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III Abstract

Microglia are the principal immune-competent cell of the central nervous system
(CNS) and there is evidence to suggest microglia are the co-ordinating cells of the
CNS inflammatory response. The blood brain barrier (BBB) isolates the CNS from
the rest of the body and limits the delivery of therapeutic agents to the CNS.
Nanotechnology-based CNS drug delivery techniques, designed to bypass the
restrictive nature of the BBB, often involve several constituents to mediate passage
across the BBB. Little is known about the microglial response to such materials. A
polyelectrolye coated magnetic fluorescent nanostructure was evaluated in this study.
The nanostructure exhibited no cytotoxic effects, internalization of the nanostructure
did not induce a robust microglial activation and no meaningful increase in cytokine
production was observed, although phagocytosis did occur. These results suggest the
nanostructure could be used to deliver therapeutic agents to CNS cells while
minimising inflammation due to microglial internalization. The potential of the
nanostructure to be used as a bimodal contrast agent, generating T2-weighted MRI
contrast in vivo and confocal microscopy contrast in brain sections, was assessed. I»n
vivo experiments indicate that the nanostructure is ideally suited for use in cell
tracking experiments that involve the administration of pre-labelled cells. The
nanostructure generates T2-weighted MRI contrast due to the iron oxide core.
Similarly, human amyloid-beta (AB) plaques are known to contain iron and it has
been suggested that AP plaque attenuation of T2 relaxation time may used a
biomarker for Alzheimer’s disease (AD). Copper and zinc are also known to be
present in AP plaques but little is known about the metal composition of Ap plaques
in transgenic mouse models of AD and how they compare with human A plaques.
X-ray fluorescence (XRF) analysis, adapted for use with biological tissue, was
performed on AP plaques in brain tissue prepared from 8 — 9 month old APP/PS1
transgenic mice. Iron was increased in plaques from transgenic mice but no increase
in copper or zinc was observed. The increase in iron was approximately 5 times lower
when compared with reported levels in human AP plaques. This discrepancy, in
addition to the absence of copper and zinc, suggests that metal colocalization to AP

plaques may occur in vivo as plaques mature.



Activated microglia are known to surround Af plaques and neuroinflammation, with
an emphasis on microglial activation, was assessed in the APP/PS1 mouse model of
AD at 8 — 9 months of age. Quantification of amyloid deposition indicated that
plaque number and insoluble A4, was greater in the brains of female APP/PS1
transgenic, compared with male APP/PS1 transgenic mice. Microglial activation
characterized by increases in MHC II, CD11b and CD68 were measured in the
transgenic mice and female transgenic mice exhibited increased expression of
markers of microglial activation compared with male transgenic mice. Increases in
the concentration of TNF-a and the expression of IL-1 mRNA were observed in
female transgenic mice only. This gender bias extended to performance in a spatial
memory task where performance of APP/PS1 transgenic mice was impaired
compared with the performance of wildtype mice, but female transgenic mice
performance was markedly worse than that of male transgenic mice. Overall the data
provide support for the proposal that activation of microglia, together with the
upregulation of proinflammatory cytokines, mediate the impairment in hippocampal

function in APP/PS1 transgenic mice.
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Chapter 1

Introduction

The central aims of this thesis can be broadly classified as separate investigations

into,

e Assessment of the neuroinflammation associated with a mouse model of
Alzheimer’s disease (AD) and longitudinal assessment of magnetic resonance
imaging (MRI) relaxometry and cerebral blood perfusion changes in such a
model.

e The development and application of a technique to map iron, copper and zinc
in absolute quantities.

e The use of a magnetic and fluorescent contrast agent to track cell migration.

In order to familiarise the reader with the topics under investigation this introduction
will introduce the central nervous system and it’s cellular constituents. Alzheimer’s
disease will be described and the mouse models developed to investigate this disease
will be outlined; specific attention will be paid to the mouse model used in this thesis
and the role of neuroinflammation in AD. The physical basis of MRI will be briefly
considered, while MRI use in AD research and MRI-derived measurements of

cerebral perfusion will be outlined.

In the subsequent sections the relationship between AD and metals, iron in particular,
will be described. An introduction into several novel methods of assessing metal,
focusing on iron’s magnetic properties, will be discussed. A final section will outline
the use of MRI contrast agents and recent advances in contrast agents of a bi-modal

nature, specifically magnetic and fluorescent agents.

A more detailed outline of the specific aims of this thesis will close the chapter.



1.1 The central nervous system

The brain is isolated from the rest of the body by the blood brain barrier (BBB),
which selectively restricts passage to the central nervous system (CNS). Two main
cell types comprise brain tissue. Neurons, considered the computationally-competent
cell type, and glial cells. Neurons communicate with each other at synapses and each
neuron can make up to 7,000 synaptic connections with others neurons. In this
manner, complex circuitry between neurons are established. The role of these circuits
in processing information is poorly understood. It is estimated that neurons represent
only 10% of the cellular population in brain tissue, with glia outnumbering them.
Glial cells do not communicate in the manner that neurons do, but are key to aiding
neuronal function and maintaining homeostasis. Glial cells can be divided into 3 main
cell types: oligodendrocytes, astrocytes and microglia. In this thesis, emphasis will be

placed on microglia

1.1.1 Astrocytes and oligodendrocytes

Oligodendrocytes are analogous in function to Schwann cells, resident in the
peripheral nervous system. The primary function is the myelineation of axons in the
CNS. However, in contrast to Schwann cell mylineation of a single axon only,

oligodendrocytes can myelinate up to 50 axons (Fiacco et al., 2009).

Astrocytes are characterized by a distinct star-shaped morphology and are
identified by staining positive for an intermediate filament protein named glial
fibrially acidic protein (GFAP). Although initially considered to be involved only in
structural and metabolic support to neurons, astrocytes are now known to be involved
in numerous processes in the CNS (Volterra and Meldolesi, 2005). They modulate
neurotransmitter concentrations and can both release and take up neurotransmitters.
They provide nutritional support to neurons and can also participate in the release of
neurotrophins which promote neuronal function (Hughes et al., 2009). They have a
role to play in the immune response of the CNS, becoming activated in response to

neuroinflammation (Rossi and Volterra, 2009) and astrogliosis is characterized by an



increase in GFAP expression due to glial cell process, and cell number, increases.
Astrocytes are an anatomical component of the BBB. Astrocytic endfeet process onto

endothelial cells and are fundamentally involved in signalling across the BBB.

1.1.2 Microglia

Microglia are the principal immune competent cell of the CNS, displaying the ability
to migrate to areas of inflammation, phagocytose cellular debris and pathogens and
modulate inflammation via cytokine release. Microglia have a common lineage with
macrophages and express cell surface markers more commonly associated with
macrophages, including CD11b, and CD45 (Garden and Moller, 2006). Microglia
comprise approximately 10% of the adult CNS cell population and occur throughout
brain tissue maintaining a ramified morphology under normal conditions which
allows the cells to assess brain tissue status. Microglia in this so called quiescent state
display low levels of MHC class I and Il and are not phagocytic (Pivneva, 2008). The
ramified morphology displayed by microglia is constantly being reorganised while
the cells probe their microenvironment for signs of injury or insult. Upon stimulation,
in response to identification of infection or injury to the CNS, microglia retract their
processes, become motile and can become phagocytic (Kim and Joh, 2006).
Microglia respond to proinflammatory cytokines, cell necrosis factors, changes in
extracellular potassium concentrations (Abraham et al., 2001), viral infections
(Gonzalez-Scarano and Martin-Garcia, 2005) and a variety of proteins associated
with neural pathologies (Garcao et al., 2006, Perry et al., 2002). Activated microglia
can present phagocytosed and subsequently processed antigens on their cell surface
and act as antigen-presenting cells (Aloisi, 2001), they express cell surface molecules
and they can release proinflammatory cytokines. However, the stimulatory
environment, within which microglia are resident, influences the extent of these
changes and their phagocytic capability. Microglia, initially considered either resting
or active, are now thought to be capable of occupying and progressing through many
states of activation, possibly displaying distinct behaviour at each state, although it is

now believed that these states may exhibit overlapping phenotypes.



Microglia, when activated through Toll-like Receptors (TLR), produce
interleukin-1beta (IL-1p), interleukin 6 (IL-6) and tumour necrosis factor alpha
(TNF-a) cytokines. These are proinflammatory cytokines and have been implicated in
the development of CNS inflammation (Landreth and Reed-Geaghan, 2009). Direct
injection of these cytokines into the CNS exacerabates neurodegeneration in a mouse
model of Parkinson’s disease and sustained expression of some or all these cytokines
is a known feature of many neurodegenerative pathologies (Godoy et al., 2008).
Activated microglia, at the site of an injury, can produce chemokines leading to
monocytic chemoattraction, due to the common lineage. The attenuation of the
synthesis of chemokines by activated microglia results in lower levels of microglial

recruitment to a site of injury (Kielian, 2004).

1.1.3 Blood brain barrier

The BBB is formed by tight junctions of transmembrane proteins between adajacent
endothelial cells and associated astrocytic end feet and restricts passage of substances
from the bloodstream much more than endothelial cells in capillaries elsewhere in the
body. Proteins involved include the occludins, claudins and junctional adhesion
molecule (Abbott et al., 2006). Endothelial cells restrict the diffusion of microscopic
molecules (like bacteria) and large or hydrophilic molecules, while allowing the
diffusion of small hydrophobic molecules. Endothelial cells of the barrier actively
transport metabolic products such as glucose across the barrier. It is important to
emphasise that the delivery of therapeutic agents to the CNS is severely limited by
the BBB and methods ensuring adequate delivery of agents to the CNS is a object of
active research (Edwards, 2001).

1.2 Alzheimer’s disease

Alois Alzheimer described the first case of Alzheimer’s Disease (AD) in 1906
(Derouesne, 2008). It is now the most common neurodegenerative disease,

accounting for almost two thirds of all cases with increasing prevalence with age. It is



anatomically characterized by a slow but irreversible loss of neurons, particularly in
the cortex and hippocampus. The disease is characterized functionally by initial
deficits in episodic memory, which accumulate with time leading to marked
dementia, comprising of impaired judgement and memory, altered behaviour, and a
general decline in cognitive function (Keller, 2006). Clinical diagnosis of AD rests
largely on excluding other dementias (Lopez et al., 2000), with a definitive diagnosis
only possible from post-mortem analysis of brain tissue. Neuronal loss, senile plaques
comprised of an amyloid-beta (AB) core and neurofibrillary tangles (NFTs) are
recognised as pathological hallmarks of AD (Mott and Hulette, 2005). The
pathogenesis of AD is poorly understood with recent research indicating that senile
plaques and NFTs may be involved. However, there are contradictory reports relating
to correlations between disease status and the prevalence of hallmark diagnostic
features, further confusing the role of senile plaques and NFTs in AD pathogenesis.
In addition to their presence, numerous other structural and functional alterations
occur, including evidence of neuroinflammatory and oxidative changes (Lopez and
DeKosky, 2003). The combined consequences of the presence of all these factors,
disregarding any putative meditative effects one factor may have on another, is severe

neuronal and synaptic dysfunction and loss.

Approximately 1% of AD cases are familial AD (FAD) and display an
autosomal-dominant pattern of inheritance and can be attributed to mutations in one
of three genes: amyloid precursor protein (APP) and presenilins 1 and 2 (Sorbi et al.,
2001). Most mutations in the APP and presenilin genes increase the production of a
protein called A;.42, which is the main component of senile plaques (Shepherd et al.,
2009). In contrast, AD cases not associated with autosomal-dominant inheritance (i.e.
sporadic AD) do not display alterations in the genes previously mentioned (Van
Broeckhoven, 1998). Risk factors for sporadic AD include obesity, diabetes,
atherosclerosis, smoking, gender, and coronary heart disease (Stozicka et al., 2007).
Although numerous clinical trials have been conducted and are ongoing, no effective

treatment has been found.

1.2.1 Neurofibrillary tangles



NFTs consist of aggregated straight or paired helical filaments, twisted ribbons or
other conformations of aberrantly phosphorylated forms of the microtubule-
associated protein, tau. The primary function of tau, which is particularly abundant in
the axons of neurons, is to stabilize microtubules. Increases in tau phosphorylation
are associated with depolymerization of microtubules mediating an increase in
cytosolic tau concentration and increasing the opportunity for aggregation (Duff,
2006). As microtubules enable signalling molecules, trophic factors, vesicles, and
other essential cellular constituents, to engage in axonal transport, alterations in tau
influence greatly the status, performance and viability of neurons (Ballatore et al.,
2007, Arriagada et al., 1992). Several studies have suggested that cerebro spinal
fluid- (CSF) concentrations of tau may be indicative of AD disease severity
(Andreasen et al., 2001, Arriagada et al., 1992). Transgenic mice overexpressing
P301S mutant human tau developed filamentous tau lesions at 6 months of age,
which increased in number with age. Microglial activation and impaired synaptic
function in the hippocampus were observed prior to tangle formation at 3 months of
age in these mice (Yoshiyama et al., 2007) suggesting that inflammation, ongoing

from microglial activation, may be a precipitating factor in tangle formation.

1.2.2 Senile plaques

Senile plaques are lesions comprised of a core of aggregated AP surrounded by
reactive astrocytes, dystrophic neurites and activated microglia and in the case of
dense plaques, are approximately 50 um in size (Ishihara et al., 1991). AP peptide
ranges in length from 39 to 43 amino acids. In dense senile plaques, AP 42 is the
major constituent, whereas under normal conditions, AB;_40 is prevalent (Yoshikawa,
1993). Histochemical staining, in addition to more quantitative techniques, has
demonstrated the presence of iron, copper and zinc in senile plaques from end-stage
AD brain tissue (Lovell et al., 1998, Miller et al., 2006). Plaque quantity increases
with age but plaque size remains restricted to approximately 50 um (Kato et al.,
1998). Diffuse plaques characterized by reduced AP concentrations in the plaque core
have also been found in brains of AD patients but, it is unclear whether these plaques

mature to the dense plaque phenotype (Armstrong et al., 1998). Cerebral amyloid



angiopathy (CAA), where A deposition occurs in the walls of blood vessels in the
CNS, also occurs in AD (Weller et al., 2009). There is no distinct correlation between
senile plaque prevalence and disease severity but several reports suggest a general

correlation between total levels of AP and cognitive decline (Naslund et al., 2000).

1.2.3 Amyloid precursor protein

AR is derived from the proteolytic cleavage of the amyloid precursor protein (APP), a
type 1 751 — 770 residue glycosylated transmembrane protein with a large hydrophilic
extracellular domain, a hydrophobic 23 residue transmembrane domain and a small
cytoplasmic domain (Walsh and Selkoe, 2007); the 695 isoform is expressed mainly
in neurons (Haass et al., 1991). Some confusion still exists over the normal
physiological role of APP but, several functions have been proposed; they include a
role in cell adhesion, copper homeostasis, growth promotion, wound healing and
coagulation, and neuronal migration during development (Heber et al., 2000, Herms
et al., 2004, Muller et al., 1994, Young-Pearse et al., 2007). Studies using APP
knock-out transgenic mice identified the importance of APP by showing that
knockouts exhibited impairments in spatial learning (Dawson et al., 1999) and

impaired long-term potentiation (LTP) (Seabrook et al., 1999).

1.2.4 APP processing

There are 2 proteolytic processing pathways of APP: the non-amyloidogenic
pathway, which cleaves APP to form soluble A, and the amyloidogenic pathway
which produces AP peptides, where APP is cleaved initially by a-secretase and B-
secretase, respectively. Both pathways are then acted upon by an aspartyl protease
referred to as the y-secretase and are represented schematically in Figure 1.1. The o-
secretase pathway generates a soluble APPa peptide and a 10 kDa C-terminal APP
fragment that can be further processed by y-sectretase to generate the P3 peptides. AP
is derived from the APP by the sequential action of - and y-secretases (Walsh and
Selkoe, 2007). APP cleavage by B-secretase results in shedding of its large

ectodomain to be shed into the luminal and extracellular fluid, leaving a membrane
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bound C-terminal fragment. This is 99 amino acids in length and is subsequently
cleaved by y-secretase, causing A to be released. Depending on the point of
cleavage by y-secretase, three principal forms of AP, comprising of 38, 40 or 42
amino acid residues, are produced. y-secretase has been identified as a complex of
enzymes composed of presenilin 1 or 2, (PS1 and PS2), nicastrin, anterior pharynx
defective and presenilin enhancer 2 (Levitan et al., 2001, Steiner et al., 2002, Wolfe
etal., 1999). In individuals where an increased proportion of A;_4, is produced, early
onset AD occurs (Kumar-Singh et al., 2006, Rovelet-Lecrux et al., 2006), suggesting

this alone is sufficient to cause the disease.

1.2.5 Amyloid-beta

AR is produced in healthy CNS tissue and does not appear to be detrimental until it
aggregates. Senile plaques have been determined to be insoluble fibrillar aggregates
of AP, specifically AB;.42. AP monomers can rapidly aggregate in normal
circumstances to form oligomers and subsequently insoluble dense fibrillar
aggregates, presumably forming the base of senile plaques; A4 exhibits the
greatest tendancy to aggregate. The kinetics of senile plaque formation in vivo are
surprisingly fast, with plaque formations occurring in 24 hours (Meyer-Luehmann et
al., 2008). Aggregated AP-induced neurotoxicity is well established in vitro with Ap,.
42 exhibiting greater potency than other peptides (Chiang et al., 2008). This has been
replicated in vivo in experiments involving the cerebral infusion of A (Nakamura et
al., 2001). The detrimental effects of oligomeric forms of AP have been investigated
and soluble pre-fibrillar oligomeric forms of Af have been shown to mediate synaptic
dysfunction in vitro and in vivo (Walsh et al., 2002). It has also been reported that
soluble AP concentrations match AD severity much more closely than senile plaque
numbers (Lue et al., 1999). It has also been demonstrated that the presence of
oligomeric A4 intracellularly results in inhibition of synaptic transmission (Pigino
et al., 2009). Although AP aggregation can occur under normal circumstances, it has
been shown to be accelerated in vitro in the presence of iron, copper and zinc
(Garzon-Rodriguez et al., 1999, Khan et al., 2006) and perhaps predictably studies

have confirmed the presence of low and high affinity binding sites for copper, zinc



and iron (Atwood et al., 2002, Atwood et al., 2000). When A binds copper and iron,
redox reactions take place (Barnham et al., 2004, Opazo et al., 2002) and isolated
senile plaques generate reactive oxygen species (ROS) in a manner dependent upon

copper and iron (Sayre et al., 1999).

1.2.6 The amyloid cascade hypothesis

A central hypothesis to explain AD pathogenesis was proposed which states that the
process of AD pathology is the result of an imbalance between the production and
clearance of AP, leading to an overproduction of AP and subsequent formation of
soluble oligomers and insoluble fibrils (Hardy and Allsop, 1991). Although the initial
focus on the role of the insoluble fibrils in AD pathogensis proved compeliling, recent
work implicating soluble forms of amyloid broadens the discussion of the underlying

mechanism suggested by the cascade hypothesis, but does not negate the involvement
of AB.

The APP gene is localized to chromosome 21, trisomy of which occurs in
Down’s syndrome (DS), and interestingly AD-like neuropathology has been
described in persons with DS, further supporting AP as the primary causative agent in
AD (Lemere et al., 1996). Mutations in the APP gene also leads to AD-like
pathology, suggesting alterations in A processing, in addition to overall A
concentration levels, can lead to AD pathology. Inherited mutations with PS1 and
PS2 increase AP,.42/AP;.40 ratio leading to early onset AD (Bentahir et al., 2006). The
demonstrated neurotoxic effects of different species of synthetic AP, both in vitro and
in vivo, in addition to the ability of AP to activate microglia resulting in the
production of proinflammatory cytokines and oxidative stress associated with AD
pathology, suggest AP is capable of inducing widespread effects similar to those

observed in AD brains.

Although the mechanism by which AP mediates its neurotoxic potency is
unknown, it has been demonstrated that NFT-induced neuronal death is potentiated
by AP (Lewis et al., 2001) and NFT were significantly increased in the amgydala of

the P301L tau transgenic mouse cerebrally administered A4, fibrils (Gotz et al.,



2001). However, increasing tau expression levels and hyperphosphorylation in a
transgenic mouse model of AD had no effect on AD pathology onset or progression
(Oddo et al., 2007). These data provide clear rationale for focusing on A as the
primary causative agent in AD, as tau abnormalities although responsible for some
level of neuronal death in AD, appear subsequent to the presence of Ap and

appearance of Ap-mediated detrimental effects.

1.3 Alzheimer’s disease mouse models

Animals models of AD have attempted to model the increase in Ap concentrations by
intracerebral or intracerebroventricular infusions of synthetic AP peptides (Snow et
al., 1994). Data from models such as these provided evidence of the neurotoxic
effects of AB.42 and impairments in memory (Frautschy et al., 1992, Games et al.,
1992). However, the difficulty in replicating the aggregation state and dose of AP
infused, and the confounding effects of variability in surgical techniques, delivery of
AP and the variability in animal strains prompted the investigation of alternative
animal models of AD. The identification of genes associated with AD led to the
development of numerous genetically-modified mouse models of AD. These models
replicate different aspects of AD pathology such as A plaque formation, microglia
and astrocyte activation and cognitive deficits. Due to the complex nature of AD
pathology, no single mouse model can be considered to accurately model all the

pathological and behavioural symptoms associated with AD.

1.3.1 APP-based transgenic mouse models

The first reported transgenic mouse model to successfully develop senile plaques and
display AD-like neuropathology, such as dystrophic neurites and neuroinflammation,
was the PDAPP transgenic mouse (Games et al., 1995), which overexpresses the

mutant form of human APP favouring the production of AB1-42 under the control of
human platelet derived growth factor b (PDGF-b) chain as gene promoter. However,

no evidence of neuronal loss in areas displaying senile plaque deposition have been



observed in these animals (Irizarry et al., 1997). Spatial memory deficits observed in

these animals correlate with plaque deposition (Chen et al., 2000).

More recently transgenic animals have been developed which overexpress
mutant forms of APP identified from human studies, Figure 1.2 schematically
illustrates the point of mutation associated with the most common APP transgenic
mice. The Tg2576 transgenic mouse model of AD overexpresses the Swedish double
mutation of APP under the control of the prion protein (PrP) promoter (Hsiao et al.,
1996). These mice display senile plaque deposition, beginning at 9 — 12 months of
age, neuroinflammation, oxidative stress and cognitive impairments in spatial and
working memory associated with AP deposition (Zhuo et al., 2008, Apelt and
Schliebs, 2001, Pratico et al., 2001). However, these mice display no neuronal loss
(Eriksen and Janus, 2007). Numerous other transgenic mouse models of AD have
been studied, however the model used in the work presented here is a double
transgenic mouse model, where the Swedish mutant APP is overexpressed in tandem

with increased PS1 expression.

1.3.2 APP/PSI1 transgenic mouse models of AD

Overexpression of mutant, but not wildtype, PS1 was found to increase the amount of
AP .42 in the brain of mice, although senile plaques did not develop (Duff, 2006).
Crossing this PS1 transgenic mouse with the Tg2576 transgenic mouse generated
viable progency with 3 — 5 fold increase in concentrations of ABj.40and ABj.42,
compared with single-transgenic littermates, and senile plaques deposition,

accompanied by neuroinflammation, by 6 — 8 months of age (Holcomb et al., 1998).

More recently several investigators have undertaken research using an
APPswe/PS1dE9 transgenic mouse model of AD. This mouse was developed by co-
injection of the APP695 isoform containing the Swedish mutation and the exon-9-
deleted PS1 into pronuclei, with each gene under the control of an independent PrP
promoter (Jankowsky et al., 2001). AP plaques have been observed in these mice as

early as 4 months of age, with plaque deposition observed in the hippocampus and
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cortex of mice at 8-9 months of age. Concentrations of AP, .4, are consistently
reported as elevated above A4 (Gordon et al., 2002). CAA is observed in these
animals from 4 months of age, and although progressing, it does so at a rate
significantly slower than that observed in the Tg2576 mouse (Garcia-Alloza et al.,
2006). Female transgenic mice have higher levels of plaque deposition than male

transgenic mice (Wang et al., 2003).

1.3.3 Memory deficits in APP/PS1 transgenic mouse models of AD

APP/PSI transgenic mice showed no behavioural deficits at 3 — 4 months of age
(Puolivali et al., 2002) or 6 months of age (Cao et al., 2007). Evidence of spatial
memory learning impairments in APP/PS1 transgenic mice, at 8-9 months of age, has
been reported (Cao et al., 2007). Hippocampal concentration of total AP, .4, has been
shown to correlate with performance impairment in the Morris water maze (MWM)
in APP/PS1 transgenic mice at 11-12 months of age, but soluble AB;.4; and total Ap,.
40 were not correlated with the behavioural impairment (Puolivali et al., 2002).
APP/PS1 mice at 15-16 months of age displayed impaired spatial learning as assessed
by the MWM task. This spatial memory deficit was correlated with an increase in A
concentration in the cortex and hippocampus (Arendash et al., 2001). More recently
the visuo-spatial learning of APP/PS1 transgenic mice was assessed using the Barnes
maze, 18 month old transgenic mice displayed impaired performance compared with
wildtype mice; no difference was observed at 6 months of age (O'Leary and Brown,
2009). This task assesses episodic-like memory performance and previous work has
indicated this form of memory may be the first to be affected in these mice, with
deficits observed at 6-7 months of age (Reiserer et al., 2007). Longitudinal
assessment of APP/PS1 transgenic mouse performance in a passive avoidance task
and in the reversal phase of the water T-maze indicated deficits occur from 6 months
of age, and that these deficits increase with age and AD-like neuropathology (Filali
and Lalonde, 2009).



1.4 Neuroinflammation in AD

Initial evidence of the role of inflammation in AD arose from epidemiological studies
that observed that patients treated with non-steroidal anti-inflammatory drugs
exhibited decreased incidence of AD (Breitner, 1996). Evidence that microglia play a
role in inflammation in the CNS of AD patients came from studies showing that IL-
1B, IL-6, and TNF-a expression were upregulated in these individuals, and they were
predominantly associated with AD plaques (Griffin et al., 1989, Wood et al., 1993,
Cacabelos et al., 1994). These cytokines were subsequently found to be produced
predominantly by activated microglia (Lue et al., 2001, Griffin et al., 1995). Studies
of brain sections prepared from post mortem tissue found microglia with marked
expression of MHC class Il on their surface to be associated with AP plaques (Luber-
Narod and Rogers, 1988, Rogers et al., 1988, Perlmutter et al., 1992). A plaques
have been shown to recruit microglia 1 — 2 days following plaque appearance
(Meyer-Luehmann et al., 2008) and these microglia are known to release a diverse
range of proinflammatory molecules, such as nitric oxide, IL-1f, and TNF-a (Floden
and Combs, 2006, Ii et al., 1996). It has been proposed that the activated microglia
might attempt to clear amyloid deposits or possibly restrict plaque growth (Simard et
al., 2006). Importantly, these changes have been observed in brain tissue prepared

from APP/PSI transgenic mouse models of AD.

A study examining the time course of plaque deposition and
neuroinflammation in an APP/PS1 transgenic mouse model, observed that increases
in GFAP and MHC I expression were associated with increases in plaque deposition
(Gordon et al., 2002). Similiarly, in an APP transgenic mouse model of AD, no
CD1 1b-positive microglia were detected prior to plaque deposition (Dudal et al.,
2004). These data suggest soluble AB may not be as effective an ‘activator’ of
microglia as fibrillar AB. In this study, glial activation was not observed prior to
plaque deposition. More recently, in APP/PS1 transgenic mice that displayed plaque
deposition at 4 months of age, CD11b positive microglia and GFAP-positive

astrocyte populations were associated with amyloid plaques and pro-inflammatory
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cytokine expression, TNF-a and IL-1f, was observed at 8 months (Zhang et al., |

2009).

Microglia are capable of AP phagocytosis as demonstrated by several in vitro
reports (Paresce et al., 1996, Ard et al., 1996, DeWitt et al., 1998). However, recent
multiphoton in vivo data confirming the persistence of amyloid plaques following
formation, indicate microglia do not clear plaques, although some level of
phagocytosis may occur on the perimeter of plaques. This seemingly contradictory
behaviour has led some investigators to speculate that microglial interactions with
amyloid plaques in vivo do not effectively engage receptor systems associated with
the phagocytic machinery (Bard et al., 2000). Some commentators have termed this
‘frustrated phagocytosis’ (Rogers et al., 2002a), while others have suggested that the
microglial dysfunction is due to senesence (Streit, 2004). This may not be the case as
animals genetically engineered to develop plaques early in life do exhibit plaque
clearance. It is clear that persistent activation, characterized by production of
proinflammatory molecules, in the absence of effective phagocytosis of A species, is
a consistent feature of microglia proximal to amyloid plaques. This has been found in

all mouse models of AD where plaque deposition occurs.

Some studies have reported a beneficial role for microglia under specific
circumstances. Activation of microglia induced by intracerebral injection of LPS has
been shown to reduce plaque density in mouse models of AD (DiCarlo et al., 2001,
Herber et al., 2007, Herber et al., 2004). While reducing microglial activation using
dexamethasone attenuated LPS-induced plaque reduction. Interestingly chronic
overexpression of [L-1f in the hippocampus of APPswe/PS1dE9 mice led to a
decrease in AP plaque deposition (Shaftel et al., 2007).

The longitudinal assessment of neuroinflammation in mouse models of AD,
and comparison of such findings with age-related changes in markers of
neuroinflammation in wildtype mice, represents an opportunity to examine the role
neuroinflammation may have to play in mediating the detrimental affects associated

with AD.



1.5 Vascular dysfunction in AD

Cerebral blood flow (CBF) is integral to brain function and interruption results in
brain function cessation within seconds, and irreversible damage to the cellular
constituents of the brain within minutes (Hossmann, 1994). Recent work has
determined that activity-induced haemodynamic responses require complex
signalling mechanisms that involve not only neurons but also astrocytes and vascular
cells. Imaging studies have reported reductions in CBF and glucose utilization in
patients with AD, while a growing body of evidence exists indicating vascular Af3
depositions alter blood vessel morphology and impair function (Thomas et al., 1996,
Niwa et al., 2001). Studies of cerebral blood volume (CBV) and perfusion suggest
increasing prevalence of compromised brain perfusion in the temporoparietal cortex
as AD progresses (Alsop et al., 2000). Transgenic mice overexpressing APPswe
display an alteration in the regulation of the cerebral circulation at 2-3 months of age
(Niwa et al., 2002). Cerebrovascular dysregulation can be reproduced in wildtype
mice by topical application of AP to the cerebral cortex, while systemic
administration of AP reduces resting CBF (Niwa et al., 2000); this study found AP0
to be more potent in mediating cerebrovascular alterations. Peptide-specific
immunofluorescence has revealed that A4 is the predominant form in cerebral
blood vessels, whereas A;.4; is more abundant in brain parenchyma (Alonzo et al.,
1998). These studies suggest cerebrovascular dysfunction is not solely due to
neuropathology, but more closely linked with AB-induced effects on the

cerebrovasculature.
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1.6 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) has become increasingly useful in probing
anatomical, biochemical and functional alterations in brain tissue due to
neuropathology in a non-invasive manner and is now routinely applied in the clinic.
MRI has been adopted as an investigative tool in the neurosciences, with a
proliferation of techniques available; the ability to assess changes in the brain tissue
of animals in longitudinal studies is especially useful in AD research.

The origin of the MR signal is the small magnetization associated with
protons in the hydrogen atom. Normally the orientation of each proton’s
magnetization is random such that there is no net magnetization due a bulk volume of
protons. However, when the protons are placed in a static magnetic field, B,, an
excess of protons line up with the magnetic field, thus creating a small excess of
magnetization associated with the protons. This excess is called the boltzmann
population and it is this magnetization that forms the basis of the MR signal. This
process is illustrated in Figure 1.3a where the boltzmann population is established
and small net magnetization, M, is present in the same direction as the external
magnetic field B,. To enable us to differentiate between the magnetization due to the
protons and B,, we need to perturb the magnetization associated with the protons.
Basic MRI contrast is generated by perturbing the magnetization of the boltzmann
population excess, through the use of a radiofrequency (RF) pulse, and measuring the
relaxation of the magnetization back to equilibrium. The application of an RF pulse to
forces M, the net magnetization, to move into a different plane, this process is
represented in Figure 1.3b. Upon removal of the RF pulse the perturbed
magnetization, M, attempts to relax to it’s equilibrium state — as defined by the
Boltzmann population. This relaxation is defined by two relaxation processes, termed
longitudinal relaxation time (T1) and transverse relaxation time (T2), see Figure.
1.3c. The regrowth of the magnetization, M,, along the z-axis is termed T1 relaxation.
The decay of magnetization in the transverse plane, M,y, is termed T2 relaxation.
Sampling the signal at different points during relaxation alters the T1- and T2-

weighting of the signal thus generating contrast.
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T1 and T2 relaxations times relate to different aspects of the biophysical and
biochemical environment within which protons, the basis of the MRI signal, find
themselves as they relax. Relaxation times can be calculated by sampling the signal at
different timepoints and have been shown to be modulated in pathology; T1
hypointensities have been reported in multiple sclerosis (van Walderveen et al., 1999)
and in instances of acute astrocytic activation (Sibson et al., 2008), and T2
hyperintensity has been described in ischemic tissue (Moseley et al., 1990). MRI is
capable of providing high-resolution anatomical images which can be used to
evaluate changes in brain structure and, using this method, brain atrophy in AD
patients can be evaluated (Smith et al., 2002). T2 relaxation time is attenuated by
iron, due it’s paramagnetic behaviour, and this has been suggested as a possible

biomarker in AD.

A study of the APP/PS1 transgenic mouse model of AD found no differences
in volumes of brain structures between transgenic and wildtype mice (Lau et al.,
2008). A more recent report examining the volume changes in brain structures of the
APP/PS1 mouse model of AD and a wildtype cohort of mice concluded that only
subtle differences were present, with none observable prior to 14 months of age

(Maheswaran et al., 2009).

1.6.1 MRI relaxometry in APP/PS1 transgenic mouse models of AD

Numerous studies have confirmed that T2-weighted MRI scans can be used to detect
amyloid plaques in APP/PSI transgenic mouse models of AD, using lengthy ex vivo
scans (Lee et al., 2004, Zhang et al., 2004). /n vivo detection of AP plaques in APP
transgenic mice using T2*-weighted MRI scans has also been reported (Jack et al.,
2005, Jack et al., 2004). In one study correlation of MRI observations with a panel of
different histological staining techniques indicated that only plaques that were
positive for both thioflavin-S and iron were visible on the MR images (Vanhoutte et

al., 2005).

17



Transgenic APP/PS1 mice, aged 16-23 months, displaying excessive amyloid
deposition, exhibit in vivo reductions in T2 relaxation times measured at 7 T (Helpern
et al., 2004). More recently, several groups have reported an exacerbation of the age-
related decline in T2 relaxation times in areas associated with amyloid plaque
deposition in APP/PS1 and Tg2576 transgenic AD mice, at 12-15 months of age
(Falangola et al., 2007, El Tannir El Tayara et al., 2006, Braakman et al., 2006).
However, these studies also report a reduction in T2 relaxation times in transgenic
PS1 mice, in which amyloid plaques are not observed, suggesting although amyloid
deposition may attenuate T2 relaxation time, it is not the only contributor to the
deficit seen in these mice. There is only one report of T2 relaxation time reductions
preceding plaque amyloid deposition and it was detected in the subiculum of
APP/PSI transgenic mice at 22 weeks of age measured at 7 T (El Tayara Nel et al.,
2007). Also reported in this study was an age-related decline in T1 relaxation time in
the parietal cortex and striatum that was independent of amyloid load and this was
also reported in another study of APP/PS2 transgenic mice (Weidensteiner et al.,
2009). Both increases and decreases in T2 relaxation times have been observed in AD
patients (Kirsch et al., 1992, Benveniste et al., 1999). These data suggest T2
relaxation time attenuation in transgenic mouse models of AD occurs primarily due to
excessive amyloid plaque deposition. However, absence of neuronal loss in AD
models complicates the interpretation of the change in T2 relaxation time in human
studies. An age-related decline in T2 relaxation times in the brain of wildtype mice is
a consistent feature of longitudinal studies, the relevance and origin of this feature is
unclear. It has been suggested that this may be due to a decrease in cell density
(Weidensteiner et al, 2009). However, such a decrease would lead to an increase in
extracellular space and presumably extracellular fluid, leading to an increase in T2
relaxation. This relationship may be further complicated in instances of
neurodegeneration where ventricular enlargement occurs. The widely reported
absence of neuronal loss in APP/PS1 transgenic mouse models of AD offers the
potential to assess relaxometry changes due to ageing and amyloid deposition only.
An investigation into this may be considered relevant to relaxometry changes
observed in humans during early-stage AD, or the phase termed mild cognitive

impairment.
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1.6.2 ASL in APP/PS1 transgenic mouse models of AD

MRI can also be used to assess cerebral blood flow. Arterial spin labelling
(ASL) magnetically saturates inflowing blood into the brain and uses the changes in
the MRI image in this instance, compared with non-saturated blood flow images, to
assess cerebral blood flow. A schematic illustration of the technique is presented in
Figure. 3.4. The signal acquired from ASL experiments is proportional to cerebral
blood flow. To quantify aspects of CBF the ASL signal must be used as an input to a
mathematical model of blood flow. In this manner quantifiable measures of cerebral
blood flow and volume can be determined. However, many researchers utilise
different models leading which can lead to difficulties when comparing across

studies.

This technique has shown efficiency in detecting cerebral blood flow changes
with age, pathology and activation in humans (Parkes et al., 2004, Chalela et al.,
2000, Gonzalez-At et al., 2000). Investigation of changes in the cerebral perfusion of
AD patients has also been possible using this technique (Johnson et al., 2006) with
hypoperfusion detected in the temporoparietal cortex, which is in agreement with

results found using PET and SPECT imaging (Johnson et al., 2005).

Using contrast-enhanced perfusion imaging, a reduction in cortical and
hippocampal cerebral blood volume (CBV) was identified in mutant APP transgenic
mice at 4 months of age (Wu et al., 2004). This technique has also been used to
uncover a reduced CBV in 15-month old APP/PS1 transgenic mice (Hooijmans et al.,
2007). More recently, assessment of CBV in a mouse model of AD overexpressing
human PS2 and a mutant human APP transgene found a decreased perfusion and
CBV in the occipital cortex of transgenic mice at 10 months of age compared with
wildtype mice (Weidensteiner et al., 2009). To date, studies utilising ASL to measure
cerebral blood flow (CBF) are rare. However, reduced perfusion in the cortex of
APP/PS] transgenic mice at 33, 54, and 62 weeks compared with wildtype mice, as
measured by ASL, has been reported (Dhenain et al., 2008).
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The absence of exogenous contrast material when measuring using the ASL
method makes it an attractive approach to CBF quantification and as such it
represents a clinically translatable technique. Investigation of the ability of ASL
models, and in this thesis the novel ASL method developed by Kelly and colleagues,
2009, to accurately track changes in CBF in a mouse model of AD is an important

step in the maturation of the ASL technique.

1.6.3 MRI contrast agents

Although MRI can provide exquisite anatomical detail and can also be used to assess
blood flow, it cannot, without the use of exogenously applied contrast agents, afford
contrast to specific cells or on-going molecular processes. Many materials can greatly
affect T1 or T2 relaxation, recent advances in the fabrication of ultra-small particles
and nanotechnology approaches have the production of a range of material capable of
generating MR contrast. Iron oxide-based magnetic nanoparticles have become one
the most widely used superparamagnetic contrast agents in MRI. Their effect on the
relaxation time of water is measurable even at nanomolar concentrations. [ron-oxide
contrast agents increase T2 relaxation time leading to hypointensity in T2-weighted
images. The use of nanoparticles in animal experiments to track labeled cells using

MRI has led to the visualisation of cell migration in various pathologies.

Macrophage and T-cell infiltration from the bloodstream to brain tissue,
specifically the cerebellum, in animals with experimental autoimmune encephalitis
(EAE), which is an animal model of multiple sclerosis (MS), has been visualised
using this technique (Brochet et al., 2006). Macrophage migration to the site of a
cerebral blood vessel infarct in animal stroke models has been similarly examined
(Weber et al., 2005). More recently, many researchers have attempted to target more
specific molecular processes through the addition of molecular process-relevant
organo-compounds to existing contrast agents. Antibody-linked magnetic
nanoparticles have been used to visualize the kinetics of endothelial expression of
vascular cell adhesion molecule-1 in a mouse model of stroke (van Kasteren et al.,

2009).

20



The use of bi-modal magnetic fluorescent nanostructures, enabling the
capabilities of MRI and confocal microscopy to be exploited, has also been
investigated and several studies assessing the application of multimodal magnetic-
fluorescent nanomaterials for cellular imaging have been completed. Biocompatible
iron oxide nanoparticles conjugated to a fluorescent dye and the Tat-peptide have
been examined, using confocal microscopy and T2-weighted MRI, following
incubation with primary human dermal fibroblast cells and Madin—Darby bovine
kidney derived cells (Nitin et al., 2004). In another study, Rhodamine-labeled citric
acid-capped magnetite nanostructures were utilised as fluorescent biological markers
(Sahoo et al., 2005). It has als<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>