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ABSTRACT

POTENTIAL NEUROTOXICITY OF APOLIPOPROTEIN E4 BY
DYSREGULATION OF NITRIC OXIDE BIOSYNTHESIS
IN HUMAN BRAIN-DERIVED CELL-LINES

by Shanaka Bihan Thilakawardhana

Alzheimer’s disease (AD) is the most common neurodegenerative disease. Clinical features and
disease pathology are well characterised, despite the incomplete understanding of its
pathophysiology and molecular basis. Genetic mutations and key proteins have also been
identified. Genetic linkage analysis has identified the circulating plasma lipoprotein,
apolipoprotein e (apoE), as a significant contributor to AD susceptibility, specifically the &4
allele, in a dose dependent manner. The mechanism by which this dysfunctional apoE isoform
mediates this effect has not been fully elucidated. One possibility, demonstrated previously in
peripheral tissue cell lines, is by altering nitric oxide synthase (NOS) via receptor-dependent
signalling pathways.

Initially, a panel of human neuronal and astrocytic cell-lines was investigated by quantitative
real-time polymerase chain reaction (PCR). Expression of specific apoE receptors and NO
biosynthesis pathway components highlighted SH-SY5Y neuroblastoma cells as a suitable model
for investigation, while additional lines were identified for future study. Different assay methods
were utilised to investigate the hypothesis that: “exposure of neuronal cells to apoE modulates
NO release, with apoE4 causing inappropriate synthesis compared to wild-type apoE3”.
Test apoE was secreted by recombinant CHO cells and was quantified following development of
an ELISA. A direct fluorimetric method to measure NO release proved unreliable. Instead, the
concentration of cyclic-GMP, a NO secondary messenger, was measured using both colorimetric
and radioactive assays. Radioimmunoassay indicated apoE4 exposure down-regulated NO release
relative to apoE3; however, results were not conclusive. Following this, the effect of apoE on
intracellular signalling pathways was studied by phosphospecific immunoassay, with respect to
protein kinase B (Akt), the apoER2 receptor, and the NOS3 enzyme. No change was observed in
NOS3 phosphorylation, even after 6 h, but peak phosphorylation of apoER2 and Akt were

observed 5 min post-exposure to apoE, with apoE4 having an enhanced effect.

This study reveals that apoE does modify signalling events within brain derived cell-lines, with a
minor effect on NO biosynthesis itself. More sensitive assay methods, or possibly a different
target cell-line, may have revealed a more significant response. However, the ability of apoE to
mediate such events within the brain is a notable observation and physiologically could have a

significant impact on AD progression.
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Chapter 1

GENERAL
INTRODUCTION




1.0 GENERAL INTRODUCTION

1.1 ALZHEIMER’S DISEASE

Alzheimer’s disease (AD) is the most common neurodegenerative disease and accounts
for approximately two-thirds of all cases of dementia [1]. It is an increasingly acute
healthcare issue, particularly in Western societies. Currently, the most comprehensive
epidemiological data originates from the US, where according to the census completed in
2000, there were an estimated 4.5 million individuals diagnosed with AD over the age of
65, the majority being in the 75-84 years-old age group [2]. The annual cost of treating
AD in the US is currently $80 to $100 billion, a figure which will only increase in years
to come [3]. With continual medical advances and an enhanced understanding of aging
processes and geriatric care, the size of this elderly population is likely to increase
dramatically over the next century. If the number of individuals with AD can be directly
correlated as a proportion of the whole population, by 2050 there could be between 11
and 16 million Americans diagnosed with AD-type dementia [2,4].

In the UK, the Alzheimer’s Research Trust' estimates the current prevalence of AD to be
approximately 800,000 individuals; part of a wider population of 6 million patients
affected by the disease in Europe. There is indication that the increase in cases in the US
over the next few decades is likely to be mirrored in the UK and Europe. As such, this
disease represents an increasing demand on healthcare services, especially with the ever-
increasing costs of both palliative care and the current limitations of therapeutic
modalities. Moreover, there is the effect that this insidious disease has on the quality of
life of the patient themselves, as well as the resonance that is experienced in those that

care for them.

Alzheimer’s disease is a progressive neurological disease resulting in the irreversible loss
of neurons, particularly in the cortex and hippocampus. It is a genetically heterogeneous
disease that manifests with the primary clinical feature of progressive impairment to
memory. In addition there are numerous cognitive function deficiencies such as
judgement, decision making, orientation to physical surroundings, and language. These
personality changes are all accompanied with specific structural abnormalities in the

brain that give a prognosis of AD. Neurological examination and exclusion of other

! http://www.alzheimers-research.org.uk/
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dementias allows a probable diagnosis of AD to be made. A definitive diagnosis can only
be achieved by autopsy [5]. The earliest affected regions of the brain are the entorhinal
cortex, hippocampus and basal forebrain, which are all specialised structures in the brain
that have a critical role in memory functions. In the early and middle phases of the slow,
inexorable progression of AD, the patient’s alertness remains along with motor and
sensory functions. As the disease takes hold, cognitive function diminishes, accompanied
often by a concomitant decrease in motor functions such as gait and coordination. This
can often give AD patients an appearance that resembles extrapyramidal motor disorders
such as Parkinsonism. Life-expectancy of AD patients can range from 2 to 20 years,
although as it is currently an incurable disease it does eventually end in death, most

commonly by pneumonia or (unrelated) cardiovascular problems [6].

Pathologically, the disease is characterised by the deposition of extracellular plaques
containing B-amyloid (often referred to as senile plaques), as well as intracellular
neurofibrillary tangles (NFTs) composed of a hyperphosphorylated form of the
microtubular protein tau (t), and cerebral amyloid angiopathy (CAA) [7]. The B-amyloid
found in senile plaques is produced by cleavage of the larger B-amyloid precursor protein
(APP) by a series of proteases [8]: the a-, B- and y-secretases [9,10]. In particular, y-
secretase appears to be responsible for producing a B-amyloid peptide (ABs;) that has
pathogenic importance due to its ability to form insoluble toxic fibrils that accumulate in

senile plaques [11].

The prevalence and age of onset of AD can vary depending on the diagnostic criteria
applied. While acknowledging that population age, geography and ethnicity can affect
these studies, AD has a prevalence of approximately 1% among those aged 65 to 69
years of age. The prevalence of the disease increases almost exponentially from about the
age of 65 years (in both men and women), such that by 95 years-old there is an incidence
of AD in 40 — 50% of patients [1]. The mean age of onset is approximately 80 years [12].
Early-onset AD is defined arbitrarily when the diagnostic features of the disease manifest
before the age of 60 to 65 years of age. Approximately 7% of these early-onset cases are
familial AD (FAD), showing an autosomal dominant pattern of inheritance and high
penetrance [13].
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1.1.1 Alzheimer’s disease — an historical perspective

First identified by Alois Alzheimer, a Bavarian psychiatrist, the disease that now bears
his name was presented at a meeting in Tiibingen, Germany, in November 1904 [14].
The patient, a 51 year-old woman from Frankfurt, referred to as Auguste D, came under
his care originally in 1901 whilst he was as an attending physician at the Frankfurt
Asylum. This patient presented with many of the clinical features that are still identified
in AD patients today: progressive memory impairment; disordered cognitive function;
altered behaviour including paranoia, delusions and loss of social appropriateness; and
decline in language functions. Following her death in 1906, a post-mortem revealed brain
shrinkage as well as the presence of plaques, neurofibrillary tangles and arteriosclerotic
changes. In fact, more recent investigation of the original case file for this patient has
revealed her dementia may have resulted from arteriosclerosis of the brain rather than the
typical neurodegeneration that characterises AD as we understand it today [15]. The first
reference to this disease having acquired the title of Alzheimer’s disease was in 1910 and
attributed to Emil Kraepelin, a key collaborator of Alzheimer’s and can be considered a

co-discoverer of the disease [16].

Alzheimer pursued a number of interests in the field of neurology, which included
psychoses, forensic psychiatry and epilepsy. However, it was his investigation of
dementia of degenerative and vascular origin that has remained his legacy. His
understanding of the neuropathology of these disorders was both shared and developed
with Franz Nissl, who provided Alzheimer with many of the histopathological techniques
that were necessary for this investigation. Alzheimer eventually published his findings in
1907, where he presented both the clinical and histopathological findings [17]. He
described the neurofibrillary tangles as fibrils of characteristic thickness and
impregnability that appear in the centre of otherwise normal cells. Neuritic plaques are
referred to as “small miliary foci” that he describes as “storing a peculiar material in the
cortex”. The clinical changes (memory loss, confusion, paranoia) and pathological
features (plaques and tangles) first observed by Alzheimer are now established diagnostic

criteria for what we know today as AD.

1.1.2 Classification of AD-related cognitive changes
At the time, Alzheimer was not aware of the widespread significance of his discovery;
AD was viewed as a distinct and separate form of senile dementia with a highly unique

neuropathology. It remained, until the work of Blessed, Tomlinson and Roth in the
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1960s, for AD to be considered for the first time as a common basis for senile dementia
[18]. In 1976, the notion of AD’s uniqueness was further challenged by Robert Katzman
in an influential paper which opined, contrary to popular belief, that AD was in fact the
most common form of dementia and was the single most likely neuropathological

correlate of what was known as senility [19].

Unlike the slow progress to understand and appreciate the neuropathology of AD, our
understanding of the cognitive and behavioural changes associated with the disease had
virtually been detailed with the first case, with numerous refinements over the decades.
This culminated in the mid-1970s with the ‘Mini-Mental State Examination’, which
attempted to aid clinicians diagnose AD by assessing cognitive changes [20]. A criticism
of this method has been the difficulty of standardising its use between patients with
varying intelligence levels and backgrounds. This has since been superseded by other
assessment procedures. Firstly, in 1994, by the criteria of the American Psychiatric
Association’s ‘Diagnostic and Statistical Manual of Mental Disorders, fourth edition’,
and most recently by the criteria set out by the ‘National Institute of Neurologic and
Communicative Disorders and Stroke—Alzheimer’s Disease and Related Disorders
Association’ [21]. According to this most recent criteria, AD diagnosis can be sub-
classified in order of increasing severity as: ‘possible’, where patients manifest atypical
clinical features, but an alternate diagnosis is not readily apparent; ‘probable’, where
patients show typical clinical syndromes, but without any histologic confirmation; and

‘definite’, whereby clinical diagnosis has been confirmed with histological evidence.

1.1.3 Neurotransmitter-related dysfunctions in AD

Cognitive decline, in whatever guise it may take, is purely the outward manifestation of
the AD, indeed its phenotype. However, the disease could not be fully appreciated
without a detailed understanding of its biochemical basis, a goal that Alzheimer set
himself, but unfortunately did not achieve in his lifetime. Largely due to the limitations
of the analysis techniques available in the first half of the 20™ century, understanding the
mechanisms underlying the disease and the potential for therapies showed little or no
progress. However, in the 1960s, Michael Kidd and colleagues started to investigate
more fully the ultrastructural changes that underlie AD using electron microscopy
[22,23]. Their successful visualisation of the two classical lesions of AD — senile
(neuritic) plaques, and neurofibrillary tangles (NFTs) — became the foundation for much

research over the following decades.
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At around the same time, three separate groups in the UK reported the loss of cholinergic
markers in brains of patients diagnosed with AD [24,25,26]. These discoveries were
attempts at rationalising the neurotransmitter dysfunctions associated with AD, and
hence the neurochemistry of the disease. At the time it was not completely understood
how changes in the neurotransmitter, acetylcholine (ACh), had any relevance to the
clinical memory defects observed in AD patients. By 1978, Elaine Perry and colleagues
had conclusively demonstrated that ACh was variable and usually severely deficient in
AD. Furthermore, there were cognitive impairments in AD patients that could be
correlated with the severity of ACh decline [27]. This eventually led to the first of what
would eventually become an ever expanding list of hypotheses and theories as to the
genesis and progression of AD. The cholinergic hypothesis suggested that dysfunctions
in ACh containing neurons in the brain (particularly those in the limbic system and
associated cortices) were significant contributors to the cognitive impairments observed
in AD patients [28]. This eventually led to the development of the first set of suitably
effective drugs for the treatment of AD. Tacrine, donepezil, rivastigmine and
galantamine all act by inhibiting the ACh degrading enzyme, acetylcholine esterase
(AChE) [29].

From a neurochemcial perspective, the cholinergic hypothesis still remains the
foundation for the only truly effective pharmacological approach to treating AD. The
only other therapeutic method of note is the N-methyl-D-aspartate (NMDA) receptor
antagonist, memantine, which was first approved for use in 2002 [30]. The NMDA
receptor is one of a number of postsynaptic receptors that can be stimulated by
glutamate, which is the principal excitatory neurotransmitter found in the brain. Neuronal
damage can occur if glutamatergic over-stimulation occurs, in a phenomenon termed
excitotoxicity. In neurodegenerative disorders, it is this excitotoxicity that can lead to a
dramatic intracellular calcium overload, which initiates a cascade of events that can
ultimately result in neuronal death [31]. Memantine is a non-competitive NMDA
antagonist that both protects against glutamate-mediated excitotoxicity without any
associated activation of the receptor. Although it has been used in isolation, memantine
has been demonstrated to be markedly more effective when used in conjunction with an
ACHhE inhibitor, such as donepezil [32].
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1.2 ALZHEIMER’S DISEASE PATHOLOGY
When discussing AD pathology, the hallmark features that are synonymous with the

disease are the amyloid plaques and neurofibrillary tangles. However, it should be noted
that these are thought by many to be the ‘tombstones’ of the disease; they occur late in
disease progression and are in themselves unlikely to provide much insight into the
disease aetiology and early progression. However, there has been much debate as to the
exact temporal deposition of the two lesions types, with respect to which appears first in
the brain [33]. Despite this, there is a general consensus that prior to lesion formation
there is one or many detrimental biochemical events [34]. If these are appropriately

identified, they could be exploited and therapies developed to ameliorate them.

1.2.1 Neuritic Plaques

The neuritic plaques of AD are microscopic foci of extracellular amyloid deposition with
associated axonal and dendritic injury. In post-mortem tissue, these are generally found
in large numbers in the limbic and associated cortices. The plaques are composed of
amyloid B-protein deposits, which principally occur in a filamentous form: star-shaped
masses of amyloid fibrils. Dystrophic neurites can be found both within these plaques
and surrounding them, and are observed to be dilated with ultrastructural abnoﬁnalities
that include enlarged lysosomes, numerous mitochondria and paired helical filaments
(which are generally indistinguishable from those that comprise NFTs). Plaques are
intimately associated with microglia expressing cell-surface antigens that indicate an
activated state, such as CD45 and HLA-DR [35]. Additionally, plaques are surrounded
by reactive astrocytes that display abundant glial filaments. Microglia are usually found
within and adjacent to the central amyloid core of the neuritic plaque, whereas astrocytes
form a ring around the plaque, with some processes extended towards the central core.
The time period over which neuritic plaques develop is not fully understood, but

probably evolve over many months or years.

The fibrillary AP found in neuritic plaques is predominantly the 42 amino-acid form
(AP42). This is the slightly longer, more hydrophobic form of Af and is more prone to
aggregation. The bulk of AB in the brain is 40 amino-acids long (AB4), but this too can
be found co-localised in plaques [36,37]. Spatially, neuritic plaques have a spherical
structure with a cross-sectional diameter of anywhere between 50-200 um. In addition,
the density and degree of compaction of the amyloid that comprises the plaque’s core can

vary considerably between plaques. Having identified AP as the subunit of plaque
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amyloid, it was possible to develop sensitive antibodies against AP. These were utilised
to generate a more complete view of the penetration of neuritic plaques in AD patients’
brains [38]. This immunohistochemical staining revealed far more extensive AP deposits
than had been shown previously using classical silver staining methodologies such as that
of Bielschowsky and Bodian [39]. Not all of these deposits were of the compacted,
fibrillar appearance associated with classical neuritic plaques. Many plaques within the
limbic and association cortices, and virtually all of those in brain regions not implicated
in the typical sympatomology of AD (such as the thalamus, caudate, putamen and
cerebellum) were observed to have a light, amorphous AP immunoreactivity that
occurred in a finely granular manner. Using both silver staining (which detected
dystrophic neurites) and immunohistochemistry against neuronal/neuritic cytoskeletal
proteins, it was revealed that there was little or no detectable neuritic dystrophy in most
of these non-fibrillar granular-type plaques. Further investigation revealed that these

plaques could also be found in regions that contained many neuritic plaques [40].

This implied the presence of two distinct subclasses of plaques: the more commonly
observed neuritic plaques that contain compacted, fibrillar AB; and those containing
granular, non-fibrillar AP deposits. This latter type became known as ‘diffuse’ plaques or
‘pre-amyloid deposits’. Further study revealed that diffuse plaques were comprised
primarily of A4, with little or no AB4y immunoreactivity [41]. In contrast, the fibril-rich
neuritic plaques generally contained a mix of the two AP species. Aetiologically, it was
believed that the non-fibrillar AP plaques were representative of a lesion precursor to the
classical neuritic plaques [42,43]. Moreover, studies with transgenic mice that express
the carboxyterminal fragment of mutant human APP showed that they developed diffuse
AP deposits, followed by fibrillar neuritic/glial plaques that were both thioflavin S-
positive and Congo red-positive, which stain senile plaques and amyloid deposits
respectively [44]. Further support for this theory came from immunohistochemical
investigation of Down’s syndrome patients [33,45,46]. These individuals would often
display diffuse amyloid deposits as early as their teens; neuritic/glial plaques would not
appear for another two decades, by which time the individuals would also begin to

display profuse neurofibrillary tangles within regions of the limbic system.
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1.2.2 Amyloid precursor protein & Ap processing

Amyloid precursor protein (APP), as its name suggests, is the precursor to AP, and is
actually a heterogeneous group of ubiquitously expressed polypeptides that can be
electrophoretically resolved as mature proteins of between 110 to 140 kDa [47]. The
heterogeneity of APP arises from both alternate splicing (to give three major isoforms of
695, 751 and 770 residues) and a variety of post-translational modifications, such as the
addition of N- and O-linked sugars, sulphation and phosphorylation [38,48,49]. The 751
and 770 amino-acid APP splice forms are widely expressed in non-neuronal cells
throughout the body, as well as occurring in neurons [50]. However, the 695 amino-acid
form is expressed highly in neurons and at very low abundance in non-neuronal cells
[51]. The most significant difference between the 751/770 amino-acid form of APP and
the 695 amino-acid form is the presence in the former of an exon coding for a 56 amino-
acid motif homologous to the Kunitz-type serine protease inhibitors (KPI) [52]. The KPI-
containing forms of APP have been observed in human platelets to serve as inhibitors of
factor XIa, a serine protease in the coagulation cascade [53]. The expression of APP is

very highly conserved and has been detected in all mammals in which it has been sought.

Mature APP is a Type I transmembrane polypeptide, which becomes co-translationally
translocated into the endoplasmic reticulum via its signal peptide. From there, it is post-
translationally matured through the secretory pathway. Rapidly after biosynthesis, it can
acquire N- and O-linked sugars, whilst its half-life is relatively brief at approximately 45-
60 minutes [54]. During and after trafficking through the secretory pathway, APP can
undergo a variety of proteolytic cleavages that release secreted derivatives into the
vesicle lumen and the extracellular space (see Figure 1.1). The first proteolytic cleavage
identified occurs at 12 residues NH,-terminal to the single transmembrane domain of the
polypeptide [55]. This is performed by the activity designated a-secretase, the result of
which is the release of a large soluble ectodomain fragment (a-APP;) into the
lumen/extracellular space, whilst an 83-residue carboxy-terminal fragment (CTF) is
retained in the membrane [56]. An alternate to APP processing by a-secretase is the
cleavage at 16 amino-acids NH,-terminal to the a-cleavage site, by activity designated B-
secretase, which generates a slightly shorter ectodomain fragment (B-APP;) and the
retention of a 99-residue CTF in the membrane, the C99 fragment [54,57,58]. It is this
fragment of APP which is the direct precursor of AB: the first residue of the C99
fragment is designated amino-acid 1 of Af .
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It was long assumed that generation of AP was a pathological event. The subsequent
cleavage of the C99 fragment by the so-called y-secretase activity seemed to occur in the
middle of the transmembrane domain [58]. As such, it was assumed that this process
would require the release of the C99 fragment from the membrane, perhaps through some
sort of pre-existing membrane injury, which would then allow access for a soluble
protease. This was disregarded, as sensitive AP antibodies revealed that APP expressing
cells would constitutively release AP under normal cellular conditions. In addition, a
peptide fragment called p3 was discovered that was produced through sequential
cleavage by a- and then y-secretase [59]. These findings seemed to indicate the AB
production was metabolically normal, and the peptide was even detectable in

cerebrospinal fluid and plasma in healthy individuals throughout life.

The identity of one of the key proteases that process APP has remained elusive for some
time until late in 1999 several groups published almost simultaneously the identification
of a novel transmembrane aspartic proteinase which exhibited the known properties if -
secretase [60,61,62,63]. The accepted name for the enzyme is now beta-site APP-
cleaving enzyme (BACE1). They found that overexpression of this protease would give
an increase in B-secretase cleavage products. Moreover, cleavage only occurred at known
B-secretase cleavage sites. This was further supported by antisense mRNA inhibition and
investigation of subcellular localisation and expression pattern, all of which were
consistent with B-secretase. Following the identification of BACE1, a homolog was
discovered on chromosome 21, in a region that encodes APP and undergoes triplication
in Down’s syndrome [64], and termed BACE2. The two proteins shared significant
amino acid sequence similarity and is was proposed that BACE2 was also a putative -
secretase [65]. However, expression analysis revealed very low expression of BACE2 in
various tissue, but almost undetectable in the brain. In contrast BACE mRNA was found
to have high expression in neurons but not glia [61]. Subsequent investigation indicated

that BACE2 activity was consistent with cleavage close to the a-secretase site [66].
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Figure 1.1  Amyloid precursor protein (APP) processing

APP can be processed by either a-secretase or f-secretase. Processing by o-secretase
results in the formation of the a-APP; fragment, and leaves an 83-residue C-terminal
fragment (C83) in the plasma membrane. Processing by f-secretase produces the p-APP;
Sfragment and the C99 fragment. This, when cleaved by y-secretase produces the amyloid
B peptide, which is implicated in AD pathogenesis. Conversely, processing of C83 by y-
secretase produces the p3 fragment, which is a truncated variant of Ap.
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In neurons, APP can be anterogradely transported by the fast component of axonal
transport, and has been detected in axonal vesicles (although not synaptic vesicles) in
axonal termini [67,68]. It has been thought that the axon terminal might be the principal
site of AP generation, although this has not been conclusively proven. Additionally,
although APP is abundantly expressed in neurons accompanied by AP secretion, many
other brain cells also express APP as well as releasing variable levels of APB. These
include cell types such as astrocytes, microglia, endothelial cells and smooth muscle cells
[69]. All of these could contribute to the overall pool of secreted AP that eventually leads
to extracellular deposition. Furthermore, many pel'ipheljal cell types also express APP
and secrete AP, which has been regarded as a normal, soluble product of cellular
metabolism throughout life: it is secreted into the medium of all APP expressing cells
examined to date and is present in human cerebrospinal fluid [70]. This raises the
interesting question of whether a peripheral source of AP could cross the blood-brain
barrier and contribute to cerebral AR accumulation. In fact, there have been reports of
small amounts of AP achieving this using a mechanism consistent with receptor-
mediated endocytosis [71,72].

There have been a number of functions ascribed to APP in normal physiology. Soluble
APPs appear to be capable of acting as an autocrine factor, as well as a neuroprotective
and perhaps as a neuritotrophic factor [73,74,75]. The larger 751 and 770-residue APPs
both contain a 56 amino-acid KPI motif that allows these isoforms to inhibit serine
proteases such as trypsin and chymotrypsin [76]. This has already been shown in
platelets, where these APPs can function as an inhibitor of factor XIa, a serine protease,
involved in the clotting cascade [77]. Deletion of the APP gene in mice does not seem to
confer any increased risk of early mortality or appreciable morbidity [78,79]. The only
deleterious effects are cerebral gliosis and locomotor changes in late adult life, although
some neurons cultured at birth do appear to have a dimished viability and retarded
neurite outgrowth. The inability of APP deletions to manifest a more dramatic phenotype
may reflect the close homology of APP to a family of amyloid precursor-like proteins
(APLPs). As yet, there does not appear to be any fundamental cellular function that is
overtly affected in AD patients with APP mutations. Instead, these mutations generally
lead to increased production of the potentially neurotoxic AP fragment [80,81].
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1.2.3 Neurofibrillary Tangles

Many of the neurons in the regions of the brain that are affected by AD (entorhinal
cortex, hippocampus, parahippocampal gyrus, amygdala, and the frontal, temporal,
parietal and occipital association cortices, as well as certain subcortical nuclei that project
into these regions) contain large, non membrane-bound bundles of abnormal fibres that
occupy much of the perinuclear cytoplasm. Electron microscopy revealed that most of
these fibres consisted of pairs of ~10 nm filaments that were wound into helices (paired
helical filaments, or PHFs) with a helical periodicity of ~160 nm [82,83,84]. Interest in
these neurofibrillary tangles started in earnest in the mid-1980s with the extensive
immunocytochemical and biochemical analyses that suggested they were composed of
the microtubule-associated protein tau [85,86]. These PHFs are generally highly
insoluble and are partially resistant to detergents such as sodium dodecyl sulphate (SDS)
and chaotropic solvents such as guanidine hydrochloride [87]. Isolation of a PHF fraction
that could be partially solubilised in detergent or by digestion with proteases, released tau
proteins that migrated electrophoretically at a higher molecular weight than normal tau
(prepared from NFT-free human or animal brain). The slower migration of this abnormal
tau protein was revealed to be due to its hyperphosphorylation; in vitro
dephosphorylation of PHF derived tau using alkaline phosphatase returned its migration
to that of the normal tau protein [88].

It is now known that there is a range of kinases that are capable of phosphorylating tau in
vitro at various sites. However, it is still not clear if there is a particular kinase, or
possibly group of kinases, that are responsible for the principal initiation of the
hyperphosphorylation process in vivo, which eventually leads to its dissociation from
microtubules and subsequent aggregation into the insoluble PHFs [89,90,91]. One study
has provided evidence of a dysregulation of cyclin-dependent kinase 5 (cdkS5), resulting
from the proteolytic cleavage of its regulator subunit p35 to give a fragment (p25) that
enables a constitutive activity of cdk5 [92]. This could play a major role in tau

hyperphosphorylation, which underlies tangle formation in AD.

27



1.2.4 Genetics of Alzheimer’s disease

Despite intensive efforts, the mechanism(s) which lead to synaptic loss and
neurodegeneration in AD remain elusive. This incomplete understanding of the disease
has impaired the development of suitable animal and cellular models of the disease,
which consequently impact the development of therapeutic modalities for patients.
Attempts to mimic the disease by perturbation of numerous physiological and genetic
factors related to AD have not resulted in models that suitably reflect the spectrum of
pathological aberrations. Most often, the factor that is overlooked is simply that AD is a
disease of ageing. Therefore, whatever genetic or environmental factors impinge upon
the susceptibility to the disease’s genesis or progression, the events are inextricably
linked with natural ageing processes. Therefore, by inference, age is a clear contributor to

one hundred percent of AD cases, regardless of genetic background or predisposition.

In a global sense, these familial forms of AD are relatively rare. However, their
importance is significant in elucidating putative pathogenetic pathways of the disease.
Linkage analysis and DNA sequencing identified highly penetrant missense mutations in
three genes in families with FAD: the gene encoding APP itself on chromosome 21, as
well as two similar genes, presenilin-1 (PS-1) on chromosome 14 and presenilin-2 (PS-2)
on chromosome 1 [93]. Mutations in PS-1 are generally more common than those in PS-
2. The mutations in these genes in patients with early-onset AD appeared to favour the
production of the neurotoxic peptide species AB42 over the less toxic AB40 form [94].
There is some evidence that PS-1 may in fact be the gene for y-secretase or a co-factor of
it [95]. Cultured cells transfected with wild-type APP have been shown to process
approximately 10% of the protein into AP42: expression of APP or PS-1 mutations can
result in an increase in AB42 production by a factor of ten [96,97]. This evidence
suggests a common mechanism by which mutations in these genes have a deleterious
effect and are directly involved in AD pathogenesis. Contrasting with these findings is

the lack of any hereditary effect of mutations in the tau gene [1].

However, 90-95% of cases of AD are of late-onset (LOAD) and occur sporadically with
no observable mutation in the APP or presenilin genes. Several other factors have been
implicated in this form of AD, but the most significant has been apolipoprotein E (see
Section 1.3), specifically its €4 allele [93,98,99,100]. Carrying at least one &4 allele can
almost double the lifetime risk of AD, from 15% to 29%, whilst lack of €4 alleles can
reduce the risk of developing AD by 40% [101]. The overall magnitude of the &4 allele
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effect on AD varies between studies, but there does appear to be a dosage effect: disease
free survival is lower in homozygous patients than in heterozygotes. It seems that the
effect of the €4 allele on patients with an underlying susceptibility to AD is to shift the
average age of onset earlier by approximately 5-10 years in €4 heterozygous patients, and
10-20 years in €4 homozygous patients [102,103]. There is also evidence to suggest that
apoE2 exhibits a neuroprotective effect [104], putatively through its lower affinity to the
lipid peroxidation product 4-hydroxynonenal (HNE) [105] At present, the molecular
basis for the effect of apoE on AD pathogenesis remains ill-defined, but the genetic

association of this gene to the disease cannot be refuted [106].
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1.3 APOLIPOPROTEIN E

Apolipoprotein E (apoE) is an apolipoprotein that circulates in plasma and cerebrospinal
fluid (CSF), and is involved in regulating lipoprotein metabolism by a number of
mechanisms: stabilising lipoprotein particles, activation of co-factors/enzymes or lipid
transfer proteins involved in metabolism/remodelling of lipoproteins, and serving as a
ligand for lipoprotein receptors [107]. It is a constituent of liver synthesised very-low-
density lipoproteins (VLDL), which are primarily involved in the transport of triglyceride
from liver to peripheral tissue. ApoE is also found in a subclass of high-density
lipoproteins (HDL), participating in cholesterol redistribution. Its major physiological
role in lipoprotein metabolism is mediating high-affinity binding of these particles with
lipoprotein receptors. Binding initiates uptake of the lipoprotein for degradation and
release of lipoprotein cholesterol. There is also evidence of its involvement in

intracellular signalling cascades via its receptors and cytoplasmic kinases [108,109].

1.3.1 Apolipoprotein E structure and function

The first detailed description of apoE was made in 1973 by Shore and Shore [110]. Itis a
34.2 kDa protein with a single 299 amino acid polypeptide. The 3.7 kB gene encoding
the protein is located at 19q13.2, with 4 exons and 3 introns, and a mRNA of 1163 bp,
which includes an 18 amino-acid signal peptide that becomes cotranslationally removed
during processing [111]. A single glycosylation site present at Thr194 results in apoE in
humans being secreted as an O-glycosylated protein [112]. First described by Utermann
and colleagues in 1977 [113], three major isoforms of apoE exist — APOE €2, € 3, and €4
— giving rise to six recognised genotypes: 2/2, 2/3, 3/3, 4/3/ 4/4, and 4/2. Of these
isoforms, APOE €3 is the most commonly occurring allele in the general population, with
a frequency of 0.78, which compares with 0.08 and 0.14 for APOE €2 and APOE ¢4,
respectively [107]. The molecular basis for the polymorphism is a single nucleotide
substitution resulting in amino acid changes at position 112 and 158 [114]. In apoE3
these are Cys112 and Argl58; apoE2 has Cys158 and apoE4 has Argl12 (see Figure
1.2). The broad physiological difference between the three isoforms is in their affinity to
the low-density lipoprotein (LDL)-receptor and their interaction with heparin [115].

Limited thrombocytic digestion of apoE has revealed two domains with distinct physical
and functional properties. The 22 kDa N-terminal domain mediates receptor binding, and
is organised as an anti-parallel bundle of four a-helices [116]. Residues 136-158 of helix

4 are solvent exposed, creating a large positive charge over this area, which is thought to
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mediate interaction of the protein with receptors [117]. The 10 kDa C-terminal domain is
composed of 3 helices and is less stable than the N-terminal domain. This domain
mediates lipoprotein binding, encompassed within residues 244-272. Structural changes
in one of the two domains can have an influence on the biological properties of the other
[118]. For example, the change in residue 112 of cysteine to arginine present in apoE4
shifts the preference of lipid binding from HDL to VLDL for this isoform, despite this
change occurring outside the recognised lipid binding region of the protein [119].

The highest mRNA expression levels of apoE are found in the liver, which is the major
source of the protein [120,114]. Here, it is primarily produced by hepatic parenchymal
cells and secreted as a component of VLDL. The brain has the second largest
concentration of apoE mRNA, at approximately one-third of that found in the liver [121].
The major source of apoE in the brain is from astrocytes, as well as being a major
constituent of CSF [122]. Under certain conditions glia and neurons can also produce it

[123]. In the brain, apoE has a number of roles:

= Redistribution of lipids, maintaining global cholesterol homeostasis;

s A targeting protein for local redistribution of cholesterol within neural tissue

undergoing repair/re-modelling;

* An emerging involvement in developmental processes and synapse formation.
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Figure 1.2  Domain structure of apolipoprotein E as revealed by

x-ray crystallography2
The two polymorphic sites (Cys112 and Argl158) are highlighted as well as the lipid and
receptor binding domains. The thrombocytic cleavage site is also indicated, linking the

two distinct domains of the protein together.

? Image credit, KH Weisgraber — http://www.gladstone.ucsf.edu/gladstone/php/?sitename=weisgraber
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1.3.2 Apolipoprotein E in the brain

Interest in apoE has been greatly focussed by the recognition in 1993 that the €4 allele of
apoE was a key susceptibility gene for the development of late-onset AD [101]. This was
rapidly followed by a series of studies that endorsed this finding [124,125,126,100,127].
Furthermore, apoE4 had a dose dependent effect on the apparent age of onset of the
disease: the €4/4 genotype decreased the age of onset to 66 years-old; the £3/4 genotype
had an age of onset of 73 years-old; whilst the €3/3 genotype of 86 years-old. If the €4
allele is absent and the €2 allele present (homozygous, €2/2, or heterozygous, £€2/3) then
patients can expect an even later age of onset [101]. Clearly these observations indicate a
potentially highly deleterious effect if one is an €4 hetero- or homozygous individual. It
should be noted that the presence of the €4 allele is neither necessary nor sufficient to
instigate disease progression. However, Raber ef al. have estimated that as much as 95%
of individuals in the US that have been diagnosed with AD could potentially be carrying
the €4 allele (single dose or double dose) [128]. This is based on numerous
epidemiological studies, and analysis of the percentage of each genotype found in the
over-60 year-old population (which they estimate at 46 million) and assuming that

approximately 4 million of these have AD.

Prior to the genetic linkage analysis of apoE isoforms with AD, immunohistochemical
analysis had already revealed positive staining for the presence of apoE4 in amyloid
deposits [100]: apoE4 can form stable complexes with AP in vitro, whereas apoE3 does
not. ApoE is also secreted by macrophages and has been shown to accumulate in regions
of damaged/regenerating nerves. This led to the theory that apoE was being utilised as a
scavenger of the cholesterol released by damaged neurones and returns these lipids for

axonal regeneration [129].

An isoform dependent interaction between the different forms of apoE and tau has been
observed [130]. It is thought that apoE3 stabilises microtubules and the cytoskeleton thus
maintaining structure/function of neuronal cells [131]. This binding may also inhibit
phosphorylation of tau, retarding the formation of paired helical filaments. From this
follows the hypothesis that the association of apoE4 with AD is a result of its inability to
provide the protective effect that apoE3 mediates [132]. Some controversy exists with
regard to the cytosolic presence of apoE; its presence has been shown by -
immunohistochemistry, but internalisation usually results in degradation by the

endosomal pathway, which would have to be avoided to allow a cytoskeletal interaction.
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Further to this, apoE is postulated to modify the cytoskeleton and thereby alter neurite
extension and branching. Studies have shown that neurite branching is enhanced by the
presence of lipid with little or no modification to neurite length. Conversely, the presence
of apoE3 can significantly extend the length of neurites [133]. A possible explanation is
the enhancement of membrane biosynthesis in the presence of a cholesterol source; apoE
and lipid has a similar effect but with the additional response of ‘trimming-back’
branches to allow long neurite extensions. An isoform response has been observed,
where apoE4 displays markedly decreased neurite extension without any inherent
toxicity to the cells [134]. ApoE2 has a similar effect to that seen with apoE3. For all
three apoE isoforms this effect only appears to occur while in a lipidated form. An
explanation for this is likely to be due to the inability of delipidated apoE to bind to cell

surface lipoprotein receptors.

1.3.3 Apolipoprotein E receptors

Receptor-mediated cellular metabolism of LDL was first described in 1974 by Goldstein
and Brown [135]. The liver synthesises a precursor lipoprotein, VLDL, which is
converted during circulation to intermediate-density lipoprotein (IDL) and finally to LDL
[136]. This is a ligand for receptors on tissues and organs. The majority of LDL receptors
expressed in the body are found on liver cells, but virtually all peripheral tissues also
express these receptors in varying levels. They are located on specialised indentations of
the plasma membrane called caveolae; essentially coated pits that contain within them
the ability to form tight complexes with LDL particles. After binding, these particles are
internalised via coated pits and vesicles, and the entire LDL particle is delivered to
lysosomes where enzymatic hydrolysis disassembles the particle and releases cholesterol
for cellular metabolism, in a process known as ‘receptor-mediated endocytosis’.
Cholesterol itself mediates a feedback loop to maintain cellular cholesterol homeostasis

whereby the levels of LDL receptors and cellular cholesterol biosynthesis are regulated.
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Figure 1.3  The LDL-receptor gene family

Common structural features are highlighted. The ligand binding repeats give rise to the
binding specificity. In the LDL-r, the NPxY motif mediates rapid endocytosis and
internalisation of the receptor-ligand complex. However, in LRP, apoER2 and VLDL-r,
this motif can be involved in signalling pathways via interaction with phosphotyrosine
binding (PTB) domain containing proteins.
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Members of the low-density lipoprotein (LDL) receptor family [137] share a number of
key structural features (see Figure 1.3):

®» Transmembrane domain;

» Complement-type repeats that mediate ligand binding;

» EGF-precursor homology domains for pH-dependent release of ligands in
endosomes;

= NPxY (A4sparagine — Proline — x — Tyrosine),
tetra-amino-acid motif that mediates clustering of receptors into coated pits;

= O-linked sugar domains that act as hydrophilic spacers, keeping lipophilic ligands
away from the lipid bilayer of the plasma membrane. (This is present in some, but
not all, members of the LDL-receptor family);

» Cytosolic tails that contain recognition sites for cytosolic adaptor proteins.

The prototype of the LDL-receptor family is the LDL-receptor itself [138]. This mediates
cellular cholesterol uptake via lipidated lipoprotein particles. Genetic defects of this
receptor can result in massive accumulation of plasma LDL particles, a condition known
as familial hypercholesterolaemia (FH). A major breakthrough in the treatment of
hypercholesterolaecmia was the development of ‘statin’ class drugs that inhibit the
activity of 3-hydroxy-3-methylglutamyl-CoA (HMG-CoA) reductase. This is the rate-
controlling enzyme in the biosynthesis of cholesterol, and inhibiting it stimulates LDL-

receptor expression in the liver.

The LDL-receptor was one of the first cell-surface receptors identified as performing
receptor-mediated endocytosis. It is highly specific to its ligands, apoE and apoB-100.
This specificity is a result of the seven ligand-binding repeats present in the receptor:
apoE requires repeat 5, and apoB-100 requires repeats 3 to 7, for binding. The LDL-
receptors expressed in virtually all tissues at variable levels. Although it is known to be
expressed in the brain as well, no critical function of this receptor has been defined, in
spite of extensive clinical and experimental study. However, in 2000, Wolozin and
colleagues analysed the hospital records of 57,000 patients with respect to the incidence
of AD [139]. Those patients being treated with statin-class drugs were found to have a
lower AD incidence of 60-73%. This gives a strong correlation between cholesterol
metabolism and development of AD, although the precise mechanism that underpins this

is unclear at this stage.
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The LDL-receptor-related protein (LRP), a key member of the LDL-receptor family, is
found most abundantly expressed in hepatocytes and neurones, but also to some degree
in virtually all tissue types [140]. At 600 kDa, it is one of the largest members of the
LDL-receptor family. It was originally proposed to bind exclusively with chylomicron
remnants, as confirmed by biochemical evidence. However, a broader biological role has
been revealed, which includes: participation in homeostasis of proteinases and proteinase
inhibitors; cellular entry of viruses and toxins; activation of lysosomal enzymes; and

cellular signal transduction and neurotransmission.

As with other members of the LDL-receptor gene family, LRP consists of common
structural units: ligand-binding repeats, EGF precursor homology domains and EGF-
receptor-like repeats, a single transmembrane sequence and a cytoplasmic tail. The
ligand-binding repeats occur in four clusters in the extracellular region of the receptor.
Each cluster has between two and eleven repeats. The cytoplasmic tail contains two
NPxY motifs that act as docking sites for the endocytosis machinery, as well as

cytoplasmic adaptor and scaffolding proteins involved in cellular signalling.

In keeping with the multitude of functions attributed to LRP, it is known to bind at least
30 different ligands with high affinity [140]. These ligands include lipoproteins,
proteinases, proteinase-inhibitors, extracellular matrix proteins, bacterial toxins, viruses,
and various intracellular proteins. The ability of this receptor to bind so many structurally
distinct ligands has been determined as a function of the numerous ligand-binding
repeats. This was achieved by experiments involving the creation of fusions of ligand-
binding repeat clusters and expression of recombinant receptor fragments, as well as
deletion analysis. It was revealed that most ligands bind to clusters II and IV, with the
majority showing an equal affinity to either, which seems to imply a functional
duplication within the LRP sequence. Binding can occur between different ligand-
binding repeats, and in some cases can occur across more than one cluster. In total, there
are 31 ligand-binding repeats in LRP. This creates unique contoured surfaces and charge

distributions that allow multiple ligand-receptor interactions.

1.3.4 The low-density lipoprotein receptor gene family and cell signalling
Gene knockout studies of these receptors have revealed their complex physiological
requirement beyond ligand endocytosis [137]. One hypothesis was that they might be

involved in cellular signalling events. This was postulated after comparison of LDL-
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receptors to known signalling receptors that have cytoplasmic tails capable of coupling to
intracellular effector pathways, such as mitogen activated protein (MAP) kinases,
tyrosine kinases and lipid kinases, or ion channels. The LDL-receptor family receptors
have an NPxY tetra-amino-acid motif on their cytoplasmic tails: LDL-receptor has one,

while the VLDL-receptor, apoER2 and LRP have multiple copies.

In the LDL-receptor, the presence of the NPxY motif mediates rapid endocytosis of the
receptor, implicating it as an internalisation signal for the receptor. Only one motif is
necessary and sufficient for this to occur. In LRP, where two of these motifs are found,
one or both could interact with cytoplasmic proteins in addition to the cellular endocytic
machinery. Well-established signalling pathways involving the receptors for epidermal
growth factor (EGF) and insulin use this motif as a means’of docking with adaptor
proteins via phosphotyrosine binding (PTB) domains. A search for PTB-domain
containing adaptor proteins that could potentially interact with LRP revealed two
candidate proteins [141]: Disabled-1 (Dab-1) and Fe65. Phosphorylation of the tyrosine
residue of the NPxY motif was not required for binding of PTB domain-containing

proteins.

Dab-1 plays a critical role in the positional signal of migrating neurons during brain
development [142]. It binds specifically to the second NPxY motif of LRP, as well as
equivalent sequences in other LDL-receptor family members. Fe65, an adaptor protein
that aids the function of other proteins, contains two PTB domains, one of which binds
specifically to the NPxY domain of LRP [143]. The other domain has been shown to
bind with the NPxY motif found in the cytoplasmic tail of APP. Fe65 expression has
been observed in the hippocampus and affected regions of the brain in AD, and is
involved in signal transduction events. In mammalian species there exist two Fe65-like
proteins, Fe65L1 and Fe65L2, each containing two PTB domains. They can both interact
cytoplasmically with APP via one of their PTB domains, while the other domain interacts
with LRP [144]. This could create a cytoplasmically-facing complex of APP and LRP,
tied together by Fe65, which may have important implications for APP processing.
Additionally, LRP has been demonstrated to interact with full length APP on the cell
surface membrane [145]. This interaction may also directly influence the rate of

amyloidogenic processing of APP, or its clearance from the extracellular environment.
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Identification of Dab-1 and Fe65 as LRP tail-binding proteins initiated a search for other
proteins that could bind to the tails of other members of the LDL-receptor family,
including LRP. A number of adapter and scaffold proteins were discovered, some of
which contained PTB-domains whilst others contained PDZ* domains [146]. Together,
these cytoplasmic tail-binding proteins implicated LRP and members of the LDL-
receptor family in numerous regulatory functions: mitogen-activated protein (MAP)
kinase signalling, ion channel function, microtubular transport, nitric oxide signalling,

and axon guidance.

1.3.5 The VLDL-receptor, apoER2 and Reelin signalling

The VLDL-receptor, is almost identical to the LDL-receptor but with an additional
ligand binding domain. It can bind apoE with a similar affinity as the LDL-receptor does,
however, it is not expressed in the liver, and most expression is found in the heart and
skeletal muscle as well as endothelial cells of major blood vessels. An important role for
this receptor is in the development of the nervous system where it is involved in neuronal
migration: in this process, the VLDL-receptor acts in concert with apoE receptor 2
(apoER2). As with the VLDL-receptor, apoER2 is not expressed in the liver and is
almost exclusively limited to the brain and testes (under normal circumstances). It has
also been found in atherosclerotic lesions in the vascular walls. The VLDL-receptor and
apoER2 are structurally very similar, with the main difference arising from alternate

splicing of ligand binding repeats [137].

Studies from a number of groups identified two strains of mice, scrambler and yotari at
were severely ataxic. The defect in both strains of mice was mapped to a mutation in
Dab-1. The phenotype of these mice was indistinguishable from reeler mice, a strain that
had first been established 50 years previously. The phenotype of the reeler mice resulted
from a recessive mutation in the large secreted protein, Reelin, which is primarily
expressed in the nervous system [142]. It is known to affect the development of the
neocortex, cerebellum and the spinal cord, in addition to other areas. Loss of Reelin
disrupts radial migration and the final position of the neurons. It is secreted by a
specialised set of pioneer neurons on the surface of the neocortex, known as Cajal-
Retzius neurons, located in close proximity to the endings of radial glial foot processes

near the pial surface.

3 Postsynaptic density protein (PSD-95)/Drosophila discs-large (dlg)/ tight-junction protein (ZO1)
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Figure 1.4  ApoER?2 signalling domains

The entire structure of apoER?2 is illustrated (above), with an expanded view of the
cytoplasmic tail (below). The cytoplasmic tail contains numerous proline-rich Src
homology recognition motifs (PxxP), which could be putative sites for signal
transduction events (P1, P2 and P3 highlighted in red). There is also an NPxY motif (in
the blue box), which has an established role in tyrosine phosphorylation mediated
signalling events via phosphotyrosine binding domains (PTB). ApoER2 has also been
implicated in the regulation of NO release via NOS3 (eNOS).




The phenotype of these mice was not compounded when double-knockouts of Dab-1 and
Reelin were performed, implying that the two proteins worked in a linear pathway [147].
However, Reelin is found in the extracellular space, while Dab-1 is a cytoplasmic
adaptor protein, which implied specific receptors for Reelin present on the cell surface.
Trommsdorff and colleagues identified that mice lacking the VLDL-receptor apoER2
were also phenotypically similar to reeler and dabl “ mice [148]. Similar to LRP, these
two receptors can bind Dab-1 on their cytoplasmic tails via the NPxY motif. Further
investigation revealed that they could also bind Reelin on their extracellular domain.
Blocking Reelin binding using the universal LDL-receptor family ligand-binding
inhibitor, receptor-associated protein (RAP), prevented tyrosine phosphorylation of Dab-

1, which is an essential step in the Reelin signalling process.

A pathway by which these are linked is starting to emerge. Reelin can interact, directly or
indirectly, with the VLDL-receptor and apoER2. Dab-1, on the cytoplasmic side, is
recruited to the NPxY motif of the receptor and undergoes tyrosine phosphorylation. This
may be through receptor ligation directly with the VLDL receptor/apoER2 and Reelin (or
another extracellular protein) or by another membrane tyrosine kinase that becomes
activated in the presence of Reelin. Once phosphorylated, Dab-1 can activate non-
receptor tyrosine kinases of the Src and Abl family that in turn mediate downstream
components. The presence of apoE, which also binds with the extracellular region of
these receptors, may significantly modulate the action of Reelin signalling. Additionally,
Reelin can activate the protein kinase, PKB/Akt by phosphorylation at Ser473 via the
phosphatidylinositol-3-OH-kinase (PI3K) pathway. As PKB/AKkt is known to be involved in
the up-regulation of NO synthesis via NOS3, this seems to imply Reelin as another
contributory factor. A modification to this pathway, possibly by competition of the
VLDL receptor/apoER2 by apoE at specific sites in the CNS, could dramatically alter the
physiological delivery of NO [149].

Despite its structural similarities to the LDL-receptor, apoER2 is unlikely to function as a
receptor for endocytic uptake of lipoproteins [150]. Our laboratory has implicated
apoER2 as having the potential to mediate an anti-aggregatory effect of apoE on
platelets, with a concomitant increase in intracellular nitric oxide, through a signalling
pathway initiated by apoER2 through the interaction of signalling molecules with the
cytoplasmic tail of the receptor [151]. Intriguingly, this region is comprised of an
additional 59 residues in the cytoplasmic tail (see Figure 1.4), encoded by an additional
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exon, and is not present in any other member of the LDL-receptor gene family. This
cytoplasmic tail contains three potential copies of the minimal Src homology 3 (SH3)
binding motif, PxxP. These SH3 domains are found in many intracellular signalling
proteins, suggesting that the proline-rich SH3-binding motifs in apoER2 could be
involved in signal transduction. These potential functions are in addition to the already
well characterised NPxY motif located on the receptor’s cytoplasmic tail, implicated in

Reelin signalling.

1.3.6 High-density lipoprotein (HDL) receptors: SR-BI and SR-BII

As a counterpoint to LDL, the risk of atherosclerosis is inversely proportional to the level
of HDL-cholesterol. However, the mechanism of HDL delivery is fundamentally
different to the receptor-mediated endocytosis utilised in LDL delivery [136]. HDL acts
by a method termed selective lipid uptake: after the HDL particle binds to the cell
surface, only some of the components of the particle enter the cell (as opposed to the
whole lipoprotein/receptor complex, as would be the case with LDL). HDL cholesterol,
in the form of cholesteryl ester (CE), is transferred with high efficiency from the particle,
after which the lipid-depleted particles dissociate and re-enter the circulation. In-vivo, the
highest levels of selective uptake are seen in the liver and steroidogenic tissue. The
overall HDL-mediated movement of cholesterol from peripheral tissues to the liver is
called reverse cholesterol transport. In humans, but not in mice, the CE in HDL can also

be transferred to other lipoproteins for further transport and metabolism.

Despite this being an established model, the lack of a well defined HDL receptor
constrained further development of this field. In 1996, the class B type I scavenger
receptor (SR-BI) was unexpectedly shown to be the first molecularly characterised HDL
receptor [152]. When expressed on the surface of mammalian cells, this protein bound
HDL and mediated selective uptake of HDL lipids. Furthermore, SR-BI was found to be
expressed in mice, rats and humans at high levels in precisely those tissues that exhibit
the bulk of selective HDL cholesterol uptake in-vivo [153]. Temporal and spatial patterns
of SR-BI expression during embryogenesis were consistent with the role of SR-BI in
delivering cholesterol to the developing foetus [154]. In-vivo studies have also
established that SR-BI expression was regulated co-ordinately with steroidogenesis in the

adrenal gland, testes and ovary, all of which are tissues involved in HDL-CE uptake.
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Figure 1.5  Cytoplasmic tail sequences of SR-BI and SR-BII

Hllustrated are SR-BI (top) and SR-BII (bottom), with detail of the amino-acid sequences
of the cytoplasmic tails of each. Both derive from the same gene: exon skipping of the
SR-BI mRNA transcript gives the splice variant, SR-BII. The predominant form is SR-BI,
though they both share identical extracellular ligand-binding regions: binding of an
HDL particle is shown in the figure. Their cytoplasmic tails are distinct, with SR-BII
having several proline-rich PxxP motifs (shaded) that are absent from SR-BI. These
could potentially serve as ligands for the protein tyrosine kinase, Src, which is a known

stimulator of the PI3K-PKB/Akt pathway.
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The first evidence that SR-BI was directly involved in mediating selective lipid uptake
came from the work of Temel et al., where an SR-BI specific blocking antibody inhibited
selective uptake of CE from HDL and conversion of HDL-derived cholesterol into
steroid hormones in cultured adrenocortical cells [155]. Kozarky et al. over-expressed
SR-BI (using an adenovirus) in hepatocytes resulting in an almost complete absence of
plasma HDL and a doubling of biliary cholesterol [156]. The first targeted disruption of
SR-BI (giving rise to a null mutant, i.e. no protein produced) was carried out by Rigotti
et al. [157]. Relative to wild-type controls, the heterozygous and homozygous SR-BI
mutants had a substantially elevated plasma cholesterol concentration. In 1998, Varban et
al. generated mice with a ~13.5kB insert in a putative promoter region located ~2kb
upstream of the first SR-BI exon [158]. This mutation had apparently no effect on the
SR-BI protein, but altered the expression of the protein: in homozygous mutants, there
was a ~50% reduction in hepatic SR-BI expression, accompanied with a 51% increase in
plasma HDL-cholesterol. In other key areas as well these homozygous insertional

mutants resemble the previously described heterozygous null mutants.

SR-BI is comprised of a single 509 amino-acid polypeptide, with cytoplasmic N- and C-
termini adjacent to membrane spanning sequences that lead out into a large extracellular
loop (see Figure 1.5). There are two palmitoylation sites at the C-terminal end, Cys462
and Cys470. Additionally, myristoylation has been observed in murine SR-BI. These
post-translational modifications may serve an important role in the subcellular
localisation of SR-BI in plasma membrane regions, specifically caveolae [159]. This has
led to an interest in signal transduction events mediated via SR-BI that eventually
activates NOS3 (endothelial NOS or eNOS). Moreover, NOS3 also undergoes
subcellular translocation to caveolac (see Section 1.4.1). In fact, HDL has been
demonstrated to activate NOS3 in a mechanism independent of Ca?" and PKB/AKkt, the
latter being one of the key regulatory factors of NOS3 mediated nitric oxide biosynthesis
[160]. It was discovered that HDL binding to SR-BI gave rise to an intracellular
ceramide increase, and that this appeared to be responsible for NOS3 activation. More
recently, a pathway has been determined whereby HDL can activate NOS3 via PKB/Akt
and MAP kinases [161]. Both these kinases require a phosphorylation signal to become
active. This is thought to be catalysed by a Src family tyrosine kinase, which also
happens to be an upstream agonist of PI3K.
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In 2000, Ikemoto and colleagues identified a protein from rat liver membrane that could
interact with the C-terminal of SR-BI via PDZ domains [162]. They named this protein
C-terminal linking and modulating protein (CLAMP) and it is now known by its generic
name, PDZK1. It was shown to have four PDZ domains, although only the first N-
terminal domain interacts with SR-BL. It was later shown that co-expression of this
protein with the scavenger receptor resulted in an increased level of SR-BI, implying that
it may be involved in the stability of the receptor in the plasma membrane. Conversely,
this upregulation was accompanied with a 50% reduction in HDL-CE conversion to free
cholesterol. This seems to suggest that the interaction of SR-BI with PDZK1 was in
someway inhibiting normal delivery of CE to the cells. Members of the LDL-receptor
family, such as LRP, are known to interact with PDZ-domain containing proteins through
which they can mediate intracellular signal transduction cascades via kinases and other
second messengers. It would be interest to investigate whether this could also be the case
with SR-BI, and if so whether this occurs by the receptor alone or in concert with LDL-

receptor family members.

A newly discovered variant of the scavenger receptor was first described in 1997 by
Webb and colleagues [163]. Initially named SR-BI.2, and now known simply as SR-BII,
it was discovered by screening a mouse liver cDNA library with degenerate
oligonucleotides for human and murine SR-BI. This identified two clones that lacked a
129 nucleotide sequence at its 3* end. This deletion begins at the point on SR-BI where
the fifth residue of the cytoplasmic tail would be found and extends through the stop
codon of this open reading frame. This exon skipping mechanism alternately splices the
SR-BI mRNA to create this variant sequence that encodes SR-BII. To investigate
expression of the two splice variants, S1 nuclease protection assays were performed on a
number of mouse tissues: liver, testes, adrenal and adipose. This revealed that at least
30% of total expression was attributable to SR-BII, while testes had a 70% preference for

this variant of the scavenger receptor.

Further investigation by Webb et al. identified the human homologue of SR-BII [164].
Moreover, our group have investigated its sub-cellular location in recombinant Chinese
hamster ovary (CHO) cell lines and demonstrated that it was enriched in caveolae, much
like SR-BI, indicating that the modifications to the C-terminal end did not affect
acylation sites that mediate localisation of the receptor [165]. An analysis of selective
HDL-CE uptake and free cholesterol efflux of the two variants revealed SR-BI had a 4-
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fold greater efficiency that SR-BII, taking into account the different expression level of
the two splice variants. Graf et al. studied whether SR-BII was subject to hormonal
regulation in a manner similar to SR-BI and its effector, oestrogen [166]. A human liver
cell line, HepG2, was exposed to the hormone, 17B-estradiol. This resulted in a dramatic
change in expression of the two splice variants. SR-BI expression, which was originally
the dominantly expressed receptor, was down-regulated to undetectable levels, whilst
SR-BII expression was 3-fold greater than SR-BI. Hormone treatment did not inhibit
selective lipid uptake, although even with such an increased SR-BII expression, the level
of selective HDL-CE was no more than 75% of the uptake observed by SR-BI. The
mRNA levels of the two splice variants were not significantly altered by the hormone,
which could indicate that 17B-estradiol does not alter the transcription of the SR-BI/SR-
BII, but rather the stability of the protein.

Excluding the first five amino-acids, the cytoplasmic tail of SR-BII is distinct from that
found on SR-BI. This would imply differential tail-binding interactions between the two
receptors. For example, the PDZK1 interaction, mediated via the terminal 15 amino-acids
of SR-BI, is thought to not occur with SR-BII. The tail of SR-BII does, however, contain
six PxxP motifs, which can serve as ligands for the protein tyrosine kinase, Src. This is a
known stimulator of the PI3K-PKB/Akt pathway. Out of these six Src homology 3 (SH3)
domains, two are highly conserved in rat, mouse and hamster sequences. Additionally, a
YPTL motif has been identified on SR-BII. This is a consensus Src homology 2 (SH2)
domain-binding site, as well being a likely PTB domain site. Both SH2 and SH3 are non-
catalytic domains that mediate protein-protein interactions between signalling
components downstream of membrane-bound receptors. The presence of these domains
on the unique tail sequence of SR-BII implies that this receptor may be capable of a

participation in signal transduction mechanisms in a manner quite distinct from SR-BI.
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1.4 NITRIC OXIDE

Nitric oxide (NO) serves as a ubiquitous intercellular messenger that can modulate
cerebral blood flow, thrombosis and neurotransmitter release as well as contributing to
morphogenesis and synaptic plasticity [167,168]. It is also important in host response to
infection, platelet aggregation and control of smooth muscle tone. However, under
conditions of excess formation it can act as a mediator of cyto- and neurotoxicity. Its role
as an intercellular messenger is largely due to its ability to diffuse through most cells and
tissue with little consumption or direct reaction. As a neurotransmitter, NO is markedly
different from others. Most neurotransmitters have an active life of milliseconds after
synaptic release. In contrast, NO will persist for seconds, as well as diffusing rapidly,
allowing it to encompass several million synapses. It does not require a specific receptor

and its action terminates once it reacts with its target substrate.

There is no direct cellular regulation of local NO concentration; control is mediated via
its synthesis. Under normal physiological conditions, the amount of NO synthesised is
relatively low, but it plays a regulatory role in the function of the nervous system and
blood circulation. In the brain, NO acts as a retrograde signalling molecule, where it is
transferred from post- to presynaptic nerve terminals. In the postsynaptic terminal it also
acts as a second messenger. It has been implicated in functions such as Long-Term
Potentiation (LTP) in the hippocampus and Long-Term Depression (LTD) in the
cerebellum, as well as a putative involvement in learning and memory [169]. These latter
functions may be of greater significance if there is a link between neurodegeneration and

elevation/reduction of NO levels.

Nitric oxide has an unpaired electron in its highest orbital, though the highly reactive
nature of NO is not simply a result of this [170]. Most other biological molecules are
non-reactive to NO as they possess complete orbital pairs. NO is more likely to react
with a select range of molecules that also possess an unpaired electron: other free radicals
or reactive oxygen species (ROS). One major reaction is with superoxide, a molecule
formed by the reduction of molecular oxygen by a single electron, which is a common
by-product of the ‘leakage’ of electrons during the electron transport chain in
mitochondria and endoplasmic reticulum [171]. This reacts with NO to form
peroxynitrite in a reaction that is largely irreversible. This is normally controlled by the
activity of Cu,Zn-superoxide dismutase (SOD). This enzyme converts superoxide to

hydrogen peroxide, with an accompanying liberation of molecular oxygen. However, the
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rate of formation of peroxynitrite is considerably greater than the rate at which SOD can
be active. Peroxynitrite can nitrate aromatic amino acids, react with sulphydryl groups

and oxidise lipids, proteins and DNA [172].

1.4.1 Nitric oxide synthase (NOS) activity

Synthesis of NO occurs by the conversion of L-arginine to citrulline and NO- by the
enzyme nitric oxide synthase (NOS). There are three isoforms of NOS, initially
characterised according to the tissue from which they were isolated: neuronal (nNOS or
NOST1), endothelial (eNOS or NOS3); or with reference to its transcriptional status, as in
the case of inducible NOS (iNOS or NOS2) [173]. As their expression is now known to
not be limited to specific tissues, the nomenclature has been updated to reflect this, hence
NOS1, NOS2 and NOS3. The use of the older naming convention still persists in most
literature, but in this thesis the new nomenclature has been used whenever possible. NOS
isoenzymes can be further categorised by their transcriptional regulation: they can be
constitutively expressed (NOS1 and NOS3) or inducible (NOS2). All three isoforms

share certain common features:

* Bound co-factors (flavin adenine dinucleotide, flavin adenine mononucleotide,
heme and tetra hydrobiopterin);

* Enzymatic substrate (L-arginine);

* Co-substrates — (O, and NADPH).

The activity of the NOS isoenzymes can be summarised below:

In the brain, NOS3 is found predominantly bound to the plasma membrane of cerebral
endothelial cells and regulates cerebral blood flow, although a small population of cells
of the hippocampus and dentate gyrus also express it [174]. Both neurons and astrocytes

are known to express NOS1, while NOS3 expression has also been observed in
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astrocytes. Expression of NOS2 occurs typically after cytokine stimulation in
macrophages/ microglia. As stated above, its activity is independent of Ca®* influx, but it
may be responsible for excess NO production in diseases such as AD and Parkinson’s

disease.

1.4.2 Regulation of NOS activity

Activation of these enzymes is dependent on several factors and co-factors, in addition to
the substrates upon which they act. The action of the constitutive NOS isoenzymes is
sensitive to the intracellular Ca>* and calmodulin concentrations [175]. Inducible-NOS
also requires the presence of these co-factors for activity as demonstrated by their co-
purification with the enzyme, in addition to the main transcriptional regulation by which
it is inducible. There is evidence that regulation of NOS1 may extend beyond
Ca’*/calmodulin influx, mediated via a PDZ domain present on the N-terminal of the
NOSI1 protein. This domain is known to act as an interaction anchor that allows the
enzyme to orient to a subcellular locale [176]. Potentially, it could also be utilised for
regulation by phosphorylation, as this has been observed in other PDZ-domain

containing proteins [177].

Contrasting with this is the regulation of NOS3 [175]. It can undergo co-translational
modification at the N-terminal end by fatty acid acylation: myristoylation at Gly2 occurs,
followed by palmitoylation at Cys15 and Cys26 [178,179]. There is evidence that NOS3
must first be membrane bound in order for palmitoylation to occur. Further regulation
occurs through the specific localisation of NOS3 to small invaginations of the plasnia
membrane, caveolae. These are regions where signalling proteins are sequestered.
Association of NOS3 with caveolin-1 inhibits the function of the enzyme. This inhibition
is weakened by the action of Ca**/calmodulin and the enzyme becomes activated
[180,181].

One of the key regulatory mechanisms of NOS3 is via phosphorylation changes [182].
There are two putative phosphorylation sites in NOS3 — Ser633 and Ser1177 in human
NOS3 — as well as one in NOS1 — Ser1415 in human NOS1. Phosphorylation of NOS3
enhances NO synthesis independent of intracellular Ca®* concentration. In addition,
treatment of endothelial cells with vascular endothelial growth factor (VEGF) or insulin

has been shown to produce NO in a PI3K-dependent mechanism. This NO release can be
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partially blocked by the action of two structurally dissimilar PI3K inhibitors, wortmanin
or LY294002 [183].

The serine/threonine kinase, protein kinase B (PKB), also known as Akt", is the cellular
homologue of the viral oncogene, v-Akt. It is activated by PI3K, which is further
confirmed by its sensitivity to PI3K inhibitors, indicating its downstream effects
[184,185]. PKB/Akt had initially been implicated in the endothelial cell response to shear
stress whereby an increase in NO synthesis was observed [186]. It has now emerged as a
regulator of widely divergent cellular processes, including apoptosis, proliferation and
metabolism. It is activated by phosphorylation and there are a number of mechanisms by
which this can occur: activation by tyrosine kinase or G-protein-coupled receptors, and
stimulation by mechanical processes. Once activated, PKB/Akt can act on a number of
protein substrates giving rise to their activation or inactivation. This regulatory function
of PKB/Akt on NOS3 activation has been investigated in endothelial cells by the groups
of both Dimmeler [187] and Fuiton [188].

Fulton’s group utilised a wild-type PKB/Akt and a kinase-inactive mutant (K179M) to
investigate its action on bovine NOS3 [188]. This study demonstrated that PKB/Akt did
phosphorylate NOS3, specifically at Ser1179 (one of the phosphorylation sites present in
bovine NOS3), and that this enhanced the enzyme’s ability to synthesise NO. In addition,
the subcellular localisation of the enzyme was also found to be important for this
activation to occur. When a myristoylation/palmitoylation-defective NOS3 mutant was
investigated, addition of PKB/Akt did not enhance NO production. Moreover, PKB/Akt
had no significant effect on either NOS1 or NOS2, in their native state. To demonstrate
this, an N-myristoylation site was added to NOS1, which resulted in a PKB/Akt-
mediated enhancement to NO production in a manner similar to wild-type NOS3. This
would seem to indicate that the sub-cellular localisation of this enzyme is a key aspect to
their activation and function. The action of PKB/Akt on NOS3 was independent of the
intracellular Ca®* level. A putative mechanism was proposed whereby the enzyme’s
sensitivity to calcium-activated calmodulin becomes modified: the addition of a negative
charge, via phosphate or aspartate, induces a conformational change in the enzyme that
enables activated calmodulin to enter and bind with the enzyme at lower calcium

concentrations.

* Which is referred to as PKB/Akt whenever possible in this thesis.
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Similar work was performed by Dimmeler’s group, with emphasis on the shear stress
response in endothelial cells [187]. A targeted mutation in the phosphorylation site of
human NOS3 at Ser1177 attenuated its activation, which was observed by the lack of any
increase in NO production with the addition of PKB/Akt. Furthermore, mutation of the
second PKB/Akt site on human NOS3 at Ser 633 showed no effect: phosphorylation and
activation of the enzyme occurred and a significant increase in NO production was
observed. This suggests that in response to shear stress, it is the Ser1177 site that is

responsible for NOS3 activation and a concomitant increase in NO biosynthesis.

1.4.3 Brain pathophysiology of NO and oxidative stress

Glutamate-induced activation of NMDA and AMPA/kinase receptors can mediate cell
death in focal cerebral ischaemia, as well as in neurodegenerative diseases such as AD
and Huntingdon’s disease. Moreover, glutamate is the major excitatory neurotransmitter
in the corticocortical system [189]. Glutamate neurotoxicity can occur by over-
stimulation of these receptors as this leads to an increase in cytosolic calcium levels and
activation of Ca**-dependent enzymes, such as NOS. This intracellular increase of Ca*
concentration is transient and returns to a basal level within seconds. One hypothesis is
that short-term Ca®* elevation initiates one or more processes that have a delayed
neurotoxic effect, consistent with the recorded aetiology of neurodegenerative diseases. It
has been observed that cortical cultures treated with NOS inhibitors or removal of
arginine can block NMDA neurotoxicity. Addition of haemoglobin, a quencher of NO
can induce similar effects. A possible negative feedback loop may exist by the binding of

NO to the NMDA receptor, competing with glutamate and inhibiting Ca®* entry [190].

The presence of neurofibrillary tangles, neurite plaques, amyloid angiopathy and
granulovacuolar degeneration are established pathological features of AD. These are
known to create a great deficit in the cholinergic system, whereby AD brains display a
reduction of choline acetyltransferase by 40-90% of the levels found in age-matched
clinically-normal patients. Free-radical damage and oxidative stress mediated effects are

- now considered important factors contributing to AD progression [191], because:

= The concentration of iron is increased in NFT-bearing neurons, and iron is a
potent catalyst for the generation of oxyradicals. Additionally, protein

modifications catalysed by metal ions and reducing sugars would increase.
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= There is an increase in the number of microglial cells and their activation, which

can represent a major source of free radicals;

* Degenerating neurons and neurites have an observable increase in lipid
peroxidation and resultant membrane disturbances. This could lead to an influx of
Ca” leading to destabilisation of the cytoskeleton and the activation of degrading

€nzymes.

Amyloid-B has been shown to stimulate NO production in astrocytes. Additionally,
clusters of microglia have been observed around AP plaques. A possible pathway that has
been deduced is the activation of CD4+ T-lymphocytes by A resulting in the production
of cytokines such as interferon (IFN)-y. These cytokines in turn activate microglia that
upregulate NOS2 expression as well as produce tumour necrosis factor (TNF)- a, which

is also capable of inducing NO production [192].
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1.5 AIMS OF THESIS

It has been established for well over a decade that individuals carrying one or more
copies of the €4 allele of apoE have an increased susceptibility for developing AD. The
mechanisms involved in this process are yet to be fully elucidated. The ability of apoE to
modulate the release of NO in endothelial cells, platelets and smooth muscle cells has
recently been identified. Moreover, this is an isoform specific effect where apoE4

exposure resulted in an impaired level of NO release than that for apoE3 and apoE2.

I hypothesise that exposure to apoE will give rise to a changed NO response in human
brain-derived cells, where this phenomenon will show an apoE isoform differential
effect. Broadly, I aim to generate quantified apoE-conditioned medium (Chapter 2),
characterise human brain-derived cell lines (Chapter 3), assay NO release when cells are
exposed to apoE (Chapter 4), and investigate the signalling pathway within these brain-
derived cells (Chapter 5). More specifically, the aims of this thesis are:

Establish a robust and reliable enzyme linked immunosorbent assay (ELISA)
AM 1 | method for measuring the concentration of apoE with conditioned culture

media.

Use quantitative polymerase chain reaction (PCR) to survey the expression of
apoFE receptors, and components of the NO biosynthesis pathway in a panel
AIM 2

of human brain-derived cell lines. Suitable cell lines will be identified while

gene expression between brain and non-brain tissues will also be compared.

Expose cultured neuronal cell lines to apoE-conditioned medium and assay
AIM 3 | their response with respect to NO release. For this purpose, an appropriate

assay that is accurate and reproducible must be evaluated and established.

Further investigation of the effects of apoE on cultured neuronal cell lines, in

particular observing its effect on signalling events within the cells.

AM 4

Immunoblotting techniques will be utilised to monitor phosphorylation

changes in key signalling molecules related to NO synthesis.
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Chapter 2

MATERIALS
& METHODS




2.0 GENERAL MATERIALS & METHODS

2.1 MATERIALS

All oligonucleotides were made to order by Sigma Genosys (Cambridge, UK). The DNA
polymerase, Taq, was purchased from Biogene (Kimbolton, UK). The Quantitect SYBR
Green I real-time PCR reagents and DNeasy DNA extraction kits were purchased from
Qiagen (Crawley, UK). Methanol, ethanol, diethyl ether and chloroform were supplied
by VWR International (Poole, UK). All tissue culture plastic-ware unless indicated
otherwise in the text were from VWR International. Tetra-methylbenzidine (TMB)
substrate kit was supplied by Pierce (Chester, UK). Enhanced chemiluminescence protein
biotinylation kit (ECL™), ECL solution for developing Western blots, Hyperfilm
nitrocellulose membrane and X-ray developing film were purchased from Amersham
Biosciences (Buckinghamshire, UK). All other reagents, unless otherwise stated in the

text, were purchased from Sigma-Aldrich Company Ltd. (Poole, UK).

2.2 CELL CULTURE METHODS

2.2.1 General cell culture

At different stages of this thesis a variety of cell lines were cultured, with a total five
distinct cell lines were used throughout the complete project. These included human
brain derived cells (all sourced from GlaxoSmithKline, Harlow), endothelial cells and
recombinant CHO cells. Details of these cell lines are listed below, including their

culture medium formulation:

SH-SY5Y, human neuroblastoma

Maintained in Dulbecco’s modified Eagle’s medium (Sigma) supplemented with
2mM glutamine (1%), non-essential amino-acids (1%) and 10% foetal bovine
serum (FBS) (Gibco). Cells were passaged every 4-5 days by brief trypsinisation
(see Section 2.2.2). [American Type Culture Collection: CRL-2266]

CCF.STTG1, human astrocytoma

Maintained in RPMI 1640 medium (Sigma) supplemented with 2mM glutamine
(1%) and 10% FBS. Cells were passaged every 7 days by brief trypsinisation (see
Section 2.2.2). [American Type Culture Collection: CRL-1718]
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H4, human neuroglioma

Maintained in Dulbecco’s modified Eagle’s medium (Sigma) supplemented with
2mM glutamine (1%) and 10% FBS. Cells were passaged every 3-4 days by brief
trypsinisation (see Section 2.2.2).  [American Type Culture Collection: HTB-148]

EA.hy926, human endothelial cell line

Maintained in Dulbecco’s modified Eagle’s medium (Sigma) supplemented with
2mM glutamine (1%), penicillin and streptomycin solution (1%) and 10% FBS.
Cells were passaged every 6-7 days by brief trypsinisation (see Section 2.2.2).
These cells were generously provided by Dr CJ Edgell, (University of North
Carolina) [193].

Chinese Hamster Ovary (CHO) cells

These were based on the mutant CHO cell line, CHOdhfr-, which is deficient in the
gene encoding dihydrofolate reductase (dhfr). This enzyme catalyses the reduction
of dihydrofolate to tetrahydrofolate, which is an important intermediate in the
biosynthesis of proteins and nucleic acids [194]. This cell line was transfected with
plasmids that encoded the different human apoE isoforms (in addition to the dhfr
gene) to give three new, stably transfected recombinant CHO cell lines [195]:
CHO-E2, -E3 and -E4. All three recombinant CHO cell lines, as well as CHOdhft-,
were cultured during this thesis. CHOdhfr- cells were maintained in Iscove’s
modified Eagle’s medium (Sigma) supplemented with 2mM glutamine (1%), 0.05
mM hypoxanthine and 8 yM thymidine supplement solution (1%), 100 U/ml
penicillin and 100 pg/ml streptomycin supplement solution (1%), non-essential
amino-acids (1%) and 10% FBS. CHO recombinant cell lines were maintained in a
similar medium to that of CHOdhfr- cells, with the exception that 10% heat-
inactivated dialysed FBS (Gibco) substituted the standard FBS, and
hypoxanthine/thymidine supplement was not added. CHOdhfr- cells and the three
recombinant CHO cell lines were passaged every 4-5 days by brief trypsinisation
(see Section 2.2.2).

2.2.2 Cell maintenance

All cell types were cultured in 25, 75 or 175 cm? tissue culture flasks, as required.

Incubation temperature was maintained at 37 °C, in a humidified atmosphere of 5 % CO,
and 95 % air (Sanyo CO, incubator MCO-17Al, Sanyo, Japan). Unless indicated
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otherwise, all tissue culture work outside of the incubator was performed in a class II
microbiological safety cabinet (Envair Ltd., Lancashire, UK), using sterile, disposable
plasticware. All cell lines cultured were adherent to the tissue culture flask surface. When

cultures reached confluency they would be passaged by trypsinisation.

Briefly, culture medium was aspirated off using a vacuum aspirator with disposable tip
(Vacusafe, Integra Biosciences, Switzerland) and cells washed 2 x with warm phosphate
buffered saline (PBS) (138 mM NaCl, 10 mM Na,HPO,, 1.75 mM KH,PO, and 2.7 mM
KCl.). Cell detachment from the flask was achieved by addition of 0.25 % trypsin-EDTA
solution (Sigma, #T4049) such that the cell monolayer was completely covered
(equivalent to 0.5, 1 and 2 ml for 25, 75 and 175 cm? flasks, respectively). Cells were
incubated for 3 min at 37 °C with trypsin-ethylene diamine tetra-acetic acid (EDTA). Upon
retrieval, flasks were tapped lightly to achieve complete detachment of cells from the
culture surface. Culture medium was added to give a total volume of 10 ml, which would
also had the effect of diluting the trypsin content of the culture. Cells were split from this
stock accordingly at ratios from 1:3 up to 1:20 as required for culture, into fresh tissue
culture flasks. To these, fresh medium was added to bring the volume up to 5, 12 and 25
ml for 25, 75 and 175 cm? flasks, respectively.

2.2.3 Viable cell counting

Trypan Blue (Sigma, #93595) stain was used to stain dead cells and determine cell
viability during counting. A 100 ul aliquot of cell suspension was diluted with an equal
volume of Trypan Blue stain, and pipetted under the coverslip of a haemocytometer. The
number of viable cells present in eight 1 mm? squares (equivalent to a total volume of 10"
* cm®) was counted using an inverted phase-contrast microscope (Nikon TMS, Jencons-
PLS, UK). After calculating the average number of viable cells per square, the

concentration of the cell suspension was calculated using the following equation:

Viable cell count = Average count X Dilution X 10
per ml per square factor

2.2.4 Cryopreservation and retrieval
To create long term storage of reserve cell stocks, cryopreservation was performed. This
involved storing cells under liquid nitrogen, whereby a cell suspension is frozen at very

low temperature. To prepare cells for storage, between 1 and 5 x 10° cells were
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resuspended in 1 ml freezing solution [normal culture medium supplemented with 10 %
(v/v) dimethyl sulphoxide (DMSO) and an additional 10% (v/v) foetal bovine serum].
Immediately, cells were transferred to a 1.8 ml cryovial (Life Technologies) and placed
in a freezing chamber (Nalgene Cryo 1 °C Freezing Container, Fisher Scientific,
Leicestershire, UK). When the isopropanol-containing freeze-container was placed in the
-80 °C freezer, its temperature would reduced by 1 °C every minute ensuring a steady
decrease in temperature whilst maintaining cell viability. After the cells had reached -80
°C, cryovials were transferred from the freezing chamber to a liquid nitrogen containing

tank for long-term storage.

When required, cells were rapidly thawed by brief immersion of the bottom of the
cryovial in a 37 °C water bath, before transferring the contents of the vial into an excess
of medium in a 12 ml tube. The cells were pelleted at 300 g for 5 min in a bench-top
centrifuge (Heraeus Megafuge 1.0R), then resuspended in fresh medium and transferred
to a 75 cm? flask and incubated in a 37 °C humidified incubator, as described in Section
2.2.2. Following overnight incubation, culture medium was aspirated off and cells
washed 2 x with warm PBS. Fresh culture medium was added and cells subsequently

subcultured as described previously (Section 2.2.2).

2.3 MOLECULAR BIOLOGY METHODS

2.3.1 Extraction of total genomic DNA from cells

Cellular, or genomic, DNA was extracted using the DNeasy Tissue Kit (Qiagen)
following the manufacturer’s protocol. Trypsinisation was used to collect adherent cell
cultures from a 75 cm® flask. As per the supplier’s instructions, no more than 5 x 10°
cells were used in a single extraction so as not to compromise the performance of the
DNeasy silica-gel spin columns. Cells were collected by brief trypsinisation (see Section
2.2.2) and the culture medium/trypsin solution was transferred to a 12 ml tube. This was
centrifuged at 300 g for 10 min, after which supernatant was aspirated off.

The cell pellet was resuspended in 200 pl PBS followed by the addition of 20 ul
proteinase K and 200 ul buffer AL. Samples were mixed thoroughly by vortexing, then
incubated at 70 °C for 10 min before adding 200 ul ethanol and vortexing again. This
solution was transferred to a DNeasy spin column placed over 2 ml collection microfuge

tube. Following centrifugation for 1 min at 12,000 g, the eluted solution in the collection
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tube was discarded. After application of 500 ul buffer AW1 to the column, the
centrifugation step was repeated as above into a fresh collection tube. Once again, the
eluted solution was discarded, and 500 pl1 of buffer AW2 then added to the column. This
was centrifuged at 12,000 g for 3 min. The DNA trapped in the column was finally eluted
into a clean 1.5 ml Eppendorf tube by adding 100 pul buffer AE to the column and
centrifuging for 1 min. Extracted DNA was stored at 4 °C until ready for use.

2.3.1.1 Measurement of DNA concentration

The concentration of purified DNA was assessed by spectrophotometric measurement of
the optical density of the DNA containing solution at a wavelength of 260 nm, as well as
280 nm to measure impurities. The purity of the extracted DNA was determined by the
ratio of Aj¢o / Azgo, Wherein a ratio of 1.7 — 1.9 indicates a high purity of DNA. An Ay
of 1 OD unit is equivalent to 50 ug/ml DNA in solution. Based on this, the concentration
of the eluted DNA could be calculated:

Concentration = A60nm X Spectrophotometric X Dilution
of sample conversion rate (= 50) factor

2.3.2 Messenger RNA (mRNA) extraction from cultured cells

A large body of work within this project involved real-time PCR analysis of gene
expression (see Section 2.3.6). This is a technique that can measure the level of gene
expression within a particular tissue source, e.g. cultured cells. As such, assaying would
require the use of a cDNA template, as opposed to genomic DNA. This, in turn, requires
mRNA transcripts to be isolated from which cDNA synthesis can occur by reverse
transcription (see Section 2.3.4). Extraction of RNA was performed using an organic
phenol-chloroform reaction, utilising the commercially available solution TriZOL

(Gibco), which contains a mono-phasic solution of phenol and guanidine isothiocyanate.

The RNA extraction procedure is extremely sensitive to RNases that degrade RNA, and
are ubiquitously found in all aspects of the general laboratory environment: containers,
tips, surfaces, solutions, human skin contact, etc. Therefore, prior to commencement, a
dedicated set of Eppendorf tubes and filtered tips had to be autoclaved. All surfaces,
including Gilson pipettes had to be washed using RNaseZAP (Ambion, USA) to protect
against RNA degradation. To perform dilutions, diethylpyrocarbonate (DEPC) water was
prepared by the addition of 0.01% DEPC (v/v) to RNase-free water and then autoclaved

before use. Disposable gloves were used throughout the procedure to minimise the risk

59



RNase contamination. As a further precaution, the entire procedure was performed in a

laminar flow vacuum hood.

Cells for RNA extraction were cultured in 60 mm dishes (Nunc). Once cells were sub-
confluent, homogenisation was performed with 1 ml TriZOL reagent per dish and the
homogenate transferred into an Eppendorf tube. This incubated for 5 min at room
temperature to allow complete dissociation of nucleoproteins, after which 200 pul
chloroform was added and the tube shaken by hand for ~15 sec. Samples were then
incubated at room temperature for 3 min, followed by centrifugation at 12,000 g for 15
min at 8 °C. Separation of solution would occur such that the RNA would be present as a
clear aqueous phase at the top of the solution, whilst DNA and proteins would be present
in a red/pink lower organic phase layer. Between these two was a distinct, opaque, white
interphase layer. The upper RNA-containing aqueous phase was carefully transferred to a
fresh tube. RNA precipitation from this solution was achieved by the addition of 0.5 ml
isopropanol (Sigma) and incubated for 10 min at room temperature, after which they
were centrifuged at 12,000 g for 10 min at 8 °C. The RNA would be visible as a small,
discreet gel pellet at the bottom of the tube. Supernatant was carefully removed from the
tube and the pellet resuspended in 75 % ethanol to wash the pellet. The tube was
thoroughly vortexed, then centrifuged for 7500 g for 5 min at 8 °C. The extracted RNA

was stored in 75 % ethanol at -80 °C until ready to use.

2.3.2.1 Measurement of RNA concentration

Before proceeding to reverse transcription, it was essential to determine the concentration
of the RNA. This was performed spectrophotometrically in the same manner as that for
measuring the DNA concentration described in Section 2.3.1.1. In this instance, the
spectrophotometric conversion is such that 1 OD unit =40 pg/ml for RNA (as opposed to
50 pg/ml for DNA).

2.3.2.2 Assessing RNA quality on a formaldehyde gel

The quality of the extracted RNA was further assessed by electrophoretic separation on a
formaldehyde gel. To prepare samples, RNA pellets were resuspended in DEPC and
stored in dry ice to prevent degradation. A gel was prepared with 0.45 g agarose, 1.53 ml
37 % formaldehyde, 3 ml 10 x 3-(N-Morpholino)-propanesulfonic acid (MOPS) buffer,
and 25.5 ml DEPC water. This mixture was placed in a microwave oven for ~2 min on

medium power, and then poured into a minigel apparatus (Horizon minigel apparatus
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from Life Technologies) and allowed to set. A 4 x loading buffer was prepared
containing 625 ul formamide, 170 pl 37 % formaldehyde, 125 ul 10 x MOPS buffer, 75
pl bromophenol blue and 5 pl ethidium bromide. The RNA sample loaded on the gel
consisted of 5 ul RNA sample with 2.5 ul loading buffer and 2.5 ul DEPC water. A
constant voltage of 150 V was applied to the gel and stopped before the bromophenol
‘dye-front’ reached the end of the gel. The RNA would separate on the gel and was
resolved into two distinct bands representing 16S and 28S RNA, which were visualised
under UV light.

2.3.3 Reverse transcription of RNA to cDNA

Isolated mRNA (described in Section 2.3.2) from cells was reverse transcribed into
single-stranded cDNA, which could act as a suitable template for PCR. This required the
activity of a reverse transcriptase enzyme that can synthesise a DNA sequence based on a
RNA template. The reverse transcription process requires the presence of a number of
cofactors: deoxynucleotide triphosphates (ANTPs), reverse transcriptase enzyme and an
oligo (dT) primer to initiate the reaction. Following this, the cDNA synthesised would
provide the necessary DNA template upon which thermostable DNA polymerases can
amplify a sequence by PCR (see Section 2.3.4). A

SuperScript II (Invitrogen) was used for reverse transcription. A reaction mix containing
1 pl oligo(dT), 1 ul ANTPs (Invitrogen), and between 5 ng to 1 ug RNA, all made to
final volume of 12 ul with DEPC water was prepared in a fresh RNase-free Eppendorf
tube. This was incubated at 65 °C for 5 min, following which it was quickly chilled on
ice. The tube was briefly centrifuged, and then 4 pl of 5 x first strand buffer (Invitrogen),
2 pl 0.1 M dithiothreitol (DTT) (Invitrogen) and 2 ul DEPC water were all added to the
solution. After mixing the tube gently, it was incubated at 42 °C for 2 min. This was to
allow the oligo(dT) primers to anneal to the polyadenylated RNA, following which 1 ul
(200 U) of SuperScript II reverse transcriptase was added. The sample were all mixed
thoroughly and incubated at 42 °C for a further 50 min to allow first strand cDNA
synthesis. The reaction was finally inactivated by transferring tubes into a 70 °C water
bath. After the samples had been chilled on ice, 1 pl (2 U) of E. coli RNase H was added
to each tube to remove any RNA. This digestion was complete after 20 min at 37 °C. The
concentration of the newly synthesised cDNA was assessed by the same method used for
DNA (see 2.3.1.1) and stored at -20 °C until ready for use.
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2.3.4 Polymerase Chain Reaction (PCR) for amplification of DNA

The polymerase chain reaction rapidly amplifies a specific, short target sequence of
nucleic acids from a much longer DNA molecule. Either genomic DNA or cDNA can
function as template for this reaction. A successful PCR amplification of a target will
generate sufficient copies of the PCR product such that it will be in much greater excess
that the original template DNA. Once amplified, PCR products can be visualised on

agarose gels (see Section 2.3.5).

The eventual aim of the majority of analyses in this thesis was to perform quantitative-
PCR (Q-PCR), a method whereby the amplification of PCR product at each reaction
cycle can be monitored to eventually determine the initial template concentration (see
Section 2.3.6). This type of PCR requires that the product should not exceed 500 bp, and
ideally should be between 100 and 200 bp to ensure the stability of the product when the
detectable fluorescent probe is introduced in the reaction. Therefore, PCR products for
most targets were designed to be within this size range. Primers were designed using the
web-based tool, GeneFisher’, after having retrieved the complete mRNA coding
sequences for the various genes from GenBank (via the National Centre for
Biotechnology (NCBI) website, Entrez Nucleotide). '

A reaction mixture prepared for a PCR assay typically comprises a generic set of
components: a DNA or cDNA template, a pair of specific oligonucleotide primers that
define the two ends of the PCR product, dNTPs, a thermostable polymerase and a
reaction buffer containing a specific concentration of MgCl,. After thoroughly mixing
the reaction components, samples are placed in a thermal cycler. This is an automated

instrument that cycles a series of set temperatures, for varying amounts of time.

The polymerase chain reaction can be delineated into three distinct stages: denaturation,
annealing and extension (DNA amplification). The completion of all three stages defines

a single PCR cycle:

Denaturation: the production of a single-stranded DNA template by heating the
sample to at least 95 °C for at ~1 min. This separates the two strands of DNA and
generates the template upon which the thermostable DNA polymerase can function.

5 http://bibiserv.techfak.uni-biclefeld.de/genefisher/
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Annealing: the two oligonucleotide primers that define the ends of the PCR
product anneal to the separated DNA strands. This stable association of the primer
pair with the template DNA occurs within 30-60 s, but is critically dependent upon
an annealing temperature, which can be between 50-70 °C dependent on the
primers. Therefore, for every primer pair and template combination, the optimal
annealing temperature must first be established. This optimisation was achieved
using the RoboCycler 40 Gradient Cycler (Stratagene), which allows a
simultaneous gradient of annealing temperatures across the heating block to be

performed in the same experiment.

Extension: DNA polymerase synthesises a new complimentary oligonucleotide
sequence, extending 5’ to 3’ from the primers, using the existing DNA sequence as
a template. This extension phase occurs at the optimal temperature for the
thermostable polymerase, which is usually 72 °C. The amount of time needed for
this stage depends upon the length of the target sequence. At the end of this
extension phase, two double-stranded DNA molecules comprising the region
defined by the primers will have been synthesised from the original double-
stranded DNA template, and one cycle of the PCR will have been completéd. The

temperature then returns to 95 °C and the next cycle will commence.

Theoretically, at every PCR cycle the amount of target sequence in the reaction mix will
double, resulting in an exponential rise in product. Assuming the presence of a single
copy of the target template in the original reaction mixture, after 20 cycles this would
result in over a million copies, and after 30 cycles there would be over 100 billion copies.
In reality, there are usually numerous copies of a target gene, as the cDNA templates will
have been generated from numerous cell sources, and the reaction itself will encounter
limiting factors such as availability of free INTPs and primer as well as progressive heat
denaturation of the polymerase enzyme. Upon completion of all PCR cycles, the
amplified nucleic acid can then be analysed for size by agarose gel electrophoresis (see
Section 2.3.5) to ensure the correct sized product has been amplified and no
contamination of the reaction has occurred. If real-time PCR (as described in Section
2.3.7) were performed utilising an intercalating DNA binding dye, a melt curve analysis
could be performed immediately following the PCR to determine product purity. For

more information, see Figure 2.3.3.
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2.3.4.1 Basic PCR protocol
For each PCR, a master mix was prepared by adding the reagents in the order and
amounts shown below into 0.5 ml thin-walled PCR tubes (Starlab, Milton Keynes, UK):

Reaction Component Volume Final Concentration
RNA/DNA-free water 17.25 pl -
10 x PCR buffer 25ul 1x
50 mM MgCl, 1pl 2mM
10 mM dNTP mix 0.125 pl 50 uM
10 mM forward primer 1pul 0.4 mM
10 mM reverse primer 1pl 0.4 mM
Taq polymerase (5 U/ul) 0.125 pl 0.625U
cDNA template (200 ng/ul) 2ul 400 ng
Total reaction volume 25ul

All components of the mix other than the template were prepared in a designated PCR
room which was kept free of contaminants. Template was added to the mix outside of
this room. Additionally, with each set of experiments, it was necessary to set up a
negative PCR control. This was a tube containing all the above listed components, but
with cDNA template replaced by RNA/DNA-free water. As described previously, the
optimum annealing temperature for reactions was determined by running an annealing
temperature gradient on the Robocycler thermal cycling machine. This has a ‘hot-top’
which eliminates loss of sample through evaporation upon heating. Investigation
revealed that all primer sets could be used with similar efficiency at an annealing
temperature of 60 °C. Reactions were also performed using the Biometra TRIO-
thermoblock (Goettingen, Germany) thermal cycling machine which did not feature a
‘hot-top’. In these instances, the reaction mix in each tube had to be covered with mineral
oil to prevent sample loss by evaporation. The PCR programme used for all reactions
was as follows, and closely matches the conditions used in the real-time PCR machine
(see Section 2.3.7):

Reaction step Temperature Time

Initialisation 94 °C 5 min

Denaturation 94 °C 20s
Annealing 60 °C 30s — 45 cycles
Extension 72 °C 30s

Completion 72 °C 10 min




2.3.5 Agarose gel electrophoresis of PCR products

Following PCR amplification, the reaction products were analysed using agarose gel
electrophoresis. During electrophoresis, the strands of DNA become separated according
to their size as they migrate through the agarose matrix from the cathode area towards the
anode. The agarose gel was prepared with ethidium bromide, which intercalates between
adjacent base pairs of the DNA molecules and allows visualisation of distinct DNA
bands on the gel when viewed under UV light. Different agarose concentrations can be
used depending on the expected DNA fragment sizes to be resolved. Virtually all PCR
products in this thesis were within the region of 100 — 200 bp, which is considered a low
molecular weight. For these sizes of products, a 2 % (w/v) agarose gel is recommended.
Of note are the PCRs performed in Chapter 4, where the expression of soluble guanylate
cyclase required amplification of products in excess of 700 bp; in this case the resolving
ability of a 2 % agarose gel was still sufficient, so no modification of the protocol was

required.

The following protocol describes a typical minigel analysis. The minigel apparatus
(Horizon minigel apparatus from Life Technologies) was set up as recommended by the
manufacturer. The appropriate weight of agarose (Biogene) was dissolved in Tris-borate
EDTA (TBE) buffer [100 mM Tris, pH 8.4, 90 mM boric acid and 1 mM EDTA,; diluted
from a 10 X stock (Life Technologies)] by heating the mixture in a microwave oven for
about 2 min on medium power. As the solution cooled, ethidium bromide (0.5 pg/ml)
was added and the gel then poured into its cast. The gel was left to set for ~30 min at
room temperature and then installed within the minigel electrophoresis chamber. A
sufficient volume of TBE buffer was added until the surface of the gel was covered. The
PCR products were mixed 9:1 with 10 X loading buffer [10 mM Tris-HCl, pH 7.5,
containing 50 mM EDTA, 10 % Ficoll 400 (w/v), 0.25 % (w/v) bromophenol blue and
0.25 % (w/v) xylene cyanol FF] and 10-20 pl of each sample were loaded into each well.
Ten pl of a 1 kb or 100 bp DNA ladder (Life Technologies) were run in an adjacent lane
for product size determination. A constant voltage of 150 V was then applied to the gel.
The movement of the sample could be observed as the bromophenol blue ‘dye-front’
migrated down the gel from cathode to anode. When this dye-front was ~1 cm from the
bottom of the gel the electrophoresis was stopped. The gel was visualised and
photographed on a UV transilluminator connected to a computer operated camera (UVP
Epi Chem II Darkroom) and image analysis software (Labworks UVP, Media
Cybernetics, USA).
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2.3.6 Real-time (RT-) PCR

The polymerase chain reaction has proved a powerful tool for many researchers.
Quantitative-PCR (Q-PCR) is an extension of this technique, allowing the reaction to be
monitored as it progresses. To fully appreciate Q-PCR an understanding of standard PCR
should be established. The technique was first developed in the mid-1980s by Kary
Mullis and colleagues [196,197]. During PCR a region of a DNA template is amplified at
an exponential rate using oligonucleotide-priming sequences that flank the region and a
thermostable DNA polymerase, originally isolated from the thermophilic bacterium,
Thermophillus aquaticus. Beyond the exponential increase in PCR product, a saturation
point is eventually reached at which inhibition of the reaction can occur by a number of
factors such as reagent limitations, accumulation of pyrophosphate molecules or
inhibitors within the template itself. This is termed the ‘plateau phase’ of the reaction.
Additionally, mis-priming of the template or the formation of primer-dimers can give rise
to more than one product. Therefore, simply observing the end-point of a reaction is not
always the most reliable measure of reaction efficiency and quantification. In Q-PCR, the
reaction is monitored during the exponential phase where PCR product continues to
accumulate. From this it is possible to perform an extrapolation to determine the initial
copy number or relative quantity of a particular gene as expressed within that system
[198,199].

Virtually all Q-PCR chemistries utilise fluorescence to measure the accumulation of PCR
product, where an increase in fluorescence is detected as more PCR product is formed.
Following completion of the reaction a threshold fluorescence is defined beyond which
all samples are in the exponential phase of the reaction. This threshold is determined as a
function of the background fluorescence, which usually lasts for the first 10-15 cycles of
the experiment. When the fluorescence recorded crosses this threshold, it is assumed that
their fluorescence is now significantly greater than the background. For each reaction it is
possible to establish a cycle number at which the threshold is crossed [200]. This is
defined as the Cycle Threshold (C;) and these values are directly proportional to the

amount of starting template in the reaction (see Figure 2.3.1).

In standard PCR, the mixture is heated and cooled in repeating cycles: template is
denatured, allowing annealing of primers that undergo extension by DNA polymerase.
These stages are termed the denaturation, annealing and extension steps of PCR. At the

end of each cycle, there should theoretically be a doubling of template available for the
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next stage, and it is this ‘doubling-up’ that gives rise to the exponential phase of the PCR.
The initial background phase is when the reaction is equilibrating and the concentration
of the PCR product is below the detection limits of the machine, whilst the plateau phase
at the end is when the reaction reaches rate limiting criteria. These heating and cooling

cycles are normally performed using a thermal cycling block.

For Q-PCR it is necessary to both heat and cool the reaction efficiently in addition to
reliably measuring and recording the fluorescence as it proceeds over each cycle of the
experiment. Before the advent of sophisticated real-time instrumentation, Q-PCR was
performed by time course assay whereby a reaction was halted at regular intervals and
the PCR product removed. A series of such collections could then be run on an agarose
gel and the PCR product visualised by ethidium bromide intercalation (or another
intercalating dye) in double-stranded DNA and illuminated by UV irradiation. Using a
technique such as densitometric analysis, the PCR product could be quantified relative to
a known standard. Overall, this was an unreliable, laborious and largely inconvenient
method for quantifying PCR products. Modern real-time PCR was first reported in 1993
by Higuchi and colleagues [201]. Their method was also based on the principle of
ethidium bromide intercalation, but this time measurements were performed dﬁring the
reaction itself and followed by irradiating the reaction mix with UV light. The resulting
fluorescence was detected using a charged-coupled device camera. At each cycle
number, following the annealing step, a fluorescence reading was recorded and at the end

of the reaction this fluorescence was plotted against the cycle number.

There are now three commonly used chemistries for Q-PCR (see Figure 2.3.1): 5’
nuclease assay probes, molecular beacons and SYBR Green I intercalating dye. These all
utilise the generation of fluorescence during the PCR process that is detected by a real-
time PCR machine. Both 5’ nuclease assay probes and molecular beacons make use of

hybridisation probes that enhance the overall specificity of the real-time assay.
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Fluorescence

Cycle
number

Figure 2.3.1 Typical quantitative PCR profile.
A threshold fluorescence (red line) has been defined, from which different individual
cycle (Cy) values can be derived. The C; value is directly proportional to the template

copy number of the target gene, whereby a low C, is equivalent to a high copy number.

Each coloured line represents a ten-fold dilution of cDNA template and the same target

gene (B-actin) was assayed.

A = Initial equilibration period (background fluorescence);
B = Exponential phase (detection period);

C = Plateau phase (reaction completion).
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Figure 2.3.2 Real-time PCR chemistries

(A) TagMan probes: this is a short oligonucleotide sequence that is highly specific to a
particular product. It has a 5’ fluorescent probe whose signal, whilst in the native state,
is quenched by the 3’ quenching molecule by fluorescence resonance energy transfer
(FRET). Once the probe has annealed to its target, it will be subject to detachment from
its oligonucleotide tether by the exonuclease action of Taq polymerase, which releases

the fluor with a resultant increase in emitted signal;

(B) Molecular Beacons: similar to a TagMan probe, but exists in a hair-pin loop in its
native state. This brings the fluor and quencher into close proximity and fluorescence is
prevented by FRET. Upon annealing, they become spatially separated, with a

concomitant increase in fluorescence;

(C) SYBR Green I dye: has a very low level of fluorescence when unbound and free in the
reaction mix. During synthesis of double-stranded-DNA, it becomes intercalated between

strands, and its fluorescent signal will increase with each successive cycle.
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2.3.6.1 TaqMan probes

Of the 5’nuclease assays, the most commonly utilised is the TagMan probe [198],
illustrated in Figure 2.3.2 A. It is essentially a short oligonucleotide sequence of between
15-20 bases that anneals to the template within the region flanked by the primers. The 5’
end of this probe is tagged with a fluorescent dye, whilst the 3° end has a quenching
molecule attached. In its native state, when the 5 fluor is excited by a light source it will
emit a signal that has a wavelength characteristic of the 3’ quencher. The quencher is a
non-fluorescent chromophore that absorbs this energy and dissipates it as heat. This
process of fluorescence resonance energy transfer (FRET) occurs, and no detectable
fluorescence is released. Upon hybridisation to the template, the 5’ to 3’ exonuclease
activity of the DNA polymerase advancing along the template from the primer will
eventually detach the fluor from the probe, freeing it from the quenching effect and
allowing it fluoresce. Commonly used fluors and quenchers include 6-carboxyfluorescein

(FAM) and 6-carboxy tetra-methyl rhodamine (TAMRA), respectively.

2.3.6.2 Molecular Beacons

Molecular beacons, like the TagMan probes, are single stranded oligonucleotides with a
fluorescent dye at the 5’ end and a quencher at the 3’ end [202], illustrated in F igure
2.3.2 B. However, the native state of these probes is in a hairpin loop, created by a
complimentary sequence of five to seven bases at the 5’ and 3’ ends. Thus, the
fluorophore and the quencher are kept in close proximity to each other, allowing FRET
to occur and transfer fluorescence to the quencher. The loop sequence of the probe is
designed to be complimentary to a sequence within the target amplicon sequence, as is
the case in TagMan probes. When the molecular beacon approaches the DNA molecule a
conformational change occurs in the probe such that the stem region opens up and
hybridisation to the target sequence occurs. The incidence of this event distances the
fluorophore from the quencher and detectable fluorescence increases. One of the key
advantages of the use of molecular beacons is their high specificity. The thermodynamic
properties of the probe are such that they greatly favour the formation of the native
hairpin loop structure, and therefore remain with the fluorescence quenched. If non-
specific binding does occur, the probe will eventually dissociate from the template and

re-establish the hairpin loop structure rather than remain hybridised.

The high specificity of molecular beacons can allow them to potentially differentiate

between single nucleotide polymorphisms. Therefore, this chemistry lends itself to the
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study of allelic discrimination. The disadvantages of molecule beacons result from the
stem-loop structure they adopt. These have to be designed very carefully with the
thermodynamics of the reaction in mind. If this is not considered they can potentially
form other conformations that do not fully quench fluorescence before hybridisation, or
do not hybridise at all by having too great a preference for remaining in a hairpin.
Moreover, the necessity to include the two regions of complimentary bases at the ends of
this oligonucleotide may greatly limit the potential targets for this method as a suitable
region on the DNA template must be located to allow this unique structure to form.

2.3.6.3 DNA-binding dyes

This is the natural successor to the original use of ethidium bromide intercalation in the
early development of Q-PCR. It is now one of the most commonly used chemistries as it
can generally be applied to any existing PCR experiment. Both the TagMan and
Molecular Beacon approaches to Q-PCR require, by their very nature, the synthesis of a
specialised oligonucleotide sequence, namely, the probe. DNA binding dyes do not
require such a molecule to be synthesised, allowing this chemistry to be utilised in

virtually any existing methodology with minimal modification.

The most widely used dye is SYBR Green I, developed by Molecular Probes Inc.
(Oregon, USA). When unbound and free in the reaction mix, the dye shows very little
fluorescence. When double-stranded sequences of DNA (ds-DNA) are formed as the
primer sequences anneal with the template, molecules of the dye begin to intercalate with
the strands (see Figure 2.3.2c). This intercalation continues along the entire amplicon
sequence as polymerisation progresses. This intercalation in ds-DNA gives rise to a rapid
increase in fluorescence of the dye molecules, by up to 800- to 1,000-fold. However, at
the next denaturation step, all the intercalated dye is released back into the reaction mix.
Therefore, all measurements of fluorescence are made after the elongation step. As more

PCR product forms at each cycle, the overall fluorescence of the reaction will increase.

The key disadvantage of SYBR Green I dye is its complete lack of specificity.
Intercalation occurs with any ds-DNA sequence, including primer dimers and mis-
primed reactions. In contrast, TagMan and Molecular Beacon probes can be highly
specific to the amplicon being investigated, and can potentially differentiate single
nucleotide differences; this in fact makes these chemistries ideally suited to the analysis

of single nucleotide polymorphisms in genes. Although this is not a luxury afforded by
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SYBR Green I dye, performing a melt curve analysis immediately following the PCR can
elucidate the specificity of this reaction (see Figure 2.3.3). This is achieved by increasing
the temperature within the thermocycler at 1 °C intervals from the annealing temperature
(~55-60 °C) through to a complete denaturing temperature (~99 °C), sampling the
fluorescence at each temperature increment. As amplicons denature, fluorescent dye is
released into the reaction mix. This will occur at a specific temperature for each reaction
product formed. If non-specific binding occurs then more than one peak will be observed

in the melt-curve, whereas a specific reaction will show only one peak.

2.3.7 Real-time PCR protocol

The real-time PCR was performed using primers listed in Table 3.1 (Chapter 3), after
having optimised their activity through a standard PCR protocol, using cDNA template
generated from SH-SYSY and CCF.STTGI1 cells. Reaction mixtures were prepared using
the Quantitect kit (Qiagen), which contains a ready-prepared 2 x mix of PCR buffer,
dNTPs, MgCl,, Tag polymerase and SYBR Green I dye. For each reaction, the master
mix was prepared by adding the reagents in the order and amounts shown below into 0.2

ml thin-walled PCR tubes (Starlab, Milton Keynes, UK):

Reaction Component Volume Final Concentration
RNA/DNA-free water 8.5 ul -
2 x Quantitect mix

(PCR buffer, dNTPs, MgCl,, 12.5 pl 1x
Taq polymerase, SYBR Green I dye)

10 mM forward primer 1ul 0.4 mM
10 mM reverse primer 1ul 0.4 mM
cDNA template (200 ng/ul) 2ul 400 ng

Total reaction volume 25 pul

Reactions were performed using the RotorGene RG3000 (Corbett Research, Cambridge,
UK). This machine has two unique operational features: (1) the reaction temperature is
regulated by the action of forcing heated or cooled air into the central reaction chamber,
and (2) the reactions were are placed in a rotor which continually centrifuges during the
experiment, a process which maintains complete uniformity of temperature between

reactions (sample to sample variance is + 0.01 °C according to the manufacturer).
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The following programme was used for all Q-PCR experiments:

Reaction step Temperature Time
Initialisation 50°C 2 min
Enzyme activation 95 °C 10 min
Denaturation 95°C 15s
. — 45 cycles
Annealing / Extension 60 °C 1 min

The Taq polymerase included in the Quantitect mix is a ‘hot-start’ Taq. This enzyme is
supplied in an inactive state and has no enzymatic activity at ambient temperatures. As a
result, the formation of misprimed products and primer-dimers during reaction setup is
eliminated. Once the reaction temperature is increased to 95 °C, the enzyme enters into
its activated state allowing PCR to commence and DNA polymerase activity to proceed.
Immediately following the 45 cycles of PCR, a melt curve analysis was performed by
heating the plate from 60°C to 99°C and measuring SYBR Green I dissociation from the
amplicons (see Figure 2.3.3). This gives a measure of reaction specificity, whereby a
single peak in a first derivative plot was indicative of a single amplification product,

whereas multiple peaks implied co-amplification of several cDNA species.

The copy number of mRNA-derived cDNA in each sample was calculated from a
standard curve generated with the use of known amounts of genomic DNA, which was
then serially diluted from 10° (undiluted, stock DNA template) through to 10°%; the data
presented in Figure 2.3.1 is in fact taken from a serially diluted template. The
housekeeping gene, B-actin, was targeted in this reaction, allowing a standard curve to be
plotted based on the C, values generated. Each set of PCR conditions was performed in

triplicate, and an average reading taken for data analysis.
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Figure 2.3.3 Melt curve analysis of PCR products

Melt curve performed immediately following a real-time PCR programme. Samples are
heated from 55 °C to 99 °C. Two sets of experiments are presented, each with 4
individual reactions performed (each with its own trace): the green traces represent
reactions for apoER?2 receptor; the red traces represent reactions for the receptor, LRP.
As the temperature increases, the PCR products start to denature. If a single PCR
product is present without any contaminant or artefactual product, a single, well-defined
peak should be observed. This peak represents the release of intercalated DNA binding
dye (in this instance SYBR Green) at a temperature specific to that particular PCR
product.
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2.4 PROTEIN EXTRACTION AND ANALYSIS
2.4.1 Cell Lysate Preparation

All protein analyses in this thesis were performed with cellular material as the protein
source. As such, the initial stage of analysis required the preparation of cell lysates to
isolate these cellular proteins. A combination of both chemical and physical techniques
were used to disrupt cell membranes and extract protein. Briefly, cultured cells were
scraped from the plastic surface of their culture vessel into a detergent-containing lysis
buffer, which would solubilise the cell membranes. Cells were then physically disrupted
using shear stress forces. Furthermore, the lysis buffer contained the ‘Complete’ Mini
EDTA-free protease inhibitor cocktail (Roche Diagnostics) and throughout the whole
procedure ice-cold buffers were used and tubes were kept on ice. Taken together, these
steps reduced the amount of protein degradation caused by endogenous cellular

proteases.

Cells were lysed in radioimmunoprecipitation (RIPA) buffer containing 50 mM Tris-
HCl, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 % (v/v/) nonidet P-40 (Igepal CA-
360) detergent, 0.1 % (w/v) Na-deoxycholate, and 0.1 % SDS. Once prepared, this buffer
could be stored at 4 °C until required. Immediately prior to use, 2 mM Na-orthovanadate,
20 mM Na-pyrophosphate, and 1 mM PMSF were added. To this, one tablet of
‘Complete’ Mini EDTA-free protease inhibitor cocktail was added for every 10 ml of
lysis buffer prepared. This complete lysis buffer was kept on ice during the preparation

of the cell lysates and was not stored long-term.

Monolayer cultures were grown to confluency in 60 mm dishes and washed in warm
PBS, followed by ice-cold PBS. When required, 500 pl lysis buffer was pipetted into
each dish. Cells were quickly scraped and collected in a 1.5 ml tube. A 19 G needle and
syringe was used to create shearing forces as the cells were drawn up and down five
times through the needle. Lysates were then left on ice for 30 min with constant agitation
before the detergent-insoluble cellular fraction was pelleted by centrifugation for 10 min
at 13,000 rpm and 4 °C. The supernatant was subsequently transferred to a fresh tube and
assayed for protein concentration using the Bradford assay (see Section 2.4.2). Lysates
were batched out and frozen at 4 °C for use within a week, or at 20 °C for longer-term

storage.
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2.4.2 Bradford assay

All protein quantifications in this thesis were performed using the ‘Bio-Rad Protein
Assay Kit’ (Bio-Rad, Hemel Hempstead, UK). This assay is based on Marion M
Bradford’s observation that there is a shift from 465 nm to 595 nm of the acidic solution
of Coomassie Brilliant Blue G-250 as a result of its binding to proteins [203]. It was
established by Spector that a dye-albumin solution had a constant extinction coefficient
over a 10-fold concentration range [204]. Consequently, Beer’s Law (wherein
absorbance is proportional to the product of molar absorptivity, light path length and
concentration of the compound in solution) has been applied for accurate quantification
of protein concentration having selected an appropriate ratio of dye volume to sample
concentration. This assay was used for quantification of both cell lysate protein extracts

and antibodies used in other assays.

A standard curve ranged from 0-20 pg protein/50 pl was used for every assay. This was
performed by triplicate dilutions of an appropriate protein standard, usually bovine serum
albumin (BSA), or immunoglobulin G (IgG) for antibody quantification. These were
prepared in 0.1 mM NaOH to a final volume of 50 ul. Triplicates of the unknown
samples were also diluted in 50 ul of distilled water. The standards and the unknown
samples were added to appropriate wells of a 96-well plate. To each well, 250 ul of
freshly diluted Bio-Rad dye reagent (final concentration 20%, v/v) was added. After 10
min incubation at room temperature, the ODsgs was measured using a Dynex plate-reader
(Dynex Technologies, West Sussex, UK). The concentration of the standards versus their
ODsgsnm Were plotted, and the test sample concentrations were determined from this

standard curve.

2.4.3 Polyacrylamide gel electrophoresis (PAGE)

To analyse the protein content of a complex mix of proteins, lysates had to be
fractionated according to size. Most commonly, this is achieved through the use of
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). However, in
this thesis, an alternative method was utilised, based on the NuPage gel system
developed by Invitrogen (Paisley, UK). Essentially, this method is based on identical
principals to SDS-PAGE, but lithium dodecyl sulphate (LDS) is used instead of SDS as a
denaturing agent. Additionally, fractionation can occur at a faster rate and the gels have a
greater storage time. PAGE requires only microgram amounts of protein and the method

can be performed quickly and simply.
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The eventual goal of PAGE is the separation of polypeptides within a complex mixture
according to molecular size. The buffer system used contains the ionic detergent LDS,
which dissociates all the proteins within the mixture into their individual polypeptide
subunits. When proteins are heated to 70 °C in the presence of excess LDS and a
reducing agent [B-mercaptoethanol or dithiothreitol (DTT)], the proteins become
denatured and bind LDS in a constant LDS:weight ratio (1.4:1). This results in every
polypeptide having a constant negative charge per mass unit since intrinsic charges of the
polypeptide become insignificant. During electrophoresis, the LDS-polypeptide
complexes migrate towards the anode. Owing to the molecular-sieving properties of the
gel, their mobilities are inversely proportional to the logjo of their molecular weights.
Sample protein molecular weights can therefore be estimated if standard proteins of

known molecular weight are applied to the same gel.

Polyacrylamide gels are formed as a result of acrylamide monomer polymerisation into
long chains, which then become cross-linked by compounds such as N,N’-
methylenebisacrylamide (bisacrylamide). The polymerisation reaction is initiated by
ammonium persulphate and accelerated by N,N,N’,N’-tetramethylethylenediamine
(TEMED). TEMED acts by catalysing the formation of free radicals from persulphate,
which then initiate polymerisation. The effective linear range of polypeptide separation
of polyacrylamide gels is greatly influenced by the percentage acrylamide in the
polymerisation mixture and the amount of crosslinking, such that smaller proteins can be
separated as the acrylamide concentrations is increased. The cross-links created by
bisacrylamide not only provide the gel with rigidity, but form pores through which the
LDS-polypeptide complexes pass. As the bisacrylamide:acrylamide ratio increases, the
size of these pores decrease. A ratio of 1:29 is most commonly used, which generates a

gel capable of resolving polypeptides that differ in molecular weight by as little as 3 %.

To obtain a higher resolution of polypeptide separation from a large, dilute sample
applied to the gel, a discontinuous gel system is used. This system utilises both stacking
and resolving gel layers that differ in salt concentration, pH, acrylamide concentration or
a combination of these. The sample is applied to a stacking gel with high porosity
[usually 4 % (w/v) acrylamide], which serves to concentrate the LDS-polypeptide
complexes into an extremely narrow zone (or stack) before they enter resolving layer of

the gel. This resolving gel has a larger percentage of acrylamide, and therefore has
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greater molecular-sieving properties, allowing separation of complexes into sharp

polypeptide bands according to their molecular weight.

Gradient polyacrylamide gels, with increasing acrylamide concentration through the
resolving gel, are now extensively used. There are a number of advantages to using
gradient gels, over single percentage gels; gradient gels resolve proteins covering a wide
range of molecular weights on a single gel and also promote sharpening of protein bands
during migration. The LDS-polypeptide complexes migrate through the pores until the

decreasing pore sizes impede their progress.

In this thesis, the NuPage gel electrophoresis technique was used throughout to
fractionate a complex protein mixture before Western blotting (see Section 2.4.4). All
gels and buffers were purchased from Invitrogen. Throughout, pre-cast 4-12 % gradient
Bis-Tris gels were used. This gel provided a resolving capability comparable to a 4-20 %
Tris-glycine gels, as would be used in SDS-PAGE. Gels were supplied in plastic
cassettes for use in the ‘Mini cell Xcell II' (Invitrogen) electrophoresis tank, and
contained sodium azide preservative. Before use, the accompanying gel comb was
removed from the cassette and wells washed thoroughly with 1 x running buffer to
remove this preservative. Both 12-well (Invitrogen, #NP0322) and 17-well (Invitrogen,
#NP0329) gels were used, dependent on the number of samples that required analysis.

2.4.3.1 Electrophoresis

Before running samples, their concentration was determined by Bradford assay (see
Section 2.4.2) and all sample concentrations normalised by dilution with distilled water.
Electrophoresis procedure followed was as per the manufacturer’s instruction. Briefly,
samples were mixed 3:1 with 4 x LDS sample loading buffer (Invitrogen, #NP0007) and
9:1 with 10 x sample reducing agent (Invitrogen, #NP0004) in 1.5 ml Eppendorf tubes.
The lids of the samples tubes were pierced with a single perforation (to prevent pressure
build-up) and placed in a heating block set to 70 °C for 5 min. Following this, tubes were
gently centrifuged in a desktop centrifuge to collect any material that may have
condensed on the inner surfaces of the tube. MagicMark XP Western protein standard
(Invitrogen, #L.C5602) was used, which provided a broad range molecular weight marker
(20-200 kDa), and was ready to use without the need for denaturation or heating. Sample
and marker were loaded on the gel: 20 pl of sample and 2 pl of marker on a 12-well gel,

10 pl sample and 1 pl marker on a 17-well gel. After loading the electrophoresis chamber
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was filled with 1 x MES running buffer (Invitrogen, #NP0002) containing 0.25%
antioxidant solution (Invitrogen, #NP0005). Gels were run in the ‘Mini-cell Xcell II’ gel
tank at 200 V for 35 min. Following this, the gel was removed from its cassette and then
subjected to either Coomassie staining (Section 2.4.3.5), or Western blotting (Section
2.4.4).

2.4.3.2 Coomassie staining of polyacrylamide gels

Protein bands on gels can be detected using an easily visualised reagent that reacts with
any protein irrespective of biological activity. The most simple and most commonly used
technique is Coomassie blue staining, which has a sensitivity of 0.1-0.5 pg protein per
band. This method was used to detect the purity of proteins that had been isolated using
affinity chromatography. Following polypeptide separation by PAGE, the gel was
transferred to a container holding about 50 ml of Coomassie stain: 0.25 % (w/v)
Coomassie brilliant blue R-250, 50 % (v/v) methanol and 10 % (v/v) glacial acetic acid.
Staining took place at room temperature over 30 min with shaking. Following gel
staining, excess stain was removed by destaining in successive volumes of destain: 30 %
(v/v) methanol and 10 % (v/v) glacial acetic acid. The destained gel was then washed and

stored in distilled water for visualisation.

79



2.4.4 Western blotting

Antibodies have a crucial role to play in the specific detection of small quantities of
antigen within a complex mixture of proteins. Two immunodetection methods were used
in this thesis: Western blotting and immunoprecipitation (see Section 2.4.6). Western
blotting is a method that involves the fractionation of antigens from a complex mixture of
proteins by electrophoresis, which are then probed and labelled using specific antibodies.
The distinction between this and immunoprecipitation (IP) is that in IP the lysate is

enriched for a particular target antigen before application on a gel.

In both instances, proteins are separated by size on a gel and then transferred to a
nitrocellulose membrane. On this membrane, protein binding sites are blocked before
exposure to primary antibody against the target antigen. This reduces the amount of non-
specific binding of the primary antibody to the membrane. Unbound primary antibody is
washed off. A secondary antibody, which has been conjugated with horseradish
peroxidase (HRP), is applied and directed against the primary antibody (i.e. an anti-IgG
antibody). After removing unbound secondary antibody, chemiluminescence is used to
visualise the antigens. Luminescence describes the emission of light resulting from the
release of energy from a substance in an excited state. In chemiluminescénce, the
excitation results from a chemical reaction. The ECL detection system (Amersham
Biosciences) involves the oxidation of luminol by HRP in the presence of chemical
enhancers, such as phenols. The light emitted is at a wavelength of 428 nm and can be
detected by a short exposure to blue-light sensitive autoradiography film. The Western

blotting procedure is schematically summarised in Figure 2.4.1.
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Figure 2.4.1 Schematic representation of the Western blot procedure

A chart depicting the stages of a complete Western blot, from sample being loaded on the
gel, sample transfer, probing with primary and secondary antibodies, and finally
development of by exposure to autoradiography film.
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2.4.4.1 Sample transfer

Proteins were transferred from polyacrylamide gels to Hybond ECL nitrocellulose
membranes (Amersham Biosciences) using the Novex Western Transfer Apparatus. A
piece of nitrocellulose membrane and 2 sheets of 3MM absorbent paper (Whatman,
Maidstone, UK) were cut to the correct gel size and pre-soaked in transfer buffer: 1 x
transfer buffer (Invitrogen, #NP0006) containing 10 % (v/v) methanol and 0.1 % (v/v)

antioxidant solution.

This transfer sandwich was positioned in the centre of the Xcell II Blotting Module
(Invitrogen) surrounded by pre-soaked sponges, and the module was filled with transfer
buffer (formulation listed above). Illustrated in Figure 2.4.2 is the composition of the
blotting chamber as it would have been setup for a single gel transfer, although up to 2
gels can be simultaneously transferred within this chamber. Deionised water was poured
around the transfer block to prevent overheating. Blotting occurred over 90 min at a

constant current of 125 mA.

2.4.4.2 Ponceau S staining to confirm sample transfer

The transfer of samples from polyacrylamide gel to nitrocellulose membrane éould be
rapidly and conveniently confirmed by staining membranes with Ponceau S (Sigma,
#P7170) red dye solution. This is a reversible staining solution that will stain any protein

bands present on the membrane.

Following sample transfer, The membrane was placed in a tray and a few drops of
Ponceau S solution added. After ensuring the whole blot was covered, it was incubated
on an orbital shaker for 1 min at room temperature. Distilled water was used to destain
and remove background, allowing visualisation of transferred protein on the membrane.
This was performed routinely during the Western blotting procedure to confirm protein
transfer as well as equal loading of samples, prior to probing by immunoblotting. To
completely destain the membrane, repeated washes with distilled water were performed.
Further confirmation of sample transfer could be achieved by Coomassie blue staining
(see Section 2.4.3.5) of the polyacrylamide gel, which should reveal a much lower

protein content (if any) compared to that before transfer.
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Figure 2.4.2 Schematic representation of Western blot transfer chamber

The blotting chamber is composed of a cathode core with an anode lid, which when
assembled creates an impermeable case around the central contents of the chamber.
Within, a sandwich is formed by filter papers, the polyacrylamide gel and the
nitrocellulose membrane, on to which the electrophoresed proteins are transferred.
Surrounding this sandwich are layers of foam blotting pads. All components of the
blotting sandwich were pre-soaked in transfer buffer containing 10 % methanol.
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2.4.5 Immunoblotting

To immunoblot the nitrocellulose membrane, the following solutions were required:

Tris buffered saline (TBS) ...... 10 mM Tris-HCI, pH 7.5 and 150 mM NacCl.
TBS-T washing buffer ...... TBS and 0.05 % (v/v) Tween 20.
PBS......138 mM NaCl, 10 mM Na,HPOq,,
1.75 mM KH,POq, 2.7 mM KCl.
PBS-T washing buffer ......PBS and 0.05 % (v/v) Tween 20.
Milk blocking buffer ......5 % (w/v) non-fat dried milk powder
in PBS-T or TBS-T washing buffer.
BSA blocking buffer ......5 % (w/v) BSA in TBS-T washing buffer.

Before exposing membranes to primary antibody, the membrane was blocked. Generally,
this method utilised the milk blocking buffer, and took place on a shaker at room
temperature for 1 h, or overnight at 4 °C. When the primary antibody to be used was

 directed against a phosphate group (e.g. anti-phosphotyrosine), BSA blocking buffer was
used instead of milk blocking buffer, and TBS-T washing buffer was used in each of the
subsequent steps. This avoids incubating the nitrocellulose membrane with pﬁosphates,
which might bind the primary antibody and increase the background of the resultant
Western blot.

Primary antibodies were optimally diluted in BSA/milk blocking buffer or PBS-T
washing buffer and incubated with the membrane on a shaker, either overnight at 4 °C or
1 h at room temperature. The membrane was then thoroughly washed 3 x 10 min with
wash buffer. Secondary antibodies were diluted in either PBS-T or TBS-T washing
buffers and incubated with the membrane for 1 h at room temperature. After repeating
the washing steps, the membrane was visualised using an enhanced chemiluminescence
(ECL) substrate, according to the manufacturer’s instructions (Amersham Biosciences).
The blot was secured in a film cassette and briefly exposed to X-ray film (Hyperfilm
ECL, Amersham Biosciences).

2.4.6 Immunoprecipitation
Immunoprecipitation involves the specific removal of an antigen from a complex mixture
of proteins by an antibody. Following antibody/antigen complex formation, the antibody

binds to a matrix and becomes immobilised, thereby separating the immune complex
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from the protein mixture. Immunoprecipitation was achieved using Protein A sepharose
beads (Sigma). A 50 % slurry was used throughout, which was prepared by diluting a
given volume of Protein A in an equivalent volume of PBS, which is henceforth termed
PAS.

For basic immunoprecipitation reactions, 1 mg/ml cell lysates (see Section 2.4.1) were
subjected to pre-clearing. This involved incubating cell lysates with 50 pl of PAS.
Samples were incubated on a rotating wheel for at least 1 h at 4 °C. Subsequently, the
beads were isolated from the lysate and discarded, which removed any molecules that
had a high non-specific binding activity. The primary antibody was added to the lysate at
a 1:100 dilution and samples incubated overnight on a rotating wheel h at 4 °C.
Following immune complex formation, 25 pl of PAS was added to the lysate and the
antibody/antigen complexes allowed to bind to this matrix during a 3 h incubation on a
rotating wheel at 4 °C. Bound immune complexes were separated from the rest of the cell
lysate proteins by centrifugation and then subjected to two washing steps with 500 pl of
lysis buffer (see Section 2.4.1). The immunoprecipitates were resuspended in 50 pl 1 x
LDS sample loading buffer and 5 pl reducing agent. After heating to 70 °C for 5 min, the
immunoprecipitates were loaded on to a 4-12 % Bis-Tris gradient gel and the -standard

Western blotting protocol followed (see Section 2.4.4)

2.4.7 Stripping and re-probing the nitrocellulose membrane

Membranes were sometimes re-probed in order to visualise different antigens on the
same blot. This required the blots to be stripped of all antibody content and targeted
again with new antibody. A stripping buffer was prepared which contained 7.6 g Tris-
base, 20 % (w/v) SDS and 7.0 ml B-mercaptoethanol, made up in 100 mli distilled water
and pH adjusted to 6.8. Following the first immunodetection, blots were washed 3 x 10
min with TBS-T washing buffer to remove any ECL solution. Membranes were then
incubated in stripping buffer for 30 min at 50 °C. Following this, blots were washed a
further 3 x 10 min in TBS-T wash buffer, blocked and subjected to a second round of

immunodetection according to the standard protocol detailed in Section 2.4.4.
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2.5 ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA)
FOR MEASUREMENT OF apoE CONCENTRATION

One of the eventual objectives of this project is to investigate the physiological effects of
exposing human brain derived cells to apoE. To this end, recombinant CHO cells
(described in Section 2.2.1) were cultured that secreted all three apoE isoforms. Media
collections were performed with these cells, with the culture medium enriched with
secreted apoE. Following this, it was necessary to develop a method for measuring the
concentration of apoE in this conditioned medium. This was because it was essential to
know the concentration of apoE used to incubate target cells with, and to ensure that
variations between the different isoforms were normalised and concentrations remained
consistent between experiments. There are potentially a number of methodologies
available to achieve this, including radioimmunoassay [205], immunonephelometry
[206,207] and radial immunodiffusion.

Antibodies raised against apoE are now commonly available and can be supplied from a
range of companies. Using these antibodies, it is possible to develop an enzyme-linked
immunosorbent assay (ELISA) that can be used to accurately and reliably measure the
concentration of apoE in serum [208,209,210]. This is a largely cost-efficient method
that is relatively simple to setup and can be used to measure a large number of samples
during a single experiment. An ELISA had previously been developed in the laboratory
and had been successfully applied in a number of studies [211,195,212,213]. However,
the capture antibody and apoE standards utilised for this assay were no longer available.
Therefore, investigation was required to determine suitable replacements for these

reagents.

Within the area of ELISA, there are a number of distinct approaches that can be
followed. These include direct and in-direct assays, sandwich and competitive reactions.
Furthermore, the enzymatic detection method can be attuned to specific experimental
methods. The method developed in this instance was a direct sandwich ELISA (see
Figure 2.5.1). This utilises two separate antibodies, both against the target antigen, in this
case apoE. The principle of this technique is to affix a capture antibody to a solid phase,
which in this instance is the plastic surface of a 96-well plate. The sample is applied to
this pre-coated membrane and an antigen-antibody interaction occurs. Following removal

of unbound sample, a detection antibody is applied, which also interacts with antigen.
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Thus, a sandwich is formed comprised of antibody—antigen—antibody. A further wash is
performed to remove any unbound detection antibody. For measurement, the detection
antibody is conjugated to an enzyme that is active when exposed to its substrate. In this
instance, horseradish peroxidase (HRP) was used, which reacts with it substrate: 3, 3', 5,
5'-tetramethylbenzidine (TMB) substrate. The reaction of HRP with TMB results in a
visible colour change in each well such that the solution shifts from clear to blue. The
reaction is halted using sulphuric acid (H,SO4), which results in another colour change
from blue to yellow. The intensity of this colour is directly proportional to the

concentration of the target molecule.

2.5.1 General ELISA protocol
As this was a revision of an existing protocol, the essential framework of the assay was
already in place, with only two of the reagents requiring re-assessment. The assay

required the use of three buffer solutions:

Blocking Buffer........ 50 mM Tris.HCI (pH 7.4), 150 mM NaCl, 1 mM MgCl,.
Assay Buffer........ 50 mM Tris.HC1 (pH 7.4), 150 mM NaCl,
0.01 % (v/v) Tween-40, 0.05 % (w/v) gamma-globﬁlin.
Washing Buffer........ 10 mM Tris.HCI (pH 7.4), 150 mM NaCl,
0.05 % (w/v) Tween-20.

All buffers were stored at 4 °C for up to a month. Prior to use in the ELISA, blocking
buffer and assay buffer were supplemented with 1 % (w/v) and 0.5 % (w/v) bovine serum
albumin (BSA) (Sigma) respectively. These buffers would then be filtered through 0.22
pm vacuum filters (Corning). Following addition of BSA, the buffers remain fresh for

one week when kept at 4 °C.

With a multi-channel pipette (Anachem), a 96-well Nunc Maxisorp immunoassay
microtitre plate (VWR International) was coated with 100 ul per well polyclonal goat
anti-human apoE (Diasorin, US) capture antibody (at 2.5 pg/ml in PBS, pH 7.4) and left
covered overnight at 4 °C. At each step of the assay, plates were covered securely with
sealing tapes. Moreover, incubation steps were performed at room temperature (unless
otherwise stated) on an orbital shaker. Washing steps were repeated using a programmed
Dynex plate washer (Dynex Technologies, West Sussex, UK) set to wash each well five

times sequentially with 300 ul wash buffer per well at each step. Following an overnight
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incubation, excess capture antibody was decanted from the wells and 350 pl/well of
blocking buffer was added to block non-specific binding sites on the plastic solid phase.

After 1 h incubation at 37 °C, the plates were washed.

The plates were then incubated for 1 h at room temperature with 50 ul/well of samples
and standards, which were added in triplicate and diluted as required in assay buffer. The
standard used was a calibrated serum standard (Technoclone, Surrey, UK) that had a
stock apoE concentration of 43 pg/ml. This was diluted using assay buffer into standards
ranging from 10 ng/50 ul (= 0.2 pg/ml) to 1 ng/50 ul (= 0.02 pug/ml) apoE concentration.
In addition to standards and samples, a buffer-only control was applied that would define
the background signal when no known apoE was present in the reaction. After washing
the plates, 50 ul biotinylated goat anti-human apoE (Biogenesis) detection antibody (at 1
pg/ml in assay buffer plus 1% goat serum) was added to each well. The plates were

incubated for 1 h at room temperature

Following another wash step, 100 ul of streptavidin—horseradish peroxidase (S-HRP)
conjugate (diluted 1:2,000 in assay buffer) was added to each well. After 30 min
incubation at room temperature the plates were washed as before. ApoE quanﬁﬁcation
was determined by adding 100 ul/well of freshly prepared TMB substrate: equal volumes
of 0.004 % (v/v) H,0; (substrate) and TMB (dye). The colour reaction (from colourless
to blue) was allowed to proceed for exactly 10 min with the plates gently shaken. The
reaction was stopped by the addition of 100 ul/well of 2 M H,SO,. The absorbance at
450 nm (ODysonm) Was immediately measured using a Dynex microplate reader (Dynex
Technologies, West Sussex, UK).
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Figure 2.5.1 Schematic representation of the stages of the direct sandwich ELISA.

(A) Capture antibody attached to solid phase (96-well plate surface).

(B) Excess antibody washed off and blocking buffer applied.

(C) Excess blocking buffer washed off and antigen (samples and standards) applied.

(D) Excess antigen washed off and biotinylated detection antibody added.

(E) Excess antibody washed off and streptavidin-HRP (S-HRP) added. Enzymatic
reaction of HRP achieved by the addition of TMB substrate, resulting in colour
development. Enzymatic reaction stopped by addition of 2 M H,S0,.
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2.5.2 Capture antibody selection and titration

The existing assay employed a capture antibody supplied by Diasorin (USA). This
company no longer manufactured this particular antibody. Therefore, it was imperative to
find a suitable replacement before available stocks were exhausted in the laboratory.
Initial investigation was performed using three antibodies all of which were polyclonal
goat anti-human apoE antibodies: AbCam #ab7620 (Cambridge, UK), BioGenesis
#0650-1904 (Poole, UK), Calbiochem #178479 (San Diego, USA). These antibodies
were supplied as follows: AbCam antibody 100 ul vial at 1 mg/ml; Biogenesis antibody
1 ml vial at 6.8 mg/ml; Calbiochem antibody 500 ul vial at 92 mg/ml. None of these

antibodies required column purification before use.

The first step was to dilute these antibodies to the equivalent working concentration of
the Diasorin antibody, 2.5 pg/ml in PBS. Following this, they were used to coat a
microtitre plate as described in Section 2.5.1. Plates were incubated overnight with the
capture antibody then antigen added over a range of concentrations from 10 ng/50 ul
through to 1 ng/50 ul in assay buffer. Following a 1 h incubation at room temperature,
plates were washed and wells loaded with detection antibody at 1 ug/ml in assay buffer.
Finally S-HRP was applied at 1:1,000 diluted in assay buffer, and the plate developed
using TMB solution.

As shown by Figure 2.5.2, all three antibodies performed well, with a definite region of
linearity between 0 ng/50 ul (blank reading) and ~6 ng/50 pl, and for concentrations just
beyond this. Moreover, results across the triplicate reading were well reproduced as
evidenced by the short error bars. Of the three, the Biogenesis antibody performed the
best, with the highest overall signal across this range of apoE concentrations. However,
this antibody was in fact the same as the detection antibody used in the latter part of the
assay. As it is not good practice to use the same antibody for both capture and detection
purposes due to the potential of unforeseeable interactions, it was decided not to use this
antibody. Therefore, further efforts were focussed on the next most suitable antibody,

namely that from Calbiochem.
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Figure 2.5.2 Investigation of potential new capture antibodies for apoE ELISA.

Analysis of three polyclonal goat anti-human apoE capture antibodies used in the
existing apoE ELISA protocol. Antibodies investigated were from AbCam, Biogenesis
and Calbiochem. Data shown represents triplicate readings performed simultaneously on
the same 96-well microtitre plate (+ standard error). An assay buffer-only control set of
wells was used to create a background reading, which was subtracted such that an apok

concentration of 0 ng/50 ul gave a mean OD 450 of 0.
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Before progressing to titration of the capture antibody, it was necessary to determine if
there was any potential cross-reactivity between this antibody, the detection antibody and
S-HRP. Cross-reactivity between the two antibodies was assayed by performing an
ELISA without the addition of any antigen. The experimental conditions for this
experiment were: capture antibody used to coat the plate at a concentration of 2.5 pg/ml
in all wells; detection antibody used at a concentration of 2.0 pg/ml in triplicate in the
first row, then diluted serially 1:2, 1:4, and 1:8 down the columns; S-HRP was used at a
dilution of 1:1,000 throughout the plate. The results demonstrated no cross-reactivity
between the two antibodies (data not shown). Following this the cross-reactivity with S-
HRP was evaluated: capture antibody was used to coat the plate at a concentration of 2.5
pg/ml; neither antigen or the detection antibody were added; S-HRP was added at 1:500
(to investigate the effect of a higher concentration of S-HRP compared to the standard
assay condition of 1:1,000 dilution) in triplicate in the first row and then diluted serially
1:2, 1:4, and 1:8 down the columns. Results demonstrated no cross-reactivity between
the coating antibody and S-HRP conjugate (data not shown). In a final assay, the cross-
reactivity between the detection antibody and S-HRP was evaluated, which also
determined whether any detection antibody would be retained in wells after plate wash:
plates were not coated with either capture antibody or antigen; detection antiﬁody was
used at a concentration of 1.0 pg/ml in all wells; S-HRP was added at 1:500 in triplicate
in the first row and then diluted serially 1:2, 1:4, and 1:8 down the columns. Results of
this assay confirmed no detectable signal, indicating no detection antibody being retained
in the wells, which also implies no biotinylated antibody present for S-HRP to bind with

(data not shown).

The titration of the capture antibody was performed by varying the concentration of the
antibody used to coat the plates, but retaining all other features of the assay constant. As
such, an antigen concentration of apoE was used uniformly across the plate at 6 ng/50 ul,
detection antibody was used at 1.0 ug/ml, and S-HRP was maintained across the plate at
1:1,000. The concentration of capture antibody was varied from 0.25 pg/ml through to 6
pg/ml. A greater order of magnitude of varying this concentration was not necessary as it
was already determined that the Diasorin capture antibody was optimal at 2.5 pg/ml. The
kinetics of antibody/antigen interaction would largely be similar between the two
antibodies as they are both targeting the same antigen, although there could be variation
in the epitopes recognised by each antibody. In addition to an assay with antigen at 6

ng/50 ul, another set of wells was run as well, but with no antigen present (a buffer-only
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control) to determine if changes in the antibody concentration would promote any cross-

reactivity with the detection antibody and S-HRP.

The results of this titration experiment are shown in Figure 2.5.3. At a very low capture
antibody concentration (0.25 — 0.5 pg/ml) the variability in the signal was too great.
However, at much higher antibody concentrations (> 1.75 pg/ml) signal strength was
compromised. The optimum concentration for use in the ELISA was determined to be
1.5 pg/ml: this represented the highest concentration of this antibody that could be
applied before absorbance readings begin to diminish. Another titration assay was
performed to confirm this particular concentration as optimal before subsequent use in
the ELISA.

2.5.3 Detection antibody biotinylation

The detection polyclonal anti-human apoE antibody (Biogenesis, #0650-1904) was
biotinylated using ECL Protein Biotinylation Module (#RPN2202) (Amersham
Biosciences). This kit also contained the S-HRP (#RPN1231) used in the ELISA.
Biotinylation was performed following the manufacturer’s instructions. Briefly, the
antibody was diluted in 40 mM bicarbonate buffer (from the kit) to give a‘working
concentration of 1 mg/ml and a volume of 2.5 ml. To this, 100 ul biotinylation reagent
was added and the solution was left to incubate for 1 h at room temperature. Meanwhile,
a Sephadex G25 column was prepared by passing through 5 ml PBS containing 1 %
(w/v) BSA (pH 7.5), followed by 20 ml PBS. These column washes were discarded. The
biotinylated antibody solution was placed on the column and allowed to absorb into the
Sephadex matrix, whilst unbound solute passed through the column. The biotinylated
antibody was eluted from the column with 5 ml PBS; fractions of 500 ul were collected

in 1.5 ml Eppendorf tubes.

Collected fractions were analysed spectrophotometrically to determine which fraction
contained eluted antibody. These fractions were collected and the remainder discarded. A
Bradford assay (see Section 2.4.2) was performed, using IgG standards to determine the
eluted antibody concentration. The eluted biotinylated detection antibody was measured

as 800 pg/ml according to this assay.
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Figure 2.5.3 Capture antibody titration.

The Calbiochem polyclonal goat anti-human apok capture antibody was titrated to
determine the optimum concentration for use in ELISA. Antibody concentration was
varied from 0.25 ug/ml to 6 ug/ml in assay buffer. Detection antibody was maintained at
1.0 ug/ml and S-HRP used at 1:1,000 in assay buffer. Antigen was kept constant at 6
ng/50 ul apoE concentration, in addition to a set of assays performed in the absence of
antigen. Each point represents triplicate readings on a plate (= standard error). The
dashed line represents the optimum capture antibody concentration determined (1.5

ug/ml) and this was the concentration used in subsequent assays.
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2.5.4 Detection antibody titration

Having prepared fresh biotinylated detection antibody, this too had to be titrated to
determine the optimum concentration for use in the ELISA. This was achieved by
preparing a plate coated with capture antibody at 1.5 pg/ml per well and incubating
overnight. Following this, antigen was added at 6 ng/50 ul, as well as buffer-only
controls to rule out any interaction between capture antibody and the newly biotinylated
detection antibody in the absence of antigen. After incubation for 1 h at room
temperature, the detection antibody was applied in triplicate sets at 1:50, 1:75, 1:100,
1:150, 1:200 and 1:250 dilutions in assay buffer. Following this, S-HRP was applied at
1:100 dilution in assay buffer, and the plate developed and read as per the standard

protocol.

The results of the detection antibody titration are shown in Figure 2.5.4. High antibody
concentrations (> 10 pg/ml) resulted in a signal that was too strong: an OD reading in
excess of 1.5 is considered to be beyond the linear detection limits of the plate reading
equipment. The antibody concentration at 8 pg/ml, representing a 1:100 dilution of the
biotinylated antibody, was determined to be the optimum concentration to use as it gave
a strong signal without going beyond a reasonable threshold. Another titration éssay was
performed to confirm this particular concentration as optimal before subsequent use in
the ELISA.

2.5.5 Streptavidin-HRP titration

As this was another key component in the ELISA protocol, this too was titrated. In this
instance, the capture antibody was used to coat the plates at 1.5 pg/ml. The plates were
loaded with antigen at 6 ng/50 ul in one set of wells and another set with buffer-only to
determine if there was any interaction between S-HRP and the capture antibody (any
detection antibody applied should not bind to anything and would therefore be washed
off the plate). Detection antibody was applied at 8 pg/ml. Following this, S-HRP was
applied at a range of dilutions in assay buffer: 1:2,000, 1:1,500, 1:1,000, 1:500, 1:250,
1:100. The rest of the protocol was performed as previously described. Altering the
dilution factor of S-HRP had very little effect on the overall signal strength obtained at
the end of the ELISA (data not shown). Therefore, the 1:1,000 dilution that was currently
being used in the assay was maintained for all subsequent assays using the newly

optimised capture antibody and detection antibody concentrations.
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Figure 2.5.4 Detection antibody titration.

The Biogenesis polyclonal goat anti-human apokE detection antibody was titrated to
determine the optimum concentration for use in ELISA following biotinylation and
quantification by Bradford assay. Calbiochem capture antibody was maintained across
the assay at 1.5 pg/ml. Antigen used was at an apok concentration of 6 ng/50 ul.
Detection antibody was varied, from a stock concentration of 800 ug/ml, by dilutions in
assay buffer ranging from 1:50 (16 ug/ml) through to 1:250 (3.2 ug/ml). S-HRP was
maintained at 1:1,000 in assay buffer. In addition, a set of assays were performed in the
absence of antigen. Each point represents triplicate readings on a plate (+ standard
error). The dashed line represents the optimum detection antibody concentration

determined (8.0 ug/ml) and this was the concentration used in subsequent assays.
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2.5.6 Optimisation of overall ELISA protocol

Much of the success of an ELISA is reliant on the ability of the capture antibody to both
coat the solid-phase suitably and also interact with antigen with high affinity and
specificity. All subsequent stages in the assay can be adversely affected if this does not
occur correctly. The OD at a particular antigen concentration using the new Calbiochem
capture antibody was markedly lower than that for the Diasorin antibody, as shown in
Figure 2.5.5. The end-point, which is the time after adding the TMB substrate that the
2M H,SO; is added to halt the reaction, was 15 min. However, even after 30 min, there
was no appreciable increase in signal even at the highest antigen concentration.
Furthermore, the OD of the wells where antigen was 10 ng/50 pl was only 0.3 OD units
above the background reading with the new antibody, whereas the Diasorin antibody
gave an OD measurement that was essentially beyond the limits of accurate detection

with this plate reader (> 1.5 OD units)

It was clear from this investigation that the Calbiochem antibody would not give suitable
results with the assay procedure as was currently being followed. It was thought that the
limiting factor was the binding affinity of the capture antibody with its target antigen.
The existing protocol incubated the antigen with the capture antibody 'at room
temperature for 1 h. These variables were investigated to determine if the OD values
could be enhanced. Incubation times of 1 h, 2 h, 4 h and overnight (> 12 h) were used,
with incubation temperatures of 4 °C, room temperature and 37 °C. These data are
summarised in Figure 2.5.6. All experiments performed at 4 °C resulted in low ODs,
with little or no change observable as incubation time was increased. Incubating at room
temperature enhanced the OD measurements, but still were not suitably distinct from the
background OD readings (data not shown). Conversely, incubating the antigen with the
capture antibody at 37 °C gave a markedly higher OD measurement, even after a 2 h
incubation. Leaving the samples to incubate overnight greatly enhanced this signal, and
returned them to a level that was in the same order as that for the Diasorin antibody (see
Figure 2.5.6). Therefore, the protocol for use with the Calbiochem capture antibody was
modified: following incubation overnight at 4 °C, excess antibody was decanted off and,
after blocking non-specific binding sites, the antigen was applied, which was incubated
overnight at 37 °C. The remainder of the ELISA protocol was followed as per the general
method detailed in Section 2.5.1.
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Figure 2.5.5 Comparison of Diasorin and Calbiochem capture antibodies

Both capture antibodies were applied to ELISA microtitre plates at their appropriate
optimal concentrations: Diasorin = 2.5 ug/ml; Calbiochem = 1.5 ug/ml. Following
overnight incubation, wells were incubated with apoE serum standards for 1 hour at
room temperature, then probed with detection antibody (8 ug/ml), and S-HRP 1:1,000
dilution in assay buffer. Assay endpoint was 15 min after addition of TMB substrate.
Each point represents triplicate readings (+ standard error).
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Figure 2.5.6 Effects of incubation time and ambient temperature during

antigen binding, by capture antibody on the microtitre plate
A microtitre plate was prepared by overnight incubation with capture antibody at 1.5
ug/ml. Following this, antigen was applied at a concentration of 8 ng/50 ul. Samples
were incubated according to the different conditions investigated. incubation times of 1
h, 2 h, 4 h, and overnight (>12 h); incubation temperatures of 4 °C, room temperature,
and 37 °C. Following this, detection antibody was applied at 8 ug/ml, and S-HRP
1:1,000 dilution in assay buffer. All assays were stopped 30 min after addition of TMB
substrate. Data shown represent triplicate readings, with standard error displayed above

each bar.
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2.5.7 Assessment of new apoE standard

In addition to the capture antibody, the manufacturer of the serum standard used in the
current ELISA method, Technoclone, no longer supplied this reagent. As a replacement,
recombinant human apoE3 from Calbiochem (#178475) was used. This was supplied at a
stock concentration of 340 ng/pl, and was diluted using assay buffer in the same manner
as the existing serum standard. An ELISA was performed using both the Technoclone
serum standard and the new recombinant apoE3 standard. Results are shown in Figure
2.5.7. The Calbiochem standard deviated significantly from the Technoclone serum
standard. In order to rectify this, the recombinant apoE3 standard was calibrated against
the Technoclone standard. Through this, it was determined that the recombinant human
apoE3, although supplied at a stock concentration of 340 pg/ml, actually functioned at a
stock concentration of 170 pg/ml in the assay conditions used in this ELISA. Working
with this concentration, a new set of dilutions were prepared within the normal range of
standards used in the ELISA. This gave a standard curve that more comprehensively
matched the standard curve generated using the Technoclone serum standard.
Furthermore, the apoE concentration in human serum was measured using the optimised
assay conditions and the Calbiochem standard, and was determined to be equivalent to

the normal human serum apoE concentration of ~50 pg/ml.

2.5.8 Detection limits of ELISA with new reagents

Having established the optimum concentrations of the various reagents in the apoE
ELISA, the detection limits of the assay could be established. This minimum sensitivity
limit defines the lowest concentration of apoE that the assay can detect with any
accuracy. This value is linked to the background OD reading of the assay. At this lower
end of the ELISA scale, minor changes in colour can be amplified as significant changes
in concentration. The detection limit was determined by performing an ELISA according
to standard protocol: capture antibody 1.5 pg/ml in PBS; detection antibody 8 pg/ml in
assay buffer; S-HRP 1:1,000 in assay buffer. However, instead of the normal range of
concentrations of the standard, a much lower standard range was used: serial doubling
dilution from 6.0 ng/50 pl through to 0.09 ng/50 pl. The sensitivity limit has been
determined as a function of the background OD measured, and defined as 2 x the
standard deviation (SD) of this measurement. From Figure 2.5.8, the background OD
reading is 0.061, with an SD of 0.04. This gives a sensitivity limit OD4sonm of 0.069,
which is equivalent to an apoE concentration of ~0.049 ng/50 pl. Thus, the sensitivity

limit of this assay is equivalent to 0.977 ng of apoE per ml of sample, or ~1 ng.
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Figure 2.5.7 Investigation of a potential new apoE standard for use in the ELISA

Technoclone’s serum standard and Calbiochem’s recombinant human apoE3 were
diluted in assay buffer to give an equivalent set of standards. These were used in an
ELISA in which an optimised set of conditions was used: capture antibody at 1.5 pg/ml,
samples incubated overnight at 37 °C, detection antibody at 8 ug/ml, S-HRP 1:1,000
dilution in assay buffer. Assay endpoint was 30 min after addition of TMB substrate.

ApoE concentration (ng/50 pl)

Each points represents triplicate readings (+ standard error).
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Figure 2.5.8 Determination of detection limit of optimised apoE ELISA.

The assay was performed as described in Section 2.5.11 using newly calibrated
recombinant apoE3 standards across a range from 0.03-6.0 ng/50 ul, but only up to
0.375 ng/50 pd have been plotted. Each point represents triplicate readings on a plate (+
standard error). The full set of standards extending beyond the points shown Jfollow a
linear relationship between measured OD and apoE concentration, as assessed by
Microsoft Excel. The sensitivity limit has been determined by the OD reading at 1.5 x OD
above the background OD reading, which is 0.06 units. The detection limit is shown on

the curve as a dashed line. This is equivalent to 3.4 ng apoE per ml in a sample.
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2.5.9 Investigating potential for an extended storage of prepared ELISA plate

It is recommended that when performing an ELISA, the microtitre plate should be
prepared no more than 24 h prior to the time of initial use. However, to investigate
whether this was necessarily the case, 2 plates were prepared as normal by coating wells
with 1.5 pg/ml capture antibody and stored at 4°C. Following overnight incubation, one
plate was taken out and a normal ELISA protocol was followed with a range of standards
applied to the plate and the assay performed to conclusion. Meanwhile, the second plate
remained at 4°C until 7 days had elapsed, at which point this was taken and the normal
ELISA protocol followed as well. The OD values established using these two plates are
displayed in Figure 2.5.9. It should be noted that this investigation was performed prior
to the re-calibration of the Calbiochem recombinant apoE standard (as described in

Section 2.5.7), which accounts for any potential OD discrepancies.

The results of this investigation appear to show that very little change in OD measured at
equivalent apoE concentrations is apparent after leaving the plate for 1 week. There
appears to be only a negligible decreased in OD, although even the highest standard
concentration elicited a strong response that was comparable between the two plates.

Therefore, ELISA plates can be prepared and stored for at least 1 week prior to their use.

2.5.10 Intra-assay and inter-assay variability of signal

Each ELISA plate prepared is unique and will be subject to minor differences in both
initial preparation and use throughout the assay. However, the ability to deliver accurate
results requires a degree of reproducibility and consistency between plates. To this end,
an investigation was performed to determine the intra-assay and inter-assay variability on
a single plate and across a range of plates, respectively. This was achieved using pooled
plasma samples taken from 7 individual human donors. The plasma was diluted
appropriately (usually around 1:1,000 to 1:2,000) in assay buffer and a normal ELISA
protocol followed. Normally, as least one triplicate set of wells would be treated with this
plasma sample. However, to determine the intra-assay variability, a single plate had 10 of
its wells loaded with 50 ul/well of plasma each at different (i.e. non-sequential) positions
across the plate. For inter-assay variability, plasma samples from 12 unique ELISAs were

compared, each run on different plates and on different days.
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Figure 2.5.9 Investigation of extended storage of prepared ELISA microtitre plate

Two microtitre plates were setup identically with wells coated with capture antibody at
1.5 ug/ml and stored at 4 °C. Following overnight incubation, one plate was taken and a
normal ELISA protocol was performed. The second plate was stored for 7 days before
taking it from cold storage and a normal ELIA performed. Each point represents
triplicate readings at each apoE concentration (+ standard error).
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To determine the variability between these readings, the coefficients of variation (CVs)

was calculated using the following equation:

cv =  Standard deviation (SD, X 100
Mean average

The CV values determine the degree of variation both within and between assays. The
intra- and inter-assay coefficients of variation were determined to be 4.5 % and 6.1 %,
respectively, and shown in Table 2.1. These were similar to those previously reported in
the literature and are well within acceptable limits for an ELISA [209,210].

INTRA-ASSAY INTER-ASSAY
PLASMA CONCENTRATION PLASMA CONCENTRATION
(pg/ml) (pg/ml)
49.0 48.0
54.3 52.0
53.0 52.0
60.1 50.0
54.6 50.4
51.1 524
504 52.0
57.3 553
55.0 54.2
53.0 49.6
— -~ 48.0
— 49.0
10 n : 12
53.8 pg/ml AVERAGE 51.1 pg/ml
33 SD 2.3
6.1 % cv 4.5 %

Table 2.1 Intra- and inter-assay reproducibility of apoE ELISA.

Pooled plasma from 7 human volunteers was diluted in assay buffer and used in a apoE
ELISAs. In the first instance, a single plate contained 10 wells with this plasma, in non-
sequential positions across it, used to determine the intra-assay variability. The inter-
assay variability was determined by measuring samples on 12 unique plates, performed
at different time. Normal ELISA protocol was followed. The CV values for intra- and

inter-assay variability were calculated from the equation CV = (SD/mean) x 100.
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2.5.11 Summary of ELISA development
In conclusion, the apoE ELISA was re-developed using an existing protocol, but with
new sources for the capture antibody, apoE standard and a modification of the actual

procedure itself. Summarised below is the new ELISA protocol:

* Coat wells of a 96-well microtitre plate with 100 ul per well capture antibody (1.5
pg/ml in PBS, pH 7.4) cover securely and incubate overnight at 4 °C.

* Decant off capture antibody the following day. |

= Wash 5 times with 300 ul/well washing buffer.

* Add 350 pl/well blocking buffer, cover securely and incubate plate at 37 °C for 1 h.

» Wash plate 5 times with washing buffer.

» Add 50 pl per well antigen (samples and standards) to give a range of standards
(Calbiochem recombinant human apoE3; 49 ug/ml stock concentration) and
samples within the limits of this standard curve. All diluted in assay buffer.

= Allow antigen to incubate (securely covered) with the capture antibody: incubate
overnight at 37 °C.

= Wash plate 5 times with washing buffer ’

* Add 50 pl per well biotinylated detection antibody (8 pg/ml in assay buffer)
supplemented with 1 % goat serum. Incubate securely covered for 1 h at room
temperature with constant agitation.

= Wash plate 5 times with washing buffer.

= Add 100 pl per well S-HRP solution, diluted 1:1,000 in assay buffer. Securely
cover and incubate for 30 min at room temperature with constant agitation

= Wash plate 5 times with washing buffer.

s Add 100 pl per well TMB substrate. Cover with aluminium foil and incubate at
room temperature for 30 min with constant agitation

» Enzymatic reaction stopped by application of 100 ul per well 2M H,SO,.

= Plates read using a plate reader, and data entered into Microsoft Excel for analysis.

2.6 STATISTICAL ANALYSIS

Values in text and figures were expressed as the mean * standard error of the mean,
unless stated otherwise. Statistical differences between means were determined using
Student’s z-test and considered significant if p<0.05. All analyses were performed using
Microsoft Excel (Microsoft Office Professional Edition, 2003).
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3.0 CHARACTERISATION OF NEURONAL
CELL LINES BY QUANTITATIVE
POLYMERASE CHAIN REACTION

3.1 INTRODUCTION

As described in Chapter 1, the eventual aim of this thesis is to identify whether apoE can
mediate an isoform differential effect on neuronal cell lines, including the release of
nitric oxide. As a preliminary exercise, it is necessary to identify suitable cell lines that
can be utilised for this purpose. This will become the model system from which all
further analyses can be performed. Selection of the optimum cell line(s) will have a

significant effect on the eventual investigations performed.

The cell line(s) selected must meet a selection of criteria to be considered suitable for
further investigation. They must express cell surface receptors that will allow apoE to
bind and undergo endocytosis. This provides the ‘first-line’ interface between the cells
and the ligand (apoE). A number of receptor types have been investigated, including
members of the LDL-receptor gene family (LDL-r, VLDL-r, LRP and apoER2) and HDL
receptors (SR-BI and SR-BII). The capability of these cells to generate nitric oxide will
be conferred by the presence of one or more of the NO synthesising isoenzymes, NOS.
Moreover, the expression of the NOS3 regulatory kinase, PKB/Akt, was also
investigated; PKB/Akt has been demonstrated to perform a vital function in the
regulation of NO release, especially in low Ca®* conditions. Together, these various
factors — receptor binding, nitric oxide synthesis, and regulation of the nitric oxide
response — can be considered as essential mediating points that allow apoE to propagate a

message from the cell surface to eventually modulate NO release.

A number of the receptors studied are of particular interest due to their potential for
mediating a signalling function, specifically: LRP, VLDL-r, apoER2, and the SR-BII
splice variant. Putatively, apoE binding to these receptors on the extracellular surface of a
cell could result in the recruitment of signalling molecules intracellularly resulting in the
initiation of a signalling cascade, or the modification of one. As such, investigating the
expression of these receptors could be very revealing; the presence of these receptors
may be indicative of particular signalling functions within neuronal cells that could be

modified by apoE, whether these be related to NO release or not.
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There are a number of methods available for assaying gene expression, including
competitive reverse transcriptase- (RT-) PCR, conventional RT-PCR and Northern blot
analysis [214,215,216]. However, in this instance, the assay method employed has been
quantitative real-time PCR utilising SYBR Green I intercalating dye chemistry. This was
deemed a suitable technique as it required no special probes to be synthesised, nor the
need to modify existing PCR protocols. Initially, gene expression was assessed using
only SH-SYS5Y and CCF.STTGI1 cells, largely to establish that this technique could be
utilised effectively. Beyond this, expression of these genes was measured through the use
of TaqCell plates; microtitre plates that carried cDNA from a panel of 38 different human
cell lines, 12 of which were derived from the brain. This allowed a unique assessment of
gene expression in multiple cell lines from a diverse range of tissue sources.
Furthermore, the presence of cDNA templates of known copy number on these plates
allowed the mRNA copy number of the genes under investigation to be determined using

this assay method.
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3.2 SPECIALISED MATERIALS & METHODS

3.2.1 Cell culture and sample preparation

In order to verify and optimise PCR procedures in this chapter, SH-SYSY neuroblastoma
and CCF.STTGI astrocytoma cell lines were cultured according to the protocols detailed
in Section 2.2.1. These two cell lines were selected as they were suitable representatives
of the two main populations of cell types found in the brain; SH-SYSY representing
neuronal cells and CCF.STTG1 representing astrocytic cells. When cells were sub-
confluent, genomic DNA and RNA were extracted, as detailed in Section 2.3.1 (DNA)
and Section 2.3.2 (RNA). Extracted RNA was used as a template for single-stranded
cDNA synthesis by reverse transcription, described in Section 2.3.3. The cDNA

transcripts provided the template for subsequent PCR investigation (see Section 2.3.4).

3.2.2 PCR optimisation

As described in Section 2.3.1, PCR primers were determined using the web-based primer
design application, GeneFisher®, and are listed in Table 3.1. Primer design was based on
the complete mRNA coding sequences of the target genes. Amplicons were designed to
be between 100-200 bp to ensure maximum PCR efficiency for detection of products
with the intercalating fluorogenic dye, SYBR Green I (see Section 2.3.6.3). Reactions
were performed on a standard thermal cycler to ascertain the optimal annealing
temperature. Once established, reactions were then performed using the real-time PCR
thermal cycler (RotorGene RG3000) and reaction mixtures containing the Quantitect
SYBR Green I dye (see Section 2.3.7), to investigate whether the primers and optimised
reaction conditions could suitably measure gene expression. For reference, the expression
of a housekeeping gene (B-actin) was used with 10-fold serially diluted DNA templates
to give a range of concentrations from 10° through to 10°°. This allowed generation of a
standard curve that could then be used to determine the level of expression of the target
genes. As the copy number of B-actin was not known, expression of target genes were

measured relative to that of B-actin on an arbitrary scale.

3.2.3 Preparation of TaqCell plates

For complete analysis of gene expression, a human cell line and primary cell ‘TagCell’
masterplate [217,218] was prepared. The plate contained cDNA samples for 38 human

primary cell and cell lines on a 96-well plate; details of these cell lines are displayed in

¢ http://bibiserv.techfak.uni-bielefeld.de/genefisher/
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Table 3.2. Briefly, total RNA was extracted from the different cell lines for reverse
transcription. Also included were two neuroblastoma cell lines, IMR-32 and SH-SYS5Y,
which had been differentiated into more neuron-like morphologies with extended
neurites. This was achieved in IMR-32 cells by treating cell cultures for 7 days with 1
pM retinoic acid. For SH-SYS5Y cells, differentiation was achieved by supplementing
their growth medium for 7 days with 1 mM dibutryl cAMP, 100 ng/ml 2.5S nerve growth
factor, 10 pug/ml gangliosides, and 0.5 uM sodium butyrate. Fifty micrograms of RNA
from each cell line was reverse transcribed (as detailed in Section 2.3.3) and the cDNA
diluted into 96-well plates. Upon completion, each well contained 5 ul of cDNA reverse
transcribed from 50 ng total RNA from each of the different cell lines in duplicate across

the 96-well plate. The prepared plates were stored at -80 °C until required for use.

3.2.4 Quantitative RT-PCR with TagqCell plates

To each well of cDNA template (5 ul), a 20 pul reaction mix was added containing 12.5
pl 2x PCR mastermix’ (comprising optimal amounts of SYBR Green I, MgCl,, dNTP
and Taq polymerase), 1 ul of 10 uM forward primer, 1 ul of 10 uM reverse primer, and
5.5 pl water. Real-time PCR assay was performed on an ABI 7700 Sequence Detection
system (Applied Biosystems) running the cycling conditions: 50 °C for 2 min, 95 °C for
10 min, 45 cycles of 95 °C for 15 s, and 60 °C for 1 min. Immediately following this
reaction, melt curve analysis was performed by heating the plate from 60 °C to 99 °C and
measuring SYBR Green I dissociation from the amplicons. This allowed determination
of reaction specificity. The copy number of mRNA-derived cDNA in each sample was
calculated from a standard curve generated with the use of known amounts of plasmid or
genomic DNA. Housekeeping genes, B-actin and GAPDH, were measured for reference
to verify that all samples were integral and of comparable quality. Genomic DNA
contamination of the original RNA samples was negligible (<10 copies genomic
DNA/50ng RNA), as shown by TagMan assay of genomic sequence for 10 genes in
replicate samples taken through the reverse transcription procedure, but with the reverse

transcriptase omitted.
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GENBANK

GENE ACCESSION PRIMER SE?,UE;,CE PR:IIZ’ECT
NUMBER B
Forward GCGAAGATGCGAAGATATCGATG
DL NM00527 Reverse  CCGGTTGGTGAAGAAGAGGTAG 172 bp
Forward  CTGCAGCCATTGCTGTTGATTGG
VLDL-x NM003383 Reverse  CCAGTAAACAAAGCCAGACAGTG 173 bp
Forward GATCCCAATGACAAGTCAGATGC
LRP NM002332 Reverse  ATGCCATTGGTCACCACGTCTTC 173 bp
ApoER2 D50678 Forward  GCGGAACTATTCACGCCTCA T4 bp

Reverse TGCGATTGGTGGCAACTTC

Forward GGTCCCTGTCATCTGCCAA
SR-BI 222555 Reverse CTCCTTATCCTTTGAGCCCTTT 85bp

Forward TCCTGAGGACACCGTGAGC

SR-BII 222555 Reverse  GAGGCTCAGGCTGTGG 123 bp
NOSI ARSI OATGTTCeAGT 17 bp
NOS2  NMIS e CAGNTGTICCTOA 104 bp
N aswe Do commowicoamss g,
BB MOses A neTACTCRAGAG. 71
B-actin X00351 II;ZI:Z:;: ggiggggggggggggggzgiccmfr 215bp
Table 3.1 Primers designed to investigate gene expression by real-time PCR

Complete list of primers used in this present study, with GenBank accession numbers and
expected product sizes. All primers designed using GeneFisher and synthesised to order

by Sigma-Genosys (Cambridge, UK). Primers were designed for amplification from

c¢DNA template.
LDL-r ......... low-density lipoprotein receptor;
VLDL-r ......... very-low-density lipoprotein receptor;
LRP ......... LDL-receptor-related protein
ApoER2 ......... apolipoprotein E receptor 2;
SR-BI/BII ......... scavenger receptor class B Type I/ Type II;
NOSI ......... neuronal nitric oxide synthase;
NOS2 ... inducible nitric oxide synthase;
NOS3 ......... endothelial nitric oxide synthase;
PKB/Akt ......... protein kinase B;
f-actin ......... ubiquitously expressed housekeeping gene

Jor real-time PCR standardisation/quantisation.
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CELL LINE NAME CELL LINE
AND TISSUE SOURCE INFORMATION REFERENCE
Vessel Wall
AO-SMC- (unstimulated) Aortic smooth muscle cells CC-25714
AO-SMCH+ (serum stimulated) Aortic smooth muscle cells -
HCA-EC Human coronary artery endothelial cells CC-25854
HCA-SMC Human coronary artery smooth muscle cells CC-25834
Bladder-SMC Bladder smooth muscle cells GSK®
Liver
Chang Liver cells CCL-13€
HepG2 Hepatocyte carcinoma HB-8065 €
WRL68 Liver carcinoma CL-48°€
Blood
Lymphocytes Primary culture -
Macrophages (monocyte-derived)  Primary culture -
THP-1 (unstimulated) Monocytic TIB-202°€
Neutrophils Primary culture -
CMK-86 Megakaryocyte GSK®
M-07e Megakaryocyte ACC104°
UT7-Epo Megakaryocyte [219]
Bone/Cartilage
C20A4 Chondrocytes [220]
HOS Osteosarcoma cells CRL-1543°¢
MG63 Osteosarcoma cells CRL-1427°€
SAOS2 Osteosarcoma cells HTB-85 €
HAC60 Articular chondrocytes GSK®
Astrocytoma/glia
1321N1 Brain astrocytoma 86030402°
Cl13 Immortalized immature microglial cell GSK®
Hs-683 Glioma HTB-138°
CCF.STTGI Astrocytoma CRL-1718°€
Neuroblastoma
H4 Brain neuroglioma HTB-148°€
IMR32- NCA240 Neuroblastoma CCL-127°€
IMR32+ NCA240 Neuroblastoma -
SK-N-MC Neuroblastoma HTB-10€
SK-N-SH Neuroblastoma HTB-11°€
SH-SYS5Y- (undifferentiated) Neuroblastoma CRL-2266°€
SH-SY5Y+ (differentiated) Neuroblastoma -
NT-2 precursor cells Ntera/D1 cell line, derived from a human teratocarcinoma, CRL-1973°€
represents a committed neuronal precursor stage of
differentiation
Others
Prostate SMC Prostate smooth muscle cells, primary, p3 GSK®
HK-2 Kidney, cortex, proximal tube, HPV-16 transformed CRL-2190°€
Parental Background Cells
HEK 293 Embryonic kidney CRL-1573€
HeLa Epithelial cervical adenocarcinoma CCL-2€
COS-1 Kidney fibroblast-like, derived from CV-1 cells, transformed CRL-1650 ¢
with origin-defective mutant of SV-40 coding for T-antigen
MRC-9 Foetal lung fibroblast (female) CCL-212°¢

Table 3.2 Human primary cells and cell lines present on the TaqCell plate.

Details of cell lines, with tissue source and reference number/supplier information.

A = Cambrex Bioproducts, New Jersey, USA;

= GlaxoSmithKline (GSK) in-house collection, Harlow, UK;

B

C = American Type Culture Collection (ATCC);

D = German Collection of Microorganisms and Cell Cultures (DSMZ),;
E = European Collection of Cell Cultures ECACC)
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3.3 RESULTS
3.3.1 Standard PCR assay to test primers

Before primers were used in TaqCell plate assays, it was important to verify that each
chosen pair would selectively amplify their target under identical conditions. This was
done using cDNA templates from CCF.STTG1 and SH-SYS5Y cells, selected due to their
representation of the two main cell types found in the brain: neuronal and astrocytic.
Reactions were performed in a standard thermal cycler, followed by visualisation by
agarose gel electrophoresis. The aim was to generate a single band corresponding to the
correct product size, with no obvious contamination by artefactual bands, mispriming, or

primer-dimer complexes.

The final results from this investigation are shown in Figure 3.1, which represents a set
of PCRs performed using the primer sets listed in Table 3.1. For every target gene,
multiple primer sets were designed and investigated (data not shown). Those that gave
the most intense single product without mispriming were isolated and their annealing
temperatures investigated in a further round of PCRs. The goal was to develop a uniform
programme that could be used for all primer sets. This was in order to simiplify the
quantitative PCR process that would follow on, allowing a number of genes to be
investigated in simultaneous reactions without having to modify the overall conditions
within the machine real-time PCR thermocycler. The programme eventually elucidated
was 50 °C for 2 min, 95 °C for 10 min, followed by 45 cycles of 95 °C for 15 s, and 60 °C
for 1 min, which was based on the Quantitect SYBR Green I manufacturer’s
recommended protocols and the average melting temperature of the primer sets (which
corresponds to their annealing temperature). All primer sets appeared to function well at
these conditions, although a range of temperatures £ 2 °C of the optimal annealing

temperature could be utilised for all primer sets (data not shown).

Shown in Figure 3.3 are reactions performed at these conditions, followed by agarose gel
electrophoresis: potential apoE receptors (see Figure 3.1.4); NOS isoenzymes, PKB/Akt
and the housekeeping gene B-actin (see Figure 3.1.B). Each reaction was performed with
identical conditions, whereby 400 ng of cDNA temple were used in a reaction mixture
containing identical concentrations of PCR components (i.e. primers, dNTPs, MgCl,,

Tagq, water), and finally run to an identical programme on the thermal cycler.
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NOS1 NOS3 B-actin

NOS2 PKB/Akt

Figure 3.1  PCR products of genes being investigated

Reactions were performed using cDNA template derived from cultured SH-SY5Y cells in
a standard thermal cycler and products separated by 2 % agarose gel electrophoresis.
Also included is one of the ubiquitously expressed housekeeping genes, p-actin, used to
standardise/quantify gene expression of the other target genes. Detailed below are the
expected product sizes of each PCR product:

(A) Lipoprotein receptors (B) NO biosynthesis elements
LSR5 172 bp NOSE . 117 bp
VLDL-r........ 173 bp NOS2........ 104 bp
LERP. it 173 bp NOS3........ 109 bp
apoER2........ 74 bp PKB/Akt ........ 171 bp
SR-BI........ 85 bp

SR-BII........ 123 bp p-actin ....... 215 bp
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3.3.2 Gene expression investigation using RotorGene RG3000 thermal cycler

A summary of data gathered using the RotorGene RG3000 is shown in Figure 3.2.
Overall, there appears to be some expression of all genes investigated in both SH-SYSY
and CCF.STTGI1 cell lines, although the actual level of expression is variable between
both the genes themselves and the two cell lines. In addition to reactions for the genes of
interest, each experiment also included a set of reactions using primers targeting the p-
actin gene. For these PCRs, a serial dilution of DNA template was used, which allowed a
standard curve to be generated, from which a threshold cycle could be determined. In a
series of experiments, both SH-SY5Y and CCG.STTGI1 derived cDNA templates were
used for generating this standard curve, and there was an overall good correlation
between them. This highlights both the suitability of P-actin for evaluating gene
expression between these two cell-lines, and the general reliability of assays performed
using this instrument. The actual copy number of B-actin genes within the two cell types
was not known. Hence, all data generated has been measured as expression relative to B-
actin expression, wherein 1.0 unit of expression is equivalent to the same gene copy

number as B-actin mRNA within these cells.

3.3.2.1 Expression of LDL-receptor gene family members

The expression of apoE related receptors and protein kinase B (PKB/Akt) are displayed
in Figure 3.2 A. The observed relative expression of LDL-r was good in SH-SYSY cells
(1.050 units), with the CCG.STTG1 cells showing about half this expression level (0.630
units). This was also the case for the VLDL-r, with SH-SY5Y cells expressing 0.433
units compared to 0.209 units in CCG.STTG1. LDL-receptor-related protein (LRP)
expression was relatively low in SH-SYSY cells. However, in CCG.STTG1 cells, there
was a marked increase in expression of this receptor (2.648 units in CCG.STTG1 cells,
compared with 0.181 units in SH-SYS5Y cells). Expression of apoER2 was very low in
both cell types: 0.011 units in SH-SY5Y cells and 0.037 units in CCG.STTG1 cells.
Although expression in the CCG.STTGI cells was about 3-fold higher, both are of a
similar order of magnitude, which is problematic when attempting to determine in which
cell type (neuronal or astrocytic) this receptor is predominantly expressed. Despite this, it
is significant that expression of apoER2 has been demonstrated in these two cell lines.
This is a positive observation, which will be important for further investigation, largely
because the main function of apoER2 (in concert with VLDL-r) is considered to be its

involvement in signalling events rather than receptor-mediated endocytosis of apoE
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containing lipoproteins, which is the main function of the other LDL-receptor gene

family members.

3.3.2.2 Expression of SR-BI and SR-BII

Both of these HDL receptors showed good expression in both SH-SYS5Y and
CCG.STTGT! cells (see Figure 3.2 A). In both instances, CCG.STTG1 cells appeared to
have approximately 2-fold higher expression compared to SH-SY5Y cells. However, the
expression of SR-BII was the predominant form found in both cell types, with 1.7 x in
SH-SYS5Y and 1.6 x in CCG.STTGI1 cells with respect to SR-BI expression. The
expression of SR-BII requires the splicing out of the stop codon of the SR-BI mRNA
sequence, with the addition of a new exon sequence. The occurrence of this event is
considered relatively infrequent, resulting in SR-BI expression being predominant in
human cells such as HepG2 and THP-1 [165].

3.3.2.3 Expression of NOS isoforms and PKB/Akt

Overall, expression of the NOS isoenzymes (see Figure 3.2 B) reveals a very low
expression, particularly of NOS1 and NOS3. It was only the expression of the inducible
form, NOS2, in SH-SY5Y cells that was significantly high. This was still ohly 0.043
units, which is dramatically lower than any of the receptor expression levels observed.
However, as basal NO levels remain relatively low, there may be no real requirement for
these cells to have high NOS levels. Certainly, they express them at a very low copy
number, but this may be sufficient for the cell’s purposes. Also featured on Figure 3.2 A
are data for PKB/Akt expression within these two cell lines, which appears to be
relatively high. Therefore, this regulatory element of NOS3 activity is present at
substantial levels. The disparity between PKB/Akt and NOS3 expression is likely due to
PKB/Akt being a signalling molecule for a number of pathways other than NOS3, which

would entail relatively high expression.

117



A @ SH-SY5Y m CCF-STTG1

Q

2

- O

S o

[

®

=

9 <

]

°c

=R

29

»n 2

ge

o

|

LDL VLDL LRP ApoER2  SR-BI SR-Bll  PKB/Akt

B |7 @ SH-SY5Y @ CCF-STTG1

0.06

Expression of gene relative
to B-actin expression

NOS1 NOS2 NOS3

Figure 3.2  Real-time PCR investigation using RotorGene instrument

(A) LDL-receptor gene family members (LDL-r, VLDL-r, LRP and apoER2), HDL
receptors (SR-BI and SR-BIl) and PKB/Akt;(B) NOS isoforms. Reactions performed
using cDNA templates from SH-SY5Y and CCF.STTTG1 cells. Gene expression levels
determined on an arbitrary scale relative to p-actin expression. Plotted data represent

the mean of quadruplicate reactions for each primer set (+ standard error).
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3.3.3 TagqCell assay of gene expression

Following assessment of gene expression in the two cell lines described in Section 3.3.2,
the primers sets were utilised in the investigation of gene expression of a panel of 38
human primary and cultured cell lines. This method permitted comparison of many
different cell lines in a single assay. In this case, comparison of gene expression between
cells derived from brain tissue and other peripheral tissues including liver, bone and

blood, was possible in a single assay.

3.3.3.1 Expression of LDL-receptor gene family members

Expression of the LDL-r was observed in all cell lines (see Figure 3.3 A). With few
exceptions, copies of mRNA detected exceeded 100,000/50ng total RNA across the
whole plate, with a particularly high level of expression present in UT7-Epo cells.
Expression in the brain-derived cells did not obviously differ from the other cell lines.
The VLDL-r showed a distinct expression profile (see Figure 3.3 B), with large
differences in mRNA levels between cell types. The highest levels of gene expression
were generally in cells from the vessel wall, whilst brain-derived cells also displayed
strong expression, both in astrocytoma and neuroblastoma cells. In the two differentiated
neuroblastoma cells, expression of the VLDL-r was upregulated: 2.9-times in IMR-32
and 1.5-times in SH-SYS5Y. Similar upregulation was also seen in AOSMC smooth

muscle cells (2.9-times higher) following serum stimulation.

Although all cell lines expressed LRP, mRNA levels across the TagCell plate were
highly cell-dependent, with vessel wall-derived cell lines and macrophages giving the
highest copy numbers (see Figure 3.3 C). As with VLDL-r expression, there was
upregulation of LRP in the differentiated brain-derived cell lines, markedly so for IMR-
32 cells (32-times), while expression in SH-SYS5Y cells doubled. ApoER2 mRNA was
detected at a lower level than the other LDL-r gene family members (see Figure 3.3 D).
However, a survey across the plate revealed that both astrocytoma and neuroblastoma
cell lines displayed high apoER2 expression, relative to the other cell types, with the
greatest level found in H4 neuroglioma cells. Differentiated IMR-32 cells showed a 30%
rise in apoER2 mRNA, consistent with increased expression of LDL-r and VLDL-r,
whereas this was not seen in SH-SYS5Y cells, which expressed 55% less apoER2 mRNA

than undifferentiated cells.
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Figure 3.3  TaqCell plate assay of LDL-receptor gene family expression

Levels of mRNA were measured in 38 human cell lines and primary cells for (A) LDL-r, (B)
VLDL-r, (C) LRP and (D) apoER2. Data shown represents the mean of a duplicate measurement

(+ standard error) of mRNA copy numbers in 50ng of reverse transcribed total RNA from the

same batch of cells. Note: scaling on y-axis of each graph differs. In all figures, brain-derived

cell lines are highlighted within the shaded boxes.
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A comparison of the TagCell data and the data from the RotorGene investigation (see
Figure 3.2) reveals a general concordance when comparing SH-SY5Y gene expression
levels to that of CCF.STTGI cells. The only anomalous reading occurs when comparing
LRP expression in the RotorGene investigation: on the TaqCell plate, the expression is
higher in the SH-SYSY cells by a factor of ~2-3; the RotorGene investigation appears to
show CCF.STTG1 expressing this receptor at a higher copy number by a factor of over
14 x the SH-SYSY expression level. Analysis of the direct measurements from the
duplicate readings on the TaqCell plate for these cell lines reveal that the copy numbers
were not spurious and were reproducible with reasonable concordance, at least in the two

instances of the assay.

3.3.3.2 Expression of SR-BI and SR-BII

Expression of the high-density lipoprotein (HDL) receptors, SR-BI (see Figure 3.4 A)
and SR-BII (see Figure 3.4 B) was readily apparent in nearly all cell types on the
TaqCell plate. For SR-BI, the level of mRNA was generally much higher in the
astrocytoma cell lines than in the neuroblastoma lines, although H4 neuroglioma cells
were an exception. This preferential expression in astrocytoma lines was less obvious
when levels of SR-BII mRNA were analysed, as IMR-32, SH-SYS5Y and NT-2
neuroblastoma cells showed strong expression. SR-BII, the splice variant of SR-BI, is
produced by exon-skipping to give a mRNA transcript that differs by 129bp. The
frequency of such an event is rare, making SR-BI the predominantly expressed variant.
This is consistent with the TaqCell data, which reveal greater expression of SR-BI than
SR-BII in virtually all non-brain cell lines. Interestingly, in many brain-derived cells SR-
BII predominated as clearly shown when the SR-BII:SR-BI ratio was calculated (see
Figure 3.4 C). However, this preferential expression of SR-BII was confined to
neuroblastoma cells, as each of the four astrocytoma cell lines had higher copy numbers
of SR-BI mRNA than SR-BII mRNA. In three cells, differentiated IMR-32, SK-N-SH
and NT-2 precursor cells, there was over 30-times greater expression of SR-BII than SR-
BI. These findings contrast with previous reports of the proportional distribution of these
receptors in other tissues [165], and with the present survey across a wide range of cell
types. However, this finding is supported by the assay performed using the RotorGene

instrument, which seems to indicate that this is a notable phenomenon (see Figure 3.2 A).
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Figure 3.4  TaqCell plate assay of HDL receptor expression

Levels of mRNA were measured in 38 human cell lines and primary cells for (4) SR-BI
and (B) SR-BII. Data shown are the mean of a duplicate measurement (+ standard error)
of mRNA copy numbers in 50ng of reverse transcribed total RNA from the same batch of
cells. (C) Calculated ratio of SR-BII : SR-BI mRNA expression. Brain-derived cell lines
are highlighted; five cell lines gave ratios greater than 2.0 (IMR-32 +/-, SK-N-SH, SH-
SY5Y +/-), in four cases markedly so, and their individual ratio values are shown above

the bars. In all figures, brain-derived cell lines are highlighted within the shaded boxes.
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Figure 3.5  TaqCell plate assay of NOS isoform and PKB/Akt expression
Levels of mRNA were measured in 38 human cell lines and primary cells for (4) NOSI,
(B) NOS2, (C) NOS3 and (D) the NOS3 regulatory kinase, PKB/Akt. Results are shown
only for the brain-derived cells and represent the mean of a duplicate measurement (=
standard error) of mRNA copy numbers in 50ng of reverse transcribed total RNA Jfrom
the same batch of cells. Note that the scaling on the y-axis of each graph differs.
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3.3.3.3 Expression of NOS isoforms and PKB/Akt

The three NOS isoform’s mRNA were detected at lower levels than those of the
lipoprotein receptors, rarely exceeding 4,000 mRNA copies detected/50ng total RNA.
NOS1 mRNA was detected at the lowest level with several of the brain-derived cell lines
showing no expression (see Figure 3.5 A). The SH-SYS5Y cells gave the highest level of
430 mRNA copies detected (and was also highest across the whole plate; data not
shown), although upon differentiation there was a dramatic decrease in NOS1 mRNA
expression. The presence of NOS2 mRNA was detected in all the brain-derived cells
with half showing a ‘basal’ expression level of ~400 mRNA copies detected/50 ng total
RNA (see Figure 3.5 B), which was similar to that detected in the other cell types on the
plate (data not shown). The presence of NOS3 mRNA was also readily detected and ten
of the twelve brain-derived cells gave a consistent expression level of 1,500-3,000
mRNA copies detected/50 ng total RNA. The two exceptions, C13 and differentiated
IMR-32 cells, gave levels of 4,200 and 8,000 mRNA copies detected/50 ng total RNA,
respectively (see Figure 3.5 C). For both NOS2 and NOS3, the two differentiated cell
lines showed similar changes in mRNA expression compared to their undifferentiated
counterparts. In the case of IMR-32 cells differentiation produced 3-4-fold increases in
NOS2 and NOS3 expression, while in SH-SYS5Y cells the change was in the opposite
direction with differentiation leading to halving of mRNA copy numbers (see Figures 3.5
B and C). The expression of the NOS isoenzymes by TaqCell assay was largely
supported by the data generated using the RoforGene instrument (see Figure 3.2 C).
Overall expression of these genes is very low, with copy number not exceeding 9,000
mRNA copies detected/50 ng total RNA (NOS2 expression in differentiated IMR-32

neuroblastoma cells).

Expression of PKB/Akt mRNA (see Figure 3.5 D) was usually high across all cell types
on the TagCell plate, many cell lines having an expression level fluctuating marginally
around the mean of 100,000 mRNA copies detected/50 ng total RNA. Most brain-derived
cells also showed good expression of PKB/Akt mRNA, with values similar to other cell
lines and in some cases exceeding them. The three highest expressing lines were the
1321N1, C13 and CCF.STTGI1 astrocytoma cells, which each gave levels of ~120,000
mRNA copies detected/50 ng total RNA. Differentiation of IMR-32 and SH-SYS5Y cell
lines produced 170% and 40% increases in expression, respectively, to about 80,000

mRNA copies detected/50 ng total RNA compared to the undifferentiated forms.
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3.4 DISCUSSION

The characterisation of cell lines is an important initial step in this study. By defining
which genes are expressed in these cells, it is possible to identify suitable cell lines for
further exploration of NOS signalling pathways. It details those genes that may be of
greater importance when attempting to establish a mechanism or pathway by which apoE
might mediate an effect on neuronal cells, and whether there is an isoform specific
difference. Furthermore, this work opens the possibility to assay cells that are lacking in
a particular gene’s expression. For example, the expression of PKB/Akt in Hs-683
glioma and SK-N-SH neuroblastoma cells was extremely low relative to other brain-
derived cell lines (see Figure 3.5 D). If this kinase has a direct effect on NO synthesis via
the activation of NOS3, as has been observed in non-neuronal cells [188], it could be
postulated that a qualitatively reduced degree of NOS3 activation would occur in a

neuronal cell line with a very low level of PKB/AKkt protein.

Two cell lines were initially investigated (SH-SY5Y and CCF.STTG1) representing the
two main populations of functional cells in the CNS (neuronal and glial cells). The cells
were grown in the absence of any selective factors. From these cultures, DNA and RNA
were extracted, with the RNA acting as a template for reverse transcriptase to generate
cDNA. This became the template DNA source for investigating gene expression.
Quantitative real-time PCR was used to measure mRNA expression levels of a range of
genes involved in apoE metabolism and NO biosynthesis, focusing on genes encoding
receptors capable of binding apoE-containing lipoproteins. The generic probe, SYBR
Green I, which intercalates into the double-strand DNA amplicons, was used to monitor
PCR reactions rather than a synthetic oligonucleotide-based reagent specific for each
gene. However, all assays were sensitive and specific, as judged by rigorous
electrophoretic and melt curve analyses of primer pairs prior to their use in both the
RotorGene instrument and the TagCell plates. The use of quantitative PCR can be highly
sensitive and present a very compelling view of gene expression within a cellular system.
However, individual assays give only information on mRNA levels; in particular,
whether a gene is expressed by a cell line, its copy number relative to other cell lines, and
to other genes investigated. It does not follow, however, that mRNA levels are a true
reflection of protein expression; an important consideration when evaluating the data
presented. Moreover, it gives absolutely no indication on the functional activity of a
particular protein, such as pSer1177 residue of NOS3 and the pSer473/Thr308 sites of
PKB/AKkt (further data with regard to this aspect presented in Chapter 5).
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The LDL-r is the archetypical cell-surface receptor mediating endocytosis of its ligand, in
this case apoE or apoB100, to allow delivery of lipid nutrients. It is expressed in virtually
all cells and tissues at variable levels, which the findings in TaqCell plates confirm. The
LDL-r is widely expressed in brain and, as apoB100 and LDL are absent from
cerebrospinal fluid [221], it appears that their role in lipid transport and cholesterol
homeostasis is fulfilled by apoE [221,129]. Structurally, the VLDL-r and apoER2 are
very similar to the LDL-r and to each other; both bind apoE3 and apoE4 with similar
affinities [222,223]. The VLDL-r is abundantly expressed in heart and skeletal muscle
and adipose tissue, all of which actively metabolise fatty acids acquired from
triglyceride-rich lipoproteins [224,225]. In contrast, apoER2 is absent from these tissues.
Moreover, its reported predominate expression is to be found in brain, with a widespread
distribution [226]. Subsequent immunohistochemical studies also revealed VLDL-r
expression in brain, including hippocampal cortical neurons and microglia, particularly
those associated with senile plaques [149,227]. Data from the TaqCell plates were
consistent with this tissue distribution, including the strong expression of VLDL-r and

apoER2 across most of the brain-derived cell lines.

Studies in mice that lack both VLDL-r and apoER2 have highlighted key roles for these
receptors in neuronal migration and development of the nervous system. The double
knockout mice have marked behavioural and neuroanatomical features, which includes
cerebellar dysplasia and severe ataxia, and disruption of cortical layering. This phenotype
is identical to the mutant mouse strains, Scrambler and Reeler, which have dysfunctional
forms of the intracellular adaptor protein, Disabled-1 (Dab-1) [228], and the large
secreted signalling glycoprotein, Reelin [142,228], respectively. Genetic and biochemical
studies now group these disparate proteins into a common signalling pathway in which
Reelin binds with high-affinity to VLDL-r or apoER2, an interaction which promotes
Dab-1 binding to the cytoplasmic NPxY motifs of both receptors [229]. This initial
Reelin signal stimulates tyrosine phosphorylation of Dab-1, which can then activate a

variety of downstream signalling components [229,230,137].

At 600 kDa, LRP is much larger than the other LDL-r family members studied and
contains two NPxY motifs and one tyrosine-based YxxL motif. It has broad binding
specificity with over 30 different ligands many of which are internalised, interestingly
via the alternative endocytic signalling motif, YxxL, which dominates [231]. In addition,

several adaptor and scaffold proteins, including Dab-1, potentially bind the cytoplasmic
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NPxY motifs of LRP and, although biochemical and physiological details are
incomplete, numerous regulatory functions are suggested, including mitogen-activated
protein (MAP) kinase signalling, ion channel function, microtubular transport, and axon
guidance [140,137,232]. Genetic association studies suggest a direct link between LRP
and AD, as the C766T polymorphism in exon 3 of LRP is under-represented [233].
However, although brains of AD patients with CT or TT genotypes contain higher levels
of LRP [234] and circumstantial evidence suggests that LRP promotes AP clearance
[235], the relationship remains controversial [236]. Similarly, polymorphisms in the
VLDL-r [149,227] and apoER2 [237] have been identified and are suggested to be risk
factors for AD, but further studies are needed to verify these possibilities.

Scavenger receptor class B, type I mediates the selective uptake of cholesteryl esters
from HDL without degrading the particles. It was the first authentic HDL binding protein
to be characterised [152], although other ligands including apoE are now recognised
[238]. A splice variant, termed SR-BII, was subsequently identified; this results from
skipping exon 12 [165,164] to produce a receptor with a different C-terminal cytoplasmic
tail, but identical extracellular binding region, to that of SR-BI. This implies differential
functions; for example, the interaction between C-terminal SR-BI and PDZKI, a
scaffolding protein [239], would not occur with SR-BIIL. On the other hand, cytoplasmic
SR-BII contains six PxxP motifs, two being conserved in rat, mouse and hamster, which
are potential ligands for tyrosine kinases or adaptor proteins with Src homology 3 (SH3)
domains (see Figure 1.5) [165]. The presence of these motifs, which are also found in
cytoplasmic apoER2 [151], suggests that SR-BII may initiate signalling pathways that
cannot be mediated by SR-BI; although speculative, this is an exciting possibility given
the preferential expression of SR-BII in many brain-derived cell lines (see Figure 3 C).
The higher expression of SR-BII in these brain-derived cells would seem to indicate a
specific necessity for its presence, which may be related to the unique tail sequence of
SR-BII, thought to be involved in cell signalling events that SR-BI is incapable of
participating in.

Copy numbers of NOS mRNA transcripts were generally low in all cells, although
presumably adequate to maintain basal NO levels that are biologically functional without
being cyto- or neurotoxic. Under normal physiological conditions, relatively little NO is
synthesised and it appears that cells only transcribe NOS genes at low levels. Indeed,
production of NO commonly reflects the catalytic activity of the enzyme, which depends
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on intracellular Ca®* concentrations, the availability of substrates or co-factors, and an
array of heterologous protein partners [240]. Both NOS1 and NOS3 are constitutively
transcribed, whereas NOS2 expression is induced by cytokines, such as IFN-y. Recently,
phosphorylation at Ser1177 has emerged as a key regulatory mechanism of NOS3
activity, most likely because the enzyme can then bind calcium-activated calmodulin at
low calcium concentration. The phosphorylation of NOS3 can be mediated by protein
kinase A (PKA) or adenosine 5'-monophosphate-activated protein kinase (AMPK), but is
accomplished more frequently by protein kinase B (PKB; also termed Akt), which also
helps regulate apoptosis and cellular proliferation and is itself phosphorylated and
activated by phosphatidylinositol (PI) 3-kinase [241]. Here, we have measured NOS and
PKB/Akt mRNA transcripts in each cell line, which as discussed above may not
accurately reflect protein levels. Thus, although the data identifies cells that express the
three isoenzymes and the key activator of NOS3, the measurement of NOS proteins and a
functional assessment of NO synthesis must await additional investigations. Moreover,
there are other NOS regulatory pathways that could have been investigated, including
mitogen activated protein kinase (MAP kinase) and glycogen synthase kinase (GSK). In
this particular investigation, the emphasis was placed on PKB/Akt as this is a well-

documented pathway, whose interaction with NOS has been well-characterised.

During this study it was not considered necessary to investigate the expression of apoE
itself by quantitative PCR analysis. Production of apoE in the brain is largely controlled
by astrocytes, oligodendrocytes and ependymal layer cells, and hence, under normal
conditions, CCF-STTG1 astrocytoma cells would produce very low levels of apoE
[242,243], whilst SH-SYS5Y and other neuroblastoma cell lines would produce only
insignificant or undetectable amounts [244]. Moreover, estimating apoE expression
would not have aided any subsequent work, as experiments were designed such that the

contribution of any endogenous apoE would be minimal.

In summary, this study has demonstrated that receptors recognising apoE are widely
expressed in brain-derived cell lines. Of note, was the strong expression of apoER2 in
these cells, which we have previously implicated in apoE-mediated stimulation of NO
release in platelets and endothelium, and the preferential expression of the splice variant
SR-BII, which is rich in cytoplasmic SH3 motifs, over wild-type SR-BI. The finding that
differentiation of the neuroblastoma cell lines, IMR-32 and SH-SYS5Y, results in clear
changes in expression of apoER2 and the VLDL-r should also be noted. As indicated
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earlier, these receptors have co-operative functions in Reelin-dependent neuronal
migration and it will be of interest to determine whether differentiation of these cells
influences Reelin signalling, including downstream effectors. Finally, these data helps
identify suitable human brain cells for investigating apoE-mediated biosynthesis of NO
and whether apoE4 and apoE3 have differential effects. Thus, the common models of
neurons and astrocytes, SH-SYS5Y and CCF.STTGI1 cells, both appear suitable as they
express adequate levels of apoER2, as well as NOS3 and PKB/Akt. Furthermore, the 4-
10-fold increases in apoER2 expression in H4 neuroglioma, NT-2 precursor and IMR-32
neuroblastoma cells would also be interesting to investigate and determine whether they

are associated with enhanced NO release when stimulated with apoE.
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4.0 ASSAYING RELEASE OF NITRIC OXIDE FROM
NEURONAL SH-SYSY CELLS FOLLOWING
EXPOSURE TO APOLIPOPROTEIN E

4.1 INTRODUCTION

The characterisation of cell lines presented in Chapter 3 identified a number of cell lines
that would be suitable for investigating the response of neuronal cells to apoE exposure,
specifically SH-SY5Y neuroblastoma and H4 neuroglioma cell lines. As described in
Chapter 2, a robust sandwich ELISA protocol to measure apoE concentration was
developed, which could be used to quantify the apoE content of conditioned medium
from cultured stably-transfected recombinant CHO cell lines secreting apoE. Having
established these foundational tools, they could now be utilised to determine whether
apoE exposure results in a physiological response in brain-derived cells, and whether this
displayed an isoform differential effect with respect to apoE4 relative to apoE3/E2. To
this end, it was necessary to apply an assay that would reliably and repeatedly measure
the level of NO (or a derivative compound) within this biological system. This could then
be used to demonstrate whether exposure to the different apoE isoforms results in a
change from the basal level of cellular NO biosynthesis, and if so whether these are

increases or decreases in NO concentration.

4.1.1 Methods for assaying NO

There are a number of methods available to measure NO within a biological system.
Generally, they all measure the change in a downstream effect of NO release; the
formation/accumulation of products such as citrulline (the product of NOS enzyme
activity), nitrate/nitrite (degradation products of NO), or cyclic-GMP (NO secondary
messenger). If a change can be monitored in any of these, then a change in NO can be
inferred. Additionally, some assays can be monitored in real-time, whilst others require
that lysates be prepared at specific times in a discontinuous manner. Ultimately, each
assay has its own distinctive degree of sensitivity, and each can vary considerably in the
ease and cost of initial set up, all of which are factors that must be considered before

large-scale throughput of samples.

As described in Chapter 1, nitric oxide is produced by the action of NOS isoenzymes that

catalyse the oxidation of the guanidino nitrogen of L-arginine, converting it into L-
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citrulline with the liberation of NO as a by-product. Constitutively expressed NOS1 and
NOS3 synthesise low levels of NO, in the picomolar to nanomolar range, whereas the
inducible NO-synthase (NOS2) can produce NO in the nanomolar to micromolar range
[245]. The measurement of NO in any biological system can be highly problematic due
to sensitivity issues: NO has a very short half-life (< 5 s) and a low basal concentration,
further compounded by its free-radical nature that results in a particularly unstable
molecule [170]. Therefore, directly measuring NO is not an approach that is technically
feasible. However, assaying derivatives of NO is widely utilised in numerous methods.

Within a biological system, NO can undergo a number of degradation reactions:

2-NO+ 0O, - 2 ‘NO,
‘NO + ‘NO; - N,O; + H,O - 2 NO;
2 '‘NO, — N,0O4 + H,O - NO; + NO5y’
Nitrite “Nitrate
‘NO + O, - NOj5

Eventually, the products formed are nitrite (NO,") and nitrate (NO5’), highlighted above.
One of the first approaches to NO measurement was based on monitoring the level of
nitrite and nitrate within a system, which is a logical approach as these are relatively
stable end products [246]. However, the relative levels of nitrate and nitrite produced can
vary from one system to another. So, to achieve a good estimation of NO production, the
sum of nitrite and nitrate concentrations is taken. In practice, rather than measure two
different products, samples are subject to treatment by nitrate reductase, which catalyses
the reduction of NO;™ into NO;", which therefore means only nitrite need be assayed. A
number of methods are available for nitrite measurement, including the Griess

colorimetric assay, the haemoglobin assay, and a chemiluminescence analysis.

The Griess assay utilises a two-step diazotization reaction [247]. In the first stage, NO;
is reacted with sulphanilamide (Griess reagent 1) to produce the diazonium ion. This ion
is then coupled to N-(-1-naphthyl)ethylenediamine (Griess reagent 2) to form a
chromophormic azo derivative. The formation of this azo complex can be monitored by
measuring the absorbance at 540 nm. The Griess reaction is a relatively simple and fast
method for detecting nitrite levels, and can be performed in a 96-well plate format for
high-throughput of samples. However, it has a detection limit range in the micromolar

range [248], which in a picomolar to nanomolar producing system is not sensitive
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enough. For enhanced sensitivity, a fluorimetric method is also possible, which is based
on the reaction of nitrite with 2,3-diaminonapththalene, under acidic conditions, to
produce the fluorescent product 1-(H)-napthotriazole [248]. This method is supposedly
50-100 times more sensitive than the spectrophotometric method, but is still not within

the sensitivity limits of a non-concentrated NOS system as is being used here.

The haemoglobin assay is based on the direct oxidation reaction of oxygenated, ferrous
haemoglobin (HbO;) by NO to produce the ferric form, methaemoglobin (MetHb), and
NOs™ [247]. There is an associated absorbance spectrum shift for haemoglobin during this
reaction, which can be monitored spectrophotometrically. This method does not require
any specialised apparatus and gives a relatively sensitive measurement of NO release.
However, it does require a constant amount of HbO,, which can be difficult to achieve as
many commercially available stocks are contaminated with MetHb. Additionally, NO;" is
also known to react with HbO, to form MetHb. Thus, it is virtually impossible to
differentiate between NO and its decomposed product.

By far the most sensitive method available at present for assaying NO release is the
chemiluminescence method. It also has the advantage of monitoring a reactioh in real-
time, which is in fact a necessity of this method. It has a generally recognised sensitivity
in the femtomolar (10°) range, but in some setups can even assay attomolar (10'18)
concentrations of (extrapolated) NO [247]. The method based on the reaction between

NO and ozone, resulting in the liberation of energy in the form of light:

‘NO+ O3 - -NO; + O3
- NO, - NO; + hv
Light

The method was originally designed for measuring NO in gaseous samples, as there was
much interest in the levels of NO as a pollutant in air [248]. It has since been adapted for
aqueous samples, which requires an additional step to drive samples into an aqueous
phase. Unfortunately, this technique requires very expensive and specialised equipment

that are not readily available in the laboratory.

Alongside the Griess reaction, another commonly used method of NO detection is the

NO electrode, based on the principle that applying a potential to an aqueous solution
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containing NO will result in the electrochemical activation of NO [248]. The electrode
acts as a probe, which is coated in a membrane that allows NO to diffuse through but
remains impermeable to other ions of larger molecules that are electrochemically active
in the solution. The NO released is measured as a change in current and can be used to
monitor NO release in real-time when connected to a data plotter or computer.
Additionally, sensitivity within the nanomolar range has been observed, and can
routinely be used for measuring sub-micromolar NO levels in an aqueous solution [249].
The main criticism of this technique is the possibility for interference of measurements,
either through electrical disturbances or the physical disturbances of adding substrates to
initiate the activity of NOS.

In general, the methods of NO measurement described here have one or more failings:
they can be expensive to initially setup, requiring specialised reagents; the equipment
required is often specialised and can be susceptible to interference; they can be relatively
insensitive or just not sufficiently quantitative. An alternative method is to assay the
activity of NOS through the use of radiolabelled substrates, [*H]-arginine or ['*C]-
arginine, to follow enzymatic progress. As described in Section 1.4.1, NOS catalyses the
reaction of arginine, nicotinamide adenine dinucleotide phosphate (NADPH) and oxygen
to produce citrulline, NADP and NO [250]. Therefore, this assay monitors the conversion
of radiolabelled arginine into radiolabelled citrulline, and the concentration of liberated
NO can be inferred from this. However, to prepare samples, endogenous arginine must
first be removed from the system, achieved by passing samples through a Dowex ion-
exchange column; this technique is also used at the end of the assay to remove
radiolabelled-arginine and allow measurement of the newly-synthesised radiolabelled-
citrulline in the eluate [251]. It is essential, therefore, that this ion-exchange column
should effectively remove all arginine within a solution, which can then be recovered as
an eluate by standard ion-exchange chromatographic methods. As this is a radioactive
assay, monitoring the release of NO in real-time is not possible, although this is not an

overly critical aspect of the method.

Of greater concern, however, is that this assay assumes that arginine is metabolised
solely by NOS. In fact, arginine serves a number of other functions, including: whilst as a
free amino-acid, it serves as an intermediate in the urea cycle, and thus can be converted
firstly into ornithine, and then into proline, glutamate and glutamine, which are three

common amino acids in many proteins; it can also generate many non-protein nitrogen-
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containing compounds, such as creatine, polyamines, agmatine and NO [252]. All of
these (with the exception of NO synthesis) are under the operation of numerous
enzymatic pathways, and all will consume some of the arginine load within a cell.
Clearly, therefore, these reactions will also consume a certain quantity of radiolabelled
arginine that will not be available for conversion to citrulline. Furthermore, there are
pathways to convert citrulline back into arginine as part of the urea cycle through the
production of argininosuccinate (AS) via AS synthetase (ASS) [253]. If this occurs, a
radioassay will underestimate the inferred level of NO in the system, although it can be
circumvented by addition of excess non-radioactive citrulline into the sample before

assay.

As well as the methods described above, there are further assays available, such as
electron paramagnetic resonance assay, gas chromatography, and mass spectrometry
[246]. Again any of these could have been utilised, if it were not for one or more
potential problems: setup cost; requirement for specialised equipment; insufficient
sensitivity in some instances; potentially the need for specialist knowledge regarding

routine operation to ensure that consistent and high quality results are achieved.

4.1.2 Diaminofluroscein (DAF) fluorescence assay

As alluded to in the previous discussion, the numerous methods for measuring NO
release are far from ideal and a ‘perfect’ assay has yet to be developed. However, a
promising method for assaying NO was first detailed in 1998 by Kojima and colleagues
[254,255]). They described the use of the fluorescent probe 4,5-diaminofluroscein
diacetate (DAF-2 DA), which was utilised for the bio-imaging of intracellular NO in
tissue sections [254,255,256]. This cell-permeable fluorescein derivative compound
becomes hydrolysed by intracellular esterases to liberate the cell-impermeable 4,5-
diaminofluroscein (DAF-2). When DAF-2 becomes nitrosylated by NO within the cell, a
highly fluorescent derivative is formed, DAF-2 triazole (DAF 2T) (see Figure 4.1.1),
which can then be detected by a fluorimeter. This method is relatively quick and easy to
setup. Moreover, as this assay is performed by a fluorimeter, measurements can be taken
in real-time over a specified time frame, especially if connected to appropriate computer-

based sampling software.
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Figure 4.1.1 Reaction of DAF-2 with NO to produce DAF-2 T

The non-fluorescent probe, DAF-2 DA, permeates the cell membrane, wherein cytosolic
esterases hydrolyse the diacetate group to release the relatively non-fluorescent DAF-2
dye. Intracellular L-arginine (L-Arg) acts as the substrate for nitric oxide synthase
(NOS) to produce NO, which in turn reacts with DAF-2 in the presence of O to produce
DAF-2T, its triazole fluorescent derivative. DAF-2 has a low level of auto-fluorescence
that will be detected when measuring the fluorescence of a sample. Therefore, all
recordings made during an assay will include a basal level of fluorescence arising from

DAF-2, in addition to the NO-derived DAF-2 T that would ideally be measured in

isolation.
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For the purposes of assaying NO release in the neuronal cells being utilised in this
chapter, this method appeared ideally suited. It can measure NO release in the
micromolar range, and the assay is performed in real-time. This allows a number of
different treatment conditions to be assessed in a single experiment. Additionally, if an
NO donor compound is included as a positive control, it is feasible to generate a standard
curve, which can relate fluorescence absorbance units to concentrations of NO bolus

delivered.

4.1.3 Soluble guanylate cyclase and cyclic-GMP release

Another potential approach to NO measurement is through secondary messenger effects
that NO can mediate via guanylate cyclases (GCs) [257]. These enzymes catalyse the
conversion of nucleotide triphosphates into cyclic nucleotide monophosphates: guanosine
triphosphate (GTP) and adenine triphosphate (ATP), into cyclic guanosine
monophosphate (cGMP) and cyclic adenine monophosphate (cAMP), respectively. There
are a number of GC enzymes found within cells, including the cAMP synthesising
enzyme, adenylate cyclase (AC) [258,259], and the cGMP synthesising enzymes,
particulate GC (pGC) and soluble GC (sGC), illustrated in Figure 4.1.2. Together, these
enzymes (through their synthesis of cGMP and cAMP) perform a vital role in numerous
signal transduction pathways, including vision, blood pressure regulation, hormone

response, and virtually any effect that NO has within cells [260,261,262].

Particulate-GCs have a single membrane spanning region with an amino-terminal
extracellular ligand binding domain, whilst the carboxy-terminal intracellular region has
three distinct domains: a kinase-like domain, a catalytic domain, and a dimerisation
domain [263]. Activation of this enzyme occurs through the ligand binding domain,
which recognises peptide hormones, specifically natriuretic peptides such as atrial
natriuretic peptide (ANP), brain natriuretic peptide (BNP), and C-type natriuretic peptide
(CNP) [264]. Particulate-GCs function as either homodimers or heterodimers, the

association of which is facilitated by the dimerisation domain [265].
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Figure 4.1.2 Structural organisation of the cyclases

Illustrated are the three cyclases, particulate guanylate cyclase (pGC), soluble guanylate
cyclase (sGC), which catalyse the conversion of GTP to cGMP, and adenylate cyclase
(AC), which catalyses the conversion of ATP to cAMP.

(A) The single polypeptide chain of pGC contains an extracellular ligand binding
domain (LBD), a single transmembrane domain, and an intracellular region
comprised of a kinase-like domain (KLD) and a single catalytic domain (CD).
These cyclases function as homodimers which require the dimerisation domain
(DD) for their formation.

(B) Soluble GCs function as heterodimers of o and f polypeptide chains, each
containing a single catalytic domain.

(C) The single polypeptide chain of adenylate cyclase contains two transmembrane
domains (M; and M) and a cluster of cytoplasmic regions that form the catalytic
centre of this enzyme [258].

Illustration adapted from Kobia and Gorczycal, 2000 [263].
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Soluble-GCs are largely cytosolic and are the best known target of NO, whereby cGMP
acts as nitric oxide’s physiological mediator in vasodilatation and neuromodulatory
functions [266]. As illustrated in Figure 4.1.2, sGC is composed of a and § subunits.
Two a (al and a2) and two B (B1 and B2) subunits have been identified. Similar to pGC,
these subunits are composed of easily definable domains: an N-terminal haeme-binding
domain; a central subunit dimerisation domain; a C-terminal catalytic domain that is
homologous to the catalytic domains of pGC and adenylate cyclases [267]. The B1
subunit serves a particularly important role as it contains a protoporphyrin IX type haeme
prosthetic group attached to the histidine 105 residue (His-105), which acts as the
binding site for NO [268].

As monomers, the catalytic domains of the two subunits are essentially inactive. Upon
dimerisation, the catalytic domain becomes activated in what is thought to be a three step
process [269,270,271,272]. Firstly, before the ligand (NO) binds, the ferrous iron is
pentacoordinated within the haeme prosthetic group formed by the protoporphyrin ring.
Once NO binds to the ferrous iron, a nitrosyl complex is formed, and the ferrous iron
becomes hexacoordinated, with a resultant 4-fold increase in enzyme activity above the
basal level. Finally, there is a breakage of the His-105 link with the porphyrin riﬁg, which
releases the ring and allows the iron to be pulled out (which remains hexacoordinated
with a nitrosyl group). The result is a conformational change in the catalytic domain, and
the enzyme is now said to be in its activated state with a 100-fold increase in catalytic
activity [271], and a cumulative increase in activity of 400-fold over the basal level.

These steps are illustrated in Figure 4.1.3.
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Figure 4.1.3 Activation steps of sGC

(4) In its inactive form, the protoporphyrin ring containing the haeme prosthetic group
exists as a 5-coordinated haeme, attached to the B subunit via the His-105 residue;

(B) Once NO enters, a nitrosyl bond is formed with the ferrous ion, and a 6-coordinated
haeme group is created;

(C) Finally, the link with His-105 is broken, resulting in complete activation of the

enzyme's two catalytic domains, one on each of the a- and B-subunits.
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Co-expression studies have revealed that subunit dimerisation occurs in a strictly
heterodimeric fashion of one o and one B subunit, which is essential for creating a
catalytically active enzyme [273]. Moreover, despite there being two forms of each
subunit type, the only sGC isoforms that have been show to exist physiologically are a,p;
and ayP;, with respect to enzymes that can actually convert GTP to ¢cGMP [274].
Although all sGC subunits are known to be expressed in the brain, at least at the level of
mRNA [275,276], the most abundantly expressed is the a,B; heterodimer [277]. This has
been shown to be associated with synaptic membranes, where the a, subunit C-terminal
amino acids associate with the PDZ’ domain [278]. This may position the enzyme close
to the NMDA (N-methyl-D-aspartic acid) receptor and also NOS1 which itself binds to
the PDZ domain [176]. This could potentially be the basis for the efficient stimulation of
NO-dependent cGMP formation induced by glutamate in neurons [279].

After it is synthesised from GTP, cGMP mediates its effects through four broad targets
(illustrated in Figure 4.1.4): cGMP-dependent protein kinase, or protein kinase G (PKG);
cAMP-dependent protein kinase, or protein kinase A (PKA); cyclic nucleotide-gated
channels (CNG); and phosphodiesterases (PDEs) [268]. Protein kinase G is a
serine/threonine protein kinase that becomes activated upon cGMP binding, and is found
in two forms: cytosolic PKG I (further categorised into the two isoforms, PKG Ia and
PKG IB) and the membrane-bound PKG II [269]. The downstream effects of PKG are
numerous, including the IP; receptor (in platelets and smooth muscle cells),
phospholamban (in smooth muscle cells), vimentin (in granulocytes and lymphocytes),
the phosphatase inhibitor G substrate (in cerebellar Purkinje cells), and subunits of
myosin light chain phosphatase [280,281,282,283]. All are mediated via protein
phosphorylation. Cyclic-AMP can also interact with PKG, but does so with 50-fold less
sensitivity than cGMP. Likewise, cGMP can activate PKA, but with 50-fold less
sensitivity compared to cAMP [282].

Of particular significance when considering the use of a ¢cGMP-based assay for the
measurement of NO release is the activity of phosphodiesterases [284]. These enzymes
catalyse the hydrolysis of the 3’-phophodiester bond of cGMP to yield 5’-GMP (as well
as degradation of cAMP into 5’-AMP). Phosphodiesterases were first identified in the

mid-1980s as three isoenzymes; at present 21 human PDE genes are recognised within

7 Postsynaptic density protein (PSD-95)/Drosophila discs-large (dlg)/tight-junction protein (ZO1)
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11 families and over 60 confirmed isoforms [285]. Any assay that measures NO release
through the monitoring of ¢cGMP changes must consider the activity of PDEs.
Degradation of ¢cGMP will obviously reduce the level of cGMP measured, with
possibility of readings reaching zero if PDEs have sufficient time to act on the cGMP
content of a particular lysate. Hence, a PDE inhibitor must be included within any
cellular system studied. Inhibitors to specific PDE families or classes are available.
However, a commonly utilised compound is 3-isobutyl-1-methylxanthine (IBMX), which
is a non-specific, but wide-ranging, PDE inhibitor. Application of IBMX during the
preparation of cell lysates will prevent cGMP degradation and hence allow its
accumulation over time. A summary of the cGMP synthesis pathway and potential

downstream effects is illustrated in Figure 4.1.4.
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Figure 4.1.4 The cyclic-GMP synthesis pathway and downstream effects
Cyclic-GMP can be synthesised by the action of either particulate guanylate cyclase
(pGC) or soluble guanylate cycalse (sGC). The transmembrane pGC enzyme becomes
activated by peptide hormone, which act as a ligand for its extracellular region. The
cytosolically located sGC becomes activated through the conformational change induced
by binding of NO to the haeme moiety of sGC. In both instances, the enzymes catalyse the
conversion of GIP to ¢cGMP. Downstream, the intracellular effects of ¢cGMP are
mediated by the activation of cGMP dependent protein kinases (PKG) and cAMP-
dependent protein kinsaes (PKA) as well as cyclic nucleotide gated channels (CNG).
Furthermore, cGMP regulates the activity of phosphodiesterares (PDEs), which degrade
c¢GMP to 5°-GMP (which is then the substrate for the formation of GTP). This ensures
that cGMP is kept at a basal concentration. Activity of PDEs can be inhibited using
compunds such as IBMX, if it is desired to retain the synthesised cGMP.
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4.2 SPECIALISED MATERIALS AND METHODS

4.2.1 Materials

The non-specific phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX)
(#ALX-480-038-M500), the nitric oxide synthase inhibitor, S-ethylisothiourea (ethyl-
ITU) (#ALX-270-025), and NO donor compounds, DETA-NONOate (DETA/NO)
(#ALX-430-014-M005) and PAPA-NONOate (PAPA/NO) (#ALX-430-016-M005),
were all purchased from Alexis Biochemicals (Nottingham, UK). The additional NO
donor compound, S-nitroso-L-glutathione (GSNO) (#N4148), was purchased from
Sigma-Aldrich (Dorset, UK). For fluorescent DAF assay, DAF-2DA (#251505) was
purchased from Calbiochem (Nottingham, UK). All other standard equipment and

reagents are detailed in Chapter 2.

4.2.2 Assaying presence of sGC mRNA by reverse transcriptase PCR

To determine the presence of sGC within the cell lines being studied in this chapter,
reverse transcriptase (RT-) PCR was performed. This required the culture of cells,
followed by RNA extraction (see Section 2.3.2) and cDNA synthesis by reverse
transcription (see Section 2.3.3). A PCR was then performed (see Section 2.3.4.1) to
investigate the expression of the al and B1 subunits of sGC, using the primers listed in
Table 4.1, which are identical to published primer sequences for these assaying these two
genes [275].

GENE PRIMER SEQUENCE (5’ - 3°) PR;’I‘;ECT
Forward CTGATTTTCCCAGAGTTTGAA

sGC oy Reverse  CTTAGGGAAGAAGTAGTAA 764 bp

SGC By Forward GCTGCAAGCAAAGTCCTC 447 bp

Reverse GATGCGTGATTCCTGGGT

Table 4.1 Primers for PCR amplification of sGC subunits al and p1

Primer sequences were identical to those used by Budworth and colleagues for assaying
the expression of human sGC subunits [275]. For this present study, primers were
synthesised to order by Sigma-Genosys (Cambridge, UK). The expected product sizes for

the reactions are also detailed.
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The PCR cycling conditions for this reaction are detailed below:

Reaction step Temperature  Time

Initialisation 95°C 15 min

Denaturation 95 °C 1 min _
Annealing 53°C Imin |— 35cycles
Extension 72 °C 1 min

Completion 72 °C 10 min

4.2.3 Assaying presence of sGC subunit protein by Western blot

Having established the expression of sGC within cell lines, the presence of this enzyme
was also investigated at the protein level. For this, polyclonal rabbit anti-human
antibodies targeting the al sGC subunit (Sigma, #G4280) and Bl sGC subunit (Sigma,
#G4405) were used. Cells were cultured in 60 mm dishes, then lysed (see Section 2.4.1),
quantified by Bradford assay (see Section 2.4.2), subject to electrophoresis on a
polyacrylamide gel (see Section 2.4.3), then Western blotted (see Section 2.4.4). The
primary antibodies were diluted as follows in 1 % (w/v) non-fat dried milk powder in
TBS-T: anti-al antibody diluted 1:20,000, anti-Bl antibody diluted 1:10,000. In both
instances, the secondary antibody was goat anti-rabbit IgG conjugated to HRP (Sigma,
#A4916) diluted 1:5,000 in 1 % (w/v) non-fat dried milk power in TBS-T.

4.2.4 Cell culture

4.2.4.1 General cell culture

All assays described in this chapter were performed using SH-SY5Y, CCF.STTG1, H4
or EA.hy926 cell lines. All were cultured according to the conditions and protocols

described in Section 2.2.

4.2.4.2 Preparation of apoE-conditioned medium

ApoE conditioned medium was prepared by culturing CHO-apoE recombinant cells, as
well as CHOdhfr- cells (see Section 2.2.1) that provided a negative control medium for
treating cells. At different stages, all three CHO-apoE cell lines were cultured. For media
collection, cells were grown to confluency in 75 cm? flasks. Normal culture medium was
aspirated off and the cells washed 2 x with warm PBS. Cells were then grown in CD-
CHO medium (Gibco, #10743-011) supplemented with 100 U/ml penicillin and 100

pg/ml streptomycin, and 2mM glutamine. Following 24 h incubation, medium was
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collected from the cells and trasnferred to a fresh tube. If required, cell monlayers could
be washed again with PBS and fresh CD-CHO collection medium added. Otherwise,

cells were discarded.

Collected conditioned medium was filtered through a 0.20 pm syringe filter (Sartorius
Minisart, Epsom, UK). Following this, the apoE concentration was determined by
sandwich ELISA, detailed in Section 2.5. All apoE conditioned media (E3, E4 and E2)
were adjusted such that their concentrations were equivalent. In addition, CHOdhfr-
medium was also assayed, which indicated no detectable levels of apoE within the
collected medium. For assays where a higher concentration of apoE was required,
medium was passed through a Vivaspin 20 spin concentrator (Vivascience, Epsom, UK).
This device allowed up to 20 ml of a given solution to be concentrated by passing it
through a polyethylsulphone (PES) filter with a pore size designed to retain anything in
solution above a certain molecular weight, whilst any proteins of a smaller size pass
through the filtration membrane are eluted. In this instance a 30,000 Da pore size was
used, which allowed concentration of the 34 kDa apoE protein present in the medium.
The concentrator also features a ‘dead-stop’ of 50 pl, which is the volume of
concentrated solution that is always retained and prevents ‘drying-out’ of theAﬁltrating
membrane. The concentrator adopts the same form as a 50 ml universal container. It was
placed placed in a desktop centrifuge (Heraeus Megafuge 1.0R) for up to 1 h at 300 g,
with the ambient temperature set to 4 °C.

4.2.5 DAF fluorescent assay

The DAF assay was performed to assess the increase in NO within a cellular system over
a given time period. The assay was carried out on SH-SYSY cells, cultured in a 48-well
tissue culture plate. Cells were treated with conditioned CD-CHO medium from CHO-
E3, CHO-E4 or CHOdhfr- cells. Additionally, control-conditioned medium (from
CHOdhfr- cells) containing the NO donor compound, PAPA/NO, was also prepared.

4.2.5.1 Pre-treatment of cells with DAF-2 DA

The protocol requires cells to be pre-treated with DAF-2 DA before exposure to
treatment medium. Due to its high photosensitivity, whenever possible DAF was handled
in the dark. A range of DAF concentrations were prepared by the dilution of the stock
DAF solution (5 mM concentration in DMSO) in 0.25 % (w/v) BSA solution to give an
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initial diluted DAF concentration of 0.2 mM. This was further diluted in 1 M HEPES
buffer to give a final concentration between 5 uM to 0.05 pM, as required.

Culture medium was aspirated off the cells on the 48-well plate. After washing 3 x with
0.5 ml/well warm PBS, cells were loaded with 200 ml/well DAF solution at the required
dilution. The plate was wrapped in foil and incubated for 1 h at 37 °C.

4.2.5.2 Fluorescent assay protocol

Following pre-treatment of the cells with DAF, cells were exposed to the required
treatment medium, prepared as described in Section 4.2.5.2. In addition, the NO donor
compound PAPA/NO was used, prepared in 10 mM NaOH to give a final working
concentration of 50 uM in control-conditioned medium. Furthermore, some wells were
treated with conditioned medium (apoE and control medium) containing 20 pM ethyl-
ITU. This is a nitric oxide synthase inhibitor, which should abolish any NO generating
effects that a particular medium may have. Each well of cells was treated with 500
ul/well with the appropriate treatment medium. Whilst keeping the plate covered, it was
quickly placed inside the CytoFluor 4,000 (Applied Biosystems, Warrington, UK)
fluorescent plate reading machine, which had been set to emit an excitation sigﬁal at 485
nm and measure emission at 530 nm. The fluorescence was sampled every 2 min and
recorded by the attached computer software to give a complete experiment duration of 4

h. Collated data were transferred to Microsoft Excel for further analysis.

4.2.6 Cyclic-GMP enzymatic immunoassay (EIA)

Concentrations of cGMP were measured with the Assay Designs Inc. Correlate-EIA™
Direct Cyclic-GMP Enzyme Immunoassay Kit (#900-014), from Metachem Diagnostics
(Nottingham, UK). The assay consisted of a 96-well plate, pre-coated with a goat anti-
rabbit IgG capture antibody and a detection antibody that was directed against cGMP.
The plate had 12 break-away strips of wells such that a column of 8 wells could be used
at a time. The whole kit and its contents were stored at 4 °C until required for use;
specifically, the plate was stored in a sealed foil desiccator to prevent entry of any

moisture.

The kit utilises a competitive immunoassay in order to determine the concentration of
c¢GMP within samples loaded in the wells. All samples were treated with HCl, which

functions both as a lysis reagent and, according to the accompanying documentation, as
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an inhibitor of endogenous PDEs to stabilise cGMP. As such, no other PDE-inhibitor
was used to supplement the treatment medium. Within each well of the plate, a
polyclonal anti-cGMP antibody binds in a competitive manner with cGMP from either
the standards/samples or an alkaline phosphatase (AP) conjugated cGMP molecule. Once
excess reagents were washed from the wells, a substrate was added that reacts with AP
and a colour change is observed. The OD of each well was measured using a plate-reader
that will show an inversely proportional relationship between the OD value and cGMP
concentration. The ODs of the standards can then be plotted, allowing c¢GMP
concentrations of the samples to be determined. To further enhance the sensitivity when
samples with low concentrations are being assayed, all samples and standards can be

acetylated: a process that enhances the binding affinity of cGMP to its antibody.

4.2.6.1 Preparation of cell lysates for assay

The EIA kit was used to measure cGMP concentration in cultured SH-SY5Y cells grown
in 6-well tissue culture plates. Cells were treated with conditioned medium from CHO-
E3, CHO-E4 or CHOdhft- cells, prepared in the manner described in Section 4.2.4.2. In
addition, cells were treated with control-conditioned medium containing either 300 uM
DETA/NO or 300 pM GSNO nitric oxide donors, both prepared initially in 0.1 M NaOH

as they are activated in a physiological pH solution, such as cell culture medium.

Once ready, cells in individual wells were washed 2 x with warm PBS, and 1 ml/well
warm treatment medium added as appropriate: E3- or E4-conditioned medium, control-
conditioned medium, and NO donor containing control-conditioned medium. Plates were
incubated for 6 h at 37 °C before harvesting. For this, treatment medium was aspirated
off and 0.5 ml/well trypsin/EDTA solution added. Once all cells had detached from the
surface of the well (as observed by phase-contrast microscopy), cell suspensions were
transferred to 1.5 ml Eppendorf tubes. Following centrifugation at 13,000 rpm for 10
min, supernatant was aspirated off and the cell pellet resuspended in 100 pl 0.1 M HCI
added and samples incubated for 10 min at room temperature. To ensure complete cell
lysis, tubes were subject to rapid freeze-thawing using a Dewer-flask containing liquid
nitrogen and a 37 °C water bath: samples were transferred alternately between each
container, four times. Following this, samples were vortexed briefly and centrifuged.
Finally, lysates were transferred to fresh tubes and stored at -20 °C for long-term storage,

or at 4 °C for up to a week.
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4.2.6.2 Cyclic-GMP EIA procedure

The assay was performed according to the manufacturer’s instructions, with all samples
and standards acetylated. Briefly, standards were prepared by serial dilutions of the
cGMP standard (5,000 pmol/ml stock concentration) in 0.1 M HCI to give a highest
concentration cGMP standard of 10 pmol/ml, down to 0.08 pmol/ml. The acetylation
reagent was prepared by mixing acetic anhydride with triethylamine (both provided with
the kit) at a ratio of 1:2, respectively. This reagent was added to each sample and
standard such that every 200 pul of solution was supplemented with 10 pl acetylation
reagent. Once prepared, all tubes were vortexed for at least 2 sec each, and then left to

incubate overnight at 4 °C.

The required strips of the pre-coated assay plate were retrieved from 4 °C storage. To
each well, 25 pl/well pink neutralising reagent, followed by 50 pl of samples or
standards as appropriate. Immediately after this, 25 pl/well blue conjugate was added,
followed by 25 pl/well yellow antibody solution. The plate was covered with film and
incubated for 2 h at room temperature with constant agitation using an orbital shaker.
Following this, the plate was washed 3 x with 200 pl/well manufacturer’s wash solution
(Tris-buffered saline containing detergents). Then, 100 pl/well p-nitrophenyl phosphate
(p-Npp) substrate was added and the plate incubated for 1 h at room temperature without
any shaking or covering. To stop the reaction, 25 pl of stop solution was added to each

well and the plate immediately transferred to a plate reader to measure the OD at 405 nm.

4.2.7 Cyclic-GMP radioimmunoassay (RIA)

Similar to the EIA protocol described above, this radioimmunoassay (RIA) utilises the
competitive interaction between cGMP of a standard/sample and a known content of
labelled cGMP within the reaction. While in EIA, the cGMP was conjugated to alkaline
phosphatase, in RIA the cGMP is radiolabelled with *H, which can then be assayed by
liquid scintillation counting. Garthwaite’s group has developed a RIA that is sensitive
and robust [286], having been used successfully to measure cGMP release in a number of

studies [287,288,289]. The identical RIA was used in this present study.

4.2.7.1 Preparation of cell lysates for assay

The cGMP response was assayed using SH-SY5Y cells treated with conditioned medium
containing apoE3, apoE4, apoE2 or control-conditioned medium from CHOdhfr- cells.
Additionally, the NO donor, PAPA/NO (50 uM prepared in 10 mM NaOH), was used as

149



a positive control to establish whether a response could be achieved in this system. The
SH-SYS5Y cells were cultured in 12-well plates until they reached sub-confluency. The
different conditioned media were prepared such that equivalent concentrations of apoE
were present, as described in Section 4.2.4.2. Furthermore, all treatment media contained
1 mM IBMX (prepared in DMSO, to give a final DMSO working concentration of 0.1
%), which would inhibit the breakdown of ¢cGMP by the activity of endogenous
phosphodiesterases. All dilutions, as well as the NO donor containing treatment medium,

were prepared using control-conditioned medium (CHOdhft-).

Culture medium was aspirated off and the cells were washed 2 x with warm PBS. Each
well was then loaded with 0.5 ml of the appropriate treatment medium and the plates
returned to the 37 °C incubator. Each well of cells on the 12-well plate represented a
particular time-point over which the assay was monitored, with a time-points ranging
from 1 min to 120 min post-exposure to the medium. At the completion of a time-point,
the plates were removed from the incubator and the treatment medium aspirated off.
Cells were washed briefly 1 x with ice-cold PBS, following which they were treated with
200 pl inactivation buffer (50 mM Tris.HCl, 4 mM EDTA, pH 7.4) supplemented with
10 % (v/v) trypsin/EDTA. After incubation for 10 min at room temperature -with this
solution, the lysates were collected from the wells and the samples boiled using a heat-
block set at 100 °C. Lysates were stored at -20 °C for long-term storage, or at 4 °C for up

to a week.

4.2.7.2 Cyclic-GMP RIA procedure

All solutions were prepared using the Tris. HCVEDTA inactivation buffer described
above. All standards were prepared, in 1.5 ml Eppendorf tubes, as duplicates using a
stock ¢cGMP standard of 8 pmol, which was serially diluted to give a range of
concentrations, from 8 pmol/tube through to 0.25 pmol/tube. Additionally, a ‘blank’
standard of 10 uM was included, which was a saturating concentration of cGMP that
would give the zero value for the analysis. Finally, a tube containing inactivation buffer

only was added as a negative control.

All samples (prepared as described in Section 4.2.7.1) were initially centrifuged at 12,000
rpm for 4 min at 4 °C. A fresh set of 1.5 ml tubes were prepared, each containing 50 pl
radiolabelled [*H]-cGMP, and to each tube was added 100 pul of sample. Additional tubes
contained standards (100 pl) and [’H]-cGMP (50 pl/tube). Finally, to all tubes, 50 pl of
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anti-cGMP antibody was added, the tubes vortexed and incubated on ice and placed in a
in a 4 °C refrigerator for 2 h. Following this, the antibody content of the tubes was
precipitated out using ammonium sulphate, (NH4),SO4. To each tube, 1 ml ice-cold
saturated (NH4),SO4 solution was added, vortexed thoroughly and then incubated on ice
for 5 min. The tubes were then centrifuged at 12,000 rpm for 4 min at 4 °C to precipitate
the antibody, which would be visible at the bottom of the tube as a distinctive white
deposit. Supernatant was aspirated from all tubes, and the precipitate was resuspended in
1 ml distilled H,0.

Meanwhile, scintillation vials for radioactive counting were prepared by the addition of 5
ml scintillant. When ready, samples in distilled water were vortexed in order to
homogenise the antibody/antigen pellet. From each tube, 950 pl was transferred into a
appropriately labelled and prepared scintillation vial. After addition, the tubes were
capped tightly and vortexed vigorously to prevent emulsification, before being placed in
processing racks for scintillation counting using the LS 6500 multi-purpose scintillation
counting system (Beckman Coulter, Buckinghamshire, UK). Scintillation counts were
recorded by this machine as disintegrations per minute (dpm) for each vi_al. Upon

completion, the complete data was transferred to Microsoft Excel for further analysis.
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4.3 RESULTS

4.3.1 DAF fluorescent assay to monitor NO release

The DAF fluorescent assay was investigated as a strong potential candidate assay for
monitoring NO release. There are a number of benefits that this approach offers: real-
time measurement of NO, negating the need to produce cell lysates; a variety of cell
conditions and treatments which can be monitored within a single experiment; and all
data are directly logged electronically using a computer connected to the fluorimeter,

providing more direct means of analysing measurements.

Presented in Figure 4.3.1 is a typical set of data generated by this assay. SH-SY5Y cells
were cultured in a 48-well plate. When ready to use, they were washed with warm PBS
then pre-treated with varying concentration of DAF 2-DA, in this instance 2 pM, 1 uM
and 0.5 uM concentrations. During the pre-treatment stage, the fluorescent compound
permeates the cell membrane to be cytosolically internalised. Following this, cells were
exposed to control-conditioned medium that contained 100 uM of the nitric oxide donor
compound, PAPA/NO. Cells were assayed at 2 min intervals over a time-course of 4 h.
As these were preliminary experiments, no attempt was made to calibrate measured
fluorescence against known NO concentrations. As such, the fluorescence absorbance in
arbitrary units was used as the measurement in this assay. This figure illustrates how
variations in the concentration of DAF 2-DA pre-treatment can markedly affect the
overall fluorescence measured during the assay. Furthermore, after ~40 minutes, the
system appears to reach a saturation point beyond which no more DAF nitrosation
occurs, which likely represents the point at which PAPA/NO has liberated all NO that it

is capable of delivering to the cells.
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Figure 4.3.1 Response of SH-SY5Y cells to treatment with PAPA/NO following
varying concentrations of DAF 2-DA pre-treatment and monitored by
DAF fluorescent assay
Following pre-treatment with varying concentrations of DAF 2-DA (0.5 uM, 1 uM and 2
uM), SH-SY5Y cells were exposed to control-conditioned medium (CHOdhfr-) containing
100 uM PAPA/NO, an NO donor compound that liberates NO with a half-life pf 15 min at
pH 7.4 and 37 °C. Fluorescence was sampled every 2 min over a complete 4 h time-
course. At each time-point, individual wells were measured in triplicate by the
fluorimeter. The mean averages of these were calculated and represent each datum point

on the above graph.
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Figure 4.3.2 DATF assay of SH-SYSY cells’ exposure to conditioned medium

Cells were exposed to equivalent concentrations of (4) E3, (B) E4, and (C) control-
conditioned medium, following pre-treatment with DAF 2-DA at 0.05 uM, 0.1 uM , 1 uM
and 5 uM. Fluorescence was sampled every 2 min over the 4 h time-course. At each time-
point, individual wells were measured in triplicate by the fluorimeter software. The mean
averages of these were calculated. The graphs presented are computer-determined lines

of best-fit of these data to represent the fluorescence response.
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A significant concern of the DAF assay is the potential for background fluorescence to
overwhelm measurements, a particularly acute problem in low NO producing systems
such as the SH-SYSY cells being assayed here. It has been suggested that this could be
overcome by lowering the concentration of DAF used to pre-treat the cells, from 5 uM to
< 0.1 pM [290]. The results presented in Figure 4.3.2 are an attempt to investigate this.
SH-SYS5Y cells were pre-treated with DAF 2-DA at 5, 2, 1, 0.1 and 0.05 uM. Following
this, cells were exposed to apoE3- and apoE4-conditioned medium, as well as control-
conditioned medium. (Figure 4.3.2; note that the y-axis scale of all three graphs has been
kept the same to allow direct comparison of data between experiments). The most
dramatic increase in fluorescence can be observed in the E4-conditioned medium
treatment (Figure 4.3.2 B), but only when a DAF pre-treatment of 5 pM was used. As
soon as this concentration was reduced, there appeared to be no detectable response. Of
more concern is the response to control-conditioned medium (Figure 4.3.2 C), where an
increase in fluorescence was also measured. There appears to be no significant change in

fluorescence when E3-conditioned medium is used to treat the cells (Figure 4.3.2 A).

Additionally, a set of experiments was performed where SH-SYSY cells were exposed to
apoE and control-conditioned medium with and without the presence of fhe NOS
inhibitor, ethyl-ITU (data not shown). This study revealed a high level of inconsistency
in the cellular response detected: in some instances fluorescence was diminished (but,
significantly, not abolished) and in other instances it had no effect. Due to these
inconsistencies, and those described in experiments above, it was decided to pursue an

assay based on the changes in cGMP as a surrogate marker for NO release.

4.3.2 Assessment of sGC presence in cells by PCR and Western blot

As a prelude to performing cGMP assays, it was essential that the cells being studied
expressed the sGC enzyme. Initial investigation for its presence was performed by RT-
PCR, using previously published primer sequences for the a; and B; subunits of sGC
[275]. To check that reverse transcription of extracted RNA to cDNA had been processed
correctly, an additional PCR was performed using primers to target the ubiquitously
expressed housekeeping gene B-actin (see Chapter 3, Table 3.1) (data not shown). The
results of this investigation revealed that the cell lines used in this chapter (SH-SYS5Y,
CCF.STTGI1, H4 and EA.hy926) all expressed the two subunits of sGC, at least at the
mRNA level (see Figure 4.3.3).
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Figure 4.3.3 Reverse-transcriptase PCR investigation of sGC expression in a

range of human cell lines
The expression of () &, and (B) p; subunits of sGC were investigated by PCR. For each
reaction, 300 ng of cDNA from each cell line (EA.hy926, SH-SY5Y, H4 and CCF.STTt Gl)
was used. Negative control was a PCR with template replaced by water. Expected
product sizes: sGC a; subunit 764 bp; sGC B subunit 447 bp. For reference, 100 bp
ladders are included showing relative sizes of the different PCR products. All products

were run on a 2% agarose gel and visualised by ethidium bromide staining.
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Figure 4.3.4 Immunoblot investigation of sGC subunit expression in a

range of human cell lines
The presence of (A) a; and (B) B, subunits of sGC were investigated by Western blotting.
Antibodies used detected a; subunit at ~80 kDa and B, subunit at ~70 kDa. Lysates from
a range of cell lines were tested: EA.hy926, SH-SY5Y, H4 and CCF.STTt G1. Protein
bands were visualised by HRP chemiluminescence. Pre-stained protein markers were

also included to enable estimation of molecular weights (not shown).
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For further validation, an immunoblot was performed using antibodies to target the a;
“and B1 subunits of sGC, shown in Figure 4.3.4. This demonstrated that all four cell lines
contained the two sGC subunit proteins. Combined with the quantitative PCR data
discussed in Chapter 3, it appears that these cells (in particular SH-SY5Y, CCF.STTG1
and H4) contain many of the necessary components that allow biosynthesis of NO and
propagation of an intracellular signal: nitric oxide synthases, the NOS3 regulatory kinase
(PKB/Akt), and soluble guanylate cyclase. Although they have also been shown to
express apoE receptors, the ability to respond to stimulation by apoE with a change of

c¢GMP (and, by inference, a change in NO) forms the remainder of this chapter.

4.3.3 Cyclic-GMP enzymatic immunoassay (EIA) investigation

Having established the presence of sGC subunits, a method of assaying sGC activity was
investigated. The first attempt utilised a commercially available colorimetric assay in the
form of an ELISA kit to measure changes in cGMP production. Due to the limitations of
attempting to perform a number of experiments on a single 96-well plate, the break-away
strips of the pre-coated plate were used separately, which allowed three sets of
experiments to be performed using the same kit over a period of time. Between assays,
remaining strips of the plate were stored in a sealed container at 4 °C. To furthér extend
the use of the plate, standard curves were prepared using 3-4 data points rather than the
recommended 5-6 points. Although this was not an ideal approach, it would enable a
broad preliminary evaluation of the assay against different variables and lysate

preparations.

Displayed in Figure 4.3.5 are two typical standard curves achieved using this assay. Due
to this being a competitive assay, the higher the cGMP concentration of the
sample/standard being assayed, the lower the OD measured. As discussed, it would have
been preferable to have a wider range of cGMP concentrations for the generation of this
standard curve. The manufacturer’s recommendations for standards range from 50
pmol/ml through to 0.08 pmol/ml, with the standard curve following an almost sigmoidal
pattern. For the purposes of these early experiments, only those that remained within a
relatively linear region of the standard curve were included: from 0.08 pmol/ml to 10
pmol/ml. It should be also noted that at 10 pmol/ml, the OD measured was virtually 0
after subtraction of background fluorescence. The documentation accompanying the kit
stated the assay should detect cGMP concentrations up to and exceeding 100 pmol/ml, a

feature that could not be accurately substantiated with the available data.
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Figure 4.3.5 Standard curves generated by cGMP EIA protocol

Data were collected from two separate assays, and optical densities have been corrected
for background fluorescence. All samples were acetylated prior to their addition and
duplicate measurements were performed at each concentration. Sample treatment was
identical in both experiments. Each datum-point represents a mean average of duplicate

measurements (+ standard error).
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Figure 4.3.6 Cyclic-GMP accumulation from SH-SYSY cells assayed by EIA

Cells were incubated with conditioned medium from E3-, E4- or control-conditioned
medium, or with NO donor compound (DETA/NO and GSNO), and assayed at 1 h, 4 h
and 8 h post-exposure. Lysates were prepared at these time-points and c¢cGMP assay
performed using the EIA kit. For each lysate, duplicate measurement were performed on
the 96-well plate; as this is a competitive assay, OD measurements are inversely
proportional to the actual cGMP concentration within each reaction, therefore all ODs
were inverted by calculating the 1/x (where x = OD) value for each measurement. As
such, each bar represents the (mean average OD)” of a duplicate of measurements (+

standard error of inverted measurements).
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For assays, 6-well plates were seeded with SH-SY5Y cells at 0.1 x 10° cells per well 24 h
previous to treatment. Cells were treated with E3-, E4- or control-conditioned medium.
As positive controls, two NO donor compounds, DETA/NO and GSNO, were used, both
added at 300 pM (in 10 mM NaOH). All treatments were performed in duplicate. Cell
lysates were prepared in 0.1 M HCI, which according to the manufacturer’s protocol acts
as a PDE inhibitor. As such, in these experiments, no other PDE inhibitor was used to
supplement the treatment medium. As mentioned before, the limitations of the kit size
dictated that only preliminary experiments could be performed on this plate. Displayed in
Figure 4.3.6 are data from a set of experiment where cGMP was assayed at three time-
points: 1 h, 4 h and 8 h post-exposure to treatment medium. As noted before, the
relationship between OD and cGMP concentration is inversely proportional in this assay.
Therefore, the 1/x value for each OD measurement was calculated before determining the

averages.

These results seem to indicate detectable cGMP increases over control medium at 1 and 4
h. At both these time-points, treatment with E3- and E4-conditioned medium gives a
significantly elevated cGMP level over the control-conditioned medium. Moreover, the
response to E4-conditioned medium appears to give a marginally enhanced cGMP
response relative to E3-conditioned medium exposure, although analysis of data by
Student’s T-test reveals that this is not significant: at the 1 h time-point, P = 0.76, whilst
at 4 h this is 0.66. However, when analysing the relationship between apoE3 and apoE4
exposure relative to control-conditioned medium, the results are apparent: T-testing give
P values of 0.12 and 0.18 for E3- and E4-medium exposure, respectively. A similar
observation can be made at the 4 h time-point. Rather intriguingly, both E3 and E4-
conditioned medium gave a dramatic decrease in cGMP release between 4 h and 8h. In
particular, exposure to E3-conditioned medium displayed a 41 % decrease in cGMP
during this 4 h period until 8 h post-exposure to medium. However, during the equivalent
time-period when exposed to control-conditioned medium, a 35 % increase in cGMP can

be observed.

The response to NO donor compounds follow a similar trend to each other: an elevation
in cGMP release between 1 h and 4 h exposure, which then returns to a basal level by 8
h. This is particularly noticeable in the cells treated with GSNO, where a 75 % increase
in cGMP occurs during this time period, which returns to back to the level 1 h level to a

relatively basal level by 8 h.
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Beyond this point the cells’ resources are either being exhausted or the cells are
responding to shock in some way such that regardless of treatment medium, the cGMP
concentrations all tend towards a similar value of 0.1 — 0.2 pmol/ml. This was also the
case in the control-conditioned medium treatment, where the cGMP concentration was
initially at a relative baseline, but then started to increase after the first 4 h. These cells
are clearly capable of producing cGMP in response to an NO increase as evidenced by
the responses to both DETA/NO and GSNO. However, the response to apoE was less
pronounced. Although initially cGMP levels were high, there was a rapid decrease during
the first 4 h, which continued until the end of the assay. Furthermore, there was no
distinct difference between cells treated with either E3- or E4-conditioned medium. Cells
treated with E4 medium appeared to have a slightly higher cGMP concentration over
those treated with E3 medium. Having only performed the experiments with duplicate
readings, it is very difficult to conclusively state whether or not this is a physiologically
and statistically significant difference. Furthermore, as detailed previously, HC1 was used
to prepare the lysates and was reported to act as a PDE inhibitor. There is a possibility
that if a compound such as IBMX were utilised, a more pronounced cGMP response may

have been observed.

4.3.4 Radioimmunoassay of cGMP concentration

Due to the limitations of the enzymatic assay that became apparent during investigation,
another assay method was considered. A radioimmunoassay technique for monitoring the
concentration of cGMP had been developed by Garthwaite’s group and had proven a
successful and sensitive assay method [286]. The reagents for this assay were readily

available, which allowed a number of investigations to be performed.

Shown in Figure 4.3.7 is a typical standard curve generated by this assay. It follows an
expected sigmoidal pattern, with a region of relative linearity between 0.5 pmol/tube and
4 pmol/tube. Despite minor differences in OD measured between individual assays, the
overall inter-assay variability was very consistent (data not shown). It should be noted
that unless otherwise stated all subsequent experiments performed using this protocol
were done so in the presence of the non-specific PDE inhibitor 3-Isobutyl-1-
methylxanthine (IBMX), which would stabilise any synthesised cGMP before it could be
degraded by endogenous PDEs.
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4.3.5 Cyclic-GMP RIA optimisation: time-course and cell culture conditions

An initial investigation of the response of SH-SY5Y cells was performed using time-
course assays, from 1 min up to 8 h post-treatment. However, it was discovered that after
15-20 min, cell adherence was greatly diminished with a significant number of cells
becoming detached and floating in suspension. When the treatment medium was
aspirated off the wells, these cells would be lost and therefore incapable of contributing
towards the cell lysate. In a system such as this where NO release is likely to be very
low, loss of any cellular material before the preparation of the lysate would greatly
attenuate the overall signal. Furthermore, such a phenomenon introduces an unnecessary
degree of inconsistency to experiments to such an extent that comparison of different
assay variables becomes unreliable over extended time-courses. A similar event is likely
to have occurred during the preparation of lysates for the EIA investigation (described in

Section 4.3.3), but had, in that instance, been overlooked.

Due to the potential for this form of cellular detachment to occur, assays were performed
at 10 min post-treatment. This would give a reasonable view of how the cells were
responding before any wholesale loss of cells occurred. However, one consequence of
this modification to the protocol was that DETA/NO was no longer suitable for fhe assay.
With a half-life of 20 h, this compound would not be capable of generating enough NO
during a 10 min exposure. In comparison, PAPA/NO has a half life of 15 min, which is

far more suitable for a short exposure time [291].
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Figure 4.3.7 Standard curve generated by cGMP RIA protocol

Dose-response of measured disintegrations per min (dpm), by liquid scintillation
counting, to increasing concentrations of cGMP standards. Samples and standards were
treated with the same reagents and handled identically. The lowest concentration, at
1x10°® pmol/tube, represents essentially a buffer only sample. The highest concentration,
at 1,000 pmol/tube, represents a saturating concentration of cGMP such that virtually all
free antibodies in solution is sequestered by radiolabelled cGMP. Each point represents

the average dpm count measured from duplicate scintillation vials (+ standard error).
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Lysates for the RIA were prepared using a Tris/EDTA inactivation buffer. This buffer
would both inactivate endogenous enzymes and lyse cells. Following collection in this
buffer, all lysates were boiled for 5-10 min in a heat block to denature all proteins.
Potentially there may be a factor in cell culture medium or something within the cells
themselves that could interfere with the interaction of antigen and antibody. To
investigate this, cGMP standards were prepared as normal in inactivation buffer, while a
parallel set of standards were prepared in cell lysate (from cells exposed to control-
conditioned medium) containing buffer. As shown in Figure 4.3.8 there was very little
deviation in the dose response curve when standards were prepared in cell lysate
compared to preparations in inactivation buffer. This demonstrates that the presence of
cell lysate does not adversely affect antibody/antigen interactions, and will therefore have

no discernible effect on the overall measured radioactive count at the end of the reaction.

An aspect of this assay that was not investigated fully when using the EIA was the state
of the cells during the experiment. These cells grow as adherent cultures. However, for
the purposes of a short time-course assay the cells could be studied as suspension
cultures. Initial experiments made use of a trypsin/EDTA solution to detach cells and
create this suspension. The concern with this approach was the action of the trypsin: it
would enable cells to detach from the plastic surface of the flasks/wells, but could have
an adverse effect on cell-surface receptors. If this was the case, the cells might be
rendered inactive to apoE, as receptor mediated interactions would be abolished by the
action of trypsin/EDTA on cell surface receptors. The results presented in Figure 4.3.9
seem to support this scenario. Cell suspensions were generated by incubating with
trypsin/EDTA, followed by exposure to either E3-conditioned medium or medium
prepared with the NO donor, GSNO. Little or no cGMP release was detectable in the
cells treated with E3 medium, even 2 h post-treatment. A similarly poor response was
observed if the conditioned medium were concentrated or diluted 10-fold (data not
shown). Additionally, control-conditioned medium produced a similar output as E3-
conditioned medium in this experiment (data not shown so as not to avoid confusion with
datum-points of the E3 response curve, as they deviate very little from these points). In
contrast, there was a pronounced release of cGMP when cells were treated with GSNO,

with the peak saturation of response occurring ~60 min post-treatment.
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Figure 4.3.8 Comparison of cGMP RIA standards prepared in either
cell lysate-containing buffer or Tris. HCVEDTA inactivation buffer

Cyclic-GMP standards were prepared as normal for RIA, in the Tris. HCUEDTA
containing inactivation buffer. In parallel, stock cGMP was diluted serially with SH-
SY5Y lysate containing buffer. A no-cGMP control was also included (zero value on
graph). Both sets of standards were prepared by identical serial dilutions and were
measured in duplicate. Standards at 8 pmol/tube and 1,000 pmol/tube were not included
with the cell lysate standards as these were the stock cGMP and blank cGMP control,
respectively. Each point represents the average dpm counts of duplicate measurements

(+ Standard error).
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Figure 4.3.9 Response of trypsinised SH-SYSY cells to
E3-conditioned medium and the NO donor compound, GSNO

This RIA was performed on cell suspensions generated by treatment with trypsin/EDTA.
Cells were treated with either E3-conditioned medium or control-conditioned medium
containing 300 uM GSNO. At each time-point, a sample of cell suspension was removed
and treated with inactivation buffer, then boiled. Each point represents a single assay
point. Both E3 and GSNO treatments were performed in the presence of the non-specific
PDE-inhibitor, IBMX.
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In the above investigation, GSNO was used as a positive control as a mean of generating
cGMP in a suspension culture of SH-SY5Y cells. As this assay was performed over the
course of 2 h, it was felt that this NO donor would have been more suitable than a
NONOate compound such as PAPA/NO. Indeed, the response curve presented in Figure
4.3.9 clearly shows a bolus effect for this compound, whereby rapid accumulation of
c¢GMP occurs between 20 min and 40 min post-exposure, which is indicative of rapid NO

release in the time-period immediately preceding this.

Investigations performed using the EIA kit (presented in Figure 4.3.6) indicated that SH-
SYS5Y cells were indeed responding to the presence of apoE in the medium as reflected
by the increase in cGMP over time. However, as described above, the physical
limitations of using a single assay plate to investigate a number of variables was not
feasible. The RIA afforded such possibility by the ready availability of reagents without
the need for purchasing commercially developed kit. Regardless, the EIA did generate a
body of data that strongly implied an apoE mediated cGMP response. It was hoped with
the RIA that sampling response of the cultured cells to various treatment media could be
made more convenient by the use of suspension cultures: at specific time-points, a small
amount of culture could be drawn from the main suspension and then subject to cell lysis.
Unfortunately, it would appear that the process of creating this suspension abolishes, or
at least greatly attenuates, the cells’ ability to respond to apoE: trypsin-mediated cleavage
of cell surface receptors would limit the ability of apoE in the treatment medium to bind
with such receptors and initiate the putative signalling pathway that eventually results in
detectable cGMP biosynthesis. Based on this evidence, further investigations using the
RIA were performed using adherent cultures, as indeed were used throughout the EIA-

based investigations.

4.3.6 Cellular NO release in response to apoE

Having established that assaying adherent cells was most suitable for subsequent
investigation, cells were treated with apoE-conditioned medium from all three isoforms
as well as experiments using control-conditioned medium (negative control) and
PAPA/NO (positive control). Time-course assays were eschewed in favour of assaying at
10 min post-treatment to avoid the potential complication of cell detachment from the
surface of the wells. Figure 4.3.10 shows the response of these cells to the different
media using three different concentrations (1/10 x dilute, 1 x neat, and 10 x concentrate).

Following a 24 h incubation of recombinant CHO cells in serum-free CD-CHO medium,
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the collected medium were assayed by apoE ELISA (see Section 2.5) to determine their
apoE content. These were then adjusted to an equivalent concentration of 30 pg/ml by
dilution with control-conditioned medium. Following this, the appropriate treatment
concentrations were prepared: dilution in control-conditioned medium to give a 1:10
dilute sample, or passed through a spin concentrator to give a 10 x concentrate sample
(see Section 4.2.4.2). Therefore, cells would be exposed to 3, 30 and 300 pg/ml sample
concentrations. Individual wells of cells were treated with 500 ul medium supplemented
with 1 mM IBMX. Additionally, cells were treated with control-conditioned medium and
the NO donor PAPA/NO (50 pM). Lysates were prepared following 10 min exposure to
the treatment medium, and the results are presented in Figure 4.3.10. For reference,
exposure of SH-SYS5Y cells to control-conditioned medium for 10 minutes gave a mean

dpm reading of 4,623 (+ 71, standard error).

The data seem to indicate that an isoform differential effect on SH-SY5Y cells with
respect to cGMP production is occurring. As there is an inversely proportional
relationship between scintillation counts and the derived cGMP concentration in this
assay, a low dpm count indicates a high cGMP concentration and vice versa. By this
rationale, it appears that E3 medium stimulated the highest production of cGMP and that
the response from the three media types seems to indicate a trend of E3 > E2 > E4 with
respect to the production of cGMP. This is further supported by comparing the change in
dpm against cells treated with control-conditioned medium (values given as figures in
Figure 4.3.10). However, these data actually represents only a very minor change in dpm
count from the basal response: the biggest change in dpm count is given by the exposure
of SH-SY5Y cells to undiluted E3-conditioned medium, with a 12.57 % decrease in
radioactivity count. This equates to a change from 4,623 (= 71) to 4,042 (= 57)
disintegrations per minute. Applying these figures to the RIA standard curve (see Figure
4.3.7) this is still within the plateau region that represents the lowest concentrations of
cGMP. According to the standard curve, a dpm measurement at 4,623 and 4,042
represents cGMP concentrations of ~0.0001 and ~0.01 pmol/mol, respectively. If this is
broadly the range by which the measured dpm changes during this experiment, there is
an equivalent 1 % change in cGMP. For the other treatment medium conditions, this
value is considerably less. Of note, however, is that this change in dpm was measured

after only a 10 min exposure to the different treatment media.
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Figure 4.3.10 Production of cGMP in SH-SYSY cells in response to
apoE isoforms at varying concentrations

SH-SY5Y cells lysates, prepared after 10 min exposure to treatment medium, and assayed
for cGMP production by RIA. Data presented is an investigation of two variables: (1) the
three apok: isoforms, E2, E3 and E4; (2) varying the concentration of the medium to give
1:10 dilute (=3 pug/ml), I x neat (=30 ug/ml), and 10 x concentrate (=300 ug/ml). Results
represent the mean of 6 individual cell samples, each assayed once in the same
experiment (+ standard error). The number listed over each bar indicates the percentage
decrease in dpm of each treatment medium measured against the control-conditioned
medium basal response (= 4,623 dpm + 71 standard error). A decrease in radioactivity
count is equivalent to an increase in cGMP production, although due to the sigmoidal
relationship between cGMP concentration and dpm count, this percentage value is
merely an arbitrary indicator of cGMP production and is not a true reflection on actual
cGMP biosynthesis. Please note the shortened y-axis scale to accommodate the data

presented.
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4.4 DISCUSSION

The aim of this chapter was to treat neuronal cells with apoE and monitor the effect it
had on NO release. Having established the foundational tools required for this — namely
the source of apoE (Chapter 2) and the cells to be treated (Chapter 3) — the investigations
in this chapter combined these with the third essential element: a means of assaying NO
release. As an aside, the TagCell data generated in Chapter 3 had highlighted IMR-32
neuroblastoma [292] as a potential strong candidate cell line for the investigations
performed in this chapter, with particularly high relative expression of NOS2 and NOS3
(see Figure 3.5b and 3.5c). An attempt was made to culture these cells, which proved
unsuccessful for reasons that were unclear. Therefore, SH-SYSY cells formed the basis
for investigation in this chapter. The relatively low NOS expression observed in SH-
SY5Y (which was in fact one of the better NOS expressing brain-derived cell lines
studied), seemed to indicate that the level of NO release from these cells would be low.
As such, the assay method employed should be sensitive to low NO concentrations, as

well as being reproducible and reliable.

An initial survey of commonly used methods for monitoring NO release (e.g. Griess
colorimetric assay, NO electrode, [*H]-arginine assay, chemiluminescence) failed to
identify a suitably sensitive method that did not require specialised and expensive
equipment. Eventually, two assay types were investigated, either of which could
potentially have proven a successful technique for monitoring this postulated
physiological response: the DAF fluorescent assay, and the monitoring of cGMP release

in response to changes in intracellular NO.

The DAF assay initially seemed very promising. The SH-SYS5Y cells responded very
well to the NO donor compound, PAPA/NO (Figure 4.3.1). However, the response to
apoE treatment was more variable. As shown in Figure 4.3.2, the cells did respond to
apoE treatment, particularly E4-conditioned medium (Figure 4.3.2 B), but unexpectedly
a similar response was observed when control-conditioned medium was added (Figure
4.3.2 C). This indicates that the response observed with E4-conditioned medium
treatment may not be a ‘real’ response, and perhaps could be a product of DAF-2 auto-
fluorescence. This is the most significant concern with the DAF assay: the near identical

absorbance and fluorescence maxima of both DAF-2 and DAF-2T.
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During the process of NO release, both DAF-2 and DAF-2T will exist simultaneously
within cells, although the intensity of their fluorescent output upon excitation is
appreciably distinct, with DAF-2T being considerably higher than DAF-2. Nevertheless,
any measurement of DAF-2T is accompanied by a simultaneous sampling of DAF-2, in a
process known as auto-fluorescence. In a system with very high NO yield, the
contribution of this DAF-2 auto-fluorescence is negligible; DAF-2T fluorescence can be
more than 180-fold greater than DAF-2 [293]. However, in a low NO producing system,
such as endothelial or neuronal cell cultures, the level of auto-fluorescence may be too
indistinct to allow an effective separation. This has been demonstrated by Dirsch’s group,
where treatment of endothelial cells with 5uM DAF-2 gave the same level of
fluorescence regardless of whether the cells were activated to release NO or not [294]. A
similar problem of auto-fluorescence was observed by Chatton and colleagues, testing
the ability to measure NO release in HEK293 human embryonic kidney cells [295].
Furthermore, this group also observed that the fluorescence detected using this system

was highly sensitive to divalent cations such as Ca®* and Mg**.

A potential solution, at least to the problem of auto-fluorescence, was suggested by
Dirsch’s group. Their approach was to reduce the concentration of DAF-2 used in the
pre-treatment stage from 5 pM to 0.1 uM [290]. When the concentration of DAF-2 was
reduced to < 0.1 pM, a difference in fluorescence was detectable, although this was
accompanied by a concomitant reduction in overall fluorescence. In this investigation, a
similar approach was followed, reducing the concentration of the DAF-2 used to pre-treat
cells. However, as soon as it was reduced to 1 pM, there was virtually no change in
intracellular DAF-2T fluorescence, which seems to imply that no associated change in
NO released was observable (see Figure 4.3.2). Although minor fluctuations occurred,
the overall trend shows no response. Reducing the DAF-2 concentration further to 0.1
puM and 0.05 puM gave essentially the same response. Looking closely, the 1 uM DAF
pre-treatment does show a minor increase in fluorescence over the 4 hour time period,
but it is not significantly over the baseline fluorescence to allow an NO response that
could be detected using this assay. The aim of reducing the DAF-2 concentration was an
attempt to reduce the level of auto-fluorescence produced within the system and measure
only the real NO release response. However, in one study where neuronal cells were
used, a DAF-2 concentration of 10 pM was used [296], although this work was primarily
focussed on the DAF assay as a means of visualising NO release under the microscope

rather than monitoring its response over a time-course.
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In general, the DAF assay results were disappointing. Further experiments were
performed, in addition to the figures presented, and in each instance anomalous
measurements were observed. For example, one set of experiments involved treating
cells with medium that contained the non-specific NOS inhibitor, ethyl-ITU. Little or no
reduction in fluorescence was observed between cells treated with ethyl-ITU and those
without, and in some instances the fluorescence was actually higher. A further concern
was the consistency and reproducibility of results: when a particular set of treatment
conditions was explored for a second or third time, results could show significant
variance despite efforts to retain uniformity between experiments. Although there are
likely to be unavoidable discrepancies between experiments (e.g. non-identical cell
numbers being treated, variations in the concentrations of apoE-conditioned medium
used to treat the cells, minor changes in medium composition between experiments, and
of course operator errors) efforts were made to keep conditions as consistent as possible
between experiments. Despite this, the fluorescence measured could change dramatically
between experiments. This was further compounded by the optics utilised by the
fluorimeter since they did not read an entire well, but rather certain points across it.
Potentially, this could include reading blank parts of the well, which would skew the
overall measurement for that well at that time-point. This was a distinct possibility as
SH-SYSY cells cannot be cultured as confluent monolayers due to their morphological
feature of possessing extensions, which precludes the ability to form such a monolayer.
Moreover, over-confluency tends to result in morphological changes that could affect
their normal physiological responses. However, in practice this does not seem a
significant feature as the graphs plotted do not obviously indicate any unexpected shifts

across the time-course.

Following on from this, the potential of assaying cGMP changes was evaluated as a
means of defining the changes in NO release within this cell system. Two cGMP assays
were studied in this chapter, both based on the competitive interaction of an anti-cGMP
antibody against labelled cGMP of known concentration and the unlabelled cGMP of

unknown concentration derived from a cell lysate.

The first to be investigated was an enzymatic assay, which was in the form of an ELISA.
The assay was purchased as a kit, which contained all buffers and solutions, including
cGMP standards. According to the manufacturer’s guidelines, this assay should have

been capable of detecting NO release in the sub-picomolar range, quoting a sensitivity of
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0.16 — 100 pmol/ml. Therefore, it could potentially have been a highly successful assay
method. In reality it proved problematic, even before samples were assayed. To test the
responsiveness of the kit, initial assessment was achieved through addition of cGMP
standards to the plate and recording the OD values measured. The measurements differed
significantly from those quoted in the kit’s manual. Of particular concern was that the 0.1
pmol/ml standard gave an OD measurement of ~ 0.05 (see Figure 4.3.5). As this was a
competitive assay, a low cGMP concentration should generate a high OD. For reference,
the manufacturer’s guidelines state that the OD at this concentration should be ~ 0.3.
Although this is a value 6-fold greater than that which has been achieved in this present
study, this still represents a relatively low OD, and ideally a complete set of standards
should generate ODs ranging from a near zero value through to 1.0, but crucially not

exceeding this due to limitations in plate reading optics.

Although the OD measurements for standards did show a degree of reproducibility
between experiments, at least in the two assays presented in Figure 4.3.5, the low ODs
make this a very imprecise measurement. Once the concentration of the standard was
increased to 10 pmol/ml, the OD value was close to 0, which precluded the abili_ty of this
kit to measure any cGMP concentration beyond this point. Furthermore, the range
between this and the lowest concentration standard is no more than ~0.06 OD units,
which is a very limited range of ODs to monitor changes within. Additionally, a third
experiment was performed, with standards ranging from 50 pmol/ml to 2 pmol/ml
(produced by serial dilutions). The OD measurements from this experiment were not
similar to the measurements from the initial assays at all, neither did they approach the
manufacturer’s examples. Although the assays presented in Figure 4.3.5 show a
reasonably reproducible set of data, the potential for spurious data to be generated is an

obvious concern.

This particular kit is well-established and has been used in a number of other applications
and studies where ¢cGMP concentration has been measured [297,298,299]. In these
studies, cGMP was assayed in a range from picomolar to nanomolar concentrations.
Thus, it should have been a suitable assay for the cellular system in this study. The
inability to establish this assay in our lab is disappointing, and an explanation for this is
difficult to reach. The most obvious reason would be that this was a defective kit: the 96-
well plate may not have been sufficiently coated with the capture antibody (anti-IgG); the

IgG used could have been defective; one of the other reagents may not have performed as
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well as it should have done; or one of the components of the kit (plate or reagents) may
have been compromised during transit or storage. As the same kit was used for all the
preliminary experiments, it was not possible to verify this. There are also potentially
operator errors, for example when diluting standards or preparing reagents and samples.
Certainly, the cGMP measurements for the test samples that were assayed would likely
have been considerably higher had a dedicated PDE inhibitor such as IBMX been
included in the cell lysis buffer, rather than relying on HCI to achieve this. This would
have helped prevent cGMP degradation and enhanced the measurement made. However,
this does not explain the results generated with the standards, as these should have

matched much more closely the OD values quoted by the manufacturer.

Following assessment of the cGMP EIA, a radioimmunoassay was investigated. This
method utilised the same principle as that for the enzymatic assay, with the notable
exception of the use of radiolabelled cGMP as the means of monitoring the cGMP
content of standards and samples. Having optimised the experimental conditions, this
assay was used to analyse SH-SY5Y cells treated with conditioned medium containing
the three apoE isoforms at concentrations varying from undiluted, through to a 1:10
dilution and a 10 x concentrate using a spin column concentrator. The results of this
seemed to indicate that an isoform differential effect was occurring with respect to cGMP
concentration changes, as displayed in Figure 4.3.10. As with the cGMP EIA results, the
level of radioactivity counted within each scintillation vial is inversely proportional to the

cGMP content within the samples.

Treating the cells with apoE4-conditioned medium appeared to affect the cGMP
concentration the least, especially when compared with cells treated with apoE3-
conditioned medium. Relative to cells treated with control-conditioned medium (that
gave an average radioactivity count of 4,623 dpm), exposure to apoE4 gave an
approximately 6% decrease in radioactivity, compared to a 12% decrease with apoE3-
conditioned medium. However, the results presented in Figure 4.3.10 are in some
respects misleading; they are a representation of the cellular response of these cells based
on the radioactive disintegrations per minute, and not an extrapolation to calculate the
actual cGMP concentration as determined via the assay’s standard curve. When this is
performed, all the dpm counts presented are somewhat unreliable due to the flattening of
the cGMP concentration/radioactivity count relationship at the extremities of the standard

curve (see Figure 4.3.8). As such, scintillation counts greater than ~ 4,000 dpm are very
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difficult to quantify with any degree of accuracy. Although a cGMP concentration can be
ascribed to radioactivity counts at this range, they are at the limits of accuracy, and
ideally the dpm counts should be within the region of linearity in the middle of the
standard curve (see Figure 4.3.8). This is also true for very radioactivity counts that are
indicative of a very high cGMP concentration; in this instance, the samples could easily
be diluted to bring these counts to within the region of linearity, which is obviously a far
more straightforward resolution than in the case (as it is in this present study) where the
dpm is too high

This assay does seem to have proven an aspect one of this thesis’ hypotheses — whether
human brain derived cell lines can respond to apoE exposure by changing the level of
NO release, in this case inferred through its secondary messenger cGMP. However, as
discussed above, these results are tempered by the overall low level of response observed
within this cellular system. Moreover, the conclusion is supported by the data obtained
through the cGMP EIA experiments. As presented in Figure 4.3.6, exposure to apoE4
appeared to upregulate cGMP levels relative to apoE3 exposure at 1 h and 4 h post-
exposure, and this difference was maintained even after 8 h. Neither the cGMP EIA or
the RIA sets of data are completely comprehensive, and can even be considered
incomparable due to the distinct exposure times used for both assays: during the EIA
experiments, cells were treated over an 8 h time-course, with the first lysate prepared 1 h
post-treatment, whereas for RIA all experiments were performed using a 10 min
exposure to apoE-conditioned medium. This could help explain the disparity between the
results, but is far from conclusive. In addition, the results generated using the DAF assay
(see Figure 4.3.2) also indicated that apoE4 generated the highest level of NO release
relative to apoE3, which supports the EIA data and argues against the trend observed
with RIA. However, the DAF assay also demonstrated an NO biosynthesis in response to
cells treated with control-conditioned medium, which certainly diminishes the overall

veracity of these results.

The findings of the different assays investigated in this chapter do seem to indicate that
SH-SYSY calls are sensitive to the presence of exogenously applied NO, as evidenced by
the effect of the numerous NO donors utilised. Moreover, cells seemed to show a low-
level response to apoE exposure. However, these data has not been completely
unassailable and the ability of apoE exposure to affect the NO biosynthesis pathway in

these cells has not been completely characterised. As became clear through the progress
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of this study, a key issue that requires significant attention is identifying a suitable assay

method for monitoring NO release.

At the outset, an assay was required such that it could: be easily reproducible; generate
results that would be accurate; be a true reflection of NO release, whether this was
monitored directly or indirectly; and allow a relatively high throughput of samples. The
methods investigated all have certain distinct advantages and disadvantages, but the
cGMP RIA was by far the most consistent method used. This was likely due to the
unique opportunity for performing numerous optimisation and assessment investigations
prior to making use of this assay in earnest. Despite these shortfalls, the results are
indicative of an apoE effect, although this represent only a 1% change in cGMP
concentration, but it would have benefited from a more sensitive assay method if the
gross physiological response of these cells were to be properly established in the context

of nitric oxide release response.

During this study, SH-SYSY cells did show a response when exposed to NO donors,
whereas the evidence for an apoE-mediated response was inconclusive. However, this
does not exclude the possibility that there is an apoE-mediated link to NO release in the
brain. Before rejecting such a link, it is essential to carry out further investigations in
other human neuronal cell lines, as well as primary neuronal cell cultures derived from
rats. Moreover, it is conceivable that a more subtle or different sequence of signalling
events could be occurring at the submolecular level; this possibiliyty was investigated in

Chapter 5.
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5.0 APOLIPOPROTEIN E AND SIGNALLING
PATHWAYS IN SH-SYSY NEURONAL CELLS

S.1 INTRODUCTION

Having established a suitable source of quantifiable apoE-conditioned media (Chapter 2)
and suitable human brain-derived cells for treatment with this apoE (Chapter 3), the
investigations in Chapter 4 attempted to combine these foundational factors with a
method for measuring NO biosynthesis. Although some response to apoE was detectable
in these cells, these measurements were far from conclusive, largely due to concerns
regarding assay sensitivity and reproducibility. Response to nitric oxide donor
compounds was far more successful with a change in NO detectable either directly by
fluorescence increases in the DAF assay, or indirectly by assaying the presence of the
secondary messenger cGMP by enzymatic assay or radioimmunoassay. Moreover, the
effect of NO donors in these cells demonstrates their capacity to respond to the presence
of NO in a typical manner. However, in the context of apoE mediated effects, a view
must be taken that encompasses not only this ‘end’ effect but also upstream regulatory
processes that initiate at the cell-surface and are propagated through various

intermediaries.

The cell line characterisation performed in Chapter 3 indicated that these cell lines
possessed the numerous features necessary to allow apoE to modify the synthesis of NO:
relevant cell-surface receptors that would allow cells to interact with circulating apoE;
one or more of the NOS isoenzymes that actually synthesis NO; and the NOS3 regulatory
kinase, protein kinase B (PKB), which is also referred to as Akt®. The function of this

a** influx for activation.

kinase is to activate NOS3 and reduce its sensitivity to C
Furthermore, reverse transcriptase PCR and Western blotting performed in Chapter 4,
revealed that these cells also expressed soluble guanylate cyclase, which catalyses the
formation of cGMP. All of these are important milestones in the propagation of putative
events that initiate with apoE and eventually stimulate (or impede) nitric oxide release. A
hypothesis can be postulated that states that exposure to apoE will initiate a signalling
event in these cells, which will start on a cell-surface receptor and result in modifying

NO synthesis. If a signalling pathway can be shown to be affected by the presence of

8 To avoid confusion, this kinase will be referred to as PKB/Akt in this chapter. However, in some
instances (e.g. describing an antibody) only Akt will be used, but this still refers to the same kinase.
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apoE, this would be a significant validation of the general hypothesis proposed in

Chapter 1: exposure to apoE has an effect on the release of NO in the brain.
The proposed pathway under investigation in this chapter can be described generally:

= ApoE containing lipoprotein particle binds alone, or in concert with another
molecule, to the extracellular ligand binding domain of a cell-surface receptor
(apoER2, VLDL-r), whose function is primarily signal transduction rather than

receptor-mediated endocytosis of bound ligands;

* Intracellularly, there is a recruitment of signalling molecules or adaptor proteins
that propagate the signal within the cell; further downstream regulatory events
occur through sequential phosphorylation and dephosporylation events involving

an indeterminate number of kinases and phosphatases;

» The signalling endpoint (with respect to a physiological response) occurs either
with the activation of NOS3 such that it becomes Ca®" insensitive, or activation of

transcription factors that upregulate the expression of inducible NOS2.

Within this chapter, three elements of this pathway have been explored, namely: the
apoE receptor, apoER2; NOS3 regulating kinase, PKB/Akt; and the NOS3 enzyme itself.
All of these can undergo phosphorylation events in the regulation of their activity and
represent distinct phases of the signalling pathway, described earlier: initiation (apoER2),
propagation (PKB/Akt) and activation (NOS3). As with any other signalling pathway,
there are numerous other components involved, particularly with respect to the
propagation of signal. Additionally, the initiation stage could involve a number of other
receptors, e.g. very-low-density lipoprotein (VLDL) receptor, LDL-receptor-related
protein (LRP), or the high density lipoprotein scavenger receptors (SR-BI and SR-BII).
Moreover, they may achieve this in concert with apoER2 [230], or may function in
parallel with it. There is also potential for apoE to activate expression of the inducible
NOS2 [300,301,302,303] and neuronal NOS1 [304], although in this study the focus is
on NOS3.

The NOS3 regulatory kinase, Akt, is a component of the larger phophoinositide-3-kinase
(PI3K) pathway [305]. The activity of Akt is dependent upon the activation by
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phosphorylation of PI3K, which in turn propagates this signal to Akt. The instigating
reaction of this pathway is the phosphorylation of the 3’-hydroxyl group of the inositol
rings of phosphatidylinositol (PtdIns), all by the action of PI3K:

Phosphatidylinositol — PtdIns 3-phosphate
PtdIns PI3K PtdIns(3)P
PtdIns 4-phosphate - PtdIns (2,4)-bisphosphate
PtdIns(4)P PI3K PtdIns(2,4)P;
PtdIns (4,5)-bisphosphate - PtdIns (3,4,5)-triphosphate
PtdIns(4,5)P; PI3K PtdIns(3,4,5)-P;

There exist three classes of mammalian PI3 kinases, with the first category subdivided
into two — giving classes IA, IB, II and III — based on structural distinctions of the
monomers that comprise the final enzymatic heterodimer [306]. Despite this, they all
share a similar range of substrates (i.e. the PtdIns) and are affected by common inhibitory
factors such as Wortmannin and 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one
hydrochloride (L'Y294002). Their expression is not uniform and ubiquitous in all tissues,
but is thought to be selectively expressed in fully differentiated non-proliferaﬁng cells

with different PI3K classes present in different spatial locations [307].

The first characterisation of PI3K was provided by analysis of bovine brain, identifying
the two subunits that comprise the enzyme: the 724 amino acid p85a subunit, and the
1068 amino acid p110a subunit. The catalytic activity of the enzyme resides in the p110a.
subunit, whilst the p85a subunit contains regulatory domains that control its activity. In
fact, the p85a subunit contains a number of independently folded domains, including two
SH2 domains and one SH3 domain. Of note in this thesis is the presence of SH3 motifs,
which are found in the cytoplasmic tails sequences of both apoER2 and scavenger
receptor, SR-BIIL. The intracellular tails of these receptors could act as putative activation
points for the PI3K pathway, possibly via phosphorylation changes propagated from one
domain to another. The two subunits associate via a helical region located towards the
carboxy terminal end of p85a, which in turn associates with the amino-terminal p85
recognition site of p110a. Located at the carboxy-terminus of this subunit is the catalytic

domain of what will eventually become the PI3K heterodimer [305].
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Numerous cellular processes have been implicated as part of the PI3K pathway. These
include DNA synthesis, cell survival, membrane ruffling, oxidative burst, cytoskeletal
rearrangements, glucose transport, vesicle trafficking, receptor internalisation, and oocyte
maturation. This diversity of function reflects the multitude of downstream effector
molecules upon which PI3K mediates a regulatory function. These include the GTPase
Rac, Akt protein kinase, Glut4 glucose transporter, p70S6 kinase (which has also been
implicated in tau hyperphosphorylation in AD [308]) and protein kinase C [309,184]. Of
these, the serine/threonine protein kinase, Akt, has been studied in some depth in this

particular study.

The discovery of Akt started with the investigation of the spontaneously lymphomatous
AKR/J breed of mice in 1977 [310]. The Akt8 virus, which is a derivative of the
transforming T8 virus, was isolated from a spontaneous thymic lymphoma of these mice.
This had the capability of producing malignant transformation in vitro, but required a
helper virus for propagation. A decade later, the molecular cloning of the Akt8 provirus
revealed a viral genome containing both viral and non-viral, cell-related sequences. The
non-viral component sequence was designated v-akt, as it was thought to be the viral
oncogene of the Akt8 virus and harboured its ability to transform cells ir vifro [311].
This same study established two human homologues of the v-akt oncogene, AKTI and
AKT2, which were cloned [312]. Following on from this, the cellular homologue, c-Akt,
was identified, and this is now commonly known simply as Akt, or protein kinase B
(PKB) or RAC PK (related to protein kinases A and C) [313].

Akt is a member of the cyclic-AMP-dependent protein kinase A/protein kinase G/protein
kinase C (AGC) super family of protein kinases, which have structural homologies in
their catalytic domain and activation mechanism [314]. In mammalian tissues, three
PKB/Akt genes have been identified: PKBa/Aktl, PKBB/Akt2 and PKBy/Akt3, which
are found on chromosomes 14932, 19q13 and 1q44, respectively. The tissue distribution
of the PKB/Akt isoforms has been investigated in mice [315], which revealed ubiquitous
expression of the o and P isoforms. However, PKBy was not detected in several tissues
where o and B isoforms were highly expressed, although relatively high expression of
this isoform was detectable in brain and testis. The predominant isoform was PKBf,
which displayed high expression in insulin target tissues, such as fat cells, liver and

skeletal muscle.
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The three PKB/Akt isoforms share extensive structural similarities, with a greater than
80% homology at the amino acid level [316]. With regard to their structural features,
three distinct functional domains can be defined, illustrated in Figure 5.1.1. Firstly, there
is the amino-terminal pleckstrin homology (PH) domain, which mediates protein-protein
and protein-lipid interactions. It consists of approximately 100 amino acids and
resembles the 3-phosphoinositide binding domain in other signalling molecules [317].
This PH domain can interact with membrane lipid products such as PtdIns(3,4,5)P;,
which is produced through the action of PI3K. Moreover, biochemical investigation has
demonstrated that the PH domain of PKB/Akt has a similar affinity for both
PtdIns(2,4)P, and PtdIns(3,4,5)P; [314]. Thus, the upstream activator of PKB/Akt is
PI3K, although there is also a less direct pathway, e.g. the action of insulin is mediated
via initial phosphorylation of PtdIns(4,5)P;, which stimulates the PtdIns(3,4,5)P;-
dependent kinases, PDK1 and PDK2, and hence activation of PKB/Akt [185,318] (see
Figure 5.1.1).

The kinase catalytic region of PKB/Akt is located after the PH domain in the central
region of the molecule. This mediates phosphorylation of substrate proteins and has a
high degree of similarity to those in PKA and PKC, which led to its initial nomenclature
as RAC PK (related to PKA and PKC). The final domain is the approximately 40 amino
acid carboxy-terminal regulatory tail domain. Significantly, both these domains have
serine and threonine domains that require phosphorylation in order for PKB/Akt to be
activated. The actual sites of these residues within each domain vary slightly between the
three PKB/Akt isoforms. The threonine residue within the kinase domain is at position
308, 309 and 305 of Aktl, 2, and 3, respectively, whereas the second residue, serine, is
located in the regulatory domain at positions 473, 474 and 472, and are detailed in Figure
S.1.1.

When the level of PIP; rises, for example by growth factor activation of receptor tyrosine
kinases and PI3K, there is an associated increase in binding of PIP; to the PH domain of
PKB/Akt. This causes a conformational change in PKB/Akt and its translocation to the
plasma membrane. At this location, PKB/Akt is phosphorylated and activated by the
action of PDK1 on the threonine residue. It is thought that in its native state within the
cytosol, the tertiary structure of PKB/Akt is such that PDK1 cannot access the threonine
site. Once the PH domain is bound with PIP; and conformational change occurs, this

masking effect is abolished and the enzyme can undergo its first activation. Following
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activation, the enzyme translocates again, this time from the membrane to various
subcellular compartments to initiate whichever signalling events are necessary.
Phosphorylation at Thr308 will only partially activate the enzyme; complete activation
only occurs when the Ser473 is also phosphorylated. This process can involve the action
of PDK?2, as well as PDK1.

Downstream of PKB/Akt activation are its effects on NO synthesis. This is well
characterised and has been discussed in Chapter 1, Section 1.5.1. In the present
investigation, it is hypothesised that exposure of neuronal cells to apoE will instigate a
signalling cascade propagated through the apoER2 receptor to resulting in PI3K-
mediated activation PKB/Akt and a subsequent change in NO synthesis through the
action of NOS3.
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5.2 SPECIALISED MATERIALS AND METHODS

All assays performed in this chapter utilised cultures of SH-SY5Y neuroblastoma cells as
the target cell line. They were cultured according to the standard protocols, described in
Section 2.2.1. Cells were cultured in 60 mm dishes (Nunc) in preparation for treatment
with different media and to prepare cell lysates, each dish representing an individual
time-point for an assay course. The cells would be exposed to conditioned medium from
recombinant CHO cells; three cell lines were cultured — apoE3, apoE4 and the non-
transfected CHOdhfr- line. The latter would be used to generate control-conditioned
medium that would be free of any recombinant apoE (confirmed by ELISA), thereby
acting as a negative control to be run in parallel with treatment with E3- and E4-
conditioned media. Following collection, medium was passed through a 0.20 um syringe
filter and assayed by sandwich ELISA (see Section 2.5). This allowed the different

conditioned media to be adjusted to an equivalent concentration prior to treating the cells.

Once cultures of SH-SYSY cells were sub-confluent, they were ready for treatment and
preparation of lysates. The normal culture medium was aspirated off and each dish
washed with warm PBS, followed by addition of 500 pl desired treatment media. Dishes
were returned to incubate at 37 °C. At the appropriate time-point, treatment media was
aspirated off the cells and ice-cold PBS applied to try and halt any cellular activity.
Lysates were prepared according to the protocol defined in Section 2.4.1, after which
their protein concentration was assessed by Bradford colorimetric assay (see Section
2.4.2). Following this, lysates were kept at -20 °C for long-term storage or at 4 °C for up

to a week.

Based on protein concentrations, as determined by the Bradford assay, lysates were
diluted in distilled water to give equivalent concentrations. These were then loaded onto
4-12% Bis-Tris polyacrylamide gels for electrophoretic separation (see Section 2.4.3).
The resulting products were transferred to nitrocellulose membranes (see Section 2.4.4.1)
prior to performing a Western blot (see Section 2.4.5). The presence of three proteins
were assayed in this study, including their phospho-modified variants: apoER2, PKB/Akt
and NOS3. The details of the antibodies, including their dilutions and relevant secondary

antibodies, are listed in Table 5.1.
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1° 1° 1° Antibody 20 2° Antibody
Antibody  Antibody Dilution & Antibod Dilution in wash Mw
(species) Supplier Buffer Y buffer
e-apoER2  Santa Cruz 1:1,000 in al"f)‘:t‘ie G 1:5,000 in - 130 kDa
(goat) #sc-10113 5% BSA /TBS-T Hip_coﬁj' 5% Marvel /TBS-T
a-pY20 . Sheep .
Zymed 1:1,000 in 1:5,000 in
phosphotyrosine ym ) _ >
#03-7700 5% BSA/TBS-T  %TMOUSC o0 Marvel /TBS-T (@ POERY
(mouse) HRP-conj.
o-Akt CST 1:1,000 in Goat 1:5,000 in
Q a-rabbit IgG - 60 kDa
(rabbit) #9272 5% BSA /TBS-T HRP_COH;’?'_ 5% Marvel /TBS-T
a-Akt Goat
pSerd73 CST 1:1,000 in 0a 1:5,000 in
phospho-Akt 49771 5%BSA/TBS-T “TAoPtIEG g0 Marve rRs T COKPR
(rabbit) )
a-Akt Sh
pThr308 CST 1:1,000 in “PI G 1:5,000 in 601D
phospho-Akt #9275 5% BSA /TBS-T ““I;“Rl,‘{“_scin.g 5% Marvel /TBS-T a
(rabbit) o
eNOS3  SanaCruz 1:1000in  “FOWE 1:5,000 in 140 kD
(goat) #s0653  5%BSA/BST EF B¥ 5% Marvel /TBS-T
a-NOS3 Goat
pSer1l177 CST 1:1,000 in ) 1:10,000 in
phosphosNOS #9571 5% BSA/TBST IR0 €0 o Marvel rBST  40HO?
(rabbit) '
Table 5.1 Complete list of antibodies utilised in this chapter

Antibodies used for both Western blotting and immunoprecipitation procedures. All 2°

antibodies were purchased from Sigma-Aldrich (Poole, UK)

MW

HRP-conyj.

Santa Cruz

Zymed

CST

= Molecular weight of antigen

= HRP-conjugated antibody

= Santa Cruz Biotechnology (Middlesex, UK)

= Zymed Laboratories — Cambridge Bioscience Ltd (Cambridge, UK)
= Cell Signalling Technologies (New England Biolabs, Herts., UK)
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Gels were loaded dependent on the capacity of the well, which varied with the number of
lanes available on the gel. Initially 12-well gels were utilised, which allowed 20 pl
sample to be loaded. Once high throughput of lysate analysis was required, 17-well gels
were used, each allowing a maximum of 10 pl per sample, although in this study no more
than 8 pl was used to prevent any overspill or sample contamination. Prior to running on
the gel, samples were assayed for protein content (Bradford method as described above

and detailed in Section 2.4.2) and diluted in lysis buffer to give a concentration of 1
ng/ul.

Immunoblotting of PKB/Akt, apoER2 and NOS3 was performed by standard Western
blot of cell lysates (see Section 2.4.5). However, to investigate expression of their
phosphorylated forms, immunoprecipitation was performed as detailed in Section 2.4.6.
In these instances, the antibody for the non-phosphorylated form of the protein
functioned as the precipitating agent. Following this, enriched lysates were
electrophoresed on a 4-12% Bis-Tris gel (as described in Section 2.4.3.4), which was
followed by probing with the appropriate phospho-specific antibody. For investigating
apoER2 phosphorylation, lysates were precipitated using an o-apoER2 antibody.
Following this, lysates were electrophoresed as described above then immunoblotted

using an antibody against phosphotyrosine.

In some instances, blots were stripped and reprobed following initial immunoblotting.
This was particularly the case when investigating the presence of phospho-modified

proteins. The procedure for reprobing blots has been described in Section 2.4.7.
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5.3 RESULTS

Before being used to treat SH-SYSY cells, the concentration of the apoE in the
conditioned medium was measured by ELISA (see Section 2.5). Concentrations of the
two apoE conditioned media were adjusted to give a final concentration of 2.5 pug/ml.
Furthermore, control-conditioned medium was also assessed to confirm that no apoE was
present in this treatment medium. Cells were exposed to E3-, E4-, or controlled-
conditioned medium. At the appropriate time point, the treatment medium was aspirated
off and cells treated with ice-cold lysis buffer. To ensure homogenisation of the protein
and cellular content of the lysates, all samples were repeatedly passed through a 19G
needle, which allowed shear stress to disrupt all cellular membranes and liberate protein
content of the cells. Having prepared the lysates, their protein concentration was
determined by Bradford assay, based on which lysates were adjusted to give equivalent
protein concentrations. For loading, 1 pg/ul of sample was mixed with loading buffer and
boiled for 5-10 min prior to separation by 4-12 % Bis-Tris gel electrophoresis. Standard

Western blotting procedure was followed as described in Section 2.4.3 - 5.

5.3.2 Detection of apoER?2 and its phosphorylated form

In a putative signalling pathway, the first step would be binding of ligand to its cell
surface receptor, which would then instigate downstream activation. Here, the receptor
under investigation is apoER2, the expression of which in SH-SYSY cells has already
been demonstrated in Chapter 3. The investigations in that chapter confirmed the
presence of apoER2 mRNA. In this chapter, the apoER2 functional protein was being

assessed.

Presented in Figure 5.3.1 are lysates of SH-SYS5Y cells produced over 6 h time-course
after exposure to either control- (Figure 5.3.1 A), E3- (Figure 5.3.1 B) or E4-conditioned
medium (Figure 5.3.1 C). The presence of apoER2 over the time course was judged by
immunoblotting with a-apoER2 antibody. This shows a consistent product resolved at

the expected band size, equivalent to ~ 130 kDa.
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Figure 5.3.1 Exposure of SH-SYS5Y cells to E3- or E4-conditioned media

does not affect the expression of apoER2
Cultured SH-SYSY cells were exposed to CHO-conditioned medium for 1, 5 and 10 min,
then 1, 2 and 6 h. Expression of apoER2 was assessed by immunoblotting with a-apoER2
antibody. Marker on the left hand edge represents molecular weight size markers (kDa);
apoER2 =~ 130 kDa.

(A) CHOdhfr-; (B) CHO-E3; and (C) CHO-E4 treatment medium.
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Figure 5.3.2 SH-SYS5Y cells exposed to E4-conditioned medium show

tyrosine phosphorylation of apoER2, which does not occur

when treated with E3-conditioned medium
Cultured SH-SY5Y cells were exposed to CHO-conditioned medium for 1, 5, and 10 min,
then 1, 2 and 6 h. Lysates were immunoprecipitated using a-apoER2 antibody, and the
enriched lysates immunoblotted with a-pY20 antibody. Marker on the left hand edge
represents molecular weight size markers (kDa); apoER2-pY =~ 130 kDa .

(A) CHOdhfr-; (B) CHO-E3, and (C) CHO-E4 treatment medium.
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To investigate phosphorylation changes to this receptor, lysates were immunoprecipitated
using a-apoER2 antibody to enrich for this component of the protein mix in the lysate.
These enriched samples were subject to the same electrophoretic separation on 4-12%
Bis-Tris gels, transferred to nitrocellulose membrane and immunoblotted, this time with
an antibody that targeted phosphotyrosine, a-pY20. This result is presented in Figure
3.3.2. Exposure to E3-conditioned medium did not appear to modify the phosphorylation
state over the 6 h time course (Figure 5.3.2 B), whereas treatment with E4-conditioned
medium (Figure 5.3.2 C) showed an increase at 5 min, which was retained at 10 min, but
had returned to the basal level at the subsequent time-points (1 h — 6 h). Investigation of
lysates prepared from control-conditioned medium when subject to immunoprecipitation
did not resolve any bands following immunoblotting. For relative comparison, presented
in Figure 5.3.2 A are these lysates investigated by immunoblotting with a-apoER2
antibody. These were loaded onto gels at the same time as the immunoprecipitate

samples presented in Figure 3.3.2 A and B.

5.3.2 Detection of PKB/AKkt and its phosphorylated forms

For this investigation lysates were prepared following 1, 2, 5, 10, 20, 30 and 60 min
exposure to E3- and E4-conditioned medium, as well as control conditioned medium.
Displayed in Figure 5.3.3 are the lysate signals produced when exposed to the different
conditioned medium over the given time course after immunoblotting with o-Akt
antibody. A single band at the expected molecular weight of 60 kDa is present, with
consistent intensity between the different treatment media and across the time-course.
This is in agreement with the results presented in Chapter 3 (see Section 3.2.3.3), where
expression of Akt was readily detectable in SH-SYSY cells. Treatment with control-
conditioned medium showed a stable expression of PKB/Akt over the time-course
(Figure 5.3.3 A). Although there are minor inconsistencies between time-points, these are
most likely due to experimental variation. Likewise, treatment with either E3-
conditioned medium showed no change in PKB/Akt over during the 60 min exposure
(Figure 5.3.3 B), as well as during treatment with E4-conditioned medium (Figure 5.3.3
O). This implies that apoE does not have an effect on transcription or protein turnover,

whether during short exposure (1-5 min) or over a longer period (10-60 min).
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Figure 5.3.3 Incubation of SH-SYSY cells with E3-, E4- and

control-conditioned medium has no effect on expression of PKB/Akt
Cultured SH-SY5Y cells were exposed to CHO-conditioned medium for 1, 2, 5, 10, 20, 30
and 60 min before preparation of cell lysates and subject to Western blot with a-Akt
antibody. Marker on the left hand edge represents molecular weight size markers (kDa);
PKB/Akt = 60 kDa.

(A) CHOdhfr-; (B) CHO-E3, and (C) CHO-E4 treatment medium.
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Figure 5.3.4 Incubation of SH-SYSY cells with apoE4 increases
phosphorylation of PKB/Akt at Ser473

Cultured SH-SYSY cells were exposed to CHO-conditioned medium for 1, 5, 10, 30 and
60 min before preparation of cell lysates. Lysates were immunoprecipitated using o-Akt
antibody, and the enriched lysates immunoblotted with o-Akt-pSer473 antibody. The
immunoprecipitate representing the 30 min time-point in (C) could be anomalous due to
the presence of a slight artefact on the film across this band. Markers on left hand edge
represent size markers (kDa); PKB/Akt-pSer473 = 60 kDa.

(4) CHOdhfr-; (B) CHO-E3,; and (C) CHO-E4 treatment medium.
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Figure 5.3.5 Western blot of SH-SYSY cells treated with E3-, E4- or
control-conditioned media and immunoblotted to detect
phosphorylation of PKB/Akt at Thr308

Cultured SH-SYSY cells were exposed to CHO-conditioned medium for 1, 5, 10, 30 and

60 min before preparation of cell lysates. Lysates were immunoprecipitated using oa-Akt

antibody, and the enriched lysates immunoblotted with a-Akt-pThr308 antibody. Marker

on the left hand edge represents molecular weight size markers (kDa); PKB/Akt-Thr308
= 60 kDa.

(A) CHOdhfr-; (B) CHO-E3; and (C) CHO-E4 treatment medium.
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Phosphorylation changes to PKB/Akt were assayed by immunoprecipitation, and these
results are presented in Figure 5.3.4 and Figure 5.3.5 for residues Ser473 and Thr308,
respectiveiy. Firstly, lysates were pre-cleared using Protein A-Sepharose, then
immunoprecipitated with a-Akt antibody to enrich the lysates for the PKB/Akt protein
component of the lysate. This was separated by 4-12 % Bis-Tris gel electrophoresis and
immunoblotted according to the standard protocol. The appropriate antibody was used to
immunoblot for the presence of Akt-pSer473 and Akt-pThr308. Initially, lysates were
studied over a long time-course of up to 24 hours post-exposure to the treatment medium,
but no discernible change in phosphorylation was detectable (data not shown). However,

when a more succinct time period was established, changes were observable.

As shown in Figure 5.3.4 A, control-conditioned media did not appear to modify the
phosphorylation state of PKB/Akt-Ser473, and this was also noted in cells exposed to
E3-conditioned medium (Figure 5.3.4 B). However, when exposed to E4-conditioned
medium, there was a marked increase in phosphorylation at this site (Figure 5.3.4 C).
This was first detectable in the lysate prepared at 5 min post-exposure and still present at
10 min, with some reduction at 30 min. By 60 min, the site had returned to its basal level.
The signal at 30 min post-exposure with apoE4 (Figure 5.3.4 C) has been compromised
by the presence of an artefact on the film, which partially obscures the band of interest.
At present, it is not conclusive as to whether phosphorylation of Ser473 is actually
retained at this time-point. However, despite this, there is a clear isoform differential
effect revealed at this site: apoE4 stimulating phosphorylation of Ser473 of PKB/Akt,
whilst apoE3 had no effect.

Phosphorylation changes at PKB/Akt-Thr308 were less well defined (Figure 5.3.5).
Despite loading equivalent amounts of protein in each well, the intensity of bands seems
variable, with the apparent degree of phosphorylation increasing and decreasing between
points across the time-course, even in the presence of control-conditioned medium
(Figure 5.3.5 A). Exposure to E3-conditioned medium (Figure 5.3.5 B) and E4-
conditioned medium (Figure 5.3.5 C) produced a similarly inconsistent pattern of
expression and is difficult to analyse in a suitably qualitative manner. This experiment
was repeated several times: for some experiments, new lysates were prepared by
culturing SH-SYS5Y cells and treating with the conditioned media, and other instances the
Western blotting was attempted with either immunoprecipitated samples or ‘neat’

lysates. However, results remained unclear. Furthermore, stripping these nitrocellulose
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membranes and reprobing with a-Akt antibody revealed that the band being detected was
PKB/Akt. However, the intensity of the band, which by inference is equivalent to the
amount of the protein in question being present in the lysate, was inconsistent across the
film. The variation in band intensity may be a reflection of the limitations of the Bradford
assay, as this was the method for preparing lysates for loading on the gel: based on the
results of this assay, they were diluted in distilled water to give an equivalent
concentration (1 pg/ul) of each sample. Although relatively accurate, the possibility for
variance and errors to be introduced at this stage should be appreciated with this protein
concentration measurement technique. As such, with the data currently available, the

activity at the Thr308 site of PKB/Akt in the given conditions remains inconclusive.

5.3.3 Detection of NOS3 and its phosphorylated form

The presence of NOS3 protein in SH-SY5Y cells was investigated by Western blotting,
as shown in Figure 5.3.6. This shows an immunoblot for a time course from 1 min to 6 h
post-exposure to control- (Figure 5.3.6 A), E3- (Figure 5.3.6 B) and E4- (Figure 5.3.6
C) conditioned medium. The presence of NOS3 was detectable, although the lysates
treated with E4-conditioned medium were much more defined. The reason for this

difference is unclear at present.

To investigate the phosphorylation status of this protein, immunoprecipitation was
performed using a-NOS3 to enrich the lysates followed by immunoblotting with a-
NOS3-pSer1177 antibody. Despite repeated attempts at this experiment, the blots did not
detect phosphorylation at this site being phospho-modified, although Coomassie blue
staining (see Section 2.4.3.5) revealed the presence of protein in the gel following
electrophoresis, whilst Ponceau S staining of the nitrocellulose membrane (see Section
2.4.4.2) showed sample transfer had occurred and sample loading was relatively
consistent across the gel. A more robust confirmation of this was achieved by stripping
blots that had been probed with a-NOS3-pSer1177, then reprobing with a-NOS3, as
shown in Figure 5.3.7. This demonstrated that both E3-conditioned medium (Figure
5.3.7 A) and E4-conditioned medium (Figure 5.3.7 B) immunoprecipitates were loaded
equally and, although pSer1177 form of NOS3 was not detected, the non-phosphorylated
form was present in the immunoprecipitate. Although it is disappointing that
phosphorylation of NOS3 was not observed, this does provide evidence suggesting the
sensitivity of the a-NOS3-pSerl177. Also of note is that E4-conditioned medium

samples appear marginally more intense, as was observed in Figure 5.3.6.
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Figure 5.3.6 Exposure of SH-SYSY cells to E3- and E4-conditioned medium

does not affect expression of NOS3 as assessed by Western blot
Cultured SH-SYS5Y cells were exposed to CHO-conditioned medium for 1, 5 and 10 min,
then 1, 2 and 6 h. Expression of NOS3 was assessed by immunoblotting with a-NOS3
antibody. Marker on the left hand edge represents molecular weight size markers (kDa),

NOS3 = 140 kDa.

(A) CHOdhfr-; (B) CHO-E3; and (C) CHO-E4 treatment medium.
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Figure 5.3.7 Reprobing of blots with a-NOS3 following an initial immunoblot

of immunoprecipitates with a-NOS3-pSer1177
Cultured SH-SY5Y cells were exposed to CHO-conditioned medium for 1, 5 and 10 min,
then 1, 2 and 6 h. Following this, samples were immunoprecipitated with a-NOS3 to
enrich lysates, then assayed by Western blot for the presence of pSer1177 NOS3. Figures
above represent stripping of this blot, then reprobing with a-NOS3 to confirm the
presence of NOS3 on the membrane, despite no pSerl177 being detected. Marker on the
left hand edge represents molecular weight size markers (kDa); NOS3 = 140 kDa.
(A) CHO-E3; and (B) CHO-E4 treatment medium.
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5.4 DISCUSSION

The foundational work described in Chapter 3 established the presence of relevant apoE
receptors and components of the NO biosynthesis pathway in human neuronal cell lines,
with particular reference to the neuroblastoma cell line, SH-SY5Y. With this as a basis, it
was hoped that the release of NO as a response to apoE-conditioned medium could be
assayed with this cell line, and was investigated in Chapter 4. However, the findings
from that study proved inconclusive and could not be fully resolved with the assay

methods available.

The work described in the current chapter was an attempt to investigate the effect of
apoE on SH-SYSY cells at a more discreet stratum. This was achieved by analysing the
potential phosphorylation changes to a panel of proteins that are representative of the
different stages of a putative signalling pathway mediated by apoE. Three proteins were
chosen for this purpose: the apoE receptor, apoER2; the constitutively expressed NO
synthesising enzyme, NOS3; and the NOS3 regulatory kinase, PKB/Akt. The
investigations were performed using immunoprecipitation and Western blotting of cell
lysates prepared at specific time-points ranging from 1 min to 6 h post-exposure and, in

some instances, up to 24 h.

The investigations performed in this chapter form an initial screening of potential targets
to investigate further with respect to the apoE/NO pathway. As such, a quantitative
analysis of changes in phosphorylation over time (if indeed a change had occurred) has
not been undertaken. Instead, the focus has been far more on a qualitative differentiation
of effects that exposure to an exogenous apoE source can have on these neuroblastoma
cells, and whether these are detectable, as opposed to measurable. Following on, if time
permitted, experimental conditions could have been fully rationalised and optimised to
allow an accurate measure of change in phosphorylation state of the different proteins

investigated against their basal characteristic.

The presence of all three proteins, which had been detected at the mRNA-level in
Chapter 3, was confirmed at the protein-level by Western blotting. Exposure of cells to
E3-conditioned medium did not appear to affect the phosphorylation state of any of the
proteins investigated, and was similar to the effect of control-conditioned medium.
However, treating with E4-conditioned medium appeared to increase phosphorylation at
Serd473 of PKB/Akt, and also tyrosine phosphorylation of @poER2. In both instances, a
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peak level of phosphorylation was detected at 5 min post-exposure to apoE4, with a
gradual decrease over the remainder of the time-course. Conversely, as already noted for
E3-conditioned medium, apoE4 had no effect on NOS3. phosphorylation at the Ser1177
site; nor was any discernible effect observed at the Thr308 site of PKB/Akt. These results
do seem to indicate an apoE isoform differential effect with respect to PKB/Akt and
apoER2 signalling events, validating to some extent thé hypothesis that apoE4 can
modify cellular functions in neuronal cells. Unfortunately, the lack of any
phosphorylation change in NOS3 was disappointing. However, this does support the
findings presented in Chapter 4, whereby changes in NO release were not apparently
different from basal levels when SH-SYS5Y cells were exposed to apoE-conditioned
medium. Moreover, the stripping and reprobing of these blots to check for the presence
of NOS3 on the membrane revealed bands at the correct molecular weight, indicating

that this immunoblotting assay was sensitive.

The effect of apoE-conditioned medium on apoER2 was not unexpected, as apoE is a
ligand for this receptor. Currently, much interest in this receptor stems from its
interaction with the very-low-density lipoprotein receptor (VLDL-1): in concert, they are
a ligand for Reelin, and have been shown to play important roles in neuronal migration
and positioning in the cerebral cortex and cerebellum in mice [319,320]. However,
whether apoE-laden lipoprotein particles actually utilise apoER2 for receptor-mediated
endocytosis of these particles is unclear. Studies in mice have demonstrated that the
binding efficiency of apoER2 for B-VLDL particles is threefold lower than the LDL-
receptor [150]. Furthermore, the foundational study by Yamamoto’s group, who first
identified apoER2, revealed that the receptor had very poor affinity for LDL and VLDL,
but would bind with high affinity to apoE-rich B-VLDL particles [226]. More recently,
Bu and colleagues investigated the endocytic rates of a panel of apoE receptors,
including apoER2, LRP, VLDL-r and LDL-r. They discovered that whilst LRP had an
extremely rapid and efficient rate of endocytosis, apoER2 and VLDL-t were significantly
less effective at this process [321]. Our group has demonstrated that apoER2 (but,
notably, not LDL-r) is located in caveolae, the same subcellular region that numerous
other signalling components — such as NOS3, PSD-95 and Src — could potentially be
located, which gave credence to apoER2’s role in signalling events [322], and there is
further evidence that strongly indicates that apoER2 does not have a primary role in
lipoprotein endocytosis at all, but rather influencing signalling events such as those
described above [323].

201



Although structurally very similar to the LDL-r and VLDL-r, apoER2 has the distinction
of featurihg a 59 amino acid insert present in its cytoplasmic tail, which contains 3
proline-rich PxxP motifs [226,324]. As discussed in Chapter 1, Section 1.4.5, these
motifs are potential Src homology 3 (SH3) binding domains [325]. Many proteins that
contain SH3 domains are involved in signal transduction pathways [326,327].
Furthermore, apoER2 (but not VLDL-r) can interact with the adaptor protein c-Jun N-
terminal kinase (JNK) interacting protein (JIP) [328]. This can promote PKB/Akt
activation as well as interacting with anterograde molecular motor kinesin, which could
allow it to putatively act as a scaffold for transporting signalling molecules such as Dab-1
along microtubules [329,229].

The apoE4 induced tyrosine phosphorylation of apoER2 observed in the present study is
supported by the concomitant phosphorylation of Akt at Ser473. It is likely that the two
events are linked, as apoER2 is a known upstream propagator for PI3K and, in-turn,
PKB/Akt activation. However, one problematic aspect of this conclusion is the time
taken for phosphorylation at these sites to return to their basal level. For apoER2, the
initial tyrosine phosphorylation is detected at 5 min post-treatment, which persists for at
least 10 min, and even seems to be present to some extent after 1 h (Figure 5.3.2 C). In
the case of PKB/Akt phosphorylation at Ser473 (presented in Figure 5.3.4), the change is
initially detectable 10 min post-treatment and persists for at least 30 min, although by 1 h
it returned to its basal level (though no intermediate time-points were assayed). Previous
investigations of apoER2 tyrosine phosphorylation in EA.hy926 endothelial cells by our
group has demonstrated that in response to apoE2-conditioned media, a peak level of
phosphorylation could be observed at 2.5 min post-exposure; this was completely
diminished by 10 min when it had returned to its resting state [211]. However, D’Mello’s
group investigated PKB/Akt in rat cerebellar granule cells in response to a range of
neuronal survival factors such as insulin-like growth factor (IGF-I)‘ and cyclic-AMP
[330]. Their study revealed that exposure to IGF-1 resulted in sustained phosphorylation
at both Ser473 and Thr308, which started 2 min post-treatment and had not diminished
by the end-point of 1 h, a finding that has been observed in other studies [331,332].

The observed phosphorylation changes of PKB/Akt are significant and represent an apoE
isoform differential effect. It could be argued that this is of more significance than the

apoER2 response, as this is a downstream effect of protein phosphorylation; there must
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be an initiating event upstream of Akt phosphorylation at Ser473, which has propagated
to this kinase. Most probably this pathway involves the action of PI3K; this could be
conﬁnned'by the use of a PI3K inhibitor such as wortmannin or LY294002, the presence
of which should abolish this phosphorylation change. Once phosphorylated and active,
there are a range of signalling events that could be potentiated by PKB/Akt [314],
including activation of NOS3 and glycogen synthase kinase-3 (GSK-3) [333]. The
phosphorylation sites at Ser473 and Thr308 act synergistically to generate a high level of
PKB/Akt activity [334]. Initial activation is thought to occur through Thr308, which is
then followed by phosphorylation of Serd73, putatively though the action of PDK1,
which is an established as a mechanism for Thr308 phosphorylation. Furthermore, it was
thought that phosphorylation of Ser473 could not occur without the prior activity of
Thr308. However, in 2000, Alessi’s group investigated this activity in mouse embryonic
stem cells where the both copies of the PDK1 gene were knocked-out [335]. Most
surprisingly, these cells were viable and did not undergo premature apoptosis. Exposure
to IGF-1 did not result in phosphorylation at Thr308, implicating PDK1 as an essential
modifier of phosphorylation state of this residue. However, Ser473 was phosphorylated,
even in the absence of stimulatory factors; in the presence of IGF-1, a two-fold increase
was observed. Moreover, phosphorylation of GSK-3 was also abolished in these cells,
indicating that Thr308 plays a vital role in downstream activation events. There is now
an emerging view that indicates Ser473 phosphorylation (either through PKB/Akt
autophosphorylation or by the action of PDK1) actually precedes events at Thr308
[241,336,337]

Ultimately, both Ser473 and Thr308 require phosphorylation if PKB/Akt is to be an
effective activator of downstream signalling events. This may be a reason for NOS3 not
undergoing any phospho-modification in this particular system. The data presented in
Chapter 4 indicated that exposure to apoE-conditioned media was having some effect on
SH-SYS5Y cells, but this effect could not reproducibly quantified using fhe assay methods
available. It was hoped that observing molecular changes of NOS3 could elucidate some
of the events occurring within this signalling pathway. The influence of PKB/Akt on
NOS3 is well characterised [188,187,183], whilst the phosphorylation at Ser1177 of
NOS3 is a well-established activation event for nitric oxide biosynthesis. However, there
is the possibility that NOS3 responds to phosphorylation changes in PKB/Akt in a similar
manner to GSK-3, namely that activation of PKB/Akt must occur at both Thr308 and
Ser473 before the signal can be propagated to NOS3, which activates this enzyme and
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synthesises NO. An interesting aside to this investigation would have been to assay any

phosphorylation changes that may occur to GSK-3 in the lysates that were prepared.

The present study has demonstrated that exposure of SH-SYS5Y cells to apoE-conditioned
medium does indeed result in detectable intracellular changes over the specified time-
course. Furthermore, these changes were isoform specific, with apoE4 delivering
elevated phosphorylation of PKB/Akt at Ser473 and tyrosine phosphorylation of
apoER2. Physiologically, with respect to NO release, no change has been detectable in
these cells, which was further supported by the lack of activation of NOS3 at the
biochemical level. However, a wide range of signalling events can be instigated by
PKB/Akt, so there is a potential for other intracellular events to have been modified by

the action of apoE exposure.
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Chapter 6

GENERAL
DISCUSSION




6.0 GENERAL DISCUSSION

6.1 THE EXISTING INFORMATION

As outlined in Chapter 1, Alzheimer’s disease represents a significant healthcare issue
for Western societies. By the middle of this century, an estimated 25% of the population
in the West will be over the age of 65; approximately one-third of these are likely to be
affected by AD. The legacy of this disease can be measured by two distinct indices: the
progressive effects on a patient’s quality of life; and the cost of long-term care and

treatment for those affected.

Though our understanding of AD pathology and disease progression has advanced over
the last few decades, establishing a complete natural history for the disease’s genesis and
advancement through to cognitive dysfunction still eludes. The twin events of abnormal
amyloid precursor protein processing and the hyperphosphorylation of microtubule-
associated tau are widely regarded as the instigatory factors that lead to, respectively,
amyloid-rich neuritic plaques and paired-helical filaments (PHFs), the two classic
hallmarks of AD pathology [1]. Genetic linkage analysis has identified highly penetrant
missense mutations in three genes in familial forms of AD, the amyloid precursor protein
(APP), presenilin-1 (PS-1) and presenilin-2 (PS-2) [12,93,8]. Despite this, 90-95% of AD
cases are late-onset, occurring sporadically with no observable mutation in the APP or

presenilin genes [165,98].

Understanding the molecular basis of AD was given a significant boost over 10 years ago
by the discovery that the €4 allele of apoE was genetically linked to late-onset AD,
representing a key susceptibility gene in the development of the disease [102,101].
However, despite numerous efforts, the precise contribution of apoE4 to disease
pathogenesis remains unclear, although a range of investigations have studied its effects
on neurobiology and physiology with respect to AD. These include: its co-localisation
with amyloid-rich neuritic plaques in AD brains as well as its accumulation in regions of
damaged or regenerating nerves [338,339], where it may function as a scavenger to retain
cholesterol to be utilised in the axonal regeneration process [129]; binding and stabilising
microtubules to inhibit hyperphosphorylation of tau [229,131,130]; isoform differential
promotion of neurite extension [133,134]; and enhancement of fibrillisation of AP

peptides to generate neuritic plaques [340].
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6.2 ApoE-MEDIATED SIGNALLING THROUGH RECEPTORS
This present study has investigated a particular physiological function that could be

susceptible to the different apoE isoforms, namely the biosynthesis of nitric oxide, a
ubiquitous intercellular messenger that can modulate cerebral blood flow, thrombosis and
neurotransmitter release as well as contributing to morphogenesis and synaptic plasticity
[240,167]. The effect of exposure of neuronal cells to apoE was investigated and a
number of approaches were taken in the course of this research with the eventual goal
being to effectively assay this response. In the first instance, a survey was performed to
determine suitable cell line(s) that could be utilised for investigation. Quantitative
reverse-transcriptase-PCR was employed for this, and a panel of 38 human cell lines was
investigated, 12 from neuronal sources, on a 96-well plate. This investigation revealed
that in the 12 brain-derived cell lines there was relatively good expression of LDL-r,
VLDL-1, LRP, apoER2 and scavenger receptors SR-BI and SR-BII; all cell-surface

receptors known to bind apoE.

Significantly, expression of the VLDL-r was consistently strong in neuronal cell lines
(although, the highest expression of this receptor was in cell lines derived from smooth
muscle cells), and the expression of apoER2 supported existing studies that have
implicated it as being predominantly expressed in the brain [226]. In fact, apoER2, in
concert with VLDL-r, is widely accepted to function as a cellular receptor on the surface
of post-mitotic neurons for the signalling factor, Reelin; thus ensures correct positional
migration of these cells during brain development [148]. There is evidence to suggest
that apoER2, unlike certain other apoE receptors, does not have a primary function as an
endocytosing agent of apoE-laden lipoproteins for lipid uptake, but rather functions as a
signalling receptor. This is further espoused by the observation that the cytoplasmic tail
of apoER2 has a series of proline-rich residues that can recruit SH3 signalling motif-
containing proteins, which raises the prospect of it initiating or transducing a signal from
the cell-surface to downstream targets. Following on from the identification of enhanced
apoER2 expression in brain-derived cell lines, the effect of exposure to apoE-conditioned
medium on phosphorylation of the receptor was investigated in Chapter 5. In this case,
exposure to apoE4-conditioned medium resulted in an increase in tyrosine
phosphorylation approximately 5 min post-treatment, which was not seen in the presence

of E3- or control-conditioned medium.
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The proline-rich domains of the cytoplasmic intracellular region of apoER2 are a distinct
feature that has also been identified in the cytoplasmic tail of SR-BII, the splice variant
of SR-BI, which was shown herein to be expressed preferentially in many brain derived
cell lines. This may be a significant finding, as the tail sequence of SR-BII could function
in a similar manner to apoER2 by instigating signalling pathways that could have
profound downstream effects. Furthermore, scavenger receptors are known to have an
affinity for AP [341], as well as strong expression in astrocytes [342,343,344]. A recent
study investigated the effect of mouse SR-BI overexpression in HepG2 cells [345]. These
recombinant cells were found to preferentially take up HDL particles over LDL.
Moreover, exposure to HDL resulted in a 10-fold increase in phosphorylation of NOS3 at
the Ser1177 residue, at a similar level at both 5 min and 30 min post-exposure to HDL.
Concomitantly, there was a 2-fold increase in the conversion of [*C]-arginine to [**C]-
citrulline in these cells, indicating enhanced NO biosynthesis. Other studies have attested
to similar findings in both human endothelial and CHO cells [160,346,347], in addition to
identifying both PKB/Akt and mitogen activated protein (MAP) kinase (MAPK) as
downstream propagators of a signal that originates from the interaction of SR-BI with
PI3K and eventually activates NOS3 [161].

This evidence strongly supports the contention that SR-BI is a significant contributory
factor in the release of NO, at least in the cardiovascular system. The most likely
pathway involves the C-terminal PDZ® domain and its interaction with the PDZ-domain
containing adaptor protein, PDZK1 [348,239]. At present there are no data directly
supporting the theory that NO biosynthesis can be mediated via SR-BI in neuronal cells.
However, the C-terminal region of SR-BII is completely dissimilar to that of SR-BI, and
is distinguished by the presence of SH3 motifs, as described above [164]. Potentially,
therefore, SR-BII has the capability of propagating a signal from the cell surface through

to NOS activation, or some other downstream effect.

Unfortunately, the putative effects of these distinct signalling regions of SR-BII may not
be as obvious as their very presence would imply. Silver’s group investigated the effect
of HDL exposure to COS-M6 kidney cell lines overexpressing either SR-BI or SR-BII
[349]. In both transfected cell-lines, HDL binding and cholesterol flux was similar,
which reflects the fact that apart from the C-terminal, both SR-BI and SR-BII are
identical, including their ligand binding region. Although, with regard to this finding, of

? postsynaptic density protein (PSD-95)/Drosophila discs-large (dlg)/tight-junction protein (ZO1)
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note is a study by van der Westhuyzen and colleagues (who first identified the presence
of the SR-BII splice variant), which revealed SR-BII influencing cholesterol trafficking
differently to SR-BI [350]. Moreover, Silver’s investigation reported that SR-BII did not
appear to phosphorylate NOS3, which was supported by the absence of HDL-stimulated
NO release in this recombinant cell line [349]. To investigate the significance of the
PDK1-binding domain in SR-BI, the activity of a cell line mutant that lacked this domain
was assayed, wherein phosphorylation of NOS3 and concomitant activation was
abolished. These findings indicate that the PDK1-binding domain is a key contributory
element of NOS3 activation by SR-BI, whereas there is no apparent influence of SR-BII
on these events. At present, this remains the only study to explore the putative abilities of
SR-BII to mediate the activity of NOS3. The findings in this thesis revealed preferential
expression of SR-BII in several neuronal cell lines, which could also be investigated with
respect to this putative functionality. Clearly there must be a rationale for this prevalence,
although this is not immediately apparent with the existing data. Certainly the presence
of unique C-terminal signalling elements on SR-BII is not doubted. However, in this
thesis, the functional repercussions of this were not explored beyond mRNA copy

numbers.

Most recently, Carlsson and colleagues have reported the identification of a third form of
scavenger receptor class B [351]). This form, identified as SR-BIII, arises from an
alternate splice acceptor site on exon 11 (in much the same way as that which occurs in
the generation of SR-BII), but with an additional frame-shift such that a region upstream
of exon 12 (which in SR-BI is used in its entirety) now enters the reading frame and the
stop codon occurs within the middle of this exon; the authors refer to this as exon 12 B.
This novel splice variant was found in both macrophages and atherosclerotic plaques. As
with SR-BII, the tail of SR-BIII is distinct, and is much longer at 55 amino-acids,
although notably there are both SH2 and SH3 binding motifs in addition to a protein
kinase C binding motif. This seems to implicate potential signalling functions, although
this was not investigated. At present, this remains a novel finding, and has not been

studied in any other groups.

6.3 ASSAYING NITRIC OXIDE RELEASE UPON apoE EXPOSURE

Surveying expression of apoE receptors and NO biosynthesis components in neuronal
cell lines in Chapter 3 identified SH-SYSY neuroblastoma cells as a suitable cell line for

investigating the response of exposure to apoE with respect to NO release. Although this
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cell line was never the highest expressing neuronal cell line with respect to any
individual apoE receptor, it did demonstrate relatively consistent expression of all the
numerous receptors, as presented in Figures 3.3 and 3.4. Moreover, expression of the
three NOS isoenzymes was also uniformly high in SH-SYSY cells, especially relative to
the other brain-derived cell lines that were assessed. Overall, the cumulative information
from this analysis of neuronal cell lines appeared to indicate SH-SY5Y as a suitably
diverse cellular model in so far as gene expression of relevant components of the putative
apoE/NO release pathway were concerned. Furthermore, this cell line is easy to culture
and has been utilised in numerous previous studies and are, therefore, relatively well

characterised.

However, before exploring this pathway could be commenced, it was necessary to
accurately measure the apoE content of conditioned medium prior to treating cells. An
enzyme-linked immunosorbent assay (ELISA) technique was described in Chapter 2
Section 2.5, which led to the establishment of a robust and accurate sandwich ELISA for
this purpose. This was utilised in the investigations described in Chapter 4, where SH-
SYS5Y cells were exposed to apoE3-, E4-, E2- and control- conditioned medium. A
number of assay methods were studied, the most successful of which was the cyclic-
GMP radioimmunoassay, which represented an indirect measure of NO biosynthesis.
This indicated that the three apoE isoforms did indeed differentially modulate cGMP
production such that E3-conditioned medium was the strongest, followed by E2 and then
E4; relative to the control-conditioned medium, exposure to exposure to E4 gave a 6 %
decrease in radioactivity counts, whilst E3 medium resulted in a 12 % decrease in
radioactivity. However, this was a questionable result as these changes in radioactivity
were only marginally distinct from what could be considered as null responses.
Furthermore, due to the non-linear relationship between radioactivity count and cGMP
concentration, this change in dpm is actually equivalent to an even smaller change in
intracellular cGMP: the response with E3-conditioned medium of 12 % dpm change is
equivalent to an approximately 1 % change in cGMP concentration. The inability to
generate a substantial decrease in radioactive counts from the baseline level may well

reflect the choice of cell line in this investigation.

With respect to NOS3 expression in neuronal cell lines, the highest expressing cell line
was in fact the activated derivative of IMR-32 cells, which had a more neuron-like

morphology, achieved by a 7 day exposure to retinoic acid prior to analysis. This cell line
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had a 3-fold higher mRNA copy number of NOS3 expression relative to SH-SY5Y cells,
and could have been more suitable for investigating the release of NO in response to
apoE. Unfortunately, attempts at culturing the cells (before any attempts at treating it
with retinoic acid) proved unsuccessful and it was not possible to establish a thriving
culture. An alternative to trying to culture these IMR-32 cells could have been to
transfect SH-SYSY cells, which were very easy to culture, and have them overexpress
NOS3. Establishing such a cell line would have proven a powerful tool for investigating

the apoE/NO pathway.

Extending this further, SH-SY5Y cells could have been transfected to give recombinant
cell lines overexpressing one or more apoE receptors, such as apoER2, SR-BI/SR-BII or
LRP. This could have been an elegant demonstration of the effects of exposure to apoE-
conditioned medium in the manner of the investigations described earlier in endothelial
cells, where overexpression of SR-BI could be used to demonstrate its contribution to
NOS3 phosphorylation and concomitant NO release [345]. The obvious criticism of such
an approach is that it artificially exaggerates the cell surface chemistry of this cell line.
However, such a study would have provided a proof-of-principle aim and would

undoubtedly have enhanced the findings presented in Chapter 4.

A similar argument could be put forward with regard to the data presented in Chapter 5,
where exposure to E3- and E4-conditioned medium gave isoform differential effects with
respect to apoER2 tyrosine phosphorylation and phosphorylation at the Ser473 residue of
PKB/Akt. In both instances, E4-conditioned medium gave an increased level of
phosphorylation, initially detected at 5 min post-exposure and sustained for at least 30
min. However, there was no discernible activation of NOS3 at the Ser1177 residue with
either apoE treatment, implying that there would be no associated increase in nitric oxide
release. This calls into question once again the putative conclusion in Chapter 4, where a
change in cGMP was inferred by the minor shifts in radioactive counts when exposed to
apoE-conditioned medium relative to control-conditioned medium. It was suggested that
the decrease in radioactivity might indicate NO biosynthesis (as is implicated by
increased cGMP production), while cautioning that this might simply be the baseline
activity of the cells in these conditions. The failure to detect NOS3 phosphorylation
would support the latter.
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6.4 FINAL THOUGHTS — A ROBUST HYPOTHESIS?

The principal hypothesis in this thesis was that exposure of human brain-derived cells to
apoE will result in a change in NO release, and that this will show an isoform differential
effect. The investigation presented in Chapter 5 seems to support the presence of an
isoform differential effect, with a putative signalling pathway that involves
phosphorylation changes to apoER2 and PKB/Akt, most probably coupled by PI3K.
Significantly, though, this did not propagate to NOS3 as was postulated. At a more
functional level, an attempt to demonstrate this isoform differential effect by either
directly measuring NO release through the DAF fluorescent assay or indirectly through
the ¢cGMP radioimmunoassay, did appear to support the existence of a isoform
differential effect. However, these results were flawed somewhat by the lack of
sensitivity when attempting to measure what seemed to be very subtle changes in NO

biosynthesis in response to apoE.

The genetic linkage of the €4 allele of apoE to AD is well-established; as has been
discussed in Chapter 1, the reasons for this are yet to be fully elucidated despite
investigations over more than a decade. The ability of apoE to regulate NO release has
been previously demonstrated in endothelial cells and platelets by our group
[352,211,353,354], and extending this apoE-NO link to neuronal cells as a putative
contributory factor to AD is logical and sensible. Insofar as combining the different
components of this study — apoE, nitric oxide and Alzheimer’s disease — there is
significant support from a study by Colton’s group, where the release of NO was
measured in monocyte-derived macrophages taken from patients diagnosed with AD and
compared with non-AD controls [355]. This study demonstrated that AD patients
genotyped as €4 homozygous produced a significantly higher NO release (as measured
by nitrite levels) in response to immune activation by interferon-y (IFN-y) compared to

both €3 homozygous AD and non-AD patients.

However, the investigations presented in this thesis are an attempt to rationalise the NO
response to apoE directly in human brain-derived neuronal cells rather than blood-
monocyte macrophages. Nitric oxide is well-established as an intercellular messenger in
the brain, with numerous downstream functions. The potential for apoE to affect this
physiological balance is apparent, although the evidence presented in this thesis has not
been conclusive. How significantly the different apoE isoforms contribute to fluxes in

NO biosynthesis in the brain is yet to be fully explored. Although there is no completely
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conclusive biochemical evidence that fully explains the genetic linkage of apoE4 to AD,
there is likely to be a multitude of functions that apoE can impact upon within both the
normal brain and in AD progression. As such, it is most likely to have an indirect effect

by modulating the brain’s metabolic functions in a multifactorial manner.

In the decade since the identification of the €4 allele of apoE as a major susceptibility
factor for developing AD, investigations have studied a range of hypotheses regarding its
contribution to disease onset. The relationship between NO and apoE is certainly a
component of AD pathophysiology where progress is being made and could ultimately
prove to be a critical component in concert with other established mechanisms linked to

apoE4. These future findings will be awaited, therefore, with great interest.
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