (Section 2.2.3, table 2.1) were prion-1 

(Perini et al, 1996a) and TGFpR2 (purchased from Oswel DNA Service, Southampton, 

UK) designed to generate fragments 854 and 362bp respectively. Semi-quantitative RT- 

PCR was performed on endothelial cells as described in section 2.2.7.

5.2.9 Flow cytometry

Medium was removed from a confluent flask of HMEC-1 or HUVECs. The cells were 

then washed with HBSS and gently harvested with Accutase solution (5ml) (TCS 

CellWorks). The cells were then centrifuged at 200g for 10 minutes and resuspended in 

medium (0.5ml). Cell suspensions (20pl) were incubated with IgG-1 isotype control 

antibody (Dako) or 6H4 (Prionics) (30pg/ml) for 15 minutes, followed by FITC labelled 

secondary antibody (20pl) (Biocytex) for a further 15 minutes. The samples were 

diluted with Isoton (500pl) before analysis on a Coulter® EPICS® XL-MCL flow 

cytometer (Beckman Coulter). Endothelial cells were gated by S-Endo 1 (Biocytex) 

positivity. Standard beads labelled with the FITC conjugated secondary antibody were 

used to convert the mean fluorescent intensity values obtained from the 6H4 and isotype 

controls into an approximate quantity of molecules per cell. The calibration system is
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such that the second layer reagent binds with the same stoichiometry onto cell- 

associated mouse IgG, as onto bead-associated IgGs. Thus, the bead system actually 

measures the mean number of cell-bound IgG. By making a standard curve of bead 

binding sites and MFI, the approximate number of PrP^ molecules per cell can then be 

estimated. The procedure above was repeated on HUVECs and HMEC-ls incubated for 

24 hours with recombinant TNFa (lOOU/ml) (PeproTech EC) or 15 minutes with 

human thrombin (1.5IU/ml) to activate the cells. ICAM-1 expression confirmed cellular 

activation using monoclonal anti-CD54 (PE) (Beckman Coulter).

Microparticles were detected by incubating cell culture medium (200pl) with Annexin- 

V-FLUOS (0.2|Lig) (Boehringer Mannheim) in EDTA HBS (5mM) (control) or Ca^  ̂

HBS (2.5mM) (test) for 20 minutes, then diluting the samples with their respected 

buffers (0.5ml). The samples were then analysed on a Coulter® EPICS® XL-MCL flow 

cytometer (Beckman Coulter).

5.2.10 Indirect immunofluoresence confocal microscopy

HUVECs were passaged onto 10mm gelatin coated circular glass coverslips (No 1.5 

Chance Propper) and grown to confluence for microscopy. Ten confluent coverslips 

were then transferred to a 24 well tissue culture dish (Invitrogen) and washed with 

warm basal medium. Half of the coverslips were then incubated with human thrombin 

(llU/ml) for 10 minutes. The coverslips were then washed with basal medium. The 

staining protocol in section 2.4.2 was then followed. The procedure was repeated 

without saponin in the buffer, and the fixation step was performed after the primary 

antibody incubation in order to study non-permeabilised endothelial cells.
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5.2.11 The effect of on PrP^ expression

HUVECs were ineubated in the presence and absence of CUSO4 (400pM) for 90 

minutes at 37°C. The cells were then washed with HBSS and gently harvested with 

Accutase solution (5ml) (TCS CellWorks). HUVECs were then fixed with 

paraformaldehyde (1%) for 1 0  minutes and centrifuged at 2 0 0 g for 1 0  minutes to pellet 

the cells. HUVECs were resuspended in medium (0.5ml). Cell suspensions (lOpl) were 

ineubated with IgG-1 isotype control antibody (Dako) or 6H4 (30pg/ml) (Prionics) for 

15 minutes, followed by FITC labelled secondary antibody (20pl) (Biocytex) for a 

further 15 minutes. The samples were diluted with Isoton (500pl) before analysis on a 

Coulter® EPICS® XL-MCL flow cytometer (Beckman Coulter). Endothelial cells were 

gated by S-Endo 1 (Biocytex) positivity.

Immunofluorescence confocal microscopy was performed on HUVECs incubated in the 

presence and absence of CUSO4 (400pM) for 90 minutes at 37°C prior to staining as 

described in section 5.2.10. An image analysis program (Scion Image for Windows, 

Scion Corporation) was used to quantify the fluorescence data.

5.2.12 DELFIA®

The time-resolved dissociation-enhanced lanthanide fluoroimmunoassay (DELFIA®) 

was used to measure soluble prion protein in cell supernatants and plasma samples. 

DELFIA® is a sandwich immunoassay for PrP. This method employed the use of 

monoclonal antibody FH ll (against ovine recombinant PrP) as a capture antibody and 

monoclonal antibody 3F4 (against hamster PrP) conjugated to europium^^ as signal 

antibody. Both antibodies cross react strongly with human PrP^. All reagents unless 

mentioned were obtained from Wallac (EG & G) Ltd. Test samples or calibrators were
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diluted in DELFIA® assay buffer and applied to FHll-coated microplate wells and 

incubated for 1 hour. The wells were then washed and 3F4-europium^^ conjugate added. 

After 1 hour the wells were washed again and an enhancement solution was added. The 

enhancement solution is an acid-detergent-chelate that liberates europium^^ from its 

chelation with the antibody allowing the formation of intensely fluorescent europium^^ 

micelles. The resulting fluorescent signal was measured with an Arcus 1234 or Victor 

time-resolved fluorometer (Wallac (EG & G) Ltd.). The assay was calibrated with a 

recombinant mouse soluble chimeric PrP (23-231) (constructed at lAH Compton) or 

with human platelet concentrate (MacGregor et al, 1999).

5.2.13 Statistics

The Wilcoxon Mann-Whitney U test is designed for non-parametric data and can be 

used with low sample numbers. This test was used to investigate the following 

observations: Whether the expression of PrP^ on the surface of endothelial cells 

changed with cellular activation using thrombin or TNFa by flow cytometry. To 

compare the release of PrP^ by normal or apoptotic endothelial cells. To investigate 

whether the PrP^ released was decreased with a protein synthesis inhibitor. To identify 

if there was a microparticle expressing pool of PrP^ in normal blood plasma. To 

investigate whether Cu^  ̂causes a change in the distribution of PrP^ in HUVECs. It was 

also used to compare PrP^ concentrations in blood plasma from patients with varying 

cell counts (platelet, erythrocyte and leucocyte), renal failure, thalassaemia, sickle cell 

anaemia and TTP relative to normals. In addition, scattergrams of leucocyte, neutrophil, 

lymphocyte, monocyte, erythrocyte, platelet, plasma haemoglobin or haematocrit versus 

PrP^ concentration were plotted for all the patient samples and regression lines were 

fitted to the data. The following data was found to be normally distributed permitting 

the use of the students t-test for paired samples. This test was used to compare PrP^ and
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VWF concentrations pre- and post- DDAVP therapy in 6 patients, PrP and heparin 

concentrations in patients pre- and post- heparin inoculation in 10 patients, and PrP^ 

pre- and post- renal dialysis in 20 patients.
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5.3 Results

5.3.1 V iab i l i ty

rhe cell count and viability was checked for endothelial cell experim ents. The average 

HMEC-1 cell count was 1.5x10^ per 80cm^ flask with 97% cell viability. The average 

HUVEC cell count was 3.95x10^ per 80cm^ flask with 98% cell viability.

5.3.2 M olecular biology

Platelet, buffy coat, HUVEC and HMEC-1 total RNA was isolated and used to 

synthesise cDNA. PCR o f the cDNA yielded an 854bp produet (Chapter 4.3.2, figure 

4.2) with predicted P stl restriction fragments o f  467 and 387bp in size (Figure 5.1). The 

identity o f  the 854bp product from both types o f  endothelial cell was also confirm ed by 

DNA sequencing (data not shown) and was identical to previously published data 

(Kretzschm ar c/c//, 1986b).

Marker Platelet Buffy HMEC-1 HUVEC 
A B A B A B A B

854bp

467bp
387bp

Figure 5.1 Agarose gel with products o f RT-PCR and restriction digestion. RT-PCR using primers for 
prion protein generated an 854bp product (A) that was cleaved with the restriction enzyme Pstl 
generating fragments o f 387 and 467bps (B). RT-PCR products were then electrophoresed on a 2% 
agarose gel.
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Semi-quantitative RT-PCR was performed on HUVEC and HMEC-1 cells and used to 

estimate the relative expression level of prion protein mRNA in these cells when 

compared to the constitutively expressed housekeeping gene IDS. The intensities of the 

bands were measured by densitometry. The mean expression of PrP^ relative to IDS 

was found to be 1.87 ± 0.75 for HUVECs and 2.97 ± 0.27 for HMEC-ls. Thus the 

expression of PrP  ̂ ranged from 1 to 2.5 fold greater than IDS in HUVECs and the 

expression of PrP^ in HMEC-ls was approximately 3 fold greater than IDS.

1 2  3 4

•  # # # #  #  4 — IDS

rs Prion

Figure 5.2 Semi-quantitative RT-PCR on endothelial cells. RT-PCR was performed on RNA extracted 
from HUVECs and HMEC-ls using radioactive (^^P) primers specific for IDS and prion. The products 
were then electrophoresed on a denaturing polyacrylamide gel, dried and exposed to Hyperfilm-MP 
(Amersham Biosciences). Lanes 1 and 2 are from HMEC-ls and lanes 3 and 4 are from HUVECs. Both 
bands labelled prion were found to be specific for prion mRNA (See section 3.3.1, figure 3.5) (n=2).

5.3.3 Expression of PrP by flow cytometry

Flow cytometry of HUVEC and HMEC-1 cells demonstrated the presence of PrP^ on 

the cell surface using the anti-prion monoclonal antibody 6H4. The cells were 

identified/gated by S-Endo 1 (Biocytex) positivity (Figure 5.3) and the number of prion 

molecules quantified approximately using commercial calibration beads (Biocytex). 

HMEC-1 and HUVEC cells expressed 120,900 ± 15,058 and 58,327 ± 4577 molecules 

of PrP^ per cell respectively (Figure 5.4).
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Figure 5.3 Flow cytometry scatterplot (A) and histograms (B) o f HUVECs. HUVECs were selected with 
a polygon gate in (A). The background fluorescence was set to 0.5%, when cells in (A) were stained with 
lgG-1 isotype control antibody (B, white histogram). HUVECs positively stained with S Endo-1 antibody 
were then detected (B, black histogram). 99% (SD 0.14) and 99% (SD 0.57) o f cells gated in (A) were S 
Endo-1 positive in the absence and presence o f thrombin respectively.

30

25

20

(A) (B)

i
6H4 con

I
6H4 test corrected 6H4 test corrected

Figure 5.4 Flow cytometric analysis o f the expression o f PrP*̂  on the surface o f HM EC-ls (A) and 
HUVECs (B). The mean fluorescent intensity (MFI) was measured when cells were stained indirectly 
with anti-prion monoclonal antibody 6H4 (6H4 test) or an lgG-1 isotype control antibody (6H4 con). The 
isotype control MFI was subtracted from the 6H4 MFI to correct for non-specific labelling (corrected). 
These data are shown as the mean from three experiments +/- standard deviation.

5.3.4 Effect of cellular activation on PrP^ expression.

The effect of cellular activation on PrP^ expression in vitro was investigated by 

incubating endothelial cells in the presence and absence of TNFa (lOOU/ml) for 24 

hours or human thrombin (1.5U/ml) for 15 minutes. There was an increase in number of 

cells expressing ICAM-1 for both HUVECs and HMEC-ls confirming TNFa activation 

(Figure 5.5). There was no increase in the expression of PrP^ on the surface of HUVEC 

or HMEC-ls with either TNFa or human thrombin measured by flow cytometry (Figure
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5.6). There was no significant increase in the concentration o f  PrP^ in solution upon 

cellular activation when comparing control (6.6 ± 1.45 U/ml) with T N F a  (7.8 ± 1.80 

U/ml) (lOOU/ml) (p= l) for 24 hours or hum an throm bin (0.25U/ml) (p = l)  for 1 hour 

(undetectable) when m easured by DELFIA®.

3 5 0  00

2 5 0  00

200 00

150  00

□  H U V EC MEAN 

■  HM EC-1 MEAN

50  00
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ICAM-1 CO N  ICAM-1 T E S T  ICAM-1 C O N  ICAM-1 T E S T  

+ TN F + T N F

Figure 5.5 The expression o f ICAM-1 pre and post TNF-a activation o f endothelial cells. The mean 
fluorescent intensity (MFI) was measured when cells were stained with an IgG-1 isotype control antibody 
(PE) or anti-lCAM -1 antibody (PE) in the presence and absence of TNFa (lOOU/ml) for 24 hours.

PrPc (Cortrol) PrPc (Thrombin) PrPc (Cortrol) PrPc(TTF) PrPc (Cortrol) PrPc (Thrombin) PrPc (Cortrol) PrPc(TNF)

Figure 5.6 The effect o f cellular activation on expression o f PrP*̂  on the surface o f HM EC-ls (A) and 
HUVECs (B). The mean fluorescent intensity (MFI) was measured when cells were indirectly stained 
with anti-prion monoclonal antibody 6H4 or an IgG-1 isotype control antibody in the presence and 
absence o f TNFa (100 U/ml) for 24 hours or human thrombin (1.5 U/ml) for 15 minutes. The isotype 
control MFI was subtracted from the 6H4 MFI to correct for non-specific labelling and only the corrected 
values have been displayed. The data is shown as the mean from three experiments +/- standard deviation.

The effect o f cellular activation on PrP^ expression in vivo  was investigated by 

m easuring PrP^ concentration in plasm a from patients with type I von W illebrand
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disease pre- and post-DDAVP therapy. In 5 out o f 6 patients tested there was, as 

expected, a significant increase in VW F:Ag levels post DDAVP (P<0.01). The 

concentration o f PrP*  ̂ decreased significantly (P<0.0001) post-DD AV P (Figure 5.7). 

M ean plasm a PrP^ concentration was 297.5 ± 47.3 U/ml pre-DD AV P and 239 ± 49.1 

U/ml post-DDAVP.

SAM PLE NUM BER

(B)

J
SA M PLE NUM BER

Figure 5.7 Activation o f vascular endothelium in vivo. Levels o f plasma PrP  ̂ and VWF:Ag in six type 1 
von Willebrand disease patients pre- and post- DDAVP therapy (open and closed bars respectively). The 
concentration (1 Unit = 200pg) of PrP  ̂ in samples was then tested by DELFIA® (A) and the 
concentration o f VWFiAg was determined by ELISA (B).
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5.3.5 Expression of PrP detected by confocal immunofluorescence 

microscopy.

Indirect confocal immunofluoresence microscopy with 6H4 confirmed that both 

permeabilised HUVEC and HMEC-1 cells (data not shown) were strongly positive for 

PrP^ on the cell surface (Figure 5.8) when compared to negative isotype controls. 

Several fields were studied from many preparations. Figures 5.8A and B show 

characteristic “cigar-shaped-rod” staining of VWF containing Weibel-Palade bodies (to 

control for optimum intracellular labelling) which largely disappeared after human 

thrombin stimulated degranulation (Figure 5.8C). Cell surface staining for prion protein 

was visible with overall staining of the cells and intense peri-nuclear staining, but no 

evidence of intracellular organelles (Figures 5.8D and E). The pattern of staining 

remains similar upon thrombin stimulation and the staining intensity remains largely the 

same (Figure 5.8F). Cell surface staining was verified using non-permeabilised cells and 

serial-sectioning by confocal microscopy (data not shown).
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Figure 5.8 Confocal immunofluorescence microscopy images o f  HUVECs. A and B show characteristic 
“cigar-shaped-rod” staining o f  VWF containing Weibel-Palade bodies which largely disappear after 
thrombin stimulated degranulation in C. Overall cell surface staining for prion protein is visible in D and 
E with intense peri-nuclear staining. There is no obvious change associated with thrombin stimulation in 
F.
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5.3.6 Effect of on expression of PrP^

The expression o f PrP^ in the presence and absence o f was m easured by flow 

cytom etry (Figure 5.9) and imm unofluorescence confocal m icroscopy (Figure 5.10). 

HUVECs were incubated in the presence and absence o f  CUSO4 (400pM ) for 90 

m inutes at 37°C in the presence and absence o f  saponin to perm eabilise the cells. The 

am ount o f  PrP^ expressed by the endothelial cells was m easured as an M FI value. In the 

presence o f the perm eabilising agent saponin the anti-prion m onoclonal antibody can 

access internal PrP^ and thus when saponin is present the amount o f  PrP^ is the total 

am ount per cell. In the absence o f  saponin the antibody can only access external PrP^ on 

the cell surface thus giving a lower MFI value. The the presence o f  Cu^^ as expected 

has no effect on the total cellular PrP^ concentration. There appeared to be a slight 

decrease in the expression o f PrP^ after incubation with Cu^^ but when com paring the 

ratios o f  internal to external PrP^ in the presence and absence o f Cu^^ there was no 

significant difference (p=0.7).
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-Saponin-Copper +Saponin-Copper -Saponin+Copper +Saponln+Copper

Figure 5.9 The effect o f Cu“" on endothelial cell (HUVEC) expression o f PrP  ̂ by flow cytometry in the 
presence and absence o f the permeabilising agent, saponin. The expression o f PrP  ̂ was measured on the 
y-axis as a MFI value (n=3).
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Immunofluorescence microscopy was used to observe the distribution of PrP*̂  in 

HUVECs in the presence and absence of Cu^ .̂ The distribution of PrP^ in the 

permeabilised cells (Figures 5.10 C and D) appears to change in the presence of Cu^  ̂

but if Cu^  ̂ induces internalisation of PrP^ then the fluorescence should decrease post 

incubation with Cu^  ̂ in unpermeabilised cells (Figures 5.10 A and B) and this was not 

apparent when the fluorescence was quantified.

iU  t  ■  ,

'$r.
- m m .

Figure 5.10 Immunofluorescence confocal microscopy o f  the expression o f  PrP  ̂ on HUVECs in the 
presence (B,D) and absence (A,C) o f  CUSO4 (400pM) for 90 minutes with (C,D) and without (A,B) 
permeabilisation.
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5.3.7 PrP^ release from endothelial cells detected by DELFIA®

The concentration of PrP^ in the growth medium of cultured endothelial cells was 

measured by DELFIA® over a 7 day period. Figure 5.11 shows that both HMEC-1 and 

HUVECs released PrP  ̂ slowly and constitutively.
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Figure 5.11 The release o f PrP from HMEC-1 (A) and HUVEC (B) over 7 days with (black line) and 
without (dotted line) ultracentrifugation (1 Unit = 200pg). These data are shown as the mean from three 
experiments +/- standard deviation.

A similar increase was seen with VWF:Ag (data not shown). Microparticles have 

previously been defined as the material obtained by ultracentrifugation at 100,000g for 

2 hours (Holme et al, 1996). Ultracentrifugation reduced the level of microparticles in 

the culture medium (Figure 5.12) as verified by flow cytometry but the concentration of 

PrP^ remained constant in the supernatant, indicating that PrP^ was present mainly in 

the soluble fraction.
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Figure 5,12 Flow cytometry scatterplots o f endothelial microparticles pre- and post-ultracentrifugation 
(A and B respectively) Microparticles are annexin V positive detected by FL-1 fluorescence measured on 
the y-axis.

Apoptosis induced by camptothecin increased the num ber o f  m icroparticles released 

(confirm ed by flow cytometry -  data not shown) but PrP^ levels did not inerease 

significantly (Figure 5.13) in HUVECs (p = l)  or HMEC-1 cells (p=0.7).

HUVEC '2 

(U/ml)

HMEC-1
I'rpc

(U/ml)

HUVEC

S/N

HUVEC

ULTRA

HMEC-1

S/N

HMEC-1

ULTRA

Figure 5.13 Concentration o f PrP*' in supernatants from normal and apoptotic (5pM camptothecin 24 
hours) endothelial cells. HUVEC data measured on left y-axis, HMEC-1 data measured on right y-axis. 
ULTRA=Supernatant from ultracentrifuged samples. S/TM-Supernatant from uncentrifuged samples. 
These data are shown as the mean from three experiments +/- standard deviation.
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The majority of the PrP remained in solution after ultracentrifugation indicating that 

the apoptosis released PrP^ was mainly soluble. However there was a greater decrease 

in PrP^ levels when the apoptotic samples were centrifuged compared to normals 

indicating that some PrP^ was associated with microparticles (Figure 5.13). When 

ultracentrifuged microparticles were resuspended and analysed by DELFIA® assay, 

there was no detectable PrP^ present in the microparticle pellet. PrP^ was present in the 

supernatant as expected (data not shown) confirming that most of the PrP^ was soluble 

rather than microparticle bound. Inhibition of protein synthesis with cycloheximide 

demonstrated that there was a decrease of PrP^ released into the culture medium 

indicating that the release of PrP^ was dependent upon continued protein biosynthesis. 

HUVECs produced 13 +/- 2 U/ml and <5 +/- 0 U/ml of PrP^ in the absence and 

presence of cycloheximide respectively (p=0.05). HMEC-ls produced 129 +/- 31 U/ml 

and 11 +/- 3 U/ml of PrP^ in the absence and presence of cycloheximide respectively 

(p=0.05).

Ultracentrifugation of normal citrated plasma (n=3) (Pre-ultracentrifugation 296.00 +/- 

43.71 U/ml) resulted in a slight decrease (p=0.4) in the PrP^ concentration (Post- 

ultracentrifugation 275.33 +/- 47.37 U/ml) compared to normal plasma suggesting that 

there is a small PrP^-expressing microparticle pool.

5.3.8 The variation of plasma PrP^ with blood cell counts

Blood samples were taken from patients with a wide variation in blood counts of 

leucocytes, platelets and erythrocytes (Table 5.1 and figure 5.14). There was no 

correlation between leucocyte, neutrophil, lymphocyte, monocyte, erythrocyte, platelet, 

plasma haemoglobin or haematocrit versus PrP^ concentration. A Mann-Whitney test 

was used to examine these non-parametric data. Plasma PrP^ concentrations were
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significantly higher in patients with low platelet counts (p=0.0003), high platelet counts 

(p=0.003) and low erythrocyte counts (p<0.0001) com pared to normals. Four patients 

with anaem ia were found to exhibit very high plasm a PrP^ levels com pared to normals 

(4616 ± 2606 U/ml PrP*') (p=0.003). Retrospectively three o f these patients had been 

diagnosed with end-stage chronic renal failure (data not included in figure 5.14). To 

investigate whether there was an association betw een renal failure and plasm a PrP*~ 

concentration thirteen further samples were tested from patients with renal failure and 

all were found to contain very high PrP*' levels (p<0.0001) (Table 5.1).
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Figure 5.14 Concentration o f PrP in plasma from patients with varying blood cell counts. Citrated whole 
blood was obtained from patients with varying blood cell counts and centrifuged for plasma. The 
concentration (I Unit = 200pg) o f PrP  ̂ in the samples was then measured by DELFIA®. Statistics 
summarised in table I are displayed as box-whisker plots in this figure. The boxes extend to the 25"' and 
7 5 "' percentiles. The whiskers extend to the 5"' and 95"' percentiles. The horizontal line through the centre 
o f the box represents the median.
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K)O

N orm al R enal
F ailure

H igh R B C Low RBC H igh P L T L ow  PL T H igh  W B C L ow  W B C

n 13 16 8 9 11 10 10 10

P rp c U /m l 392
(314-530)

3906
(1266-8088)

529
(311-730)

923
(553-1998)

579
(347-905)

701
(371-1265)

469
(231-1077)

426
(156-1020)

W B C XIO’/L 6.7
(4 .8-8 .6)

8.8
(3.5-20.5)

7.5
(4.2-12.3)

8.8
(3.9-11.5)

11.4
(4 .7-23 .2)

8.5
(3 .4-19 .0)

35.0
(18.0 -138 .8)

1.2 
(0 .1-2.6)

N E U T XIO’/L 4.2
(2.8-7.0)

6.6
(2.1-18.5)

4.5
(2 .6 -8 2 )

7.2
(2 .3 -9 8 )

8.2
(2 .6-18 .2)

5.9
(2 .5-16 .6)

17.84
(2 .8-23 .5)

0.5
(0.0-1.5)

L Y M P H XIO’/L 1.8
(0.02-3.8)

1.3
(0.4-2.3)

2.2
(0 .9-3 .3)

0.8
(0.4-1.7)

1.9
(0 .5-3 .3)

1.9
(0 .1-9 .8)

15.8
(0 .9-135.9)

0.5
(0 .1-0 .9)

M O N O X10*/L 0.5
(0 .2-0 .7)

0.6
(0.3-1.5)

0.6
(0.4-0.9)

0.6
(0.3-1.0)

1.0
(0 .4-2 .3)

0.7
(0 .1-1 .7)

1.2
(0 .0-2 .0)

0.2
(0.0-0.5)

R B C X 10':/L 4.3
(3 .6-5 .1)

3.2
(1.9-6.2)

5.7
(5.5-6.1)

2.5
(1.6-3.0)

3.7
(2 4 -4 .4 )

3.7
(3 .1-4 .5)

4.0
(2 .8 -5 .1 )

3.5
(3 .0-4 .2)

H G B g/dL 13.2
(11 .0-16.0)

9.0
(7.4-11.5)

17.4
(16.1-19.0)

7.5
(5.1-8.9)

10.6
(7 .3-13 .1)

11.3
(9 .6-15 .2)

12.0
(9 .4-15 .0)

10.4
(9 .5-11 .3)

H O T % 40.3
(34 .8-49.1)

28.9
(20.7-38.8)

52.0
(49.8-55.6)

24.1
(16.1-29.3)

33.7
(21 .2-40.5)

34.3
(28 .9-43.8)

37.9
(28 .9-44.2)

31.4
(28 .6-36.6)

Platelets XIO’/L 238
(145-317)

231
(142-438)

204
(124-294)

269
(118-389)

1003
(683-2454)

34
(12-50)

271.0
(88-474)

158
(50-357)

Table 5.1 Summary o f  plasma PrP concentrations (U/ml, lU =200pg PrP ) and whole blood counts in patients with varying blood cell 
counts or renal failure. Data given as mean and (range).



5.3.9 Effect of heparin on plasma PrP^ concentration

Blood plasm a samples were taken from patients undergoing cardiopulm onary bypass 

pre- and post-unfractionated heparin transfusion. Samples were m easured for heparin 

and PrP*' . The plasm a heparin concentration increased post heparin infusion as expected 

(p<0.0001) (Figure 5.15). The plasma PrP^ concentration rem ained unchanged post

heparin (p>0.8) (Figure 5.16). Interestingly two patients had particularly high PrP*  ̂

levels and these patients were later found to have suffered from renal failure, paralleling 

the previous data obtained with renal failure patients.
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Figure 5.15 Plasma heparin concentrations (U/ml) were measured pre- and post-heparin infusion in 10 
patients undergoing cardiopulmonary bypass. The pre-heparin values were 0 U/ml for all o f the patients, 
as expected.
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Figure 5.16 Plasma PrP‘ concentrations (U/ml) (lU  = 200pg PrP^) were measured pre- and post-heparin 
infusion in 10 patients undergoing cardiopulmonary bypass.

5.3.10 Effect of renal dialysis on plasma PrP^

Blood plasma samples were collected from patients pre- and post-renal dialysis and the 

PrP^ concentration measured by DELFIA® to investigate whether the dialysis process 

removes PrP^ from blood plasma. The levels of PrP^ were found to be very high 

compared to normal controls as was previously found with renal failure patients. 

Dialysis failed to remove PrP*̂  from patients blood plasma (p>0.9).
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Figure 5.17 Plasma PrP  ̂concentrations (U/ml) were measured pre- and post-renal dialysis in 20 patients.

5.3.11 Effect of chronic vascular diseases on plasma PrP^

Blood plasma samples were collected from patients suffering from thalassaemia, sickle 

cell anaemia and TTP and the PrP^ concentration measured by DELFIA® to investigate 

if there was any association of PrP  ̂ with these vascular diseases. The Mann-Whitney 

test was applied comparing each sample group with normals and the results are 

displayed in the table below. The PrP^ concentration was found to be normal in patients 

with TTP and sickle cell anaemia but significantly different in patients with 

thalassaemia.

Patient group n Range Mean Median SD P
TTP 10 322-940 455 416 181 >&4
Thalassaemia 21 343-942 506 474 145 <0.0025
Sickle cell anaeiuia 20 239-1288 464 385 277 >0^
Pre-renal dialysis 20 2018-6630 3882 3743 1046 <0.0001
Post-renal dialysis 20 1436-6113 3870 3834 1131 <0.0001
Normal 13 314-530 392 388 57 -

Table 5.2 Summary o f plasma PrP  ̂ concentrations (U/ml lU=200pg PrP*") in normals and patients with 
various diseases. Normal data is the same as that in table 5.1 and figure 5.14.
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5.4 Discussion

It has been demonstrated that the majority of blood PrP^ is present in the plasma 

fraction in humans (MacGregor et al, 1999). 1 hypothesised that the source of this PrP^ 

could be the vascular endothelium. In order to investigate the expression of PrP^ by the 

endothelium 1 cultured microvascular and macrovascular endothelial cells in vitro and 

applied a variety of techniques to analyse the expression and release of PrP^ from these 

cells. The pathological isoform of prion protein PrP^^ has also been found in association 

with blood plasma (Brown et al, 1998) and it is known that the presence of PrP^ is 

required for the propagation of PrP^^ so an investigation into the presence and source of 

plasma PrP^ could be important to patients receiving blood plasma products and blood 

transfusions.

Both microvascular and macrovascular endothelial cells were found to express PrP^ 

when analysed by flow cytometry. HMEC-1 and HUVEC cells expressed 

approximately 120,900 (SD 15,058) and 58,327 (SD 4577) PrP^ molecules per cell 

respectively. Recent results using a different quantitative flow cytometry technique on 

HUVECs found a similar amount of PrP^ on the surface of these cells (Simak et al, 

2002). PrP^ has been found to be present on platelets (Barclay et al, 1999; Holada et al, 

1998; Starke et al, 2000) and 1 have demonstrated that it is present in a-granules in this 

thesis. Platelet activation with TRAP (Thrombin Receptor Activator Peptide) stimulates 

the degranulation of platelets and cell surface expression and/or release of a-granule 

proteins. The expression of PrP^ on the platelet plasma membrane increases from 300 to 

800 molecules per platelet. Endothelial cells have storage granules called Weibel-Palade 

bodies and 1 hypothesised that these granules may contain PrP^ and that activation of 

the cells may cause degranulation and upregulation of surface PrP^ expression. Neither
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type I or II activation (See section 1.6.5 for a description of endothelial activation) of 

endothelial cells caused an increase in the surface PrP^ with these cells as has also been 

confirmed elsewhere (Simak et al, 2002).

The investigations on endothelial cells in this thesis were performed on cultured cells 

and this is obviously not ideal. Although cultured endothelial cells are widely used there 

are limitations in this technique and questions arise as to how closely cells grown in 

vitro mirror what is happening in vivo. In order to try and evaluate whether there is an 

activation dependant upregulation of PrP^ in vivo 1 measured the plasma PrP^ 

concentration in patients with type 1 von Willebrand’s disease pre- and post-DDAVP 

therapy. DDAVP is able to stimulate degranulation of Weibel-Palade bodies from 

endothelial cells in vivo. DDAVP causes a transient increase in the plasma levels of 

VWF and factor Vlll (Mannucci, 1997). 1 expected that there would be no difference in 

the plasma PrP^ post-DDAVP therapy since there had been no activation dependant 

release of PrP^ in vitro. Although 5 of the 6 patients tested exhibited increased VWF:Ag 

levels post DDAVP therapy, the concentration of PrP^ actually decreased significantly. 

The reason for this decrease in PrP^ levels is unknown but could be partly due to the 

haemodilution effect of this drug. Similarly there was not a significant increase in the 

levels of PrP^ in the supernatants of cultured endothelial cells after activation with 

TNFa or thrombin.

It is possible that thrombin could cleave PrP^ preventing its detection by DELFIA®. 

This is unlikely given the low concentrations of thrombin that were used, the better 

substrates for thrombin on endothelial cells, the lack of a normal thrombin cleavage 

sequence in the amino-acid structure for PrP^ and the fact that the anti-prion antibody
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6H4 could detect PrP^ in the confocal immunofluorescence and flow cytometry 

experiments using thrombin.

Indirect immunofluorescence confocal microscopy demonstrated that PrP was present 

on the cell surface and that thrombin stimulated activation of the cells had no effect on 

the expression of PrP*̂ . The PrP^ staining was perinuclear but there was no evidence for 

intracellular organelles suggesting that there was no intracellular pool of PrP^ in 

endothelial cells.

Von Willebrand factor is released from the vascular endothelium from Weibel Palade 

bodies upon endothelial cell activation but there is also a continuous release of VWF 

from the endothelium that is not dependant on cellular activation, termed constitutive 

release of VWF (Mayadas et al, 1989). I hypothesised that PrP^ may be released 

constitutively. The concentration of PrP^ was measured in the medium of cultured cells 

over a 7 day period. As a positive control the levels of VWF were measured in the 

endothelial cell medium over 7 days and an increase in the concentration of VWF 

confirmed its constitutive release. The levels of PrP^ were also found to increase over 

the 7 day period of measurement. To determine if the PrP^ released was soluble or 

associated with cellular microparticles the endothelial cell supernatants were 

ultracentrifuged to remove cellular debris and microparticles. Ultracentrifugation at 

100,000g for 2 hours had been previously shown to remove microparticles (Holme et al, 

1996) and this was confirmed by flow cytometry in this investigation. The PrP^ 

concentration did not decrease post-ultracentrifugation indicating that the release of 

PrP^ from these cells is soluble. A decrease in the concentration of PrP^ in the
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supernatant of cells treated with the protein synthesis inhibitor cycloheximide 

demonstrated that the cells are actively synthesising PrP^ during culture.

In order to determine the effect of cell death on the release of PrP^ from the cells they 

were treated with the topoisomerase inhibitor camptothecin that is known to induce 

apoptosis. The effect of the inhibitor could be seen visibly and the number of 

microparticles in the culture medium increased with apoptosis. Ultracentrifugation 

removed the microparticles, but less than 10% of released PrP^ with HUVECs relative 

to non apoptotic controls and 20% with HMEC-1 cells. This data supports the 

hypothesis that the cells are releasing PrP^ constitutively rather than due to cellular 

death and indicates that the majority of PrP^ released is soluble. A small proportion of 

the PrP^ signal was removed post ultracentrifugation and the amount was greater in the 

apoptotic samples compared to the normals indicating that there is a small microparticle 

pool of PrP^.

Recent data indicates that PrP^ is expressed on microparticles released from apoptotic 

endothelial cells (Simak et al, 2002). My results suggest that the majority of PrP^ 

released from endothelial cells is soluble, I did not measure the expression of PrP^ on 

microparticles but as mentioned above 10-20% could be microparticle associated. 

Ultracentrifugation of normal blood plasma also demonstrated that the majority of PrP^ 

was soluble.

I measured the PrP^ concentration in the resuspended pellets and supernatants of 

ultracentrifuged endothelial cell supernatants from cells maintained at confluence for 

several days and found that there was no PrP^ signal associated with the microparticle
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pellet further confirming that the contribution of the microparticle fraction to plasma 

PrP^ concentrations is low. This data was published in a recent letter in response to 

Simak et al, 2002, (Starke et al, 2003). In their response to this letter the authors agreed 

that the amount of soluble PrP^ released by endothelial cells was much greater than that 

released on microparticles (Simak et al, 2003a). The ability of the DELFIA to detect 

PrP^ associated with microparticles has previously been demonstrated in platelet 

concentrates (Bessos et al, 2001b).

In a recent letter the expression of PrP^ on endothelial cells was contested. The authors 

found no expression of PrP^ in umbilical cord, aorta and saphenous vein by 

immunocytochemistry with the anti-prion monoclonal antibody 3F4 and postulated that 

PrP^ on cultured endothelial cells maybe artifactual, due to an activated state not 

representative of normal endothelial cells in vivo (Sivakumaran et al, 2003a; 

Sivakumaran, 2003b). In their response to this letter Simak et al, 2003b pointed out the 

limitations of using immunocytochemistry in analysing PrP^ expression and mentioned 

that 3F4 may not be as useful in this case as 6H4 since the epitope recognised by 3F4 is 

towards the N-terminus of PrP^ that has been found to be truncated in some 

circumstances. I have found that 3F4 does not give as strong a signal with endothelial 

cells as does 6H4 (unpublished observations) and is more restricted in the species of 

PrP^ that it can bind when compared with 6H4 (Barclay et al, 2002). The theory that 

cultured endothelial cells were activated was contested by the demonstration of 

thrombin and TNFa mediated activation of cells in vitro reported by both Simak et al, 

2003b and myself (Simak et al, 2003b).
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PrP^ undergoes constitutive and phorbol ester-regulated cleavage at position 111-112 

resulting in two fragments denoted N1 and Cl. This position is within the binding site 

for the monoclonal antibody 3F4 that is used in the DELFIA® assay. The DELFIA® 

assay uses FHl 1 as a capture antibody for prion protein and 3F4 as a detection antibody. 

The epitope for FHl 1 is at the N-terminus, and would potentially bind to prion protein 

fragment N l. This means that the N1 fragment would be captured by FHl 1 but not 

detected by 3F4 and hence not seen in the DELFIA® assay. This indicates that the prion 

protein that was detected in human plasma and released from endothelial cells is not 

fragment N l or Cl but is likely to be the whole molecule. PrP^ was found to be 35-42 

kDa in endothelial cell lysates (Simak et al, 2002) but the prion protein released from 

endothelial cells has not been characterised. Both plasma and endothelial forms of PrP^ 

are detectable by the DELFIA® indicating that they are likely to be full length 

molecules and supporting the hypothesis that the plasma form of PrP^ originates from 

endothelial cells.

In an attempt to determine whether the vascular endothelium was the sole contributor of 

PrP^ to the blood plasma fraction I measured the concentration of PrP^ in samples from 

patients with abnormal blood cell counts. I did not find any correlation in the levels of 

any particular cell with the PrP^ concentration. This is the first investigation of its kind 

and provides indirect evidence that platelets, erythrocyte and leucocytes do not 

contribute significantly to the plasma pool of PrP^. The patient numbers are fairly small 

but there are no situations where the levels of plasma PrP^ are low. A significantly 

higher concentration of PrP^ was found in patients with low erythrocyte counts and high 

and low platelet counts, but as mentioned there was no correlation of cell count with 

PrP^ concentration in any case. The increased PrP^ concentration in these patients is
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likely to be due to their clinical condition of which there were no identifiable trends. A 

few of the patients with low erythrocyte counts and high plasma PrP^ levels had renal 

failure. To investigate whether renal failure was associated with high PrP^ levels I 

obtained 16 samples from patients suffering from this condition. All the patients tested 

with renal failure had a significantly higher plasma PrP^ concentration. Plasma levels of 

another GPI-anchored protein, uPAR (Urokinase plasminogen activator receptor), have 

also been found to be elevated in patients with renal failure (Florquin et al, 2001). It has 

been suggested that a high level of PrP*̂  in blood plasma could be used as a marker of 

CJD (Volkel et al, 2001) therefore caution must be exercised when interpreting what a 

high plasma concentration of PrP^ means, until the level of PrP^ has been clarified 

extensively in normal subjects and patients with a wide variety of diseases.

Heparin has a wide clinical use as an anticoagulant in the treatment of acute venous 

thromboembolism and unstable angina. Its main action is to accelerate antithrombin- 

mediated inactivation of thrombin, FXa, FIXa and the binding of thrombin by heparin 

cofactor II. (Lupu et al, 1999). Heparin has been shown to modulate the function of 

endothelial cells. Plasma levels of tissue factor pathway inhibitor (TFPI) are greatly 

increased after in vivo infusion of unfractionated or low molecular weight heparin due 

to its release from endothelial stores (Hansen et al, 2000). Heparin has been shown in 

vitro to decrease the expression of ICAM-1 in HUVECs thus suppressing endothelial 

cell activation (Miller et al, 1998). Heparin has recently been found to bind to PrP^ 

(Warner et al, 2002) so I decided to look at the effect of heparin infusion on patients 

plasma PrP^ concentrations. The presence of heparin was verified by anti-factor Xa 

assays. Heparin was not found to modify the concentration of plasma PrP^. Interestingly 

two of the patients suffered from renal failure and these patients had a much higher
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basal level of PrP^ in their blood plasma mirroring the renal failure data I have 

presented. The PrP^ concentration was measured in the plasma of patients pre- and post- 

renal dialysis to investigate whether dialysis removed PrP^ from the plasma. The PrP^ 

level was found to be very high, similar to the concentration found in renal failure 

patients previously tested. Dialysis failed to remove PrP^ from the plasma. This was 

unexpected since the presence of PrP^ has been reported in the urine of humans and 

animals and PrP^ is 3 5kDa which is below the ~40kDa cut off size for filtration by the 

kidney (Shaked et al, 2001). It is possible that the filter used for dialysis (Fresenius 

polysulfone capillary dialyser (FIO-HPS), Fresenius medical care), unlike the kidney 

was unable to remove PrP^ due to different size / charge specifications for filtration. 

PrP^ concentrations in patients with TTP, and sickle cell anaemia were similar to that of 

normal donors indicating that these chronic vascular diseases do not simulate the 

generation / release of plasma PrP^. The level of PrP^ in patients with thalassaemia was 

higher than normal and further work will be required to determine why these patients 

and those with renal failure have this higher plasma PrP^ concentration. Perhaps the 

high level of PrP^ seen in these patients is due to the release of PrP^ from kidney 

endothelium, an inability to excrete PrP^, or endothelial release of PrP^ due to uraemia.

Copper ions (Cu^^) have been shown to bind to an octapeptide repeat at the N-terminus 

of PrP^. The binding has been shown to stimulate internalisation of PrP^ in cultured 

neuroblastoma cells (Pauly & Harris, 1998). I studied the effect of differing 

concentrations of copper ions on PrP^ expression in endothelial cells by flow cytometry 

and immunofluorescence microscopy and found that there was no consistent effect.
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The function of PrP*̂  remains enigmatic. Knockout mice are essentially normal (Aguzzi 

et al, 1996). The fact that PrP^ is highly expressed by endothelial cells of the 

vasculature indicates that this protein is likely to play a key role in the function of these 

cells. It is likely that the plasma form of PrP^ is produced and released by the 

endothelium. Further work is required to prove that the form of PrP^ released by these 

cells is the same as that found in the plasma in vivo, confirming the hypothesis formed 

in this investigation. The glycosylation of proteins such as PrP^ varies depending on the 

type of cell where it is synthesised. Neuronal and lymphocyte PrP^ have been shown to 

exhibit such glycosylation differences (Li et al, 2001). A comparison of the 

glycosylation of plasma and endothelial PrP^ would serve to indicate whether PrP^ is 

released from these cells. The concentration of plasma PrP^ (approximately lOOng/ml) 

is so low that it must be concentrated substantially prior to analysis. This was attempted 

unsuccessfully.

Currently rodents, commonly mice and hamsters are being used as in vivo models of 

disease and its transmission, but it is important to remember that the expression and 

distribution of PrP^ is not the same in animals and humans. Rodent platelets express 

little or no PrP^ (Holada & Vostal, 2000) in contrast to humans where platelets express 

approximately 85% of cellular borne PrP^ in blood. Species differences must be taken 

into account when the results of rodent prion transmission studies are extrapolated to 

make judgements concerning the situation in humans (MacGregor & Drummond, 2001). 

It would be interesting to discover whether rodent endothelial cells express PrP^.

I have studied the expression and release of PrP^ within human microvascular 

endothelial cells (HMEC-1) and human umbilical vein endothelial cells (HUVEC).
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Analysis of extracted mRNA, flow cytometry and confocal immunofluorescence 

microscopy demonstrated that PrP^ is highly expressed and present on the surface of 

endothelial cells. Although there was no evidence for an in vitro or in vivo regulated 

storage and release pathway for PrP^, in vitro experiments suggested that both cell types 

could constitutively release PrP^, both as a soluble protein and microparticle bound. 

Measurements of PrP^ in patients with widely varying cell counts support the concept 

that the vascular endothelium is a source of plasma PrP^ within the blood.
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6 Summary and conclusion

In this thesis I have provided a detailed analysis of the distribution of PrP^ in various 

cells of the vasculature. I focussed on CD34 cells, reticulocytes, erythrocytes, 

megakaryocytes, platelets and endothelial cells.

PrP^ is a normal cellular protein of unknown function. The propagation of pathogenic 

prion (PrP^^) occurs when PrP^^ binds to normal cellular PrP^ and mediates its 

conversion to the pathogenic isoform. The expression of PrP^ in humans could be 

directly linked to the passage of pathogenic PrP^^ to the central nervous system where it 

causes disease.

PrP^ was not detected in erythrocytes (or granulocytes) originally using monoclonal 

anti-prion antibody 3F4 and it was suggested that these cells do not express PrP^. The 

authors did not look for PrP^ mRNA (Cashman et al, 1990) and the ability of this 

antibody to detect certain isoforms of PrP^ has been questioned (Barclay et al, 2002). I 

hypothesised that cells of the erythroid line may express PrP^ mRNA. Erythrocyte- 

reticulocytes were cell-sorted based on glycophorin A expression by flow cytometry. 

The RNA was purified and RT-PCR confirmed positivity for p-actin mRNA, but was 

negative for PrP^. Flow cytometry demonstrated proteinase K sensitive PrP^ on the 

surface of erythrocytes. Flow cytometry of erythrocytes and reticulocytes stained with 

thiazole orange for RNA and anti-prion monoclonal antibody 6H4 indicated that there 

was no consistent correlation of PrP^ with RNA levels supporting the RT-PCR data but 

indicating that immature erythroid cells may express more PrP^ than erythrocytes.
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I studied the expression of PrP^ in CD34 stem cells and megakaryocytes. RT-PCR and 

restriction digestion demonstrated that CD34 cells and megakaryocytes express PrP^. 

Semi-quantitative RT-PCR was used to compare the expression of PrP^ mRNA in 

CD34 cells and megakaryocytes relative to mRNA for iduronate-2-sulphatase (IDS). 

PrP^ mRNA was found to be lower than IDS in CD34 cells and higher than IDS in 

megakaryocytes indicating that there could possibly be an increase in PrP^ production 

during megakaryocytopoiesis. The expression of PrP^ at mRNA level was paralleled by 

a similar trend at the protein level as shown by flow cytometry on megakaryocytes. I 

have provided the first comprehensive evidence for the expression of PrP^ in 

megakaryocytes. Given further time, and to support the flow cytometry data, I would 

like to cell-sort known quantities of megakaryocytes on the basis of DNA content using 

propidium iodide by flow cytometry, to generate a pure population of megakaryocytes 

for each ploidy group. 1 would then perform Western blotting using an anti-prion 

monoclonal antibody to compare the amount of PrP^ in cell lysates with respect to DNA 

content. The expression of PrP^ on CD34 cells and megakaryocytes was confirmed by 

confocal / immunofluorescence microscopy with no specific subcellular localisation. 

The PrP^ localised within megakaryocytes could represent a large pool of PrP^ that 

could then be ultimately expressed in the newly released platelets. My data indicated 

that cellular PrP^ levels increased during megakaryocyte maturation and decreased 

during erythropoiesis.

Since megakaryocytes were positive for PrP^ I hypothesised that they were the source 

of platelet PrP*̂ . The expression of PrP^ on platelets and erythrocytes has been 

hypothesised to serve as protection against intravenous inoculation with TSE diseases. It 

was suggested that these cells might bind PrP^^ but not be able to propagate the
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infectivity or transfer the PrP^^ to the appropriate cells for propagation. The number of 

platelets and erythrocytes are much greater than leucocytes and so competitive binding 

favours these non-productive cells (Holada et al, 2000). This hypothesis was criticised 

since senescent platelets and erythrocytes are taken up by cells of the lymphoreticular 

system, the organs that have been implicated in the peripheral transmission of PrP^^ to 

the CNS (Sivakumaran, 2001).

Platelets could not only serve as a major cellular target for prion propagation but also as 

an indirect mechanism of delivery to the CNS via the blood. Indeed platelets are 

possibly involved in the pathogenesis of Alzheimer’s disease since they synthesise, 

transport (within a-granules) and release amyloid precursor protein that is implicated in 

the development of CNS lesions in this disease (Davies et al, 1998).

The expression of PrP^ in platelets was studied by Western blotting, flow cytometry, 

immunofluorescence confocal microscopy, RT-PCR and restriction digestion. 

Immunoelectron microscopy indicated that PrP^ was present in platelet a-granules and 

the open canalicular system, but not dense granules. Semi-quantitative RT-PCR 

indicated that the expression of PrP^ on platelets was low. The low expression of PrP^ 

by platelets is consistent with its source being the blood plasma, though the presence of 

mRNA for PrP^ indicates that this is unlikely. Upon activation of platelets with TRAP, 

flow cytometry indicated that there was an increase in the expression of proteinase K 

sensitive PrP^ on the cell surface from 297 ± 136 to approximately 863 ± 223 molecules 

of PrP^ per platelet. Antibody (15B3) specific to pathogenic PrP^^ was tested on 

platelets by flow cytometry but found to have high non-specific binding. Antibody 

(PrP220-231 ) specific to the C-terminus of prion protein was not found to bind platelet
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PrP^ by flow cytometry. PrP^ has been found to bind copper ions (Brown et al, 1997a) 

but incubation of platelets in the presence and absence of differing concentrations of 

copper ions had no consistent effect on the expression of PrP^ in these cells. To 

investigate the function of PrP^ in platelets, antibody crosslinking studies were 

performed. Although there appeared to be signal transduction phosphorylation events 

associated with stimulating PrP^ on the platelet surface (associated with Fyn and LAT 

phosphorylation) there was no apparent increase in platelet function by aggregometry 

and flow cytometry investigations. PrP^ was found to be present in the raft and soluble 

fraction of platelets which was consistent with its GPI linkage. I have provided the most 

detailed evidence yet of the expression of PrP^ in platelets. If platelets can harbour 

PrP^^ in a similar fashion to PrP^, then platelet activation at a site of blood vessel wall 

damage could cause the expression and release of PrP^^ at the cell surface, resulting in 

further PrP^^ propagation to the cells in the vicinity, including the endothelium.

The majority of PrP^ in blood was found to be in the plasma fraction (MacGregor et al, 

1999) and so I hypothesised that the source of this PrP^ could be the vascular 

endothelium. RT-PCR and restriction digestion demonstrated the expression PrP^ 

mRNA and its level was found to be high relative to mRNA for the housekeeping gene 

iduronate-2-sulphatase (IDS). The expression of PrP^ on endothelial cells was studied in 

vitro by flow cytometry and there were approximately 60,000 molecules of PrP^ per 

HUVEC or 120,000 molecules of PrP^ per HMEC-1 cell respectively. The expression 

appeared to be constitutive with no activation dependent upregulation. The expression 

of PrP^ was tested in vivo in patients pre- and post-DDAVP therapy, a treatment known 

to activate endothelial cells. There was no DDAVP dependent PrP^ increase in patient's 

plasma post-DDAVP. Copper ions did not appear to have a significant effect on the
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expression of PrP^ on endothelial cells by confocal immunofluorescence microscopy 

and flow cytometry, with and without cell permeabilisation. Confocal 

immunofluorescence microscopy indicated that the distribution of PrP^ in the cell was 

diffuse with greater intensity in the peri-nuclear region. The release of PrP^ was 

measured from normal and apoptotic endothelial cells with and without 

ultracentrifugation. The release of PrP^ was found to be steady and soluble rather than 

microparticle home. De novo synthesis of PrP^ was confirmed by incubation of cultured 

cells with cycloheximide to inhibit protein synthesis. I hypothesised that the source of 

the plasma form of PrP^ was the endothelium. This idea was supported indirectly as the 

concentration of plasma PrP^ was not found to correlate with blood cell counts from 

patients with high or low platelets, leucocytes and erythrocytes. This indicated that these 

cells are unlikely to contribute to the plasma pool of PrP^. The concentration of PrP^ in 

normal plasma was 392 ± 57 U/ml (78.4 +11.4 ng/ml). Ultracentrifugation of plasma to 

remove microparticles did not reduce the PrP^ concentration indicating that the PrP^ is 

soluble, similar to the PrP^ released from cultured endothelial cells. I attempted to 

purify PrP^ from plasma in order to compare it with PrP^ released from endothelial 

cells. The methods I used were immunoprécipitation and differential solvent 

precipitation but neither were successful. PrP^ binds to heparin (Pan et al, 2002) and so 

it may be possible to purify plasma PrP^ using a heparin sepharose affinity 

chromatography column. The problem was that the concentration of PrP^ in blood 

plasma is very low.

I studied the effect of heparin administration on PrP^ levels in patients undergoing 

cardiac surgery and found no change in PrP^ concentration post-heparin. Patients 

suffering from renal failure were found to have particularly high plasma PrP^
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concentrations. I thought that the increased PrP^ concentration could be due to an 

inability of patients to excrete PrP^ due to kidney damage, release of PrP^ from the 

damaged kidneys themselves or release of PrP^ from damaged endothelium due to 

uraemia. The concentration of PrP^ in the blood plasma of patients with various 

diseases that are associated with chronic vascular damage were tested. Patients with 

thalassaemia, sickle cell anaemia and TTP were found to have a normal PrP^ 

concentration in their blood plasma. Patients pre- and post-renal dialysis had very high 

levels of PrP^ in their plasma, as seen previously in the renal failure group, and the PrP^ 

was not removed by dialysis. This data indicated that general vascular damage may not 

cause PrP^ release but perhaps renal endothelial damage, uremic damage, or an inability 

to excrete PrP^ may cause the increased concentration seen in these patients. It would 

be interesting to study the release of PrP^ from endothelial cells in the presence and 

absence of uremic plasma and the expression of PrP^ in other cells including cultured 

renal and brain endothelial cells, but this is beyond the scope of this thesis. I have 

performed the first investigation into the expression of PrP^ in the blood plasma in a 

variety of non-neurological diseases and demonstrated that the level of PrP^ in the 

plasma is not a useful surrogate marker of neurological diseases as previously 

hypothesised (Volkel et al, 2001).

Semi-quantitative RT-PCR of CD34 cells, platelets, megakaryocytes and endothelial 

cells generated two main PrP^ mRNA products. The products were separated by cloning 

and sequenced. One of the products was found to be identical to a published sequence 

for the prion protein gene and the other had a 4 base-pair deletion in the 5’-UTR at the 

end of exon 1. A further 9 base-pair deletion was found in prion mRNA transcripts at 

much lower levels. These deletions would not affect the sequence of the mature protein
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but may affect the efficiency of its synthesis. Interestingly two types of bovine prion 

protein mRNA have been described, one of which had an elongated 5’-UTR exon 1 

sequence, but this has not been described in other mammals (Horiuchi et al, 1997). The 

5’-UTR in which these deletions occur can have profound consequences for the 

translational efficiency of a gene. Hereditary thrombocythemia has been shown to be 

caused by gain of function mutations in the 5’-UTR of the thrombopoietin (TPO) gene, 

which result in systemic TPO overproduction. It is possible that the PrP^ deletion I have 

discovered may have similar important effects (Cazzola & Skoda, 2000).

In conclusion, I have provided a detailed analysis of the expression of PrP^ in a variety 

of cells in the vasculature. PrP^ is widely expressed and was found in varying amounts 

in all the cells studied in this thesis (CD34 cells, megakaryocytes, platelets, endothelial 

cells, reticulocytes and erythrocytes). Its expression appears to increase during 

megakaryocyte maturation and decrease during erythropoiesis. PrP^ is expressed in 

platelet a-granules, on the cell surface and is upregulated following cellular activation. 

PrP^ is released by the vascular endothelium and these cells are likely to be the source 

of plasma PrP^. The level of PrP^ in the blood plasma of patients with various different 

chronic vascular diseases was normal but was elevated in patients with renal failure and 

not removed by dialysis. The function of PrP^ remains elusive but is likely to be of 

great significance given its widespread distribution.
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