
BETA-AMYLOID / PLASMA LIPOPROTEIN  

INTERACTIONS: IMPLICATIONS FOR VASCULAR

DAMAGE.

by

LEE STANYER

A THESIS PRESENTED FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY

of the

UNIVERSITY OF LONDON 

2002

DEPARTMENT OF MEDICINE

CENTRE FOR DIABETES, ENDOCRINOLOGY AND METABOLISM 

ROYAL FREE AND UNIVERSITY COLLEGE LONDON MEDICAL SCHOOL



ProQuest Number: 10014366

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10014366

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Abstract

Abstract.

Cardiovascular (CV) risk factors may be implicated in the pathogenesis of 

Alzheimer’s disease (AD). The aim of this project was to examine potential 

pathological mechanisms whereby a common CV risk factor, hypercholesterolaemia, 

may modulate the onset and development of AD,

A pathological hallmark of AD is the deposition of the cytotoxic peptide, beta 

amyloid (AP), in the walls of cerebral blood vessels. Platelets release AP upon 

activation and therefore subjects with conditions associated with platelet hyperactivity 

may be at increased risk of developing vascular amyloid deposits, 

Hypercholesterolaemia is associated with increased platelet activity, and affected 

individuals were investigated to establish if abnormal Aj3 status was evident. Platelet 

Ap release under resting and stimulated conditions was increased in 

hypercholesterolaemics in comparison with normocholesterolaemic individuals and 

correlated positively with plasma total cholesterol and low-density hpoprotein (LDL) 

cholesterol These data indicate that abnormal platelet Ap release occurs in 

hypercholesterolaemia.

Amyloid deposition in cerebral vessels is accompanied by smooth muscle cell 

degeneration, endothelial dysfunction and narrowing of the vessel lumen. Although 

soluble AP may produce pathological changes, it is generally accepted that AP 

toxicity relates to its aggregation state. Factors that promote AP aggregation are 

therefore potentially important with respect to the development of Ap toxicity. Since 

plasma cholesterol has been shown to correlate with cerebral AP content, the
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influence of plasma lipoproteins upon Aj3 fibrillogenesis was examined. In view of 

evidence that oxidative stress plays a role in the pathogenesis of both cardiovascular 

disease and AD, the influence of lipoprotein oxidation upon A|3 fibrillogenesis was 

also investigated. The chemical interactions between native and oxidised plasma 

lipoproteins and AP were studied extensively and therapeutically relevant strategies 

which may prevent lipoprotein mediated fibrillogenesis, including antioxidant and 

beta-sheet breaker peptide treatments, examined.

Evidence for functional and pathophysiological roles for AP, including actions 

upon platelet and endothelial function as well as the modulation of vessel tone has 

been reported. In the present study, to establish if the biological effects of Ap are 

potentiated by native and oxidised plasma lipoproteins, the actions of soluble, fibrillar 

and lipoprotein-treated AP preparations upon platelet function (aggregation and 

serotonin release), human aortic endothelial cell viability and rat aorta vasoactivity 

were studied. The results of these studies were compared with respect to the 

AP polymerisation state.
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Chapter 1: General Introduction

1.1. Alzheimer’s disease.

Alzheimer’s disease (AD) is the fourth major cause of death in the developed 

world after heart disease, cancer and stroke. It is also the most common form of adult 

dementia (Bums et al, 1995). In countries such as Great Britain and the United 

States, AD affects approximately 1-6% of the population over the age of 65 and as 

many as 20% of individuals over the age of 80. The dramatic rise in life expectancy 

during the last century, primarily through improvements in health care and nutrition, 

combined with demographic changes, has resulted in a disproportionately large 

number of elderly people in the population. Furthermore, in many industrialised 

countries, individuals of 85 years of age and older constitute the fastest growing 

segment of the population over the age of 65 (Hardy and Allsop, 1991). As a 

consequence the incidence of AD is rapidly increasing and it is estimated that by the 

year 2025 there will be approximately 23 million AD sufferers globally. The financial 

cost to society for diagnosing and managing AD, primarily for custodial care, is 

already staggeringly high, and therefore with the ageing of society the economic 

burden will continue to increase unless preventative strategies can be formulated.

1.1.1. Neuropathology of AD.

Typically AD is characterised by a loss of memory, perception, judgement and 

emotional stability which progressively worsens, usually leading to death in a severely 

debilitated, immobile state between four and twelve years after onset. The gradual and 

inexorable decline in cognitive function is a result of several major neuropathological 

changes. These features include extensive neuronal cell loss and the characteristic
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Chapter 1: General Introduction

brain lesions first described by Alois Alzheimer in 1907, neurofibrillary tangles and 

senile plaques (Alzheimer, 1907). Since Alzheimer's original description, a number of 

other neuropathological features have been recognised in AD such as granulovascular 

degeneration, Hirano and Lewy bodies and neuropil threads (Bums et al, 1995). 

These degenerative changes, as well as the plaques and tangles, do not occur 

uniformly throughout the brain, but are found predominantly in the hippocampus and 

amygdala and also in the temporal and parietal cortex (Braak and Braak, 1991). The 

neuropathological changes are accompanied by neurochemical imbalances, with 

deficits having been reported in cholinergic, noradrenergic, serotonergic and 

dopaminergic systems, as well as with respect to amino acid and peptide 

neurotransmitters (Bowen et al, 1979; Palmer et al, 1987a; Palmer et al, 1987b; 

Procter et al, 1988; Walker et al, 1988; Lowe et al, 1988; Fisher et al, 1992). There 

is considerable evidence to suggest, however, that most of these pathological changes 

are secondary to the proteinaceous lesions originally described by Alzheimer.

Abnormal fibrous proteins are found in the brains of AD patients not only in 

the neurofibrillary tangles and senile plaques but also in the walls of cerebral blood 

vessels. All of these lesions are also found, to a lesser degree, in the ‘normal’ elderly. 

Most of us who live into our late seventies will develop at least a few senile plaques 

and neurofibrillary tangles, particularly in the hippocampus and other brain regions 

important for memory. For the most part, the distinction between normal ageing and 

AB-'is. quantitative rather than- qualitative. Usually- patients with Alzheimer’s type 

dementia have moderately or markedly n>ore mature neuritic plaques, neurofibrillary 

tangles and vascular amyloid deposits than healthy age matched controls. Advances in
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Chapter 1: General Introduction

molecular biological techniques and other technologies during the 1990’s have aided 

our understanding of the processes that distinguish the pathological steps that result in 

AD from those present in the ‘normal’ ageing process. Knowledge of the specific 

proteins comprising these lesions has led to substantial progress in deciphering the 

mechanisms that underlie the development of the AD phenotype.

1.1.2. Neurofibrillary Tangles.

Neurofibrillary tangles (NFTs) are dense bundles of abnormal fibrillar 

aggregates that accumulate in the cytoplasm of dying neurons. The aggregates are 

formed as a response to the accumulation of an excessive number of phosphate 

moieties on the microtubular associated protein, tau (Goedert et al, 1988; Harrington 

et al, 1991). In their normal functional state, tau proteins facilitate the formation and 

stabilisation of microtubules, structures that in neurons, are primarily involved in 

neurotransport. In the phosphorylated state, however, tau is no longer able to 

promote the assembly and stability of microtubules (Clark et al, 1998). The 

hyperphosphorylated tau dissociates fi'om the microtubules, assumes a paired helical 

filament configuration and forms insoluble aggregates, eventually forming NFTs. 

Cytoplasmic organelles, as well as RNA, become entrapped in the NFT, possibly 

contributing to the dysfunctional state of the neuron and to its eventual death.

NFTs are not unique to AD. Intraneuronal NFTs and tangle like inclusions in 

glial cells are also found in a number of seemingly unrelated neurodegenerative 

disorders and in ‘normal’ ageing. In many respects, the abnormal tau in these 

conditions is similar to the paired helical filament tau in AD (Wisniewski et al, 1979).
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The formation of NFTs is quite clearly a characteristic feature of AD, possibly 

resulting in neuronal cell death and a consequential decline in cognitive function. 

However, the fact that neurofibrillary tangles arise in a variety of etiologically 

unrelated diseases seems to suggest that these lesions most probably represent a 

response of neurons to a range of insults, and not those specific to AD. It is widely 

thought that NFT formation is a relatively late event in the pathogenesis of AD and is 

a consequence of the pathological processes that result in senile plaque formation and 

cerebrovascular amyloidosis.

1.1.3. Senile Plaques.

Senile plaques are the major neuropathological lesions present in AD. They 

are extracellular proteinaceous structures, 50-200pm in diameter, which consist 

predominantly of a core of amyloid fibrils (Wisniewski and Terry, 1973). The term 

amyloid refers to a group of chemically heterogenous proteins found in a number of 

tissues and disease states. A common feature of all types of amyloidosis is that 

normally innocuous, soluble proteins polymerise to form insoluble fibrils. Such fibrils 

eventually form amyloid deposits that invade the extracellular spaces of organs 

destroying normal tissue architecture and function. The amyloid protein specific to 

AD is referred to as beta-amyloid (Ap), a 39-42 amino acid peptide derived from a 

larger beta amyloid precursor protein (pAPP).

The typical or classical senile plaque is composed of a central, dense core of 

radiating Ap fibrils surrounded by a rim of dystrophic neurites together with two 

types of altered glial cells (Wisniewski et al, 1989a and 1989c). In the centre of the
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plaques one usually observes microglial cells; scavenger cells capable of responding to 

inflammation or the destruction of neuronal tissue. Around the outside of the plaque 

are so called reactive astrocytes, glial cells often found in injured brain areas. Deposits 

of Ap first appear in the brain parenchyma as loose accumulations, which are referred 

to as diffuse plaques (Yamaguchi et al, 1988). These deposits contain very few 

dystrophic neurites, microglial cells or astrocytes and the amyloid contained within 

these lesions is of a non-fibrillar nature (Yamaguchi et al, 1990a). As the plaques 

mature, the amyloid deposits become more dense and filamentous and become closely 

associated with a number of other proteins including heparan sulphate proteoglycans 

(HSPGs), alphai-antichymotrypsin, various complement components and 

apolipoprotein E. All of these molecules have also been shown to influence the 

aggregation state of the peptide (Eikelenboom and Stam, 1982; Snow et al, 1988; 

Abraham et al, 1988, Namba et al, 1991; Rogers et al, 1992a & 1992b). The 

progressive accumulation of fibrillar Ap also coincides with an increasing presence of 

dystrophic neurites around the periphery of the amyloid mass and it is the ability of 

filamentous Ap to induce neurotoxicity which has implicated the peptide as the key 

aetiological factor in the pathogenesis of AD. The majority of amyloid deposits 

however, are of the diffuse variety and their presence in normal non-demented 

individuals may represent the lesions in a pre-clinical, non-cytotoxic state (Yamaguchi 

etal, 1988).
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1.1.4. Cerebral blood vessel deposits.

Cerebrovascular amyloid deposition is highly prevalent in AD and has been 

reported to be present in 62-95% of AD subjects (Vinters, 1987; Premkumar ei al, 

1996). This lesion is characterised pathologically by the deposition of Ap in the media 

of cortical and meningeal arteries and arterioles, as well as in parenchymal arterioles 

and capillaries (Vinters, 1987). Unlike difiuse plaques which are largely composed of 

non-fibrillar 42 residue AP peptide, vascular Ap deposits are predominantly of a 40 

residue AP species and are assembled into fibrils (Murphy et al, 1994; Gravina et al, 

1995). Amyloid deposition in the walls of these blood vessels is accompanied by 

several morphological and biochemical alterations. The first recognisable stage in 

vascular amyloidosis is the presence of small foci of amyloid at the junction of the 

media and adventitia. These early deposits are formed by the attachment of clusters of 

fibrillary material to the basement membrane at the abluminal pole of smooth muscle 

cells (Wisniewski et al, 1992; Coria and Rubio, 1996). As the amount of amyloid 

material increases, it encircles and separates individual smooth muscle cells causing 

cellular degeneration (Wisniewski and Wegeil, 1994). Collapse and degeneration of 

the endothelium (Kalaria and Hedera, 1995a) as well as thinning of the basement 

membrane and narrowing of the vessel lumen are also prominent features (Kalaria and 

Hedera, 1995b). Advanced stages of amyloid deposition are accompanied by the 

replacement of the media by fibrillary material, with the complete disappearance of 

smooth muscle cells (Yamaguchi et al, 1992). Vessels that are particularly heavily 

laden with amyloid may be accompanied by the spread of amyloid fibrils into the 

adjacent neuropil, where such spread occurs through rupture of the basement
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membrane in a process referred to as dysphoric angiopathy (Wisniewski et al, 1992). 

Indeed, cerebrovascular deposits of AP often coexist with senile plaques in aged 

brains and examination of serial sections of AD brains has shown that the core of 

senile plaques may be continuous with the microvascular amyloid deposits (Miyakawa 

et al, 1982). Furthermore, immunolocalisation of highly specific basement membrane 

and endothelial cell components, such as collagen IV and the perlecans in many 

extravascular Ap deposits, have suggested a link between vascular amyloid 

components and the formation of cortical amyloid deposits (Kalaria, 1992; Kalaria et 

al, 1996b). In addition, the presence of vascular amyloid significantly correlates with 

senile plaque density in the temporal lobe of demented subjects, although it does not 

correlate well with the severity of dementia (Mountjoy et al, 1982). Taken together 

these observations suggest that the two types of lesion may, in certain circumstances, 

be linked pathologically or could even contribute to each other’s development. 

Alternatively, the detrimental actions of Ap upon the vasculature, which essentially 

result in vessels that are structurally brittle and are unable to sustain trauma or blood 

pressure changes, could have implications for cerebral perfusion and permeability with 

consequences for localised neuronal populations.

1.2. p-amyloid precursor protein.

It is apparent that there is considerable neuropathological evidence to indicate 

that deposition of Ap is a central event in the spectrum of brain changes associated 

with AD. The crucial evidence implicating Ap in the development of AD however,
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includes genetic linkage studies which have shown that a subset of familial AD cases 

are linked to several different mutations in the P-APP gene (Selkoe, 1994a and 

1994b) and in the genes that encode presenilins (Levy-Lahad et al, 1995a; 

Sherrington et al, 1995). The P-APP gene consists of 19 exons, is located on 

chromosome 21 and encodes for a type I integral membrane protein that is 

proteolytically cleaved to different fragments, including the Ap peptides. Most p-APP 

gene mutations cause an increase in the proteolytic processing of p-APP, increasing 

production of the Ap peptide (Citron et al, 1992; Suzuki et al, 1994; Haass et al,

1994). Furthermore, individuals with Down’s syndrome, who possess an additional p- 

APP gene, develop insoluble Ap deposits early in life followed in later years by 

neurofibrillary pathology. Significantly, the AD causing mis-sense mutations in the 

genes on chromosome 14 and 1, which encode presenilin 1 and presenilin 2 

respectively, also affect p-APP processing (Scheuner et al, 1996; Citron et al, 1997). 

These gene mutations increase the production of a 42 residue form of the Ap peptide 

that is particularly prone to precipitation and aggregation (Lansbury, 1997b). 

Abnormal processing of P-APP and increases in the production of AP therefore 

appear to be central events in the pathogenesis of the hereditary forms of AD. Since 

the pathological lesions in sporadic forms of AD are similar to those in the familial 

forms, it is possible that abnormal or alternative processing of p-APP also plays an 

important role in these more frequent sporadic forms of the disease. A complete 

understanding of the structure, function, cellular expression and proteolytic 

processing of P-APP is therefore essential when considering possible pathological 

mechanisms of AD.
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1.2.1. P-APP Isoforms.

The p-amyloid precursor protein has a number of different isoforms that are 

generated by the alternative splicing of p-APP mRNA, principally from exons 7, 8 and 

15 of the P-APP gene (Kang et al, 1987; Kitaguchi et al, 1988; Ponte et al, 1988; 

Golde et al, 1990; Sandbrink et al, 1994a). The most abundant transcripts are p-APP- 

695, P-APP-714, p-APP-751 and P-APP-770. All of these spliced forms of mRNA 

encode for multidomain proteins with a single membrane-spanning region, a small 

cytosolic carboxy-terminal tail and a large extracellular N-terminal domain. The Ap 

peptide domain has its carboxy terminus about halfway through the membrane bilayer 

and extends into the extracellular or intraluminal domain (Beyreuther and Masters, 

1991). The difference between these isoforms occurs in the N-terminal domain and 

results from alternative splicing of exons that encode a Kunitz-type protease inhibitor 

(KPI) domain and a surface glycoprotein found on neurons, platelets and endothelial 

cells called MRC OX-2. While P-APP-695 contains neither of these sequences, p- 

APP-714 possesses the MRC OX-2 domain, p-APP-751 contains the KPI domain and 

P-APP-770 contains both. These differences are likely to reflect the function and 

cellular expression of the various isoforms. For example p-APP-695 predominates in 

brain tissue, while the other forms are most abundant in peripheral tissues. Two 

secretory variants of P-APP that do not contain the AP peptide sequence have also 

been described, namely P-APP-365 and P-APP-563, and these proteins are referred to 

as amyloid precursor like proteins (/\pLP) in order to distinguish them from the 

amyloidogenic p-APP isoforms.
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1.2.2. p-APP Function.

The functions of the p-APP isoforms remain poorly understood despite 

intensive research efforts. The overall structure of the protein however, suggests that 

p-APP functions as a receptor or growth factor (Rossjohn et al, 1999). Indeed the C- 

terminal domain of p-APP has been reported to interact with a number of key proteins 

that are linked to molecular signalling pathways, including the GTP binding protein Go 

(Nishimoto et al, 1993), the adaptor protein Fe65 (Russo et al, 1998) and the 

microtubule-associated protein PATl (Zheng et al, 1998). p-APP has also been 

implicated in pro- and anti-apoptotic actions (Yamatsuji et al, 1996; Wolozin et al, 

1996; Xu et al, 1999) which, it must be noted, does not contradict the growth 

factor/receptor hypothesis, since such molecules are known to be intimately involved 

in apoptosis. However, APP knockout mice display only subtle neurological deficits 

and so a role for P-APP in apoptosis seems unlikely. Studies using p-APP knockout 

mice have revealed deficiencies to be displayed in neurite outgrowth and survival 

(Perez et al, 1997) suggesting an involvement of p-APP in sustaining neuronal 

viability, in axonogenesis and in dendritic arborisation.

A number of functions have also been ascribed to the large extracellular N- 

terminal domain, primarily due to the identification of several functional domains on 

P-APP. A sequence of 5 amino acids in the N-terminal domain (RERMS sequence) 

for example, has been shown to have certain growth promoting properties, stimulating 

proliferation in non-neuron,^ ce% %nd neurite outgrowth in neuronal cells (Ninomiya 

et al, 1993; Ninomiya et al, Jii) f t  a/, 1994). The N-terminus also contains two 

heparin-binding domains that are responsible for binding to the glycan moieties of
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proteoglycans (Williamson et al, 1996) (Figure 1.1). It has been proposed that this 

region of p-APP may be involved in cell-cell and cell-substratum adhesion (Breen et 

al, 1991; Breen, 1992). P-APP is also known to be involved in other binding 

interactions including Cu (II) and Zn(II) binding activities. The Zn(II) binding is 

assumed to play mainly a structural role (Bush et al, 1993b), whereas the ability of P- 

APP to catalyse the reduction of Cu(II) to Cu(I) (Multhaup et al, 1996) is evidence, 

perhaps, of antioxidant properties (Goodman and Mattson, 1994).

P-APP isoforms containing the KPI insert in the N-terminal domain (p-APP- 

751, p-APP-770) have been reported to affect blood coagulation involving platelets.

This action is believed to be directly mediated by the KPI domain, which acts to 

inhibit factor XIa of the coagulation cascade (Van Nostrand et al, 1995; Mahdi et al,

1995). The p-APP-751 form was shown to be identical to protease nexin II, a platelet 

a-granule constituent, providing further evidence for an involvement of P-APP in 

blood coagulation and platelet aggregation activities (Oltersdorf et al, 1989; Van 

Nostrand etal, 1990).
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1.2.3. Proteolytic processing of p-APP.

Newly synthesized P-APP is subject to post-translational modifications in the 

endoplasmic reticulum and the Golgi apparatus, where it acquires N- and O- linked 

carbohydrates, tyrosine sulphates (Weidemann et al, 1989) and phosphates (Walter et 

al, 1997). p-APP is then taken from the trans-Go\g\ network, inserted into surface- 

destined vesicles and transported to the cell surface. Following maturation, the 

various forms of p-APP can be subjected to further intracellular processing by two 

independent proteolytic pathways. Proteolysis by either of these pathways generates a 

number of secreted and membrane bound P-APP derivatives. The principal proteolytic 

cleavage of p-APP is performed by a protease designated a-secretase. This enzyme 

cleaves p-APP within the Ap peptide sequence, between residues 612 and 613, 

releasing a large, soluble N-terminal domain (designated APPsa) and leaving a lOkD 

membrane bound carboxyl-terminal fragment termed C83. Alternatively, to initiate the 

generation of the amyloidogenic Ap peptide fragment, P-secretase cleaves p-APP at 

the NHz-terminus of Ap to release a distinct lOOkD soluble NH2 -terminal domain 

(APPsP) and leaving a 12kD membrane-bound carboxyl-terminal fragment, C99. Both 

C99 and C83 can be further cleaved by one or more y-secretases leading to the release 

and secretion of Ap and the non-pathogenic p3 peptide respectively (Figure 1.2).
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Initially it was believed that the reaction catalysed by the a-secretase cleavage 

constituted a physiological mechanism, since p-APP cleavage within the AP peptide 

sequence precludes the formation of the amyloidogenic fragment (Esch et al, 1990; 

Sisodia et al, 1990). This proposed mechanism may, however, be an 

oversimplification of what occurs physiologically, since in most cell types, very little 

P-APP is cleaved by a-secretase, with most of the P-APP protein remaining intact. 

Also, a number of studies have shown that both P- and y-secretase processing of P- 

APP occurs under physiological conditions, indicating that all the fragments of p- 

APP, including the Ap peptide, are normal products (Haass et al, 1992b; Seubert et 

al, 1992).

1.2.4. a-secretase.

The a-secretase mediated processing of P-APP is similar to the processing of 

a number of other integral membrane proteins, such as TNF-a, TGF-a and L-selectin 

(Werb and Yan, 1998). With all of these proteins, processing consists of a constitutive 

component, which allows continuous proteolysis, and a regulatory element that can be 

activated via protein kinase C (Nitsch et al, 1992; Buxbaum et al, 1993; LeBlanc et 

al, 1998) and other second messenger cascades (Mills and Reiner, 1999). A number 

of enzymes have been proposed as candidates for the constitutive and regulatory 

components of a-secretase. These proposed enzymes belong to the ADAM (a 

disintegrin and metalloproteinase) family of proteases. The first of these enzymes to 

be identified was a protease known to be responsible for TNF-a release called tumor 

necrosis factor-a converting enzyme (TACE). Studies using TACE knockout mice
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showed a number of defects in the processing of integral membrane proteins (Peschon 

et al, 1998), including defects in fibroblast APP secretion. These defects were only 

evident however, under PKC stimulated conditions (Buxbaum et al, 1998). TACE 

therefore plays a role only in the regulatory component of the a-secretase processing 

of P-APP in fibroblasts.

Recently, two other members of the ADAM family have also been implicated 

in a-secretase processing of p-APP, ADAM 10 (Lammich et al, 1999) and MDC9 

(Koike et al, 1999). Co-transfection of ADAMIC or MDC9 with p-APP results in the 

increased regulatory and constitutive secretion of APPsa. Furthermore, in vitro 

studies have shown that ADAMIC can specifically cleave synthetic substrates that 

contain the a-secretase cleavage site. A dominant negative form of ADAMIC was 

also shown to interfere with endogenous a-secretase processing of P-APP (Lammich 

et al, 1999). The presence of ADAMIC at the cell surface but also in the Golgi 

apparatus and in surface-destined vesicles agrees with previous reports providing 

evidence for a-secretase processing of p-APP in these subcellular compartments 

(Sisodia et al, 1992; Kuentzel et al, 1993; De Strooper et al, 1993; Haass et al, 

1995a). Conclusive identification of candidate a-secretase enzymes, such as 

ADAMIC, will not be possible until the in vivo biological effects of these proteases 

have been thoroughly examined.

1.2.5. P-secretase.

The identification of candidate enzymes for the P-secretase cleavage has 

received intense investigation, since its action upon p-APP initiates the generation of
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the amyloidogenic Ap peptide fragment. Recently a number of investigators have 

identified a promising candidate for P-secretase, referred to as BACE-1 (beta-site 

APP-deaving enzyme-1) (Hussain et al, 1999; Sinha et al, 1999; Vassar et al, 1999;

Yan et al, 1999). BACE-1 is a type I integral membrane protein with an extracellular 

domain that contains an aspartyl proteinase catalytic site. Crucially, this protease has 

been shown to exhibit the properties expected of P-secretase, cleaving synthetic 

peptides that contain the p-secretase cleavage site. Furthermore, transfection of 

BACE-1 into cells increases P-secretase processing of P-APP, as recognised by the 

generation of APPsp and C99 fragments, whereas specific inhibition of BACE-1 by 

antisense oligonucleotides has been shown to reduce P-secretase activity. 

Interestingly, forms of p-APP that contain a missense mutation linked to a familial 

form of AD (Swedish double mutation), and which are known to cause enhanced p- 

secretase processing of p-APP (Citron et al, 1992), are preferentially cleaved by 

BACE-1 over wild type APP forms. This provides further evidence to support the 

notion that BACE-1 is a true p-secretase candidate.

In addition to matching the biochemical properties of P-secretase, BACE-1 

also shows the expected cellular expression and subcellular localisation patterns. 

Most, if not all cells express P-APP and generate Ap, and p-secretase is therefore 

expected to have a widespread tissue distribution. In agreement with this view, 

BACE-1 mRNA has been reported to be present in most peripheral tissues, with a 

moderately higher expression in the brain, particularly in neuronal cells (Vassar et al,

1999). Previous reports have also shown p-secretase activity to be highest in acidic
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subcellular compartments of the secretory pathway including the Golgi apparatus, 

trans-Go\%i network, secretory vesicles and endosomes (Haass et al, 1995a; Stephens 

and Austen, 1996; Skovronsky et al, 2000). BACE-1 functions optimally at low pH 

and localises within intracellular compartments of the secretory pathway, particularly 

the Golgi apparatus and endosomes. Furthermore BACE-1 overexpression induces P- 

secretase cleavage in these compartments. These characteristics of BACE-1 are 

consistent with previous findings that P-secretase activity is found in such locations 

only. The identification of candidates for both a- and p-secretase enzymes in the same 

subcellular compartment, i.e. in the trans-Go\g\ network, may therefore suggest that 

these two proteases compete for the same substrate in this location. Further evidence 

to support BACE-1 as a candidate for p-secretase comes from studies which have 

shown that the predicted membrane topology of BACE-1 places the active site in 

correct topological orientation relative to the p-secretase cleavage site in p-APP 

(Vassar et al, 1999). This evidence avoids any need to invoke unusual mechanisms to 

explain how the enzyme gains access to its substrate.

Genome searches have indicated that at least one other BACE homologue 

exists, and indeed recent studies have identified BACE-2, a p-secretase believed to be 

important in a familial form of AD known as the Flemish mutation (Farzan et al,

2000). This may suggest that multiple forms of BACE exist, possibly representing a 

new class of transmembrane aspartyl proteases.
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1.2.6. y-secretase.

The y-secretase activity is the final cleavage event that releases the Ap peptide 

from the p-secretase cleaved carboxyl terminal fragment of P-APP. One of the more 

unusual aspects of y-secretase cleavage is that its cleavage site lies within the 

hydrophobic environment of the cell membrane, a region not normally associated with 

the hydrolysis of peptide bonds. Proteolysis of integral membrane proteins in or close 

to the transmembrane domain however, does appear to be important in several other 

signalling pathways. The best studied examples of such intramembranous cleavage 

mechanisms include the processing of the sterol receptor element binding protein 

(SREBP), Notch and several mitochondrial inner membrane proteins (Sakai et al, 

1996; Brown and Goldstein, 1996; Leonhard et al, 1996; Schroeter et al, 1998). 

Various mechanisms have been proposed for the transmembrane domain cleavage of 

these proteins, each including the presence of co-factors that allow y-secretase to gain 

access to its substrate. Such theories rely on the presence of co-factors that create 

membrane microdomains which allow entry of water for hydrolysis reactions, 

cofactors that aid transport of the substrate to intracellular compartments in which y- 

secretase resides, or factors that may be involved in the transport or maturation of y- 

secretase itself. Candidates for the y-secretase enzyme have yet to be identified, 

although several have been proposed. These include the presenilin proteins, although 

their role as co-factors is more likely, prolyl endopeptidase, calpain and the 

proteasome (Mundy, 1994; Shinoda et al, 1997; Yamazaki et al, 1997). Further 

biochemical and immunohistochemical data is required however, in order to establish

43



Chapter 1: General Introduction

the identity of y-secretase, although the idea of a multifactorial y-secretase is certainly 

feasible.

1.3. P-amyloid.

Following processing by p- and y-secretase, the N-terminal derivatives of P- 

APP, including Ap, are secreted into an aqueous, extracellular environment in a 

soluble monomeric form. Numerous AP species exist in biological fluids and in the 

tissues associated with their deposition, these peptides having extensive amino- and 

carboxyl-terminal heterogeneity (Golde and Younkin, 1996). The major species 

secreted by cells and which can be detected in human plasma and CSF is APi^o (>60- 

70%), although some Api^i (-15%) is also present along with minor amounts of 

other peptide species, i.e. Api-2 8 , Api-3 3 , Api.3 4 , AP3-3 4 , Api.3 7 , Api-3 8  and APi. 3 9  

(Seubert et al, 1992; Suzuki et al, 1994; Ida et al, 1996; Wang et al, 1996). Although 

ApMo is the major species produced, the principal species deposited in the 

parenchyma of the AD brain is APi- 4 2  (Iwatsubo et al, 1994; Gravina et al, 1995). 

Thus, species ending at AP42, which constitute a relatively minor component of the 

Ap that is normally secreted by cells (with the exception perhaps of neuronal cells) in 

many cases make up the majority of the AP that is deposited in the AD brain. 

However, significant amounts of APwo are deposited in the typical late onset AD 

brain, and in most studies, ApMo appears to be the predominant form associated with 

cerebrovascular amyloid deposits (Roher et al, 1993b and 1993c; Fukumoto et al.
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1996). Both of these A(3 species therefore seem to be intimately involved in the 

pathogenesis of AD. The main difference between these two forms of the Ap peptide 

however, is their propensity to polymerise into fibrils, an event that possibly leads to 

amyloid deposition and ultimately AD. The mechanisms that are involved in the 

polymerisation of Ap peptides has been a focus for many research groups during the 

past decade, and this has lead to a greater understanding of the factors that are 

involved in the development of the AD phenotype.

1.3.1. Cellular origins of Ap.

The cellular origins of the AP that is deposited in cerebral blood vessels and 

parenchymal tissues remains a contentious issue despite numerous studies. As outlined 

above, pAPP, the source of the amyloidogenic Ap fragment, is widely expressed in a 

number of cell types throughout the body. Most, if not all, of these cells are capable of 

producing the amyloidogenic Ap fragment through proteolytic cleavage of the 

precursor, particularly cells of a neuronal and vascular origin (smooth muscle cells 

and endothelial cells). These cells have been reported to show unusually high 

expression levels of PAPP and to produce significant quantities of Ap (Ciallella et al, 

1994; Davis-Salinas et al, 1995; Wisniewski et al, 1995; Vassar et al, 1999). This has 

led many authors to advocate either a neuronal or circulatory source as that 

responsible for deposition of Ap within the AD brain. Evidence seems to suggest that 

neuronal and circulatory sources may both make a significant contribution to the 

deposition of Ap, although the peptide from these two sources may be deposited in a 

site-specific manner. For example, the ApMo species is the dominant form associated
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with blood vessel amyloid (Glenner and Wong, 1984) and is the predominant form 

detectable in plasma, whereas the longer Ap 1 .4 2  species, which is less soluble and more 

cytotoxic, is the dominant form found in plaques (Masters et al, 1985) and is thought 

to originate from neuronal cells. Differences in Ap peptide length between vessels and 

plaques may be due to different processing of the precursor protein in vascular and 

neural cells and/or post-depositional processing due to local tissue factors. This would 

seem to indicate that Ap of a circulatory origin contributes to cerebral amyloid 

deposits and ultimately CAA, whereas neuronal Ap contributes to parenchymal 

deposits and senile plaque formation. Since cerebral blood vessel deposits of Ap tend 

to coexist with senile plaques, however, it is possible that amyloid from a circulatory 

source could influence or contribute to deposition within the parenchyma, and vice 

versa. A recent study in which male rats were intravenously infused with soluble APi_

4 0  demonstrated that soluble circulating Ap can cause disturbances in the blood brain 

barrier (BBB) with resultant pathological events becoming evident in the CNS and 

periphery (Su et al, 1999). Furthermore, this study reported that several parenchymal 

brain regions important for cognition also showed pathological deterioration. All of 

these brain regions were associated with extensive glial cell activation, evidence 

consistent with previous observations that AP activates cultured astrocytes (Pike et 

al, 1994) and which suggests a reactionary response to damaged cerebral vessels, 

perhaps as an attempt to maintain BBB integrity. Considerable evidence has implied 

that perturbation of the BBB is involved in the pathogenesis of AD, mainly through 

studies that have detected serum proteins in the parenchyma of AD brain tissue 

(Kalaria and Grabovac, 1990; Kalaria, 1992; Wisniewski et al, 1997). These results
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support the hypothesis that one pathogenic mechanism for A(3 deposition in AD may 

be via disruption and deterioration of the cerebrovasculature. A recent study 

supporting this view reported that the distribution of A(3 in white matter correlated 

with the distribution of blood vessels, suggesting that its origin may be vascular rather 

than neuronal (Iwamoto et al, 1997). Additional support for this theory comes from a 

report that plasma Ap levels are elevated in familial AD as well as in 13% of sporadic 

AD individuals (Scheuner et al, 1996), indicating that circulatory Ap may influence 

the development of AD in certain individuals.

1.3.2. Platelets and Ap release.

Apart from smooth muscle cells and the endothelium, a significant amount of 

Ap has been detected in human platelets. These cells have been shown to account for 

approximately 90% of the total anti- Ap immunoreactivity that is detectable in whole 

blood (Chen et al, 1995) and are thus the primaiy source of Ap in the human 

circulation. Furthermore, Ap has been suggested to reside within the secretory 

granule components of platelets and has been shown to be released upon activation by 

agonists that result in degranulation (Smith C.C.T, 1997; Li et al, 1998). Exactly how 

pAPP is processed within platelets to yield amyloidogenic fragments that are 

subsequently released upon activation is unknown. It has however been suggested 

that Ap may be released from secretory granules into the cytosol upon proteolysis of 

pAPP, possibly as a consequence of platelet activation (Smith, C.C.T., 1997). It is 

possible therefore, that increased platelet activation may result in elevated plasma
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concentrations of Ap, which ultimately lead to enhanced amyloid deposition within 

the cerebral vasculature. Several studies have shown that platelet hyperactivity is 

associated with AD and normal ageing (Gleerup and Winther, 1988; Sevush et al,

1998) and that elevated concentrations of ApMo are present in the plasma of these 

individuals (Shinkai et al, 1995). Conditions that are otherwise associated with 

platelet hyperactivity, such as hypertension, hyperlipidaemia and arterial injury (Smith, 

C.C.T. et al, 1989; Smith, C.C.T. et al, 1992; McAuliffe et al, 1993), may therefore 

result in increased plasma concentrations of AP which may present these individuals 

with an increased risk of developing AD.

1.3.3. General structural characteristics of Ap.

The first partial amino acid sequence of Ap was reported by Glenner and 

Wong (1984) with the complete sequence later being described by Kang et al (1987).

The Ap peptide contains two hydrophobic domains comprising residues 17-21 and 

residues 29-40/42, the latter sequence representing the C-terminus of the peptide that 

is reputedly embedded in the plasma membrane. As one might expect, this sequence is 

rich in the hydrophobic amino acids valine and isoleucine, residues often found in 

proteins with p-sheet structure (Chou and Fasman, 1978). Structural prediction 

studies confirm this assumption showing a high probability for P-sheet structure in the 

C-terminus from residue 28 (Soto et al, 1994) whereas the probability is lower 

between residues 9 and 21. This latter sequence may show either an a-helical or P- 

sheet structure. Two P-turns are also predicted between residues 6 and 8, and 

residues 23 and 27. This collective information combines to create a theoretical
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Structure that consists o f  tw o (3-strands separated by an a-helical (3-tum (Figures 1.3 

and 1.4).

Figure 1.3. Structure of the Api-40 peptide in water-SDS micelle medium 

obtained by NMR. N and C indicate the N- and C- termini, respectively and a short a- 

helical segment is indicated by the blue rod. Acidic and basic amino acid residues are shown 

m blue and orange, respectively, whereas green and white denote the positions o f polar and 

non-polar residues (taken from Roher et al, 2000, with permission).

The structural determination o f  soluble Ap in aqueous buffers under physiological 

conditions has been fraught with problems due to the propensity o f  the AP peptides to 

aggregate. Substantial structural information has been obtained, however, by using 

organic solvents such as dimethylsulphoxide (DM SO ) and trifluoroethanol (TFE),
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and detergents such as SDS to maintain the peptide in its soluble formation. Using 

nuclear magnetic resonance spectroscopy (NM R), circular dichroism (CD) and 

Fourier transform infra-red spectroscopy (FTIR), it has been reported that Ap 

generally adopts an a-helical conformation in organic solvents, whereas in aqueous 

buffers it is predominantly in the p-sheet conformation (Hilbich et al, 1991a; Fraser et 

al, 1992b, Zagorski et al, 1992, Shen et al, 1994; Soto et al, 1995; Lansbury et al, 

1995; El Agnaf et al, 1998). The presence o f  helices, loops and kinks in various 

regions o f  the AP peptide have also been described, however these structures seem to 

be largely dependent upon external environmental influences, such as pFl and the 

solvent employed (Sticht et al, 1995, Coles et al, 1998; Shao et al, 1999). It is likely 

that Ap exists in a variety o f  different conformations that are dependent upon 

environmental conditions, interactions with other molecules and metal binding ability 

(Soto  et al, 1994, Bush et al, 1994) The variability in secondary structures reported 

may therefore represent a transition o f  Ap from a-helix to random coil to p-sheet in 

the process o f  fibrillogenesis.

High probabilit> 
^ or h for (1-sheet

conformation

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42

JJ : 1
■-.....

P-tum Central P-tum Highly hydrophobic
hydrophobic region

cluster

Figure 1.4. Prediction of the secondary structure of the Ap peptide.
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Ap p-sheet content is tightly linked to insolubility, fibril formation and 

cytotoxicity (Halverson et al, 1990; Lansbury, 1999). It is thought that the Ap 

peptide undergoes a conformational change during fibrillogenesis from a-helical to P- 

sheet structure. Studies using synthetic fragments of the Ap sequence have been 

fruitful in determining the regions and peptide sequences of the Ap molecule 

responsible for such conformational changes. These studies have shown that the 

markers of P-pleated sheet conformation are present within a stretch of 15 amino 

acids, between residues 14 and 28 (Gorevic et al, 1987). A recent study supporting 

this prediction has reported that the smallest region of the N-terminus of AP capable 

of forming amyloid fibrils stretches over residues 14-23 (Tjemberg et al, 1999). 

Deletions or substitutions in this region result in the loss of fibril forming ability, 

suggesting that this sequence forms the core of amyloid fibrils (Hilbich et al, 1991a; 

Wood et al, 1995). This becomes particularly apparent when making substitutions 

within the hydrophobic domain of residues 17-21 (Hilbich et al, 1992). It has been 

suggested that this hydrophobic sequence may be important in the process of 

dimérisation, an event that forms the basic building block of the amyloid fibril (Chaney 

et al, 1998; Roher et al, 2000). In sharp contrast, the C-terminal hydrophobic domain, 

residues 29-40/42, has been shown not to be necessary for fibril formation, but may 

be important in aiding insolubility (Gorevic et al, 1987). This region has been reported 

to determine the rate of AP fibril formation rather than the stability and structural 

properties of the fibrils (Jarrett et al, 1993a, 1993b and 1993c). This may explain the 

differences in solubility and rates of fibril formation observed between A Pi^ and APi.

4 2  peptides. Residues 1-9 are also believed to be unnecessary for fibril formation, but
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may be pivotally involved in interactions between adjacent fibrils (Hilbich et al, 

1991a).

1.3.4. Polymerisation of monomeric Ag to amyloid fibrils.

The kinetics of amyloid fibril formation suggest that the synthesis of AP 

polymers occurs in a process with two discrete stages, nucléation and elongation. The 

nucléation stage involves a series of thermodynamically unfavourable steps leading to 

the creation of a stable nucleus or ‘nidus’ that can act to propagate fibril formation.

This nucléation event proceeds by an, as yet, unknown mechanism. It is, however, 

likely that the nucleus seeds AP polymerisation by creating an environment or 

attachment site in which the conversion of a-helical monomers to a p-sheet 

configuration can occur. A number of factors that have been implicated in the 

pathogenesis of AD have been reported to initiate nucléation and propagate fibril 

formation, including basement membrane constituents, various plasma proteins and 

the Ap peptide itself (see section 1.3.5). Examination of Ap fibril formation using 

various synthetic peptides has revealed the presence of an AP intermediate that is 

capable of seeding or nucleating fibril formation. These 'seeds' are usually described as 

being spherical or globular in appearance and quasi-elastic light scattering (QLS) 

analysis suggests that these globules may represent micelles of AP, with an estimated 

diameter of 140 Â (Lomakin et al, 1996; Seilheimer et al, 1997; Kowalewski and 

Holtzman, 1999). It has been proposed that these globular particles associate over 

time and may become foci from which fibrils nucleate and elongate (Kowalewski et al, 

1999).
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Studies using short peptide fragments of A|3 indicate that fibril polymerisation 

proceeds through dimérisation of Ap monomers with the subsequent formation of 

tetramers and oligomers. This pathway for fibrillogenesis is supported by results for 

APi.4 0  and Api.4 2  from several laboratories (Harper et al, 1997a; Walsh et al, 1997).

The dimeric structures are most likely formed in order to shield unfavourable 

hydrophobic domains from the aqueous medium. This produces a dimeric structure 

containing a hydrophobic core surrounded by hydrophilic residues. It has been 

proposed that this dimeric structure then interacts with another dimer, via domains 

exposed at the surface of the molecule, to create a tetramer. The surface exposed 

regions involved may be due to the interaction of extended C-termini (residues 30- 

40/42) from one dimer with the equally extended C-termini of an opposite dimer 

(Chaney et al, 1998), or possibly via a similar interaction involving residues 14-23, 

both models resulting in the formation of an anti-parallel p-sheet (Tjemberg et al,

1999). The latter scenario is more conceivable, since deletions in this region prevent 

fibril formation and enhance Ap solubility. The adjacent addition of further dimers or 

tetramers to this structure creates a helical structure termed a protofilament. 

Protofilaments have been described by a number of investigators (Stine et al, 1996; 

Harper et al, 1997b; Walsh et al, 1997). These appear to be precursors to full-length 

fibrils, which have a curved appearance and are generally shorter than fully formed 

fibrils. Negative stain EM of protofilaments formed from APmo and APm2  show 

flexible fibres around 60-100 Â in diameter (Stine et al, 1996).

In terms of energy, the protofilament is thermodynamically in an unfavourable 

condition because the hydrophobic P-sheet is exposed to the aqueous medium. To
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overcome this situation, a number of protofibrils associate side by side to create a 

nucleus of an intertwined helical structure in which the C-terminal hydrophobic 

sequences are shielded by the mostly hydrophilic N-terminal domains of Ap (Chaney 

et al, 1998). Cross sections of synthetic Ap amyloid fibrils have been viewed using 

electron microscopy and appear to be composed of five or six protofilaments arranged 

around a hollow centre (Fraser et al, 1991). Evidence from X-ray diffraction patterns 

of Ap fibrils has also led to the conclusion that the fibrils are composed of five or six 

protofibrils (Inouye et al, 1993). This hierarchy of structure from AP monomers to 

amyloid fibrils can be seen in figure 1.5. The fully formed fibrils are capable of 

association with other fibrils producing dense filamentous structures. Whether this 

occurs prior to tissue deposition is debatable.
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1.3.5. Factors ijifluencing Aj3 fibrillogenesis.

The formation of Ap amyloid fibrils in vitro is highly concentration dependent, 

usually requiring extremely high concentrations of the peptide to initiate 

fibrillogenesis, far higher than those prevailing in biological fluids. It is thought that a 

number of other proteins and related molecules^ as well as environmental factors may 

therefore play an important role in amyloid fibril formation and deposition in vivo. A 

number of factors have been identified that are capable of modulating Ap 

polymerisation and toxicity, even when AP is at physiological concentrations. These 

include molecules which are believed to inhibit fibril formation such as albumin (Biere 

et al, 1996), alphai-antichymotrypsin (Eriksson et al, 1995b; Aksenova et al, 1996), 

alpha2 -macroglobulin (a:M) (Qiu et al, 1999) and clusterin (apoJ) (Matsubara et al, 

1996; Boggs et al, 1996) as well as molecules referred to as ‘pathological 

chaperones’, so called because of their putative role in enhancing the aggregation and 

toxicity of Ap. Examples of pathological chaperone molecules are apoE (Sanan et al, 

1994), the complement protein Glq (Webster el al, 1995), lipid molecules such as 

free fatty acids and gangliosides (Wilson el al, 1997; Choo-Smith el a/, 1997) and 

basement membrane-associated HSPGs (Cotman el al, 2000). It has been 

hypothesised that these pathological chaperones influence the aggregation of soluble 

Ap at the initial nucléation event, creating stable nuclei fi’om which polymers can 

extend, or possibly by promoting P-sheet structure in AP monomers. What still 

remains to be determined however, is whether it is the structure of the amyloid fibrils 

per se or the chemical process that underlies peptide fibril formation that is 

responsible for the increased cytotoxic action of the fibrillar AP generated in this
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manner Further examination of this aspect of AD pathology is required in order to 

properly assess the âindamental influence that pathological chaperones have upon the 

fibrillogenic process and hence A3 related cytotoxicity.

Under normal circumstances, the majority of free Ap is bound by molecules 

that participate in the clearance and prevention of A3 toxicity, such as albumin (Biere 

et a l  1996) and a:M In certain pathological circumstances however, the ratio of 

molecules that participate in clearance as opposed to aggregation may be altered in 

such a manner as to favour A3 polymerisation and deposition. This could either be 

due to a reduced concentration of molecules which favour clearance of Ap or 

alternatively to an increased concentration of molecules which favour aggregation. 

Regardless of the exact mechanism, the identification of factors and conditions that tip 

the balance in favour of aggregation may be important in determining unique 

therapeutic strategies for certain individuals.

A number of environmental factors have also been identified that greatly affect 

A3 fibril formation and cytotoxicity For example, peptide aggregation occurs more 

readily at acidic pH than physiological pH (Hilbich et al, 1991b; Barrow et a/, 1992) 

and the process is also temperature sensitive (Kusumoto et ak  1998). An oxidising 

environment promotes Ap aggregation (Dyrks et a l  1992) and the presence of 

molecular oxygen also appears to be required for A3 aggregation and toxicity 

(Hensley et al, 1994). Several metal cations, including iron, zinc and aluminium can 

enhance aggregation of A3 and have been reported to enhance the toxicity of A3 in 

cultured neurons (Bush et al, 1990; Dyrks et al, 1992; Mantyh et al, 1993; Goodman 

and Mattson, 1994; Fasman et al, 1995). Each of these metals has been implicated in
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the pathogenesis of AD. Sulphate anions have also been implicated in the fibril 

forming process and are thought to be the moiety responsible for HSPG induced 

fibrillogenesis (Castillo et al, 1999).

In addition to promoting the aggregation of A3 peptides, several amyloid 

associated molecules act to stabilise fibrils once they are formed. The best studied of 

these is serum amyloid P (SAP), a member of the pentraxin family of proteins that is 

found in all amyloid deposits and binds to them in a calcium dependent manner (Pepys 

et al, 1994; Hamazaki, 1995). SAP is highly protease resistant in the presence of 

calcium and is thought to have a role in protecting amyloid fibrils against proteolytic 

degradation (Kinoshita et al, 1992; Tennent et al, 1995).

It is clearly evident that a multitude of factors are capable of influencing Ap 

poly.rnerisat_io_i> vitro. Jt is difficult however, to assess which of these potential pro- 

aggregatory and fibril stabilising interactions are important in the development of AD 

in vivo, perhaps with the exception of apoE.

1.4. Apolipoprotein E.

Most gene mutations linked to AD, such as those described relating to PAPP, 

cause early-onset forms of the disease (Goate et al^ 1991; Chartier-Harlin g/ a/, 1991a 

and 1991b; Levy-Lahad et al, 1995a and 1995b; Sherrington et aU 1995), These 

mutations, however, only account for a relatively small percentage of the AD 

population (Tanzi et al, 1994), Another gene linked to the development of AD is the 

apoE gene on chromosome 19, which interestingly is linked to late-onset sporadic

58



Chapter 1: General Introduction

AD, the most common form of the disease, as well as familial AD. The information 

gained from studies examining the influence of apoB on AD may thus be more widely 

apphcable to the AD population than other famihal forms of the disease.

1.4.1. Apo E polymorphisms.

ApoE is a major protein component of the plasma lipoprotein classes very 

Jow-density lipoprotein (VLDL), intermediate-density lipoprotein (TDL) and higb- 

density lipoprotein (HDL), and has been studied for many years in the context of hpid 

transport and the mechanisms that lead to atherogenesis. It also has a number of 

frinctions that are unique to the central nervous system, in that it is involved in 

neuronal repair and metabolism via an association with cholesterol. ApoE exists as 

several isoforms in the body referred to as apoE2, apoE3 and apoE4. The 

corresponding gene polymorphisms are termed £2, s3 and s4. As each of us inherits 

two apo E alleles, there are a total of six possible apo E genotypes; £2/£2, £3/£3, 

£4/£4, £2/£3, £2/£4, and £3/£4. These correspond to the lipoprotein phenotypes E2/2, 

E3/3, E4/4 in homozygotes and E2/3, E2/4 and E3/4 in hétérozygotes. The most 

commonly occurring allele in the general population is £3 and most people are £3/e3 

homozygotes or z2!z3 heterozygotes.

Apo E2 and E4 are frequently compared against apo E3 as the standard or 

most common form of apoE. Apo E2, which is associated with type III 

hyperlipoproteinaemia in which plasma triglyceride levels are increased, differs from 

apo E3 at residue 158, where cysteine substitutes for arginine. Apo E4, which is
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associated with increased cholesterol and triglyceride levels, differs from apo E3 at 

residue 112, where arginine is substituted with cysteine (Mahley, 1988).

L4.2, Apo E and AD.

In addition to being linked to elevated cholesterol levels, the apo E-e4 allele 

has been identified as a risk factor for the development of AD (Gomez-Isla et al̂  

1998). It is now well accepted that the e4 allele frequency is significantly 

overexpressed in patients with AD. This observation was initially made in late-onset 

familial AD, but it was later demonstrated that sporadic late-onset AD as well as 

early-onset AD were associated with a 3-fold increase in apo E-e4 allele frequency 

(Saunders et al, 1993; Rebeck et al, 1993; Poirier et al, 1993). Furthermore, the 

inheritance of two e4 alleles was shown to result in a six to eight fold increased 

tendency to develop the clinical symptoms of AD (Corder et al, 1993). This study was 

extended fiirther to show an increase in the number of senile plaques in the brains of 

patients who were e4 homozygotes compared to e3 homozygotes, with e3/e4  

heterozygotes exhibiting intermediate senile plaque densities (Schmechel et al, 1993). 

Recent studies have indicated that the apo E e4 allele may be particularly important 

with regard to the development of vascular amyloid deposits, since individuals with 

increased e4 allele frequencies show elevations in parenchymal Ap deposits that are 

predominantly found within the vasculature (Gearing et al, 1.995, Thomas et al, 

1997b; Ishii et al, 1997; Pirttila et al, 1997). This may indicate an involvement of 

apoE as a constituent of the lipoprotein classes present in plasma as opposed to CSF, 

and increasing data supports a vascular role for apo E in AD (Frisoni et al, 1994a,
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1994b and 1994c). Apo E has therefore been implicated directly in the pathogenesis 

of AD, and it has been proposed that interactions between apo E and AP may be 

causal in the development of senile lesions.

Several studies examining the role of apo E in amyloidosis have shown that 

apo E4 influences the deposition of APi-4 0  rather than that of Apwz, suggesting that 

apo E4 may lower the threshold for fibrillogenesis of APi^, thereby promoting its 

subsequent deposition (Ishii et al, 1997; McNamara et al, 1998). Thus, although the 

total amount of AP initially deposited in the brain as AP 1 -4 2 is not via interactions with 

apo E, the presence of apo E4 may influence plaque maturation through their 

transformation into A Pi^ containing plaques. Given that the major difference between 

the A Pi^ and Ap 1.-42 species is with regard to their different rates of Ebril formation, it 

is likely that both APi- 4 0  and Apw2  contribute to AD pathogenesis, but with Api- 4 0  

deposition requiring additional factors, such as apo E4 to promote its deposition.

1.4.3. Apo E and Ap.

There are two major hypotheses regarding how differences in apo E isoform 

could affect amyloid levels in the brain of AD patients: these hypotheses propose an 

involvement of apo E in the clearance of AP or alternatively a role for apo E in 

fibrillogenesis and deposition of Ap. The fact that individuals with one or two copies 

of the apo E-s4 allele have higher amounts of AP immunoreactivity in their brains 

than those without the s4 allele, suggests that apo E4 may directly enhance 

fibrillogenesis and cause amyloid deposition (Schmechel et al, 1993). Several reports
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have indicated that apo E promotes aggregation of AJ3, with apo E4 promoting 

fibrillogenesis to a greater extent than apo E3 (Strittmatter et al, 1993b; Ma et al, 

1994; Wisniewski et al, 1994). These studies have also shown that purified, 

delipidated, apo E isoforms interact with Ag in vitro, with apo E4 binding far more 

avidly than apo E3 resulting in the formation of more dense matrices of A]3 fibrils 

(Strittmatter et al, 1993b; Sanan et al, 1994; Wisniewski et al, 1994). These 

observations favour a model in which the presence of apo E, particularly apo E4, 

enhances the extent of amyloid deposition and plaque formation. Several other studies 

however, have suggested that apo E may inhibit Aj3 polymerisation. These studies 

have indicated that all three apo E isoforms exhibit a strong and specific ability to 

inhibit both nucléation and seeding of A(3 fibril formation. The isoform specificity of 

this inhibitory effect has been extremely variable however, regardless of the use of apo 

E isoforms in a delipidated form or as constituents of lipoprotein particles. Some 

authors have reported no distinction between the inhibitory effects of the three major 

apo E isoforms (Wood et al, 1996; Naiki et al, 1997; Beffert et al, 1998). By 

contrast, others have shown specific binding interactions between A3 and apo E2/ apo 

E3 but less efficient or non-existent binding with apo E4 (LaDu et al, 1994; LaDu et 

al, 1995; Pillot et al, 1997; Yang et al, 1997). The data from these latter studies are in 

accordance with the second hypothesis of apo E involvement in AD, i.e. the clearance 

hypothesis.

The clearance hypothesis has two components; (1) an association of apo E 

with A3, and (2 ) an interaction between apo E-A3 complexes and apo E receptors. It 

has been postulated that once apoE binds to A3, the resulting complex is then cleared
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by apo E receptors thereby preventing AP-related toxicity. Apo E and one of its 

receptors, the low-density lipoprotein receptor related protein (LRP), have been 

shown to localise in senile plaques and in vascular Ap deposits as well as in neurons 

and reactive astrocytes (Wisniewski and Frangione, 1992a; Rebeck et al, 1993). The 

LRP receptor is a multifunctional receptor that binds a variety of ligands and 

internalises them for endosomal and lysosomal degradation. Dysfunction of AP 

clearance by LRP or other apo E receptors could underlie the accumulation of Ap 

seen in AD However, this hypothesis does not explain why in apo E knockout 

animals, AP deposition is inhibited. For example, studies in which apo E knockout 

mice have been crossed with human APP transgenic mice show that the expression of 

apo E is necessary for amyloid deposition in vivo. This would seem to indicate that 

apo E is more likely to have a role in fibrillogenesis rather than clearance of Ap.

1.5. Ap function and cytotoxicity.

The physiological function of soluble AP in vivo, particularly with regard to 

neuronal function, remains poorly understood. Evidence has been presented that AJ3 

in either a soluble or particulate form may have neurotrophic functions, or may 

support neuronal attachment and neurite outgrowth (Whitson et al, 1989; Yankner et 

al, 1990; Koo et al, 1993). Whether these in vitro activities actually have any 

physiological significance in vivo is difficult to say. It has been reported that APP 

knockout mice have minimally abnormal phenotypes and develop and reproduce
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normally, suggesting that the A|3 sequence does not have critical consequences for 

neuronal development in these animals (Zheng et al, 1995). On the other hand, 

rodents in general do not convert much of their APP molecules to A|3 compared to 

humans, and it could be that constitutive Ap production has a valuable function only 

in higher mammals that are also prone to excessive AP accumulation with age.

Most of the information about the biological activities of AP rests on the 

observed neurotoxicity of aggregated but not monomeric AP (Pike et al, 1993; 

Lorenzo and Yankner, 1994). Cell culture studies have shown that aggregated Ap is 

directly toxic to nerve cells. These studies have invariably involved the use of 

relatively high concentrations of aggregated synthetic Ap (May et al, 1992; Busciglio 

et al, 1992). It has proved difficult to extend these investigations to the in vivo 

situation whether in animal models of AD or in transgenic animals (Irizarry et al, 

1997a and 1997b). This is partly due to the variability in toxicity experienced with 

different Aj3 preparations, a reflection perhaps of the susceptibility of different AP 

preparations to polymerise into fibrils (Pike et al, 1993; Simmons et al, 1994). 

Despite these difficulties however, a wide range of cytotoxic mechanisms for the 

effects of these synthetic peptides have been reported. These include altered calcium 

homeostasis, fi-ee radical generation, various forms of peroxidative injury, and the 

potentiation by AP of other, more subtle cytotoxic events (Mattson et al, 1992; 

Hensley et al, 1994; Behl et al, 1994). Clearly, the various mechanisms hypothesised 

on the basis of in vitro neurotoxicity studies are not mutually exclusive. AP could 

exert direct neurotoxicity, could potentiate minor neurotoxic events that occur during 

normal cerebral metabolism in aged humans, or could act initially by proinflammatory
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mechanisms, i,e, stimulating local microglia and astrocytes to release cytokines and 

acute phase proteins. A range of inflammation-related markers have been reported to 

be elevated in the AD-affected brain, including components of the classic complement 

pathway, interleukins (IL-1 and IL-6 ), interleukin receptors, other cytokines (S-IOOP 

and TNF-a), major histocompatibility complex antigens and a number of acute-phase 

proteins (C-reactive protein, alpha-2-macroglobulin, clusterin, fibrinogen and a l-  

antichymotrypsin) (Rogers et al̂  1988; Bauer et al, 1991b; Johnson et al, 1992; 

Eikelenboom £/ al, 1994; Mrak et al, 1995; Breitner, 1996; Kalaria et al, 1996a; 

McGeer and McGeer, 1997; Terai et al, 1997). The effectiveness of inhibitors of 

inflammation, such as non-steroidal anti-inflammatory drugs, in preventing the onset 

of AD indicates that, on balance, the inflammatory reaction contributes to the 

degenerative process. Until recently, AP-associated inflammation was only thought to 

occur in parenchymal tissues, with vascular deposits being spared. However, several 

authors have reported that inflammatory processes may also be important with regard 

to the development of cerebrovascular amyloidosis (Yamada et al, 1996; Maat- 

Schieman et al, 1997; Suo et al, 1998).

Recent evidence indicates that AP in its non-aggregated, soluble form may 

also be toxic. The presence of soluble AP, particularly the APw2 species, has been 

reported to be associated with impairment of spatial memory in transgenic mice 

overexpressing pAPP, to produce cytotoxic responses in smooth muscle cell, pericyte 

and endothelial cell cultures, and also to induce inflammatory reactions resulting in 

neuronal cell death (Hsiao et al, 1996; Davis and Van Nostrand, 1996; Roher el al, 

1996; Giulian et al, 1996; Verbeek et al, 1997a; Thomas et al, 1997a and 1997c;
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Price et al, 1997; Borchelt, 1997). Studies by Roher et al (1996) suggest that the 

water soluble dimeric species are neurotoxic, whereas in another study, Lambert et al 

(1998) found that small low-molecular weight oligomers of Apw: are several orders 

of magnitude more potent as neurotoxins than high-molecular weight fibrillar A Pi^ 

species. Studies in which soluble forms of Ap have been reported to induce 

cytotoxicity may therefore be due to the toxic effects of low molecular weight Ap 

polymers. This may have extremely important implications for the way in which we 

view amyloid toxicity. It is likely that rigorous analysis of AP species and types of 

aggregates deposited in brains of individuals without evidence of neuronal loss or 

clinical signs of dementia will enhance our understanding of which forms of AP 

contribute to AD pathology and which forms do not.

1.5.1. Vascular AP function and cytotoxicity.

In addition to its proposed functional roles and cytotoxic responses in 

parenchymal tissues, AP may also have a number of functional roles within the 

vasculature, including a physiological role in normal platelet function. It has been 

shown that aggregated Api-4 o induces platelet aggregation and adhesion, possibly 

through an interaction with integrin receptors (Kowalska and Baddelino, 1994). 

Wolozin et al, (1998) have demonstrated that physiological concentrations of APi^ 

augment adenosine diphosphate (ADP) induced platelet aggregation. The latter study 

also indicated that the interaction of Ap with platelets is associated with a specific 

binding site, as competitive inhibition of AP binding was demonstrated, an event that
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is unlikely to occur with non-specific membrane-Ap interactions. These platelet 

studies however, have produced variable results with respect to the concentrations of 

Ap required to induce aggregation and fiirther verification of the influence of Ap 

upon platelet activation is needed. PAPP has been reported to be an inhibitor of blood 

coagulation factors IXa, Xa and XIa and also to inhibit platelet aggregation, and may 

therefore serve an antithrombotic function (Bush et al, 1993a; Schmaier et al, 1995). 

Abnormal degradation of pAPP to Ap could possibly lead to dysfunctional APP 

modulated haemostatic mechanisms with consequences for thrombus formation.

Several studies have provided evidence for a vasoactive role for Ap. It has 

been reported that nanomolar concentrations of soluble APi- 4 0  added to rat aortic 

rings enhance the vasoconstrictive effects of phenylephrine and endothelin- 1  and 

reduce relaxation induced by acetylcholine (Thomas et al, 1996). Similar observations 

have been made in cerebral vessels in which AP was shown to enhance serotonin- 

induced vasoconstriction and diminish relaxation to endothelium-dependent 

vasodilators (Price et al, 1997; Thomas et al, 1997d). These in vitro findings have 

been further supported by results fi'om in vivo studies. Rats intra-arterially infused 

with freshly solubilised Ap exhibit decreased cerebral blood flow (Suo et al, 1998), 

and transgenic mice which overproduce Ap peptides display enhanced cerebrovacular 

constriction and resistance to relaxation in response to exogenously applied 

vasoconstrictors and vasorelaxants, respectively (ladecola et al, 1999). Vessels 

treated with Api-4 0  also show significant endothelial cell damage with visible changes 

in the cell membrane, cytoplasm, nucleus and other organelles. In most studies, this 

damage, together with the vasoconstrictive effects of Ap, are abohshed by pre-
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treatment with the superoxide scavenging enzyme, superoxide dismutase (SOD), 

indicating that AP produces its vasoactive effects via the formation of superoxide 

radicals (Thomas et a/, 1996; Thomas et al̂  1997a and 1997d; Sutton et al, 1997). 

However, a recent study by Paris and co-workers has indicated that pro-inflammatory 

mechanisms may be directly involved in Ap mediated vasoactivity, and that this 

occurs independently of mechanisms involving oxidative stress (Paris et al, 2000a). 

Furthermore, Blanc et al (1997) showed that subtoxic levels of AP impair glucose 

transport and disrupt barrier fimction in endothelial cell monolayers, and that longer 

term exposure to higher Ap concentrations induced apoptosis in endothelial cells. The 

mechanisms whereby Ap damages vascular endothelial cells appear to be similar to its 

toxic effects on neurons, stimulating oxidative stress and disrupting calcium 

homeostasis, as evidenced by studies in which antioxidants and calcium channel 

blockers were shown to protect endothelial cells against AP toxicity (Thomas et al,

1996). The addition of APi^ to cultures of endothelial cells has also been shown to 

result in reduced nitric oxide (NO) synthesis which may further contribute to the 

dysfunctional state of the endothelium (Blanc et al, 1997).

In addition to causing damage to the endothelium, Api. 4 0  has been reported to 

produce pathophysiological effects within the vasculture through interactions with 

smooth muscle cells. Treatment of smooth muscle cells with AP peptides resulted in 

cellular degeneration, accompanied by a striking increase in the intracellular 

production of soluble AP (Davis-Salinas et al, 1995). This is thought to occur via a 

mechanism that involves stress-induced alterations in proteolytic processing of PAPP 

(Ciallella et a/, 1995). This could possibly result in a cellular cascade mechanism that
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leads to the seeding and spread of pathology through distinct regions of the 

cerebrovasculature and possibly into the neuropil.

Collectively, the data above suggest that A|3 can initiate degenerative cascades 

in which vascular endothelial cells and smooth muscle cells are damaged with 

subsequent A|3 deposition as a result of increased oxidative stress and altered PAPP 

processing.

1.5.2. Receptor mediated mechanisms of Ap toxicity.

Exactly how Ap interacts with cells to cause free radical generation and cell 

death is still open to debate, although a number of receptor mediated mechanisms 

have been suggested. AP is known to interact with the RAGE receptor (receptor for 

advanced glycation end products) on neurons, microglia and endothelial cells, an 

interaction which mediates cellular adhesion to Ap and induces oxidative stress in 

microgha (Yan et al, 1996). It has also been reported that the class A scavenger 

receptor (SR), which is expressed by monocytes, smooth muscle cells and endothelial 

cells, mediates adhesion of microglia to AP fibrils and leads to Iree radical secretion 

and cell immobilisation (El Khoury et al, 1995). Binding of Ap to both RAGE and SR 

receptors is thought to contribute to the progression of AP-induced cellular stress by 

magnifying the effects of low concentrations of AP on vulnerable cellular targets early 

in the disease process. If these receptors are found to mediate oxidative effects 

induced by relatively low Ap concentrations, they may prove of particular importance 

in promoting excitotoxic cascades. Finally, A pi^  has been shown to be rapidly 

internalised by neuronal and smooth muscle cells, possibly in the form of complexes
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with apoE, via a receptor belonging to the low-density lipoprotein receptor family 

(Urmoneit et a l 1997). This receptor, known as the low-density lipoprotein receptor 

related protein (LRP) has been suggested to play a prominent role in AP clearance via 

binding of ligands that complex with Ap. In addition to this role, LRP may interact 

with pAPP thereby influencing precursor protein processing. PAPP isoforms 

containing the Kunitz protease inhibitor domain (PAPP-751 and PAPP-770), are 

ligands for LRP and have been shown to be internalised by cells in a LRP-dependent 

process (Kounnas et a l  1995; Knauer et a l  1996). Whether or not this directly 

influences Ap production is not yet clear, but since recent data indicate that 

endocytosis of PAPP, in some systems, is an important step in Ap synthesis, it is 

plausible that LRP- PAPP interactions could affect AP generation (Perez et a l  1999). 

Indeed, treatment of cultured cells with an LRP blocker dramatically reduces AP 

production, while increasing LRP expression increases Ap synthesis (Ulery et a l  

2000). These data indicate that LRP may play a critical role in the pathogenesis of 

AD. Interestingly, each of the receptors outlined above is also known to be involved 

either in lipoprotein metabolism or in the clearance of pathological lipoprotein species 

from the circulation (Brett et a l 1993; Krieger and Hertz, 1994). Additionally, the 

lipoprotein classes VLDL, LDL, HDL but not Lp(a) are known to bind and transport 

Ap in human plasma perhaps suggesting an involvement of lipoprotein particles in the 

development of the cerebrovascular pathology associated with AD (Biere et a l 1996).
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1.6. Cardiovascular disease and AD.

Recent epidemiological evidence indicates that a relationship may exist 

between cardiovascular disease (CVD) and AD. A number of studies have 

demonstrated a relationship between cognitive function and vascular risk factors. The 

Rotterdam Study, for example, showed that previous vascular events, the presence of 

atherosclerotic plaques in the carotid artery wall and the presence of peripheral 

atherosclerotic disease were associated with poorer cognitive performance, 

independent of the effects of age and educational upbringing (Breteler et al, 1994). 

These itndings are consistent with the view that atherosclerotic disease may account 

to a significant extent for cognitive impairment in the general population. It has been 

reported that various established cardiovascular risk factors may have similar 

implications for cognitive impairment and mental retardation. Atherosclerosis, 

hypertension, coronary heart disease, adult-onset diabetes melJitus and myocardial 

infarction are all apparent risk factors for AD (Aronson et al, 1990; Yoshitake et al, 

1995; Skoog et al, 1996; Hofman et al, 1997; Sparks, 1997; Leibson et al, 1997; 

Kivipelto et al, 2001). The role of hypertension in the pathogenesis of AD is not yet 

clearly understood, however it has been proposed that blood pressure in AD patients 

probably varies according to the stage of disease and that hypertension 

characteristically precedes the diagnosis of cognitive impairment by at least ten years 

(Skoog, 1997). The use of antihypertensive treatments was also shown to indirectly 

reduce the tendency for hypertensive individuals to develop dementia, indicating that 

hypertension can be considered as a condition which increases the potential to 

develop AD (Forette et al, 1998). Diets high in saturated fats, hypercholesterolaemia,
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elevated serum homocysteine and apoE s4 genotype are all associated with an 

increased risk for the development of both AD and CVD (Poirier, 1996; Grant, 1997; 

Kalmijn et al, 1997; Joosten et al, 1997). Conversely, the decreased risk for coronary 

heart disease associated with apoE s2 homozygosity also appears to protect against 

AD (Davignon et al, 1988). Diets and lifestyle changes that reduce serum cholesterol, 

also diminish the risk of AD (Kalmijn et al, 1997; Orgogozo et al, 1997). Oestrogen 

replacement in postmenopausal women reduces the incidence of dementia and also 

decreases serum cholesterol and the risk of heart disease (Birge, 1997; Nasr and 

Breckwoldt, 1998).

Histopathological evidence also suggests that CVD may represent a significant 

risk factor for the development of AD Patients with coronary heart disease (CHD), 

for example, show an increased prevalence of cerebral Ap deposition similar to that 

found in AD (Sparks et al, 1990). In these patients Ap deposits have been shown to 

be as much as 1 0  times more abundant than in age matched non-heart disease controls 

and are indistinguishable, both morphologically and topographically from those found 

in AD (Sparks et al, 1993). The numbers of senile plaques and NFTs in the brains of 

hypertensive individuals have also been shown to be significantly higher than in 

controls (Sparks et al, 1995). In both hypertensives and patients with CHD, cerebral 

senile plaque numbers often achieve frequencies diagnostic of AD.
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1.6.1. Hypercholesterolaemia and AD.

Hypercholesterolaemia is a common condition associated with elevations in 

serum total and LDL cholesterol levels and reductions in HDL particle number and 

HDL cholesterol concentration (Durrington, 1989). This condition is also associated 

with increased platelet activity and elevations in the plasma concentrations of platelet 

factors that influence vascular pathophysiology. A consequence of these pathological 

features is increased atherogenic risk, and hypercholesterolaemia is therefore regarded 

as a major risk factor for coronary heart disease. Hypercholesterolaemia may also 

influence AD pathogenesis by affecting Ap deposition, as suggested by studies in 

which LDL serum cholesterol levels were shown to correlate with Ap content in AD 

but not in control brains (Kuo et al, 1998). Serum cholesterol levels begin to rise 

around the age of 50, particularly in females, and this tends to coincide with increased 

amounts of soluble Ap detectable in the leptomeninges (Shinkai et al, 1997). A 

relationship between serum cholesterol levels and cerebral Ap deposition has been 

demonstrated in rabbits fed on a high cholesterol diet (2%) (Sparks et al, 1994), and 

in human PAPP transgenic mice (Refolo et al, 2000). In the former study, Ap 

accumulation in the frontal cortex and hippocampus was directly related to the period 

of time animals were maintained on the high cholesterol diet. Interactions between 

cholesterol-rich particles and Ap may therefore influence cerebrovascular pathology in 

AD possibly through enhanced transport of Ap across the blood-brain barrier. 

Although it is believed that only a small proportion of the cholesterol in the brain 

originates in the circulation (Dietschy and Turley, 2001) some exchange between the 

two compartments may occur and this could be influenced by changes in plasma
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cholesterol concentrations (Dobbing, 1963; Hague and Mozafor, 1992). Alternatively, 

the rise in cerebral Ap content may occur via a cholesterol-mediated effect on PAPP 

processing by cells. At high cholesterol concentrations such a mechanism might 

favour the production of amyloidogenic fragments. (Bodovitz and Klein, 1996; 

Sugawa e/<z/, 1997; Koudinov e^ûr/, 1998).

1.6.2. Cholesterol -  influence on PAPP processing and AP cytotoxicity.

The molecular mechanisms that link hypercholesterolaemia and AD remain 

unclear, since only relatively recently has such a relationship been demonstrated. A 

number of theories however, have been put forward with the main focus of research in 

this regard being directed to the modulation of pAPP processing. Studies involving 

cultured cells have investigated the relationship between cholesterol and pAPP 

metabolism, with most authors demonstrating a dose dependent inhibition of sAPPa 

and consequently an increased production of the fibrillogenic Ap species (Bodovitz 

and Klein, 1996; Racchi et al, 1997; Simons etal, 1998; Frears etal, 1999; Galbete et 

al, 2000). Furthermore, the addition of p-hydroxy-P-methylglutaryl-CoA (HmG- 

CoA) reductase inhibitors has been shown to restore sAPPa secretion and inhibit Ap 

production. There has been much speculation regarding these observations and while 

it is generally accepted that cholesterol produces its effects by acting upon secretase 

activity, neither the precise cellular location nor the identity of the secretase enzymes 

involved have been elucidated. It has been suggested that the inhibition of sAPPa 

secretion and upregulation of AP production by cholesterol is due to inhibition of a- 

secretase (Yokayama et al, 1993; Bodovitz and Klein, 1996). However, analysis of
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secreted fragments of Ap has revealed that a- and p-secretase cleavage are largely 

unaffected by cholesterol, perhaps indicating that it is infact y-secretase cleavage that 

is upregulated (Frears et al, 1999). The possibility that the experimental conditions 

used in the different studies may account for the differences regarding the data 

obtained has not been discounted. Clearly, therefore, further investigation of 

cholesterol’s actions upon pAPP metabolism are required.

Cholesterol may affect pAPP metabolism at several steps along the secretory 

pathway, possibly by interfering with secretase activity at the plasma membrane or by 

influencing the movement of secretory vesicles from the trans-Go\%\ network to the 

plasma membrane. Racchi et al (1997) provided indirect evidence that cholesterol 

inhibited secretase activity at the cell membrane since progesterone, which inhibits 

shuttling of non-esterified cholesterol between the plasma membrane and intracellular 

pools, had no effect on the inhibition of sAPPa release from cholesterol-loaded cells. 

However several other studies have identified PAPP maturation and intracellular 

transport sites as the location of cholesterol action (Frears et al, 1999). It has been 

proposed that cholesterol modulates pAPP processing by interfering with PAPP 

maturation and inhibiting glycosylation of the protein, an event that precludes the 

action of a-secretase and which potentially increases the amyloidogenic pathway 

producing AP peptide (Galbete et al, 2000). In addition to exerting an influence upon 

PAPP metabolism, cholesterol has also been shown to influence AP fibrillogenesis 

(Mizuno et al, 1999). Mass spectrometric analysis of Ap peptides in the presence or 

absence of cholesterol suggests tha( cholesterol rich microdomains may lead to the 

formation of a conformationally altered form of Ap, which acts as a seed for amyloid
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fibril formation. These results and changes observed from in vitro experiments may 

parallel pathological events that occur in vivo.

1.6.4. Hypercholesterolaemia, oxidative stress and AD.

Like CVD, oxidative stress and free radical generation have been implicated in 

the pathogenesis of AD. Under normal conditions, damage by oxygen radicals is kept 

in check by an efficient array of antioxidant systems. However, in pathological 

conditions, the oxidant versus antioxidant balance is unfavourably altered such that 

reactive oxygen production exceeds cellular antioxidant defences. Evidence that 

increased oxidative damage occurs in vivo in AD comes from observations of 

elevations in activated NF-kB, 8 -hydroxyguanosine and other DNA base oxidation 

products, advanced glycation end products (AGE), protein carbonyls, nitrotyrosine, 

4-hydroxynonenal and other lipid peroxidation products (Smith, M A et al, 1994; 

Ledesma et al, 1994; Vitek et al, 1994; Yan et al, 1994; Good et al, 1996; Smith,

M A. et al, 1997; Montine et al, 1997; Sayre et al, 1997). In addition, the hallmark 

structures of AD, NFTs and senile plaques, are altered in ways characteristic of 

oxidative damage including AGE-modification, protein crosslinking and carbonyl- and 

acyl-modffication (Good et al, 1992; Smith, M.A. et al, 1994; Smith, M.A. et al,

1997). Although the source of the shift in oxidative homeostasis is still unclear, 

current evidence points to the fact that changes in the balance of redox transition 

metals, especially iron and copper, are key in the process (Good et al, 1992; Smith, 

M.A. et al, 1997; Markesbery et al, 1997). Both iron and copper are present at 

significantly elevated levels in the AD neuropil, and detection of redox activity in AD
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brain can be attenuated by chelators of these key metals (Sayre et al, 2000). It has 

also been demonstrated that many of the proteins that are important in their 

regulation, including ferritin and ceruloplasmin, show altered expression in AD and 

other neurodegenerative disorders (Smith, M.A. et al, 2000). These changes could, in 

part be responsible for the oxidative response by affected cells. Several other metal 

cations have been shown to be elevated in the AD brain, including aluminium, which 

has been shown to stimulate iron-induced lipid peroxidation (Oteiza, 1994). In 

addition, aluminium together with mercury, zinc and iron have been shown to 

influence the aggregation state and toxicity of the Ap peptide in vitro (Connor et al, 

1992; Dyrks et al, 1992; Markesbery et al, 1993; Mantyh et al, 1993; Bush et al, 

1994; Goodman and Mattson, 1994; Fasman et al, 1995). This may be through direct 

interaction with the metal cations themselves or via an interaction with other products 

of oxidation that have been produced by metal catalysed free radical generation. 

Irrespective of the mechanisms involved, the presence of increased amounts of 

oxidised species/molecules in other conditions, such as oxidised LDL in 

hypercholesterolaemia, may influence the aggregation state and toxicity of Ap and 

therefore influence cerebral Ap deposition.

Apart from metal cations, a number of other AD related factors are thought to 

have important roles in free radical production. For example, changes in oxidative 

homeostasis may be as a result of the induction of inflammatory mechanisms, with 

resultant production of reactive oxygen/nitrogen species and cytokines by activated 

microglia. Activated microglia are a source of NO and O2 that can react to form 

peroxynitrite, leaving nitrotyrosine as an identifiable marker (Colton and Gilbert,
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1987). Microglial activation may also be a consequence of the presence of AGE 

products, as the RAGE receptor is present on these cells and is known to cause 

cellular activation with increased reactive oxygen production (Yan et al, 1996). 

Additionally, advanced glycation end products in the presence of transition metals can 

undergo redox cycling with consequent production of reactive oxygen (Baynes, 

1991). Ap itself has been directly implicated in reactive oxygen formation through 

peptidyl radicals (Hensley et al, 1994; Butterfield et al, 1994; Sayre et al, 1997). The 

proposed role of Ap as an antioxidant (Kontush et al, 2001) is not at odds with this 

observation, because like all antioxidants, under certain conditions Ap also has pro

oxidant abilities. Finally, abnormalities in the mitochondrial genome or deficiencies in 

key metabolic enzymes suggest that metabolic abnormahties affecting mitochondria 

may be a major source of reactive oxygen in AD (Sorbi et al, 1983; Corral-Debrinski 

et al, 1994; Davis, R.E. et al, 1997). Abnormal mitochondria may produce excess 

H2 O2 through conversion of O2" by mitochondrial SOD. Such H2 O2  is readily 

difiusible and relatively stable.

Taken as a whole, these data indicate a significant role for oxidative stress in 

AD. Of course, the presence of oxidative damage does not prove that it is important 

in the pathogenesis of AD. However, treatment with high doses of vitamin E (2000 

units per day) has been reported to produce significant delays in the progression of 

AD. The fact that vitamin E enters the brain slowly and does not appear to be 

depleted in AD, indicates that antioxidants designed to target the brain may have a 

significant therapeutic impact.
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1,7, Hypothesis and aims,

A significant proportion of the AP that becomes deposited in the AD brain, 

particularly that deposited in the cerebrovasculature, may originate fi’om the 

circulation. Platelets represent the primary source of AP in whole blood and have 

been shown to release substantial quantities of the peptide upon activation. Conditions 

that are associated with platelet hyperactivity, such as hypercholesterolaemia, may 

therefore be associated with increased platelet AP release, which may result in 

elevations in the plasma concentrations of soluble Ap. The outcome of this may be 

reduced clearance of AP and an increased interaction with plasma factors that favour 

Ap aggregation, resulting in increased vascular AP deposition and degeneration. Since 

plasma cholesterol has been shown to correlate with cerebral Ap content, elevations 

in cholesterol-rich lipoproteins such as LDL, may therefore be associated with AP 

deposition. Such interactions may also influence AP function and cytotoxicity, 

including those actions of AP upon platelet reactivity, endothelial function and in 

modulating vessel tone. The purpose of the present study therefore was to examine 

potential pathological mechanisms whereby hypercholesterolaemia may influence the 

onset and development of AD.

79



Chapter 2: Materials and Methods.

Chapter 2.

Materials and Methods.

so



Chapter 2: Materials and Methods.

2.1. Platelet Beta-amyloid release.

2.LL Subjects.

Platelet Aj3 release under resting and stimulated conditions was examined in 

normocholesterolaemic subjects, re. laboratory personnel, and untreated 

hypercholesterolaemic patients that were recruited in the University College London 

Hospitals’ Lipid Clinic.

2.1.2. Blood colJectiou and pJatelet-rJch plasma preparation.

Antecubital venous blood samples were collected via a 21-gauge butterfly 

needle into tubes containing 1 volume of 106mmol.l trisodium citrate (TSC) per 9 

volumes of blood. Platelet rich plasma (PRP) was obtained by centrifugation of whole 

blood at 300x g for 10 minutes at room temperature. Platelet counts were performed 

using a model STKS Coulter counter (Coulter Electronics Inc., Hialeah, FI., U.S.A.). 

PRP samples were allowed to equilibrate at room temperature for 1 hour after the 

centrifugation procedure before commencement of the experiment. This procedure 

was followed in order to avoid the variability in platelet responses in PRP suspensions 

reported to occur during the first hour after venesection (Rossi and Louis 1975; 

Terres et al 1986).

2.1.3. Incubation of PRP samples.

To examine platelet AP release, 1ml aliquots of PRP were preincubated in a 

shaking water bath at 37°C for 5 minutes, whereupon increasing concentrations of 

collagen (0, 1.25, 2.5, 5, 10, 20, 40 and 80pg/ml final concentration) were added
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foJJowed by a further 1 0  minute incubation period, FoJJowing incubation, pJateJets 

were sedimented by high-speed centrifugation (12,000 x g for 5 minutes) and the 

supernatants (PPP) frozen at -85°C until the time of analysis,

2.1.4. Extraction and determination of Ap immunoreactivity in platelet 

releasates.

Ap immunoreactivity in platelet releasates was measured using a competitive 

radioimmunoassay incorporating a rabbit anti-serum specific for Ap, labelled and 

unlabelled synthetic AP, and a goat anti-rabbit IgG (Peninsula Laboratories Europe,

St. Helens, U.K.). Prior to analysis peptides were extracted using reversed phase 

absorbent (Sep Col) columns (Peninsula Laboratories, U.K.). Platelet AP release was 

corrected for extraction recovery and calculated relative to PRP count. Platelets 

counts were not significantly different between the two groups, the counts for normals 

and hypercholesterolaemics being 444 ± 18 x 10̂ .1 and 362 ± 57 x 10̂ .1'̂  

respectively. Nevertheless, six of the hypercholesterolaemics exhibited platelet counts 

lower than the lowest count recorded for the normal group. AP identity in platelet 

releasates was established in “spiking” experiments in which samples were treated 

with known quantities of pure synthetic Ap peptide.

2.1.5. Plasma lipids.

Plasma total cholesterol and HDL cholesterol were determined by the CHOD- 

PAP method with the use of an enzymatic test reagent (Infinity™ cholesterol test 

reagent. Sigma Diagnostics, Poole, UK). HDL was first isolated by selective
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precipitation of LDL from plasma using heparin-Mn^^. Specifically, 1ml of plasma was 

treated with 75 pi of heparin, briefly vortexed and allowed to incubate at room 

temperature for 2  minutes. Following addition of lOOpl of MnCb, samples were again 

vortexed and incubated at 4°C for a further 30 minutes. Samples were then 

centrifuged at 12,000 x g for 5 minutes to pellet precipitated LDL particles and the 

supernatant collected for HDL cholesterol measurements. Aliquots of plasma or HDL 

containing supernatant (lOpl) were then mixed with 1ml of enzyme assay reagent, the 

resultant mixture incubated at room temperature for 2 0  minutes and then assayed 

spectrophotometrically at 500nm. Triplicate determinations were made and the 

average value taken.

Plasma triglycerides were measured using the GPO-PAP method also with the 

use of an enzymatic test reagent (Infinity™ triglyceride reagent, Sigma Diagnostics, 

Poole, UK). Aliquots of plasma (lOpl) were mixed with 1ml of enzyme reagent, the 

samples incubated at room temperature for 15 minutes and then assayed at 520nm. 

Once again triplicate measurements were made and the mean value taken. LDL 

cholesterol concentrations were then calculated using the Friedwald equation 

described below;

LDL cholesterol (mmol.f^) = Total cholesterol - ((Triglyceride/2.19) - HDL 

cholesterol)
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2.2. Beta amyloid fibrillogenesis.

2.2.1. Synthetic peptides.

Synthetic APi_4o corresponding to residues 672 to 711 of the 3-amyloid 

precursor protein (3APP) was purchased ifom Sigma (Poole, Dorset, UK), Quality 

Controlled Biochemicals (Hopkinton, MA, USA), Bachem (Saffron Walden, Essex, 

UK) and Research Biochemicals International (Natick, MA, USA). Human 

recombinant apoE isoforms E2, E3 and E4 were purchased from Calbiochem 

(Calbiochem, La Jolla, CA) and were lyophilised immediately upon receipt. All 

peptides were stored lyophilised at -85°C.

2.2.2. Lipoprotein Preparation. 

2.2.2a. Isolation of Lipoproteins.

Lipoprotein isolation was achieved using sequential density gradient 

ultracentrifugation according to a modified version of the method of Hatch and Lees 

(Hatch and Lees, 1968). Antecubital venous blood samples were taken from fasted 

healthy volunteers via a 2 1 -gauge butterfly needle into tubes containing 1 volume of 

10% w/v EDTA (tetrasodium salt) per 99 volumes of blood. Plasma was obtained by 

centrifugation of whole blood at 1600 x g for 2 0  minutes at room temperature and the 

density adjusted to p = 1.063 with a high density salt solution (2.618 mol.l'  ̂ NaCl, 

2.975 mol.r^ KBr, 0.1% w/y ÇDXA, p = 1.325) according to the following equation:

V2  = Vi(( Dreqd - Di)/(D2  - Di) where:

V2  = volume of high density solution to be added
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V1 = initial volume of plasma 

Di = initial density of plasma 

D% = density of high density solution 

Dreqd = fual deusity required.

8ml aliquots of density adjusted plasma were then pipetted into 14ml cellulose nitrate 

centrifuge tubes and a gradient formed by carefully layering 3 ml of salt solution p = 

1.063 (prepared by addition of 0.9% NaCl, 0.1% EDTA salt solution, p = 1.006, to 

the high density salt solution p = L325) above the plasma, followed by 3ml of salt 

solution p = ] .006. Samples were then centrifuged at 166,000 x gaverage for 18 hours in 

a Europa 55M ultracentrifiige fitted with a Kontron TST41.14 swing bucket rotor at 

16°C with the brake turned off Following centrifugation VLDL was carefully 

aspirated from the top of the tube (air: L006 interface) and LDL was removed from 

the lower 1.006:1.063 interface. The densities of the VLDL and LDL fractions were 

re-adjusted with the high density salt solution to p = 1.01 and p = 1.063 respectively 

and the isolated fractions then stored under nitrogen at 4°C until fiirther purification.

The remaining infranatant was pooled and the density adjusted to p = 1.22 with high- 

density salt solution. The density adjusted infranatant was then re-loaded into 14ml 

centrifuge tubes, carefully overlayed to the top of the tube with salt solution p = 1.21 

(prepared as for p = 1.063 salt solution) and centrifuged at 166,000 x gaverage for 40 

hours at 16°C. Total HDL was removed in a minimal volume from the top of the tube 

(air : 1.21 interface) and stored until fiirther treatment.
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The inclusion of an additional centrifugation step for the isolation of VLDL 

and LDL was employed to produce concentrated and highly purified lipoprotein 

classes. Density adjusted VLDL (p  = 1.01) was added to a single centrifuge tube and 

the solution overlayed with salt solution p = 1.006 to the top of the tube. Likewise, 

density adjusted LDL (p  = 1.063) was added to a single tube and a gradient formed 

by the addition of 2-3ml of salt solution p = 1.063, followed by addition of 2-3ml of 

salt solution p = 1.006. Samples were again centrifuged for 18 hours at 166,000 x 

gaverage and onco Completed the isolated fractions were removed in a minimal volume.

This additional centrifugation step was not deemed necessary for the HDL fi-action as 

other possible contaminating lipoproteins had been removed prior to its isolation. 

Each isolated lipoprotein fraction was then divided into two equal volumes, pipetted 

into separate dialysis sacs and dialysed extensively against 0.9% w/v NaCl at 4°C in 

the dark with continuous stirring.

2,2,2b, Oxidation of lipoproteins.

Oxidised lipoproteins were prepared by further dialysis against 0.9% w/v NaCl 

containing l|.iM FeS0 4  (added from a freshly prepared ImM FeSÜ4  solution in 0.9% 

w/v NaCl) for 72 hours at 4°C according to the method of Kosugi et al (Kosugi et al, 

1987). The dialysis buffer was changed three times during this period at 24 hour 

intervals and was kept in complete darkness. Oxidation was stopped after 72 hours by 

dialysis against 240pmol.l'^ EDTA in 0.9% w/v NaCl. Native lipoproteins were 

dialysed against the same EDTA/saline solution throughout the oxidation period.
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Finally both native and oxidised lipoproteins were dialysed against 0.9% saline and 

then sterilised by filtration (0.2pm) before characterisation.

2.2.3. Characterisation of lipoproteins.

2.2.3a. Protein measurement.

Protein concentrations in isolated lipoprotein fractions were determined 

according to the method of Wang and Smith (Wang and Smith, 1975) using bovine 

serum albumin as a standard. Specifically, 1ml aliquots of a protein solubilising 

reagent (prepared by addition of 1ml of 1% w/v CuS0 4  to 1ml of 2% w/v sodium 

potassium tartrate, followed by addition of 100ml of 2% w/v sodium carbonate in 0.1 

mol.r^ NaOH) were added to aliquots of lipoprotein samples or standard (lOpl), the 

samples vortexed and allowed to incubate at room temperature for 15 minutes. 1ml of 

10% w/v SDS was then added to each sample followed by the addition of lOOpl of 

50% v/v Folin phenol reagent and the samples vortexed immediately. Afrer additional 

incubation at room temperature for 45 minutes, samples were assayed 

spectrophotometrically at 700nm using a Shimadzu UV-240 spectrophotometer. All 

measurements were performed in triplicate and the mean value taken.

2.2.3b. Total cholesterol and triglyceride measurements.

Total cholesterol concentrations in isolated lipoprotein fractions were 

determined according to the CHOD-PAP method with the use of an enzymatic test 

reagent (Infinity™ cholesterol test reagent. Sigma Diagnostics). Aliquots of 

lipoprotein sample (lOjil) were mixed with 1ml of enzyme reagent, the resultant
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mixture incubated at room temperature for 20 minutes and then assayed 

spectrophotometrically at 500nm. Triplicate determinations were made and the 

average value taken.

Triglyceride concentrations were also determined enzymatically by the GPO- 

PAP method, also with the aid of an enzymatic test kit (Infinity™ triglyceride reagent, 

Sigma Diagnostics). Triglyceride measurements were performed in the same way as 

for total cholesterol estimations with the exception of samples being read at 520nm 

instead of 500nm.

2.2.3c. Free cholesterol measurement.

Determination of free cholesterol concentrations in lipoprotein samples was 

achieved by enzymatic means according to the method of Trinder (Trinder, 1969). 

Lipoprotein samples (lOpl) were mixed with 1ml of enzyme assay reagent (SOmmol.f  ̂

NaH2P0 4 , O.lTmmol.r^ polyethylene glycol 6000, Smmol.l’̂  EDTA, 0.025% v/v 

Triton XI00, Immol.r^ aminoantipyrine, lOmmol.I'  ̂ dichloro-2- 

hydroxybenzenesulphonic acid, SOU.l'  ̂ cholesterol oxidase, 30 OOOU.l'̂  peroxidase, 

adjusted to pH 7.4 with NaOH) and the resultant mixture incubated at 37°C for 15 

minutes. Samples were then assayed spectrophotometrically at 510nm with each 

measurement being determined in triplicate and the average taken.

2.2.3d. Phospholipid measurement.

Phospholipid concentrations in isolated lipoprotein fractions were determined 

according to the method of Trinder et al (Trinder et al, 1969) with the use of an
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enzymatic test reagent (Boehringer Mannheim). Aliquots of isolated lipoprotein 

(lOpl) were mixed with 1ml of enzyme assay reagent and the samples then incubated 

at room temperature for 20 minutes. Samples were then assayed at 500nm in triplicate 

and the mean value taken.

2.2.3e. Assay for thiobarbituric-acid reactive substances.

Peroxidation products in lipoprotein samples were determined by using a 

modification of the method of Schuh et al (Schuh et al, 1978). Briefly, 0.6ml of 25% 

w/v trichloroacetic acid was added to lOOpl of each isolated lipoprotein fraction or 

lOOpl distilled water to act as a control. Following this precipitation, 0.6ml of 0.75% 

thiobarbituric acid was added and the samples incubated in a water bath at 95°C for 

45 minutes. The fractions were then allowed to cool and subsequently centrifuged at 

1600 X g for 5 minutes. The supernatant was then assayed spectrophotometrically at 

532nm and the absorbance units converted to molar units using the molar extinction 

coefficient 1.56 x 10̂  mol'^l.cm'^ with control values being subtracted each time.

2.2.3f. Conjugated diene determination.

Detection of conjugated dienes was achieved by second derivative ultraviolet 

spectroscopy according to the method of Corongiu and Banni (Corongiu and Banni, 

1994). Lipids were extracted fi’om lipoprotein samples (lOOpl) with 10ml of 

chloroform-methanol (2:1), the samples gently mixed at room temperature for 10 

minutes and the phases then separated by centrifiigation at 1600 x g for 5 minutes.

The upper phase was removed along with any precipitated protein at the phase
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junction and the Jower phase then re-extracted with 1 .2 m] of chJoroform-methanoJ- 

saline equilibrium solution (45:45:3). The samples were again centrifuged at 1600 x g 

for 5 minutes, the upper phase aspirated away and the fractions then dried under 

nitrogen at 60°C. The isolated lipid was then redissolved in cyclohexane (2ml) and the 

second derivative UV absorption spectnim taken between 212 and 300nm using 

cyclohexane as a blank. Peak heights at 233 and 242nm, representing trans-trans and 

cis-trans conjugated dienes respectively, were measured and added together. The 

concentration of conjugated dienes in the sample was then determined with reference 

to a standard curve previously prepared from a sample of (±) 9- 

hydroxyoctadecadienoic acid (MODE), a highly purified (>99%), peroxidised 

polyunsaturated fatty acid.

2.2.3g. Agarose gel electrophoresis.

Electrophoretic mobilities of native and oxidised lipoprotein fractions were 

determined by one-dimensional agarose gel electrophoresis using an LKB Bromma 

2117 multiphor electrophoresis system attached to an LKB Bromma 2197 power 

supply. Lipoprotein samples (3 pi) were applied to pre-made, 0.5% agarose gels 

(Paragon® Lipo Gel, Beckman Coulter, CA, USA) and the gels then incubated at 

room temperature for 5 minutes to allow sample diffusion. Following removal of 

excess sample with blotting paper, gels were then electrophoresed in barbital buffer 

(50mmol.r^ sodium barbital, 10 mmol.l'^ barbital) at lOOV for 1 hour. Upon 

completion of electrophoresis, gels were placed into fixative solution (60% v/v 

ethanol, 30% v/v H 2 O and 10% v/v glacial acetic acid) for 5 minutes, dried and then
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Stained with Sudan Black B stain (made up by addition of 3ml of 7% w/w Sudan 

Black B stain to 300ml of 55% v/v ethanoJ), Gels were then destained thoroughly in 

45% v/v ethanol, dried and the electrophoretic mobility of lipoprotein samples 

evaluated visually.

2.2.4. Thioflavin T fluorescence spectroscopy.

Amyloid fibril formation was quantitatively evaluated by thiofiavin T (Th-T) 

fluorescence spectroscopy using a modification of the method of Naiki et al (Naiki et 

al  ̂ 1989). Lyophilised APi-4 0  peptide was solubilised in double distilled, deionised 

water at a concentration of 6mg.ml'  ̂ and aliquots then dispensed into oil-free plastic 

screw-top tubes. The peptide samples were then diluted with phosphate buffered 

saline (20mM sodium phosphate, 0.9% w/v NaCl, pH 7.4) to a final concentration of 

lmg.ml'\ the tubes vortexed and samples then incubated at 37°C over a 5 day period.

An equal volume of buffer was also incubated to act as a control.

In order to evaluate the influence of apolipoprotein E upon beta-amyloid 

polymerisation, soluble A|3i^ was incubated in the presence of human recombinant 

apoE isoforms E2, E3 and E4 (Calbiochem, La Jolla, CA). Lyophilised apoE was first 

solubilised in double-distilled, deionised water at a concentration of O.Smg.ml'  ̂ and 

then diluted with PBS, pH 7.4 to form a stock solution at 0.25mg.ml'\ Aliquots of 

each apoE isoform were then added to fi'eshly solubilised A(3wo (6mg.ml‘̂ ) and the 

subsequent mixture diluted with PBS, pH 7.4 in order to obtain final concentrations of 

apoE and A(3mo at O.lmg.ml'^ and Img.ml'^ respectively. All samples were
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immediately vortexed and then incubated at 37°C for 5 days. Each isoform of apoE 

was also incubated alone for controls.

The influence of native and oxidised lipoproteins upon beta-amyloid 

polymerisation was also investigated by coincubation of A|3i_4o with isolated 

lipoprotein fractions. Native and oxidised lipoproteins were diluted with sterile filtered 

PBS, pH 7.4 and added to freshly solubilised APi-4 0  (Img.ml'^ final concentration) to 

yield routinely final protein concentrations of VLDL at 0.2mg.ml'% LDL at 2mg.ml'^ 

and HDL at 1.4 - 2mg.ml'\ All samples were mixed thoroughly and incubated under 

identical conditions to those described above. Each lipoprotein fraction was also 

incubated alone to act as controls.

Following incubation at 37°C for specific time intervals (0, 3, 6, 12, 24, 48,

72, 96 and 120 hours), 20j.il aliquots of each incubation were taken and subjected to 

ThT fluorescence spectroscopy. Preliminary experiments established the optimal assay 

conditions with respect to ThT concentration, excitation/emission maxima, and buffer 

pH for fibrillar Agwo alone, i.e. 2jj.mol l'̂  ThT, 425nm/480nm excitation/emission 

maxima and SOmmol.f  ̂ glycine, pH 8.75 (See appendices 1-4). Subsequently, 

therefore, all incubation aliquots were added to SOmmol.l'  ̂ glycine, pH 8.75 / 

2pmol.r^ ThT in a final volume of 2ml, and the fluorescence measured at excitation 

425nm and emission 480nm in a Perkin Elmer LS50B fluorescence spectrophotometer 

with excitation and emission bandpass shts set at 5 and lOnm respectively. For each 

sample, three 20-second time scan measurements were taken and averaged after 

subtraction of the values for control incubations. Fluorescence of Th-T in these
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incubations was stable for at least 1 hour and therefore all measurements were made 

within 30 minutes of addition of the sample to the reaction mixture.

2.2.5. Congo red spectrophotometry.

Amyloid fibril formation was also quantitatively assessed using Congo red 

spectrophotometry. Lyophilised A pi^  peptide was dissolved in double-distilled 

deionised water at a concentration of 6mg.ml‘̂  and then incubated at 37°C for 0, 24,

48, 72, 96 and 120 hours. Aliquots of A|3i-4o (17pl) were taken at the indicated 

intervals and incubated at room temperature for 1 hour with 483 pi of Congo Red dye 

solution (Sigma Chemical Co. Ltd, Poole,UK) at a final concentration of 7pmol.l'^ 

which had been made up in a phosphate buffered saline solution (lOmmol.f^ 

K2HPO4/KH2 PO4 , 140mmol.r^ NaCl, 0.02% NaNa, pH 7.4). Spectrophotometric 

measurements were collected from 700 to 300nm for the peptide containing samples 

with the fi"ee dye as a blank using a Shimadzu UV 240 spectrophotometer and quartz 

cuvettes with a 1cm light path.

2.3. Platelet aggregatory responses to Ap peptides.

2.3.1. Isolation and preparation of gel-filtered hnman platelets.

Antecubital venous blood samples were collected from healthy volunteers via 

a 21-gauge butterfly needle into tubes containing 1 part acid citrate dextrose (0.8% 

w/v citric acid, 2.2% w/v trisodium citrate, 2.4% w/v glucose) per 9 volumes of 

blood. PRP was prepared by centrifugation of whole blood at 300 x g for 10 minutes 

at room temperature and the pH adjusted to 6.0 with Immol.l citric acid, the effect
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of which is to prevent fibrinogen from binding to its receptor. The platelets were then 

allowed to equilibrate for 10 minutes at room temperature before separation on a 

Sepharose CL-2B column.

Prior to platelet separation, filtration columns were prepared as follows. Glass 

columns (100ml) were treated with concentrated nitric acid overnight, washed 

thoroughly with double-distilled, deionised water and then dried in an oven at 200°C. 

After being allowed to cool to room temperature, columns were siliconised with 

Repelcote solution (Hopkin & William Ltd., Essex, LJK), dried and once again 

allowed to cool. Sepharose CL-2B gel (Sigma Chemical Co. Ltd, Poole, LJK), which 

had been prepared for use by thorough washing with 0.9% saline, was poured into the 

columns and allowed to pack by gravity flow to a height of approximately 15 cm The 

columns were then washed further with approximately 1 litre of 0.9% saline followed 

by equilibration with 250ml of HEPES elution buffer (lOmmol.l HEPES, pH 7.3, 

MOmmol.l NaCl, 2.7 mmol.l'  ̂ KCl, 2.4mmol.l NaH2P0 4 , 5mmol.l glucose, 

Img.ml'^ bovine serum albumin) with the surface of the buffer layer lying just above 

the surface of the sepharose gel.

Following platelet equilibration, PRP was carefiilly layered onto the gel 

surface and an additional 5-10ml of medium layered above the PRP. The column was 

then connected to a buffer reservoir via a Pharmacia LKB flow pump (Pharmacia, 

UK) set at a flow rate of 5ml.min'  ̂and to a UV Eluent monitor at 280nm (Pharmacia, 

UK) linked to a Servoscribe chart recorder, which monitored the protein content of 

the column effluent. When noticeable increases in UV-280 absorbance occurred, the 

UV optical unit was disconnected from the column and fractions of gel filtered
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platelets collected directly into plastic tubes. The fractions containing the highest 

concentration of platelets, as evidenced by visual observation of the opacity of the 

column effluent, were pooled, and the platelet count determined using a model STKS 

Coulter counter (Coulter Electronics Inc., Hialeah, FI., U.S.A.). The platelet count 

was then adjusted to 200 x 10̂  platelets 1'̂  and CaCh and MgCb added to the platelet 

suspension from IM stock solutions to give final concentrations of lmmol l'\ Gel 

fUtered platelets were used immediately after collection, and experimental procedures 

were completed within 60 minutes of chromatography in order to avoid the variability 

in platelet responses reported to occur after the first hour of collection of platelets 

using this method (Bennett and Vilaire, 1979; Hantgan, 1984). The responsiveness of 

platelet suspensions to ADP during this period remained constant.

2.3.2. Preparation of AP peptides.

Synthetic A Pi^ corresponding to residues 672 to 711 of the P-amyloid 

precursor protein (PAPP) was purchased from Sigma (Poole, Dorset, UK), Quality 

Controlled Biochemicals (Hopkinton, MA, USA) and Bachem (Saffron Walden, 

Essex, UK). The peptide was stored lyophihsed at -85°C until ready for use. 

Immediately prior to use, the peptide was solubilised in sterile distilled/deionised 

water at a concentration of 6mg ml'  ̂and then adjusted with phosphate buffered saline, 

pH 7.4, to Img ml'\ Fibrillar APwo was generated by incubation of the diluted soluble 

peptide at 37°C for 120 hours.
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2.3.3. Preparation of fibrinogen soJution.

Fibrinogen (~150mg) (Sigma chemical Co. Ltd., U.K.) was suspended in 

double distilled, deionised water (10ml) and dialysed extensively against a HEPES 

buffered saline solution (lOmmol.1-1 HEPES, 140mmol.l-l NaCl, 2.7mmol.l-l KCl) 

with continuous stirring at 4°C. The protein concentration in the fibrinogen solution 

was measured by the Folin-phenol method (Lowry et al̂  1951) and then adjusted with 

HEPES buffered saline to 8mg.ml'\

2.3.4. Platelet incubation and aggregation.

400|il aliquots of gel filtered platelets were preincubated for 2 minutes with 

stirring at 37°C in a Payton-dual channel aggregometer. Fibrinogen was then added to 

platelet suspensions (final concentration, 200pg ml' )̂ and stirring continued for 

another 1 minute. Adenosine diphosphate (ADP) (Sigma Chemical Co. Ltd., Poole, 

UK) was added in lOpl aliquots to give final concentrations in the platelet suspension 

of 0.5, 1, 2, 5 and lOpmol.l'^ and the incubation then maintained for a further 4 

minutes. In order to examine whether AP1 .4 0  potentiates ADP induced platelet 

aggregation, soluble or fibrillar APmo at 0.1, 1 and lOpmol.l'  ̂ were added together 

with a sub-maximal dose of ADP (Ipmol.f^), and responses compared to those 

obtained for this concentration of ADP alone. In separate incubations, the platelet 

aggregatory responses to A pi^  alone were determined by addition of soluble or 

fibrillar A P i^  at concentrations up to 40pg.ml'^ in the presence or absence of
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fibrinogen. Fibrillar collagen (Hormon Chemie, Munich, Germany) at 25|ig.ml'^ was 

also added to platelet suspensions to establish maximal levels of 5-HT release.

The influence of native and oxidised plasma lipoproteins and of coincubations 

of lipoproteins with soluble or fibrillar AJ3i^ were also examined for their effects 

upon ADP induced platelet aggregation. Native and oxidised lipoproteins were diluted 

with sterile filtered PBS, pH 7.4 and added to fi'eshly solubilised Api- 4 0  to yield final 

protein concentrations for VLDL, LDL and HDL of lmg.ml'% 4mg.ml’̂  and 4mg.mf^ 

respectively and final concentrations for A Pi^ of 0, 4, 40 and 400pmol.l'\ A lOpl 

addition of each of these incubations to 400pl of platelets therefore yielded final 

protein concentrations in the platelet suspension for VLDL, LDL and HDL of 

25p.g.ml'% lOOpg.ml'  ̂and lOOpg.ml'  ̂ respectively and concentrations for APi.4 0  of 0,

0.1, 1 or 10pmol.l'\ Following lipoprotein/ Apwo preparation, samples were 

immediately vortexed and then added instantly to platelet suspensions or preincubated 

for 5 days at 37°C prior to addition. Each lipoprotein fraction was also incubated 

alone to act as controls. After incubation, gel-filtered platelet samples were 

centrifuged to sediment the platelets and the supernatants fi'ozen at -85°C until the 

time of analysis for 5-HT.

Platelet aggregation was expressed as % light transmission according to the 

method of Bom and Cross (Bom and Cross, 1963), with 0% and 100% representing 

the transmission recorded for the unstimulated platelet suspension and the HEPES 

platelet resuspension buffer respectively. The change in light transmission during 

aggregation was recorded on a Rikadenki chart recorder set at 120cm hr'  ̂ and the

97



Chapter 2: Materials and Methods.

maximal extents and initial rates of aggregation were determined from these 

recordings.

2.3.5. Determination of 5-HT

Supernatant 5-HT was determined by HPLC with electrochemical detection 

(Smith, C.C.T., 1996). Supernatant samples (125pi) were mixed with normal saline 

(875pi) followed by the addition of 100 pmol (lOpl) n-acetyl-5-HT internal standard, 

pH 7.4, treated with perchloric acid (final concentration, 400mmol 1'̂ ) and 

centrifiiged. Supernatants were then injected onto the chromatographic system which 

consisted of a Waters Model 510 pump (Waters Ltd, Watford, UK), a SPEC AC 

Model 34 000 injection valve fitted with a lOOpl loop (Analytical Accessories Ltd, 

Orpington, Kent, UK) and a Spherisorb S3 ODS2  analytical column (Phase 

Separations Ltd, Deeside, Clwyd, UK). Separation was achieved using an isocratic 

solvent consisting of an acetate-citrate buffer containing EDTA (3mmol.l'^) and 

17.5% methanol (Mefford, 1981). A flow rate of 0.6ml min'  ̂ was maintained and 

detection of 5-HT achieved using an EDT Research electrochemical detector (EDT 

Instruments Ltd, Dover, Kent, UK).

2.4. Endothelial cell culture.

Primary human aortic endothelial cells (HAEC), endothelial cell culture media 

and all other culture reagents were obtained from TCS Biologicals Ltd. (Buckingham, 

UK). The primary HAEC tested positive for von Willebrand’s factor, uptake of the
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reagent Dil-Ac-LDL and negative for smooth muscle a-actin as described by the 

manufacturer. Cryopreserved cells were removed from liquid nitrogen storage, 

transferred to a 37°C waterbath and warmed for several minutes until thawed. The 

cell vial was then moved to a sterile field and the cell suspension dispersed by gentle 

pipetting. The cells were then plated at a density of 2500 cells.cm'^ into 175cm  ̂flasks 

containing CO2  and temperature equilibrated large vessel endothelial cell growth 

medium (consisting of large vessel endothelial cell basal medium supplemented with 

Ipg.ml'^ hydrocortisone, lOng.ml'  ̂ human epidermal growth factor, human fibroblast 

growth factor with heparin, 2% v/v foetal bovine serum, SOjig.ml'* gentamicin and 

SOng.ml'  ̂ amphotericin B) and then incubated at 37°C in a humidified 5% - 95% CO2  

- air atmosphere. The culture medium was renewed the following day and from then 

on every other day until cultures reached 60 - 80% confluency (7-10 days). The cells 

were then detached by treatment with 0.025% trypsin/0.01% EDTA for 3 minutes, an 

equal volume of trypsin blocking solution added to the cell suspension and the cells 

then transferred to a centrifuge tube. The cell culture flask was then washed with a 

buffered saline rinsing solution to collect residual cells and the resultant cell 

suspension added to the centrifuge tube. Harvested cells were collected by 

centrifugation at 220 x g for 5 minutes, the supernatant removed and the cells gently 

mixed with 2ml of fresh medium. The cells were counted using a haemocytometer and 

the density of the cell suspension adjusted to 6 x 10"̂  cells.ml'  ̂ with fresh mçdium. 

Cells were then seeded into flat-bottqq^e<i 4^-well plates at a density of 3 x 10"̂  

cells/5OOpl media per well and experimental treatments performed the following day.

Any remaining cells were reseeded into 175cm  ̂flasks and grown as described above.
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The manufacturer's instructions recommend use of the cells within 3 passages, during 

which time the cells still express characteristic markers, and so cells in all experiments 

were used between the 1st and 4th passage.

2.4.1. Experimental treatment.

Lyophilised A pi^ peptide was solubilised in sterile filtered (0.2pm), distilled 

and deionised water at a concentration of 6 mg.ml‘̂  then dispensed into oil-free plastic 

screw-top tubes. The peptide sample was then diluted with sterile filtered phosphate 

buffered saline (20mM sodium phosphate, 0.9% w/v NaCl, pH 7.4) to a final 

concentration of Img.ml'^ and the tube vortexed. For treatment of cells with soluble 

peptide, APi- 4 0  was added immediately to CO2 and temperature equilibrated complete 

media and serial dilutions made to achieve concentrations of 32,16, 8, 4 ,2 , 1, 0.5, 

0.25, 0.1, 0.05, 0.01, 0.001, 0.0001 and 0.00001 pmol l '\ Fibrillar Apwo was 

generated by incubation of the soluble peptide at the above concentrations at 37°C for 

120 hours before addition to complete culture media. The influence of coincubations 

of native and oxidised plasma lipoproteins with soluble or fibrillar A|3i_4o were also 

examined for their effects upon endothelial function and cell viability. Soluble Api. 4 0  

was added to CO2  and temperature equilibrated complete media to achieve final 

protein concentrations as indicated above. Native and oxidised lipoproteins were then 

diluted with sterile filtered PBS, pH 7.4, sterilised by filtration using a 0.2pm 

Acrodisc© syringe filter (Pall Corporation, MI, USA) and added to the Api.4 0  

containing complete media to give final protein concentrations for VLDL, LDL and 

HDL of 25pg.ml'% lOOpg.ml'  ̂ and lOOpg.ml'  ̂ respectively. Alternatively, in order to

100



Chapter 2: Materials and Methods.

assess the influence of lipoprotein/ fibrillar APi- 4 0  preparations upon endothelial 

function, native and oxidised lipoproteins were preincubated with soluble APi-4 0  for 5 

days at 37°C such that a 20pl addition of each incubation to 230j.il of complete 

culture media resulted in identical lipoprotein/APi- 4 0  concentrations to those described 

for the soluble peptide above Each lipoprotein fraction was aJso incubated alone to 

act as controls. For all conditions, serum containing culture maintenance media was 

then aspirated from each of the wells and replaced with 0.25ml of hpoprotein/Ap 1 .4 0  

containing complete media. Cell treatments were maintained for 24 hours after which 

time 50pl of culture media was removed from each well and frozen at -85°C until 

time for analysis of lactate dehydrogenase activity. All treatments were performed in 

triplicate and a minimum of three times for each assay of endothelial function and 

viability.

2,4,2, Cell viability assays,

2.4.2a, Trypan blue exclusion.

For approximate quantification of Aj3 i-4o toxicity on HAEC, trypan blue 

exclusion was performed using a modification of the method of Behl et al (Behl et al„ 

1.994). Following treatment of HAEC cultures with soluble or fibrillar APi^w, trypan 

blue dye (Sigma Chemical Co. Ltd., Poole, UK) was added directly to 48 well plates 

at a final concentration of Q. 1 2 % v/y, the oqlfyrç dish gei^ly ^h l̂ççn and then ajlowed 

to incubate at room teqip r̂ f̂VT  ̂ftv 15 minutes to allow diffusion of the dye into non- 

viable cells. Trypan blue containing medium was then aspirated and replaced with
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complete medium and cultures then viewed under low view magnification with the 

number of viable cells per unit area calculated as follows;

Cell Viability (%) = Number of unstained Hivinsi cells x 100%

Total cells counted (stained + unstained)

Three separate areas were counted per well and the mean value taken. Areas 

equivalent to those containing ~ 500 cells were assayed.

2.4.2b. MTT assay.

Cell viability was also assessed using the MTT (3-(4,5-dimethylthiazole-2yl)- 

2,5-diphenyl tétrazolium bromide) reduction assay according to the method of Hansen 

et a] (Hansen et al, 1989). MTT (Sigma Chemical Co. Ltd, Poole, UK) was dissolved 

in PBS, pH 7.4 at a concentration of 6mg.mf* and then sterile filtered (0.2pm) to 

remove small amounts of insoluble residue. Following treatment of cells with AP1.4 0 , 

40pl of MTT solution was added to each well (Img.ml'^ final concentration) and 

cultures then incubated at 37°C for 4 hours. Subsequently 160pl of lysis buffer (20% 

w/v SDS, 50%v/v dimethylformamide, pH 4.8) was added to each well followed by 

overnight incubation in the dark at 37°C. The following day lOOpl of each incubation 

was added to a 96 well plate and absorbance values determined at 570nm with 

background correction at 630nm using a BMG Fluostar Galaxy microplate reader 

(BMG Lab Technologies, Offenburg, Germany). Results were expressed as a 

percentage of control cultures.
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2.4.2c. Lactate dehydrogenase release.

LDH activity rneasurernetits were performed with minor modifications of an 

established method (Amador et aĴ  1963), Following cell treatment, 50pl of cell 

culture media was transferred to a 96-well microplate, and diluted with 150jil of LDH 

assay reagent (Sigma Chemical Co. Ltd., Poole, UK). After thorough mixing, 

absorbance values were taken at 340nm over a 30 minute period at 60 second 

intervals using a BMG Fluostar Galaxy microplate reader (BMG Lab Technologies, 

Offenburg, Germany). All measurements were performed at 37°C with untreated 

cultures and cultures treated with triton X-100 (0.1% final concentration) 

representing 0 and 100% values respectively. Results were thus expressed as a 

percentage of control cultures.

2.4.3. Proteasome activity assay.

Fluorescence based determination of proteasome activity was performed with 

modifications of a method described by Qiu et al (2000). Following experimental 

treatments, human aortic endothelial cells were lysed in proteasome buffer (lOmmol.f^ 

Tris-HCl, pH 7.4, Immol.l'^ EDTA, 2mmol.l'  ̂ ATP, 20% v/v glycerol, 4mmol.f^ 

dithiothreitol) (Figueiredo-Pereira et a/, 1994) with repeated pipetting. 5Opt aliquots 

of cell extract were then added to 140pl of proteasome activity assay buffer 

(SOmmol.r^ Tris-HCl, pH 7.4, O.Smmol.f  ̂ EDTA) in a 96 well microplate and the 

plate equilibrated at 37°C for 15 minutes. Reactions were started by addition of lOpl 

of the fluorescent substrate for chymotrypsin-like proteasome activity (Suc-Leu-Leu- 

Val-Tyr-4-methyl- coumaryl-7-amide, Alexis Biochemicals,UK) which had been

103



Chapter 2: Materials and Methods.

prepared by dissolution in ] 0% DMSO. The cell extract, proteasome assay buifer and 

substrate were in a final volume of 200|il and the final concentration of substrate was 

250pmol.r\ Hydrolysis of substrate was measured at excitation and emission 

wavelengths of 380nm and 460nm respectively, using a BMG Fluostar Galaxy 

microplate reader (BMG Lab Technologies, Offenburg, Germany). Readings were 

taken immediately after addition of substrate to the reaction mixture and subsequently 

every five minutes over a two-hour period, with shaking of the microplate before each 

reading. All readings were standardised with reference to the fluorescence intensity of 

an equal volume of free 7-amino-4-methyl-coumarin (AMC) solution (Sigma 

Chemical Co. Ltd., Poole, UK). Identical incubations in the presence of lactacystin 

(final concentration, 200pmol.f% Alexis Biochemicals, UK), a specific inhibitor of 

proteasome activity, were also established to account for non-specific hydrolysis 

reactions. Values obtained for inhibited samples were subtracted fi’om uninhibited 

samples before reference to the standard curve. The separate addition of either cell 

extract, substrate or lactacystin to free AMC had negligible effects upon fluorescence 

intensities, indicating that only minor fluorescence quenching reactions may have 

occurred in reaction mixtures. Results were taken fi'om 4-6 independent experiments.

2.5. Rat aorta vasoactivity.

2.5. L Tissue preparation

Freshly dissected aortae were prepared fi'om normal, adult male Wistar rats 

(Charles Rivers Ltd., UK) that were approximately 350g in weight. Animals were
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anaesthetised with sodium pentobarbitone (Sagatal, RMG Animals Health, Essex,

UK) 15 minutes before sacrifice and then exsanguinated. The descending thoracic 

aorta was quickly removed, placed into a Kreb’s buffer on ice (133mmol l'̂  NaCl, 

4.7mmol.r^ KCl, 2.5mmol.r^ CaCl;, 24.8mmol.r^ NaHCOs, 1.2mmol.r^ MgS0 4 , 

1.2mmol.r* KH2PO4 , lOmmol.r^ glucose, pH 7.4), and then cleaned of all loosely 

adherent connective tissue. From each aorta, 4-5mm wide rings were prepared and 

mounted between two tungsten wire hooks in 10ml organ baths containing Krebs 

buffer. Hooks were connected via silk thread to a Grass FT03C pressure transducer 

linked to a MacLab system (Apple Mackintosh), and isometric responses recorded in 

this manner. The bath temperature was maintained at 37°C and aerated with 95% O2  

and 5% CO2  Each preparation was allowed to equilibrate for 1 hour under a resting 

tension of Ig, with the buffer being replaced every 15 minutes during this period.

2.5.2. Experimental treatment.

Following tissue equilibration, aortic ring viability was established by testing 

contraction to noradrenaline (NA) and relaxation to acetylcholine. After this 

treatment, vessels were immediately washed three times with Krebs buffer and 

allowed to equilibrate for a further 1 hour, with the Kreb’s buffer in the organ baths 

being replaced every 15 minutes during this period.

After establishing vessel viability and following the tissue washout and 

equilibration phase outlined above, the aortic rings were incubated with saline 

(control) or in the presence of AP for 15 minutes before determining contraction to a 

range of NA concentrations (10'^, 5 x 10' ,̂ 10'*, 5 x 10'*, 10'\ 5 x 10'  ̂ and 10'^
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mol.r^). For NA-induced contractile responses the next concentration of agonist was 

added to the organ bath once the response obtained with the previous concentration 

had plateaued. Aj3 treatment in all experiments involved the use of A]3i-4o peptide that 

was either freshly solubilized or in a fibrillar state, the fibrillar state being generated by 

preincubation of Aj3i^ alone or A|3i_4o in the presence of native or oxidised LDL for 

72 hours. In all cases, peptide was added to the organ bath in 10j.il aliquots to 

achieve final concentrations for soluble peptide of 1 or Spmol.f^ and Ipmol.l'^ for 

fibrillar A Pi^ preparations (stock solution 1000 x concentrated). For control 

incubations lOjil of saline was added to organ baths or lOpl of native or oxidised 

LDL at identical concentrations to those preparations where Ag was included. The 

final protein concentrations of LDL used in these experiments were between 2- 

3pg.ml'\ Results are expressed as mean ± SEM and are representative of at least 

three separate experiments.

2.6. Statistical Analysis.

The results in all studies presented in this thesis are expressed as means ± 

standard error of means (SEM).

The statistical significance of the differences measured between control and 

treated samples were assessed by the Student’s t-test for both paired and unpaired 

data or by analysis of variance (ANOVA) for multiple comparisons with Bonferoni 

correction. The linearity of the performed regression and correlation analyses was

106



Chapter 2: Materials and Methods.

confirmed with runs test. ANOVA, correlation analyses. Student’s t-test and 

regression analyses were all performed using Microsoft Excel (Microsoft Corporation, 

Redmond, WA .98052, USA),
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Chapter 3.

A comparison of platelet A|3 secretion in 

hypercholesterolaemic and normal individuals.
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3.1 Introduction.

The origins of the A|3 deposited in the AD brain are unclear. Data suggests 

however, that the circulation may be a significant source, particularly in relation to 

the cerebrovasculature (Roher et al, 1993c; Ida et al, 1996; Fukumoto et al, 1996).

Ap has been detected in plasma and platelets, these cells accounting for the majority 

of the AP peptide present in the circulation (Chen et al, 1995). Furthermore, it has 

also been reported that platelets fi'om normal individuals release significant amounts 

of AP upon activation (Smith, C.C.T., 1.997). Abnormalities associated with platelet 

activity may therefore be related to elevations in plasma concentrations of Ap. 

Hypercholesterolaemia is a condition associated with increased platelet activity and 

elevations in plasma concentrations of platelet factors. Since platelets release 

significant amounts of AP, individuals with hypercholesterolaemia may therefore be 

associated with an abnormal Ap status. This may have consequences for cerebral 

Ap deposition and ultimately senile dementia.

3.2 Aim of the Study.

The aim of the study presented in this chapter was to establish if 

hypercholesterolaemia is associated with elevations in plasma concentrations of AP 

and to assess whether platelet secretion of AP differs between hypercholesterolaemic 

and normal individuals.
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3.3 Study Design.

10 normocholesteroJaemic subjects (6 male, 4 female) aged 40 ± 11 years 

(mean ± SD) and 10 untreated hypercholesterolaemic individuals (5 male, 5 female) 

aged 52 ± 16 years were studied. All subjects had given informed consent and were 

normotensive. The mean ages of the two groups were not statistically different. All 

subjects were fasted overnight before blood sampling and had not taken aspirin or 

other platelet active drugs in the preceding two weeks.

PRP samples (1ml), prepared as described in chapter 2 (2.1.2), were 

stimulated by addition of increasing concentrations of collagen (0, 1.25, 2.5, 5, 10,

20, 40 and SOpg.ml'^) and the incubation maintained at 37°C for 10 minutes. 

Following incubation, platelets were sedimented by centrifugation and the 

supernatant samples assayed for Ap immunoreactivity using a competitive 

radioimmunoassay (see section 2.1.4).

Plasma lipid profiles, including total cholesterol, HDL cholesterol and 

triglycerides were determined as described in section 2,1.5. LDL cholesterol 

concentrations were calculated from these results using the Friedwald equation.
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3.4 Results.

3.4.1 Platelet Ap release.

A rabbit anti-serum specific to APi_4 o and Ap%_42 that shows no cross 

reactivity with other forms of Ap or its precursor was used to assay platelet 

releasates in this study. Collagen induced release of soluble AP by human platelets 

occurred in a concentration dependent manner in normal subjects and in 

hypercholesterolaemic patients (figure 3.1). Maximal Ap release in both subject 

groups was achieved with collagen concentrations of the order of 10pg.ml'\ Platelet 

release in hypercholesterolaemics, however, was significantly higher than for 

corresponding values in control subjects, with a comparison of the two groups by 

ANOVA giving a significance level of p<0.0001. Platelet release under resting 

conditions (Opg.ml’̂ ) was also increased in hypercholesterolaemic individuals 

(+75%, p<0.002). Calculation of the extents of release, i.e. the differences between 

unstimulated and stimulated efflux, revealed no statistically significant differences 

between hypercholesterolaemics and normals using ANOVA (p=0.056). With 10, 20 

and SOpg.ml'  ̂ collagen, however, the values obtained for hypercholesterolaemics 

exceeded corresponding values for normal subjects by 31%, 42% and 35% 

respectively. Collagen EC5 0  values did not differ significantly between the two 

groups and were 3.6 ± 0.6 and 3.0 ± 0.5 pg.ml'^ collagen for normals and 

hypercholesterolaemics respectively and were similar to previously published values 

(Smith, C.C.T., 1.997). The extents of AP release did not differ between males and 

females for either subject group.
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Figure 3.1. Collagen stimulated platelet release of Ap in normal and 

hypercholesterolaemic subjects. Platelet-rich plasma was pre-incubated at 37°C for 5 

min whereupon saline (control) or collagen (1.25-80pg.mr* final concentration) was added 

and incubation continued for 10 min. After incubation, platelets were sedimented by 

centrifugation and Ap release to the supernatants (pg/10* platelets) measured by 

radioimunoassay. Data are mean ± SEM for 10 normal subjects and 10 

hypercholesterolaemics Platelet Ap release for hypercholesterolaemic individuals was 

significantly different than for control subjects by ANOVA (p<0.0001), whereas extents o f  

release, i.e. stimulated minus un stimulated efflux, were non-significant (p=0.056).
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3.4.2 Plasma Lipids.

Plasma total cholesterol, LDL cholesterol and triglyceride concentrations 

were significantly increased in the hypercholesterolaemic group whilst HDL 

cholesterol concentrations were reduced (table 3.1).

Subjects Total Cholesterol 

(mmol.r^)

LDL Cholesterol 

(mmol.r*)

HDL Cholesterol 

(mmol.r^)

Triglyceride

(mmol.r^)

Normal 4.6+ 0.2 2.4 ±0.2 1.9±0.1 0.8 ±0.1

Hyperchol 9.2 ±0.7 ** 7.1 ±0.8 ** 1.3 ±0.1 * 1.8 ±0.3 *

* p<0.01, ** p<0.001. Data are presented as mean ± SEM

Table 3.1: Plasma lipid profiles in normal subjects and hypercholesterolaemics

Resting platelet Ap release correlated positively with plasma total cholesterol 

when the data for the normocholesterolaemic and hypercholesterolaemic groups were 

combined (r = 0.53, p<0.02) (figure 3.2a) and the data for the normal group plotted 

alone (r = 0.64, p<0.05) (figure 3.2b). Resting platelet Ap release also correlated 

positively with LDL cholesterol when the data for the normal and 

hypercholesterolaemic groups were combined (r = 0.5, p<0.05) (figure 3.2c).

Platelet counts were inversely related to resting APwo release (normals and 

hypercholesterolaemics, r = -0.78, p<0.001; hypercholesterolaemics, r = -0.83, 

p<0.01) (figure 3.3).
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Figure 3.2. Correlations between resting A(3 release and cholesterol or LDL.

Resting A(3 release (i.e. release determined for un stimulated PRP mcubated for 5 min at 

37°C) is plotted versus total plasma cholesterol with (a) the data for normal and 

hypercholesterolaemic (HC) groups combined, (b) the data for the normal group alone, (c) 

versus LDL with the data for the two groups combined. The heavy lines identify the lines o f  

best fit and the significance o f the positive correlations is indicated.
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Figure 3.3. Correlation between resting platelet A(3 release and platelet count.

The data for resting Ap release i.e. platelet-rich plasma treated with saline, are plotted versus 

the platelet counts for platelet rich plasma samples obtained using a Coulter counter.
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3.4 Discussion.

CVD and AD may share certain risk factors. AP tissue deposition, a feature 

of AD, has also been reported to be associated with CVD (Sparks et al, 1990). In a 

comparison of individuals with hypercholesterolaemia, a major cardiovascular risk 

factor, with normocholesterolaemic subjects, platelet release of AP was found to be 

substantially enhanced in hypercholesterolaemics which would result in increased 

plasma concentrations of Ap. Whilst plasma levels of Ap were not determined in this 

study, it would seem reasonable to assume that AP concentrations in unstimulated 

platelet suspensions (i.e. 0|ig.ml'^ collagen) closely reflect plasma concentrations, 

although this assumption requires further verification.

Increased platelet activity and elevations in the plasma concentrations of 

platelet factors are well documented in hypercholesterolaemia (Carvalho et al, 1974;

Zahavi et al, 1981; Tremoli et al, 1984a and 1984b). Such increases may have 

serious consequences for vessel tone and the development of vascular damage. The 

plasma concentrations of the vasoactive platelet dense granule constituent serotonin 

(5-HT), for example, are increased in hypercholesterolaemia (Smith and Betteridge,

1997) possibly due to alterations in platelet membrane fluidity (Yeagle, 1985) and 

impairment of active 5-HT uptake mechanisms (Guicheney et al, 1988). 

Interestingly, similar changes in platelet function also occur in AD, increased platelet 

activity (Sevush et al, 1998) and plasma 5-HT concentrations, reduced platelet 5-HT 

uptake and alterations in platelet membrane fluidity all having been observed 

(Inestrosa et al, 1993; Koren et al, 1993; Kumar et al, 1995a and 1995b; Swiderek et 

al, 1997).
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The platelet has been proposed as a model for the neuron and may provide an 

easily accessible system for studying neuronal mechanisms, including APP and A(3 

processing (Van Nostrand et al, 1990; Li et al, 1994). Platelets contain Ap and 

platelet activation markedly increases plasma Ap concentration (Chen et al, 1995;

Smith, C.C.T., 1997). Platelets may therefore be a source of the Ap deposited in AD 

and actively participate in its development, particularly with respect to Congophilic 

angiopathy (Hardy and Allsop, 1991). Studies in rat aorta and coronary artery 

together with bovine cerebral artery have shown that Ap induces vasoconstriction 

and endothelial damage with reduced vasorelaxant synthesis (nitric oxide) (Thomas 

et al, 1996; Suo et al, 1997; Sutton et al, 1997; Urmoneit et al, 1997; Crawford et al,

1998b). Thus in vivo increased platelet AP release resulting in elevated plasma 

concentrations of AP may lead to increased vascular AP deposition and cytotoxicity, 

particularly in vessels with pre-existing damage. Recently, plasma Ap concentrations 

were reported to be elevated in individuals with the presenilin 1 and 2, and APP 

mutations (Scheuner et al, 1996). A mechanism whereby plasma Ap concentrations 

might become elevated is via reduced cellular uptake. Internalisation of Ap occurs in 

VSMC (Urmoneit et al, 1997) and vascular endothelium (Zlokovic, 1996) and is 

dependent upon the presence of plasma lipoproteins, involving interaction with LDL 

receptors. Impairment of Ap uptake could therefore result in the half-life of Ap in the 

circulation being increased, extending the period during which Ap can exert its 

pathophysiological actions. In the present study the mean platelet count was lower in 

the hypercholesterolaemic group than in the normal group, consistent with increased 

platelet turnover in hypercholesterolaemia (Smith and Betteridge, 1997). The inverse
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relationship between platelet count and resting Ap concentration may therefore be 

indicative of reduced platelet clearance of Ap in hypercholesterolaemia. Whether 

these data reflect impairment of platelet uptake mechanisms or that fewer platelets 

are available for AP clearance in hypercholesterolaemia, however, remains to be 

established. Receptors belonging to the LDL receptor family bind Ap (Urmoneit et 

al, 1997) and apoE- Ap complexes (Beffert et al, 1998). Decreases in cellular LDL 

receptor numbers, such as occur in familial hypercholesterolaemia may therefore 

have implications for the clearance of AP from the circulation, as well as that of 

LDL. An alternative mechanism leading to increased circulating AP levels may 

involve increased non-specific platelet Ap release due to impairment of the platelet 

membrane, such as has been documented in hypercholesterolaemia (Shattil et al,

1977). As mentioned earlier, the platelet may provide a model for the neuron and a 

cellular system for studying pAPP and Ap processing. Recently it has been proposed 

that cholesterol may influence APP metabolism with the suppression of a-secretase 

activity and the generation of AP (Frears et al, 1999). It is conceivable that such a 

mechanism operates in platelets. Cholesterol is thought to activate p-secretase by 

altering membrane fluidity, a phenomenon well-documented in 

hypercholesterolaen^a (Kimelberg, 1975; Yeagle, 1985).
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Chapter 4.

A study of the effects of native and oxidised plasma 

lipoproteins upon Ap 1 . 4 0  fibrillogenesis in vitro.
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4.1. Introduction.

The AD brain is characterised by the presence of large deposits of 

extracellular fibrillar-Ap peptide in senile plaques and in the walls of cerebral blood 

vessels. Endogenous factors that modulate the formation of amyloid fibrils may 

therefore have a significant role in the pathogenesis of these lesions and 

consequently in the clinical features associated with AD

A number of factors have been identified that are capable of promoting A3 

polymerisation in vitro (Wisniewski et a f  1994; Soto and Castano, 1996; Cotman et 

al, 2000). Considerable attention has focussed on the effects of apoE, since evidence 

indicates that the apoE b4 allele is a major susceptibility factor for late-onset sporadic 

AD (Strittmatter et al, 1993a). ApoE e4 has also been shown to be associated with 

increases in plasma cholesterol and triglyceride concentrations (Mahley et al, 1988), 

which occur due to the down regulation of apoBioo/E receptors. In addition, 

hypercholesterolaemia (in the absence of an association with the apoE e4 allele) has 

also been shown to be a risk factor for AD. These data seem to suggest that 

elevations in the plasma concentrations of cholesterol and triglyceride rich 

lipoproteins may influence AD pathogenesis. It is possible that this may be due to a 

direct interaction between plasma lipoproteins and circulating Ap.

Hypercholesterolaemia and AD are both associated with oxidative stress, the 

latter condition having been linked with elevations in the concentrations of several 

divalent metal ions (Oteiza, 1994; Sayre et al, 2000; Smith, M A. et al, 2000). One of 

the outcomes of oxidative stress in hypercholesterolaemia is the oxidative 

modification of lipoproteins. Thus, considering the link between
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hypercholesterolaemia and AD, the presence of oxidised lipoproteins in the former 

condition may have consequences for development of the latter.

4.2. Aims of the Study.

The aims of the study presented in this chapter were to examine potential 

interactions between native and oxidised plasma lipoproteins and A gi^, particularly 

with regard to their influence upon APmo polymerisation.

4.3. Study Design.

In order to assess the influence of plasma lipoproteins upon Ap 

polymerisation, the spontaneous formation of Api- 4 0  fibrils was first established by 

incubation alone. Briefly, freshly solubilised A P i^  was incubated at 37°C over a 5 

day period, aliquots taken at various time points (0, 3, 6 , 12, 24, 48, 72, 96 and 120 

hours) and subjected to Th-T spectroscopy (section 2.2.4). Amyloid fibril formation 

was also quantitatively evaluated using Congo Red spectrophotometry for 

comparison (section 2.2.5).

The plasma lipoprotein classes VLDL, LDL and HDL were prepared in a 

native and oxidised form as described in section 2 .2 . 2  and subsequently characterised 

for protein, cholesterol, triglycerides, TEARS and conjugated dienes as in section

2.2.3. Each isolated fraction was then added to freshly solubilised A pi^  (section 

2 .2 .4 ) and extents of fibrillogenesis detennined as above. In separate experiments, 

lipoprotein concentration was varied in such incubations in order to establish dose
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related effects. The influence of the apoE isoforms E2, E3, and E4 upon Apwo 

polymerisation were also established via coincubation experiments (section 2.2.4).

The nature of the interactions between native / oxidised lipoproteins and 

Api_4 o was investigated further through the application of a number of experimental 

treatments to isolated lipoprotein fractions and to Ap/lipoprotein coincubations.

These treatments included the addition of the antioxidants vitamin C and trolox (a 

soluble vitamin E analogue), the reduction of reactive aldehydes with NaBH4 , 

aminoguanidine inclusion, apolipoprotein extraction and hydroxynonenal 

modification of native lipoproteins. Methodologies for such treatments are described 

throughout the text in section 4.4.

The addition of short peptides that are partially homologous to Ap and which 

have been shown to inhibit fibril formation in vitro and in vivo (Soto et al, 1996,

Soto et al, 1998) were also examined for their influence upon the lipoprotein / AP 

interaction. Once again, details of such experimental treatments are included in 

section 4.4.
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4.4. Beta-amyloid polymerisation.

4.4.1. Fluorescence of Th-T in the presence of amyloid fibrils.

Th-T fluorescence spectroscopy was used to probe A pi^  containing 

solutions for the presence of cross-p-pleated sheet structures, a defining 

characteristic of amyloid fibrils. When aliquots of freshly solubilised A pi^  were 

subjected to Th-T fluorescence spectroscopy (time zero), only a minor fluorescent 

emission above the background fluorescent signal of Th-T alone was detected.

Incubation of soluble A pi^  at 37°C over a 5-day period, however, resulted in a time 

dependent increase in fluorescent emissions that were comparable to previously 

published data (figure 4.1). Fluorescent values after 5 days of incubation exceeded 

basal values by ~35 fold (p<0.01).

Congo Red absorbance spectroscopy was also used to confirm Th-T 

fluorescence measurements of A pi^  polymerisation. Congo Red absorbance values 

for freshly solubilised APwo peptides (time zero) were not significantly different 

than absorbance values for the free dye. Incubation of soluble A Pi^ at 37°C for 5 

days resulted in a time dependent increase in absorbance that reached a maximum at 

day 5 (figure 4.2).

4.4.2 Influence of purified apoE isoforms upon Api^o fibrillogenesis.

Incubation of A Pi^ with purified apoE isoforms resulted in time dependent 

increases in fluorescent values that at day 5 were up to 19 fold higher than for A Pi^
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Figure 4.1. Thioflavin-T assay of Api-40 fibril formation. Data are expressed as 

mean fluorescence ± SEM and are plotted against the incubation period in days. n=6.
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Figure 4.2. Congo Red assay of Apt 40 amyloid fibril formation. Lyophilised Ap,_w 

peptide was dissolved in distilled water at a concentration of 6mg.ml ' and then incubated at 

37°C over a 5-day period. Aliquots o f A p i^  were taken at various intervals and incubated 

for 1 hour in a Congo Red dye solution, so that the final concentration o f peptide was 

0.2mg.ml'\ Spectrophotometric measurements were collected from 700 to 300nm and the 

peak height taken. Data are mean ± SEM., n = 3.
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alone (figure 4.3). Isoform specific effects were evident, with APmo polymerisation 

being promoted in the order apoE2> apoEB > apoE4. Coincubation of ApMo with 

apoE2 caused a rapid acceleration of fibril growth with values reaching a plateau 

after 3 days of incubation. Values at day 5 exceeded values for the peptide alone by 

19.1 fold (p<0.03). In contrast, the promotion of fibril formation by apoE3 and 

apoE4 was much slower, although fluorescent values in these samples were still 

rising after 5 days of incubation, as were A P i^  alone samples. Fluorescent values at 

day 5 for the apoE3 and apoE4 coincubations exceeded the values for the peptide 

alone by 7.9 (p<0.05) and 5.5 fold (p<0.001) respectively. Incubation of each of the 

apoE isoforms alone showed no increase in fluorescence over this time period. APmo 

incubated with BSA gave similar levels of fluorescence to A Pi^ alone (data not 

shown).
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Figure 4.3. Influence of apoE isoforms upon Api-40 fibril formation. Aliquots o f 

apoE isoforms, E2, E3 and E4 were added to freshly solubilised (6mg ml ') and the

subsequent mixture diluted with PBS in order to obtain final concentrations o f apoE and Api. 

40 at 0.1 mg.ml'* and Img.ml ' respectively. An equivalent volume of saline was added to Ap,. 

40 as a control. Samples were then incubated at 37°C for 5 days and aliquots taken out for 

Th-T fluorescence measurements at various intervals. Data are expressed as mean ± SEM 

and are plotted against the incubation period in days, n = 5.
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4.4.3. Co-incubation of native/oxidized plasma lipoproteins & APi^o«

4.4.3a Very-low density lipoprotein (VLDL).

Fluorescent measurements of freshly solubilised APmo coincubated with 

native VLDL (0.2mg.ml’̂ ) (time zero), showed only a minor degree of fluorescence 

above control values (native VLDL incubated alone). A comparison of fluorescent 

values obtained at time zero for peptide only samples and native VLDL/APi^ 

coincubations showed no significant difference between the degree of emission 

(minus controls) in the two samples. Incubation at 37°C for 5 days, however, resulted 

in a marked difference in the extents of A Pi^ polymerisation observed in the two 

types of incubation. Native VLDL appreciably enhanced fibril formation during the 

incubation period, with maximal levels of fluorescence exceeding those for A p i^  

alone (day 5) 3.75 fold (p<0.001) (figure 4.4a). The differences between A P i^  alone 

and A P i^  coincubated with native VLDL were greatest after 3 days of incubation, 

where native VLDL enhanced ApMo polymerisation 8.6 fold higher than for the 

peptide alone samples (p<0.0005). Significant differences between the two 

incubations were noticeable even after 3 hours of incubation. Fluorescent emission 

values for native VLDL/APi^ coincubations and A pi^  samples were 1.89 ± 0.33 

and 0.63 ±0.16 respectively, (p<0.02), indicating a rapid interaction between the two 

molecules. No increase in fluorescence was observed over the 5-day period for native 

VLDL samples incubated alone.

Addition of oxidised VLDL (0.2mg.ml'^) to fi'eshly suspended APmo also 

resulted in a time dependent increase in fluorescence, which was significantly higher
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than for peptide alone (p<0.0001 by ANOVA) (figure 4.4a). Fluorescent values for 

the oxidised-VLDL/AP 1 ^ 0  coincubations were also significantly higher than for the 

native VLDL/ APi- 4 0  samples. Maximal values (day 5) exceeded those in native 

VLDL /Api^o incubations by -47% (p<0.02), whereas the largest increases in fibril 

formation were of the order of 72% (day 2, p<0.02). The initial rate of amyloid 

polymerisation was also significantly different with fluorescent emission values 

during the first 72 hours of incubation in native and oxidised VLDL samples 

proceeding at rates of 0.69 ±0.1 AU/hour and 1.18 ± 0.29 AU/hour respectively 

(p<0.02). No significant differences in fluorescence between any of the peptide 

containing samples was seen at time zero and values for oxidised VLDL alone did 

not change throughout the incubation period.

The acceleration of amyloid fibril formation induced by native and oxidised 

VLDL was also shown to occur in a dose dependent fashion. VLDL at 

concentrations of 1, 0.5, 0.25 and 0.125mg.ml'^ were incubated with soluble A Pi^

(Img.ml'^) at 37°C and peptide aggregation measured after 24 hours as described 

previously (section 2.2.4). Increasing concentrations of VLDL (native or oxidised) 

resulted in an acceleration of fibril growth over a 24-hour period (figure 4.5a). The 

increase in fibril formation that was observed with oxidised VLDL as compared to 

native VLDL was more pronounced at higher concentrations, with the two dose 

response curves being significantly different using ANOVA as a statistical 

comparison (p<0 .0 2 ).
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Figure 4.4. Promotion of APi.40 fibrillogenesis by native and oxidised plasma 

lipoproteins. Native or oxidised lipoproteins were incubated with soluble APi_4o 

(Img.ml ') at 37°C for 5 days and fibril formation assessed at various intervals using Th-T 

fluorescence spectroscopy, (a) native and oxidised VLDL + APi^, (b) native and oxidised 

LDL + APi^, (c) native and oxidised HDL + APi.40. Data are expressed as mean 

fluorescence ± SEM and are plotted versus incubation time Values for lipoprotein / A pi^  

incubations differed significantly from values for A p ,^  alone by a significance value o f at 

least p<0.0001 (ANOVA). Values for native lipoprotein + Ap versus oxidised lipoprotein + 

Ap were significantly different with VLDL and LDL fractions (p<0.0001), whereas no 

significant differences were evident between native and oxidised HDL samples, n = 6 .
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4.4.3bLow-density lipoprotein (LDL).

Freshly suspended APmo coincubated with native LDL (2 mg.ml'^) yielded 

values of fluorescent emission that did not diifer from control values (LDL incubated 

alone) at time zero. These values were not significantly different from levels of 

emission obtained for peptide incubated alone. Incubation of A p i^  with native LDL 

(2mg.ml'^) resulted in time dependent increases in fluorescence that were up to 6.3 

fold higher than for Api_4o incubated alone (p<0.0001 by ANOVA) (figure 4.4b).

Significant differences were achieved after only 3 hours of incubation, with 

fluorescent values for native LDL/Api^ and Ap%^ alone of 3.68 ± 0.56 and 0.63 ±

0.16 respectively, being obtained (p<0.005). The variation between Api- 4 0  alone and 

A p i^  coincubated with native LDL was more pronounced during the early stages of 

the incubation with differences becoming smaller as the incubation proceeded. For 

example, the acceleration of fibril formation by native LDL after 1 day was 33 fold 

higher than when the peptide was incubated alone (p<0.0003), whereas after 3 days 

of incubation the difference was only 13.8 fold higher (p<0.003). The fluorescence of 

native LDL samples incubated alone did not rise throughout the incubation period.

Incubation of oxidised LDL (2 mg.ml'^) with soluble APmo resulted in a 

further increase in fluorescence, which was significantly higher than for values 

obtained with the native LDL /A Pi^ coincubation (p<0.0001 by ANOVA) (figure 

4.4b). Maximal values (day 5) exceeded those in native LDL samples by -50%

(p<0.02) whereas the largest differences in fibril formation were observed after only 

3 hours of incubation with native LDL /A Pi^ values being exceeded by -442%

(p<0.001). A dramatic increase in the initial rate of Api_4o polymerisation was
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observed with samples treated with oxidised LDL as compared with samples 

coincubated with native LDL. The rise in fluorescence during the first 24 hours 

observed with native LDL /A Pi^ and oxidised LDL /A Pi^ samples progressed at 

rates of 1.86 ± 0.32 AU/hour and 5.45 ± 0.81 AU/hour, respectively (p<0.0003).

Once again, no change in fluorescence was observed with oxidised LDL when 

incubated alone.

The observed acceleration of A31 .4 0  aggregation induced by native and 

oxidised LDL was also shown to be dose dependent (figure 4.5b). Increasing 

concentrations of native and oxidised LDL (0.25, 0.5 1, 2, and 3mg.mf^) caused a 

rapid increase in the rate of A31-40 fibril formation over a 24-hour period. The extent 

of polymerisation was still increasing with concentrations up to 3mg.mf^ suggesting 

that the reaction was not complete. Differences between the levels of amyloid fibril 

formation induced by native and oxidised LDL were constant. Values for oxidised 

LDL / A31 -4 0  coincubations were -50% higher than for native LDL/A3i-4o samples at 

all concentrations tested and were significantly different when compared using 

ANOVA (p<0.0001).
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Figure 4.5. Dose dependent promotion of APi.40 fibrillogenesis by native and 

oxidised plasma lipoproteins. Isolated lipoprotein fractions (native and oxidised) were 

added at various concentrations to freshly solubilised and fibril formation assessed

after 24 hours using Th-T fluorescence spectroscopy, (a) native and oxidised VLDL + A p i^  

(b) native and oxidised LDL + Api_4o (c) native and oxidised HDL + Api_4o. Data are 

expressed as mean fluorescence ± SEM. Values for native lipoproteins + Ap versus oxidised 

lipoproteins + Ap were significantly different for VLDL (p<0.02) and LDL (p<0.0001), but 

not HDL n=4.
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4.4.3c High-density lipoprotein (HDL).

Incubation of native HDL (2mg.ml’̂ ) with soluble APmo also resulted in a 

time dependent increase in polymerisation (figure 4.4c). Substantial differences were 

seen after only 3 hours of incubation, with HDL/Api^ coincubations surpassing 

fluorescent values obtained for the peptide alone by ~26 fold. Differences were 

markedly increased thereafter until 48 hours of incubation. For example, fluorescent 

readings at 6 and 24 hours exceeded the values for the peptide only by 36.8 fold 

(p<0.02) and 67.6 fold (p<0.01) respectively, whereas fluorescent emissions after 48 

hours were reduced to values that were only 37 fold higher than for the peptide 

alone. Maximal values were obtained after 5 days of incubation, although fluorescent 

emissions were still rising gradually at this point. No change in fluorescent emission 

was observed for native HDL samples incubated alone during the 5-day incubation 

period.

The addition of oxidised HDL to soluble A Pi^ resulted in further increases 

in amyloid fibril formation beyond values for those obtained with native HDL/ Api.

4 0  (figure 4.4c). However, none of the observed differences seen between native and 

oxidised HDL incubations were significantly different when using ANOVA or 

students t-tests as statistical comparisons. Maximal values (day 5) exceeded those for 

the HDL native/ A p i^  samples by -21% whereas the largest differences were seen 

after 3 days of incubation when values were 33% higher. No significant difference 

was observed between the rates of fibril formation in the two types of incubation 

during the first 24 hours. Rises in fluorescence for the native and oxidised samples
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proceeded at rates of 3.8 ± 2.12 AU/hour and 4.89 ± 2.02 AU/hour respectively 

(p=0.4).

Increasing the concentrations of native or oxidised HDL (0.25, 0.5, 1, 2 and 3 

mg.ml'^) resulted in dose dependent increases in the rates of fibril formation over a 

24 hour period (figure 4.5c). The extents of polymerisation obtained with both native 

and oxidised HDL samples were extensive even at concentrations as low as 

0.25mg.ml'^ and continued to rise as the hpoprotein concentrations were increased.

Levels of fibril formation were still increasing at concentrations of 3 mg. ml'̂  

suggesting that higher HDL levels would have increased the rate of polymerisation 

further. No significant differences between native HDL / A|3i-4o and oxidised-HDL/

A(3i-4o samples were evident at any of the concentrations tested.
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4.4.4. Characterisation of lipoproteins.

All lipoprotein classes were characterised for total cholesterol, triglyceride, 

protein, TEARS and conjugated diene content and the results of these assays are 

shown in table 4.1 below.

Lipoprotein

class

Cholesterol

(pmoLmg )̂

Triglyceride

(pmol.mg )̂

TEARS

(nmoLmg )̂

Conjugated Dienes 

(nmol.mg'̂ )

VLDL native 1.77 ±0.36 4.6 ±0.62 0.87 ±0.32 59.47 ± 12.63

VLDL oxidised 1.93 ±0.35 4.86 ±0.53 16.99 ± 1.91 432.76 ± 12.89

LDL native 3.52 ±0.2 0.17 ±0.03 0.64 ± 0.24 17.03 ±2.47

LDL oxidised 3.48 ±0.24 0.17 ±0.03 7.6 ±0.74 339.21 ±20.74

HDL native 0.41 ±0.12 0.038 ±0.01 0.39 ±0.09 8.38 ±1.49

HDL oxidised 0.398 ±0.13 0.037 ±0.01 3.57 ±0.22 113.91 ±15.4

Table 4.1. Characterisation of lipoprotein classes. Data are presented as

mean ± SEM. All values are related to protein content and are expressed as moles per mg of 

protein, (n = 8)
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Differences in electrophoretic mobility between native and oxidised 

lipoprotein fractions were also established using agarose gel electrophoresis as 

described in section 2.2.3g. A typical gel plate is shown in figure 4.6 below. The 

oxidative modification o f  native and oxidised VLDL and LDL resulted in an increase 

in electrophoretic mobility (increased anodic migration) o f  the isolated fractions. 

Interestingly, however, oxidation o f  HDL had little effect on its electrophoretic 

mobility, with only slight broadening o f  the band.

Figure 4.6. Agarose gel electrophoretic mobility of native and oxidatively 

modified VLDL, LDL and HDL. Lanes 1 & 8, human plasma; lane 2, native VLDL; 

lane 3, oxidised VLDL; lane 4, native LDL; lane 5, oxidised LDL; lane 6, native HDL; lane 

7, oxidised HDL
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Figure 4.7. Correlations between measures of lipoprotein oxidation (TBARS

and conjugated dienes) and lipoprotein mediated fibrillogenesis.

Lipoprotein induced fibril formation (established after 5 days o f incubation at 37°C) is 

plotted against (a) TBARS concentration and (b) conjugated diene concentration in LDL 

subtractions, and for (c) TBARS and (d) conjugated dienes for the VLDL subfractions. 

TBARS and conjugated diene concentrations were determined as described in experimental 

procedures. Heavy lines identify the plots o f best fit and the significance o f the positive 

correlations together with the correlation co-efficient (r) is indicated in the individual graphs.
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The protein, triglyceride and total cholesterol concentrations were not 

statistically different in native and oxidised samples from within the same lipoprotein 

class. All oxidised samples were significantly different to their native counterparts 

with respect to measures of oxidation. The TBARS and conjugated diene levels in 

oxidised samples (VLDL, LDL, HDL) were significantly different from values 

obtained for native lipoproteins by a significance level of at least p<0.0002. Maximal 

extents of A(3 i.4 o polymerisation in LDL /Api.4 0  coincubations (day 5) correlated 

positively with TBARS (r = 0.78, p<0.01) (figure 4.7a) and conjugated diene 

(r = 0.77, p<0.01) (figure 4.7b). Maximal extents of A(3 i-4 o aggregation in
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VLDL/APmo incubations also showed strong positive correlations with TBARS (r =

0.7, p<0.01) (figure 4.7c) and conjugated dienes (r = 0.63, p<0.01) (figure 4.7d). No 

correlations, however, existed for measures of oxidation and levels of amyloid fibril 

formation in HDL/APi^ samples.

4.4.5. Investigation of the interaction between oxidised lipoproteins 

and APi_4Q.

In an attempt to understand how oxidised VLDL and LDL are both capable of 

enhancing beta-amyloid polymerisation further than their native counterparts, several 

products of lipoprotein oxidation were targeted which had previously been shown to 

influence the conformational state of certain proteins. These included free radicals, 

lipid peroxide derived aldehydes and oxidised apolipoproteins.

4.4.5a Free Radicals.

Free radicals such as OH and possibly alkoxy (RO ) intermediates of lipid 

peroxidation have been shown to be capable of causing the aggregation and 

crosslinking of proteins (Wolff and Dean, 1986). To examine the possibility of APi_

4 0  aggregation being caused by free radical action, antioxidants were added to 

lipoprotein samples prior to the addition of beta amyloid. Ascorbic acid and trolox 

(prepared by dissolution in distilled water and adjusted to pH 7.4 with O.lmmol.f^

NaOH) were added to native and oxidised lipoproteins (VLDL at 0.2mg.ml'\ LDL at 

2mg.ml'^ and HDL at 2mg.ml'^) at final concentrations of SOOpmol.f  ̂ and Immol.f^ 

respectively and the influence of these additions upon APmq fibrillogenesis
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established by comparison to antioxidant free incubations. Samples were incubated at 

37°C for 4 days and fluorescent readings were taken at 0, 24 and 96 hours as 

described previously (see section 2.2.4).

The addition of ascorbic acid and trolox to lipoprotein/ APi^o incubations 

did not result in significant differences in the levels of fluorescent emission when 

compared to samples incubated in the absence of antioxidants. All incubations 

containing ascorbic acid or trolox resulted in values that were within ± 10% (at all 

time points) of the values for antioxidant free incubations. For example, the 

incubation of oxidised LDL/ APmo in the presence or absence of trolox (day 4) 

resulted in fluorescent emissions of 175.77 ± 15.46 AU and 181.07 ± 12.84 AU, 

respectively (figure 4.8). Similarly, values for native LDL/ ApMo incubated in the 

presence or absence of trolox (day 4) were 118.88 ± 10.88 AU and 125.99 ± 10.76 

AU, respectively. No change in fluorescence was observed during the incubation 

period in any of the control incubations.
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Figure 4.8. Effect of the presence of antioxidants upon lipoprotein-induced 

APi_4o fibrillogenesis. Trolox was added to native and oxidised lipoproteins at a final 

concentration o f Immol f ’ and the influence o f this addition upon A p i^  fibril formation 

established by comparison to antioxidant free incubations.

142



Chapter 4: Effects o f plasma lipoproteins on APfibrillogenesis.

4.4.5b Lipid peroxidation derived aldehydes (LPDA’s).

Lipid peroxide derived aldehydes such as 4-hydroxynonenal, have been 

shown to have a number of adverse biological effects. These effects have been 

attributed, in part, to the fact that LPDA’s react readily with cysteine, histidine and 

lysine residues leading to structural modifications and/or crosslinking of proteins 

(Haberland et al, 1984; Parthasarathy et al, 1985; Uchida and Stadtman, 1992). In 

order to determine if aldehyde products present on oxidised lipoproteins can 

influence the aggregation state of APi^o, several experimental treatments were 

applied to native and oxidised lipoprotein fractions.

Sodium Borohydride reduction of aldehydes.

The direct influence of aldehydes upon Api^o fibrillogenesis was determined 

by the selective reduction of such groups by sodium borohydride treatment (NaBIL).

Solid NaBIL was added directly to native and oxidised lipoprotein fractions (Img 

per mg protein) and then allowed to incubate at room temperature for 1 hour.

Following extensive dialysis against PBS (pH 7.4), lipoprotein fractions were 

characterised in order to establish that aldehyde reduction had been successful 

(reduction in TBARS concentrations). Borohydride treated and untreated samples 

were then compared, with respect to their ability to promote beta-amyloid 

fibrillogenesis.

Treatment of oxidised lipoproteins with solid NaBH4  resulted in significant 

reductions in TBARS values in comparison to untreated samples (table 4.2).

Treatment of oxidised VLDL, LDL and HDL with NaBH4  caused reductions in
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TBARS concentrations of 77.4% (p<0.05), 83.9% (p<0.02) and 67.9% (p<0.02) 

respectively. Incubation of oxidised lipoproteins with NaBILj for longer periods (24 

hours) did not result in any further reduction. The protein, triglyceride, cholesterol 

and conjugated diene concentrations did not differ significantly between NaBH4  

treated and untreated fractions (table 4.2). The electrophoretic mobility of oxidised 

samples also did not differ between NaBH4  treated and untreated fractions, indicating 

that oxidative modifications to protein groups remained unchanged.

Once NaBH4  treatment had been proven successful, aldehyde free and 

aldehyde containing samples were checked for their influence upon APmo 

polymerisation. Incubation of NaBH4  treated oxidised-lipoproteins with soluble beta- 

amyloid, did not result in significantly different extents of ApMo polymerisation than 

those observed in untreated (aldehyde containing) oxidised samples (figure 4.9).

Values of fluorescence obtained for NaBH4  treated oxidised lipoproteins (VLDL,

LDL and HDL) did not differ by more than 9% from values obtained for the 

corresponding untreated lipoprotein at any of the indicated time points.
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Lipoprotein class Cholesterol

(pmol.mg^)

Triglyceride

(pmoLmg^)

TBARS

(nmol.mg^)

Conjugated 

Dienes (nmol.mg *)

VLDL native 2.34 + 0.18 5.37±0.16 0.78 ±0.18 71.73 ±14.47

VLDL native + 

NaBH4

2.33 ±0.18 5.38±0.11 0.66 ±0.12 71.73 ±14.47

VLDL oxidised 2.4 ±0.17 5.38 ±0.14 13.03 ± 1.44 411.63 ±26.77

VLDL oxidised + 

NaBH4

2.37 ±0.18 5.38 ±0.17 2.95 ± 0.31* 402.26 ±22.89

LDL native 3.52 ±0.13 0.16 ±0.04 0.29 ± 0.06 16.63 ±2.99

LDL native + 

NaBH4

3.48 ±0.11 0.16 ±0.03 0.29 ±0.05 19.5 ±3.62

LDL oxidised 3.52 ±0.06 0.17 ±0.03 7.6 ± 0.68 351.12 ±49.67

LDL oxidised + 

NaBH4

3.53 ±0.07 0.17 ±0.04 1.22 ± 0.24** 338.21 ±30.77

HDL native 0.59 ±0.06 0.047 ±0.01 0.19 ±0.06 6.48 ± 1.13

HDL native + 

NaBH4

0.61 ±0.08 0.049 ±0.01 0.19 ±0.06 6.81 ±2.13

HDL oxidised 0.64 ± 0.06 0.059 ±0.01 3.77 ± 0.18 99.14 ± 13.25

HDL oxidised + 

NaBH4

0.61 ±0.07 0.05 ± 0.004 1.21 ± 0.15** 88.68 ± 18.23

Table 4.2 Characterisation of lipoproteins treated or untreated with NaBH4 .

Data are presented as mean ± SEM and are expressed relative to protein content, (n = 3). 

*p<0.05, **p<0.02.
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to m

Figure 4.9. Effect of aldehyde reduction on lipoprotein mediated Api-40 

fibrillogenesis. Native and oxidised lipoproteins were treated with NaBH^ for 1 hour and 

subsequently dialysed extensively against PBS, pH 7.4. Following dialysis, lipoprotein 

fractions were characterised in order to establish that aldehyde reduction had been successful 

(reduction in TBARS). Treated and untreated samples were then compared with respect to 

their ability to promote Api_4o fibrillogenesis over a 24-hour period. Data are expressed as 

mean fluorescence ± SEM. n = 3.
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Lipoprotein oxidation in the presence of aminoguanidine.

Although the results with NaBIL indicate that reactive aldehydes do not 

promote APmo polymerisation directly, it may be possible that LPDA’s influence the 

polymerisation state of beta amyloid indirectly, through the modification of 

apolipoproteins. To examine this possibility, LPDA mediated oxidative modification 

of apolipoproteins was prevented by pre-treatment with an LPDA scavenging 

molecule -  aminoguanidine (AG) (Requena et al, 1992). According to Requena et al,

AG inhibits the modification of proteins by LPDA’s by specifically scavenging 

reactive aldehydes. Therefore, pre-treatment with AG should remove aldehydes and 

their associated protein modifications whilst retaining other products of oxidation.

Briefly, isolated lipoproteins (VLDL and LDL) were oxidised (see section 2.2.2b) in 

the presence or absence of 25mmol.r^ AG (0.25mol.l‘̂  stock solution prepared by 

dissolution of AG bicarbonate in 0.6M HCl and neutralisation with NaOH) and then 

extensively dialysed against saline/EDTA followed by dialysis against 0.9% saline.

Following characterisation procedures to determine the effect of AG upon 

lipoprotein oxidation, AG treated and untreated lipoproteins (native and oxidised) 

were incubated with A Pi^ for 5 days and comparisons made at 0, 6, 24, 96 and 120 

hours as described previously.

Oxidation of lipoproteins in the presence of 25mmol l'̂  AG resulted in 

lipoproteins that had a dramatically reduced influence upon beta-amyloid fibril 

formation than lipoproteins oxidised in its absence. Levels of fibril formation in 

oxidised samples treated with AG were reduced to levels similar to those seen in 

native lipoprotein/APmo coincubations. These differences were evident after 6 hours
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of incubation and the same trend remained throughout the incubation period. For 

example, after 24 hours of incubation, fibril formation in oxidised LDL samples pre

treated with AG were ~38% lower than for corresponding untreated samples 

(p<0.002) (figure 4.10). If the inftuence of native lipoproteins was taken into 

account, i.e. subtracted from values for oxidised lipoproteins, then the reduction in 

fibril formation was of the order of -81%. The addition of dialysis buffer to APi-4 0  

alone incubations had no influence upon its aggregation state and all control 

incubations showed no rise in fluorescence values during the incubation period.
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Figure 4.10. The effect of aminoguanidine treatment upon native and 

oxidised LDL-induced Api.40 polymerisation. Isolated lipoproteins were oxidised in 

the presence or absence o f 25mmol f* AG and then dialysed against 0.9% saline. Following 

characterisation procedures to determine the effect of AG upon lipoprotein oxidation, treated 

and untreated lipoproteins (native and oxidised) were incubated with soluble APi.40 

comparisons made after 24-hours o f incubation. Data are mean ± SEM. n = 3.
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These results would seem to suggest that the LPDA mediated modification of 

apolipoproteins are responsible for the increased rates of APmo polymerisation that 

are observed in oxidised VLDL/LDL samples compared to native incubations. 

Examination of the lipoprotein characterisation results, however, may point to a 

different interpretation (table 4.3 and figure 4.11).

Lipoprotein class Cholesterol

(pmoKmg'*)

Triglyceride

(pmol.mg*)

TBARS

(nmol.mg'^)

Conjugated 

Dienes (nmol.mg *)

VLDL native 2.48 + 0.15 5.14 + 0.72 0.63 + 0.16 80.1 +32.48

VLDL native + 

AG

2.46 + 0.11 5.11+0.76 0.59 + 0.12 81.55 +27.9

VLDL oxidised 2.56 + 0.13 5.13+0.70 15.8 + 3.64 440.6 + 7.75

VLDL oxidised + 

AG

2.49 + 0.17 5.10 + 0.51 1.01 + 0.3* 112.54 + 20.7***

LDL native 3.43+0.16 0.19 + 0.03 0.442 + 0.07 8.98 + 5.39

LDL native + AG 3.39 + 0.12 0.19 + 0.04 0.546 + 0.06 8.0 + 4.53

LDL oxidised 3.44 + 0.13 0.18 + 0.02 10.01 + 0.84 385.9 + 44.78

LDL oxidised + 

AG

3.47 + 0.14 0.19 + 0.03 0.733 + 0.08*** 32.49 + 7.6**

Table 4.3. Characterisation of lipoproteins oxidised in the presence or absence

of AG. *p<0.05, ** p<0.02, *** p<0.01. Data are presented as mean ± SEM and are 

expressed relative to protein content, (n = 3).
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Aminoguanidine treatment of lipoproteins not only prevents TBARS 

formation and protein oxidation, as reported by Requena el al, but also prevents 

conjugated diene formation. The inhibitory effect of AG upon the oxidative 

modification of lipoproteins, therefore, is exerted not as a scavenger of reactive 

aldehydes but as a potent antioxidant. The reduction in fibril formation caused by 

AG pre-treatment is thus merely a reflection of the diminished oxidative state of the 

lipoprotein particle. This is reflected by the results obtained for oxidised LDL 

samples that had been pre-treated with AG. Measures of oxidation for these samples 

are -1/10^ of values obtained for fully oxidised LDL samples but are still 

significantly higher than for native LDL. The increase in fibril formation induced by 

these samples exceeded the values obtained with native LDL by -10% of that 

induced by fully oxidised LDL.

«•It*

1 2 3 4 & 6 7 8

Figure 4.11. The effect of aminoguanidine on the agarose gel electrophoretic 

mobility of native / oxidised VLDL and LDL. Lane 1, native VLDL; lane 2, native 

VLDL + AG; lane 3, oxidised VLDL; lane 4, oxidised VLDL + AG; lane 5, native LDL, 

lane 6, native LDL + AG; lane 7, oxidised LDL; lane 8, oxidised LDL + AG.
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4-Hydroxynonenal-induced modification of lipoproteins.

Despite the evidence presented concerning the effects of aminoguanidine on 

lipoprotein-induced AP polymerisation, the possibility still remains that LPDA’s 

influence the polymerisation state of beta amyloid indirectly via the modification of 

apolipoproteins. An alternative approach was therefore adopted to examine this 

possibility. A highly purified preparation of the reactive aldehyde 4-hydroxy-2-/ra«5- 

nonenal (HNE) (Sigma Chemical Co. Ltd., Poole, UK) was used to modify native 

lipoprotein fractions according to a modified version of the method described by 

Hoff and O’Neil (1993). Briefly, isolated lipoprotein fractions were prepared as 

described in section 2.2.2 and then extensively dialysed against 240pmol.l'^ EDTA in 

0.9% w/v saline. Each isolated lipoprotein fraction was then diluted 1:1 with PBS, 

pH 7.2, and divided into four equal aliquots. 900pl of lipoprotein was then added to 

lOOjil of HNE (prepared by evaporation of a stock solution of HNE in n-hexane 

under nitrogen, followed by dissolution of the neat oil in sterile filtered (0.2pm) PBS, 

pH 7.2, to a concentration of SOmmol.l'^) to yield final concentrations of EQÆ in the 

lipoprotein fractions of 1, 2 and 3mmol.f\ Alternatively, a control incubation was 

established in which lOOpl of PBS, pH 7.2 was added to 900pl of isolated 

lipoprotein. Each sample was mixed thoroughly and then incubated with stirring at 

37°C for 5 hours. This time scale was adopted since aqueous solutions of HNE were 

reported by the manufacturer to deteriorate after 6 hours. Following incubation, 

samples were dialysed extensively against PBS, pH 7.4, in order to remove unreacted 

HNE. All fractions were then characterised for total cholesterol, triglyceride, protein,

TBARS, conjugated diene concentration and agarose gel electrophoretic mobility.
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Native and HNE treated lipoprotein fractions were then compared for their influence 

upon APi- 4 0  polymerisation at 0, 3, 6 and 24 hours post-incubation (section 2.2.4).

Modification of isolated lipoproteins with HNE resulted in a dose dependent 

increase in electrophoretic mobility for all three lipoprotein fractions (figure 4.12).

This modification occurred without the concomitant broadening of gel bands, a 

phenomenon that was often noticeable in oxidised lipoprotein samples.

a

(a) (b)

Figure 4.12. Effect of HNE modification upon the agarose gel electrophoretic 

mobility of plasma lipoproteins. Isolated lipoproteins were incubated for 5 hours in the 

presence of 1, 2, or 3mmol.f' HNE or an equal volume o f PBS as a control. Following 

extensive dialysis against PBS, pH 7.4, 3-5pi o f each lipoprotem sample was applied to the 

gel, electrophoresis maintained at lOOV for 1 hour and the gel then stained with Sudan 

Black, (a) Lane 1, VLDL native; lane 2, VLDL + ImM HNE; lane 3, VLDL + 2mM HNE; 

lane 4, VLDL + 3mM HNE; lane 5, LDL native; lane 6, LDL + ImM HNE; lane 7, LDL + 

2mM HNE; lane 8, LDL + 3mM HNE; (b) Lane 5, HDL native; lane 6, HDL + ImM HNE; 

lane 7, HDL + 2mM HNE; lane 8, HDL + 3mM HNE.
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All Other biochemical measures of lipoprotein characterisation, including 

protein, total cholesterol, triglyceride, TBARS and conjugated diene content did not 

differ significantly between native and HNE modified lipoprotein fractions (at all 

HNE concentrations tested) (table 4.4). The fact that HNE modification caused an 

increase in the electrophoretic mobility of lipoproteins without increases in other 

markers of oxidation indicates that HNE modification was specific to apolipoproteins 

without incorporation into the lipid regions of the lipoprotein molecule.

Lipoprotein

class

Cholesterol

(jimol.mg*)

Triglyceride

(jimol.mg*̂ )

TBARS

(nmol.mg )̂

Conjugated Dienes 

(nmoLmĝ )

VLDL native 2.5 ±0.07 3.88 ±0.13 0.54 ±0.07 70.59 ±8.34

VLDL native + 

Immol.r̂  HNE

2.43 ± 0.09 3.76±0.14 1.15±0.15 72.36 ±4.16

VLDL native + 

2mmol.r̂  HNE

2.41 ±0.13 3.82±0.11 0.98 ±0.14 76.6 ± 11.74

VLDL native + 

3mmoI.r̂  HNE

2.61 ±0.09 3.92 ±0.14 0.65 ±0.15 83.96 ±9.27

LDL native 3.61 ±0.18 0.14 ±0.03 0.60 ± 0 . 1 2 16.74 ±1.97

LDL native + 

Immol.r* HNE

3.66 ±0.21 0.14 ±0.02 0.51 ±0.16 18.69 ±2.55

LDL native + 

2mmol.r̂  HNE

3.6±0.18 0.14 ±0.03 0.49 ±0.13 17.64 ±2.57

LDL native + 

3mmol.!'* HNE

3.65 ±0.17 0.15 ±0.03 0.51 ±0.07 17.28 ±1.59
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HDL native 0.62 ± 0.02 0.04 ±0.01 0.29 ± 0.03 9.2±1.14

HDL native + 

Immol.r^ HNE

0.6 ±0.05 0.05 ±0.01 0.27 ± 0.04 10.21 ± 1.9

HDL native + 

2mmol.r  ̂HNE

0.58 ±0.05 0.05 ±0.01 0.27 ± 0.03 11.36±1.79

HDL native + 

3mmol.r  ̂HNE

0.58 ±0.06 0.04 ±0.01 0.31 ±0.04 10.25 ±3.26

Table 4.4. Characterisation of HNE modified lipoproteins. Data are presented as 

mean ± SEM and are expressed relative to protein content, (n = 3).

Following standard characterisation procedures, native and HNE modified 

lipoproteins were checked for their ability to promote Api_4o polymerisation. For all 

three lipoprotein fi-actions, HNE modification of lipoproteins resulted in a dose 

dependent increase in A p i^  fibrillogenesis over a 24 hour period (figure 4.13). This 

increase was most pronounced for VLDL and LDL lipoprotein classes, with only 

relatively minor increases being evident for HDL fractions. For example, at 3 hours 

of incubation, HNE modified VLDL and LDL (3mmol. 1'̂  HNE) caused increases in 

APi- 4 0  fibrillogenesis that exceeded those induced by native lipoproteins of 154% 

and 185% respectively, whereas HNE modified HDL caused increases of only 55%. 

The direct addition of HNE (all concentrations) to soluble ApMo caused no 

significant enhancement in aggregation compared to A Pi^ incubated alone. No 

change in fluorescence was observed with HNE modified lipoprotein samples 

incubated alone during the incubation period.
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Time (days)

3mM HNE 
2mM HNE 

1mM HNE 
Native

Time (days)

3mM HNE 
2mM HNE 

1mM HNE 
Native

(a) VLDL (b) LDL

Time (days)
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2mM HNE 

mM HNE 
Native

(c) HDL

Figure 4.13. Effect of HNE modification of plasma lipoproteins on Api-40 

fibrillogenesis. Isolated lipoproteins were incubated for 5 hours in the presence o f 1, 2, or 

3mmol r' HNE or an equal volume o f PBS as a control. Following extensive dialysis against 

PBS, native and HNE modified lipoproteins were added to freshly solubilised and

fibril formation assessed using Th-T fluorescence spectroscopy over a 24 hour period, with 

values for lipoprotein only samples being subtracted Data are expressed as mean 

fluorescence. (n=4).
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4.4.5c Protein-protein interactions.

A number of different proteins are known to bind soluble Agwo and mediate 

the formation of amyloid fibrils. These include proteins such as serum amyloid P, 

collagen IV, the complement protein Clq, a  % -anti-chymotrypsin and several 

apolipoproteins including apoJ and apoE. Oxidation of apolipoproteins, such as 

apoB, A-I, A-II, C-II and C-III has been shown to profoundly alter the ability of 

these molecules to bind other proteins and several reports have indicated that the 

oxidation of apoE results in an increased binding affinity for beta-amyloid. However, 

most studies investigating the interaction between apoE and beta-amyloid have used 

apoproteins, i.e. delipidated forms of apoE that do not possess a native conformation.

Therefore in order to assess properly the influence of these proteins upon amyloid 

fibrillogenesis, lipid components must be present. An alternative approach, and the 

one used here, is to remove the protein, assess the influence of the lipid component 

upon APi-4 0  polymerisation and subtract these values from those obtained for the 

complete lipoproteins. The isolation of the lipid components was achieved by 

chloroform-methanol extraction (2:1), as described for conjugated diene 

determinations, with the extracts being subsequently evaporated to dryness under 

nitrogen at 60°C. The lipids were resuspended in PBS, pH 7.4, sonicated briefly and 

then extensively characterised for protein, triglyceride, total cholesterol, free 

cholesterol, phospholipid, TBARS and conjugated dienes. Lipid samples were then 

compared to complete lipoprotein fi-actions with regard to their ability to promote 

APmo polymerisation.
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Characterisation of the lipid only fractions revealed that all traces of protein 

had been removed in the extraction procedure without significant loss of any of the 

other measured components (table 4.5).

Lipoprotein

class

Protein

(mg.pmor*)

Cholesterol 

(pmol.pmol ■*)

Free Cholesterol 

(jimol.pmol

Triglyceride 

(pmol.pmol "̂)

VLDL native 0.66 ± 0.07 1.26±0.18 0.676 ± 0.06 3.96 ±0.34

VLDL native -  

lipid only

0 . 0  ± 0 .0 * 1.24 ±0.14 0.66 ±0.05 3.68 ±0.49

VLDL oxidised 0.60 ± 0.05 1.16±0.19 0.65 ± 0.04 3.65 ±0.24

VLDL oxidised 

-lipid only

0 . 0  ± 0 .0 * 1.23 ±0.14 0.67 ±0.03 3.71 ±0.55

LDL native 0.86 ± 0.05 2.42 ± 0.22 0.59 ±0.07 0.14 ±0.01

LDL native -  

lipid only

0 . 0  ± 0 .0 * 2.05 ± 0.06 0.57 ±0.08 0.13 ±0.01

LDL oxidised 0.82 ± 0.05 2.31 ±0.25 0.57 ±0.07 0.13 ±0.01

LDL oxidised -  

lipid only

0 . 0  ± 0 .0 * 2.27 ± 0.06 0.59 ±0.09 0.12 ±0.01

HDL native 1.51 ± 0.03 1.06 ±0.08 0.23 ± 0.02 0.08 ±0.01
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HDL native -  

lipid only

0.0 ± 0.0* 0.81 ±0.13 0.24 ± 0.03 0.07 1 0.02

HDL oxidised 1.72 ± 0.10 1.05 + 0.11 0.2810.02 0.0810.01

HDL oxidised -  

lipid only

0.0 ± 0.0* 0.9610.14 0.33 10.03 0.0710.01

Table 4.5. Characterisation of native/oxidised lipoproteins and lipid-extracted 

samples. * p<0.001. Data are presented as mean ± SEM and are expressed relative to 

phospholipid content (n =4 ).

A comparison of lipid only fractions with complete lipoproteins showed no 

significant differences in the values obtained for total cholesterol, free cholesterol, 

triglyceride and phospholipid, indicating that the protein component had been 

selectively removed. Measures of oxidation, i.e. conjugated dienes and TBARS, also 

remained unchanged between lipid only and lipoprotein fractions (table 4.6).
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Lipoprotein class TBARS (nmol.pmol '̂ ) Conjugated Dienes (nmol.pmol '̂ )

VLDL native 0.47 + 0.03 59.95 ± 5.74

VLDL native -lipid only 0.77 ±0.12 42.45 ± 6.25

VLDL oxidised 7.73 ±1.36 333.68 ±36.73

VLDL oxidised -lipid only 6.08 ±0.39 312.12±41.45

LDL native 0.17 ±0.04 9.52 ±3.44

LDL native -lipid only 0.17 ±0.06 7.2 ±1.5

LDL oxidised 2.83 ±0.13 272.94 ±37.07

LDL oxidised -lipid only 3.64 ±0.59 272.94 ±32.54

HDL native 0.48 ±0.13 14.4 ± 1.04

HDL native -lipid only 0.52 ±0.19 24.81 ±9.89

HDL oxidised 3.45 ±0.28 232.63 ±35.81

HDL oxidised -lipid only 3.78 ±0.34 225.26 ±41.92

Table 4.6. Measures of oxidation for complete lipoproteins and lipid-extracted 

samples. Data are presented as mean ± SEM and are e ĝressed relative to phospholipid 

(n = 4).
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Since the protein component had been extracted from lipid only samples, all 

isolated fractions were added to beta-amyloid incubations on a phospholipid basis 

and at concentrations equivalent to those used in previous experiments (VLDL at 

0.4pmol.ml'% LDL at 2.5pmol.ml'^ and HDL at 1.4pmol.ml’̂ ).

Once the lipid extraction procedure had been shown to remove all traces of 

protein, without causing any other significant alteration to lipoprotein fractions, 

complete lipoproteins were compared to lipid only samples with regard to their 

influence upon A Pi^ polymerisation. The incubation of lipid-extracted samples with 

Api- 4 0  had a significantly reduced influence upon fibril formation as compared with 

complete lipoprotein fractions (p<0.0001 by ANOVA for all lipoprotein fractions).

For example, after 24 hours of incubation, native VLDL promoted fibril formation 

310% higher than for APi- 4 0  peptide incubated alone (p<0.04), whereas lipid extracts 

only increased fibril formation by 23.2% (non-significant) (figure 4.14a). These 

marked differences were evident at the first assay time point ( 6  hours) and continued 

throughout the incubation period. Similarly, the incubation of oxidised VLDL with 

ApMo for 24 hours resulted in increases in polymerisation that exceeded those for 

ApMo alone by -500% (p<0.02), whereas the corresponding lipid only samples 

increased fibril formation by about 34% (non-significant) (figure 4.14b). Once again 

these differences were obvious throughout the 5-day incubation period. A 

comparison of native and oxidised fractions showed that oxidised VLDL promoted 

fibril formation to a significantly greater extent than its native counterpart (as shown 

previously) whereas no significant differences were observed between the native and 

oxidised lipid fractions.
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The removal of protein from native and oxidised LDL also resulted in 

decreases in the rates and extents of amyloid polymerisation. Fluorescence readings 

for LDL lipid extracts/ A(Îmo were equivalent to those for samples of the peptide 

incubated alone. After 24 hours of incubation native LDL promoted fibril formation 

beyond that observed with the peptide alone by ~457%, whilst no significant changes 

were seen with the lipid extracts (figure 4.14c). Oxidised LDL increased amyloid 

aggregation by ~991%, whereas a moderate increase of only 35% was observed for 

its corresponding lipid extract (figure 4.14d). These differences remained constant 

during the 5-day incubation period for both native and oxidised LDL/lipid samples.

No significant differences in ApMo polymerisation were apparent (all time points) 

between amyloid incubated in the presence of native or oxidised lipid extracts.

Similar results were also obtained with HDL fractions and their lipid extracts. 

Fluorescence readings for native and oxidised HDL lipid extracts coincubated with 

APmo (all time points) were equivalent to those obtained for AP peptide incubated 

alone (figures 4.14e and 4.14f). Extents of polymerisation (day 5) in lipid extract /

ApMo coincubations compared to lipoprotein / Apwo fractions were reduced by 76% 

for native HDL (p<0.001) and 81% for oxidised HDL (p<0.003). When 

polymerisation of the peptide incubated alone had been taken into account, the 

reductions in fibril formation for the native and oxidised lipid extracts compared to 

the respective complete lipoprotein fractions were ~97% and ~99%.
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Figure 4.14. Effect of lipoprotein protein removal upon lipoprotein-mediated 

Api.4() fibril formation. Lipid components were isolated by solvent extraction and then 

evaporated to dryness under N2 at 60°C. Lipids were then resuspended in PBS, pH 7.4, 

sonicated briefly and then characterised extensively to ensure all protein had been removed. 

Lipid samples were then compared to complete lipoprotein fractions with regard to their 

ability to promote polymerisation, (a) native VLDL / VLDL lipid extract + (b)

oxidised VLDL / VLDL lipid extract + Ap,_w, (c) native LDL / LDL lipid extract + A p,^ , 

(d) oxidised LDL / LDL lipid extract + Api.40, (e) native HDL / HDL lipid extract + A p ,^ , 

(f) oxidised HDL / HDL lipid extract + A p,^ . Data are mean ± SEM. Complete lipoprotein 

fractions were all significantly different to lipid extracts with regard to their influence upon 

Ap,_4o polymerisation by a significance value o f at least p<0.0001 (ANOVA), whereas lipid 

extracts were found to have no significant influence upon peptide fibrillogenesis. n = 3.
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4.4.6. Inhibition of APi^o polymerisation by P-sheet breaker peptides.

Several recent studies have reported that amyloid fibril formation can be 

inhibited by short synthetic peptides which are partially homologous to AP but which 

have a very low propensity to adopt a P-sheet conformation (Soto et al, 1996; Soto et 

al, 1998). The most effective of these so called p- sheet breaker peptides developed 

to date, is a pentameric peptide referred to as iAp5. This peptide has not only been 

shown to inhibit the formation of beta amyloid fibrils but also to disaggregate 

preformed fibrils. However, these studies have been conducted with Apwo peptides 

incubated alone and have therefore not taken into account the growing list of 

molecules known to influence AP peptide conformation. Thus, in order to confirm 

previous results on the inhibitory action of iAps and to evaluate the inhibition of 

amyloid formation induced by native and oxidised plasma lipoproteins, several 

concentrations of beta-sheet breaker peptide were added to APi^o containing 

incubations. iAp5 was added to APwo only incubations or ApMo / isolated 

lipoprotein incubations at equimolar concentrations or in a 20 fold molar excess and 

fibril formation then determined as described previously. Incubations without 

amyloid present were also established to account for any non-specific fluorescent 

emission of isolated lipoproteins or iApS.

Incubation of A P i^ for 5 days in the presence of equimolar (0.074p.g.ml'^ 

iAp5) or a 20-fold molar excess (l.Spg.ml'^ iAp5) of iAp5 produced 54 % and 

97.2% inhibition of fibrillogenesis respectively (figure 4.15). Fluorescent emissions 

from samples of the inhibitor peptide alone did not change throughout the incubation 

period and were not significantly higher than the background fluorescence for Th-T.
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This indicates that the reductions observed represent true inhibition of fibrillogenesis 

and not merely interference with the fluorimetric assay.

Addition of the beta sheet breaker peptide to lipoprotein / APmo samples, 

however, was less effective in its inhibitory action. Incubation of native VLDL/

APi- 4 0  for 5 days in the presence of a 20 fold molar excess of iAp5 produced a 71.8% 

inhibition of fibrillogenesis (figure 4.16a), yet fibril formation in these samples still 

attained levels that were equivalent to beta amyloid incubated alone (no breaker 

peptide). The addition of equimolar concentrations of iApS to native VLDL / Apmq 

resulted in a 19.2% inhibition of fibril formation (day 5), although extents of 

polymerisation in these samples were still 129% higher than for incubations of beta 

amyloid alone.

The inhibition of oxidised VLDL mediated fibrillogenesis by iAps also 

occurred in a concentration dependent manner, although iAp5 was less efficient in 

preventing oxidised VLDL mediated fibril formation than fibril formation 

potentiated by native VLDL. The addition of a 20 fold molar excess of iAp5 to 

oxidised VLDL / Api- 4 0  samples resulted in a 6 8 % inhibition of fibril formation 

(figure 4.16b) yet despite this reduction the levels of fluorescence in these samples 

exceeded the values for native-VLDL inhibited samples by -23%. Similarly, the 

addition of equimolar concentrations of iAp5 caused a 22% inhibition of 

polymerisation with the extents of fibril formation exceeding the values for native 

VLDL samples by -10%.
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Figure 4.15. Inhibition of fibrillogenesis by iAp5 in vitro. Soluble APi^o was

incubated in the presence or absence of an equimolar concentration or a 20 fold molar excess of iAp5 

and fibril formation then determined after 5 days of incubation. Data arc expressed as mean 

fluorescence ± SEM. n = 4.
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Figure 4.16. Inhibition of VLDL-induced Api^o fibrillogenesis by iAp5 in vitro.

Native or oxidised VLDL (0.2mg ml' )̂ added to soluble Api^, was incubated in the 

presence or absence o f equimolar or a 20 fold molar excess concentrations o f iAp5. Fibril 

formation was then determined after 5 days o f incubation at 37®C. (a) native VLDL, (b) 

oxidised VLDL Data are expressed as mean fluorescence ± SEM. n = 4.
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A similar trend was also observed for the action of iA(35 upon fibril formation 

induced by native and oxidised LDL. The beta-sheet breaker peptide (at either 

concentration) did not inhibit fibril formation to the extents seen with APi-4 0  

incubations alone and the peptide was less effective in inhibiting fibril formation 

induced by oxidised as compared to native LDL. The incubation of native and 

oxidised LDL with A pi^  for 24 hours in the presence of a 20-fold molar excess of 

iAp5 caused a substantial inhibition of fibril formation induced by both fractions 

(76.5% and 59.1% respectively) although the extents of fibrillogenesis potentiated by 

oxidised LDL samples were 2.7 fold higher than for native LDL (figures 4.17a and 

4.17b). Comparable results were also obtained with equimolar concentrations of 

iAp5. Incubation of native and oxidised LDL with AP 1 -4 0  for 24 hours in the presence 

of equimolar concentrations of iAP5 produced inhibitions of polymerisation of 

28.7% and 14.3% respectively, with the extent of fibril formation for the oxidised 

sample exceeding that for native LDL by 83.4%.

168



Chapter 4: Effects of plasma lipoproteins on A f  fihrillogenesis.

180

160

140

120

o
% 80 
2
§  60 
u.

40

20

0

(a)

p < 0.003

LDUAp LDL/Ap + iAp5 LDUAp + iAp5 
(equimolar) (x 20 molar)

250

p < 0.003
200

3
<

150
I

I 100
o
3u_

50

LDUAp LDUAp + IAp5 LDUAp + IAp5
(equimolar) (x 20 molar)

(b)

Figure 4.17. Inhibition of LDL-indnced APi ô fibrillogenesis by iAp5 in vitro.

Native or oxidised LDL (Img.ml ') added to soluble A p i^  was incubated in the presence or 

absence o f equimolar concentrations or a 20 fold molar excess o f iAp5 and fibril formation 

determined after 24 hours o f incubation at 37°C. (a) native LDL, (b) oxidised LDL Data are 

expressed as mean fluorescence ± SEM. n = 4.
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The addition of iAps to HDL containing samples also substantially inhibited 

lipoprotein mediated fibrillogenesis although a reverse trend to that observed for 

native and oxidised VLDL and LDL fractions was apparent with native and oxidised 

HDL incubations. Incubation of native HDL with Api^o for 5 days in the presence of 

a 20 fold molar excess of iApS caused only an 18.8% inhibition of fibril formation 

(figure 4.18a), whereas the same concentration of inhibitor reduced fibrillogenesis by 

oxidised HDL by 74% (figure 4.18b). The levels of fluorescence observed with 

native HDL treated samples were 2.5 fold higher than for the corresponding oxidised 

HDL samples and were 2.8 fold higher than for that observed with APwo incubated 

in the absence of inhibitor. The addition of equimolar concentrations of iApS did not 

significantly influence fibril formation induced by native HDL samples at any time 

point (figure 4.18a) whilst with oxidised HDL treated samples (day 5) a reduction of 

~11% was seen. The inability of iApS to inhibit native HDL mediated APwo 

fibrillogenesis may therefore indicate a polymerisation process that is distinct from 

that potentiated by the other lipoproteins.
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Figure 4.18. Effect of iApS on HDL-induced Api- 4 0  fibrillogenesis. Native or 

oxidised HDL (1.4mg ml ') was added to soluble and incubated in the presence or

absence o f  equimolar concentrations or a 20 fold molar excess o f  iAp5 and fibril formation 

determined after 5 days o f  incubation at 37°C. (a) native HDL, (b) oxidised HDL Data are 

expressed as mean fluorescence ± SEM. n = 4.
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4.5. Discussion.

4.5.1. Plasma lipoprotein-AP interactions.

Cerebrovascular Ap accumulation, which is associated with endothelial and 

smooth muscle cell degeneration, is a significant pathological feature of the AD 

brain. The molecular mechanisms that mediate AP toxicity are not completely 

understood, although it is generally accepted that it relates to the AP polymerisation 

state (Pike et al, 1993; Simmons et al, 1994). In vivo and ex vivo investigations have 

yielded data consistent with Ap induced vascular damage and impairment of the 

blood brain barrier (Thomas et al, 1996; Martel et al, 1996; Thomas et al, 1997b).

These studies have prompted the suggestion that the Ap deposited in cerebral vessels 

may originate from the circulation (Chen et al, 1995; Smith, C.C.T. et al, 1997). Also 

factors present in the circulation may promote AP fibrillogenesis and vasotoxicity.

In the present study, it has been shown that intact plasma lipoproteins, 

implicated in cardiovascular disease, profoundly influence amyloid fibril formation 

in incubations containing the form of Ap peptide which predominates in the 

circulation, i.e. A Pi^ (Chen et al, 1995, Masters et al, 1985, Li et al, 1998) 

Furthermore, the oxidative state of these lipoproteins would appear to greatly 

influence Ap aggregation as oxidised lipoproteins, particularly VLDL and LDL, 

promote fibril formation to a significantly greater extent than their native 

counterparts. By contrast, oxidation of HDL seemed to make little difference to its 

potentiating effects on AP fibril formation.

Various factors that mediate the formation of P-pleated sheet amyloid fibrils 

are known to be associated with AP, such as apoE and HSPG’s (Wisniewski et al,
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1994; Cotman et al, 2000). Certain plasma proteins are known to interact with Ap in 

vivo, including albumin and plasma lipoproteins (Koudinov et al, 1994; Biere et al,

1996). Binding of Ap by plasma lipoproteins, including VLDL, LDL and HDL, has 

been previously reported (Biere et al, 1996), and it has been suggested that this 

interaction may mediate transport and catabolism of Ap. Koudinov and coworkers 

(1998) have suggested that complexing of AP by HDL constitutes a mechanism 

whereby the peptide is maintained in a soluble, non-aggregated form and hence in a 

non-toxic state in blood, CSF and other body fluids. The data presented here, 

however, seems to suggest that all three plasma lipoprotein classes may render AP 

more toxic, if the assumption that AP toxicity correlates with its polymerisation state 

is correct.

It has been proposed that in AD the rate-limiting step in the genesis of 

amyloid fibrils is the formation of an initial nucleus of beta-structure. Once this 

nucleus or nidus has formed, polymer growth then follows auto-catalytic kinetics 

(Jarrett and Lansbury, 1993; Jarrett et al, 1993b). Factors that initiate these 

nucleation-dependent mechanisms may therefore be critical in influencing the rate of 

cerebral amyloid deposition and the development of dementia. The data presented in 

this chapter indicates that Ap fibril formation occurs to a significantly greater extent 

in the presence of native plasma lipoproteins than when the peptide is incubated 

alone (figure 4.4), and that this reaction is dose-dependent with respect to the 

concentration of lipoprotein used (figure 4.5). These data are consistent with a 

seeded nucléation mechanism promoted by plasma lipoproteins on the ordered 

aggregation of Ap. The majority of AP in human plasma is believed to be bound in a
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soluble form by molecules that participate in its clearance, such as albumin and 

alphaz-macroglobulin (Biere et al, 1996; Qui et al, 1999). It is assumed that normally 

these molecules occur in concentrations sufficient to override the pro-aggregatory 

actions of other factors present in the blood. In hypercholesterolaemia however, the 

balance between molecules that participate in the clearance of AP versus molecules 

that are involved in fibrillogenesis may be altered in such a manner as to favour 

nidus formation and the seeding of Ap fibrils. Consequently, increases in the plasma 

concentrations of the more cytotoxic, fibrillar form of Ap may result. In 

hypercholesterolaemia, therefore, interactions between AP and VLDL/LDL may lead 

to enhanced Ap polymerisation with consequences for vascular pathology. In 

addition, since the formation of amyloid with a P-structure is regarded as being a 

critical event in AD amyloidogenesis, the lower the concentration of the soluble Ap 

monomer, the more critical the formation of a nucleus becomes. Since the plasma 

concentrations of Ap in vivo may be substantially lower than those commonly 

employed in in vitro fibrillogenesis studies, the formation of nuclei with a P- 

structure, as may occur under physiological conditions in the presence of 

lipoproteins, may be highly significant with regard to the slow amyloidogenic 

process that occurs in AD.

Hypercholesterolaemia has been shown to be a risk factor for AD. Rabbits 

maintained on a high-cholesterol diet have provided evidence of increased cerebral 

senile lesion formation (Sparks et al, 1994; Streit and Sparks, 1997) and elevated 

LDL cholesterol in AD correlates with cerebral AP content (Kuo et al, 1998). The 

interaction between plasma lipoproteins and AP resulting in enhanced fibrillogenesis
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may provide further support for the excessive deposition of A(3 in these conditions.

Ap, particularly in the fibrillar form, is known to cause endothelial dysfunction (Suo 

et al, 1997; Blanc et al, 1997) which in addition to having consequences for vessel 

tone may result in the exposure of subendothelial smooth muscle cells. Ap has been 

shown to be internalised by smooth muscle cells, possibly in the form of complexes 

with lipoproteins, via a receptor belonging to the LDL receptor family (Urmoneit et 

al, 1997). This internalisation process has been reported to upregulate the 

intracellular production of Ap which could lead to a cellular cascade mechanism, 

resulting in the seeding and spread of the pathology through distinct regions of the 

cerbrovasculature. Lipoprotein-Ap interactions may therefore result in an 

acceleration of Ap deposition and progression of AD pathology.

Elevated HDL levels have been reported to be correlated with a reduced risk 

of developing atherosclerosis, as well as AD. HDL not only binds to soluble Ap (Qui 

et al, 1999) but also prevents Ap related toxicity in cell culture studies (Matsubara et 

a/,1996). In an examination of the interaction between isolated HDL and AP, we 

found that HDL particles promoted fibrillogenesis to a much greater extent than the 

other lipoprotein fractions and did so at a much increased rate (figure 4.4c). This may 

seem at variance with the established theories relating to enhanced amyloid p- 

structure and its related toxicity. However, several studies have demonstrated that Ap 

can be overaggregated rendering it no longer toxic (Mattson, 1995; Mattson et al,

1996). Furthermore, damage to enzymes induced by AP has been reported to be 

prevented by the overaggregation of Ap (Hensley et al, 1994). This may indicate that 

the extremely rapid polymerisation of Ap by HDL may serve to protect the vascular
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endothelium and smooth muscle cell layer from Ap associated toxicity, a hypothesis 

which would be consistent with the anti-atherogenic properties of HDL (Mackness et 

al, 1993a and 1993b, Mackness et al, 2000). In addition, the majority of lipoprotein- 

bound Ap appears to be complexed to HDL (Biere et al, 1996), data that may further 

support this hypothesis. Clearly however, further in vitro cell culture work is 

required in order to establish the validity of this hypothesis.

4.5.2. ApoE and Ap.

A number of studies have demonstrated that apoE may play a critical role in 

the development of AD ApoE is encoded by a gene on the long arm of chromosome 

19 and is localised within a region associated with sporadic and late-onset AD 

(Pericak-Vance et al, 1991). ApoE has been detected in extracellular amyloid 

deposits, including those in arterial walls, suggesting that it may have a role in the 

development of cerebral angiopathy and reduced cerebral blood flow in dementia 

(Hachinski et al, 1975). A number of studies have also shown an association between 

late-onset and sporadic AD and the apoE s4 allele (Stittmatter et al, 1993a; Poirier et 

al, 1993). Biochemical studies have indicated that apoE associates with Ap with high 

avidity, and that the E4 sub-type in particular is capable of generating Ap fibrils far 

more rapidly than the E2 or E3 isoforms (Strittmatter et al, 1993b; Sanan et al,

1995). The data presented here, however, would seem to indicate that the association 

between apoE genotype and the development of AD may not be as straightforward as 

these previous studies suggest. In the present study it was indeed shown that apoE 

promotes AP polymerisation and that this occurs in an isoform-specific manner
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(figure 4.3), however these isoform specific effects followed a trend opposite to that 

of the previous studies. Most studies that have investigated the interaction between 

apoE and AP have used synthetic apoproteins, i.e. delipidated forms of apoE that do 

not possess a native conformation. These studies may therefore have been 

susceptible to variations with regard to the methods employed in the manufacture of 

the apolipoproteins and are unlikely to reflect mechanisms occurring in vivo due to 

the absence of lipid components and the apolipoproteins native conformational state.

Although the results showing that plasma lipoproteins are able to promote AP 

polymerisation through protein-protein interactions may indicate a role for apoE in 

Ap fibrillogenesis, this is by no means certain, since in addition to apoE, other 

apoproteins that may influence fibrillogenesis are present in the isolated lipoprotein 

fractions. The data presented here seems to suggest an alternative association 

between the apoE e4 allele and AD. In addition to being associated with AD, apoE4 

has been reported to be associated with hypercholesterolaemia and ischaemic heart 

disease (Utermann et al, 1984; Assmarm et al, 1984). The consequence of possessing 

the apoE s4 allele in these conditions is a decrease in cellular LDL receptor numbers.

Receptors belonging to the LDL receptor family have been shown to bind Ap and 

AP-apoE complexes. Thus, a reduction in LDL receptor number may have 

implications for the clearance of Ap firom the circulation, as well as that of LDL.

Reduced binding and internalisation of Ap by cells may lead to increased plasma AP 

concentrations with consequences for vascular pathology and hence the development 

of amyloid angiopathy.
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4.5.3. Lipoprotein oxidation and Ag fibrillogenesis.

Oxidative stress has been implicated in the pathogenesis of AD, as well as in 

hypercholesterolaemia (Markesbury et al, 1997; Nourooz-Zadeh et al, 2001). In 

hypercholesterolaemia, apart from raised plasma LDL, the plasma concentrations of 

oxidised lipoproteins are also increased (Nourooz-Zadeh et al, 2001). Oxidised LDL 

is particularly atherogenic and elevations in its circulating levels are associated with 

endothelial damage, which is also seen in AD. In an examination of the interactions 

between plasma lipoproteins and A(3, it was found that whilst native lipoproteins 

greatly enhanced AP polymerisation, oxidised VLDL and LDL, but not oxidised 

HDL, enhanced fibril formation even further (figure 4.4). Furthermore, it was found 

that apolipoprotein-Ap interactions were critical in the fibril forming process, both 

with the native and oxidised forms of the lipoproteins, and that aldehyde- 

apolipoprotein interactions were important with regard to the enhanced fibrillogenic 

effect observed with oxidised VLDL and LDL. By contrast, free radicals and 

LPDA’s were reported to have negligible effects upon the polymerisation process.

A number of molecules that are produced as a consequence of oxidative 

mechanisms have been shown to influence AD pathology (Steinberg et al, 1989;

Subbarao et al, 1990; Lovell et al, 1995). Several of these products of oxidation, 

including free radicals, LPDA’s and oxidised apolipoproteins, have also been 

reported to induce protein aggregation in a number of systems (Haberland et al,

1984; Parthasarathy et al, 1985; Wolff and Dean, 1986; Strittmatter et al, 1993a).

Whilst the presence of LPDA’s and oxidised apolipoproteins in our oxidatively 

modified lipoprotein preparations were confirmed by the TEARS assay and by
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agarose gel electrophoresis respectively, the presence of free radicals could not be 

conclusively established due to equipment limitations. Their presence in the oxidised 

lipoprotein preparations employed here is unlikely, however, since lipoprotein 

oxidation was stopped by divalent iron chelation prior to their addition to Ap 

incubations. The spontaneous generation of free radical species in pure preparations 

of Ap has, however, been reported (Hensley et al, 1994), prompting experiments in 

which antioxidants were added (i.e. vitamins E and C) to Ap incubations to preclude 

the involvement of free radicals from this source. The failure to observe inhibitory 

effects on the fibrillogenic process when using anti-oxidants, therefore seems to 

indicate that free radicals are not directly involved in Ap polymerisation. Further 

confirmatory evidence, however, is required including the confirmation of free 

radical presence and of anti-oxidant action.

Apolipoproteins are substantially modified during the process of oxidation, as 

reflected by increases in electronegative charge, and alterations in the 

chromatographic properties of the lipoprotein particles (figure 4.6). These changes 

arise primarily as a result of the reaction of lipid oxidation products with particular 

amino acid residues, although the involvement of direct oxidation of the proteins in 

these modifications is possible (Rice-Evans and Bruckdorfer, 1995). A free-radical 

driven lipid peroxidation process initiates this whole process. This starts with the 

removal of a hydrogen atom, by an initiating radical, from one of the polyunsaturated 

fatty acids of the lipoprotein particle, this molecule being particularly susceptible to 

free radical attack. Such hydrogen abstraction, in the presence of molecular oxygen, 

initiates a reaction resulting in the formation of lipid hydroperoxides. Decomposition
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of these lipid hydroperoxides, a process that is accelerated by transition metal ions, 

results in the formation of aldehydes that react readily with amino acid residues and 

in particular with histidine, lysine and cysteine residues. This results in the formation 

of Michael-type adducts, which in turn are capable of undergoing secondary 

reactions to form inter- and intramolecular cross links (Uchida and Stadtman, 1992;

Uchida and Stadtman, 1993). It is possible, therefore, that the initiating event in 

lipoprotein induced fibrillogenesis may involve such molecular cross linkage, either 

via lipoprotein-Ap interaction or by intramolecular crosslinking of apolipoprotein 

molecules resulting in conformational changes that are more conducive to promoting 

Ap polymerisation. Modifications of lipoproteins by free radicals and aldehydes have 

been intensely investigated (Kosugi et al, 1987; Uchida and Stadtman, 1992) and the 

products of these modifications, i.e. protein carbonyl groups have been reported to be 

present in elevated concentrations in hypercholesterolaemia and AD (Hoff and 

O’Neil, 1991; Stadtman, 1992; Smith, M.A. et al, 1994). In addition, a number of 

transition metal ions have been reported to be elevated in AD brains (Oteiza, 1994;

Sayre et al, 2000; Smith, M.A. et al, 2000) and this may contribute to aldehyde 

generation with subsequent apolipoprotein modification. Oxidative modifications of 

plasma lipoproteins / CNS lipoproteins in hypercholesterolaemia and AD may 

therefore be highly significant in promoting amyloid polymerisation and deposition 

in the vasculature as well as in the neuropil, particularly in the elderly where protein 

oxidation is a well documented phenomenon (Stadtman, 1992; Hensley et al, 1995;

Cao and Cutler, 1995). This may also become especially apparent after sustained 

periods of oxidative stress, when the proposed antioxidant effect of Ap changes to a
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pro-oxidant action and hence may significantly contribute to AD development 

(Kontush et al, 2001; Kontush, 2001).

4.5.4. Inhibition of lipoprotein-induced fibrillogenesis by iApS.

The inhibition of Ap fibrillogenesis in AD is a potential mechanism whereby 

treatment of AD may be achieved. Amyloid fibril formation has been shown to be 

inhibited by short synthetic peptides that are partially homologous to Ap (Soto et al,

1998). The studies presented in this chapter are in agreement with this observation.

In addition, it has been shown that iApS inhibited fibrillogenesis potentiated by 

plasma lipoproteins. Thus, iAp5 reduced Ap fibrillogenesis seeded by the native and 

oxidised forms of VLDL and LDL, although not to the extents observed when 

AP was incubated alone with the inhibitor peptide. These effects occurred possibly 

via competition for binding of Ap between lipoproteins and iAp5.

Interestingly, iAp5 failed to prevent Ap fibrillogenesis induced by native 

HDL, even at concentrations that were in a 20 fold molar excess of that of the AP 

peptide, but inhibited polymerisation induced by oxidised HDL. This may indicate 

that the forms of fibrillar AP generated in the presence of native and oxidised HDL 

differ with respect to their chemical natures. As previously mentioned, HDL particles 

may cause Ap to overaggregate rendering it more amenable to clearance from the 

circulation and less toxic. The inability of iApS to prevent native HDL induced AP 

polymerisation may reflect this mechanism. If beta-sheet breaker peptides are found 

to be efficacious in AD, account may need to be taken of the involvement of
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pathological chaperone molecules, such as plasma lipoproteins, in the fibrillogenic 

process when designing therapeutic strategies.

The findings presented in this chapter point to mechanisms that could operate 

under hypercholesterolaemic conditions and contribute to vascular degeneration in 

AD. If such findings are confirmed, an obvious course of action to slow or halt the 

development of AD would be to treat with lipid lowering drugs. Anti-oxidant therapy 

might also have a role to play.
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Chapter 5.

A study of platelet aggregatory responses to Ap peptides.
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5.1 Introduction.

Platelets are anucleate cells derived from bone marrow megakaryocytes. 

Under normal conditions platelets circulate throughout the human body as quiescent 

discs, but when the endothelium of a blood vessel is damaged and the underlying 

structures are exposed, platelets adhere to the extracellular matrix components to 

play their primary physiological role in maintaining haemostasis. During 

haemostasis, there are several distinct phases in the platelet response. First, platelets 

adhere to the damaged endothelium as a result of the exposure of the extracellular 

matrix. Second, the cells change shape from discs to spiny spheres, as a consequence 

of the inversion of membrane invaginations and the formation of pseudopodia, 

resulting in the exposure of membrane surface receptors. Third, the platelets 

aggregate forming a thrombus, the outcome of which is the recruitment of other 

platelets to the original site of damage. Finally, platelets secrete and release their 

intracellular granular contents, which serves to augment the thrombotic process 

(Holmsen, 1994; White, 1994). Many chemically diverse substances can activate 

platelets including collagen, thrombin, ADP, adrenaline, platelet activating factor and 

serotonin. Platelets are very sensitive to these agents and because they react within 

seconds of their exposure, the process of platelet activation must be highly regulated.

Platelet activity is normally tightly controlled but may be increased in certain 

pathological conditions such as thrombosis, atherosclerosis, hypertension and 

hyperlipidaemia (Kjeldsen et al, 1989; Sowers et al, 1993). Investigations of platelet 

function in hypercholesterolaemic patients have shown that platelets from these 

individuals display an enhanced sensitivity to different aggregating stimuli, e.g.
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epinephrine, collagen and ADP, compared to platelets from normocholesterolaemic 

patients (Carvalho et al, 1974; Tremoli et al, 1984a and 1984b). Indeed, raised 

plasma concentrations of several markers of in vivo platelet activity such as P- 

thromboglobulin and platelet factor 4 have been reported in hypercholesterolaemic 

individuals (Carvalho et al, 1974; Zahavi et al, 1981; Tremoli et al, 1984b). The 

enhanced platelet sensitivity in these patients has been partly attributed to the direct 

influence of lipoproteins, particularly LDL, upon these cells. This is thought to 

involve direct interactions between LDL and platelet membrane receptors resulting 

in the initiation of intracellular signalling mechanisms that lead to platelet activation 

(Katzman et al, 1991; Pedreno et al, 2001b). Additionally, plasma cholesterol/LDL 

concentrations have been shown to influence platelet membrane cholesterol content 

which in turn can alter membrane fluidity and influence platelet activity (Shattil et al, 

1977; Schick, 1994).

Several studies have indicated that patients with AD also exhibit enhanced 

platelet sensitivity and activity, as well as alterations in platelet membrane structure 

(Inestrosa et al, 1993; Sevush et al, 1998; Swiderek et al, 1997). The cause of such 

platelet abnormahties is, as yet, unknown, but several suggestions have been 

proposed, including alterations in platelet membrane fluidity, as occurs in 

hypercholesterolaemia (Zubenko et al, 1987a and 1987b; Zubenko et al, 1988a, 

1988b and 1988c). It has also been reported that Ap may influence platelet reactivity 

via an interaction with specific platelet membrane receptors (Kowalska and 

Baddelino, 1994). This has been proposed to lead to platelet granular secretion with
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subsequent enhanced expression of platelet fibrinogen receptors, and, finally, an 

augmented aggregatory response.

Interactions between factors that are thought to result in enhanced platelet 

activity in hypercholesterolaemia and AD, i.e. increased plasma LDL and Ap 

concentrations may therefore result in potentiation of the platelet aggregatory 

response with implications for atherosclerosis and Congophilic angiopathy.

5.2. Aim of the Study.

The aim of the study presented in this chapter was to establish if interactions 

between native/oxidised plasma lipoproteins, and Api^o peptides influence ADP- 

induced platelet aggregation and dense granular release.

5.3. Study Design.

Gel filtered platelets, prepared as described in chapter 2 (2.3.1), were pre

incubated with stirring for 1 minute at 37°C in the presence of fibrinogen 

(200pg.ml’̂  final concentration). Platelet suspensions were then stimulated by the 

addition of increasing concentrations of ADP (0, 0.5, 1, 2, and Spmol.l'^) and 

aggregatory responses determined over a four minute period. Following incubation, 

platelet suspensions were centrifuged to pellet the cells and supernatant 5-HT 

concentrations determined by HPLC (see section 2.3.5). 5-HT release induced by a 

supra-maximal dose of collagen (25pg.ml'^) was used as a reference for comparison 

with the results obtained with ADP.
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The effects of native and oxidised plasma lipoprotein fractions upon ADP- 

induced platelet aggregation were determined by preincubating platelet suspensions 

for 1 minute with isolated lipoproteins (VLDL at 25pg.ml'\ LDL and HDL at 

100 p.g.ml'^) followed by the addition of increasing concentrations of ADP, as 

described above. Following incubation, supernatant samples were also prepared for 

5-HT determination.

The influence of Api^o upon ADP induced platelet aggregation was 

examined by addition of soluble or fibrillar Ap (0.1, 1, 5 and lOpmol.f^) to platelet 

suspensions together with a sub-maximal dose of ADP (Ipmol.f*) and responses 

compared to those obtained for ADP alone. Once again, platelet dense granular 

release was examined by determination of supernatant 5-HT.

Finally, fibrillar ApMo samples prepared in the presence of native/oxidised 

lipoproteins were examined for potential synergistic effects upon ADP induced 

platelet aggregation (Ipmol.l *) and 5-HT release.
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5.4. Results.

5.4.1. ADP induced platelet aggregation and 5-HT release.

In order to establish platelet viability and responsiveness prior to the addition 

of lipoprotein and APmo samples, all platelet preparations were treated with a range 

of doses of ADP. Marked platelet aggregation was observed with concentrations as 

low as O.Spmol.r^ ADP, whereas maximal responses were seen with ADP 

concentrations of the order of 5pmol.l'\ All aggregations (0.5-10 pmol.r*) were 

irreversible and were preceded by a shape change; the rate (slope) and maximal 

extent of aggregation being dependent on the concentration of ADP used (table 5.1). 

Concentrations of ADP below 0.5 jimol.l’̂  (0.125 - 0.25 jimol.l'^) also elicited 

platelet responses, including shape change and aggregation, although these responses 

were minimal (0.35 -  1.34% increase in light transmission).

Noticeable increases in 5-HT release above resting concentrations were seen 

with all ADP concentrations. However, statistically significant increases were not 

achieved until an ADP concentration of 2pmol.l'^ had been attained. 5-HT efflux 

then occurred in a dose dependent manner up to the highest ADP concentration i.e. 

lOjimol.r^ (table 5.1). Maximal 5-HT efflux, stimulated by the addition of 25pg.ml'^ 

collagen was in accordance with previously published data (Smith, C.C.T., 1996; 

Smith and Betteridge, 1997; Smith, C.C.T., et al, 1999). 5-HT release achieved by 

stimulation with ADP was roughly 5% that of maximal secretion.
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ADP Cone, 
(pmoir̂ )

Maximal Aggregation (% 
light transmission)

Rate of Aggregation (% 
light transmission /minute)

5-HT efflux (pmol 5- 
HT/10* platelets).

0 — — 3.57 ±0.39

0.5 13.18±2.12 16.82 ±2.48 4.17±0.35

1 34.63 ±3.51 32.44 ±3.36 5.04 ±0.57

2 54.85 ±3.58 41.17±3.91 5.67 ±0.71

5 67.69 ± 2.62 46.18 ±4.26 6.71 ± 1.08

1 0 72.43 ± 2.37 49.15 ±4.62 7.1 ± 1.2

25pg.ml*
Collagen

78.09 ± 1.89 54.86 ±2.83 130.54 ± 11.67

Table 5.1. ADP stimulated platelet aggregation and 5-HT release. Data are 

expressed as mean ± SEM. n= 9-12.

5.4.2. The effect of native and oxidised plasma lipoproteins upon ADP induced

platelet aggregation and 5-HT release.

The addition of the plasma lipoprotein classes VLDL and HDL (25pg.ml'^ 

100 pg.ml'^ final protein concentrations, respectively), in either their native or 

oxidised forms, did not significantly influence ADP-induced platelet reactivity, with 

respect to extents (figure 5.1a and 5.1c), and rates of aggregation (table 5.2), as well 

as to platelet secretion of 5-HT (figure 5.2a and 5.2c). The addition of both native 

and oxidised LDL to platelet suspensions, however, significantly potentiated ADP 

responses. The dose response curve obtained with respect to ADP-induced platelet
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aggregation was shifted slightly to the left in the presence of native LDL, and to a 

more exaggerated extent with oxidised LDL (figure 5.1b). These shifts were 

accompanied by decreases in EC5 0  values for native and oxidised LDL of 13.95% 

and 20.98% respectively. Maximal extents of aggregation obtained with higher ADP 

concentrations (2 and 5pmol.l'^) were also increased by the addition of native and 

oxidised LDL. For example, with 2pmol.1'̂  ADP, native and oxidised LDL 

potentiated aggregation by 17.2% (n/s) and 45.5% (p<0.0001), respectively. 

Contrasting with the significant potentiating effects observed with native and 

oxidised LDL upon the extents of aggregation, on the whole, marked effects on the 

rates of aggregation were not apparent. Oxidised LDL did, however, significantly 

increase the rates of aggregation obtained with 1 pmol.l'^ ADP (p<0.05) and 

2 pmol.r^ ADP (p<0.05).

Values for 5-HT release in ADP-stimulated platelet suspensions 

supplemented with native and oxidised LDL were also increased in comparison to 

incubations in which ADP was added alone. The majority of these increases were 

non significant however, most probably reflecting the sensitivity of the assay used to 

determine supernatant 5-HT concentrations, and the large degree of variation 

observed under some conditions (figure 5.2). Significant elevations in 5-HT secretion 

were apparent with oxidised LDL-treated platelet suspensions stimulated with 

5 pmol.r^ ADP. Unstimulated platelet suspensions were unaffected by the addition 

of any of the isolated lipoprotein fractions (native and oxidised VLDL, LDL and 

HDL), both with regard to the rates and extents of aggregation, as well as 5-HT 

efflux.
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Figure 5.1. Platelet aggregation induced by ADP in the absence or presence of 

(a) native and oxidised VLDL, (b) native and oxidised LDL, (c) native and 

oxidised HDL. Gel-filtered platelets were pre-incubated for 1 minute in the presence o f  

fibrinogen. Isolated lipoprotein fractions were then added to platelet suspensions, or an equal 

volume of saline as control, and then immediately stimulated with ADP (0.5-10pmol.r'). 

Incubations were continued for a further four mmutes during which time aggregation was 

monitored by increases in light transmission. Data given as mean ± SEM, n=4-17.
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Figure 5.2. 5-HT release induced by ADP in the absence or presence of (a) 

native and oxidised VLDL, (b) native and oxidised LDL, (c) native and oxidised

HDL. Gel-filtered platelets were pre-incubated for 1 minute in the presence o f fibrinogen. 

Isolated lipoprotein fractions, or an equal volume o f saline, were added to platelet 

suspensions and then immediately stimulated with ADP (0 5-lOpmol l '). Incubations were 

continued for a further four minutes and samples then centrifuged. 5-HT concentrations were 

then determined in supernatant samples by HPLC. Data given as mean ± SEM, n=4-17.
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ADP Cone. ((j.mol.r̂ ) Maximal Aggregation 
(% light transmission)

Rate of Aggregation 
(% light transmission 
/minute)

5-HT efflux 
(pmol 5-HT/lO* 
platelets).

0 — — 3.57 ±0.39

Native VLDL — — 3.55 ±0.44

Oxidised VLDL — — 3.32 ±0.21

Native LDL — — 3.41 ±0.67

Oxidised LDL — — 3.68 ±0.24

Native HDL — — 3.23 ±0.48

Oxidised HDL — — 3.43 ±0.51

0.5 13.18±2.12 16.82 ±2.48 4.17 ±0.35

0.5 + native VLDL 22.66 ± 6.04 18.75 ±5.84 4.2 ±0.58

0.5 + oxidised VLDL 21.33 ±3.47 18.02 ±4.9 4.05 ±0.77

0.5 + native LDL 20.67 ± 5.92 27.28 ±4.38 3.58 ±0.3

0.5 + oxidised LDL 28.78 ±6.91 31.48 ±7.06 3.66 ±0.36

0.5 + native HDL 15.66 ±3.59 15.93 ±4.24 4.16 ±0.58

0.5 + oxidised HDL 11.79 ±1.9 13.68 ±1.44 4.28 ± 0.76

1 34.63 ±3.51 32.44 ±3.36 5.04 ±0.57

1 + native VLDL 35.34 ±6.49 33.99 ±3.86 5.89 ±0.24

1 + oxidised VLDL 42.97 ±5.02 32.26 ± 4.72 5.44 ±0.75

1 + native LDL 47.58 ± 2.75** 39.75 ±2.55 5.37 ±0.38

1 + oxidised LDL 50.94 ± 5.42* 43.09 ± 3.23* 4.88 ±0.51
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1 + native HDL 29.64 ± 6.43 25.08 ±4.36 4.84 ±0.75

1 + oxidised HDL 42.12 ± 12.14 33.0 ±0.75 4.65 ±0.7

2 54.85 ±3.58 41.17±3.91 5.67 ±0.71

2 + native VLDL 53.57 ±8.47 37.72 ±3.65 5.94 ± 1.03

2 + oxidised VLDL 51.93 ±3.46 42.24 ±3.56 9.18 ±2.07

2 + native LDL 64.26 ±6.53 47.08 ±5.1 8 . 0  ±1.61

2 + oxidised LDL 79.81 ± 2.37*** 64.59 ± 8.07* 10.04 ±3.15

2 + native HDL 54.8 ±7.85 34.05 ±5.09 5.45 ±0.3

2 + oxidised HDL 53.37 ±8.17 41.05 ±9.34 4.82 ± 0.23

5 67.69 ± 2.62 46.18 ±4.26 6.71 ± 1.08

5 + native VLDL 65.67 ±4.21 43.77 ±0.55 6.36 ±0.82

5 + oxidised VLDL 61.04 ±5.41 40.96 ±3.63 6.72 ± 0.25

5 + native LDL 78.51 ± 3.54* 48.55 ±3.99 7.26 ± 0.52

5 + oxidised LDL 82.03 ± 4.1* 61.33 ±9.91 9.69 ± 0.73*

5 + native HDL 65.85 ±8.32 41.11 ±5.68 7.44 ± 2.27

5 + oxidised HDL 61.04 ±5,41 41.67±3.81 6.49 ±0.51

Table 5.2. Platelet responses to ADP stimulation in the presence or absence of 

native and oxidised lipopcotems. Data are presented as means ± SEM, n=4-17. 

Significance is indicated where treatment responses differ from ADP treatment alone 

* p<0.05, ** p<0.01, *** p<0.001.
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5.4.3. The effects of soluble and fibrillar Ap upon ADP induced platelet 

aggregation and 5-HT release.

In order to examine whether Apwo potentiates ADP induced platelet 

aggregation, platelet suspensions supplemented with fibrinogen, were stimulated 

with a sub-maximal concentration of ADP (Ipmol.l'^) in the presence or absence of 

soluble or fibrillar APi- 4 0  (0.1, 1, 5 and lOpmol.l'^). The addition of soluble APmo 

had little or no effect on ADP-induced platelet aggregation except at the highest 

concentration tested (lOpmol.l'^) where extents of aggregation were increased by 

-30% (p<0.05) (figure 5.3a). Fibrillar APi^o preparations, however, were 

significantly more potent in potentiating ADP-stimulated aggregatory responses. 

Additions of fibrillar APmo at concentrations of 1, 5 and lOpmol.l'^ enhanced extents 

of aggregation induced by Ipmol.l'^ ADP by 17.4% (n/s), 68.8% (p<0.05) and 99.5% 

(p<0.0001), respectively (figure 5.3a). These additions had no significant influence 

upon rates of aggregation however, as was the case for the addition of soluble APmo 

(table 5.3).

The influence of A pi^  preparations upon platelet aggregatory responses 

were reflected by data obtained for the platelet secretion of 5-HT. The addition of 

soluble APmo to platelet suspensions resulted in increases in ADP-induced 5-HT 

efflux only at an ADP concentration of 10p.mol l '\  By contrast treatment with 

fibrillar APmo at concentrations of 1, 5 and lOpmol.l'^ resulted in increases in 5-HT 

release of 17.4%, 64.75% and 207%, respectively. Significant differences between 

ADP-induced 5-HT release and ApMo potentiated responses were only achieved, 

however, with the addition of fibrillar ApMo at lOpmol.l'^ (figure 5.3b).
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APi^ cone, (pmol.1̂ ) 
(ADP at Ipmol.r* except 
where indicated)

Maximal Aggregation 
(% light transmission)

Rate of Aggregation 
(% light transmission 
/minute)

5-HT efflux 
(pmol 5-HT/lO* 
platelets).

1 pmol.r  ̂ADP 34.33 ±3.39 32.44 ±2.63 5.04 ±0.33

0 .1  pmol.r̂  sol APi-40 29.89 ±5.14 23.43 ±0.97 3.94 ± 1.14

1 pmol.l  ̂sol Api-40 33.13 ±5.26 29.22 ±3.46 5.1 ±0.68

5 pmol.l  ̂sol Api-40 33.34 ±2.96 25.67 ±6.48 4.99 ±0.5

1 0  pmoU * sol APi-4o 44.72 ± 3.92* 35.0 ±3.26 6.44 ± 0.67

0 .1  pmol.l  ̂fib Api-40 35.4 ±3.96 32.1 ±2.93 5.05 ±0.62

1 fimol.r̂  fib APi_4o 40.32 ±5.27 35.84 ±2.86 5.94 ±0.57

5 pmol.r  ̂fib APi_4o 57.95 ± 8.46* 30.79 ±4.67 8.32±2.17

1 0  pmol.l  ̂fib APi-40 68.5 ± 3.6** 34.55 ±1.84 15.51 ± 2.23**

1 pmoU'̂  sol APi_4o 
alone (No ADP)

— — 4.02 ± 0.65

1 0  pmol.l * sol Api_4o 
alone (No ADP)

— — 3.11 ±0.87

2 0  pmol.r̂  sol Api-40 
alone (No ADP)

— — 3.65 ±0.12

1 pmol.l  ̂ fib APi_4o 
alone (No ADP)

— — 3.99± 1.11

1 0  pmol.r̂  fib APi_4o 
alone (No ADP)

— — 2.98 ±0.76

2 0  pmol.l  ̂ fib APi-40 
alone (No ADP)

— — 3.44 ±0.25

Table 5.3. Platelet responses to ADP stimulation (IpmoI.I' )̂ in the presence or 

absence of soluble or fibrillar APi^o* Data are presented as means ± SEM, n=4-17. 

Significance is indicated where treatment responses differ from ADP treatment alone 

* p<0.05, ** p<0.001.
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The addition of soluble Api.4 0  alone (O|imol ADP) at concentrations up to 

2 0 pmol r% in the presence or absence of fibrinogen, resulted in no measurable 

platelet aggregatory response. Similarly, the addition of fibrillar Api- 4 0  alone at 

concentrations up to 2 0 p.mol.l'% also caused no detectable aggregation of platelets. 

The use of Api.4 0  from different sources and the use of several lots of Api.4 0  from the 

same source produced no variability in platelet responses.

□  Soluble 

B  Fibrillar

* p<0.05
** p<0.0001

0 0.1 1 5 10

A|1 conc. (pM)

(a)

12 
10  -

□  Soluble

□  Fibrillar-  o

p<0.001

(b)

Figure 5.3. Platelet 

responses to ADP stimulation 

(Ipmol.r*) in the presence or 

absence of soluble or fibrillar

A Pi.40. Gel filtered platelets were 

pre-incubated for 1 minute with 

stirring in the presence of 

fibrinogen. Soluble or fibrillar 

A p ,^  was then added and 

immediately followed by the 

addition o f Ipmol f ’ ADP. Platelet 

responses were then measured by

(a) maximal extent o f aggregation, 

and (b) determination of 

supernatant 5-HT concentrations. 

Data given as mean ± SEM. Levels 

of significance are in comparison to 

Ipmol.r’ ADP alone. n=4-17.
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5.4.4. The elTects of plasma lipoprotein / AP coincubations upon ADP induced 

platelet aggregation and 5-HT release.

The effects of plasma lipoprotein / Ap coincubations upon ADP induced 

platelet aggregation and 5-HT release were investigated in two ways. Lipoprotein/AP 

coincubations were either added immediately after preparation, i.e. when APmo was 

still in its soluble form or after 5 days of incubation at 37°C when maximal AP fibril 

formation had occurred (see chapter 4). Both types of incubation produced similar 

effects upon ADP-induced platelet responses and followed similar trends to those 

observed when lipoprotein alone was added to platelet suspensions. For example, 

VLDL/APi^o and HDL/APi-4 0  additions with the lipoproteins in both their native and 

oxidised forms, had no significant effects upon ADP-induced platelet aggregatory 

responses and 5-HT release, at any of the Apwo concentrations tested (0.1, 1 and 

lOfimol.r*). LDL/APi^ preparations enhanced ADP-induced platelet aggregation to 

similar extents to those seen with the lipoprotein alone. For example native LDL and 

native LDL/APi^ (Ap at 10 iimol.l'^) enhanced ADP (1 {imol.l'^) stimulated platelet 

aggregation by 28.6% and 34% respectively, whereas oxidised LDL and oxidised 

LDL/ Apwo enhanced aggregation by 47.1% and 40.1% (figure 5.4a). These 

responses were reflected by similar changes in 5-HT efflux. Thus, LDL/ A p i^  

enhanced ADP-induced 5-HT secretion to similar extents seen with LDL alone, at all 

of the Ap concentrations tested (figure 5.4b). Maximal extents of aggregation and 5- 

HT release obtained with native and oxidised LDL/ A P i^  additions (Ap at 

10 iimol.r^) were however, significantly less than for the addition of Ap alone 

(figure 5.4a & b).
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The addition of fibrillar Ap (generated by the preincubation of soluble Ap 

alone for 5 days) following that of LDL to platelet suspensions, enhanced ADP- 

induced platelet aggregation to an extent equivalent to the sum of the effects 

observed for the individual components. For example, native LDL and fibrillar APi.

4 0  individually enhanced ADP-induced aggregation (1 (imol.f^) by 28.6% and 67.3% 

respectively, whereas the addition to platelet suspensions of both components 

enhanced aggregation by 103.2%.

Lipoprotein/AP preparations added to platelet suspensions in the absence of 

ADP did not influence platelet aggregation or 5-HT efflux.
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Figure 5.4. Platelet 

responses to ADP 

stimulation in the 

presence of native and 

oxidised LDL/APi# 

coincubates. Native and 

oxidised LDL were added to 

Ap,_w and then incubated at 

37°C for 5 days. Aliquots 

were then added to platelet 

suspensions followed by 

stimulation with Ipmol.l' 

ADP. Platelet responses 

were then assessed by 

determining (a) maximal 

extent o f aggregation, and

(b) determination of 

supernatant 5-HT

concentrations. Data given as 

mean ± SEM, n=4-17.
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5.5. Discussion.

5.5.1. Platelet aggregatory responses to APi^o peptides.

AD, although principally a disease of the brain, has been associated with a 

number of peripheral manifestations, including alterations in platelet membrane 

structure and function (Swiderek et al, 1997). Such alterations in platelet function 

have been shown to result in heightened levels of platelet activity in patients with 

AD, a fact supported by the presence of elevated plasma concentrations of the 

platelet dense granule component 5-HT in these individuals (Kumar et al, 1995b; 

Sevush et al, 1998). In addition to potential relationships between platelet activation, 

serotonin and membrane fluidity changes, it has been suggested that platelet 

activation in AD may relate to the vascular components of AD pathophysiology. One 

possibility is that the accumulation of AP in the cerebral microvasculature may 

directly cause platelet activation. Several studies have indicated that the ApMo 

peptide can directly influence platelet aggregation, particularly in its fibrillar form 

(Kowalska and Baddelino, 1994; Wolozin et al, 1998). The secretion of the AP 

peptide upon platelet activation may therefore have a physiological role in normal 

platelet function. In an examination of platelet aggregatory responses to APmo 

peptides, it was shown that APmo (at micromolar concentrations), in both its soluble 

and fibrillar forms, significantly potentiates platelet aggregation induced by sub- 

maximal concentrations of ADP, the fibrillar form of the peptide being significantly 

more potenl in e#^t^Qipg this reaction. This process, which was dependent upon the 

pres^nga also resulted in increased platelet 5-HT secretion. The

addition ^ither soluble or. fibrillar Api. 4 0  preparations alone, whether in the
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presence or absence of fibrinogen, did not result in measurable amounts of platelet 

aggregation or 5-HT release.

Although platelet stimuli and platelet responses are diverse, it is known that 

platelet activation is regulated by a number of distinct mechanisms. Common to all 

physiological platelet stimuli is their binding to specific receptors on the platelet 

surface. The interaction between platelet agonists and their receptors is the first step 

in the signal transduction pathway in which G proteins, hetero-trimeric regulatory 

proteins bound to guanine nucleotides, mediate activation of enzymes that generate 

second messengers. ADP binds to a specific platelet membrane receptor that results 

in the surface expression of the glycoprotein complex, GPIIb/IIIa (Luscher and 

Weber, 1993; Brass et al, 1993). Extracellular fibrinogen, then binds in a reversible 

fashion to this activated membrane complex and subsequently aids cell to cell 

contact and hence aggregation, an event that is dependent upon the presence of 

extracellular calcium ions (Zucker and Nachmias, 1985; Bennett and Kolodziej, 

1992). Previous studies investigating platelet responses to AP have indicated that the 

amyloid peptide may interact with specific receptors on the platelet surface leading 

to enhanced expression of GPIIb/IIIa. These studies also demonstrated that at high 

concentrations (l-lOpmol.f^), AP can induce aggregation in the absence of ADP and 

fibrinogen (Kowalska and Baddelino, 1994; Wolozin et al, 1998). Whilst the present 

study confirmed that APmo, particularly in its fibrillar form, is capable of 

potentiating ADP-induced aggregation, it did not show direct platelet activation by 

Ap, even at concentrations that were well in excess of those previously shown to 

produce such effects. The absence of any aggregatory response to AP peptides alone
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(± fibrinogen), therefore suggests that, in this study, Ag does not induce expression 

of GPIIb/IIIa receptors, and that its effects may be mediated by a process that is 

further downstream of platelet activation. The observation that the potentiated 

aggregatory responses to Ap were dependent upon the presence of both fibrinogen 

and ADP, and which is in accord with Wolozin et al, (1998), would, however, seem 

to indicate an involvement of AP with the GPIIb/IIIa-fibrinogen complex. 

Alternatively it is possible that Ap may have a role in mediating fibrinogen- 

fibrinogen cross-linking, an event that has previously been shown to be enhanced by 

several platelet related proteins (Kanaide et al, 1975; Rasmussen et al, 1993). This is, 

of course purely hypothetical and in order to confirm the exact nature of the 

interaction between AP and platelets, further work, possibly involving an 

investigation of intracellular signalling mechanisms, is required.

The discrepancies between the results presented here and those reported 

previously may relate to several possibilities. Inconsistency in cellular responses to 

Ap are common, and it has been suggested that this may be due to batch-to-batch 

variation in Ap preparations from the same manufacturer (May et al, 1992). The 

different chemical processes employed by different manufacturers in the production 

of Ap preparations may also influence cellular responses. Differences in the initial 

conformation of soluble Ap monomers may occur, resulting in variability with 

regard to the propensity of different Ap peptides to polymerise into fibrils, a process 

that was shown in this study to dramatically affect the peptides ability to potentiate 

ADP-induced aggregation. In order to account for this variation, Apwo peptides were 

tested from three separate sources (Sigma, Quality Controlled Biochemicals and
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Bachem) with several lots being used from each source. Adopting this strategy, 

however, did not result in differential effects upon platelet activity, indicating that 

the failure to detect responses in these studies was unlikely to be due to lot-to-lot 

differences with respect to Apwo polymerisation and hence function. Previously it 

was reported that consistency with regard to cellular responses was observed with 

several batches of amyloid protein from the same source, but with occasional batches 

yielding remarkably different results (May et al, 1992). The possibility therefore 

remains, that the observed differences between the present studies and those 

previously published are due to batch-to-batch variation.

An alternative explanation for the apparent discrepancies relates to the 

procedures used by different groups for platelet isolation. Various methods have 

been advocated for the study of platelet aggregation, all of which have advantages 

and disadvantages. Kowalska and Baddelino (Kowalska and Baddelino, 1994), used 

a platelet washing method incorporating apyrase; a method that in the present study 

was found to produce hyperactive platelets or even platelets that aggregated during 

sample preparation. This raises the possibility that the platelet responses to Api^o 

stimulation observed in this previous study may have been artefactual. Wolozin et al 

(Wolozin et al, 1998) used platelets isolated by gel filtration in a buffer that did not 

contain albumin, a protein frequently included in platelet-washing buffers and 

generally regarded as necessary to ensure platelet stability. Albumin has been 

reported to bind to Ap (Biere et al, 1996), and in doing so, is thought to prevent AP- 

related cytotoxicity. Albumin containing buffers were employed in the present study 

and albumin-Ap binding may therefore have interfered with the AP-platelet
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interaction. Thus, in this study higher concentrations of Ap than those used by 

Wolozin and coworkers appeared to be required in order to elicit comparable 

responses. It is unlikely, however, that the presence or absence of albumin in platelet 

buffers fully explains the vast differences in Ap concentration required to potentiate 

ADP-stimulated platelet responses. Whereas low micromolar concentrations of AP 

were required to produce effects in this study, Wolozin and colleagues were able to 

show potentiated responses to ADP with sub-nanomolar concentrations. These 

results are perhaps surprising, given that considerably higher concentrations of 

agonist are normally required in experiments examining synergistic interactions 

between conventional platelet agonists (ca. 50-100nmol.f^) (Alarayyed et al, 1995).

The possibility of methodological artefacts in the different studies cannot be 

excluded, although ADP E C 5 0  values, together with the values obtained for 5-HT 

secretion were in accordance with previously published data (Malinski et aï, 1993; 

Cooper et al, 1994; Alarayyed et al, 1997) adding further weight to the validity of the 

present data.

5.5.2. Platelet aggregatory responses to lipoprotein / APi-40 coincubates.

Despite the differences in experimental observations outlined above, the 

studies presented in this chapter have confirmed that the influence of Ap peptides on 

platelet activity are largely dependent upon the Ap peptide polymerisation state. The 

main aim of the present study was to establish if enhancements of Ap fibrillogenesis, 

particularly that stimulated by plasma lipoproteins, potentiates platelet responses to 

Ap peptides. In an examination of the interactions between platelet suspensions and
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plasma lipoprotein / A(3 coincubations, it was found that neither VLDL/Ap nor 

HDL/AP preparations significantly influenced ADP-stimulated platelet aggregation 

and 5-HT secretion. LDL/Ap additions, however, potentiated ADP-induced 

responses, but only to extents observed with LDL alone. These responses 

nevertheless were significantly less than those observed with the highest 

concentration of Ap tested (lOpmol.l'^). Although by no means certain, these results 

would seem to indicate that interactions between plasma lipoproteins and AP inhibit 

or prevent interactions between Ap and platelets, whereas this reaction does not 

affect lipoprotein-mediated effects.

The influence of lipoproteins on blood platelets has been demonstrated in 

numerous studies. While it is generally accepted that LDL enhances agonist-induced 

platelet aggregation (Aviram and Brook, 1983; Hassall et al, 1983; Dunn et al, 1988; 

Ardlie et al, 1989; Pedreno et al, 2001b), the effects of VLDL and HDL upon this 

process have produced conflicting results. Studies examining possible interactions 

between VLDL and HDL on platelets, have shown both potentiatory and inhibitory 

effects, whilst others have demonstrated no effects (Nordoy et al, 1979; Aviram and 

Brook, 1983; Aviram and Brook, 1984a and 1984b; Bruckdorfer et al, 1984; Orth et 

al, 1995; Knofler et al, 1995). The addition of either VLDL or HDL to platelet 

suspensions in this study produced no effects upon agonist-induced aggregation, and 

while this in agreement with some previous reports, the discrepancies with other 

studies may relate to the concentrations of lipoprotein used or the methods of platelet 

preparation employed. It was possible, however, to confirm the actions of LDL upon 

platelet aggregation. It has been suggested that the action of LDL may be mediated
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via specific receptors on the platelet surface. A similar mechanism has also been 

suggested for Ap, with its effects believed to operate through receptor interactions.

The addition of LDL followed by the addition of APi. 4 0  (as opposed to the addition 

of LDL/Ap coincubates) to platelet suspensions resulted in a potentiated response to 

ADP that was roughly equivalent to the sum of the effects produced by these 

components separately. This may suggest that LDL and A3 operate via distinct 

mechanisms, perhaps binding to separate receptors on the platelet membrane surface.

This may occur via separate intracellular signalling mechanisms or may converge 

upon one mechanism of activation, i.e. phospholipase activation and arachidonic acid 

metabolism. The binding of AP by plasma lipoproteins in coincubation experiments 

may therefore preclude the binding of Ap to its site of action. Alternatively, the 

conformational changes created by such an interaction may render the active binding 

site of Ap unavailable for interaction with such a receptor. This may occur by 

causing overaggregation of the peptide, a phenomenon previously described to 

drastically alter the cellular actions of AP (Hensley et al, 1994; Mattson, 1995; 

Mattson et al, 1996). Further work, however, is required to establish the exact nature 

of this binding action and whether the structural changes to Ap induced by 

alterations with native and oxidised lipoproteins prevent such an interaction.

Platelet hyperactivity has been reported to be associated with both CVD and 

AD (Gleerup and Winther, 1988; Smith, C.C.T. et al, 1989; Smith, C.C.T. et al, 

1992; Sevush et al, 1998). The potential causes of the enhanced platelet activity in 

these conditions include the stimulation of platelets by damaged endothelial cells or 

platelet activation due to platelet membrane abnormalities that have been reported in
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patients with CVD or AD (Yeagle, 1985; Kumar et al, 1995a). A number of 

circulating factors, including LDL, are known to influence platelet activity by 

enhancing platelet sensitivity to a range of agonists (Surya et al, 1993). Elevated 

plasma concentrations of Ap are associated with CVD and AD (Shinkai et a l 1995; 

also see chapter 3), and Ap has previously been linked to enhanced platelet activity 

(Kowalska and Baddelino, 1994, Wolozin et al, 1998). The data presented in this 

report however, suggests that a direct interaction between platelets and Ap in these 

conditions is not responsible for the observed hyperactivity of platelets. It is likely 

that such an interaction would only be possible in the latter stages of AD, when 

substantial fibrillar deposits of AP are present in the cerebral microvasculature and 

which may be exposed in the vessel lumen. These Ap deposits might then be at 

sufficient concentrations (micromolar) to enhance platelet activity and possibly cause 

elevations in the plasma concentration of 5-HT. Since AP has been shown to cause 

endothelial damage, it is possible that Ap may indirectly enhance platelet activity in 

CVD and AD by causing endothelial dysfunction. The interaction between Ap and 

endothelial cells also results in fi’ee radical generation with the production of lipid 

peroxides and other products of oxidative stress that have been shown to render 

platelets hyperaggregable in vitro (Hashizume et al, 1991; Behl et al, 1994; Thomas 

et al, 1996; Muller and Sorrell, 1997). Alternatively, elevated plasma concentrations 

of Ap may induce platelet activity by modulating haemostatic mechanisms. PAPP, 

the precursor protein of AP, has been reported to be an inhibitor of blood coagulation 

factors IXa, Xa and Xla (Bush et al, 1990 and 1993, Schmaier et al, 1995). Ap has 

been shown to avidly bind to its precursor (Strittmatter et al, 1993a) and this may
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alter or disrupt APP-modulated blood coagulation mechanisms. Elevated plasma Ap 

may thus influence platelet activity through indirect means although further work is 

needed to verify this.
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Chapter 6.

Human endothelial cell responses to 

soluble and fibrillar Ap.
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6.1. Introduction.

Vascular amyloid deposition combined with Congophilic angiopathy is a 

major pathological hallmark of AD. Disruption of the basement membrane, swelling 

and degeneration of the endothelium and a reduced vessel lumen are frequently 

observed in the cerebral microvasculature in AD (Wisniewski et al, 1992). Cell 

culture studies have shown that Ap peptides can directly cause endothelial damage, 

with both necrotic and apoptotic changes having been reported (Thomas et al, 1996; 

Sutton et al, 1997; Blanc et al, 1997; Suo et al, 1997). The mechanisms whereby Ap 

damages vascular endothelial cells are unclear, but are thought to involve the 

generation of oxygen free radicals or the destabilisation of cellular membranes 

resulting in increases in intracellular calcium concentrations (Thomas et al, 1996; 

Mark et al, 1996). Cellular responses to Ap peptides appear to be largely dependent 

upon the aggregation state of the peptide, with fibrillar forms of Ap producing 

greater degrees of toxicity (Pike et al, 1993; Mattson et al, 1993; Simmons et al, 

1994; Lorenzo and Yankner, 1996). Factors that modulate the AP fibrillogenic 

process may therefore influence Ap toxicity. This may be particularly important with 

regard to the vasculature, as vascular amyloid deposits are largely composed of 

fibrillar forms of the peptide (Gravina et al, 1995).

The source of the peptide deposited in the vasculature is unclear, but may 

originate in the circulation (Chen et al, 1995). Factors present in plasma may 

influence AP polymerisation, which in turn may have consequences for the 

development of the vascular pathology associated with AD A number of 

cardiovascular risk factors have been shown to be associated with the development

213



Chapter 6:Endothelial cell responses to Ap.

of AD, including hypercholesterolaemia, which is associated with elevations in the 

plasma concentrations of cholesterol and triglyceride-rich lipoproteins, particularly 

LDL (Durrington, 1989). It is conceivable that the presence of elevated plasma 

concentrations of these lipoproteins may influence the vascular pathology associated 

with AD, possibly via direct interactions between lipoproteins and the A(3 peptide.

The accumulation of Ap in the cerebrovasculature, and the resulting 

endothelial damage associated with this deposition, may not only be affected by 

factors that promote Ap aggregation, but may also be influenced by factors that 

affect Ap clearance. Several intracellular proteolytic pathways may participate in AP 

degradation, including the calcium-activated calpains, the lysosomal pathways and 

the ubiquitin-proteasome system. Of particular interest is the ubiquitin-proteasome 

system, a proteolytic pathway responsible for degrading abnormal, short-lived or 

misfolded proteins, and which appears to be disrupted or defective in AD (for 

reviews see Pickart, 1997; Haas and Siepmann, 1997; Komitzer and Ciechanover, 

2000). Degradation of a protein by this pathway involves two distinct and successive 

steps. First, multiple ubiquitin molecules are covalently attached to the target 

protein, and second degradation of the targeted protein occurs via the multicataltyic 

enzyme activities of the proteasome. The proteolytic core of the proteasome, also 

referred to as the 2 0 S proteasome, has at least three distinct catalytic activities i.e. 

chymotrypsin-like, trypsin-like and peptidyl-glutamyl peptide-hydrolase activities. In 

vitro studies have shown that Ap peptides directly inhibit protein degradation by the 

20S proteasome, particularly that catalysed by the chymotrypsin-like activity 

(Gregori et al, 1995). In addition, the proteasome is also believed to be involved in
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the degradation of oxidatively modified proteins, such as oxidised LDL (Vieira et al, 

2000). The presence of elevated concentrations of both oxidised lipoproteins and Ap, 

such as may occur in hypercholesterolaemia, may therefore have implications for 

vascular Ap clearance and the development of the vascular pathology associated with 

AD

6.2. Aims of the Study.

The aims of the study presented in this chapter were to examine human 

endothelial cell responses to soluble and fibrillar APi. 4 0  preparations, particularly 

with regard to cellular viability and proteasome activity. In doing so the ultimate 

intention was to then determine if interactions between native/oxidised plasma 

lipoproteins and Api^o peptides (see chapter 4) modulate the effects of Api^o upon 

endothelial cell function.

6.3. Study Design.

Primary human aortic endothelial cells (HAEC) were prepared as described 

in section 2.4 and seeded into flat-bottomed 48-well plates at a density of 3 x 

10"^cells/500|il media per well. The following day, cell culture maintenance media 

was removed and replaced with 0.25ml of APmo containing media, the amyloid 

peptide being added in increasing concentrations (0 .0 0 0 0 1 , 0 .0 0 0 1 , 0 .0 0 1 , 0 .0 1 , 0 .1 , 

0.25, 0.5, 1, 2, 4, 8 , 16, 32|imol.r^), in either its soluble or fibrillar form. In separate 

experiments, plasma lipoproteins and Api. 4 0  were added to endothelial cell cultures, 

with AP concentrations as specified above, and with VLDL at a concentration of
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25jj.g.ml'  ̂ protein and LDL and HDL at final concentrations of lOOpg.ml’* protein. 

Such experiments were conducted in two ways, with plasma lipoproteins and APmo 

either being added separately (from here on referred to as lipoprotein/ soluble ApMo) 

or after coincubation at 37°C for 1 2 0  hours to generate AP fibrils (referred to as 

lipoprotein/ Api. 4 0  fibrils). In both types of experiment, lipoprotein fractions were 

also added to cultures alone to act as controls. In all cases, cell treatments were 

maintained for 24 hours.

Following experimental treatments, cell viability was assessed using three 

different assays. (1) Cell membrane integrity was assessed by measuring the 

exclusion of trypan blue dye from healthy cells, (2) lactate dehydrogenase (LDH) 

activity, a cytoplasmic enzyme released by dead cells, was measured in cell culture 

supernatant samples, and (3) the conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyl tétrazolium bromide (MTT) into formazan crystals was quantified, 

representing an index of mitochondrial function, (see Chapter 2 for details).

In addition to well recognised indices of cellular viability, endothelial 

function was also assessed by monitoring proteasome activity, an enzymatic activity 

associated with cellular stress. Once again, cell treatments (as described above) were 

maintained for 24 hours, after which time HAEC proteasome activity was monitored 

using synthetic fluorogenic peptides (see section 2.4.3. for details).
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6.4. Results.

6.4.1. Effects of Ag wo preparations upon endothelial cell viability.

6.4.1a Trypan blue exclusion and LDH release.

The exposure of HAECs to soluble or fibrillar APmo had no effect on the 

uptake of trypan blue into cells, indicating that cell membrane integrity had been 

retained. Values obtained for APmo treated cultures were not significantly different 

from those for control cultures, even at high peptide concentrations (32pmol.r^), and 

cell viability was established as being reduced by less than 3% in all cases (appendix 

4). Microscopic examination of endothelial cultures treated with ApMO peptides 

revealed that endothelial cells had a typical ‘cobblestone’ morphology and showed 

no morphological signs of apoptosis such as membrane blebbing and cell shrinkage. 

Similarly, exposure of cells to plasma lipoprotein / soluble Api- 4 0  or plasma 

lipoprotein/ Api_4o fibrils did not result in significant cell lysis when compared with 

controls and showed no noticeable morphological changes when viewed using high 

powered light microscopy. Treatment of cells with native and oxidised plasma 

lipoproteins alone also had no effect upon cellular viability (n=4 for all conditions).

Results for LDH release from HAECs mirrored those obtained for trypan blue 

exclusion, with APi- 4 0  treated cultures showing no significant elevations in 

supernatant LDH activities in comparison to control cultures, and therefore showing 

no indication of loss of membrane integrity. This was the case for both soluble and 

fibrillar AP preparations, as well as for lipoprotein / AP coincubates. In all cases, 

values for LDH activity did not exceed 5% of total LDH activity, which was
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determined with cultures that had been exposed to 0.1% triton X-100 to lyse all cells 

(appendix 5).

6.4.1b MTT reduction.

Whereas Ap peptides did not exhibit cytotoxicity to endothelial cells as 

assessed by trypan blue exclusion and the measurement of LDH release, reductions 

in cellular viability were evident when the MTT assay was employed. Exposure of 

cells to fibrillar Api_4 o over a 24-hour period resulted in concentration-dependent 

decreases in the conversion of MTT to formazan crystals, with statistically 

significant effects occurring with Ap concentrations of Spmol.f^ and above (figure

6 .1 ). Statistically significant differences were, however, not apparent when 

endothelial cells were treated with soluble forms of APi-4 0 , despite concentration- 

dependent decreases in formazan crystal formation still being evident. A comparison 

of the cytotoxic effects induced by soluble vs. fibrillar APi- 4 0  showed significant 

treatment differences, particularly at higher peptide concentrations ( 8  and 32pmol.l'^) 

(figure 6.1). For example, treatment of endothelial cultures with soluble vs. fibrillar 

Api- 4 0  at a concentration of 32pmol.r^ resulted in reductions in cell viability as 

compared to controls of 7.7% and 53.9% respectively (p<0.001). A comparison of 

control (peptide free) cultures assayed for MTT reduction at 0 and 24 hours post

incubation showed no significant reductions in cell viability.
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Figure 6.1. AP140 induced endothelial toxicity as assessed using the MTT assay.

HAEC were seeded into 48 well plates at a density o f 3 x 10*̂  cells per well and then cultured 

overnight. The following day, culture maintenance medium was replaced with medium 

containing increasing concentrations o f soluble or fibrillar APi^o and the cultures then 

maintained for 24 hours. Cell viability was assessed using MTT reduction as described in 

chapter 2. Data are expressed as % survival compared to controls (peptide-free cultures) and 

are represented as means ± SEM. n=5-7. Significant differences between soluble and fibrillar 

A p ,^  containing cultures are indicated.

Once the effects of soluble and fibrillar Ap peptides upon endothelial 

viability had been established, it was then possible to determine whether interactions 

between Ap and native or oxidised plasma lipoproteins influenced these effects. 

However, preliminary experiments showed that the addition of native and oxidised
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plasma lipoproteins (in the absence of A(3) to endothelial cell cultures resulted in 

extensive MTT assay interference. Although substantial MTT reduction was initially 

thought to occur, this was subsequently shown by microscopic examination of the 

cultures not to be cell-associated, i.e. not due to intracellular reduction of MTT. An 

additional washing step (PBS) was therefore employed to remove plasma 

lipoproteins from cell culture supernatants prior to the addition of the MTT reagent 

(refer to section 2.4.2b). This procedure was found to remove any interfering factors, 

leaving formazan crystals that were only associated with cellular MTT reduction. 

Subsequent studies with the native and oxidised forms of VLDL, LDL and HDL 

showed that their addition to endothelial cell cultures, did not significantly alter MTT 

reduction (or cellular morphology) as compared with control cultures (table 6 . 1  and 

appendix 6 ). Values for cultures treated with lipoproteins alone were typically ±10% 

of control values.

Using the methodology described above, it was found that the simultaneous 

addition of native or oxidised VLDL, LDL or HDL with soluble APi- 4 0  resulted in 

no significant changes in cell viability at any of the A|3 concentrations tested. This 

contrasted with the concentration-dependent decreases in MTT reduction observed 

with soluble APi_4 o alone, indicating that plasma lipoproteins inhibit Ap mediated 

cytotoxic actions. For example, whilst the addition of 32pmol.l'^ soluble Ap to 

HAEC reduced cell viability by 7.7%, the addition of oxidised LDL + 32|imol.l'^ 

soluble Ap produced an apparent increase (1.4%) in cell viability (table 6.1 and 

appendix 6 ). Similar results were obtained with coincubations of lipoproteins and Ap 

that had been maintained at 37°C for 5 days to promote polymerisation of the
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peptide. In all cases, the addition of lipoprotein / Ap fibrils to endothelial cultures 

failed to alter cell viability by more than 5% as compared with cultures treated with 

the lipoprotein alone. The results obtained with lipoprotein / Ap fibrils (Ap at 8  and 

32pmol.r*) differed significantly from cultures containing fibrillar AP that had been 

generated by preincubation alone with a level of statistical significance of at least p< 

0.01. No significant differences were evident between the data obtained with 

lipoprotein / soluble APi_4 o and lipoprotein / APi- 4 0  fibrils, as assessed using the 

MTT assay.

Treatm ent conditions %  survival (com pared to  
control)

Control 100 ±  4.68

VLDL native 93.31 ± 8 .79

VLDL ox 91.3 + 8.79

LDL native 95.65 ± 5.35

LDL ox 103.3 ± 10.03

HDL native 98.66 ±11.86

HDL ox 103.67 ± 3 .55

8 |xM A P i^  (soluble) 94.31 ± 7 .8

32fiM A P i^  (soluble) 92.3 ±  6.02

VLDL native + 8 pM APmo 
(soluble)

91.6 ± 8 .39

VLDL ox + 8 pM Api-40 (soluble) 93.8 ± 2 .05
LDL native + 8 }iM APi.4 0  

(soluble)
93.06 ±11.75

LDL native + 32|jM AP].4o 
(soluble)

94.9 ±  10.67

LDL ox + 8 pM APmo (soluble) 110.43 ±24.39
LDL ox + 32pM A P i^  (soluble) 109.1 ±16.35
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HDL native + 8 pM APi^o 
(soluble)

95.65 ± 4 .64

HDL ox + 8 pM APi^o (soluble) 103.0 ± 6 .49

8 |iM APmo (fibrillar) 65.55 ± 10.71*

32pM APmo (fibrillar) 46.15 ± 13.77**

VLDL native + 8 pM APmo 
(fibrillar)

92.98 ±11.15

VLDL ox + 8 pM APmo (fibrillar) 94.7 ±12.25

LDL native + 8 pM APi.4 0  

(fibrillar)
90.96 ± 12.45

LDL native + 32pM APi.4 0  

(fibrillar)
92.64 ±  15.16

LDL ox + 8 pM APi.4 0  (fibrillar) 99.67 ± 10.07

LDL ox + 32pM APi^o (fibrillar) 1 0 1 . 0  ± 8 .28

HDL native + 8 pM APi.4 0  

(fibrillar)
98.99 ±  10.14

HDL ox + 8 pM APmo (fibrillar) 100.03 ±3.33

Table 6.1. Extents of survival of endothelial cells treated with soluble/ fibrillar 

A^i.40 or combinations of native / oxidised lipoproteins and A^i.40, as 

determined using the MTT assay. Data are expressed as % survival compared to 

controls (peptide-free cultures) and are presented as means ± SEM. Significant differences 

from controls are indicated, with *p< 0.01 and **p< 0.0005. n=4-7.

6.4.2. Proteasome activity assay.

The chymotrypsin-like activities of the 20S proteasome present in HAEC 

cultures were assayed using a synthetic fluorogenic peptide substrate (see section 

2.4.3). The addition of proteasome substrate to HAEC lysates (controls) resulted in 

time-dependent increases in fluorescence that were concentration-dependent with 

respect to the amount of cell lysate present (figure 6.2). This reaction was almost
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completely inhibited (-98%) by the addition of the specific proteasome inhibitor 

lactacystin (200|imol r ‘), indicating that peptide substrate cleavage was due 

specifically to proteasome-like activity rather than non-specific hydrolysis reactions.
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Figure 6.2. Chymotrypsin-like activity of the 20S proteasome detected in HAEC 

lysates. HAECs were seeded into 48-well plates at a density o f 3 x 10̂  cells/well, incubated 

overnight and the culture medium changed the following day. Following incubation for a 

further 24 hours, HAECs were lysed by the addition o f 200pl o f proteasome lysis buffer. 

Increasing volumes o f the cell lysate were then added to a 96-well plate and made up to 

190pl by the addition o f proteasome activity assay buffer. Reactions were started by the 

addition o f lOpl o f fluorogenic proteasome substrate (250pmol.f^ final conc.) and 

fluorescence monitored at excitation and emission wavelengths o f 380 and 460nm 

respectively. Ix = lOpl addition o f HAEC lysate, 2x = 20pl addition, etc. LC = 200pmol f ’ 

lacatacystin. Data are represented as means ± SEM. n=4.
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Exposure of HAECs to soluble APi- 4 0  over a 24-hour period did not result in 

statistically significant changes in 20S proteasome chymotrypsin-like activity as 

compared with controls (PBS treated). The addition of soluble Ap at the highest 

concentration tested (Spmol.f^), resulted in an overall inhibitory effect o f-11% (n/s) 

(figure 6.3a). Fibrillar A Pi^ (Spmol.f^), however, significantly reduced proteasome 

activity by -20% (p< 0.03), although no statistically significant difference was 

apparent between soluble and fibrillar AP peptides at this peptide concentration.

Api- 4 0  fibrils generated in the presence of LDL (5-day preincubation) 

significantly reduced proteasome chymotrypsin-like activity. Native LDL / APi- 4 0  

(Spmol.r^) fibrils inhibited proteasome activity by —30% compared to controls 

(p<0.05), whereas oxidised LDL/ APmo fibrils inhibited proteasome activity by 

-55% (p<0.03) (figure 6.3a). Although oxidised LDL alone also inhibited 

proteasome activity by about 15% (n/s), the additive effects of oxidised LDL and 

either soluble or fibrillar APmo alone were significantly different from those for 

LDL/ APmo fibrils, indicating that a synergistic effect had occurred. Additionally 

when Ap concentration was lowered to a level at which neither the soluble nor 

fibrillar forms of the peptide produced marked inhibitory effects on proteasome 

activity (IpM), substantial inhibitions were still seen with LDL/APmo fibrils, 

particularly oxidised LDL/ ApMO fibrils (figure 6.3b).
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Figure 6.3. Effect of Api^o treatment on 20S proteasome chymotrypsin-Iike 

activity in HAECs. HAECs, seeded into 48-well plates at a density o f 3 x lO'̂  cells/well, 

were treated with soluble, fibrillar or LDL generated fibrils for 24 hours. Proteasome

activity was then determined in cell lysates as described in section 2.4.3. (a) Spmol.l * APi^, 

(b) lpmol.r‘ A Pi^  Data are expressed as means ± SEM. n=4.
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By contrast, Ap fibrils generated in the presence of native or oxidised VLDL 

(25pg.ml'^ final concentration) or HDL (lOOpg.ml'  ̂ final concentration) did not 

significantly influence HAEC proteasome activity, at any of the Api^o 

concentrations tested. Fluorescence values for 20S proteasome chymotrypsin-like 

activity obtained with these incubations were comparable to control values, and were 

within 10% of those for Ap free cultures. The addition of VLDL or HDL by 

themselves to HAEC cultures, in either their native or oxidised forms, also had no 

influence upon proteasome activity.

The simultaneous addition of isolated lipoprotein fractions and soluble Api^o 

to endothelial cultures gave results that were remarkably similar to those obtained 

with soluble APi- 4 0  alone (table 6.2). Marked inhibitions of proteasome activity were 

evident only with high concentrations of ApMo, i.e. 8 pmol.r\ although such effects 

were found not to be significant.
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6.5. Discussion.

6.5.1. APi^o induced cellular toxicity.

The accumulation of AP in cerebral blood vessels is associated with 

endothelial degeneration that may result from direct interactions between Ap 

peptides and endothelial cells. In an examination of endothelial cell responses to APi. 

4 0  peptides in a variety of forms, it has been demonstrated that APi^o exhibits low 

cytotoxicity, particularly when in its soluble form. Exposure of HAECs to fibrillar 

APwo, although found to produce cellular damage as determined using the MTT 

assay, failed to elicit necrotic changes, even at high peptide concentrations. In 

addition, preincubation of APi^o with native/oxidised lipoproteins, which was shown 

to greatly enhance peptide aggregation (see chapter 4), blocked the effects mediated 

by APmo alone.

Various forms of the Ap peptide have been examined previously for their 

cytotoxicity to vascular endothelial cells, including APi^, the longer form of Ap, 

APm2 , and the Ap fragment AP2 5 - 3 5  Three types of assay have been commonly 

employed to assess the cytotoxic potential of these peptides, namely trypan blue 

exclusion, LDH release and MTT reduction. Whereas LDH release and trypan blue 

exclusion reflect loss of membrane integrity and cell lysis, the MTT assay is thought 

to provide information concerning the activity of the mitochondrial electron transport 

chain and hence early redox changes within the cell (Slater eî al, 1963). Whilst 

relatively low concentrations of Api- 4 2  and AP2 5 - 3 5  have been shown to induce 

necrotic changes in endothelial cells after short periods of exposure (24 hours) and to 

influence cellular redox activity within hours of treatment, APmo has been shown to
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exhibit low degrees of cytotoxicity, inhibiting MTT reduction only after exposure to 

high peptide concentrations for relatively long periods without causing loss of 

membrane integrity (Suo et al, 1997; Blanc et al, 1997; Suo et al, 1998). Since Api. 

4 0  causes endothelial cells to lose the ability to reduce MTT without causing cell lysis 

or morphological changes that are indicative of apoptosis (rounding of cells, 

membrane blebbing, etc.), it follows that loss of MTT reduction is not sufficient to 

cause cell death and therefore may not be a direct measure of cytotoxicity. Indeed, 

several studies have indicated that the inhibition of MTT reduction induced by 

amyloid peptides occurs through a mechanism that is distinct from an influence on 

mitochondrial function, but rather involves exocytosis of MTT formazan, a process 

that precludes the intracellular formation of formazan crystals (Shearman, 1996; Liu 

and Schubert, 1997; Abe and Saito, 1998; Isobe et al, 1999). Whether the alterations 

in intracellular vesicle trafficking that result in enhanced MTT formazan exocytosis 

are associated with Ap cytotoxicity or reflect a parallel event that occurs after a 

common trigger is as yet unknown. It is, however, a clear indication of an interaction 

between AP and the cell, an event that may lead to cellular damage if the period of 

exposure is sufficient. Of course, in order to determine if this measure of cellular 

perturbation truly reflects the cytotoxic actions of amyloid peptides, early indices of 

apoptosis or biochemical change such as the generation of reactive oxygen species 

should be investigated in conjunction with the MTT assay.

Despite reservations regarding the MTT assay for the assessment of cellular 

viability, the data presented in this chapter indicate that the action of APi^o in 

inhibiting MTT reduction is influenced by the aggregation state of the peptide (figure
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6.1). This is in accordance with previous reports describing the actions of Ap on a 

number of cell types, where peptide reactivity has correlated positively with Ap 

polymerisation state (Pike et al, 1993; Mattson et al, 1993). Since in vitro 

experiments have generally required the use of relatively high concentrations of 

fibrillar Apwo to produce such effects, however, it is possible that the involvement 

of A pi^  in the pathological mechanisms associated with vascular amyloid 

deposition and endothelial dysfunction may be confined to the latter stages of AD 

when substantial fibrillar APmo accumulation has occurred. These conditions are less 

likely, however, to provide insights pertaining to early mechanisms of cellular 

perturbation in AD, when Ap concentrations are low but cellular dysfunction is 

already manifest. It has been proposed that during the early stages of the disease 

various chemical factors may play a role in promoting the pathogenic effects of Ap. 

These effects, for example, may be mediated via the enhancement of Ap 

fibrillogenesis, a hypothesis that would fit with reports of enhanced cellular 

reactivity of aggregated forms of the peptide. Factors capable of initiating or 

enhancing the nucleation-dependent mechanism of fibril formation, such as native 

and oxidised plasma lipoproteins (chapter 4), may therefore be important in this 

regard. The data presented in this chapter, however, indicates that interactions 

between plasma-lipoproteins and ApMo, rather than promoting cellular degeneration, 

actually inhibit any AP-mediated effects as determined using the MTT assay. Why 

Ap fibrils generated in the presence of plasma lipoproteins do not promote 

endothelial degeneration, whilst fibrillar ApMo generated in their absence produces 

marked effects is unclear, but several possible explanations exist. Various agents
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have been reported to interfere with the MTT assay, producing false-positive results, 

including foetal bovine serum (FBS), human serum, and human albumin (Rollino et 

a/, 1995). The addition of plasma lipoproteins to cell cultures was found to 

significantly interfere with the MTT assay, and despite efforts to remove such 

factors, it is possible that assay interference may still have occurred. This could 

possibly have been via the incorporation of lipoprotein-associated molecules into 

cellular membranes i.e. cholesterol enrichment, a phenomenon that has previously 

been described in lipoprotein enriched cell cultures (Yeagle et al, 1985). 

Alternatively, the movement of lipoproteins into endothelial cells, which occurs via 

receptor-mediated endocytosis, may have adversely affected the unique action of 

amyloid peptides upon the MTT assay in causing MTT formazan exocytosis. Apart 

from assay interference, several other possibilities may explain the current 

observations. It has been suggested that the interaction between plasma lipoproteins 

and Ap may constitute a mechanism whereby Ap is cleared from the circulation. 

Thus, lipoproteins may transport amyloid peptides to specific cellular targets for 

degradation. Such interactions may explain the results presented in this chapter, but 

do not conform with the observation that hyperlipidaemic patients and 

experimentally induced hyperlipidaemic animals develop abundant cerebrovascular 

and parenchymal AP deposits (Sparks et al, 1994; Kuo et al, 1998). An alternative 

theory is that the extensive aggregation of Api. 4 0  induced by native and oxidised 

lipoproteins in vitro, may prevent peptide toxicity, a phenomenon that has been 

described previously (Hensley et al, 1994; Mattson, 1995; Mattson et al, 1996). This 

may result in Ap being aggregated to such an extent that binding sites are not
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available for recognition by receptors (such as RAGE and SR), Further work is 

needed, however, before the mechanisms underlying the observed effects with A(3 

peptides are elucidated. In addition, confirmation of previously reported effects 

produced by oxidised lipoproteins on endothelial cells will need to be established by 

the measurement of cellular factors, e.g. cytokine and prostacyclin release, as well as 

endothelin-1 generation and MCP-1 expression (Rice-Evans and Bruckdorfer, 1995).

6.5.2. APi^o induced inhibition of proteasome activity.

The cytotoxic actions of AP peptides have been shown to be mediated via a 

number of distinct but possibly interconnecting mechanisms, including the 

generation of reactive oxygen species and alterations in calcium homeostasis 

(Thomas et al, 1996; Mark et al, 1996). In addition, evidence is accumulating that 

the proteasome, an enzyme complex critically linked to the degradation of short

lived and abnormal proteins, may also have an involvement in AD pathology. In the 

present study, it has been shown that APmo inhibits a proteolytic activity associated 

with the 20S proteasome, particularly when Ap is in an aggregated state. 

Furthermore, preincubation of Apwo with native and oxidised LDL, which results in 

increased generation of the Ap beta-sheet conformation, significantly potentiates this 

inhibitory effect. These data may provide insights into possible biochemical 

mechanisms whereby conditions associated with elevations in plasma LDL, such as 

diabetes and hypercholesterolaemia, may also present with an increased risk of 

developing pathologies linked to AD.
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The proteasome is widely recognised as the principal enzyme complex 

involved in non-lysosomal protein degradation. It is an essential component of the 

ATP-dependent proteolytic pathway, catalysing the rapid degradation of many rate- 

limiting enzymes, transcriptional regulators and many key regulatory proteins (for 

reviews see Pickart, 1997; Haas and Siepmann, 1997; Komitzer and Ciechanover, 

2000). It is also essential for the rapid elimination of highly abnormal proteins 

arising via mutations, post-translational damage or misfolding. Several studies have 

indicated that such critical functions may be adversely affected in AD as the 

characteristic pathological lesions associated with the disease, i.e. senile plaques and 

neurofibrillary tangles, display immunoreactivities (ubiquitin) characteristic of 

impairment of this proteolytic system (li et al, 1997; Fergusson et al, 1996; Mayer et 

al, 1996). Although proteasomal abnormalities appear to be confined mainly to 

neuronal cells, one of the key aetiological features of AD, i.e. Ap deposition, may be 

associated with damage to other cell types. Since cerebrovascular endothelial 

dysfunction is a feature of AD, and is associated with Ap deposition, disruption of 

the endothelial ubiquitin / proteasome system, is perhaps to be expected.

More detailed studies of proteasome function in AD have revealed that AP 

prevents ubiquitin-dependent protein degradation by inhibiting the proteolytic step of 

the ubiquitin degradation cascade, rather than by blocking protein ubiquitination 

(Gregori et al, 1995). These studies also revealed that inhibition of the proteasome 

by Ap is not due to substrate competition, since AP itself was not degraded by this 

proteolytic process, but was due to an interaction between Ap and the inner catalytic 

compartment of the enzyme complex, a process that prevented proteasome substrates

232



Chapter 6:Endothelial cell responses toAjd.

from being degraded by the catalytic core. Although known targets of the proteasome 

include membrane proteins and lumenal endoplasmic reticulum proteins, the site of 

enzymatic action is believed to occur in the cytosol, since the components of the 

ubiquitin system are cytosolic (Plemper and Wolf, 1999). Thus, in order for amyloid 

peptides to operate via this mechanism, A(3 must be freely accessible to the 

intracellular machinery involved in this process, a mechanism that requires 

internalisation of the Ap peptide and transport to cytosolic compartments. 

Intracellular AP has been detected by several laboratories (Haass et al, 1992a; Shoji 

et al, 1992; Wertkin et al, 1993) and its transport into the cell is thought to be 

mediated via interactions with several receptors including RAGE, scavenger and 

LDL receptor-related protein (LRP) receptors. In addition, it has been suggested that 

the bulk of amyloid peptides present in the circulation are bound and transported by 

plasma proteins including plasma lipoproteins (Koudinov et al, 1995). Thus, plasma 

lipoproteins may facilitate the transport and internalisation of Ap to cytosolic 

compartments where amyloid peptides can exert cytotoxic effects. It has been 

demonstrated that LDL interacts with APi^o peptides (chapter 4) and that this 

relationship results in substantial inhibitory effects on proteasome function in 

comparison to the effects of the peptide alone. It therefore seems plausible that AP 

bound to LDL becomes internalised far more readily than unbound Ap, and will 

therefore encounter the proteasome complex more readily. Indeed, one of the many 

proteins that is normally degraded by the ubiquitin-proteasome system is 

apolipoprotein B, the major apolipoprotein class present in LDL. The degradation of 

apoB by this process involves transport to the endoplasmic reticulum where it is
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rapidly conjugated with ubiquitin and then degraded in the cytoplasm by the 

proteasome complex (Davis, R.A. 1999). LDL may therefore specifically transport 

Ap to areas of the cell where the proteasome functions, thereby arresting the normal 

degradation of ubiquitinated proteasomal substrates. Why effects were seen only 

with LDL/AP coincubations and not with VLDL/ Ap, another apoB containing 

lipoprotein, is uncertain. It may simply relate to the concentrations of the two types 

of lipoprotein used in these experiments, VLDL being employed at much lower 

concentrations than for LDL. Exactly why fibrillar forms of Ap that are generated in 

the presence of LDL and especially oxidised LDL, are more potent in inhibiting 

proteasome activity than Ap in its soluble configuration, as has been demonstrated, is 

also unclear. The aggregation of Ap by LDL may, however, allow more of the 

peptide to become internalised via the LDL uptake system and hence result in higher 

intracellular concentrations of Ap that are then available for interaction with the 

proteasome complex. This idea would be in agreement with the enhanced inhibitory 

effects observed with oxidised LDL, as opposed to native LDL, since it has been 

shown that oxidised LDL enhances Ap fibrillogenesis to far greater extents than its 

native countertpart. Direct inhibitory actions of chemical species associated with 

oxidised lipid molecules cannot be excluded, e.g. aldehyde groups, which are known 

to be potent inhibitors of proteasome activity. Alternatively, the aggregation of AP 

may create forms of the peptide that inhibit the catalytic activities of the proteasome 

more readily. This may occur through the blockage of the inner catalytic 

compartment of the proteasome through direct physical means, or perhaps by 

inducing conformational changes in the enzyme complex itself, thereby resulting in
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altered substrate recognition. In order to verify such hypotheses, however, a more 

detailed study, perhaps involving isolated proteasome preparations, is required.

The loss or inhibition of proteasome activity may have a number of 

consequences relating to the pathology of AD. Several studies have indicated that the 

proteasome could act as a putative secretase enzyme, although the type of cleavage 

involved, i.e. a, p or y has not yet been conclusively established (Marambaud et 

a/, 1997a, 1997b and 1997c; Marambaud et al, 1998; Skovronsky et al, 2000). Much 

of the evidence, however, seems to indicate that the proteasome may contribute 

directly or indirectly to the a-secretase cleavage pathway. Inhibition of a-secretase 

activity could create conditions which favour P-secretase cleavage and hence the 

generation of amyloidogenic species. Indeed, the treatment of HEK293 cells with 

proteasome inhibitors was shown to result in the increased production of AP peptides 

(Marambaud et al, 1997a). Thus, excessive proteasome inhibition, such as may occur 

in hypercholesterolaemia, could lead to elevations in endothelial AP production with 

consequences for the spread of Ap pathology throughout the cerebral 

microvasculature.

As well as its putative role in the production of AP peptides, the proteasome 

is believed to be intimately involved in cell cycle regulation, degrading molecules 

that regulate the passage of cells into the various phases of the cell cycle (Nakayama 

et al, 2001; Yew, 2001). Inhibition of this critical function may have consequences 

for the proliferative capacity of affected cell populations, perhaps preventing mitotic 

changes that would be essential when neighbouring cells die or become damaged. 

Hypercholesterolaemia is a condition associated with endothelial damage. This
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damage is as a result of the presence of elevated concentrations of oxidised 

lipoprotein particles in the blood (Dart and Chin-Dusting, 1999; Rader and Dugi, 

2000). Endothelial dysfunction in hypercholesterolaemia, combined with impaired 

cellular proliferation due to the effects of LDL/Ap on proteasome function, may 

therefore have further consequences for arterial repair and integrity, including that 

relating to the blood-brain barrier.

The findings presented in this chapter point to mechanisms that could 

contribute to vascular degeneration in AD under hypercholesterolaemic conditions. 

A course of action to slow the development of this type of pathology would be to 

treat individuals at risk with a combined therapy of antioxidants and activators of the 

proteasome complex.

236



Chapter 7; Modulation o f Afivasoactivity by LDL.

Chapter 7.

An investigation into the vasoactive properties of Ap 

peptides and their modulation by LDL.
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7.1 Introduction.

Vascular amyloid deposition in AD not only results in degenerative changes 

to the cells of the cerebral microvasculature, but also profound biochemical 

alterations. A number of studies have demonstrated that Ap, in addition to causing 

vascular cytotoxicity, may also possess vasoactive properties (Thomas et al, 1996; 

Thomas et al, 1997d; Crawford et al, 1998a; Crawford et al, 1998b). It has been 

reported that Ap peptides enhance constriction of rat aortic rings in vitro induced by 

various agonists, including phenylephrine and endothelin-1, as well as reducing 

acetylcholine-induced relaxation. Such findings have been supported by results from 

in vivo studies. For example, rats intra-arterially infused with APmo exhibit 

decreased cerebral blood flow (Suo et al, 1998), and transgenic mice which 

overproduce Ap display enhanced cerebrovascular constriction in response to the 

administration of conventional vasoconstrictive agonists (ladecola et al, 1999). It is 

possible that the vasoactive actions of AP may contribute to Alzheimer pathology by 

enhancing cerebrovascular resistance in microvessels and thereby reducing cerebral 

blood flow.

The conformational state of Ap, apart from influencing its toxicity, may have 

an important influence upon its vasoactive properties. It has been reported that AP 

peptides of different lengths, composition and conformation, enhance 

vasoconstriction to varying degrees (Crawford et al, 1998a). Factors that are capable 

of inducing conformational changes in Ap peptides, such as has been demonstrated 

with native and oxidized LDL (chapter 4), may therefore also modulate Ap 

vasoactivity.

238



Chapter 7: Modulation o f  A/3 vasoactivity by LDL.

7.2. Aims of the Study.

The aims of the study presented in this chapter were to examine the effects of 

soluble and fibrillar APmo on NA-induced constriction of rat aortic ring segments 

and to determine if interactions between native or oxidised LDL and ApMo (see 

chapter 4) modulate the vasoactive actions of APi^.

7.3. Study Design.

Freshly dissected aortae from normal adult male Wistar rats were prepared as 

described in section 2.5.1 and mounted in 10ml organ baths containing Krebs buffer. 

Following equilibration (1 hour) and testing of viability (constriction to NA and 

relaxation to ACh), aortic rings underwent a washout period (1 hour). Vessels were 

then incubated alone or in the presence of ApMo for 15 minutes before cumulative 

concentrations of NA were added (see section 2.5.2). Ap treatments were performed 

with freshly solubilised (1 and 5pmol.r^) or pre-aggregated peptide (Ipmol.f^), 

aggregated forms of the peptide being generated by pre-incubation of Ap alone or in 

the presence of native and oxidised LDL for 72 hours. For control incubations, an 

equivalent volume of saline was substituted for Ap peptides. Aortic rings were also 

treated with lipoprotein fractions alone acting as additional controls. Contractile 

responses following Ap or lipoprotein treatment were compared to the responses 

obtained with saline.
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7.4. Results.

7.4.1. Noradrenaline-induced vasoconstriction.

To induce constriction, rat aortic rings were challenged with increasing 

concentrations of NA (10'^ 5 x 10'^ 10'\ 5 x 10'^ 10' ,̂ 5 x 10'̂  and 10'̂  mol.f^). 

Marked increases in vessel contractility were evident with NA concentrations as low 

as 1 0 '̂  mol with subsequent additions resulting in concentration dependent 

increases in contraction that peaked at 5 x 10'  ̂ mol 1'̂  NA (figure 7.1). These 

responses were comparable to those obtained in previous studies in which NA- 

induced contraction of rat thoracic aorta was investigated (Rubino and Bumstock, 

1994; Rubino et al, 1995).

7.4.1. Vasoconstrictive responses to noradrenaline in Ap treated vessels.

Aortic rings were treated with Ipmol.l'^ soluble APi^, Spmol.f^ soluble 

Api^o, Ipmol.r^ fibrillar Api. 4 0  (generated by incubation of soluble Ap alone) or 

Ipmol.r^ fibrillar Ap 1 -4 0  generated in the presence of native or oxidized LDL and the 

contractile responses to NA determined. Whereas the treatment of aortic rings with 

Ipmol.r^ soluble APi- 4 0  did not enhance vessel contractility to NA and possibly 

reduced it, pre-treatment of rings with Spmol.f^ soluble Apwo significantly 

enhanced vasoconstriction to lower NA concentrations when compared with the 

responses obtained under control conditions, i.e. after the addition of saline (figure

7.1). For example, aortic rings treated with Spmol.f^ soluble A Pi^ showed 

enhancements in contraction to 10’̂  and 5 x 10'  ̂ mol.l'  ̂ NA of 600% (p<0.01) and 

117% (p<0.05), respectively.
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Figure 7.1. N oradrenaline-induced constriction o f  rat aortic rings in the 

presence or absence o f soluble A pi_io . Following treatment o f vessels for 15 minutes 

with soluble APi^j (1 or 5 pmol f') or with saline (control), rat aortic rings were stimulated 

with cumulative concentrations of NA and contractile responses monitored as described in 

section 2.5 .1. Data are presented as means ± SEM. n = 3-6.

Treatment o f  rat aortic rings with Ipmol.l'^ fibrillar A pi.40, which had been 

generated by preincubation o f  the peptide alone, produced similar responses to those 

obtained with equivalent concentrations o f  soluble Api-40, with no significant changes 

in vasoconstriction being evident over the whole o f  the NA concentration range 

(figure 7.2). Ap fibrils (Ipmol.l'^) generated in the presence o f  oxidised LDL, 

however, significantly potentiated noradrenaline-induced contraction (figure 7.2),
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these effects being evident at all the NA concentrations tested. Treatment o f  aortic 

rings with oxidised LDL alone had no significant effect upon contractile responses in 

comparison with control rings, indicating a synergistic effect between oxidised LDL 

and Ap.
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Figure 7.2. Noradrenaline-induced constriction o f  rat aortic rings in the 

presence or absence o f  fibrillar A p i_ 4o preparations. Following treatment of vessels 

for 15 minutes with fibrillar A p ,^  ( 1 pmol.l ’), which had been generated by preincubation of 

the peptide alone or in the presence of native or oxidized LDL, rat aortic rings were 

stimulated with cumulative concentrations of NA and contractile responses monitored as 

described in section 2.5.1. Responses were also monitored in control vessels where Ap 

treatment was replaced by treatment with an equal volume of saline. Data are presented as 

means ± SEM. n = 4-9.

The effects o f  native LDL / Api^o fibrils (Ip m o l.f') were far less pronounced  

than those for oxidised LDL / Apwo fibrils. Effects were evident, however, at lower
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agonist concentrations, i.e. 10'  ̂and 5 x 1 0 '^  mol.l'^ NA. For example, the addition o f  

native and oxidised LDL / Ap coincubations to aortic nngs treated with 10'  ̂m oi.f' 

NA resulted in enhancements in vasoconstriction o f 250%  (p<0.05) and 375%  

(p<0.001) respectively (figure 7.3). The addition to aortic rings o f  native LDL alone 

had no significant influence on vessel tone.

0.35-

a> 0.15

□  Control

□  Fib A-beta
□  LDL nat/A-beta
□  LDL ox/A-beta

Noradrenaline conc. 
(InM)

Figure 7.3. V asoactive actions o f  fibrillar A P i^  preparations on aortic ring 

responses to Inm ol.f* NA. Following treatment o f aortic rings for 15 minutes with 

fibrillar A p ,^  (Ipmol.f*), which had been generated by preincubation o f soluble Ap alone or 

in the presence of native or oxidized LDL, Inmol 1 ' NA was added and the contractile 

responses monitored as described in section 2.5.1. Responses were also monitored in control 

vessels where fibrillar Ap treatment was replaced by treatment with an equal volume of  

saline. Data are presented as means ± SEM. n = 4-9.
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7.5. Discussion.

The results presented in this chapter show that the Api- 4 0  peptide enhances 

the vasoconstrictive effects of noradrenaline on isolated rat aortic rings, data that are 

in accordance with previous observations obtained with alternative agonists (Thomas 

et al, 1996; Thomas et al, 1997d; Sutton et al, 1997; Crawford et al, 1998a). In 

addition, it has been shown that fibrillar Ap generated by incubation with LDL 

significantly potentiates the vasoconstrictive effects of the peptide, particularly when 

LDL is in an oxidised state. The addition of LDL alone (native or oxidised) to rat 

aortic rings had no effect upon noradrenaline-induced vasoconstriction, indicating 

that synergism between LDL and AP had occurred.

Peptide dose, fragment length and conformation have previously been 

investigated with respect to Ap vasoactivity and the conformational state of the 

peptide has been identified as an important factor. (Crawford et al, 1998b). More 

specifically, the vasoactive propensity of the APwo peptide has been demonstrated to 

be related to its P-sheet content, with forms of the peptide containing moderate 

amounts of P-sheet being the most potent. Although in the present study it has not 

been clearly demonstrated that the enhanced vasoconstrictive effects of LDL/AP 

fibrils relate to elevations in the p-sheet content of Ap, the fact that soluble AP 

(mainly random coil) and fibrillar Ap with a reduced beta-sheet content (i.e. fibrillar 

Ap generated by preincubation of the peptide alone), were without effect or only 

enhanced NA-induced vasoconstriction marginally seem to support this hypothesis. 

It must be stressed, however, that these data represent only preliminary findings and 

further work is necessary in order to investigate the mechanisms underlying the
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enhanced vasoconstrictive effects of LDL/AP fibrils. Such studies would involve 

establishing if the effects of LDL/Ap represent the sum of the effects produced by 

the individual components (i.e. LDL and soluble / fibrillar Ap), thus providing 

information as to whether LDL/Ap vasoactivity is related to the P-sheet content of 

Ap. These studies would incorporate CD assays in order to obtain information 

regarding the relationship between Ap peptide secondary structure and vasoactivity. 

Further work is also required to establish if the effects observed are dependent upon 

the presence of an intact endothelium or operate via mechanisms independent of this 

structure.

The amyloid deposited in cerebral blood vessels consists mainly of the Api^o 

peptide, which is also the major form present in the circulation (Murphy et al, 1994; 

Gravina et al, 1995). Although previous in vitro studies have demonstrated that 

Api^o is capable of causing the cellular dysfunction that is associated with these 

vascular amyloid deposits (Wisniewski and Wegeil, 1994; Kalaria and Hedera, 

1995b), the concentrations required to elicit these responses are relatively high and 

may therefore only be of relevance to the latter stages of the disease. The 

demonstration that APmo peptides, particularly when complexed with LDL, produce 

vasoactive actions at lower concentrations and over shorter time periods than are 

normally required to induce cytotoxic changes in cultured cells may have 

implications for the early pathological processes occurring in AD. It has been 

hypothesised that hypercholesterolaemia, which is characterised by raised LDL, may 

play a role in the development of AD. Based on the findings presented in this thesis, 

one could suggest that in hypercholesterolaemia elevations in plasma LDL combined
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with increases in the plasma concentrations of A|3 (possibly as a result of increased 

platelet activity - see chapter 3) may create conditions that favour Ap fibrillogenesis. 

Interactions between LDL/AP fibrils and blood vessels may increase their tendency 

to constrict, particularly in smaller vessels such as in the cerebral microvasculature 

where contact with is more likely. Such effects could possibly result in decreased 

cerebral blood flow with the consequence of reduced availability of glucose and 

oxygen to the brain leading to suboptimal neuronal metabolism. Indeed, the cerebral 

metabolic rates for oxygen and glucose have been shown to be significantly reduced 

in AD (Fukuyama et al, 1994; Kalaria, 1996). Additionally, the resultant ischaemic 

conditions may favour AP accumulation, since ischaemia has been shown to 

upregulate PAPP expression in both experimental animal models and cultured cells 

(Kalaria et al, 1993; Kogure and Kato, 1993; Hall et al, 1995; Palacios et al, 1995). 

Vascular smooth muscle cells may further increase Ap formation further, since 

intracellular Ap production in these cells has been shown to be increased on 

exposure to exogenous AP peptides (Davis-Salinas et al, 1995). Such a series of 

events would be expected to contribute to the cerebrovascular degeneration and 

neuronal dysfunction in AD. These processes may be further augmented in 

conditions associated with vascular disease, such as hypercholesterolaemia, 

hypertension, diabetes and atherosclerosis, where endothelial dysfunction is 

prevalent. As stated previously all of these conditions have been reported to be 

associated with an increased tendency to develop AD (Skoog et al, 1996; Hofman et 

al, 1997; Kalmijn et al, 1997; Leibson et al, 1997). It is possible, therefore, that this
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may be as a result of abnormalities in endothelial function coupled with cerebral 

hypoperfusion and ischaemia as described above.
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Chapter 8.

General discussion and conclusions.

248



General discussion and conclusions.

The studies presented in this thesis were aimed at examining potential 

pathological mechanisms whereby a common CV risk factor, hypercholesterolaemia, 

may modulate the onset and development of AD. One of the key pathological 

features of AD is the deposition and accumulation of the cytotoxic peptide Ap in the 

cerebrovasculature. A significant proportion of this peptide may originate in the 

circulation, with platelets representing the primary source. Conditions that are 

associated with platelet hyperactivity, such as hypercholesterolaemia, may therefore 

be associated with increased platelet Ap release and affected individuals were 

investigated to establish if abnormal Ap status was evident. In separate studies, 

interactions between Ap and factors that are raised in hypercholesterolaemia, i.e. 

cholesterol and triglyceride-rich lipoproteins, were investigated with respect to Ap 

fibrillogenesis, a process that may influence the deposition and toxicity of the 

peptide. The chemical interactions between native and oxidised plasma lipoproteins 

and Ap were studied extensively and therapeutically relevant strategies that may 

reduce lipoprotein-mediated fibrillogenesis examined. The interactions between 

plasma lipoproteins and AP were further investigated to establish if the biological 

effects of Ap are potentiated by these interactions. The actions of soluble, fibrillar 

and lipoprotein-treated Ap preparations upon platelet function, human aortic 

endothelial cell viability and rat aortic ring reactivity were therefore studied.

Although a number of issues remain unresolved with respect to the initial 

hypothesis put forward in chapter 1, some of the data supports a proposed role for 

hypercholesterolaemia in aiding the progression of the vascular complications 

associated with AD. It must be stressed, however, that a great deal more research is
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required to substantiate the current hypothesis and work is currently ongoing in an 

effort to provide further data to support possible AD pathogenic mechanisms linked 

to hypercholesterolaemia.

8.1. Platelet Ap secretion in hypercholesterolaemia.

A comparison of platelet Ap release in normal and hypercholesterolaemic 

subjects was undertaken in order to establish if hypercholesterolaemia represents a 

condition that may predispose such individuals to elevated plasma Ap concentrations 

with possible consequences for arterial deposition. The results of this study indicated 

that platelet Ap release was significantly increased in hypercholesterolaemic 

individuals compared to control subjects (chapter 3) and that the extents of release,

i.e. stimulated minus unstimulated efflux, were also substantially greater in 

hypercholesterolaemics. These data are in accordance with previous observations 

describing elevations in the plasma concentrations of various platelet-derived factors 

in hypercholesterolamia (Carvalho et al, 1974; Zahavi et al, 1981; Tremoli et al, 

1984). It was concluded from these studies that hypercholesterolaemia may pose a 

risk for AD by virtue of creating elevated circulating concentrations of Ap. It was 

hypothesised that the elevated resting Ap concentrations in hypercholesterolaemics 

may be due to platelet hyperactivity and that the increases in the extents of platelet

Ap release may result from impairment of platelet uptake mechanisms, non-specific
/

release due to changes in the nature of the platelet membrane or potentiating effects 

of cholesterol on pAPP metabolism resulting in increased AP synthesis.
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8.2. Effects of plasma lipoproteins on APi^o fîbrillogenesis.

Elevations in the plasma concentrations of AP, possibly as a consequence of 

increased platelet activity, may lead to reduced clearance of Ap from the circulation 

and interactions with circulating factors that promote AP polymerisation. Since 

hypercholesterolaemia is associated with elevations in the plasma concentrations of 

cholesterol and triglyceride-rich lipoproteins, and is also associated with oxidative 

stress, interactions between native and oxidised lipoproteins and Ap were 

investigated. It was shown that plasma lipoproteins profoundly enhance ApMo 

polymerisation, particularly when in their oxidised state (chapter 4). This reaction 

was shown to be dose-dependent with respect to the amount of lipoprotein present 

and was also shown to occur via apolipoprotein-Ap interactions. Furthermore, the 

modification of apolipoproteins by aldehydes was shown to be important with regard 

to the enhanced fibrillogenic effects observed with oxidised VLDL and LDL, 

whereas free radicals and LPDAs produced negligible effects. It was concluded that 

lipoprotein-Ap interactions could render the Ap peptide more toxic, and may 

contribute to vascular Ap deposition and degeneration in hypercholesterolaemia, 

particularly under conditions of oxidative stress.

The inhibition of Ap fîbrillogenesis is a potential therapeutic target in AD. 

Fibrillogenesis studies were conducted with the well-established synthetic inhibitor 

peptide, iAp5, with the aim of blocking the potentiating effects of plasma 

lipoproteins. Thus, the potentiation of Ap fibrillogenesis by native and oxidised 

VLDL and LDL, and oxidised HDL was found to be inhibited by iAp5, whereas 

inhibitory effects were not observed upon fibrillogenesis induced by native HDL.
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These findings may indicate that the mechanisms of Ap polymerisation induced by 

native HDL and other lipoprotein classes differ.

8.3. Lipoprotein-Ap interactions: biological effects.

In order to assess whether biological responses to Ap peptides are influenced 

by interactions with native and oxidised plasma lipoproteins, the effects of soluble, 

fibrillar and lipoprotein treated-AP preparations were studied in several biological 

systems. Each of these experimental systems had previously been reported to show 

pathophysiological responses to Ap peptides (see chapters 5-7). Hence the effects of 

Ap upon platelet aggregation (chapter 5), endothelial cell viability (chapter 6), and 

constriction in rat aorta (chapter 7) were examined.

8.3a. Platelet aggregatory responses to Ap.

The actions of Ap peptides upon platelet function were assessed by 

monitoring their effects upon ADP-induced platelet aggregation and dense granular 

release (5-HT). Whereas both soluble and fibrillar ApMo were found to significantly 

potentiate ADP-induced platelet aggregation and 5-HT release, particularly when the 

peptide was in a fibrillar form, the application of native / oxidised plasma 

lipoproteins and ApMo was found to inhibit the effects mediated by the peptide 

alone. These responses were evident for all three lipoprotein classes in both their 

native and oxidised states. It was concluded fi"om these data that the observed 

inhibitory actions of plasma lipoproteins on Apwo-induced platelet aggregation and 

5-HT release may be due to the prevention of Ap-platelet receptor interactions. It
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was hypothesised that this may be as a consequence of the sequestration of AP via 

plasma lipoprotein binding or possibly by inducing conformational changes in the 

Ap peptide that render the active binding site of the peptide unavailable for 

interaction with the platelet membrane, possibly as a result of overaggregation of the 

peptide.

8.3b. Endothelial cell responses to Ap.

Human endothelial cell responses to Ap were examined using several well- 

established assays of cellular viability, i.e. trypan blue exclusion, LDH release and 

MTT reduction. Whilst the exposure of endothelial cells to soluble and fibrillar 

Api- 4 0  did not produce changes indicative of necrosis (trypan blue exclusion and 

LDH release), significant changes in cellular viability were evident when the MTT 

assay was employed, particularly when Ap was in an aggregated state (chapter 6 ). By 

contrast, the addition of native or oxidised VLDL, LDL or HDL with APwo, 

produced no significant reduction in cellular viability with the MTT assay, indicating 

that plasma lipoprotein-AP interactions may inhibit the cytotoxic actions mediated 

by the peptide alone. These data suggest an involvement of lipoproteins in the 

clearance of Ap from human plasma, although the possibilities of overaggregation of 

the peptide and MTT assay interference by plasma lipoproteins cannot be discounted.

In addition to monitoring endothelial cell responses to APi- 4 0  using assays 

that determine cell viability, the effects of AP1 .4 0  were also assessed by examining 

endothelial cell proteasome activity. These studies showed that fibrillar APi^o 

moderately inhibits a proteolytic activity associated with the proteasome, and that
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this inhibitory effect was significantly potentiated when the AP peptide was applied 

in conjunction with native and oxidised LDL. This was particularly apparent when 

the Ap peptide and LDL had been preincubated to generate amyloid fibrils, and also 

when LDL was in an oxidised state. No effects, however, were observed when AP 

was added in combination with native or oxidised VLDL or HDL. These data 

suggest that LDL may facilitate the transport and internalisation of AP to cytosolic 

compartments and hence allow Ap to gain access to, and inhibit, the proteasome 

catalytic complex more readily. Possible consequences of this potentiated inhibitory 

effect include actions upon pAPP metabolism and on endothelial cell proliferative 

capacity.

8.3c. Modulation of AP vasoactivity by LDL.

The biological effects of LDL-Ap interactions were further investigated by 

monitoring their actions upon NA-induced rat aortic ring constriction. These studies 

showed that LDL, especially when oxidised, significantly potentiated the 

vasoconstrictive properties of Ap, even at Ap concentrations that were found not to 

elicit contractile responses when applied alone (Ipmol.f^). It was concluded fi'om 

these data that the synergistic interactions between LDL and Ap may reduce cerebral 

blood flow in AD, which in turn, may have implications for neuronal survival as well 

as vessel integrity.
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8.4. Summary.

Hypercholesterolaemia is a condition that is increasingly receiving attention 

with regard to its potential as a contributory factor in the progression and 

development of AD. In the present study this condition has been shown to be 

associated with elevations in the resting platelet release, of one of the main 

aetiological factors associated with AD, i.e. Ap, and also with increases in 

stimulated platelet Ap release (chapter 3). Hypercholesterolaemia, as well as being 

characterised by lipid abnormalities, is also associated with excessive platelet activity 

and endothelial dysfunction (Carvalho et al, 1974; Zahavi et al, 1981; Yeagle, 1985, 

Tremoli et al, 1989). The platelet hyperactivity seen in hypercholesterolaemia is 

thought to occur partly as a consequence of the direct action of LDL particles upon 

platelets (an observation that has been confirmed in this thesis -  see chapter 5), and 

also as a result of the exposure of subendothelial structures, such as collagen, due to 

the destruction of endothelial cells. Therefore, it may be suggested that other 

conditions that are also associated with endothelial damage and platelet 

hyperactivity, i.e. atherosclerosis, hypertension and adult-onset diabetes mellitus, 

may also be considered as potential risk factors for AD, by virtue of creating elevated 

plasma concentrations of Ap. Such a hypothesis would concur with recent 

epidemiological observations indicating that these GV risk factors are associated 

with an increased tendency to develop AD (Skoog et al, 1996; Hofman et al, 1997; 

Leibson et al, 1997). It may therefore be rewarding in future studies to examine a 

number of other established CV risk factors with respect to platelet Ap production. 

In these studies the possibility that plasma Ap concentrations correlate with markers
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of endothelial damage would be examined and possible influences upon (3APP 

metabolism and vascular Ap production investigated.

The increased vascular production of Ap in hypercholesterolaemia is likely to 

result in enhanced interactions between Ap and various plasma proteins, including 

plasma lipoproteins. Whilst it was found that all three major lipoprotein species 

enhanced the polymerisation state of the Ap peptide, only interactions between LDL 

and Ap were found to have any biological significance, potentiating the inhibitory 

actions of Ap upon proteasome activity and enhancing the effects of AP upon vessel 

contractility. These effects were particularly noticeable when LDL was in an 

oxidised state. By contrast, VLDL and HDL were shown to inhibit the effects of Ap 

on the proteasome, despite being shown to enhance the p-sheet structure of the AP 

peptide. Thus, the assumption that the P-sheet structure of Ap is directly related to its 

toxicity may not be correct, and it is possible that other secondary structural features 

of the Ap peptide need to be considered. These data may also reflect different roles 

for LDL in the amyloidogenic process as compared with VLDL and HDL, with LDL 

perhaps exacerbating amyloid toxicity, whilst VLDL and HDL may protect against 

Ap toxicity and modulate Ap clearance. However, more detailed studies will have to 

be concluded before firm evidence for or against this theory is gained. In the future, 

it may also prove beneficial to establish if the proposed interactions between plasma 

lipoproteins and Ap influence the physiological functions of these lipoprotein 

classes.

The suggested interactions between LDL and AP may have a number of 

consequences for the development of the vascular pathology linked to AD, as well as
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for vascular disease in general. As mentioned in chapter 6, the proteasome may be 

critically involved in cell cycle regulation and in modulating the proliferative state of 

cells. If such a mechanism were to become impaired, as may occur when the 

endothelium is exposed to LDL / Ap fibrils, serious consequences for vessel repair 

and integrity may result, particularly in conditions where endothelial damage is 

common, such as hypercholesterolaemia. The reduced capacity of the endothelium to 

regenerate, apart from resulting in a failure to maintain vessel tone, may also lead to 

further platelet activity. The actions of LDL / Ap fibrils in enhancing vessel 

contractility and thus in maintaining an adequate blood supply may also complicate 

matters further. This may be particularly important in smaller vessels, such as in the 

cerebromicrovasculature, where a reduced supply of oxygen and nutrients can have 

serious consequences, including neuronal cell death and increases in the production 

of the Ap peptide (Kalaria et al, 1993; Kogure and Kato, 1993; Hall et al, 1995; 

Palacios et al, 1995). These interactions may, therefore, not only be relevant to the 

spread of the vascular pathology associated with AD, but may also be applicable to 

the development of the parenchymal pathology associated with this condition.

In conclusion, the results presented in this thesis suggest an involvement of 

hypercholesterolaemia in the pathogenesis of AD via previously unreported 

mechanisms. Whilst the current data are far from conclusive, they may provide 

valuable clues as to how P-amyloidogenesis progresses, both in normal and in 

hypercholesterolaemic individuals, and indicate possible strategies for 

pharmacological intervention. These treatments may include the use of various Ap
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analogues to block fibrillogenesis, statin treatments to reduce plasma cholesterol and 

possibly the use of non-steroidal anti-inflammatories and antioxidants.
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Appendix 1. Determination of optimal excitation and emission wavelengths for the ThT 

assay. Lyophilised peptide was solubilised in distilled water, diluted with PBS to a

final concentration o f 1 mg.ml ' and then incubated at 37°C for 5 days. 20fil aliquots were 

then taken and added to SOmmol.l ’ glycine, pH 8.5 / 2pmol.l ' ThT in a final volume o f 2ml. 

(a) optimal excitation wavelength was determined by setting emission to 485nm and then 

scannmg excitation wavelengths between 390nm and 460nm, and (b) optimal emission 

wavelength determined by setting excitation to 425nm and then scanning emission 

wavelengths between 450nm and 520nm. Mean data presented. n=4.
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Appendix 2. Determination of optimal buffer pH for the ThT assay. Lyophilised APi.40 

peptide was solubilised in distilled water, diluted with PBS to a final concentration o f 1 

mg.ml ’ and then incubated at 37°C for 5 days. 20pl aliquots were then taken and added to 

50mmol.r' glycine at increasing pH (8.0, 8.2, 8.4, 8.5, 8 .6 , 8.7, 8 .8, 8.9, 9.0, 9.2 and 9.4) / 

2|xmol.r' ThT in a final volume of 2ml,. Fluorescence was then measured at excitation 

425nm and emission 480nm as described in section 2.2.4. Mean data presented. n=4.

140

C ' 1 2 0

^  100

40

20

ThT Concentration (pmol.l'^)

Appendix 3. Determination of optimal ThT concentration for the ThT assay. 

Lyophilised peptide was solubilised in distilled water, diluted with PBS to a final

concentration of 1 mg.mf’ and then incubated at 37°C for 5 days. 20pl aliquots were then 

taken and added to 50mmol l ’ glycine pH 8.75 / ThT at varying concentrations (0.125, 0.25, 

0.5, 0.75, 1, 2, 3, 4 and 5pmol.r’) in a final volume of 2ml. Fluorescence was then measured 

at excitation 425nm and emission 480nm as described in section 2.2.4. n=4.
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Treatment
conditions

% survival 
(compared 
to controls)

Treatment
conditions

% survival 
(compared 
to controls)

Treatment
conditions

% survival 
(compared 
to controls)

Control 96.4 ± 5.7 Ox VLDL 
+2pM soluble 
A Pi^

97.0 ± 1.5 Ox LDL 
+lGOnM 
fibrillar Ap,^o

94.6 ±0.9

lOpM soluble
APi-40

98.2 ±3.1 Ox VLDL 
±4pM soluble
APi-40

97.2 ± 14.3 Ox LDL 
+250nM 
fibrillar APwo

94.2 ± 12.6

lOOpM 
soluble APi_4o

94.5 ±6.2 Ox VLDL 
+8)j.M soluble 
APi_40

94.3 ± 12.5 Ox LDL 
+500nM 
fibrillar Ap,^o

96.7 ± 2.4

InM soluble
APi-40

98.1 ±1.6 Ox VLDL 
+16fiM 
soluble A Pi^

96.8 ±3.1 Ox LDL 
+lpM  fibrillar 
APi.40

94.2 ±5.6

lOnM soluble
APi-40

97.7 ±4.4 Ox VLDL 
+32pM 
soluble APi^o

95.9 ±14.2 Ox LDL 
+2)iM fibrillar 
A P i^

99.3 ± 14.5

lOOnM 
soluble A Pi^

95.0 ±2.7 Ox VLDL 
+10pM 
fibrillar APi^o

95.3 ±5.24 Ox LDL 
±4fi.M fibrillar 
APwo

95.2 ± 2.6

250nM 
soluble APi_4o

99.1 ±3.6 Ox VLDL 
+100pM 
fibrillar APi.4o

93.7 ±2.3 Ox LDL 
+8JJ.M fibrillar 
APl_40

96.9 ± 12.3

500nM 
soluble APi.40

94.4 ± 7.8 Ox VLDL 
+lnM  fibrillar
APi^o

99.3 ±3.2 Ox LDL 
+16fiM 
fibrillar APi.40

98.3 ± 11.2

IpM soluble
APi-40

97.8 ± 5.6 Ox VLDL 
+10nM 
fibrillar Api^o

96.2 ± 14.5 Ox LDL 
+32pM 
fibrillar A p i^

93.5 ±0.8

2pM soluble
APi^o

96.5 ±2.5 Ox VLDL 
+100nM 
fibrillar APi^o

97.3 ± 7.4 Native HDL 96.3 ± 1.2

4)xM soluble
APi-40

98.0 ±3.3 Ox VLDL 
+250nM 
fibrillar A p i^

93.7 ±8.4 Native HDL + 
lOpM soluble
APi.40

98.4 ±5.2

SpM soluble
APi^o

95.9 ±1.8 Ox VLDL 
±500nM 
fibrillar APi^o

99.3 ± 9.3 Native HDL + 
lOOpM
soluble APi.40

93.7 ±14.2

16pM soluble
APi-40

94.9 ±5.9 Ox VLDL 
+lpM  fibrillar
APi.40

97.5 ±2.3 Native HDL ± 
InM soluble
APi.40

99.2 ± 1.3

32 pM soluble
APi-40

97.7 ± 5.6 Ox VLDL 
+2pM fibrillar 
APwo

98.2 ± 6.3 Native HDL + 
lOnM soluble
APi.40

95.2 ± 15.0

lOpM fibrillar
APi^o

96.6 ± 6.0 Ox VLDL 
+4pM fibrillar 
APi.40

94.2 ±5.9 Native HDL + 
lOOnM 
soluble AP].4o

94.6 ± 5.3

lOOpM
fibrillar Api^o

93.9 ±8.8 Ox VLDL 
+8pM fibrillar 
APmo

93.9 ± 14.2 Native HDL ± 
250nM 
soluble APwo

98.7 ± 7.3
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InM fibrillar
APi-40

97.7 ±4.5 Ox VLDL 
+16p,M 
fibrillar Ap,^o

94.2 ± 10.2 Native HDL + 
500nM 
soluble APi.40

97.0 ±1.5

lOnM fibrillar
APi-40

97.8 ± 1.8 Ox VLDL 
+32pM 
fibrillar APi^o

98.5 ± 14.2 Native HDL 
+ IpM soluble
APmo

97.2 ± 14.3

lOOnM
fibrillar APi.40

95.3 ±0.7 Native LDL 95.6 ± 6.3 Native HDL 
+2pM soluble 
APmo

94.3 ± 12.5

250nM 
fibrillar Api^o

99.3 ± 14.2 Native LDL + 
lOpM soluble
APi^o

97.6 ± 8.5 Native HDL 
+4pM soluble 
APi.40

96.8 ±3.1

500nM
fibrillar APi^o

94.6 ±7.2 Native LDL + 
lOOpM 
soluble APi^o

93.8 ± 12.3 Native HDL 
+8pM soluble 
APi.40

95.9 ±3.2

IjiM fibrillar
APwo

95.0 ±1.2 Native LDL + 
InM soluble
APi^o

94.6 ±2.3 Native HDL 
+16pM 
soluble APi.40

95.3 ± 14.6

2 fiM fibrillar 
APi^o

96.3 ±3.5 Native LDL + 
lOnM soluble
APi.40

95.7 ±6.3 Native HDL 
+32pM 
soluble APmo

93.7 ±3.6

4)j.M fibrillar 
APi^o

99.1 ±5.6 Native LDL + 
lOOnM 
soluble A P i^

98.6 ± 8.5 Native HDL 
+10pM 
fibrillar APmo

99.3 ± 1.5

8)o.M fibrillar
APi-40

96.2 ±4.2 Native LDL + 
250nM 
soluble APwo

97.0 ± 1.5 Native HDL 
flOOpM 
fibrillar AP].4o

96.2 ±3.8

16p.M fibrillar
APl-40

94.2 ± 0.8 Native LDL + 
500nM 
soluble APmo

97.2 ± 14.3 Native HDL 
+lnM fibrillar
APmo

97.3 ± 8.2

32|j.M fibrillar 
APi^o

93.6 ± 11.3 Native LDL 
+ 1 pM soluble
APi^o

94.3 ± 12.5 Native HDL 
+10nM 
fibrillar APmo

93.7 ±9.4

Native VLDL 99.1 ± 14.6 Native LDL 
+2pM soluble 
A P i^

96.8 ±3.1 Native HDL 
+100nM 
fibrillar APmo

99.3 ±0.9

Native VLDL 
+ lOpM 
soluble APi.40

98.2 ± 8.6 Native LDL 
+4pM soluble 
APwo

95.9 ±4.3 Native HDL 
+250nM 
fibrillar ApMo

97.5 ±4.2

Native VLDL 
+ lOOpM 
soluble APi^o

97.8 ± 7.0 Native LDL 
+8pM soluble 
APi_40

95.3 ±8.3 Native HDL 
+500nM 
fibrillar Ap,^o

98.2 ± 9.8

Native VLDL 
+ InM soluble
APl-40

96.1 ± 6.2 Native LDL 
+16pM 
soluble APi^o

93.7 ± 8.4 Native HDL 
+lpM fibrillar 
APmo

94.2 ± 7.3

Native VLDL 
+ lOnM 
soluble APi^o

93.5 ±8.0 Native LDL 
+32pM 
soluble APi.40

99.3 ± 8.6 Native HDL 
+2pM fibrillar 
APmo

93.9 ±6.5

Native VLDL 
+ lOOnM 
soluble A P i^

99.3 ±9.3 Native LDL 
+10pM 
fibrillar Api^o

96.2 ± 8.0 Native HDL 
+4pM fibrillar 
APmo

97.0 ±1.5
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Native VLDL 
+ 250nM 
soluble APi^o

96.8 ± 10.5 Native LDL 
±100pM 
fibrillar APmo

97.3 ±4.6 Native HDL 
+8)o.M fibrillar 
APmo

97.2 ± 14.3

Native VLDL 
+ 500nM 
soluble APi^o

95.2 ± 14.2 Native LDL 
+lnM  fibrillar
APi-40

93.7 ±5.9 Native HDL 
+16p,M 
fibrillar Api-40

94.3 ± 12.5

Native VLDL 
+ 1 )j.M soluble
APi-40

98.6 ±0.5 Native LDL 
+10nM 
fibrillar APmo

99.3 ± 1.1 Native HDL 
+32|iM 
fibrillar APmo

96.8 ±3.1

Native VLDL 
+2}iM soluble 
APi-40

97.4 ±3.2 Native LDL 
+100nM 
fibrillar APi-40

97.5 ±4.1 OxHDL 95.9 ±4.1

Native VLDL 
+4|j,M soluble 
APi-40

98.3 ± 1.3 Native LDL 
±250nM 
fibrillar APmo

98.2 ± 12.3 OxHDL + 
lOpM soluble
APmo

95.3 ±5.1

Native VLDL 
+8 |j.M soluble
APi-40

96.0 ± 0.7 Native LDL 
±500nM 
fibrillar ApMo

94.2 ± 13.8 OxHDL + 
lOOpM
soluble APi-40

93.7 ± 1.8

Native VLDL 
+16)j.M 
soluble APi-40

94.1 ± 15.0 Native LDL 
+l|i.M fibrillar 
APmo

93.9 ± 14.9 Ox HDL + 
InM soluble
APmo

99.3 ±4.9

Native VLDL 
+32|iM 
soluble Api-40

95.6 ± 12.3 Native LDL 
+2)a.M fibrillar 
APmo

95.6 ± 15.0 OxHDL + 
lOnM soluble
APmo

96.2 ± 12.5

Native VLDL 
+10pM 
fibrillar Ap^o

93.9 ± 10.1 Native LDL 
+4p.M fibrillar
APi-40

98.4 ± 12.4 Ox HDL + 
lOOnM
soluble APmo

97.3 ±11.9

Native VLDL 
+100pM 
fibrillar APi-40

97.6 ± 7.6 Native LDL 
+8}j.M fibrillar 
A P i^

97.3 ±6.4 Ox HDL + 
250nM 
soluble APmo

93.7 ±7.2

Native VLDL 
+lnM fibrillar
APi-40

98.0 ±4.2 Native LDL 
+16p.M 
fibrillar APi.40

96.4 ± 8.7 OxHDL + 
500nM 
soluble ApMo

99.3 ±6.9

Native VLDL 
+10nM 
fibrillar APi_4o

96.3 ±3.5 Native LDL 
+32|iM  
fibrillar APi-40

93.6 ±9.5 OxHDL 
+ l)j,M soluble 
APi-40

97.5 ± 2.8

Native VLDL 
+IOO11M 
fibrillar APi.40

97.6 ± 9.2 Ox LDL 94.5 ±13.8 OxHDL 
+2|iM soluble 
APmo

98.2 ± 4.6

Native VLDL 
+250nM 
fibrillar APi-40

94.7 ± 1.8 Ox LDL + 
lOpM soluble
APi-40

96.8 ± 12.9 OxHDL 
+4p.M soluble
APi-40

94.2 ± 1.9

Native VLDL 
+500nM 
fibrillar APi-40

97.5 ± 2.8 O xLDL±  
lOOpM 
soluble APmo

97.3 ± 10.8 OxHDL 
+8pM soluble 
APMO

93.9 ±3.2

Native VLDL 
+l|j.M fibrillar 
APmo

98.3 ±9.1 Ox LDL ± 
InM soluble
APl_40

94.6 ± 14.6 OxHDL 
+16)iM 
soluble APmo

97.0 ± 1.5

Native VLDL 
+2|j.M fibrillar 
APmo

99.0 ± 10.3 OxLDL + 
lOnM soluble
APi-40

93.5 ± 3.8 OxHDL 
+32^M 
soluble APmo

95.1 ±4.3
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Native VLDL 
+4pM fibrillar
APi^o

93.6+11.2 Ox LDL + 
lOOnM 
soluble APi.40

97.6 + 2.1 OxHDL 
+10pM 
fibrillar APi.4o

96.1+2.3

Native VLDL 
+8)iM fibrillar 
APi-40

95.1 + 14.1 Ox LDL + 
250nM 
soluble Ap].4o

95.4 + 1.5 OxHDL 
+100pM 
fibrillar APmo

954 + 3.9

Native VLDL 
+16pM 
fibrillar A P i^

96.2 ± 7.0 Ox LDL + 
500nM 
soluble APmo

95.0+11.6 OxHDL 
+ InM fibrillar
APmo

95.9 + 6.3

Native VLDL 
+32 pM 
fibrillar Api.4o

95.8 + 6.8 Ox LDL 
+ 1 pM soluble
APl-40

97.3 ± 14.2 OxHDL 
+10nM 
fibrillar APmo

95.3 + 1.7

Ox VLDL 97.3 + 9.7 Ox LDL 
+2pM soluble 
APl-40

94.3 + 1.1 OxHDL 
+100nM 
fibrillar APmo

93.7 + 0.8

Ox VLDL + 
lOpM soluble
APi-40

96.1 + 1.5 Ox LDL 
+4pM soluble 
A P i^

93.8 ±6.3 OxHDL 
+250nM 
fibrillar APi.40

99.3 + 12.8

Ox VLDL + 
lOOpM 
soluble APi_4o

94.6+1.9 Ox LDL 
+8pM soluble 
APmo

99.3 ±4.2 OxHDL 
+500nM 
fibrillar APi.40

96.2 + 7.4

Ox VLDL + 
InM soluble
APi^o

98.2 + 5.8 Ox LDL 
+16pM 
soluble APmo

93.3 ± 12.4 OxHDL 
+lpM  fibrillar 
APmo

97.3+2.8

Ox VLDL + 
lOnM soluble
AP]_40

97.1 + 14.8 Ox LDL 
+32pM 
soluble Api_4o

99.2 ± 14.7 OxHDL 
+2pM fibrillar 
AP].40

93.7 + 3.4

Ox VLDL + 
lOOnM 
soluble A p i^

96.5+0.6 Ox LDL 
+10pM 
fibrillar A Pi^

97.5 ± 1.6 OxHDL 
+4pM fibrillar 
APi-40

99.3 + 12.6

Ox VLDL + 
250nM 
soluble APi^o

94.3 + 1.7 Ox LDL 
+100pM 
fibrillar ApMo

96.3 ± 2.3 OxHDL 
+8pM fibrillar 
APi.40

97.5 + 1.6

Ox VLDL + 
500nM 
soluble APi^o

93.5 ±4.3 Ox LDL 
+lnM fibrillar
APl-40

93.4 + 0.7 OxHDL 
+16pM 
fibrillar APmo

98.2+4.2

Ox VLDL 
+ IpM soluble
APi_40

99.4 + 6.5 Ox LDL 
+10nM 
fibrillar APi.40

95.8 + 11.9 Ox HDL 
+32pM 
fibrillar APmo

94.2 + 1.9

Appendix 4. Extents of survival of endothelial cells treated with soluble/fibrillar 

APi_4o or combinations of native/oxidised lipoproteins and Api_4o, as determined 

using the trypan blue exclusion assay. Data are expressed as % survival compared to 

controls (peptide free cultures) and are presented as means ± SEM. n=4-7.
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Treatment
conditions

% LDH 
activity 
(compared 
to controls)

Treatment
conditions

% LDH 
activity 
(compared 
to controls)

Treatment
conditions

% LDH 
activity 
(compared 
to controls)

Control 
(no treatment)

1.17 + 0.15 Ox VLDL + 
lOOnM 
soluble APmo

1.55 ± 0.66 Ox LDL + 
lOnM soluble
APmo

2.44 ± 1.65

100% value 
(Lysed cells - 
Triton X-100 
treated)

100 ±12.14 Ox VLDL 
+ IpM soluble
APmo

2.86 ±0.91 Ox LDL + 
lOOnM 
soluble APj.40

1.89 ±0.72

lOOpM
soluble A Pi^

0.91 ±0.25 Ox VLDL 
+8pM soluble 
APmo

1.84 ± 1.21 Ox LDL + 
500nM 
soluble AP].4o

1.71 ±1.1

InM soluble
APi-40

2.18 ±0.71 Ox VLDL 
+100nM 
fibrillar APmo

0.99 ±0.67 Ox LDL 
+ 1 |oM soluble
APmo

4.56 ±2.87

lOnM soluble
APi-40

2.0 ±1.45 Ox VLDL 
+lpM  fibrillar 
APmo

1.24 ±0.7 Ox LDL 
+100nM 
fibrillar APmo

1.27 ±0.44

lOOnM 
soluble APi^o

1.67 ±0.33 Ox VLDL 
+8pM fibrillar 
APmo

1.84 ±0.69 Ox LDL 
+500nM 
fibrillar APi.4o

1.62 ±0.64

500nM 
soluble APi.40

1.08 ±0.65 Native LDL 2.02 ± 1.1 Ox LDL 
+l|iM  fibrillar
APmo

3.88 ±2.1

l}iM soluble
APl-40

1.41 ± 0.66 Native LDL + 
lOOpM 
soluble A P i^

1.54 ±0.55 Ox LDL 
+8pM fibrillar 
APi-40

1.08 ±0.6

8p.M soluble
APi-40

3.07 ± 1.85 Native LDL + 
InM soluble
A P i^

1.92 ±0.58 Ox LDL 
+32pM 
fibrillar APmo

1.68 ±0.49

32|iM soluble 
APl-40

1.86 ±0.55 Native LDL + 
lOnM soluble
APmo

2.01 ±0.88 Native HDL 2.01 ±0.82

lOOpM
fibrillar A Pi^

1.24 ±0.49 Native LDL + 
lOOnM 
soluble APmo

2.24 ±1.24 Native HDL + 
lOOnM 
soluble APi.40

1.26 ±0.56

InM fibrillar
APmo

2.21 ± 1.01 Native LDL + 
500nM 
soluble APmo

1.37 ±0.87 Native HDL 
+1 pM soluble
APi.40

1.99 ±0.44

lOnM fibrillar
APi.40

1.98 ±0.76 Native LDL 
+ IpM soluble
APi-40

0.89 ±0.5 Native HDL 
+8pM soluble
AP].40

2.01 ±0.61

lOOnM
fibrillar APmo

2.73 ± 1.22 Native LDL 
+8|iM soluble
APmo

1.43 ±0.56 Native HDL 
+100nM 
fibrillar APmo

1.13 ±0.6

500nM
fibrillar APmo

1.69 ±0.69 Native LDL 
+32pM 
soluble AP].4o

1.18 ±0.65 Native HDL 
+lpM  fibrillar 
APj.40

1.87 ±0.89

1 )iM fibrillar
Ap].40

2.84 ±1.18 Native LDL 
+100pM 
fibrillar APmo

2.38 ±0.61 Native HDL 
+8pM fibrillar
APi.40

1.56 ±0.72
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8}xM fibrillar
A(3i.4o

1.94 ±0.39 Native LDL 
+lnM fibrillar 
APmo

3.56 ±2.2 OxHDL 1.94 ±1.3

32 pM fibrillar
APi-40

0.83 ±0.55 Native LDL 
+10nM 
fibrillar APmo

1.9 ±0.9 Ox HDL + 
lOOnM 
soluble APmo

2.54 ± 1.33

Native VLDL 3.01 ± 1.67 Native LDL 
+100nM 
fibrillar A p ,^

1.22 ±0.78 OxHDL 
+ IpM soluble
APmo

1.74 ±0.74

Native VLDL 
+ lOOnM 
soluble APi^o

1.52 ±0.41 Native LDL 
+500nM 
fibrillar ApMo

2.47 ±1.5 OxHDL 
+8pM soluble 
APMO

1.56 ±0.99

Native VLDL 
+ IpM soluble
APi^o

1.87 ± 0.66 Native LDL 
+lpM  fibrillar 
APmo

1.44 ±0.83 OxHDL 
+100nM 
fibrillar APmo

4.35 ±268

Native VLDL 
+8pM soluble 
APi-40

1.99 ± 1.06 Native LDL 
+8pM fibrillar 
APmo

2.22 ± 1.6 OxHDL 
+lpM  fibrillar 
A Pi^

3.11 ± 1.85

Native VLDL 
+100nM 
fibrillar APmo

2.68 ± 1.28 Native LDL 
+32pM 
fibrillar APmo

1.88 ±0.99 OxHDL 
+8pM fibrillar 
APmo

1.75 ±0.57

Native VLDL 
+lpM  fibrillar
APi-40

1.47 ±0.52 Ox LDL 1.41 ±0.65

Native VLDL 
+8pM fibrillar 
APi.40

1.88 ±0.82 Ox LDL + 
lOOpM
soluble APmo

1.85 ±0.77

Ox VLDL 2.89 ± 1.54 Ox LDL + 
InM soluble
APi.40

2.23 ± 1.01

Appendix 5. Supernatant LDH activity from endothelial cell cultures treated 

with soluble/fibrillar A^i^o or combinations of native/oxidised lipoproteins and

APi-4 0 . Data are expressed as % LDH activity compared to controls (peptide free cultures) 

and are presented as means ± SEM. n=4-7.

269



Appendices.

Treatment
conditions

% survival 
(compared 
to controls)

Treatment
conditions

% survival 
(compared 
to controls)

Treatment
conditions

% survival 
(compared 
to controls)

Control ICO ± 4.68 Ox VLDL 
+2pM soluble 
APl-40

92.5 ± 10.6 Ox LDL 
+IOO11M 
fibrillar Ap 1-40

101.6 ± 12.6

lOpM soluble
APi-̂ o

91.2 ± 1.2 Ox VLDL 
+4fj.M soluble
APi-40

95.2 ± 12.8 Ox LDL 
+250nM 
fibrillar APmo

105.2 ±21.5

lOOpM
soluble APi^o

95.3 ± 20.3 Ox VLDL 
+8pM soluble
APi-40

93.8 ±2.05 Ox LDL 
+500nM 
fibrillar ApMo

99.2 ±0.8

InM soluble
APi-40

100.2 ± 17.6 Ox VLDL 
+16|iM 
soluble APi^

102.5 ±6.8 Ox LDL 
+lpM  fibrillar 
APl-40

100.7 ±1.6

lOnM soluble
APl-40

105.2 + 5.3 Ox VLDL 
+32pM 
soluble AP]-4o

110.0 ±4.6 Ox LDL 
+2)iM fibrillar 
APmo

99.9 ±5.6

lOOnM 
soluble APi-40

95.3+21.3 Ox VLDL 
+10pM 
fibrillar APmo

98.6 ±21.3 Ox LDL 
+4pM fibrillar
APmo

103.5 ±15.4

250nM 
soluble APi-40

98.7 ±5.8 Ox VLDL 
+100pM 
fibrillar APmo

94.2 ± 20.4 Ox LDL 
+8pM fibrillar 
APi-40

99.67 ± 10.07

500nM 
soluble APi-40

109.7 ±6.9 Ox VLDL 
+lnM fibrillar 
APmo

91.3 ±4.5 Ox LDL 
+16fxM 
fibrillar APmo

99.5 ± 18.6

l|j.M soluble
APi-40

104.2 ±21.4 Ox VLDL 
+10nM 
fibrillar ApMo

95.3 ± 1.6 Ox LDL 
+32pM 
fibrillar APi.40

101.0 ±8.28

2)j.M soluble
APi-40

99.3 ± 19.6 Ox VLDL 
+100nM 
fibrillar APmo

92.5 ±0.8 Native HDL 98.66 ±11.86

4|iM soluble
APi-40

96.4 ± 13.5 Ox VLDL 
+250nM 
fibrillar APmo

97.3 ± 1.9 Native HDL + 
lOpM soluble
APi-40

94.6 ± 19.3

8)j.M soluble 
APi-40

94.31 ±7.8 Ox VLDL 
+500nM 
fibrillar APmo

90.5 ±9.5 Native HDL + 
lOOpM
soluble APmo

91.1 ±13.2

16)j,M soluble
APl-40

95.7 ±5.7 Ox VLDL 
+l|xM fibrillar
APmo

96.9 ±1.6 Native HDL + 
InM soluble
APi-40

93.5 ± 14.8

32fiM soluble
APi-40

92.3 ±6.02 Ox VLDL 
+2p.M fibrillar 
APmo

91.3 ±2.7 Native HDL + 
lOnM soluble 
A P i^

97.6 ± 7.0

lOpM fibrillar
APi-40

93.5 ± 14.8 Ox VLDL 
+4|iM fibrillar 
APmo

95.3 ±2.6 Native HDL + 
lOOnM 
soluble APmo

95.1 ±8.1

lOOpM
fibrillar APi-40

92.9 ± 24.6 Ox VLDL 
+8pM fibrillar 
APmo

94.7 ±12.25 Native HDL + 
250nM 
soluble ApMo

102.6 ± 0.6
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InM fibrillar
APi-40

108.2 + 0.7 Ox VLDL 
+16pM  
fibrillar ApMo

93.2 + 8.6 Native HDL + 
500nM 
soluble APi.40

96.2 + 3.5

lOnM fibrillar
APmo

104.6 ± 5.9 Ox VLDL 
+32 nM 
fibrillar AP1.40

97.6 + 7.9 Native HDL 
+ 1 pM soluble
APl-40

91.1+9.2

lOOnM
fibrillar Api.40

109.7+10.5 Native LDL 95.65 + 5.35 Native HDL 
+2pM soluble 
APl.40

108.5 + 2.6

250nM 
fibrillar Ap^o

96.8 ±24.8 Native LDL + 
lOpM soluble
APmo

98.4 + 12.6 Native HDL 
+4pM soluble 
APmo

109.9 + 8.1

500nM
fibrillar APmq

96.4 ± 14.6 Native LDL + 
lOOpM 
soluble APmo

91.2 + 12.8 Native HDL 
+8pM soluble 
APmo

95.65 + 4.64

IfiM fibrillar
APi-40

90.5 + 11.8 Native LDL + 
InM soluble
APmo

94.3 + 16.4 Native HDL 
+16pM 
soluble APi.40

98.4 + 24.0

2)j.M fibrillar
APi-40

97.3 ± 17.6 Native LDL + 
lOnM soluble
APmo

90.8 + 13.8 Native HDL 
+32pM 
soluble AP1.40

93.5 + 23.8

4|o.M fibrillar
APi-40

91.9+18.3 Native LDL + 
lOOnM 
soluble APmo

95.6 + 12.0 Native HDL 
+10pM 
fibrillar APmo

94.0 + 1.6

8)j.M fibrillar 
APi.40

65.55 ± 
10.71*

Native LDL + 
250nM 
soluble A P i^

97.6 + 12.9 Native HDL 
+100pM 
fibrillar APmo

98.6 + 5.3

16|iM fibrillar
APi-40

46.15 ± 
13.77**

Native LDL + 
500nM 
soluble APmo

105.6 + 20.6 Native HDL 
+lnM fibrillar
APmo

101.8 + 16.2

32|iM fibrillar 
APmo

107.9 ± 8.6 Native LDL 
+ 1 pM soluble
APmo

108.7 + 25.0 Native HDL 
+10nM 
fibrillar Api.40

101.6 + 19.2

Native VLDL 93.31+8.79 Native LDL 
+2pM soluble 
APmo

109.4 + 7.3 Native HDL 
+100nM 
fibrillar APmo

103.4 + 20.0

Native VLDL 
+ lOpM 
soluble A Pi^

92.5 + 5.6 Native LDL 
+4pM soluble
APmo

101.1+8.3 Native HDL 
+250nM 
fibrillar APi.40

101.2 + 18.1

Native VLDL 
+ lOOpM 
soluble APmo

91.8 + 8.4 Native LDL 
+8p.M soluble 
APmo

93.06 + 11.75 Native HDL 
+500nM 
fibrillar AP) .40

97.6 + 16.2

Native VLDL 
+ InM soluble
APmo

98.3 + 10.6 Native LDL 
+16pM 
soluble ApMo

98.2 + 10.8 Native HDL 
+1 pM fibrillar
APmo

99.6 + 17.8

Native VLDL 
+ lOnM 
soluble A Pi^

99.2+21.0 Native LDL 
+32pM 
soluble APi^o

94.9 + 10.67 Native HDL 
+2pM fibrillar 
APmo

98.4 + 19.4

Native VLDL 
+ lOOnM 
soluble A Pi^

100.8 + 18.5 Native LDL 
+10pM 
fibrillar APi.40

91.9 + 12.6 Native HDL 
+4pM fibrillar 
APmo

96.7 + 6.9
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Native VLDL 
+ 250nM 
soluble APi.40

102.3 ±24.1 Native LDL 
+100pM 
fibrillar ApMo

91.3 ±  11.1 Native HDL 
+8p.M fibrillar 
APmo

98.99 ± 10.14

Native VLDL 
+ 500nM 
soluble APmo

108.5 ± 14.8 Native LDL 
+lnM fibrillar 
APi^

98.7±21.1 Native HDL 
+16|iM 
fibrillar APi-40

94.6 ± 14.6

Native VLDL 
+ lp.M soluble
APl.40

99.3 ± 19.6 Native LDL 
+10nM 
fibrillar APmo

99.6 ±23.8 Native HDL 
+32pM 
fibrillar APmo

98.4 ± 20.6

Native VLDL 
+2)j.M soluble
APl-40

108.4 ± 20.5 Native LDL 
+100nM 
fibrillar APmo

99.4 ±0.6 OxHDL 103.67 ±3.55

Native VLDL 
+4p.M soluble 
APmo

101.2 ±4.5 Native LDL 
+250nM 
fibrillar APmo

92.1 ±2.8 OxHDL + 
lOpM soluble
APmo

105.7 ± 17.2

Native VLDL 
+8}i.M soluble 
APmo

91.6 ±8.39 Native LDL 
+500nM 
fibrillar APmo

90.5 ±0.9 Ox HDL + 
lOOpM 
soluble APi-40

108.4 ± 13.8

Native VLDL 
+16|iM 
soluble A Pi^

108.9 ±9.8 Native LDL 
+l)j.M fibrillar 
APmo

100.4 ±6.5 Ox HDL + 
InM soluble
APmo

110.0 ± 1.8

Native VLDL 
+32nM 
soluble APi.40

95.3 ±6.9 Native LDL 
+2)j.M fibrillar 
APi-40

100.6 ±2 .7 OxHDL + 
lOnM soluble
APi-40

92.6 ± 1.4

Native VLDL 
+10pM 
fibrillar APmo

96.7 ± 10.5 Native LDL 
+4)iM fibrillar 
APmo

99.2 ± 1.6 OxHDL + 
lOOnM
soluble APmo

91.6 ±20.8

Native VLDL 
+100pM 
fibrillar A Pi^

95.6 ± 15.8 Native LDL 
+8p.M fibrillar 
APi_40

90.96 ± 12.45 Ox HDL + 
250nM 
soluble APmo

95.7 ± 16.5

Native VLDL 
+liîM fibrillar
APmo

91.2 ±17.6 Native LDL 
+16fj.M 
fibrillar Ap]_4o

92.5 ±6.4 OxHDL + 
500nM 
soluble APmo

98.6 ±0.6

Native VLDL 
+10nM 
fibrillar APmo

94.5 ±23.7 Native LDL 
±32pM 
fibrillar AP]_4o

92.64 ± 15.16 OxHDL 
+ 1 pM soluble
APmo

99.4 ±3.2

Native VLDL 
+100nM 
fibrillar APmo

95.8 ± 17.6 Ox LDL 103.3 ± 10.03 OxHDL 
+2|xM soluble 
APmo

93.3 ±1.8

Native VLDL 
+250nM 
fibrillar APi^

97.3 ± 12.0 OxLDL + 
lOpM soluble
APi-40

98.1 ± 11.6 OxHDL 
+4|iM soluble 
APmo

91.6 ±9.2

Native VLDL 
+500nM 
fibrillar APi^

96.8 ± 14.9 Ox LDL + 
lOOpM 
soluble APi-40

99.1 ± 17.2 OxHDL 
+8piM soluble 
ApMO

103.0 ±6.49

Native VLDL 
+lpM  fibrillar 
APmo

90.2 ± 19.5 OxLDL + 
InM soluble
APi-40

94.3 ±21.5 OxHDL 
+16p.M 
soluble APmo

105.8 ± 1.6

Native VLDL 
+2)j.M fibrillar 
APmo

96.3 ± 20.8 Ox LDL ± 
lOnM soluble
APi-40

96.8 ± 24.6 OxHDL 
+32|iM 
soluble ApMO

106.4 ±24.1
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Native VLDL 
+4pM fibrillar
A.Pl-40

94.2 + 23.1 Ox LDL + 
lOOnM 
soluble ApMo

92.3 ±6.7 OxHDL 
+10pM 
fibrillar APi.40

100.3 ±6.7

Native VLDL 
+8pM fibrillar 
APi-40

92.98 ± 11.15 OxLDL + 
250nM 
soluble APi.40

105.6 ±4.0 Ox HDL 
+100pM 
fibrillar APmo

100.6 ±5.3

Native VLDL 
+16pM 
fibrillar A Pi^

98.2 + 16.7 Ox LDL + 
500nM 
soluble APmo

109.9 ±21.6 OxHDL 
+lnM fibrillar
APmo

99.3 ± 10.6

Native VLDL 
+32 pM 
fibrillar AP1.40

97.3 ± 13.2 OxLDL 
+ 1 pM soluble
APmo

107.3 ± 9.4 OxHDL 
+10nM 
fibrillar APmo

98.4 ± 11.5

Ox VLDL 91.3 ±8.79 OxLDL 
+2pM soluble
APi-40

101.0 ±2.3 OxHDL 
+IOO11M 
fibrillar APmo

96.9 ±22.3

Ox VLDL + 
lOpM soluble
APi-40

95.8 + 1.3 OxLDL 
+4pM soluble
APi-40

96.3 ±8.3 OxHDL 
+250nM 
fibrillar APmo

103.7 ± 19.5

Ox VLDL + 
lOOpM
soluble APi^o

92.4 + 2.7 OxLDL 
+8pM soluble 
APi.40

110.43 ± 
24.39

OxHDL 
+500nM 
fibrillar APmo

100.9 ±6.3

Ox VLDL + 
InM soluble
APi-40

100.6 ± 10.2 Ox LDL 
+16pM 
soluble APi.40

109.1 ± 16.35 OxHDL 
+lpM  fibrillar 
APi-40

99.6 ±7.1

Ox VLDL + 
lOnM soluble
APi-40

108.2 ±4.6 OxLDL 
+32pM 
soluble AP,.4o

92.6 ± 17.6 OxHDL 
+2pM fibrillar 
APi.40

99.2 ± 18.2

Ox VLDL + 
lOOnM 
soluble APmo

107.3 ±11.8 OxLDL 
+10pM 
fibrillar Ap,.4o

99.8 ± 14.2 OxHDL 
+4pM fibrillar 
APi.40

105.5 ± 16.2

Ox VLDL + 
250nM 
soluble ApMo

104.2 ± 5.8 OxLDL 
+100pM 
fibrillar APmo

98.6 ± 5.8 OxHDL 
+8pM fibrillar 
APi-40

100.03 ±3.33

Ox VLDL + 
500nM 
soluble APmo

109.2 ±6 .9 Ox LDL 
+lnM  fibrillar
APmo

102.1 ±4.2 Ox HDL 
+16pM 
fibrillar APi.40

102.6 ± 2.6

Ox VLDL 
+1 pM soluble
APmo

95.6 ±8.0 Ox LDL 
+10nM 
fibrillar APmo

108.3 ± 16.5 OxHDL 
+32pM 
fibrillar APmo

98.9 ±4.1

Appendix 6. Extents of survival of endothelial cells treated with soluble/fibrillar 

Apwo or combinations of native/oxidised lipoproteins and Agi^o, as determined 

using the MTT assay. Data are expressed as % survival compared to controls (peptide 

free cultures) and are presented as means ± SEM. Significant differences from controls are 
indicated, with *p<0.01 and **p<0.0005. n=4-7.
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