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II1. Abstract

It is well established that inflammatory changes in the brain accompany the
ageing process and neurodegenerative disorders. These changes are largely mediated by
activation of microglial and astrocytic cells, which is characterized by an increase in
cell surface markers and the release of pro-inflammatory cytokines. CD200 is a cell
surface protein widely expressed on a variety of cells, including neurons, astrocytes and
endothelial cells. However, expression of CD200 receptor is reserved for cells of the
myeloid lineage, including microglia. Several studies have shown that ligation of the
CD200R by its endogenous ligand helps preserve microglia in a quiescent state, and that
microglia are restrained from tissue-damaging activation through CD200R signalling.

The development of MRI as a clinical tool has led to its ability to detect subtle
changes in the tissue water environment under examination through assessment of T
and T, relaxation times. The presence of iron in activated microglial cells couid render
T, relaxometry a useful biomarker of microglial activation, while it has been previously
shown that T hyperintensities reflect acute astrocytosis.

The findings in this study suggest that CD200 has anti-inflammatory actions in
the CNS, since age and LPS treatment induced exacerbated inflammation in CD200-
deficient mice. The data reveal that the age-related increase in microglial activation is
markedly enhanced in CD200-deficient mice. There was an age-related decrease in T,
relaxometry in both WT and CD200-deficient mice; however, this decrease was not
exacerbated in CD200” mice. Treatment with LPS induced significantly greater
microglial activation in CD200”", compared with WT, mice. T, relaxometry did not
show the predicted decrease following LPS treatment, indicating that the age-related
decrease in T, may be reflective of the increase in overall iron accumulation, which was
not correlated with the extent of activation of microglial cells. However, treatment with
LPS induced increases in both astrocytosis and T; relaxometry, confirming the already
established association between acute astrocytic activation and T relaxation times.

Blood-brain barrier (BBB) permeability to the gadolinium-based contrast agent
Magnevist was assessed using a novel tail-vein cannulation technique. The data reveal
that BBB permeability was increased in LPS-treated WT and CD200”" mice. This was

coupled with a decrease in occludin and claudins 5 and 12 messenger ribonucleic acid
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(mRNA). Moreover, BBB permeability was also increased in control-treated CD200™",
compared with WT, mice. Follow-up analysis revealed decreases in claudin 5 and
occludin mRNA expression in CD200”" mice, perhaps as a result of an increase in basal
levels of pro-inflammatory cytokines which have been shown to disrupt expression of
the tight junction proteins.

BBB disruption could also lead to the passage of amyloid-beta (Af) from areas
of high concentration in the brain, to areas of lower concentration in the blood.
However, the increase in BBB permeability induced by small interfering ribonucleic
acid (siRNA) targeting suppression of claudin 5 and occludin was not sufficient to
propagate a movement in soluble amyloid peptides down the concentration gradient in
the APP/PS1 model of Alzheimer's disease (AD).

Overall, this study highlights the fact that MRI can be used in the assessment of

astrocyte function and BBB integrity in several models of neuroinflammation.
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Chapter 1

Introduction



1.1 The Central Nervous System

The central nervous system (CNS) is derived from the walls of a fluid-filled tube
that is formed at an early stage of embryonic development, the components of which are
crucial for life and enable us to sense, move and think. Historically, even our ancestors
appreciated that the brain was vital to life. As early as 7000 years ago, people were
boring holes in each other’s skulls, evidently not with the aim to kill, but to cure.

The CNS is predominantly composed of 2 two types of cells, neurons and
neuroglial cells. It was Ramon y Cajal in the 19" century who proposed that neurons are
distinct membrane-bound entities; that the neurites or projections of a neuron are not
continuous with one another, and must communicate by contact, not continuity. While
the neuroglia: neuron ratio varies in individual brain areas, the overall ratio in the
human brain as a whole has been reported to be approximately 1:1 (Azevedo et al.,
2009). Neuroglia can be subdivided into macroglia (including astrocytes and
oligodendrocytes) and microglia, the resident macrophages of the brain and spinal cord.
While the function of neurons is information processing and communication through
electrical pulses (Kennedy, 1989), the role of neuroglia was traditionally considered to

be a supportive one, involved in maintaining homeostasis in the CNS.
1.1.1 The brain

The cerebral cortex is the key neural structure subserving higher brain function
and intellect. It occupies approximately 70% of the brain mass and plays key roles in
memory, language and consciousness. The cerebrum is noteworthy for its convoluted
structure; the folded nature of the cerebral cortex into sulci and gyri means that up to
two thirds of the human cortex is buried in folds (Bear et al., 1996). By convention, the
cerebral cortex is divided into lobes named after the bones of the skull that lie over
them; the central sulcus divides the frontal lobe from the parietal lobe. The temporal
lobe lies immediately ventral to the deep lateral fissure. The occipital lobe lies at the
back of the cerebrum, bordering both parietal and temporal lobes. The neocortex, the
outer layer of the cerebral hemispheres, is composed of six different layers. The
outermost layer consists of grey matter and neuronal cell bodies, surrounding the deeper

white matter of myelinated axons.



The hippocampus is a structure of the limbic system that was initially described
by Aranzi (1587) who likened the curved formation to a seahorse. The hippocampal
formation consists of the cornu Ammonis fields (CA1-CA4), the area dentate (dentate
gyrus) and the subicular region. Like the cerebral cortex, it is a paired structure, with
mirror-image halves in the medial temporal lobe of the two hemispheres. Historically, it
was originally believed to be involved primarily in olfaction and follow-up studies
revealed projections between the olfactory bulb and the CA1 field of the hippocampus
(Biella & de Curtis, 2000).

However it is in the study of memory formation and consolidation that
hippocampal function has received the most attention amongst researchers. The idea
that the hippocampus is involved in memory is derived from a case study involving the
patient H.M. (Milner et al., 1968) who underwent surgical destruction of the
hippocampus to reduce epileptic seizures. Following the surgery H.M. suffered
anterograde and retrograde amnesia, but his ability to recall distant memories was
unimpaired. This case study resulted in H.M. becoming one of the most intensively-
studied medical subjects in history. There is now consensus that the hippocampus plays

a major role in memory; however the exact nature of this remains fiercely debated.

1.1.2 Ageing in the CNS

Ageing has been described as a series of detrimental changes that occur over
time ultimately leading to impairments in function, including loss of cognitive abilities
(Peters, 2002). Ageing is the biggest risk factor in Alzheimer’s disease (AD) and
Parkinson’s disease (PD). Neurodegenerative disorders, particular AD, are accompanied
by loss of neurons. However, age-related loss of neurons may not be as extensive as
once thought. Indeed, it has been reported that the overall numbers of cortical neurons
only declines by approximately 10% with ageing, although some brain regions show
more loss than others (Morrison & Hof, 1997).

A reduced ability to cope with stressors has been associated with ageing.
Behavioural stress is accompanied by secretion of hormones brain cells, including
corticosteroids (Karten ez al., 2005), which negatively impact on memory function
(McEwen et al., 1999), and inhibit long-term potentiation (LTP), a putative model for
cellular learning and memory (Murray & Lynch, 1998b).



It has been proposed that ageing could result from the accumulation of age-
specific and deleterious genetic mutations (Partridge & Gems, 2006). Factors which
contribute to the deterioration in function of the CNS with age include increases in
mitochondrial insufficiency, reactive oxygen species (ROS) production and aberrant
deposition of transition metals including iron and zinc, for example in AD (Bush &
Tanzi, 2008). While the exact means by which ageing might contribute to deficits in
plasticity have yet to be fully understood, there are two main theories of ageing. These

are the membrane hypothesis, and the free radical theory.

1.1.3 The membrane hypothesis

Membrane fluidity refers to the viscosity of the lipid bilayer of a cell membrane.
Reduced fluidity of brain cell membranes represents an important mechanism that could
explain many functional age-related alterations in the brain (Muller ez al., 1997). An
age-related reduction in membrane fluidity has been shown in many species, and is
usually explained by increased cholesterol to phospholipid ratios of brain membranes,
and by enhanced lipid peroxidation (Zs-Nagy, 2001). Lipid peroxidation leads to higher
concentrations of saturated fatty acids (Muller er al., 1997) and a decrease in
polyunsaturated fatty acids (Murray & Lynch, 1998a). For example, the polyunsaturated
fatty acid content of phospholipids in the brains of aged compared with young rats
(Little et al., 2007) and also in the brains of individuals with AD (Edlund et al., 1992).

Nervous tissue has relatively high concentrations of unsaturated fatty acids,
compared with other organs (Bourre, 2004). These fatty acids participate directly in the
structure and in the functioning of cell membranes. Lipid composition of the membrane
is critical for the optimal functioning of membrane proteins; for example in ligand
binding, enzyme activation, receptor activity, and for signal transduction (Uauy &
Dangour, 2006). Interestingly, a reduction in arachidonic acid incorporation is observed
with ageing and this has been predictably correlated with decreased membrane fluidity
(Bourre, 2004). Furthermore, the reduction in arachidonic acid is correlated with an
impairment in LTP in the aged rat, and can be partially restored with dietary
supplementation of ®-6 (McGahon et al., 1999b) or ©-3 fatty acids (McGahon et al.,
1999a).



1.1.4 Free radical theory of ageing

Of the many theories of ageing put forward over the last several decades, the
free radical theory remains among the most plausible. The free radical theory of ageing
was proposed by Harman in 1957 who postulated that the main driving force behind the
ageing process is an accumulation of damage to proteins and other cell components as a
result of free radical attacks (Biesalski, 2002). Mitochondria produce most of the energy
of the cell and therefore need the majority of oxygen. Consequently, with increasing
metabolic rate, more ROS are produced. However, the ROS-induced mutations of
mitochondrial DNA and the role of antioxidants are not fully understood. Nevertheless,
ROS can cause harm by random oxidation of proteins, which can result in degradation
by associated proteases (Berlett & Stadtman, 1997). This in turn causes progressive
tissue ageing, and suggests that any disease that exacerbates mitochondrial ROS
production could accelerate senescence of the affected tissue or organ. Antioxidant
mechanisms to counteract this effect include reversing the age-related decline in free

radical scavengers such as glutathione, and vitamins C and E (Lynch, 1998),

1.2 Barriers of the CNS

The CNS is subject to two opposing requirements: the need to change in
response to experience and the need for stability. Neurons are highly sensitive to
changes in their microenvironment; for example, neural signalling requires precise
regulation of the local ionic microenvironment around axons and synapses. Of the three
barriers formed, the blood-brain barrier (BBB) is perhaps the most important in
regulating the immediate microenvironment of neuronal cells. In the brain and spinal
cord of mammals including humans, the BBB is created at the level at the cerebral
capillary endothelial cells by tight junction formation (Wolburg & Lippoldt, 2002).
Several pathologies that result in neural damage are associated with an early phase
typified by disruption of the BBB; thus, early treatment of BBB disruption could reduce
the severity of neuropathological symptoms and facilitate recovery.

A second interface, the blood-cerebrospinal fluid barrier (BCSFB), is formed by

the epithelial cells of the choroid plexus facing the cerebrospinal fluid of the lateral,



third and fourth ventricles of the brain. Here, tight junctions are formed between the
epithelial cells at the CSF-facing surface of the epithelium. The CSF is secreted across
the choroid plexus epithelial cells into the brain’s ventricular system (Brown et al.,
2004), while the remainder of the brain’s extracellular fluid is derived in part by
secretion across the capillary endothelium of the BBB (Abbott et al., 2006). Some drugs
and solutes can enter the brain across the choroid plexuses into the CSF, while others
can enter via the BBB and BCSFB.

The final interface, the arachnoid barrier, is formed by the avascular arachnoid
epithelium, underlying the dura and completely enclosing the CNS. It is a multi-layered
epithelium with tight junctions between cells of the inner layer that form an effective
seal between the extracellular fluids of the CNS and that of the rest of the body
(Vandenabeele et al., 1996). Although the arachnoid also forms a barrier layer, its
avascular nature and relatively small surface area signifies that it does not represent a

significant surface for exchange between the blood and the CNS (Abbott ef al., 2010).

1.2.1 Structure of the BBB

The BBB is formed by endothelial cells that line cerebral microvessels (Risau &
Wolburg, 1990) together with astrocytes and pericytes. It acts as a physical barrier
because tight junctions, ‘zonulae occludentes’, between adjacent endothelial cells force
most molecular traffic to take a transcellular route, rather than moving paracellularly
through the junctions (Wolburg & Lippoldt, 2002). The BBB, along with the blood-
cerebrospinal fluid barrier (BCSFB) and avascular arachnoeid epithelium, results from
the combination of physical barrier (tight junctions reducing flux via intercellular cleft
or paracellular pathway), transport barrier (mediating solute flux) and metabolic barrier
(enzymes metabolising molecules in transit). The combined surface area of cerebral
microvessels constitutes by far the largest interface for blood-brain exchange, and in the
adult human brain is between 12 and 18m? in surface area (Abbott er al., 2010). It is
clear from the earliest histological studies that brain capillary cells are surrounded by, or
closely associated with, several other cell types including the perivascular endfeet of
astrocytes, microglia and neuronal process. Astrocytes provide the cellular connection

to neurons (Abbott et al., 2006).



Cerebral perivascular macrophages are key cells by virtue of their location at the
BBB. They are situated between the endothelial basement membrane and the glia
limitans. They are the first cells to respond to inflammation within the brain in various
experimental settings, including experimental autoimmune encephalomyelitis, neuronal
damage and intracerebroventricular injection of interferon-y (Galea et al., 2005). They
also respond to peripheral immune activation after systemic lipopolysaccharide (LPS)
injection (Schiltz & Sawchenko, 2002). Moreover, they display constitutive phagocytic
potential as well as effective antigen presentation, including up-regulation of
immunophenotypical markers of activation, for example major histocompatibility
complex class Il (Williams et al., 2001). Thus, they are ideally suited to respond to pro-

inflammatory stimuli arising from both within the brain and from the periphery.
1.2.2 Tight junctions

Tight junctions are domains of occluded intercellular clefts (Farquhar & Palade,
1963) which are a critical determinant of the permeability properties of the BBB; in
addition to the protection offered by preventing the passage of potentially harmful
agents into the brain, they also prevent the entry of many potentially beneficial drugs
(Matter & Balda, 2003). Therefore much effort has been directed toward the
understanding the factors which maintain the integrity of tight junctions of brain
endothelial cells.

Two of the most abundant tight junction proteins are occludin and the claudins.
In the discovery of occludin, Furuse and colleagues (1993) reported that is was a 504-
amino acid polypeptide of 65 kDa with no significant homology with other tight
junction-associated proteins (Furuse et al., 1993). Occludin spans the plasma membrane
four times, forming two extracellular loops. These extracellular loops are thought to
play a role in the regulation of paracellular permeability (Balda et al., 2000) and cell
adhesion (Kubota ef al., 1999).

The tight junctions of six week-old occludin-deficient mice developed by Saitou
and colleagues (2000) were not affected morphologically. A striking neuropathological
finding in occludin” mice is the progressive accumulation of mineral deposits in the
cerebellum and basal ganglia; these deposits were revealed by electron microscopy to

be calcium deposits that were localized along small vessels and capillaries (Saitou et al.,



2000). These changes were accompanied by chronic inflammation and postnatal growth
retardation. However, the study indicated that occludin was not required for the
formation of tight junctions per se.

The claudins, which have a molecular weight of approximately 23kDa (Nitta ef
al., 2003), are the tight junction molecules which seem to fulfil the task of establishing
barrier properties, contributing to the high transendothelial electrical resistance (TEER)
(Wolburg & Lippoldt, 2002) and thus may mediate paracellular ion permeability. There
are some 20 isoforms of claudin (Abbott et al, 2010); these also bear four
transmembrane domains similar to occludin, but do not contain any sequence homology
to occludin. Most cell types express more than two claudin species in various
combinations to form the tight junction strands (Tsukita et al., 2001).

Functional studies support the view that the composition of the claudins species
directly determines barrier function. Blood vessels of newborn claudin 5-deficient mice
generated by Nitta and colleagues (2003) do not exhibit overt morphological differences
compared with wildtype (WT) mice, and were largely intact. Inspection of tight
junctions in claudin 57" mice revealed that endothelial cell-cell contacts appeared
normal. This indicates that tight junction strands of WT mice are not only composed of
claudin 5, but also the other claudins species, including claudin 12 (Nitta ef al., 2003).
Interestingly, expression of claudin 12 was similar in WT and claudin 5-deficient mice.

Tracer experiments revealed that BBB permeability was induced in claudin gt
mice, in a size-selective manner. Magnetic resonance imaging (MRI) studies revealed
the presence and diffusion of gadolinium-based contrast agent (molecular weight:
742Da), but not larger molecules, in the brain and spinal cord of claudin 5-deficient
mice, and extravasation or leakage of gadolinium occurred in a dose-dependent manner,
with approximately 15% of the injected solution leaking across the BBB. Gadolinium
was retained within the blood vessels of WT mice (approximately 1% of total volume).
Thus, the authors conclude, when tight junctions are composed of more than one
distinct claudin species, the removal of one claudin markedly changes the barrier
function of tight junctions, while keeping their continuous structural integrity (Nitta et

al., 2003).



1.2.3 Function of the BBB

The BBB has several roles; it has low passive permeability to many essential
water-soluble nutrients and metabolites required by nervous tissue, as well as mediating
the efflux of many waste products (Abbott ef al., 2006). This indicates that the BBB is a
mostly hydrophobic, rigid and highly restrictive membrane with low polarity (Di et al.,
2009). Specific transport systems are therefore present in the BBB. It also provides a
stable environment for neural function by a combination of specific ion channels and
transporters, thereby keeping ionic composition optimal for synaptic signalling function
(Abbott et al., 2010). For example, the concentration of potassium in mammalian
plasma is approximately 4.5mM, but in brain and CSF interstitial fluid is maintained at
2.5-2.9mM, despite changes that can occur in plasma following exercise or induced
experimentally (Bradbury et al., 1963). Calcium and magnesium are actively regulated
at the BBB and BCSFB.

Blood plasma contains high levels of the neuroexcitatory amino acid glutamate.
If glutamate is released into the brain interstitial fluid in an uncontrolled manner, this
would lead to considerable neurotoxic damage to neural tissue. Since the central and
peripheral nervous systems use many of the same neurotransmitters, the BBB also helps
to keep the peripheral and central neurotransmitter pools separate, thus minimizing
‘crosstalk’ (Abbott ef al., 2006).

The BBB acts as a protective barrier which shields the CNS against neurotoxic
substances circulating in the blood. These neurotoxins include endogenous metabolites
or proteins, or xenobiotics ingested from food or through the environment. A number of
energy-dependent efflux transporters actively pump these agents out of the brain
(Loscher & Potschka, 2005). Maintaining the integrity of the BBB is important because
the CNS does not have a significant regenerative capacity, and fully differentiated
neurons are not able to divide and replace themselves under normal circumstances
(Ming & Song, 2005). However it is recognised that there is a steady rate of neuronal
cell death from birth throughout life in the healthy human brain, with relatively low
levels of neurogenesis (Lim et al., 2007). Any acceleration in the natural rate of cell
death resulting from an increased access of neurotoxins into the brain would become

prematurely debilitating.



The BBB has low passive permeability to many water-soluble nutrients and
metabolites that are required by nervous tissue. Specific transport systems are therefore
present in the BBB to ensure an adequate supply of these substances. The differentiation
of the barrier layer begins at embryonic angiogenesis, and is maintained in adulthood by
a close association with several cell types, including the endfeet of astrocytes. This
association promotes the up-regulation of tight junction proteins (Wolburg & Lippoldt,
2002), as well as the polarity in the endothelial cells arsing from the differential
expression of specific transporter proteins in the luminal and abluminal membranes
(Beck et al., 1984). Pericytes, microglia and nerve terminals are also closely associated
with the endothelium, and all play supporting roles in maintaining barrier function. The
barrier function is not fixed, however, and can be modulated and regulated, both in

pathology and in physiology (Abbott et al., 2006).
1.2.4 Measuring and modulating BBB integrity

The BBB was originally identified in 1904 by Paul Ehrlich, who noticed that
injection of a water-soluble dye stained all organs except for the brain and spinal cord.
Further evidence of a BBB was provided by Ehrlich’s student Edwin Goldmann, who
injected trypan blue directly into the CSF and found that only cells in the brain were
stained (Goldmann, 1913). Today, extravasation of tracer dyes such as horseradish
peroxidase (molecular weight: 40kDa) and Evans blue (980Da) is routinely used to
measure BBB disruption and integrity (Westergaard, 1977; Belayev et al., 1996) in the
rodent brain. However, non-invasive measurement of BBB integrity can be carried out
using contrast-enhanced MRI (¢cMRI) using intravenously-administered contrast agent,
for example meglumine gadopentate (Gd-DTPA) (Larsson et al., 1990). Gadolinium-
based contrast agents exceed the 180 Dalton threshold for paracellular transport in the
healthy BBB (Sakaeda et al., 2001) and thus are sufficiently large enough to detect
alterations in the compromised BBB, when injected intravenously. Application of this
methodology has revealed BBB defects in animal models of a range of disorders,
including multiple sclerosis (MS) (McCandless et al., 2009) and AD (Ramakrishnan et
al.,2008).

It has been shown that BBB permeability to the slowly penetrant tracer Mannitol

(182 Dalton) is between 0.19-0.22 ul g min™ in the brains of 1 week-old rats, and this



permeability is the similar in adult rats (Preston et al., 1995). The high electrical
resistance, characteristic of low paracellular permeability, is exhibited by rats by E21,
indicating firstly that functional tight junctions are formed prenatally, and also that they
already form an effective barrier to the movement of ions (Butt, 1995). Several reports
have shown that the human BBB is as well formed at birth as in the adult. Expression of
occludin and claudin 5 has been detected in the capillary endothelium of the human
brain in the 14 week-old foetus, and shows the same distribution at cell margins
compared to that seen in the adult (Virgintino et al., 2004). Furthermore, post-mortem
studies have revealed that a BBB impermeable to trypan blue (960 Dalton) is present
from at least the start of the second trimester, which is comparable to that of an adult
human

Novel mechanisms have recently emerged that attempt to investigate the
transient opening of the BBB by suppressing expression of proteins involved in
endothelial cell tight junctions. Small interfering ribonucleic acid (siRNA) can induce a
temporary opening of the BBB by silencing claudin 5 expression (Campbell et al.,
2010) for periods up to 36 hours. Claudin knockdown allows the formation of pores in
the paracellular pathway of the cells, similar to that seen in claudin 5-deficient mice,
allowing the passive diffusion of molecules from the blood to the brain (Campbell ef al.,
2010). This technique renders neuronal areas permeable to compounds up to a
molecular weight of at least 742 Da, and the use of this barrier modulation has been
extended to increase drug delivery to prevent retinal degeneration in mice (Campbell et

al., 2011).

1.3 The CNS defence system

Although it was suggested at one time that the CNS may be an immune
privileged site, this is now known to be incorrect and it is accepted that cells of the CNS
can control the delicate balance between CNS function and self-defence (Carson &
Sutcliffe, 1999). Microglia and astrocytes acting together constitute a resident innate
immune system, serving as both sentinel cells and the first line of defence by
responding to nonspecific ‘danger’ signals (Carson & Sutcliffe, 1999). Both microglia

and astrocytes express Toll-like receptors (TLRs), which recognise structurally
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conserved molecules derived from microbes, as well as endogenous damage-associated
molecular-patterns (DAMPs) like high mobility box 1 (HMGB1) which is released from
damaged cells (Rubartelli & Lotze, 2007). The interaction between a TLR and its ligand
results in the secretion of anti-bacterial peptides and pro-inflammatory cytokines
including tumour-necrosis factor (TNF)-a and interleukin (IL)-6. These initiate an

inflammatory response to clear the invading organism (Renshaw et al., 2002).

1.3.1 Microglial cells

Microglia were first described in 1920 by del Rio-Hortega (Kitamura, 1973), a
student of Ramon Y Cajal, who characterized the microglial response to brain lesions.
In 1988, it was confirmed that microglial cells are bone marrow-derived cells and can
express high levels of major histocompatibility complex (MHC) Il proteins for antigen
presentation following stimulation (Hickey & Kimura, 1988). Microglia represent about
10% of the total brain cell population (Alliot et al., 1999); under normal, and especially
under pathological, conditions neuronal well-being and proper functioning are highly
dependent on the large numbers of glial cells that sustain several neuron functions
(Streit, 2002). The unique fact about microglia is that they are both supportive glia,
immunocompetent cells and antigen-presenting cells (APCs) (Perry er al., 1993).
Microglia express many of the common macrophage antigens, including F4/80 and
macrophage (Mac)-1, which consists of cluster of differentiation (CD)11b. In contrast to
macrophages, microglia express MHC I and II at very low levels in their quiescent state
(Bauer er al., 1995).

Microglia are extremely plastic and can undergo an array of structural changes
depending on their location and function. This level of plasticity is crucial for the wide
variety of immunological functions that microglia perform, as well as maintaining
homeostasis in the CNS. Ramified microglial cells remain as surveying, quiescent cells
in the nervous parenchyma (Vela et al., 1995; Nakamura et al., 1999), until they are
confronted by a stressor, for example pathologically- or experimentally-induced
changes in conditions that compromise the integrity of the CNS (Banati & Graeber,
1994). A typical ramified morphology is characterized by elongated processes
extending from both poles of the cell. A variable number of secondary processes

emanate from these primary processes (Ling & Wong, 1993). Under pathological
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conditions, activation and reactivity of microglia can include transformation in their
distribution and shape, including a change into an amoeboid morphology (Milner &
Campbell, 2003). Microglia are the phagocytic cells of the brain (DeWitt ef al., 1998)
which is a critical event in the resolution of an inflammatory attack (Chan et al., 2001).

In addition to the transformation in shape, activated microglia release pro-
inflammatory cytokines, including IL-1p (Sanz & Di Virgilio, 2000), and TNF-a (Hide
et al., 2000), a major pro-inflammatory cytokine which promotes infiltration of cells to
the CNS. Activated microglia also release anti-inflammatory cytokines, including IL-
10. IL-10 has a number of immunomodulatory roles, for example in vitro studies have
shown that pre-treatment of microglia with IL-10 is effective in blocking the
lipopolysaccharide (LPS)-induced production of TNF-a, thereby attenuating the
inflammatory response (Kim et al., 2002).

However, it is possible that overexpression of pro-inflammatory cytokines
released from activated glial cells contributes to the onset or progression of
neurodegenerative consequences. Normal ageing raises the threshold of inflammatory
cytokine expression in the brain without the need for a secondary insult (Ogata et al.,
2003), and evidence from the study of neurodegenerative conditions, for example AD,
suggests that the release of pro-inflammatory cytokines by activated glia have

deleterious effects on neurons.

1.3.2 Astrocytic cells

Astrocytes are the most abundant glial cells in the brain and play a vital role in
homeostasis of the CNS (Dong & Benveniste, 2001). Astrocytes are characterized by
their star-shaped morphology. They are closely associated with synapses where they
play a major role in regulating synaptic concentration of glutamate and ions. The
evidence suggests that they also participate in synaptic network formation and
neurogenesis (Ransom et al., 2003). Astrocyte foot processes are in close proximity to
the abluminal surface of the microvasculature endothelium of the BBB. Furthermore,
several studies have suggested that astrocytes promote endothelial cell maturation in
vitro (Abbott, 2002).

Astrocytes are frequently referred to as ‘supportive cells’ of the CNS, for their

role in supporting neurons and microglia, and the repair of the brain and spinal cord
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after traumatic injury or assault. Within a few hours of virtually any brain injury,
astrocytes proliferate and begin to exhibit hypertrophy (Chen & Swanson, 2003), a
process that has been termed reactive astrogliosis (Ridet et al., 1997).

Astrocytes share some properties with microglia. A study investigating the
effects of stab injury to the rat cerebral cortex revealed that astrocytes, like microglia,
participate in phagocytosis (al-Ali & al-Hussain, 1996) and endocytosis (Megias et al.,
2000). Evidence from in vivo studies designed to investigate the effects of ageing
suggests that astrocytes, like microglia, increase production of pro-inflammatory
cytokines, including including IL-1f, IL-6 and TNF-a (Dong & Benveniste, 2001) as
well as S100 calcium binding protein f. Interestingly, tissue levels of biologically active
S100p3 are elevated in the AD brain (Marshak et al., 1992) and S100f levels also
correlate with neuritic plaques in AD (Sheng ef al., 1994).

It is well-established that age-related increases in levels of glial fibrillary acidic
protein (GFAP)-expressing astrocytes occurs in the healthy human brain (Hansen et al.,
1987), and ageing rats show progressively increased levels of S100B with age
(Linnemann & Skarsfelt, 1994). These increases are further exacerbated when the
animals are subjected to experimental head injury, which is a risk factor for AD (Kato et
al., 1990).

In vitro studies have shown that astrocytes, like microglia, also express a
number of TLRs, including TLR4 (Bowman et al., 2003) and are therefore able to
respond to LPS. Following LPS treatment, astrocytes up-regulate their expression of IL-
6, increasing rapidly 1-2 hours after exposure (Krasowska-Zoladek et al., 2007). As a
potent source of immunologically-relevant cytokines, astrocytes play a pivotal role in

the type and extent of CNS immune and inflammatory responses.

1.3.3 Cytokines in the CNS

The study of actions of cytokines in the CNS is in its infancy, but has already
revealed direct effects of these molecules on many aspects of neuronal function.
Available data indicate a complex picture, with many cytokines exerting opposing
actions depending on their concentration, site and duration of action. Microglia and
astrocytes are thought to govern the survival of neurons after damage to the CNS.

Bacterial endotoxins and cytokines such as IL-1, TNF-a, interferon (IFN)-y stimulate



the production of both themselves and other cytokines released by microglia and
astrocytes (Benveniste, 1992). Sustained or excessive production of pro-inflammatory
cytokines can have deleterious results. For example, excessive production of TNF-a can
result in demyelination and axonal degeneration (Stoll er al., 1993), while IL-6
treatment enhances N-methyl D-aspartate (NMDA)-induced neurotoxicity (Gruol &
Nelson, 1997). In addition, TNF-a is toxic to oligodendrocytes, and has been associated
with demyelination (Louis ef al, 1993). Therefore, TNF-a might contribute to the
neuropathies that are associated with diseases like leprosy (Rothwell & Hopkins, 1995).

Several cytokines have been reported to affect neuronal differentiation and
growth, and modify synaptic plasticity in brain slice preparations. IL-1p, IL-2, TNF-a,
IFN-o. and B all inhibit LTP (Rothwell & Hopkins, 1995), although these effects
probably do not share common mechanisms, since the timecourse and nature of
inhibition differs for each cytokine (Kent ef al., 1992).

A variety of measures have been developed for suppressing cytokine synthesis
or actions. For example, supplementation of rats with ®-3 fatty acids inhibits both
central and peripheral effects of IL-1 on fever and reduces neuronal damage caused by
focal ischemia (Relton et al., 1993). Evidence from this laboratory has shown that the
age-related increase in IL-1B expression is attenuated following treatment with
dexamethasone and vitamin Ds for a period of two weeks. Similarly, the age-related
increase in activation of the stress-activated protein kinase, c-Jun N-terminal kinase
(JNK), as well as caspase-3, are all attenuated in hippocampal tissue prepared from rats
that received dexamethasone and vitamin D3 (Moore et al., 2007). In addition, treatment
with the anti-inflammatory cytokine IL-10 reverses the LPS-induced inhibitory effect
on LTP. Treatment with IL-10 also inhibits the LPS-induced increase in IL-1f3 and
enhanced phosphorylation of INK (Lynch et al., 2004). Furthermore, treatment with IL-
4 attenuates the AB-induced inhibition of LTP and the associated increase in MHCII,
JNK phosphorylation and IL-1p concentration in the rat hippocampus (Lyons et al.,
2007). Central to these studies is the discovery of the naturally-occurring IL-1 receptor
antagonist (IL-1Ra) which endogenously inhibits the action of IL-1 and is present in the
normal brain. Central injection of IL-1Ra inhibits endotoxin-induced cytokine release in
rodents (Bluthe er al., 1992).

It is now clear that cytokines have several distinct actions on the nervous

system: as communicators to the brain of systemic injury, infection and inflammation,
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and as neuromodulators of the CNS control of systemic host defence responses to
diseases and injury, and as molecules that inhibit or mediate neurodegeneration and

repair.

1.4 Pro-inflammatory cytokines

1.4.1 Interleukin-1§

IL-1B is a member of the IL-1 cytokine family and was discovered in 1972. IL-1
plays a crucial role in the development of the inflammatory response, in part by
mediating its own production and by stimulating the synthesis of other pro-
inflammatory cytokines such as IL-6, [L-8 and TNF-a. IL-1p also has a role in actions
modulating cell growth (Dinarello, 1992). The biological activity of IL-1 is mediated by
two different gene products, IL-1a and IL-1p. These two proteins share only 25% amino
acid identity but have similar three-dimensional structures, use the same receptor (IL-
IR) for signalling and share the same biological activities. IL-1a remains intracellular
or membrane-bound while IL-1B is processed by a specific enzyme called IL-1pB-
converting enzyme (ICE) or caspase-1 and is usually secreted as a mature molecule
(Rachal Pugh et al., 2001). The presence of IL-1B in the CNS is believed to reflect
synthesis by diverse cells such as endothelium, microglia, astrocytes and neurons (Liu
etal., 1993).

IL-1B works via specific brain receptors that demonstrate significant spatial
distribution. As in peripheral tissues, the pro-inflammatory actions of IL-1f3 in excessive
levels will promote acute neuropathological changes in the brain by an activation of IL-
IR1 (Dinarello, 1992).

Evidence from pharmacological studies has indicated that systemic or central
administration of IL-1p to both rats and mice induces the full spectrum of behavioural
signs of sickness, including staying in the corner of their home cage and showing little
or no interest in their social environment, in a dose and time dependent manner (Biella
& de Curtis, 2000). However, the effect of IL-1P goes beyond its role in organizing the
behavioural adaptations to infection (the sickness syndrome). Work by Pugh and

colleagues (2001) has shown that its activation also significantly impairs memory
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consolidation in the hippocampal-dependent contextual fear conditioning task (Rachal
Pugh et al., 2001). This correlates with other work showing memory deficits in IL-1f3-
treated rats in the Morris water maze (Oitzl ef al., 1993). Interestingly, there is an age-
related increase in IL-1P expression in the hippocampus of the aged rat (Lynch, 2010),
and this is positively correlated with the age-related deficit in LTP (Minogue et al.,
2007). Interestingly, this age-related increase in IL-1 can be reversed with treatment of
the polyunsaturated fatty acid eicosapentaenoic acid (EPA) (Martin ef al., 2002). It is
important to note that systemic administration of LPS induces the expression of IL-1f in
the brain (Dantzer et al., 2008). The primary role of IL-1p in LPS-induced changes are
confirmed from IL-1 receptor blockade studies, that have shown IL-1p to be one of the

principal mediators of LPS-induced neurotoxicity (Fantuzzi et al., 1996).
1.4.2 TNF-a

Hints of the existence of a biological factor mediating tumour necrotic activity
date back to the 18" century. In 1975, it was reported that TNF was released into the
circulation of animals subsequent to LPS challenge (Carswell e al., 1975). This protein
has been demonstrated to cause rapid necrotic regression of certain forms of tumours.
TNF-a and TNF-p are two structurally- and functionally-related proteins, with a 30%
homology in their encoded amino acid residues (Idriss & Naismith, 2000). There are
two TNF-receptors (TNF-Rs) of 55 and 75 kDa which are members of the TNF-R
superfamily that also includes CD40 and CD27, and which exhibit specific and high-
affinity binding to either TNF-a and TNF-p (Benveniste & Benos, 1995). TNF-R1 is
responsible for mediating most of the actions of TNF, including its antiviral activity, as
well as its ability to induce apoptosis and cytokine production (Chen & Goeddel, 2002).

TNF-a has a molecular weight of 17kDa and is released by activated microglia
and endothelial cells (Suzuki ef al., 2004) as well as astrocytes (Molina-Holgado ef al.,
1997) although activated microglia are probably the primary cellular source of TNF-a.
The biological functions of TNF-a are varied and the mechanism of action is somewhat
complex. It modulates immune responses by affecting the expression of MHC I and Il
molecules, and it can stimulate different cell types to produce other cytokines, including
IL-1, IL-6 and TNF-a itself. It has been shown that mice deficient in the TNF-R

displayed a suppressed inflammatory response upon challenge with bacterial endotoxins
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(Acton et al., 1996). TNF-a therefore plays an important role in the initiation of an
inflammatory response.

The ligand-receptor interaction generates downstream signalling via two classes
of cytoplasmic adaptor proteins: TNF-R associated factors (TRAFs) and “death
domain” (DD) molecules (Inoue et al., 2000). Recruitment of DD or TNFR-associated
DD leads to activation of a downstream signalling cascade and activation of caspases
and ultimately, apoptosis. Recruitment of TRAF leads to activation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-xB) and (JNK) (Micheau &
Tschopp, 2003).

TNF-a also plays an important role in the alteration of the BBB due to its effects
on the adhesive properties of both astrocytes and brain endothelium. Recent studies
have shown that up-regulation of adhesion molecules such as intercellular adhesion
molecule-1 (ICAM-1) on brain endothelial cells by exposure to TNF-a mediates
leukocyte adhesion to endothelium. The presence of ICAM-1 and other adhesion
molecules in the vessel walls may guide inflammatory leukocytes into and through the
brain, thereby contributing to impairment of the BBB and promoting inflammatory
infiltration into the CNS (Benveniste & Benos, 1995).

Interestingly, there is an age-related increase in TNF-a expression that may be
responsible for the increased secondary neuron death after injury in the ageing brain
(Sandhir et al., 2004). It can mediate myelin damage and oligodendrocyte death in vitro,
which may contribute to myelin damage seen in MS (Benveniste & Benos, 1995). In
addition, TNF-a-positive astrocytes and microglia have been identified in the brains of
MS patients, in particular in the plaque region (Hofman et al., 1989). TNF-a has also
been implicated in the pathology underlying AD; increased TNF-a has been reported in
serum from AD patients compared with controls (Alvarez ef al., 2007) and expression

near neuritic plaques in the AD brain has been described (Perry et al., 2001).

1.4.3 Interleukin-6

IL-6 is present on astrocytes and microglia (Sawada et al., 1992) as well as
neurons (Gadient & Otten, 1994). Receptors involved in recognition of IL-6 can be
subdivided into the non-signalling a-receptor (IL-6Ra) and the signal transducing

receptor (gpl30) (Heinrich et al., 2003). The latter associate with the Janus kinase



(JAK) tyrosine kinase family, leading to the transcription of the signal transducers and
activators of transcription (STAT) family. Another major signalling pathway for IL-6 is
the mitogen-activated protein kinase (MAPK) cascade (Hideshima er al., 2001).
Expression of 1L-6 is increased following stimulation by LPS, IL-1 and amyloid-beta
(AP) (Spangelo et al., 1991; Deakin et al., 1995; Haas et al., 2002).

IL-6 is a member of a family of cytokines, which includes IL-11, that possess
both pro- and anti-inflammatory properties, exerting both neuroprotective and
neurotoxic effects. It has multi-functional properties and plays a central role in host
defense due to its wide range of immune and hematopoietic activities and its potent
ability to activate the acute phase response. The role of IL-6 as an anti-inflammatory
cytokine derives from its ability to inhibit some effects of TNF-a and IL-1, and its
ability to upregulate 1L-1Ra (Steensberg et al., 2003). Thus, pre-treatment of cultured
hippocampal neurons with IL-6 protects these cells against glutamate-induced cell death
(Yamada & Hatanaka, 1994). In vivo studies using 1L-6-deficient mice show that while
they develop normally, they have impaired immune and acute phase responses (Fattori
et al., 1994).

Elevated levels of IL-6 have been observed in the cortex and hippocampus of
AD patients, in particular in the early stages of plaque development (Ershler & Keller,
2000). 1L-6 is also up-regulated in the brains of patients with PD (Gadient & Otten,
1997) and following brain damage (Penkowa et al., 2003). However, it is unclear
whether IL-6 contributes to the neurodegenerative events associated with AD and PD,
or is simply reflective of the inflammation caused by progressive neuronal damage

(Gadient & Otten, 1997).

1.5 Markers of glial activation

1.5.1CDI11b

CD11b, also known as integrin alpha M (ITGAM), is a surface integrin of cells

of the myeloid lineage which includes monocytes, macrophages and microglia. It is one

protein subunit that forms the heterodimeric integrin alpha-M beta-2 (anmB2) molecule,

also known as macrophage-1 (MAC-1) antigen. The second chain of amp, is the
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common integrin known as CD18 (Diamond ef al., 1993). During activation, microglial
cells are not only secretory but they also express several proteins and surface markers of
activation. CD11b is perhaps the one with the most biological significance (Roy et al.,
2006). It acts as a binding protein for ICAM-1 and inactivated complement component
3b (iC3b), both of which are expressed on endothelial cells.

CD11b is the classical pro-inflammatory activation marker of microglia. It is a
sensitive marker of microglial activation since its protein expression is low or negligible
in resting microglia. The morphological changes characteristic of activated microglia
have been correlated with an increase in expression of CD11b (Rock ef al., 2004) and
CDI11b expression correlates with severity of microglial activation in models of
neuroinflammatory disease (Roy ef al., 2008). Consistently CD11b expression has been
shown to be elevated in the aged rodent brain (Butovsky et al., 2006), as well as in brain
tissue prepared from animals following treatment with both LPS and AP (Jana ef al.,
2008; Lyons et al., 2009), and is up-regulated in the hippocampus and cortex of
APP/PS1 and Tg2576 mouse models of AD (van Groen & Kadish, 2005; Rodriguez et
al., 2010).

1.5.2 CD40

The CDA40 antigen is a 48 kDa molecule that is expressed on a variety of cells,
including dendritic cells, B cells and endothelial cells. It is also found on activated
microglial cells (Aloisi ef al., 1999). Indeed, full microglial activation is dependent on
CD40 expression. The protein receptor is a member of the TNF-R superfamily that also
includes TNF-R1 and TNF-R2 (Natoli ez al., 1997).

The CD40 receptor interacts with its natural ligand CD40L, also known as
CD154, which is expressed predominantly on CD4" T cells but also on monocytes,
dendritic cells and astrocytes. Using either knockout animals or anti-CD40L antibodies,
interference with the CD40-CD40L pathway has been shown to be beneficial in several
disease models of autoimmunity and infectious diseases (van Kooten & Banchereau,
2000).

Although CD40 and CD40L are both produced as membrane-bound molecules,
they have several characteristics that make them part of the cytokine network. For

example, CD40-CD40L interactions play important roles in the production of several



cytokines, including IL-12 (Cella et al., 1996). In vitro experiments have shown direct
effects of CD40 activation on increased production of IL-6, IL-10 and TNF-a, increased
expression of adhesion molecules (ICAM) and increased expression of MHC Il
(Khanna et al., 1997). Upon ligation of CD40, numerous signalling pathways are
activated; these include NF-kB, MAP kinases and the JAK/STAT pathways (van
Kooten & Banchereau, 2000).

Expression of CD40 under resting conditions is minimal but microglial
activation is associated with an increase in CD40 expression in vitro (Aloisi et al.,
2000) and in vivo (Townsend et al., 2004). It has been shown that at the peak of
experimental autoimmune encephalomyelitis (EAE; a mouse model of MS), full
activation and maturation of microglial cells is dependent on CD40, whereas mice
deficient in either CD40 or CD154 are resistant to EAE (Becher et al., 2001; Ndhlovu et
al., 2001). In addition, insufficient activation of microglial cells by a lack of CD40 was
associated with decreased proliferation of T cells and amelioration of disease clinical
symptoms (Ponomarev er al., 2006). Similarly, AP initiates microglial activation
through the CD40 pathway following administration of a low dose of solubilised Ap;
this effect is attenuated in transgenic AD mice deficient in CD40L (Tan et al., 1999).

This suggests that AB-induced microglial activation only occurs after ligation of CD40.

1.5.3 Glial fibrillary acidic protein

GFAP was first isolated from white matter plaques of MS patients. Expression
of the GFAP gene is intimately linked with astrocyte function and GFAP is commonly
used as a marker of normal and reactive astrocytes (de Armond et al., 1980). GFAP is a
50 kDa intracytoplasmic filamentous protein that constitutes a portion of, and is specific
for, the cytoskeleton of the astrocyte (Rutka et al., 1997).

GFAP is thought to stabilize the astrocyte’s cytoskeleton and to maintain
astrocyte cell shape through interactions between GFAP filaments, the nuclear
membrane, and the plasma membrane (Fliegner & Liem, 1991). Electron microscopy
data has revealed that abundant GFAP filaments are present at sites of contact between
astrocytic processes and neurons and endothelia (Rubinstein, 1986). Thus, GFAP forms

a structural link between the nucleus and the plasma membrane.
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Deletion of the GFAP gene does not affect development or function, and no
architectural disturbances of the CNS were found (Gomi et al., 1995). However, it was
suggested that GFAP”" mice may be more prone to the effects of ageing than normal
mice. Furthermore, 6-month old GFAP-deficient mice have shorter astrocytic processes
leading to reduced contacts between astrocytes and oligodendrocytes, as well as a more
permeable BBB (Liedtke ef al., 1996).

Following injury to the CNS induced by trauma, genetic disorders or chemical
insults, astrocytes become reactive; astrogliosis is defined by astrocyte proliferation and
extensive hypertrophy of the cell body and cytoplasmic processes. The hallmark
cytopathological feature of astrogliosis is a marked up-regulation of cytoplasmic glial
filaments (Rutka e al., 1997). GFAP expression is up-regulated in the AD, PD and
ageing brain (Nichols et al., 1993; Otto & Unsicker, 1994; Ingelsson et al., 2004), and
this is coupled with an increase in numbers of astrocytes with an activated morphology

that occurs with age (Nichols, 1999).

1.6 CD200
1.6.1 Expression of CD200 and CD200 receptor

CD200 (formerly known as OX2) is a cell surface transmembrane glycoprotein
that has been shown to deliver an inhibitory signal to cells of the myeloid lineage.
Gorcezynski and colleagues (2004) reported the existence of four highly related CD200
receptor isoforms (CD200R1-CD200R4) in different tissues. They detected the presence
of CD200R1 in the spleen, lung, intestine and bone marrow, with less expression in the
brain: expressions of CD200R2, CD200R3 and CD200R4 were negligible in the healthy
brain. However, relatively high levels of CD200 ligand expression were found in the
brain, as well as in the spleen, lung and bone marrow (Gorczynski et al., 2004b).

Within the CNS, CD200 is widely expressed on a variety of cell types, including
neurons (Wright ef al., 2001) activated T cells and endothelial cells (Broderick et al.,
2002; Jenmalm et al., 2006) and astrocytes (Costello et al., 2011). However, CD200 is
not expressed on microglia. CD200R is expressed predominantly on cells of the

myeloid lineage (Preston et al., 1997; Wright et al., 2003) which play an important role
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in the inflammatory process, and investigations of CD200 and CD200R have indicated
that macrophages are restrained from tissue-damaging activation through CD200R-
induced signalling (Broderick ef al., 2002). The expression of CD200 and CD200R on
neurons and microglia, respectively, suggest that the CD200-CD200R interaction
provides a cell-cell contact immunoregulatory interaction for myeloid cells (Jenmalm et

al., 2006).
1.6.2 CD200 signalling

Structurally, CD200R resembles CD200, with two immunoglobulin superfamily
(IgSf) domains, but with a larger cytoplasmic domain (Broderick et al., 2002). Several
independent studies analysing the structure of CD200 have revealed that it lacks
signalling domains in the cytoplasmic tail or “docking” motifs within membrane-
spanning regions (Hoek er al., 2000) that could serve as sites for protein-protein
interactions with adaptor signalling molecules. In contrast, CD200R has a longer
cytoplasmic domain which includes an NPXY domain that contains 3 tyrosine residues
which are phosphorylated upon ligation by CD200 (Wright et al., 2000; Snelgrove et
al., 2006). CD200R then recruits docking protein 1 (Dok 1) and Dok 2 which leads to
recruitment of Ras GTPase-activating protein (RasGap) and downstream inhibition of
the JNK and MAPK pathways (Zhang et al., 2004). The reduced activation of these
MAPK:Ss is believed to be responsible for the observed inhibition of cytokine production

by CD200R" cells (Gorczynski et al., 2004a).
1.6.3 Function of CD200

The functions of CD200-receptor activation are best described by the study of
CD200”" mice. These mice appear grossly normal in appearance and exhibit a normal
lifespan (Hoek et al., 2000). However, differences are in the function of myeloid cells
have been consistently described (Barclay et al., 2002; Minas, 2006).

There are increased populations of macrophages in CD200” animals (Wright et
al., 2003). The CD11b" population is increased in the spleen of CD200”" mice (Minas,
2006) while microglia of CD200” mice spontaneously exhibit many features of

activated microglia, including less ramified, shorter glial processes, and increased
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CDI11b and CD45 expression (Hoek et al., 2000). Recent evidence from this laboratory
has indicated that following LPS treatment, glia isolated from CD200-deficient mice
show an exaggerated release of pro-inflammatory cytokines by microglia, which was
coupled with an increase in TLR4 mRNA expression in CD200”" mice (Costello ef al.,
2011). In vivo studies have revealed an increased susceptibility of CD200”" mice to
autoimmune disease (Feuer, 2007). Thus, Hoek and colleagues (2000) reported that the
symptoms of EAE were more severe, and their onset was more rapid, in CD200”" mice.
Microglial activation, assessed by CD68 immunohistochemistry, was greatly increased
in CD200”" compared with wildtype mice 10 days after immunization. EAE was also
found to be more severe in rats treated with an anti-CD200 monoclonal antibody just
prior to disease onset, although the disease duration was similar (Wright et al., 2000).
Collagen-induced arthritis (CIA) involves the influx of T cells and macrophages into the
joint. Whereas WT mice are resistant to CIA after a single immunization with collagen,
with an incidence of about 10%, about 50% of CD200” mice showed evidence of
disease onset about 20 days after injection of collagen (Hoek et al., 2000). There was
also evidence of greater inflammation in the joints of CD200”" mice compared with
controls. However, administration of CD200Fc fusion protein suppressed induction of
disease in CD200"" mice when given at the time of collagen injection, and this was
associated with a decreased IFN-y while increasing IL-10 (Gorczynski et al., 2002).
CD200Fc also limits symptoms and inflammation when administered to WT mice
during the chronic stages of EAE (Liu ef al., 2010). This is further evidence that direct
and continuous interaction between CD200 and CD200R downregulates macrophage
activation. (Hoek et al., 2000; Deckert et al., 2006) and suggests that the ligand may be
useful in managing the inflammatory response in a wide range of diseases (Feuer,
2007).

Inducing CD200R signalling through interaction with CD200, which is
extensively expressed on neurons in the retina, can also suppress the inflammation
associated with experimental autoimmune uveoretinitis (EAU), a model of T cell organ-
specific autoimmunity (Copland et al., 2007), which is characterized by tissue
destruction mediated by activated macrophages and nitric oxide (NO)—induced damage.
Onset and severity of EAU is accelerated in CD200”" mice with evidence of increased
expression of markers of microglial activation on retinal microglia (Broderick et al.,

2002). However, systemic administration of a monoclonal antibody which activates
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CD200R resulted in suppression of EAU, IFN-y production and tissue damage in
CD200™ mice, even in the presence of T-cell proliferation. Direct local administration
of the antibody before and during peak disease resulted in a 50% reduction of symptoms
(Copland et al., 2007). These results indicate that promoting CD200R-mediated
signalling can successfully prevent full expression of IFN-y mediated macrophage
activation, and thus protect against tissue damage during autoimmune responses.

As the search for anti-inflammatory therapies for neurodegenerative diseases
continues, a potential therapeutic benefit of CD200 glycoprotein has emerged. Recent
research by Walker and colleagues (2009) found decreased expression of neuronal
expression of CD200 as well as CD200R at mRNA and protein levels in human AD
brains. Correlation analysis between plaque scores and CD200 mRNA expression
showed a significant inverse relationship, suggesting that as CD200 expression
decreases, the pathology worsens (Walker et al., 2009). Microglial activation also plays
a critical role in the progression and pathogenesis of PD (Chen et al., 1998) and it has
been proposed that CD200-CD200R signalling is closely linked to microglial activation
in PD (Wang et al., 2007). Interestingly, the toxicity of rotenone which is used to induce
Parkinson’s-like symptoms in rodents is enhanced by a CD200R blocking antibody
(Wang et al., 2011). These findings have led to the proposal that up-regulation of
CD200 expression in the CNS may provide neuroprotection in an array of

neuroinflammatory diseases such as AD, MS and PD.

1.7 Alzheimer’s Disease

AD is the most common form of dementia. It is characterised by cognitive
deterioration and major physiological changes in the brain. It was first named by Alois
Alzheimer in 1906 (Maurer et al., 1997) who diagnosed the first case of AD. It is a
progressive, neurodegenerative disease characterized by an inability to form new
memories. As the disease progresses, symptoms include confusion, irritability and
aggression (Deutsch er al., 1991). Age is the biggest risk factor for the disease; it
typically affects people over the age of 65. In 2006, there were 26.6 million sufferers of
the disease worldwide. By 2050, it is predicted that I in 85 people will suffer from AD.
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The vast majority of cases are sporadic, although some genes may act as risk
factors. On the other hand, approximately 0.1% of all cases are familial AD (FAD), and
these usually have an age of onset before 65. While over 400 genes have been tested for
association with late-onset sporadic AD, most FAD cases can be attributed to mutations
in three genes; amyloid precursor protein (APP), and presenilin (PS) 1 and 2 (Mattila et
al., 1998). A strong driving force in AD research is the amyloid cascade hypothesis. It
states that improper processing of APP lies at the root of AD, as this generates the
neurotoxic and aggregating AP peptide (Mandelkow & Mandelkow, 1998). Increased
production of A4y, the main component of senile plaques, results largely from
mutations in the APP and PS genes (Scheuner ef al., 1996). As of 2010, more than 400
pharmaceutical treatments were in clinical trials. The most common target of these
compounds is the reduction of amyloid. However, no effective treatment has been
found.

The major pathological hallmarks of the condition are aggregates formed by
extracellular deposits of AP, intracellular tau protein as neurofibrillary tangles and
extensive neuronal loss (Oddo et al, 2003). A key issue is whether the
neuropathological hallmarks can be correlated to progression of the clinical symptoms,
and whether they allow a back-extrapolation to pre-clinical stages. This certainly seems
possible in the case of tau deposits, where the primary and secondary stages of the
spreading of tau are pre-clinical (Mandelkow & Mandelkow, 1998). Overall, however,
there is contradictory evidence describing the exact association between these hallmarks
and progression of clinical symptoms. Brains of AD patients and AD transgenic mice
are in an enhanced inflammatory state, which includes increased oxidative stress
(Markesbery, 1997), but is largely mediated by activated glial cells, resulting in the
release of pro-inflammatory cytokines, which lead to a chronic inflammatory
environment. This results in significant neuronal loss and synaptic dysfunction, and

ultimately, cognitive decline.
1.7.1 Neurofibrillary tangles
NFTs are composed of aggregated conformations of aberrantly phosphorylated

forms of the microtubule-associated protein, tau. Tau is one of the microtubule-

associated proteins that stabilize neuronal microtubules for their role in the development
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of cell processes and intracellular transport (Drewes ef al., 1998). However, in the AD
brain, the properties of tau change in several ways. AD-tau shows a loss of microtubule
binding, which is probably a consequence of the hyperphosphorylation at sites that
detach tau from microtubules. This could account for the disappearance of
microtubules, causing the breakdown of intracellular traffic, which would result in the
deterioration and eventual loss of axons (Mandelkow & Mandelkow, 1998). In addition,
there is an increase in tau in the CSF of the AD brain, which has been proposed to be a
consequence of dying neurons (Vigo-Pelfrey et al., 1995). This provides the potential of
an early diagnostic assay. However, the dementias associated with tau mutations are
distinct from AD and affect different regions in the brain. For example, frontotemporal
dementia, the second most common cause of dementia in humans under the age of 65, is

caused by mutations in tau (Baker et al., 2006).
1.7.2 Amyloid precursor protein

APP has the structural features of a type 1 transmembrane glycoprotein. The
gene contains 18 exons; the region encompassing AP comprises parts of exons 16 and
17. Thus, AP cannot be formed solely as an alternatively spliced gene product;
alternatively, it seems that AP is formed from the proteolytic processing of APP (Evin et
al., 2003). In contrast to the number of studies on the metabolism of APP and
neurotoxicity of AP, there has been little work done on the normal function of APP.
Several studies have suggested a role for APP for the regulation of neurite outgrowth
and synaptogenesis in both the CNS and PNS (Mattson, 2004; Wang et al., 2009).
Critically, APP expression increases during ageing (Butterfield & Poon, 2005). Studies
describing APP-deficient mice have revealed that APP”" mice have impaired spatial
learning and an impairment in LTP, as well as strongly reduced AP levels in the brain

(Ring et al., 2007)
1.7.3 Amyloid precursor protein processing
The proteolytic processing pathways that lead to the formation of AB from APP

have been well characterized in a number of cell lines. APP is delivered to the surface

membrane where it is subjected to proteolytic processing by a-secretase. APP molecules
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that fail to be cleaved by a-secretase can be internalized into endocytic compartments
and subsequently cleaved by B-secretase and y-secretase to form AP (Kamenetz et al.,
2003). AP peptides generated in the Golgi and in recycling apparatus can be secreted
into the extracellular space (Greenfield er al., 1999). The majority of secreted AP
peptides are 40 amino acids in length (AB;.40), although the smaller fraction of longer,
42 amino acid species (APi.42) have received greater attention due to their greater
propensity to drive production of amyloid fibrils (Jarrett ef al., 1993) and are most

abundant in AP plaques.

1.7.4 Senile plaques

There are two major forms of plaques. One form, the diffuse plaque, contains
diffuse forms of amyloid, while the second form, the neuritic plaque, contains amyloid
that is surrounded by abnormally shaped neurites (Small, 1998). Both diffuse and
neuritic plaques contain the same major constituent, the 4 kDa AP which ranges in
length between 39-43 ammino acids. The amyloid in neuritic plaques consists of a
dense core containing filaments of 7-10 nm in width. The number of neuritic and diffuse
plaques increases with age in patients with AD (Price & Morris, 1999) and in transgenic
mice overexpressing the APP and PS1 transgenes (Yan et al., 2009). While a small
number of plaques can occur with the physiological process of normal ageing, several
studies have correlated total levels of AP and general cognitive decline in AD patients

(Gandy, 2005).

1.7.5 Amyloid-beta

AP exerts numerous effects in the CNS. At low levels, AP activates kinases and
protects against oxidative stress (Gandy, 2005; Nunomura et al., 2006). It is well
established that excessive amounts of AP are deleterious to neuronal viability. In vitro
studies have supported the hypothesis that AP peptides directly contribute to
neurodegeneration in AD. In primary neuronal cultures, aggregates of AP peptides
induce dystrophic neurite morphology. At higher concentrations, close to 80% of
neurons in culture exhibit dystrophic features after 4 days of incubation with Ap (Grace

et al., 2002). In addition, exposure of neurons to AP induces cell death via an apoptotic
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pathway, which includes DNA fragmentation and a dose-dependent loss of cell viability
(Peng et al., 2002).

Transgenic mice over-expressing the FAD-linked mutants of APP have an
impaired synaptic plasticity and learning (Chapman et al., 1999), and soluble AP has
been shown to block LTP in vivo (Walsh et al., 2002). It has also been reported that the
level of soluble AP is a potent predictor of synapse loss, in particular soluble Af.4.
However, several authors have reported the lack of a correlation between AP deposition
and neurodegeneration that occurs in AD dementia, perhaps because total AP rather
than the soluble form has generally been evaluated (Lue ef al., 1999).

APi.4, increases GFAP immunoreactivity in astrocytes and reorganizes the
astrocytic cytoskeleton, typical of a reactive morphology (Hu er al, 1998).
Interestingly, it has been shown that cultured adult mouse astrocytes migrate in response
to monocytes chemoattractant protein (MCP)-1, a chemokine present in AD lesions, and
interact with immobilized AP, (Wyss-Coray et al., 2003). Astrocytes are also capable
of binding and degrading Ap: astrocytes plated on AP-laden brain sections from a
mouse model of AD were shown to associate with the AP deposits and reduce overall
AP levels in these sections (O'Barr & Cooper, 2000) indicating a role for astrocytes in
the degradation of AP, and suggesting that astrocytes may be involved in clearance of
AP in AD. However, microglia are the principal phagocytes in the brain and therefore
should play a significant role in AP clearance (Rogers & Lue, 2001).

AP induces secretion of IL-1, IL-6 and TNF-a from microglial cultures and also
stimulates the proliferation and morphological transformation of microglia (Araujo &
Cotman, 1992; Grammas & Ovase, 2001; Gasic-Milenkovic ef al., 2003). Cultured rat
microglia exhibit pronounced chemotaxis to pre-aggregated AP, deposits which are
virtually carpeted by the cells within 3 weeks (Rogers & Lue, 2001). When plated on
post-mortem cortical sections, rodent microglia also migrate to aggregated AP deposits
on the section (Ard et al., 1996). In APP transgenic mice, aggregated plaques are
associated with hypertrophic microglia, but diffuse plaques are not (Rogers & Lue,
2001). Immunohistochemical studies have shown an increase in markers of microglial
activation in the vicinity of AP plaques in sections prepared from APP transgenic mice
(Malm et al., 2007). These findings support the hypothesis that accumulation of the AP
protein triggers microglia to become reactive and to secrete toxic molecules which

contribute to Af-induced neurodegeneration.
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1.7.6 Non-transgenic models of AD

Animal models continue to be important in developing an understanding of the
mechanisms underlying disease pathogenesis and progression and in identifying targets
for therapeutic strategies. However, many models of AD do not closely resemble the
pathology of human AD because they do not encompass all pathological features of
AD, including both senile plaques and NFTs, and some do not demonstrate neuronal
loss (Sultana et al., 2009). The majority of efforts in generating adequate models
concentrate on mimicking the increase in AP load seen in disease.

Several studies have attempted to mimic the increase in AP concentrations by
intracerebral or intracerebroventricular infusion of AP peptides, and observing the
downstream glial activation (Ralay Ranaivo et al., 2006) neurotoxic effects (Butterfield
et al., 2002) and memory impairments (Jhoo et al., 2004). The ability of AP infusion to
induce neuronal death and glial activation seen in AD is dependent on a number of
factors, including surgical procedure, the dose of AB used and the aggregation state of
the peptide. Initial reports showed that injection of insoluble amyloid fractions from the
AD brain into the rat hippocampus induces dramatic neuronal loss there (Frautschy ef
al., 1991). However, intraparenchymal injection of A4 into the hippocampus and
cortex of adult rats failed to initiate an AD pathology, neuronal death or activation of
glial cells (Games et al., 1992). The most likely explanation for this was the use of
soluble, rather than the fibrillary, form of A. Injection of AP, has been shown to
induce significant damage to axons, and to increase the numbers of reactive astrocytes
and microglia (Jantaratnotai ef al., 2003).

Increasing amyloid load by infusion has been shown to induce cognitive deficits.
Long-term effects of AP infusion on memory appear to require the aggregated form of
AP, which lasts for longer in the CNS as it is not cleared as fast. Intracerebroventricular
infusion of A4 produces a dose-dependent impairment in spontaneous alternation
performance in the Y-maze task, and place navigation memory in a water maze up to 80
days after treatment. Interestingly, these impairments were significantly more severe 80
days after treatment, compared with the earlier study timepoint at 20 days (Nakamura ef
al., 2001). Nitta and colleagues (1994) have shown that continuous infusion of APy into

the cerebral ventricle of the rat induced short-term learning and memory deficits in the
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standard water maze task (Nitta er al., 1994), as does APs, (Yamada et al., 1999).
Several studies have indicated that AP negatively impacts on LTP, and continuous

intracerebroventricular injection of AP decreased LTP in the CA1 field of hippocampal

slices (Itoh et al., 1999).

1.7.7 Transgenic mouse models of AD

The discovery that mutations in genes that encode APP, PS1 and PS2 are linked
to FAD has resulted in the generation of genetically-altered mouse models of AD.
While no transgenic model completely replicates all of the characteristics of AD, many
of the animal models can mimic a number of the pathological hallmarks, including
plaque deposition, neuroinflammation as well as cognitive deficits (Eriksen & Janus,
2007). These models have contributed greatly to our understanding of the disease
process.

The first model to successfully develop AP plaques and display AD-like
pathology was the PD-APP transgenic model generated by Games and colleagues
(1995). These mice express high levels of human APP containing the V717F mutation,
promoting the expression of APs, over A4 and leading to extensive plaque deposition,
synaptic loss, astrocytosis and microglial activation (Games et al., 1995). Subsequent
studies have shown that these mice have significant age-related memory deficits in
learning spatial locations in the water maze protocol, and that these deficits are
correlated with plaque burden (Chen e al., 2000). Numerous other mouse models have
been generated which overexpress human forms of APP, including the Tg2576 model
which have a 14-fold increase in AP4z43 expression, coupled with deficits in spatial
reference learning, compared with controls at 9-10 months of age (Hsiao et al., 1996).

Overexpression of the mutant form of PS1 significantly increases AP4; in the
brain, however mice over-expressing PS1 alone do not develop senile plaques (Duff,
2006). However, crossing this line with the Tg2576 mouse produces double transgenic
progeny that develop large numbers of fibrillary AP deposits and substantial
neuroinflammation by 6 months of age, far earlier than mice from the Tg2576 line. In
addition, double transgenic mice had a 41% increase in AP, expression in the months

preceding plaque deposition, when compared with single transgenic mice (Holcomb et
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al., 1998). Therefore, the development of AD pathology is markedly enhanced when a
PS1 mutation is introduced into Tg2576-derived mice.

One of the more recent transgenic models used in AD research is the
APPswe/PS1dE9 double transgenic model, which is the model used in these series of
experiments. These mice were generated by injection of both the APP695 isoform
containing the Swedish mutation, and exon 9-deleted PSI into pronuclei. Both genes
were driven by a single mouse prion protein (PrP) promoter (Jankowsky et al., 2001).
AR deposits are observed in the hippocampus of these mice as early as 4 months of age,
and are widespread by 9 months. Af deposits are more abundant in female APP/PS1
mice (Burgess et al., 2006). The concentration of Ay, is consistently reported as being
greater than AP4o, with several studies reporting the ratio of AP peptide 40:42 is 0.5:1
(Garcia-Alloza et al., 2006). Behavioural testing of these mice indicates significant
spatial memory deficits at 8 months of age in the standard Morris water maze (Cao et
al., 2007), however 6 month-old APP/PS1 mice are indistinguishable from their

littermate controls on this task (Savonenko et al., 2005).

1.8 Magnetic Resonance Imaging

1.8.1 Introduction

Magnetic resonance imaging (MRI) technologies have presented a novel set of
safe, non-invasive and flexible (Mandeville & Rosen, 2002) tools for describing
characteristics of the normal and atypical brain. MRI is a topographic imaging
technique, that produces images of internal physical and chemical characteristics of an
object (Liang & Lauterbur, 2000). These characteristics are obtained by applying
externally-measured nuclear magnetic signals (Roberts & van Bruggen, 2003). At the
core of these technologies is quantitative biology (Kennedy et al., 2002). MRI is based
predominantly on the sensitivity to the presence and properties of water, which makes
up 70-90% of most tissues (McRobbie ef al., 2003). At a superficial level, MRI takes
advantage of the natural spin and magnetization of water molecules (Hornak, 1996).
When hydrogen protons are placed in the magnetic field of an MR scanner, these

particles line up in the direction of the externally-applied magnetic field, and the net
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alignment of these particles is termed the ‘magnetization vector’. Radio frequency (RF)
fields are used to alter the alignment of this magnetization by 90°, causing the hydrogen
protons to produce a rotating magnetic field detectable by the scanner. The time
constants which describe how the particles relax back to their equilibrium states with
the removal of the RF pulse are termed T, and T, relaxation times, where T, refers to
the recovery of longitudinal magnetization (i.e. parallel to the magnetic field) and T,
describes the decay of transverse magnetization (i.e. perpendicular to the main magnetic
field) (Weishaupt et al., 2008). Free water and cerebrospinal fluid (CSF) have relatively

long T, relaxation times.
1.8.2 T) and T, relaxometry

The magnetic field caused by the motion of nuclei is called the lattice field. The
lattice field of a nucleus in a lower energy state can interact with nuclei in a higher
energy state. This causes the energy of the higher energy state to distribute itself
between the two nuclei (Szczepaniak et al., 1992). Spin-lattice (T)) relaxation times
measure the time for spins to give the energy they obtained from the RF pulse back to
the surrounding lattice. T is the decay constant for the recovery of the z component of
the nuclear spin magnetization, M,, towards its equilibrium value, and is quantified

using the following formula:
M.(t)= M, o (1 — ™M)

where t is the time from the removal of the RF pulse. Thus, the magnetization recovers
to 63% [1-(1/e)] of its equilibrium value, after being flipped into the magnetic
transverse plain.

Spin-spin (T,) relaxometry is the mechanism by the transverse component of the
magnetization vector, My,, exponentially decays to its equilibrium value of zero. It is
the time it takes for the MR signal to reach 37% (1/e) of its initial value after its
generation by tipping the longitudinal magnetization toward the magnetic transverse

plane, and is given by:
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My (t) = My (0)e /T2

where t is the time from the removal of the RF pulse. T, relaxation generally precedes
T, recovery, and different tissue samples have different T, relaxation times. For
example, water-based tissues are in the 40-200 ms range, while fat-based tissues are in

the range 10-100ms (Gatehouse & Bydder, 2003).
1.8.3 Relaxometry and neuroinflammation

Relaxometry is a powerful tool in the analysis of tissue states. T;-weighted
imaging can be used to investigate hypointense lesions, for example in patients with MS
(Anderson et al., 2006), and T, lesions have been shown to correlate with disease
disability scores (Truyen et al., 1996; Parry et al., 2002), implying that T;-weighted
imaging could be used as a surrogate marker of disability in MS. As T, values have
been shown to change in the human brain with age (Cho et al., 1997), the biological
significance of increased T, values remains unclear. Correlative studies have shown that
increased T, values are associated with axonal loss (van Walderveen et al., 1998),
gliosis (Parry et al., 2002), and increased tissue water (Barnes et al., 1988). T, increases
were found to accompany increased levels of astrocytic activation in low-flow ischemia
and excitotoxicity (Sibson et al., 2008), indicating that early changes in T may provide
insight into acute and reversible injury processes in neurological conditions. It has been
suggested that this may be a consequence of an increase in free water brought about by
localized oedema, associated with the astrocytic activation. Sibson and colleagues
(2008) also demonstrated that pre-treatment with kainic acid reversed both the
astrocytic excitotoxicity and the T, relaxation time. Recent evidence from this
laboratory has supported the link between T; increases and acute astrocytic activation:
pre-treatment with rosiglitazone, a PPARy agonist with neuroprotective effects.
attenuates both the age-related increase in GFAP expression and T, relaxation times
(Cowley et al., 2010).

T, increases have been found in the hippocampus of patients with temporal lobe
epilepsy (TLE) (Pell et al., 2004), which may be as a result of gliosis in the dentate
gyrus (Briellmann et al., 2002). T, decreases have been observed in the hippocampus

and cortex in animal models of AD prior to forming amyloid plaques (El Tayara Nel et
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al., 2007; Falangola et al., 2007). The presence of iron in AP plaques is likely to
contribute to the reduction in T, times, as the accelerated T, relaxation in plaques may
be attributable to the magnetic susceptibility effect induced by the iron itself (Jack et al.,
2005). Furthermore, the presence of iron in activated microglial cells could render T,
relaxometry a useful biomarker of microglial activation, as has been shown previously

in a rat model of ischemic stroke (Justicia et al., 2008).

1.8.4 High-resolution anatomic imaging

Scanners with higher magnetic field strength (7.0 Tesla) have decreased the
signal-to-noise ratio in images, resulting in clearer, more precise anatomical imagery
that is more reliable for volumetric comparison. MRI, which has a resolution as fine as
10pm (Jacobs & Cherry, 2001), has been shown to provide superior contrast resolution
than computed tomography (CT) scans (Beets-Tan et al., 2000) and positron emission
tomography (PET) (Klein et al., 2002). Anatomic structures can be quantitatively
measured and characterized by their anatomic location (Thompson et al., 1997), as well
as their surface and volumetric representation (Kennedy et al., 2002). The two primary
methodologies that have been developed to analyse between-group volumetric
differences are manual volumetric analysis, where the region-of-interest (ROI) is
measured on the MR image, and the newer, more reliable technique known as voxel-
based morphometry (VBM) (Ashburner & Friston, 2000). As ROI analysis requires
manually drawing each individual structure, this method is time-consuming and subject
to inter- and intra-experimenter bias. VBM describes deviations in the local
concentration of voxel clusters in MR scans from different groups of subjects
(Ashburner & Friston, 2000), and has been used to evaluate brain volumetric
differences in an aged population (Good et al., 2001), patients with AD (Testa et al.,
2004), autism (Boddaert et al., 2004) and PD (Burton et al., 2004).

Volumetric analysis in rodents has, for the most part, had to rely on manual ROI
analysis. While there have been few studies comparing volumetric changes in whole
brains of young and aged mice and rats, studies have focused instead on the analysis of
changes in individual structures, with a particular emphasis on the rat hippocampus. In
one ROI study which assessed the hippocampal volume in rats at 3, 12, and 24 months

of age, a significant age-related reduction in volume was observed, which correlated
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with a reduction in hippocampal neuronal density, and a deficit in performance in the
Morris Water Maze (Driscoll et al., 2006).

One significant advantage of VBM is that it offers a whole brain, unbiased
approach to describing volumetric differences between groups. No quantitative
measurements are taken, instead high-resolution images are skull-stripped from their
surrounding tissue, segmented into tissue classes, and spatially-registered to a common
stereotactic space generated by a generic reference template (Ashburner & Friston,
2000). Cluster-wise statistics are carried out between groups. The registration step
removes the variability induced by normal variation in brain size, and accounts for
global, non-linear shape differences. The output from the method is a statistical
parametric mapping (SPM) which highlights regions of significant tissue concentration
differences between groups.

With the recent introduction of standard reference templates for rat and mouse
image registration, VBM has been translated for rodent brain analysis. Using VBM,
decreases in the volume of the hippocampus, hypothalamus and cerebellum were found
in a mouse model of Huntington’s disease (HD) (Sawiak et al., 2009). Interestingly, this

correlates with the finding that these areas are also predominantly affected in human

HD (Jech et al., 2007).

1.8.5 Arterial spin labelling

Arterial spin labelling (ASL) is an MR technique that can be used to
quantitatively describe cerebral perfusion. This relies on the assumption that the signal
response is the result of individual labelled water molecules taking a range of times to
transverse the system into a volume of interest where they are exchanged between the
capillary bed and extravascular water (Dixon et al., 1986). In a recently described ASL
protocol (Kelly et al., 2009), boluses of H,O can be labelled, enabling the measurement
of the dispersion of the bolus profile between labelling and imaging locations, thereby
providing contrast between perfused and stationary tissue. By simulating an inflowing
bolus using inversion pulses of fixed length and of varying delay, a quantitative
measure of blood flow and dispersion at the capillary level can be measured (Kelly ef

al., 2009).
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1.8.6 Contrast-enhanced MRI

The ability to alter contrast on MR images has proved a viable avenue for the
assessment of diseased tissue, for example altered blood flow in AD (Harris ef al.,
1996). The majority of contrast agents are based on heavy metals, including gadolinium,
and make use of the paramagnetic properties of these agents. Injection of high-
sensitivity ultra-small particles of iron oxide (USPIOs) can label phagocytic cells,
making correlations between areas of high-contrast on MR images and labelled
macrophages possible (Dousset et al., 1999). The inability of gadolinium to cross the
BBB in healthy individuals due to the size of the molecule has made the use of this
contrast agent an extremely attractive method of measuring changes in BBB
permeability in vivo in numerous models of disease and inflammation. Thus,
gadolinium-based contrast agents such as Gd-DTPA have been used to highlight blood
vessels and tumours in the brains of both humans (Kircher et al., 2003) and rodents

(Beaumont ef al., 2009).

1.9 Aims of study

The aims of these studies were:

To assess microglial and astrocytic activation in WT and CD200”" mice, to
evaluate the relationship between activation of glial cells and MR relaxometry
parameters and to measure the age-related changes in mean transit time and capillary

transit time.

To assess high-resolution MR images for potential volumetric differences

between CD200-deficient and WT mice using the optimized VBM technique.

To assess the effect of peripheral LPS challenge on T and T relaxation times in

parallel with glial activation in WT and CD200™" mice.
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To assess the effect of LPS treatment on expression of tight junction proteins
and BBB integrity, using contrast-enhanced MRI to the gadolinium-based contrast agent

gadolinium with a novel tail-vein cannulation method.

To assess the extent of amyloid deposition, neuroinflammation and relaxation
times in 13-14 month-old AD transgenic mice (APPswe/PS1dE9 model), and to
perform a volumetric analysis on high-resolution images obtained from these mice.

To investigate the effect of siRNA treatment targeting suppression of the claudin
5 and occludin genes on BBB permeability in WT and APP/PS1 mice and to analyse the
effect of siRNA treatment on levels of A in brain tissue and blood serum of APP/PS]

mice.
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Figure 1.1 Schematic of MR signal generation

Hydrogen protons display in a random manner with no magnetic field. However, with
the application of an external magnetic field, a small excess of protons orientate with
this field, denoted by the magnetization vector M (Figure A). We can flip M by 90°
upon the application of a suitable radiofrequency pulse (Figure B). When the RF is
removed, the proton’s magnetization returns to equilibrium, emitting T, and T, signals

(Figure C). Adopted from www.mritutor.org
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Chapter 2

Materials and Methods



2.1 Magnetic resonance imaging

2.1.1 Animal acclimatisation

Details of the mice used in these experiments are given in section 2.3.1. Prior to
MR scanning, all animals spent 24 hours in the scanning control room to habituate to
their novel surroundings. A 12 hour light-dark cycle was maintained, consistent with
their regular housing environment. This was done to reduce stress induced from the
transportation of animals. The weights of all mice were recorded immediately prior to

scanning and are provided in Tables 7.1 and 7.2, Appendix 1.

2.1.2 Induction of anaesthesia

All animals were anaesthetized using isoflurane (Isoflo; Abbott Laboratories,
UK) mixed with 100% oxygen (5% isoflurane was used for induction of anaesthesia,
1.5% - 2% for maintenance). Animals were placed in a clear plastic chamber which was
connected to an anaesthetic scavenging system. This was filled with the gas mixture.
Deep anaesthesia was confirmed by the absence of a pedal reflex. Animals were placed
in a custom built plastic cradle, and secured safely in position using ear bars to support
the head. Anaesthesia was maintained by administration of isoflurane through a
facemask in 100% oxygen. A mechanical ventilator (Ugo Basile, Italy) was used to
deliver the isoflurane mix to the facemask. The facemask was also attached to an
anaesthetic scavenging system to remove waste gas. Movement was minimized by
securing the animals on a tooth bar. The body temperature of the animal was controlled
by a water-circulating system (S.A. Instruments Inc., US) underneath the mouse, and
was maintained at a constant temperature of 37°C-38°C. Each animal was monitored
post-scanning for any ill side-effects. Any changes in daily intake of food and water
were recorded, as well as any irregular behaviour such as sustained drowsiness.
Respiratory rate was obtained using a pressure pad placed under the abdomen and
monitored using custom-built software (S.A. Instruments, US). Respiration rate was
used to indicate depth of anaesthesia, and, if necessary, this was adjusted by altering

isoflurane concentration. Mice were allowed to recover fully on a heated pad following
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imaging experiments, breathing normal air, and were only reintroduced to their home

cage when they had fully recovered from the effects of anaesthesia.

2.1.3 Tail vein cannulation

A glove filled with water that was heated to approximately 50°C was applied to
the tail to induce blood flow. The tail was aseptically prepared with 100% ethanol
(Merck, Germany) and the right lateral tail vein was cannulated using a custom-built
cannula consisting of a 30 gauge in-dwelling, paediatric intravenous (iv) cannula needle
(Introcan, Ireland) connected to an 80cm long polyethylene tubing cannula extension.
The cannula was used in experiments to deliver the gadolinium-based contrast agent
Magnevist (Bayer, Ireland), in experiments where mice underwent the contrast-
enhanced MRI protocol. This cannula set-up negated the need to remove and replace the
mouse in the magnet mid scan. The mice remained under isoflurane-induced
anaesthesia during the entire cannulation process.

For contrast agent injection, the cannula tubing was connected to a three-way
tap, which was connected to one syringe filled with 0.9% w/v sterile saline solution, and
one filled with the Magnevist contrast agent solution (Magnevist to saline solution ratio;
1:2). The volume of the equipment was measured at 240pl, and was filled with saline at
the beginning of the scanning protocol. A volume of 440ul was used to load the cannula
with contrast agent, ensuring that each mouse received 200ul of contrast agent. Injection
of the contrast agent solution took place at the commencement of the second repetition
of the 10 repetition scan (approximately 2 minutes, 11 seconds into the imaging
protocol). The cannulation also allowed for both pre- and post-contrast measurements to
be determined within the same contrast scan, without the need to take out and reposition
the animal before beginning the post-contrast imaging. This allowed for reliable and
accurate localisation of regions of interest (ROls) between the pre- and post-contrast
repetitions in the contrast image analysis, and allowed for the immediate effects of the

contrast agent to be investigated with no time delay.
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2.1.4 Data acquisition and scanner preparation

All MR scanning experiments were carried out on a dedicated 7 Tesla BioSpec
rodent scanner (Bruker Biospin, Germany), Trinity College Institute of Neuroscience.
The magnet was set up to a workstation running the ParaVision 4.0 software package
(Bruker BioSpin, Germany). This was equipped with a 30cm diameter core, and a 20cm
actively-shielded gradient system. A pair of actively decoupled 12cm Helmholtz
transmit and 2cm surface quadrature receive coils (Bruker BioSpin, Germany) were
used for signal transmission, and reception, respectively. The receive coil was placed
directly above the mouse’s head and attached to the cradle with adhesive tape. The
cradle was placed inside the core of the magnet. Each scanning session began with an
initial pilot scan using a fast echo gradient scan. The purpose of this was two-fold;
firstly to ensure that the animal was correctly positioned inside the magnet bore, and
secondly to ensure that the receive coil was properly positioned above the head of the
animal. The isocentre of the magnet was positioned approximately 5.5mm from the
central fissure, guaranteeing that the single scan ASL and T, images (where appropriate)
would be at a position of approximately 2mm posterior to Bregma. This ensured that a
representative portion of hippocampal tissue was available for ROI analysis in these
scans. When the mouse was in the appropriate position, a ‘wobble procedure’ was
carried out to tune the transmit coil to the resonant frequency. Scans were analysed
using the in built ParaVision software, MIPAV (National Institutes of Health, US), FSL
(FMRIB Software Library, UK), IDL (ITTVIS, Boulder, CO), Mathematica (Wolfram

research, UK) and ImagelJ (National Institutes of Health, US), where appropriate.

2.1.5 T)-weighted imaging

A rapid acquisition with relaxation enhancement (RARE) with variable
repetition time (RARE-VTR) scan was employed to assess T relaxation times; the scan
time was 8 minutes, 43 seconds. This was a single slice scan of 128 x 128 voxels,
located approximately 2mm posterior to Bregma, thus encompassing sufficient amounts
of cortical and hippocampal tissue to ascertain relaxometry times from these brain
structures as a whole. T relaxometry data were acquired by varying the repetition times

(TR) using values ranging from 300ms to 8000ms (TR values: 300, 589.116, 942.255,
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1396.084, 2031.981, 3103.081, and 8000.000ms) with an echo time (TE) of 25.27ms
and RARE factor = 4. From this range of repetition times, a quantitative T; map was
constructed from these images, using a built-in macro in the ParaVision software
package (Schmitt et al., 2004). ROIs were measured using this quantitative map in the

ImagelJ software platform.

2.1.6 Tr-weighted imaging

A 9 slice, 8 echo multi slice multi echo (MSME) scan was used to quantify T,
relaxometry times in a scan time of 8 minutes, 32 seconds. These images had the same
position as that of the T; measurements and a shared geometry of 128 x 128 voxels per
slice. The scan parameters were; effective TEs: 12.64, 25.27, 37.91, 50.55, 63.19, 75.82,
88.46, 101.1ms; TR: 2000ms. This allowed for co-localisation of data between the two
types of relaxometry assessed in this study. Only the middle 5 echo times were used to
assess T relaxation times in these data, after a quantitative mapping had been produced
using a scripting procedure completed with IDL. ImageJ was employed to analyse
structures in the quantitative mappings using a ROI approach. Sample T;- and T»-

weighted images are presented in Figure 2.5.

2.1.7 High-resolution anatomic imaging

High resolution MR imaging was completed on all animals using a RARE
scanning sequence. This scanning sequence offers good anatomical contrast between
grey and white matter as well as excellent resolution. A single repetition scan was first
carried out to ensure optimum animal positioning (scanning time: 2 minutes, 45
seconds). Five repetitions were then carried out in a total time of 13 minutes, 48
seconds. Data from the 6 repetitions were averaged to produce a high-resolution full
brain image in the coronal view, with the following image dimensions: 54 slices x 196 x
256 voxels. These high-resolution scans were used for volumetric analysis using the
voxel-based morphometry analysis technique, where each data set was spatially

registered to a standard C57BL/6 mouse grey matter template image.
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2.1.8 Arterial spin labelling

Quantitative blood flow and volume measurements were investigated using a
bolus-ASL methodology (Kelly et al., 2009). This method uses a bolus-tracking ASL
sequence to provide groups of 11 one slice images on a single time curve following the
passage of a 3 second bolus through the imaging slice. Using a series of scripts in IDL,
control and labelled images were created for each animal. Corresponding pairs of
labelled and control images were subtracted to provide perfusion-weighted maps. Using
a high resolution slice with the same geometry and position as that of the blood flow
mappings, it was possible to fit the data to the formula described (Kelly et al., 2009) for
several user-defined ROls. Typically this scan was repeated 4 times to achieve optimum
signal to noise ratio (1 repetition scan time: 2 minutes, 34 seconds). From this, the MTT

and CTT were calculated.

2.1.9 Gadolinium-enhanced contrast imaging

BBB permeability to the contrast agent gadopentate dimeglumine (Magnevist;
Clissmann, Ireland) was assessed in some experiments. Contrast imaging was carried
out using a 10 repetition T;-weighted fast low angle shot (FLASH) sequence (1
repetition time: 2 minutes, 11 seconds, total scan time: 21 minutes, 50 seconds). The 15
slice protocol had dimensions 128 x 128 voxels per slice. Prior to commencing the scan,
the tail vein was checked for patency by flushing with saline, and the cannula and
tubing with the pre-filled contrast agent were loaded. Pre-contrast measurements were
acquired on the first repetition of the scan to provide a contrast-free baseline. At the
beginning of the second repetition of the scan, a bolus of contrast agent (200ul) was
injected via the tail vein into the mouse, and the following 9 scan repetitions recorded
the passage of the bolus throughout the brain over the remaining 18 minutes, 49
seconds. The scan parameters for the relaxometry, high-resolution, ASL and contrast

scans are provided in Table 2.1.
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Scan purpose Scan type No. repetitions Matrix Field of View Num. slices Resolution (um) Scan Duration
High- RARE 6 196 x 256 1.8cmx 1.8cm 54 91.8367 x 70.3125 16 min, 33 sec
resolution
T1-welghted RARE-VTR 1 128x128  1.8cmx 1.8cm 1 141 x 141 8 min, 43 sec
T2-welghted MSME 1 128x128  1.8cmx 1.8cm 9 141 x 141 8 min, 32 sec
Arterlal Spin FLASH 4 128 x 64 2em x 2em 1 156 x 312 10 min, 16 sec
Labelling
Contrast FLASH 10 128x128  1.8cmx 1.8cm 15 141 x 141 21 min, 50 sec
enhancement

Table 2.1: MR scanning protocols
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2.2 Data Analysis

2.2.1 Relaxometry

T, relaxation times were calculated using the ISA (Image Sequence Analysis)
software within the Bruker software package. T, relaxation times were fitted to a mono-
exponential rise function, exported and analysed in the ImageJ software program. All
ROIs were drawn with reference to a standardised mouse brain atlas (Paxinos and
Franklin, 1995). The cortex, hippocampus, corpus callosum and thalamus were drawn
and calculated for each mouse data set. ROIs were calculated bilaterally in each
hemisphere for all regions except for the corpus callosum, and averaged for each
animal.

The raw data from the T, MSME scan were exported to Interactive Data
Language (IDL) and analysed using an in-house scripting procedure, producing a
voxelwise linear fitting to the logarithm of the data on the entire data set. The middle 5
echo times were used to create a parametric, quantitative T, map that was exported to
Image]. Once again, ROIs within the cortex, hippocampus, corpus callosum and
thalamus were manually drawn, and T, relaxation times calculated bilaterally for each

hemisphere in 2 adjacent slices, and averaged for each mouse.

2.2.2 Voxel-Based Morphometry

High-resolution, structural T,-weighted scans from WT and CD200'/', WT and
APP/PS1 mice were analysed for differences in anatomic grey matter volume using an
in-house, optimized voxel-based morphometry (VBM) protocol (Good et al., 2001). All
10 repetitions of the anatomic scan were averaged to produce 1 high-resolution image.
Where there was animal movement throughout the course of the repetitions, the later
repetition(s) were removed from the data set and the remaining repetitions averaged.
Raw Bruker data were converted into analyze image format using the pvconv.pl

conversion script (see http://pvconv.sourceforge.net). Brain extraction was performed to

separate the brain from extraneous tissue surrounding it, using the brain extraction tool
within the MIPAV software package. Where the extraction tool produced inadequate

brain removal, the MIPAV paint tool was employed to complete the brain extraction
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step. Image orientation was changed to mirror that of human image VBM analysis, and
voxel size enlarged by a factor of 10 in MIPAV. These adjustments enabled the images
to be analysed in the FSL software program, which is normally reserved for human
image analysis (Smith ef al., 2004). Grey matter segmentation was carried out using
FMRIB Automated Segmentation Tool (FAST) within FSL (Zhang et al., 2001). The
grey matter partitions were non-linearly, spatially registered to a generic C57BL/6
mouse grey matter brain atlas (Ma et al., 2005) using the FSLREG utility. A study-
specific grey matter template was produced by averaging the registered images from
each experimental group. Registered images were then non-linearly registered to the
study-specific template using FMRIB’s Non-Linear Image Registration Tool (FNIRT),
following an initial registration estimate by FMRIB’s Linear Image Registration Tool
(FLIRT). This was carried out to compensate for the areas of enlargement or contraction
that are introduced due to the non-linear element of the initial spatial transformation to
the stereotactic space. Each voxel within each registered image was divided by the
Jacobian of the warp field for the image. A general linear model (GLM) was set up and
fitted to the data, and this was used to investigate group volumetric differences in the
specific studies. FSL Randomise, a permutation based utility, was used to enable
modelling and inference using the standard GLLM approach, producing voxel-wise based
comparisons. FSL Randomise also offers variance smoothing as an option (Nichols &
Holmes, 2002), and images were smoothed with a Imm kernel prior to analysis. The
results produced by Randomise were overlayed on the generic C57BL/6 grey matter
template atlas to indicate areas of significant volumetric difference between groups.
Results maps were thresholded at p<0.05 to indicate statistical significance for all

comparisons. A pipeline of the VBM procedure is presented in Figure 2.2.

2.2.3 ASL image analysis

Qualitative ASL images were analysed in Mathematica, and cortical,
hippocampal, and whole brain ROIs manually drawn on perfusion-weighted images.
The average for each ROI was plotted against the acquisition timepoint in the bolus
tracking ASL sequence. The curve was fitted to the solution of the non-compartmental
cerebral perfusion ASL model (Kelly et al., 2009), allowing the measurement of MTT
and CTT. The curve-fitting utility in Mathematica was used to find the least squares fit
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to the experimental curves. The MTT and CTT were calculated from the first and

second statistical moments of the signal-time curves, respectively.

2.2.4 Contrast-enhanced image analysis

Gadolinium-enhanced contrast images acquired from the BBB permeability
studies were analysed in the MIPAV software package. The average signal intensity
changes in each treatment group were plotted against repetition. The first repetition was
used as a contrast-free, baseline measurement. Anatomically-distinct ROIs viewed in
the first repetition were overlayed with a 2 x 2 voxel square, and average pre-contrast
intensity measured. The ROI squares were copied into the same locations in the
remaining 9 repetitions for each mouse brain, measuring the contrast change following
injection of the gadolinium-based contrast agent at the commencement of the second
repetition. Regions of the cortex, hippocampus, thalamus, cerebellum and olfactory bulb
were measured and compared. Values for each data set were normalised to the pre-
contrast measurement, and expressed as a proportion of the pre-contrast value. For
statistical analysis, values from the final 4 repetitions of the scan were averaged and

compared across groups by 2-way ANOVA.
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Figure 2.1: Sample T,- (A) and T,- (B) weighted images from an APP/PSI
transgenic mouse, approximately 2.54mm posterior to Bregma. The left hippocampus

has been selected for ROI analysis.
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Figure 2.2: Pipeline of VBM methodology, indicating the brain extraction and
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3-10) contrast images following injection of the gadolinium-based contrast agent,

Magnevist (repetition 2)
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2.3 Animals

2.3.1 Groups and maintenance of animals

Specific pathogen-free (SPF) groups of 4 month-old (weighing 19g-29g), 6-9
month-old (21g-33g), C57BL/6 (WT) and CD200”" mice used in this study were
supplied by the Bio-resources Unit, Trinity College. CD200” mice were generated by
recombination of the CD200 gene as previously described (Hoek ef al., 2000) and
backcrossed to the CS57BL/6 strain. Groups of age-matched C57BL/6 mice were
purchased from Harlan UK Ltd. (Bicester, UK).

Groups of 13-14 month-old (weighing 31g-56g) APPswe/PS1dE9 mice were
also used in this study. Transgenic mice from a colony of APP/PSI mice, purchased
from the Jackson Laboratory (US), were used to form breeding pairs with C57BL/6
mice. Groups of 13-14 month-old wildtype (WT) littermates (weighing 31g-54g) were
used as age-matched controls in these experiments. These were supplied from a
breeding colony in an SPF housing facility in the Bio-resources Unit (Trinity College
Institute of Neuroscience). A mixture of male and female mice was used in these
studies; the exact numbers are detailed in the relevant methods sections.

Animals were housed in a controlled environment under a 12-hour light-dark
cycle at an ambient temperature of 22°C-23°C; animals were maintained under
veterinary supervision in the animal housing centre (Trinity College Institute of
Neuroscience, Trinity College Dublin, Dublin 2, Ireland). throughout the study and
housed in groups of either 2 or 3 per cage. All animals used in these studies had access
to normal laboratory chow and water on an ad [libitum basis. All experiments were
carried out under a license obtained from the Department of Health and Children
(Ireland) under the Cruelty to Animals Act 1876 and the European Community
Directive, 86/609/EEC, and in agreement with experimental procedures laid down by
the local ethics committee. Every effort was made to minimise stress to the animals at

all stages of the study.
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2.4 Animal experiments

2.4.1 Analysis of the age-related changes in CD200" mice

To investigate the effect of age and genotype on T, and T, relaxometry,
anatomical volumetry and blood flow and volume, WT and CD200”" mice were scanned
at 9, 13 and 17 months of age. At 13 months (‘middle-age’), half of each group were
sacrificed for immunohistochemical analysis, while the remaining mice were re-scanned
at 17 months. Groups of young (4 months old) WT mice (N = 8) and CD200™ mice (N
= 8) were scanned to provide a young, baseline measurement. Mice were scanned as
outlined below (Figure 2.4) and allowed to recover and were monitored for any possible
ill side-effects of the anaesthesia or scanning procedure. The magnet control room and
facilities were converted to ‘clean room’ status for mice undergoing the longitudinal
study by disinfecting bench surfaces, cleaning floors and the wearing of tyvek suits
throughout the duration of the scanning period, at the end of which the mice were

returned to their housing facilities.

4 Months 9 Months 13 Months 17 Months
| | | |
1 1 T  —
T1, T2 T2 T1, T2 T1, T2
ASL, Hi-Res ASL, Hi-Res ASL, Hi-Res ASL, Hi-Res
IHC IHC IHC

Figure 2.4: Timeline of longitudinal CD200™" study
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2.4.2 Analysis of the effects of LPS treatment in WT and CD200"" mice

The effects of LPS treatment on 6-8 month-old WT and CD200"" mice were
investigated. Mice were randomly divided into control and experimental groups (N = 6-
8/group). The control groups received an intraperitoneal (ip) injection of sterile saline
(200ul). One experimental group received an ip injection of LPS (200pul; 10pg/mouse
diluted in sterile saline) and the second experimental group received an ip injection of
LPS (200ul; 50pg/mouse diluted in sterile saline). LPS was prepared from Escherichia
coli (E. coli) serotype EH 100 (Ra) (Alexis Biochemicals, Switzerland). All injections
were carried out in the MRI control room.

Mice were anaesthetized (see section 2.1.2) and T;- and T,-weighted
relaxometry scans were acquired 2.5 and 3.5 hours post LPS administration to assess the
effect of LPS administration throughout the 4 hour timepoint. Tail-vein cannulations
were carried out in these mice (see section 2.1.3) and BBB permeability to the
gadolinium-based contrast agent gadopentetate dimeglumine was assessed using
contrast enhanced MRI in mice that received the 50ug LPS treatment. Animals were
sacrificed following scanning, 4 hours after LPS injection. Brains were rapidly
removed, hemisected, and prepared for immunohistochemistry (right hemisphere) and
mRNA analysis by quantitative polymerase chain reaction (qQPCR; left hemisphere). In
the case of qPCR, one hemisphere per animal was carefully dissected into hippocampal

and cortical tissue. A timeline of this study is presented in Figure 2.5.

0 hrs 2.5 hrs 35hrs 3.75hrs
L | | | @
| I I I

LPS T1, T2 T1, T2 BBB-Gd

Figure 2.5: Timeline of LPS study
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2.4.3 Analysis of the effect of inducing BBB permeability in WT and APP/PSI1 mice

Groups of middle-aged (13-14 month-old, N = 7-9/group) APP/PS1 and WT
littermates were randomly assigned to control and experimental groups. The control
groups received an iv injection of a non-target control siRNA solution (20pg/mouse;
Applied Biosystems, Germany) diluted in nuclease-free H,O (400ul; Applied
Biosystems, Germany), while the treatment groups received an iv injection of siRNA
solution targeting both claudin 5 (20pug/mouse; Applied Biosystems, Germany) and
occludin (20pg/mouse; Applied Biosystems, Germany) diluted in nuclease-free H,O
(400ul; Applied Biosystems, Germany). Mice were individually placed in a custom-
built 60ml volume plastic tube that was open ended at one end, but filled with a rubber
stopper at the opposite end. The mouse’s body was placed head first inside this tube,
with the mouse’s head positioned under the rubber stopper. This rubber stopper had an
air hole drilled through it to provide a continuous supply of air. The protruding tail was
warmed for 5 minutes prior to injection. Injections were rapidly carried out using a 30
gauge needle (Introcan, Ireland) with a Iml syringe. T;- and T,-weighted imaging was
carried out 48 hours after injection, and following this, mice were assessed for BBB
permeability (see section 2.1.3). Following scanning, tissue was prepared for
immunohistochemical staining of glial activation, and PCR analysis of pro-

inflammatory cytokines and BBB proteins.

2.5 Preparation of tissue

2.5.1 Dissections and preparation of tissue

Following MR scanning, brain tissue was harvested from all mice. In all studies,
mice were sacrificed by cervical dislocation and decapitation whilst still under
anaesthesia. The scalp tissue was carefully removed using curved forceps and fine
surgical scissors. The brain was rapidly removed and placed on a chilled Petri dish
placed on ice. The cerebellum was removed and the remaining brain was hemisected.
The left hemisphere was coated in optimal cooling temperature (OCT) compound

(Tissue-Tek, US) and placed cutting surface down onto a pre-labelled cork disc (R.A.
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Lamb, UK). This was slowly submerged and snap-frozen in a bath of isopentane
(Methylbutane; Sigma-Aldrich, UK) in liquid nitrogen (Cryoproducts, Ireland), placed
in aluminium foil and stored at -80°C, and subsequently sectioned for light microscopy.
The thalamus of the right hemisphere was quickly removed using a curved forceps and
discarded, and the hippocampus was carefully extracted. The remaining cerebral cortical
tissue was halved into anterior and posterior sections with a surgical scalpel. This tissue
was placed in Eppendorf tubes, snap-frozen in liquid nitrogen and stored at -80°C for
subsequent isolation and analysis of mRNA. Unless otherwise noted, mRNA analysis is

taken from the anterior portion of the cortex.

2.6 Analysis of mRNA by qPCR

2.6.1 Preparation of tissue for mRNA isolation

mRNA was extracted from snap-frozen cortical and hippocampal tissue from
WT and CD200™"", control and LPS-treated, mice and from cortical tissue of siRNA-
treated WT and APP/PSI1 transgenic mice. In all cases, samples were thawed on ice and
cell lysis mastermix (353.5ul; RA1 buffer containing 1% [-mercaptoethanol;
Nucleospin RNA II, Macherey-Nagel; Germany) was added to each sample in RNase-
free tubes. These samples and cell lysis mastermix were homogenised for extraction of
RNA with a Polytron homogeniser (2 x 5 second pulses; PT 1200E; Kmematica,
Switzerland) at high speed.

2.6.2 Protocol for RNA isolation

To remove any insoluble tissue and to reduce viscosity, the lysate of each
sample was added to a NucleoSpin Filter placed in an Eppendorf collecting tube and
centrifuged at 11,000g for 1 minute. The NucleoSpin Filter column was discarded and
ethanol (350pul; 70%; Sigma, UK) was added to the lysate. The ethanol and lysate were
mixed and loaded onto NucleoSpin RNA II columns. The new column and lysate were
added to new collecting tubes and centrifuged at 8,000g for 30 seconds, allowing the

RNA to bind to the column (the addition of ethanol improves this binding). The column
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was removed and added to a new collecting tube. The silica membrane was desalted by
adding membrane desalting buffer (350ul) and centrifuged at 11,000g for 1 minute to
dry the membrane. To digest the DNA, DNase reaction mixture (95ul) was added to the
column, and samples were incubated at room temperature for 15 minutes. The silica
membrane was washed with RA2 buffer (200ul), deactivating the DNAses, and
centrifuged at 11,000g for 30s to dry, and added to a new collecting tube. The silica
membrane was washed with RA3 buffer (600ul), centrifuged at 11,000g for 30 seconds,
and added to a new collecting tube. The silica membrane was once again washed with
RA3 buffer (250ul), centrifuged at 11,000g for 2 minutes to completely dry the
membrane, and placed into nuclease-free 1.5ml collecting Eppendorf tubes. The RNA
was eluted in RNase-free H,O (60ul) and centrifuged at 11,000g for 1 minute. RNA
concentration was quantified using a NanoDrop-spectrophotometer (ND-1000 v3.5;

Nanodrop Technologies Inc., US).

2.6.3 Reverse Transcriptase for complimentary DNA (¢cDNA) synthesis

Total mRNA (1pg) was reverse-transcribed into complimentary DNA (cDNA)
using a high-capacity cDNA archive kit (Applied Biosystems, Germany) according to
the protocol supplied by the manufacturer. RNA (lpg) was added to fresh tubes
containing the appropriate amount of nuclease-free H,O to make a final volume of 30ul.
A 3x mastermix was prepared containing 10x RT buffer (6ul), 25x dNTPs (2.4ul), 10x
random primers (6ul), multiscribe reverse transcriptase (3ul) and nuclease-free water
(12.6ul). The mastermix (30ul) was added to the RNA and nuclease-free H,O, and
tubes were spun and incubated at 25°C, followed by 2 hours at 37°C in a thermocycler

(PTC-200, Peltier Thermal Cycler; MJ Research, Ireland).

2.6.4 ¢cDNA amplification by Q-PCR

The expression of CD11b, CD40, GFAP, 11-1pB, IL-6, TNF-a, claudin 5, claudin
12, and occludin mRNA was assessed in cortical and hippocampal tissue. Primers and
probes were delivered as “TagMan ® Gene Expression Assays” (Applied Biosystems,
Germany). For each analysis, a PCR mastermix, composed of Tagman Universal PCR

Mastermix (12.5ul/ sampie), mouse B-actin RNA (1.25ul/ sample) as the endogenous
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control and the specific primer (1.25ul) for each target gene was prepared (see Table 2.8
for primer assay numbers). In all cases, cDNA was diluted at a ratio of 1:4 (2.5ul cDNA
and 7.5ul RNA-free H,0) and added to a 96-well reaction plate (Applied Biosystems,
US). Mastermix for each target gene (15ul) was added to each well, giving a total
reaction volume of 25ul/well. Samples were centrifuged at 2,000g for 3 minutes, and
real-time PCR was carried out on an Applied Biosystems ABI Prism 7300 real-time
Sequence Detection System v1.3.1 (Applied Biosystems, US). The PCR consisted of 60
cycles, with 2 minutes at 50°C, 10 minutes at 95°C, 15 seconds per cycle at 95°C for

denaturation and 1 minute at 60°C to ensure complete extension of the PCR product.

2.6.5 PCR Quantification

Analysis of gene expression values was performed using the efficiency-
corrected comparative AACT method. Target genes from different samples were
compared with the expression of B-actin, which acted as an endogenous control. These
values were normalized to the control sample, and differences between samples were
expressed as a ratio. Values are expressed as relative quantities of specific genes (7300

real-time PCR Software; Applied Biosystems, US).
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Gene Name

Gene Description

TagMan Gene Expression Assay Number

CDl11b Integrin alpha M Mm00434455_ml
CD40 Cluster of differentiation 40 Mm00441891_ml
GFAP Glal Fibrillary Acidic Protein Mm01253033_ml
TNF-o Tumor necrosis factor-o. Mm00443258_ml
IL-1B Interleuken 1-B MmO00434228_m1
-6 Interleuken 6 Mm00446190_ml
Cldn5 Claudin 5 Mm00727012_s!
Cldn12 Claudin 12 Mm01316311_ml
Ocln Occludin MmO00500912_ml

Table 2.2: Mouse PCR primer assay numbers
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2.7 Immunohistochemical analysis

2.7.1 Preparation of slides

Prior to slicing of tissue and immunohistochemical analysis, all slides were
covered in a subbing solution to improve adhesion between the tissue and slide.
Gelatine (2.5g; Fluka, Switzerland) was dissolved in 500ml dH,O that had been heated
to a low temperature. Chromium potassium sulphate (0.25g; Sigma Aldrich, UK) was
added to the solution, and the solution was heated to a temperature of 60°C. The
subbing solution was filtered into a staining tank using filter paper (Whatman
International, UK) and clean slides were immersed briefly into this solution (30-60

seconds). The slides were drained of surplus solution and were laid out to dry overnight.

2.7.2 Preparation of slices and slicing

Samples which were mounted on cork discs were placed inside the cryostat
(Leica CM 1900; Leica Microsystems, Ireland), and allowed to equilibrate to -20°C for
30 minutes, the temperature at which the slicing was carried out. Tissue sections were
sliced at a thickness of 10um, and anatomical position was assessed using Toludine-
Blue staining viewed under a light microscope. When the hippocampus became visible,
30 sections (3 per slide) were cut and placed on 10 gelatine-coated, twin-frosted,
premium microscope slides (76 x 26mm; Ramboldi, Cyprus). The slices were cut in the
coronal view to match with the MR scanning protocols. Following slicing, slides were

laid to dry for 20 minutes at room temperature before being stored at -20°C.

2.7.3 Immunohistochemical analysis of CDI11b

Frozen brain sections were brought to room temperature for approximately 30
minutes. Hydrophobic wells were created around the 3 slices with a cytomation pen
(Dako, UK). All sections were fixed in an ice-cold methanol and acetone solution (1:1;
Sigma-Aldrich, US) for 5-10 minutes. Endogenous peroxidases were blocked with 0.3%
H,0, in phosphate buffer saline (PBS) for 5 minutes (200ul/ slice). Sections were
washed with PBS (2 x 10 minutes) and blocked with 10% rabbit serum (Vector
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Laboratories, UK). Sections were incubated overnight at room temperature with rat anti
mouse CDI11b primary antibody (200ul/ slice; 1:100 dilution in 5% rabbit serum in
PBS; AbD Serotec, UK). Negative controls were incubated in 5% rabbit serum in PBS
alone. The following day, sections were washed in PBS (2 x 10 minutes) and incubated
for 2 hours in biotinylated rabbit anti-rat secondary antibody (200ul/ slice; 1/200 in 5%
rabbit serum in PBS; Vector, UK) at room temperature. Sections were rinsed (2 x 10
minutes) and incubated for 30 minutes in Vectastain Elite ABC reagent (2 drops of A/B
in 5Sml PBS; Vector Laboratories, US) and washed in PBS (2 x 10 minutes) to rinse off
excess ABC. Sections were developed using the substrate 3, 3 diaminobenzidine (DAB)
enhanced liquid substrate system tetrahydochloride (1 drop solution B in 1ml solution
A; Aldrich, UK) for 10 minutes. The development of the DAB reaction was monitored
throughout this incubation period. Sections were counterstained with methyl green (1%
in distilled water; Sigma Aldrich, UK) for 10 minutes. Distilled water was used to stop
this reaction. The sections were dehydrated through a succession of graded alcohols
(75% ethanol in distilled water (5 seconds), 95% ethanol in distilled water (5 seconds),
100% ethanol (30 seconds), 100% ethanol (1 minute); Sigma, UK). Finally, the slides
were immersed in 100% xylene (2 x 2 minutes; VWR International, UK). Coverslips
(60mm; VWR International, UK) were mounted onto the slides using dinbutyl phthalate
in xylene (DPX; RA Lamb, UK) and left to set in a fume hood overnight. Stained slices
were viewed on an Olympus IX51 light microscope with a built-in camera (Olympus,

Japan).

2.7.4 Immunohistochemical analysis of GFAP

Frozen brain sections were fixed and prepared for staining as described in
section 2.7.3, and permeabilised with 0.1% Triton X-100 surfactant (Sigma, UK) for 15
minutes and washed (3 x 5 minutes). Sections were blocked with 10% goat serum
(Vector Laboratories, UK) in PBS for 30 minutes. Sections were incubated for 90
minutes at room temperature with rabbit anti mouse GFAP primary antibody (200ul/
slice; 1:2000 dilution in 1% bovine serum albumin (BSA) in PBS; Dako, UK). Negative
controls were incubated in 1% BSA in PBS alone. Sections were rinsed in PBS (3 x 5
minutes) and incubated for 40 minutes in biotinylated goat anti rabbit secondary

antibody (200ul/ slice; 1/200 in 1% BSA in PBS; Vector, UK) at room temperature.
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Sections were rinsed again (3 x 5 minutes) and incubated for 30 minutes in Vectastain
Elite ABC reagent (1 drops of A/B in 5ml PBS; Vector Laboratories, US) and washed
again in PBS (3 x 5 minutes) to rinse off excess ABC. Sections were developed using

the DAB substrate system as described in section 2.7.3.

2.7.5 Quantification of DAB-enhanced staining

Representative pictures of DAB-enhanced CD11b and GFAP positive staining
from the three studies were analysed using the Immunoratio plugin
(http://imtmicroscope.uta.fi/immunoratio/) available for the Imagel software package
(Tuominen et al., 2010). Firstly, the images were uploaded for image segmentation. The
automated program then segments the image into DAB and nuclear-stained regions, and
calculates the percentage of DAB-stained nuclear area over the total nuclear area
(labelling index) in the uploaded image. The program also generates a pseudo-coloured
result image matching the area segmentation.

The advanced mode of analysis was used for the analysis in these studies.
Briefly, the settings used were; Image scale for detection of nuclei: 9.3pixels/um,
Brown threshold adjustment: -50, Blue threshold adjustment: +15. The percentage
DAB-enhancement/ total nuclear area was calculated for cortical and hippocampal
regions for the study groups, and averaged for statistical analysis. Unless otherwise
indicated, representative cortical images are taken from the motor cortex, and from the

dentate gyrus of the hippocampus.

2.7.6 Immunohistochemical staining of Af by Congo red

Frozen brain sections from APP/PS1 and WT littermates were stained for the
presence of AP plaques using the Congo red staining method. Sections were allowed
equilibrate to room temperature for 30 minutes. Hydrophobic wells were created around
the 3 slices with a cytomation pen (Dako, UK). Sections were fixed in ice-cold
methanol for 5 minutes, and washed in PBS (2 x 5 minutes). During these washes, 1 M
NaOH (2ml) was added to saturated NaCl (200ml; 80% ethanol in dH,O) to produce an
alkaline solution. Slices were incubated in this alkaline solution at room temperature for

20 minutes. During this incubation, Congo red solution (0.2% Congo red dye in
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saturated NaCl; Sigma Aldrich, UK) was filtered through a syringe using a cellulose
acetate membrane filter (0.2 pM Supor membrane Acrodisc syringe filters; Pall
Corporation, US) and 200ml of this filtered solution was added to NaOH (2ml) to create
an alkaline solution. Brain slices were incubated in this solution at room temperature for
30 minutes. Slides were rinsed in dH,O (2 dips) to remove excess dye and slices were
incubated in methyl green solution (1% in dH,O; Sigma Aldrich, UK) for 10 minutes to
counterstain the chromatin. The slices were washed in dH,O (1 dip) to remove surplus
methyl green solution, and were dehydrated by dipping 6 times in a succession of
graded alcohols (95% ethanol, 100% ethanol, 100% ethanol; Sigma, UK). Sections were
briefly left to dry, before being incubated in 100% xylene (3 x 5 minutes; VWR
International, UK). Coverslips (60mm; VWR International; UK) were mounted onto the
slides using dibutyl phthalate in xylene (DPX; RA Lamb, UK) and allowed to set and

dry in a fume hood overnight.

2.7.7 Quantification of Af plaques

Congo red positive-AP plaques were counted in 6 half hemisphere sections per
mouse. The examiner was blind as to which treatment group the mouse belonged.
Sections were viewed and plaques counted under the same light settings, and results

were expressed as average number of plaques per section per animal.

2.7.8 Extraction of soluble and insoluble A from brain tissue

Snap-frozen cortical tissue from control and siRNA-treated WT and APP/PSI
mice was homogenised in 5 volumes (w/v) of homogenising buffer (SDS/NaCl in dH,O
with proteases). The samples were centrifuged at 15,000 rpm for 40 minutes at 4°C.
The supernatant samples were removed to extract SDS-soluble AP and the pellets were
kept for extraction of insoluble Ap.

Supernatants were equalised (3 mg/ml) with homogenising buffer using a
bicinchoninic acid protein assay. Equalised supernatant samples were neutralised by the
addition of 10 % (w/v) 0.5 M Tris-HCI (pH 6.8). Samples were stored at -20 °C for later
detection of soluble AP.
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Pellets were incubated in guanidine buffer (50 pl; 5 M guanidine-HCI/50 mM
Tris-HCI, pH 8, Sigma-Aldrich, UK) for 4 hours on ice, and centrifuged at 15,000 rpm
for 30 minutes at 4 °C. Supernatant samples were equalised (0.3 mg/ml) with guanidine

buffer and stored at -20 °C for later detection of insoluble Ap.

2.7.9 Detection of soluble and insoluble Af concentrations in cortical tissue by multi-

spot ELISA

Concentrations of soluble and insoluble AP were determined using “MSD® 96-
well multi-spot 4G8 AP triple ultra-sensitive assay” kits (Meso Scale Discovery, USA).
All solutions and reagents used were supplied by Meso Scale Discovery. Multi-spot A3
3-plex plates were blocked with 1% Blocker A (150 pl/well; 50 ml 1 X Tris wash
buffer: 0.5 g Blocker A) for 1 hour at RT with vigorous shaking (300-1000 rpm). Plates
were washed 3 times in 1 X Tris wash buffer (TWB) and detection antibody solution
(25 pl/well; 60 pl 50 X SULFO-TAG 4G8 detection antibody, 30 ul 100 X Blocker G in
2910ul 1% Blocker A solution) was added. SDS-solubilised samples were diluted in
Blocker A (200 pg/ml) plus protease inhibitors (1:100) and guanidine-treated samples
were diluted in Blocker A (0.3 pg/ml) solution. Standards were prepared by serial
dilutions of recombinant human A5 (0-3,000 pg/ml), ABi.40 (0-10,000 pg/ml) and
APBi.42(0-3,000 pg/ml) in 1% Blocker A. Samples and standards (25 ul/well) were added
in duplicate to the appropriate wells of the 96-well plates which were incubated for 2
hours at RT with vigorous shaking (300-1000 rpm). Plates were washed in wash buffer
and 2 X MSD read buffer (150 pl/well; 10 ml dH,O: 10 ml 4 X MSD read buffer) was
added. Plates were read immediately using a Sector Imager plate reader (Meso Scale
Discovery, US) and AP concentrations in test samples were evaluated with reference to
the standard curve prepared using APi.3s (0-3,000 pg/ml), ABi.40 (0-10,000 pg/ml) and
ABi1-42(0-3,000 pg/ml).

2.7.10 Detection of AP concentrations in serum samples by multi-spot ELISA
Concentrations of AP in serum were determined using “MSD® 96-well multi-

spot 4G8 AP triple ultra-sensitive assay” kits (Meso Scale Discovery, US). Plates were

prepared as per section 2.7.8 with the exception that Blocker G was omitted from the
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detection antibody solution. Plates were read immediately using a Sector Imager plate
reader (Meso Scale Discovery, US) and AP concentrations in serum samples were
evaluated with reference to the standard curve prepared using A3 (0-3,000 pg/ml),
APi1.40(0-10,000 pg/ml) and AB;.42 (0-3,000 pg/ml).

2.8 Statistical Analysis

Data are expressed as means + standard error of the mean (SEM). A one-tailed
or two-tailed Student’s t-test for unpaired means, or a two-way analysis of variance
(ANOVA) was performed, where appropriate, to determine whether significant
differences existed between means. When a two-way ANOVA indicated significance
("'p<0.05), a Bonferroni post-hoc test was employed to determine which conditions were
significantly different from each other. Statistical analyses were carried out using the

Prism software (Graphpad Prism, v 4.0; US).
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Chapter 3

Analysis of the
age-related changes in

CD200" mice



3.1 Introduction

Microglial cells are the resident antigen presenting cells of the CNS, and as
such, form the interface between the neural parenchyma and the immune system.
Resting microglia show a downregulated immunophenotype adapted to the specialised
microenvironment of the CNS (Kreutzberg, 1996). One mechanism that has been shown
to regulate and control microglial activation is through ligation of the CD200 receptor,
which is expressed on microglia. It has been shown that mice lacking CD200, which is
expressed on neurons and microvascular endothelium (Taylor et al, 2005),
spontaneously exhibit many features of activated microglia, including shorter, more
ramified processes, and increased expression of CD11b and CD45 (Neumann, 2001).
The regulatory role of CD200-CD200R signalling can be seen in the profound effect on
neuronal tissues, where CD200-deficient mice have a significantly accelerated onset of
inflammation in experimental models of autoimmunity, including EAE (Hoek ef al.,
2000; Chitnis et al., 2007) and EAU (Broderick et al., 2002).

Several studies have shown that ageing is associated with an impairment in
memory (Long er al, 1998), LTP function (Murray & Lynch, 1998) and these
impairments are accompanied by a spontaneous increase in pro-inflammatory cytokines
(O'Donnell et al., 2000) and astrocytic activation (Cotrina & Nedergaard, 2002). It has
also been shown that activation of microglia induces the release of iron from ferritin
(Kondo et al., 1995; Yoshida et al., 1995). Both iron and ferritin are present in activated
microglia, in particular in the aged compared with young, rat brain (Benkovic &
Connor, 1993) and in the brains of PD patients (Jellinger et al, 1990). While the
microglial response is enhanced in the brain of aged rats (Ogura et al., 1994) and mice
(Lyons et al., 2007), the first aim of this study was to determine whether aged mice
lacking CD200 would show an enhanced microglial and astrocytic phenotype compared
with WT mice.

MRI takes advantage of the natural spin and magnetization properties of water
molecules in brain tissue. Once placed inside the magnetic field of a MR scanner,
protons line up in the direction of the externally applied magnetic field. Radio
frequency pulses flip the orientation of the protons’ magnetization. The time constants
that describe how the particles ‘relax’ or return to equilibrium are termed T, and T

times, referring to the recovery parallel and perpendicular to the magnetic field,
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respectively. There parameters are effected by the type of tissue in which the protons
reside, including the proportion of free water (Barnes ef al., 1988), and the presence of
magnetic substances, for example iron-laden amyloid plaques in AD (Jack et al., 2005).

Several studies have shown an association between MR parameters and changes
that are linked with neuroinflammation in the brain. These include an increase in the T
signal following axonal loss (van Walderveen e al., 1998) and gliosis (Parry et al.,
2002). T, increases have also been found to occur following increased astrocytic
activation in low flow ischemia and excitotoxicity (Sibson er al., 2008). It has been
shown that the aged-related increase in GFAP mRNA and protein levels in the rat brain
are associated with a concomitant increase in T, relaxation values and, importantly, that
treatment with rosiglitazone, a PPARYy agonist, reversed both the age-related increased
in astrocytosis and T, relaxometry (Cowley er al., 2010). T, decreases have been
principally associated with iron deposits in the brains of ageing mice (El Tannir El
Tayara et al., 2006). The second aim of this study was to describe the age-related
changes in T| and T, parameters in WT and CD200-deficient mice.

The final aim of this study was to utilise the power of MRI to assess the changes
in brain volume and blood flow. VBM of the rodent brain, though common in human
brain volumetric analysis, is a relatively new technique. Several studies have shown
significant volumetric deficits in mouse models of neurodegenerative conditions,
including models of Huntington’s disease (Sawiak et al., 2009) and AD (Yang et al.).
ASL provides a non-invasive measurement of cerebral blood flow, where labelled water
molecules are delivered to a volume of interest in the brain, where they are exchanged
between the capillary bed and extravascuiar water (Kelly et al., 2009). The MTT is
defined as measuring the time taken for a bolus to reach a ROI, while the MTT
described the dispersion of the bolus at the ROI (Weisskoff & Rosen, 1995). It was
hypothesized here that volume, as well as MTT and CTT, may vary under the

neuroinflammatory changes that occur with age and in the absence of CD200.
The following analyses were therefore undertaken in this study:
(1) T, and T, relaxometry parameters in WT and CD200”" mice.

(i1) Immunohistochemical analysis of microglial and astrocytic phenotype in WT

and CD200”" mice
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(iii) Volumetric differences between CD200”" and WT mice.

(iv) MTT and CTT assessment in perfusion-weighted ASL maps.

3.2 Methods

Groups of 4 month-old (19g-29g) and 9 month-old (21g-40g) WT and CD200™
mice were anaesthetized with isoflurane (see section 2.1.2) and underwent MRI
scanning in this study. The 4 month-old WT mice consisted of 6 males and 2 females,
and the CD200”" mice consisted of 5 males and 3 females. At 9 months, the WT mice
consisted of 7 males and 9 females, and the CD200”" mice consisted of 6 males and 10
females. The MR protocol in this study was comprised of relaxometry, anatomic and
perfusion-weighted imaging (see sections 2.1.4, 2.1.5, 2.1.6 and 2.1.7 for specific scan
details). T, relaxometry was not performed in 9 month-old mice. The young mice
(n=8/group) used in this study were sacrificed by cervical dislocation after their single
scan and brain tissue was taken for analysis. The 9 month-old mice (n=16/group) were
scanned again at 13 months, at which point half of each group were sacrificed for
immunohistochemical analysis. The remaining mice in each group were scanned again
at 17 months, sacrificed, and brain tissue was prepared for staining. The tissue obtained
from the 3 timepoints provided a platform for the longitudinal assessment of microglial
and astrocytic activation (CD11b and GFAP, respectively; see sections 2.7.3 and 2.7.4)
in the cortex and hippocampus of these mice. The immunohistochemical results from
the aged mice were taken as positive controls. The CD11b and GFAP staining was
quantified using the Immunoratio plugin for ImagelJ (see section 2.7.5).

T, and T relaxation times and MTT and CTT values were calculated using the
Imagel software platform, while a volumetric analysis was carried out using the FSL
software package (see sections 2.2.1, 2.2.2 and 2.2.3 for specific details). Data are
presented as means + SEM, and a 2-way ANOVA was performed to determine whether
significant differences existed in the data. Bonferroni post-hoc analyses were carried out
to determine where individual differences lay (see section 2.8 for specific details). VBM
results are presented as a SPM overlayed on a study-specific grey matter template in the

coronal view, indicating specific volumetric differences between groups using voxel-
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wise statistics (maps are thresholded at p<0.05 to indicate significance; see section

2.2.2).

3.3 Results
3.3.1 Body weights

Body weights from WT and CD200” mice at 4, 9, 13 and 17 months are
presented in Figure 3.1. Mean body weights of WT mice increased with age and the
values at 9, 13 and 17 months of age were significantly increased compared with 4
months (" p<0.001; ANOVA). Mean body weights of CD200”" mice were significantly
increased at 13, compared with 4 months ("'p<0.01; ANOVA). There was no significant
genotype-related change.

3.3.2 Effect of genotype and age on T relaxation times

To investigate the effect of genotype and age on T, relaxometry, CD200”" and
WT mice were scanned at 4, 13 and 17 months. Analysis of T; relaxation times in the
ROIs investigated in the RARE-VTR scans revealed significant increases in T; values
in CD200'/', compared with WT, mice. Figure 3.2 shows that at 4 months, T; relaxation
times were significantly increased in the cortex of CD200” mice (1830 + 22.67 ms:
n=8) compared with WT mice (1746.25 + 14.38 ms; n=8; **p<0.01; ANOVA). This
trend continued throughout the remaining timepoints of the study but these comparisons
failed to reach statistical significance. At 13 and 17 months, cortical T; values in
CD200”" mice were 1823.33 + 11.08 ms (n=6) and 1811.66 + 11.08 ms (n=6)
respectively, and in WT mice were 1761.42 + 12.98 ms (n=6) and 1774.28 + 22.02 ms
(n=7) respectively. There were no significant changes in cortical T; values with age.

T, relaxation times were also assessed in the hippocampus of these animals.
Figure 3.3 shows that at 4 months, hippocampal T, values were significantly increased
in CD200" mice (1823.12 + 22.57 ms; n=8) compared with WT mice (1711.87 + 22.59
ms; n=8; ~ p<0.0l; ANOVA). This trend continued in the latter timepoints of the study

but these comparisons failed to reach statistical significance. At 13 and 17 months,
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hippocampal T; values in WT mice were 1724.23 + 8.67 n=13) and 1722.85 + 22.93
(n=7) respectively, and in CD200”" mice were 1793.57 + 20.69 (n=14) and 1762.50 +
15.20 (n=6) respectively. As in the cortex, there were no significant changes in
hippocampal T values with age.

Longitudinal T, changes in the white matter regions of the corpus callosum and
thalamus were also assessed. Figure 3.4 shows that mean T, values were similar in the
corpus callosum of CD200"" mice and WT mice at all 3 timepoints. At 4 months, mean
T, values of the corpus callosum in CD200" mice were 1640.0 + 18.70 ms (n=8) and in
WT mice were 1622.5 + 22.72 ms (n=8). At 13 months, T, values in CD200”" mice
were 1596.42 + 9.29 ms (n=14) and in WT mice were 1566.42 + 12.90 ms (n=14) and at
17 months, T, relaxation times in CD200” mice were 1606.66 = 16.05 ms (n=6) and in
WT mice were 1565.71 £ 15.56 ms (n=6). Figure 3.5 shows that mean T, values were
also similar in the thalamus of CD200” mice compared with WT mice at all 3
timepoints. At 4 months, thalamic T; values in CD200” mice were 1516.87 + 25.61 ms
(n=8) and in WT mice were 1440.62 = 14.18 ms (n=8). There was a trend towards
statistical significance at this timepoint. At 13 months, mean thalamic T, values in
CD200™ mice were 1486.78 + 15.60 ms (n=14) and in WT mice were 1457.14 + 13.38
ms (n=14). At the 17 month timepoint, T, values in CD200”" mice were 1467.5 + 14.24
ms (n=6) and in WT mice were 1434.28 + 12.02 ms (n=6).

Figure 3.6 presents a pictorial representation of these changes. There was a
significant increase in voxel colour intensities in the grey matter regions of the cortex
and hippocampus of the 4 month-old CD200”", compared with the WT, mouse. No
genotype-related difference was observed in the thalamus of corpus callosum. A
coloured reference bar is also presented in this figure to display voxel colour intensities

and their associated T; values.
3.3.3 The effect of genotype and age on T, relaxometry

To determine the effects of age and genotype on T, relaxometry, WT and
CD200”" mice were scanned at 4, 9, 13 and 17 months of age. As with the T,
assessment, analysis was carried out on the MSME scans using an ROI approach.
Evaluation of T, relaxation times was first examined in the grey matter regions of the

cortex and hippocampus. Figure 3.7 illustrates that T, relaxation times were
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significantly decreased in the whole cortex of both genotypes with age. In WT mice,
there was a significant decrease in cortical T, values at 9 months (50.82 + 0.16 ms;
n=16), compared with 4 months (51.61 + 0.12 ms; n=8; ~ p<0.001; ANOVA). T,
values were also significantly decreased at 13 months (50.80 + 0.11 ms; n=15;
M*p<0.001; ANOVA) compared with 4 months, and at 17 months (50.57 + 0.18 ms;
n=7; mp<O.001; ANOVA) compared with 4 months. Likewise, in CD200™" mice, there
was an age-related decrease in cortical T, relaxation times. Cortical T, values were
decreased in CD200”" mice at 9 months (51.25 + 0.12 ms; n=16) compared with 4
months (52.24 + 0.19 ms; n=7; ~'p<0.001; ANOVA). Cortical T, values in CD200™"
mice were also decreased at 13 months (51.25 = 0.12 ms; n=13; " 'p<0.001; ANOVA)
compared with 4 months, and at 17 months (50.86 + 0.14 ms; n=6; ~ 'p<0.001;
ANOVA) compared with 4 months of age. Although there was a significant genotype
effect (" p<0.001; ANOVA) in the overall data, comparisons between WT and CD200"
" mice at the individual timepoints failed to reach statistical significance.

Figure 3.8 illustrates the age-related changes in T, relaxometry in the motor
cortex of WT and CD200”" mice. In WT mice, there was a significant decrease in T,
values at 9 months (50.39 + 0.18 ms; n=16) compared with 4 months (52.70 + 0.27 ms;
n=g; mp<0.001', ANOVA). T, values were also significantly decreased at 13 months
(50.26 + 0.22 ms; n=15;  p<0.001; ANOVA) compared with 4 months of age, and also
at 17 months (50.16 = 0.19 ms; n=7, M*p<0.001; ANOVA) compared with 4 months of
age. Similarly, T, values in motor cortex of CD200”" mice were significantly decreased
at the 3 later timepoints. There was a significant decrease in T, relaxation times in the
motor cortex of CD200”" mice at 9 months (50.94 £ 0.19 ms; n=16) compared with 4
months of age (52.59 + 0.38 ms; n=7; ~ 'p<0.001; ANOVA). T, values were also
decreased at 13 months (50.49 + 0.23 ms; n=13; ~ 'p<0.001; ANOVA) and 17 months
(50.14 = 0.09 ms; n=6; ~ 'p<0.001; ANOVA) compared with 4 months of age. There
was no genotype-associated difference in WT and CD200”" mice at any of the 4
timepoints.

T, relaxation times were also measured in the entorhinal cortex of the MSME
scan of WT and CD200”" mice. Figure 3.9 illustrates the age-related changes in T,
values of the entorhinal cortex of WT and CD200” mice at all 4 experimental
timepoints of the study. There was no change in T, values of the entorhinal cortex in

WT mice at 9 months (52.95 + 0.13 ms; n=16) compared with 4 months of age (53.13 +
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0.24 ms; n=8). However, there was a significant decrease in T, relaxometry in the
entorhinal cortex of WT mice at 13 months (51.92 + 0.14 ms; n=15; mp<0.001;
ANOVA) compared with 4 months. There was also a significant age-related decrease at
13, compared with 9, months (**¥p<0.001; ANOVA). There was no age-related change
between 4 and 17 months (52.72 + 0.25 ms; n=7). However, there was an increase in T
values of the entorhinal cortex of WT mice between 17 and 13 months (5p<0.05;
ANOVA). A similar age-related change in T, values of the entorhinal cortex of CD200
" mice was noted. There was no change in T, values of the entorhinal cortex of CD200™
mice at 9 months (53.45 £ 0.18 ms; n=16) compared with 4 months (53.50 + 0.18 ms;
n=8) of age. There was a significant decrease in T, values in the entorhinal cortex
CD200”" mice at 13 months (52.29 + 0.20 ms; n=13; ~p<0.001; ANOVA) compared
with 4 months, and compared with 9 months (**p<0.001; ANOVA). There was an age-
related increase in T, values noted at 17 months (53.33 + 0.32 ms; n=6; ##p<0.01;
ANOVA) compared with 13 months. Genotype was a significant factor in the data
("p<0.01; ANOVA), however comparisons at the individual experimental timepoints
failed to reach statistical significance.

The age- and genotype-related changes in T, relaxation times in the
hippocampus of WT and CD200"" mice are presented in Figure 3.10. There was a
significant age-related decrease noted in T, values in WT and CD200”" mice. In WT
mice, there was a significant decrease in T, values at 9 months (50.60 + 0.16 ms; n=16)
compared with 4 months (51.35 + 0.16 ms; n=8; ~p<0.01; ANOVA). This significant
decrease in T, relaxometry was also evident at 13 months (49.99 + 0.14; n=15;
"'p<0.001; ANOVA) and at 17 months (49.74 + 0.48 ms; n=7;  p<0.001; ANOVA)
compared with 4 months of age. A similar age-related change in T, relaxometry was
observed in the hippocampus of CD200”" mice. There was a significant decrease in
hippocampal T, values at 9 months (50.84 + 0.16 ms; n=16) compared with 4 months
(52.03 £ 0.20 ms; n=7; "~'p<0.001; ANOVA). This significant decrease was also
observed at 13 months (50.37 + 0.14 ms; n=13; " 'p<0.001; ANOVA) and at 17 months
(49.85 + 0.09 ms; n=6; " 'p<0.001; ANOVA) compared with 4 months of age. There
was a significant decrease also noted in hippocampal T, values of CD200”" mice at 17,
compared with 9, months (**p<0.001; ANOVA). As with the T, values recorded in the

cortex, there was no genotype difference observed at any of the 4 timepoints in the
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experiment, although genotype is a significant factor throughout the data overal
("'p<0.01; ANOVA).

T, relaxation times in the white matter regions of the corpus callosum and
thalamus were also assessed at all 4 experimental timepoints. Figure 3.11 illustrates that
in WT mice, there was a significant decrease in T, relaxometry at 9 months (41.00 =
0.36 ms; n=16) compared with 4 months (44.41 + 0.37782 ms; n=8; mp<0.001;
ANOVA). There was also an age-related decrease in T, values of the corpus callosum at
13 months (40.32 + 0.37 ms; n=15; ~ p<0.001; ANOVA) and at 17 months (41.40 =
0.27 ms; n=7; M‘*p<0.001; ANOVA) compared with values recorded at 4 months. A
similar age-related decrease was observed in CD200”" mice. There was a significant
decrease in corpus callosum T, values in CD2007" mice at 9 months (41.85 £ 0.42 ms;
n=16) compared with 4 months (45.76 + 0.40 ms; n=7; ~'p<0.001; ANOVA). This age-
related decrease was also observed at 13 months (41.59 + 0.32 ms; n=13; " 'p<0.001)
and at 17 months (42.72 + 0.35 ms; n=6; ~ p<0.001; ANOVA) compared with values
measured at 4 months. Although genotype was a significant factor in the data
(""p<0.001; ANOVA), no genotype difference in T values of the corpus callosum was
observed between WT and CD200”" mice at any of the 4 experimental timepoints.

Figure 3.12 illustrates the age-related changes in T, relaxometry in the thalamus
of WT and CD200”" mice. There was an-age related decrease in T, relaxation times in
the thalamus of WT mice at 9 months (43.56 + 0.14 ms; n=16) compared with 4 months
(44.69 £ 0.17 ms; n=8; mp<O.OOl; ANOVA). This significant age-related decrease in
thalamic T, values was also present at 13 months (43.51 + 0.16; n=15) and at 17 months
(43.30 £ 0.18 ms; n=7; ~ p<0.001; ANOVA) compared with 4 months. Additionally,
there was an age-related decrease in T, values in the thalamus of CD200”" mice. There
was a significant decrease in thalamic T, relaxation times in CD200”" mice at 9 months
(44.02 £ 0.13 ms; n=16) compared with 4 months (45.01 £+ 0.30 ms; n=8; ~'p<0.001;
ANOVA). This decrease was also evident at 13 months (44.30 = 0.14 ms; n=13;
“p<0.05; ANOVA) and at 17 months (43.33 = 0.16 ms; n=6; ~ p<0.001; ANOVA)
compared with values acquired at 4 months. There was also a significant decrease in
thalamic T, values in CD200”" mice at 17 months compared with 9 months (8p<0.05;
ANOVA) and compared with 13 months (*p<0.01; ANOVA). Genotype was a
significant factor in these data ("p<0.01; ANOVA), and at 13 months, T, values were
significantly increased in CD2007", compared with WT, mice (“p<0.05; ANOVA).

i



The age-related T, signal decreases in CD200”" mice are illustrated visually in
Figure 3.13, which presents parametric maps obtained from the MSME scans at all 4
experimental timepoints. These images suggest cortical and hippocampal voxels display
decreased relaxation times in aged, compared with young, mice. A colour reference bar
is included in this figure, which displays voxel colour intensities and their associated T»

values.

3.3.4 The effect of age and genotype on GFAP immunoreactivity

Brain tissue from 4, 13 and 17 month old WT and CD200”" mice was stained for
GFAP and representative micrographs from the cortex and hippocampus of both
genotypes are presented in Figures 3.14 and 3.15, respectively. Positive
immunoreactivity is denoted by brown positive staining, while methyl green was used
to counterstain the chromatin of the cells. Positive GFAP staining was low in sections
prepared from 4 month old WT mice. There was an age-related increase in GFAP
positive immunoreactivity in cortical sections prepared from WT mice at 13 and 17,
compared with 4, months. There was also an age-related increase in GFAP positive
staining in cortical sections prepared from CD200”" mice, however, this increase was
more pronounced in CD200"" mice at each of the 3 timepoints. Figure 3.14 illustrates
the age and genotype associated changes in GFAP expression in hippocampal sections
prepared from WT and CD200” mice. Positive staining was low in hippocampal
sections prepared from 4 month-old WT mice. There was no marked change in GFAP
positive staining in hippocampal tissue prepared from WT mice throughout the
remaining timepoints of the study. GFAP positive staining was more pronounced in
hippocampal sections prepared from CD200™", compared with WT, mice at 4 and 13,
but not 17, months. There was an age-related decrease in GFAP positive

immunoreactivity in hippocampal sections prepared from CD200”" mice.
3.3.5 The effect of age and genotype on CD11b immunoreactivity
Figure 3.16 illustrates the changes in CD11b immunoreactivity in cortical tissue

prepared from WT and CD200"" mice. CD11b positive staining was low in cortical

tissue prepared from 4 month old WT mice. There was an age-related increase in
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CD11b immunoreactivity with more pronounced staining in cortical sections prepared
from 13 and 17, compared with 4, month-old WT mice. There was also an age-related
increase in positive staining for CD11b in cortical tissue prepared from CD200” mice.
However, there was a marked increase in CD11b staining in cortical tissue prepared
from CD2007", compared with WT, mice, in particular at 4 months and 17 months. The
most marked staining for CD11b was seen in 17 month-old CD200”" mice.

Similar to the increase seen in the cortex, CD11b immunoreactivity was greater
in sections prepared from the hippocampus of WT mice at 13 and 17 months, compared
with 4 months (Figure 3.17). There was also an age-related increase in CDI11b
expression in hippocampal tissue prepared from CD200”" mice. Additionally, CD11b
expression was markedly increased in hippocampal tissue prepared from CD200™",

compared with WT, mice at each of the 3 timepoints.
3.3.6 The effect of genotype on anatomic volumetry

One of the aims of this study was to perform a volumetric analysis of high-
resolution T,-weighted MR images of WT and CD200"" mice using the VBM
methodology. Grey matter segmentations from WT and CD200"" mice were spatially
aligned to a generic C57 template atlas and voxel-wise statistics were carried out for
group comparisons. Figures 3.18, 3.19 and 3.20 illustrate the significant changes in the
distribution of grey matter in CDZOO’/“, compared with WT, mice at 9, 13 and 17
months, respectively. Statistical maps were thresholded at p<0.05 to indicate
significance. No significant differences were noted between groups at 4 months of age.
At 9 months (Figure 3.18), there were significant grey matter deficits in CD2007,
compared with WT, mice (n=16/group). The areas of significant volumetric difference
at this timepoint include auditory and visual cortices, the ventral nucleus, the motor
cortex, the primary somatosensory cortex and frontal association cortex. There were no
significant volumetric increases observed in CD200’/', compared with WT, mice at 9
months.

At 13 months, the VBM output in Figure 3.19 illustrates significant grey matter
increases in CD200™", compared with WT, mice (n=16/group). The areas of significant
grey matter change were the cerebellum, the CA3 field of the hippocampus and the

retrosplenial cortex. At 17 months, significant grey matter decreases were noted in
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CD200™", compared with WT, mice (n=7/group). These are illustrated in Figure 3.20.
Significant grey matter deficits were observed in the primary and secondary motor
cortices. There were no significant volumetric increases observed in CD2007",

compared with WT, mice at 17 months.
3.3.7 Effect of age and genotype on ASL parameters;, MTT and CTT

MTT and CTT measurements were assessed in the cortex, hippocampus and
whole brain in WT and CD200"" mice at all 4 timepoints in the study. Figure 3.21
illustrates that MTT and CTT values in the cortex (Figures A and B, respectively) were
similar in WT and CD200”" mice at 4, 9, 13 and 17 months. MTT values in WT mice
were 2.319409 + 0.07816 s (n=8), 2.2746 + 0.0608 s (n=16), 2.276 + 0.0495 s (n=13)
and 2.241 + 0.0724 s (n=7) respectively, and in CD200"" mice were 2.1756 + 0.0589 s
(n=8), 2.25998 + 0.0505 s (n=16), 2.15589 + 0.0945 s (n=12) and 2.2183 £ 0.13227 s
(n=6). CTT values in WT mice through the 4 timepoints were 2.0386 + 0.717 s (n=8),
2.107 £ 0.0608 s (n=16), 2.1075 £ 0.0573 s (n=13) and 1.8947 + 0.1169 s (n=7) and in
CD200"" mice were 1.8319 + 0.0957 s (n=8), 2.0304 + 0.0583 s (n=16), 1.8223 =
0.1255 s (n=12) and 1.7304 = 0.1102 s (n=6). Both age (*p<0.05; ANOVA) and
genotype (“p<0.01; ANOVA) were significant factors in predicting cortical CTT
values, although individual comparisons by Bonferroni post-hoc tests did not reach
statistical significance.

Figure 3.22 illustrates that MTT and CTT values in the hippocampus (Figures A
and B, respectively) were similar in WT and CD200”" mice at ali 4 experimental
timepoints. MTT values in WT mice were 2.102 + 0.0877 s (n=8), 2.1614 + 0.0531 s
(n=16), 2.0943 + 0.04104 s (n=13) and 2.0206 + 0.032 s (n=7) and in CD200"" mice
were 2.288 £ 0.0394 s (n=8), 2.1497 + 0.0398 s (n=16), 2.11808 + 0.0364 s (n=12) and
2.111 £ 0.0628 s (n=6). CTT values in WT mice were 2.0755 = 0.9206 s; (n=8), 2.0166
£+ 0.053 s (n=16), 1.9255 + 0.08104 s (n=13) and 2.0275 + 0.079 s (n=7), while CTT
values in CD200”" mice were 1.9938 + 0.0708 s (n=8), 1.9356 + 0.0471 s (n=16),
1.9889 + 0.06602 s (n=12) and 1.9618 + 0.0567 s (n=6).

Figure 3.23 illustrates that MTT and CTT values in the whole brain (Figures A
and B, respectively) were similar in WT, compared with CD200", mice at all

timepoints. MTT times in WT mice were 2.0891 + 0.05508 s (n=8), 2.143 + 0.0442 s
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(n=16), 2.066 + 0.0287 s; (n=13) and 2.047 + 0.05106 s; (n=7) and in CD200"" mice
were 2.294 + 0.084 s (n=8), 2.1545 + 0.0517 s (n=16), 2.018 = 0.0616 s (n=12) and
2.127 +£0.0779 s (n=6) at 4, 9, 13 and 17 months, respectively. CTT values in WT mice
were (2.01715 + 0.0464 s; n=8), (2.1187 + 0.0445 s; n=16), (1.9838 + 0.04307 s; n=13)
and (1.9066 + 0.0808 s; n=7), and in CD200”" mice were (2.1313 + 0.04355 s; n=8),
(2.0129 £ 0.0767 s; n=16), (1.9695 + 0.0731 s; n=12) and (1.9435 + 0.0776 s; n=6).
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Figure 3.1 Animal weights at experimental timepoints.

There was a significant increase in body weight of WT mice at the 9, 13 and 17,
compared with 4, months (mp<0.001; ANOVA). There was a significant increase in
the weight of CD200”" mice at 13, compared with 4, months ("'p<0.01; ANOVA)

alone. Data are presented as means + SEM.

2-way ANOVA: Genotype et F (1, 68) = 1.400; p=0.2408, Age efrect F (3, 68) =
18.69; p<0.0001, Interaction .t F (3, 68) = 3.515; p=0.0197
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Figure 3.2 T, relaxation times in the whole cortex of WT and CD2007 mice.

Groups of WT and CD200”" mice underwent MR scanning at 4, 13 and 17 months.
Quantitative T; relaxometry analysis was carried out on the RARE-VTR scans on an
ROI approach. There was a significant increase in cortical T; relaxation times in
CD200”, compared with WT, mice at 4 months (" p<0.01; ANOVA) but no age-

related change in WT or CD200"" mice was observed. Data are presented as means +

SEM.

2-way ANOVA: Genotype erect F (1, 51) = 15.67; p=0.0002, Age esrect F (2, 51) =
0.04560; p=0.9555, Interaction et F (2, 51) = 1.695; p=0.1938
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Figure 3.3 T, relaxation times in the hippocampus of WT and CD200™ mice.

Groups of WT and CD200"" mice underwent MR scanning at 4, 13 and 17 months. T,
relaxation times of the hippocampus were measured bilaterally on the RARE-VTR
scans. There was a significant increase in hippocampal T, relaxation times in CD2007,
compared with WT, mice at 4 months (" p<0.01; ANOVA) but no age-related change

in WT or CD200”" mice was observed. Data are presented as means + SEM.

2-way ANOVA: Genotype et F (1, 50) = 19.48; p<0.0001, Age et F (2, 50) =
0.6383; p=0.5324, Interaction et F (2, 50) = 1.351; p=0.2682
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Figure 3.4 T, relaxation times in the corpus callosum of WT and CD200” mice.

Groups of WT and CD200"" mice underwent MR scanning at 4, 13 and 17 months.
T, relaxation times of the corpus callosum were measured bilaterally on the RARE-

VTR scans. Mean T, values were similar in CD2007", compared with WT, mice at all

3 timepoints. Data are presented as means + SEM.

2-way ANOVA: Genotype ¢fect F (1, 51) = 5.059; p=0.0288, Age efrect F (2, 51) =
5.865; p=0.0051, Interaction et F (2, 51) = 0.2671; p=0.7666
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Figure 3.5 T, relaxation times in the thalamus of WT and CD200” mice.

Groups of WT and CD200"" mice underwent MR scanning at 4, 13 and 17 months.
T, relaxation times of the thalamus were measured bilaterally on the RARE-VTR

scans. Mean T, values were similar in CD2007", compared with WT, mice, at all 3

timepoints. Data are presented as means + SEM.

2-way ANOVA: Genotype et F (1, 51) = 10.25; p=0.0024, Age gt F (2, 51) =
1.341; p=0.2706, Interaction e F (2, 51) = 1.069; p=0.3509
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Figure 3.6 T, relaxation times in a representative WT and CD200” mouse at 4

months.

Groups of WT and CD200”" mice underwent MR scanning at 4, 13 and 17 months.
Quantitative parametric T; maps from a 4 month-old WT and CD200™ mouse are
presented above. These maps show increased T, relaxation times, denoted by
increased pixel colour intensities, in the CD200” mouse (Figure C), compared with
the WT mouse (Figure A), particularly in the hippocampus and cortex. A coloured
scale bar (Figure B) is presented correlating pixel colour intensities and T; values

(ms).
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Figure 3.7 T, relaxation times in the whole cortex of WT and CD200" mice.

Groups of WT and CD200”" mice underwent MR scanning at 4, 9, 13 and 17 months.

T, relaxation times of the whole cortex were measured in 2 adjacent slices of the

MSME scan. There was a significant decrease in cortical T, values in WT and
CD200"" mice at 9, compared with 4, months (" p<0.001; ANOVA); ("p<0.001;
ANOVA), at 13, compared with 4, months (" p<0.001; ANOVA); (7 p<0.001;

ANOVA) and at 17, compared with 4, months ( p<0.001; ANOVA); (" p<0.001
ANOVA). Mean cortical T, values were similar in CD200'/', compared with WT

mice at all 4 timepoints. Data are presented as means + SEM.
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Figure 3.8 T, relaxation times in the motor cortex of WT and CD2007 mice.

Groups of WT and CD200”" mice underwent MR scanning at 4, 9, 13 and 17 months.
T, relaxation times were measured in the motor cortex bilaterally in 2 adjacent slices
of the MSME scan. There was a significant decrease in cortical T, values in WT and
CD200"" mice at 9, compared with 4, months (" p<0.001; ANOVA); ("p<0.001;
ANOVA), at 13, compared with 4, months (* p<0.001; ANOVA); (*p<0.001;
ANOVA) and at 17, compared with 4, months (* p<0.00i; ANOVA); (" p<0.001;
ANOVA). Mean motor cortex T, values were similar in CD200”", compared with

WT, mice at all 4 timepoints. Data are presented as means = SEM.

2-way ANOVA: Genotype et F (1, 80) = 0.8488; p=0.3597, Age cfrect F (3, 80) =
40.32; p<0.0001, Interaction st F (3, 80) = 0.6710; p=0.5723
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Figure 3.9 T, relaxation times in the entorhinal cortex of WT and CD200” mice.

Groups of WT and CD200”" mice underwent MR scanning at 4, 9, 13 and 17 months.
T, relaxation times were measured in the entorhinal cortex bilaterally in 2 adjacent
slices of the MSME scan. There was a significant decrease in T, values in WT and
CD200”" mice at 13, compared with 4, months (***p<0.001; ANOVA); (*“p<0.001;
ANOVA), at 13, compared with 9, months (" 'p<0.001; ANOVA); (" 'p<0.001;
ANOVA) and a significant increase in values at 17, compared with 13, months
(*p<0.05; ANOVA); (*p<0.01; ANCVA). There was no difference in T, values
between WT and CD200”" mice at any timepoint. Data are presented as means =

SEM.

2-way ANOVA: Genotype et F (1, 81) = 9.394; p=0.0030, Age csrect F (3, 81) =
13.32; p<0.0001, Interaction et F (3, 81) = 0.1468; p=0.9315
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Figure 3.10 T, relaxation times in the hippocampus of WT and CD200” mice.

Groups of WT and CD200”" mice underwent MR scanning at 4, 9, 13 and 17 months.
T, relaxation times were measured in the hippocampus bilaterally in 2 adjacent slices
of the MSME scan. There was a significant decrease in cortical T, values in WT and
CD200"" mice at 9, compared with 4, months (" p<0.01; ANOVA); (7 p<0.001;
ANOVA), at 13, compared with 4, months (* p<0.001; ANOVA); (" p<0.001;
ANOVA) and at 17, compared with 4, months (* p<0.001; ANOVA); (" p<0.001;
ANOVA). Mean T, values were decreased in the hippocampus of WT mice at 13,
compared with 9, months (*p<0.01; ANOVA) and at 17, compared with 9, months
(##p<0.01; ANOVA) and in CD200"" mice at 17, compared with 9, months
(*%p<0.001; ANOVA). Mean hippocampal T, values were similar in CD200",

compared with WT, mice at all 4 timepoints. Data are presented as means + SEM.

2-way ANOVA: Genotype fect F (1, 80) = 7.2265 p=0.0087, Age cfrect F (3, 80) =
40.10; p<0.0001, Interaction .. F (3, 80) = 0.8941; p=0.4480
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Figure 3.11 T; relaxation times in the corpus callosum of WT and CD200"" mice.

Groups of WT and CD200™" mice underwent MR scanning at 4, 9, 13 and 17 months.
T, relaxation times were measured in the corpus callosum in 2 adjacent slices of the
MSME scan. There was a significant decrease in cortical T, values in WT and
CD200™" mice at 9, compared with 4, months (* p<0.001; ANOVA); ("p<0.001;
ANOVA), at 13, compared with 4, months (* p<0.001; ANOVA); ("p<0.001;
ANOVA) and at 17, compared with 4, months (" p<0.001; ANOVA); (" p<0.001;
ANOVA). Mean T, values were similar in CD200™, compared with WT, mice at all

4 timepoints. Data are presented as means = SEM.

2-way ANOVA: Genotype et F (1, 80) = 15.12; p=0.0002, Age et F (3, 80) =
36.51; p<0.0001, Interaction et F (3, 80) = 0.1442; p=0.9331
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Figure 3.12 T, relaxation times in the thalamus of WT and CD200" mice.

Groups of WT and CD200”" mice underwent MR scanning at 4, 9, 13 and 17 months.
T, relaxation times were measured in the thalamus in 2 adjacent slices of the MSME
scan. There was a significant decrease in thalamic T, values in WT and CD200™
mice at 9, compared with 4, months (" p<0.001; ANOVA); ("p<0.001; ANOVA),
at 13, compared with 4, months (" p<0.001; ANOVA); ("p<0.05; ANOVA), and at
17, compared with 4, months (* p<0.001; ANOVA); (""p<0.001; ANOVA) and in
CD200"" mice at 17, compared with 9, menths (Tp<0.05; ANOVA) and at 17,
compared with 13, months (§§p<0.01; ANOVA). Mean thalamic T, values were
increased in CD2007", compared with WT, mice at 13 months (#p<0.05; ANOVA).

Data are presented as means + SEM.

2-way ANOVA: Genotype et F (1, 81) = 8.991; p=0.0036, Age efrect F (3, 81) =
23.67; p<0.0001, Interaction ..t F (3, 81) = 1.435; p=0.2387
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Figure 3.13 Representative coronal images displaying T, relaxation times in

CD200” mice with associated colour reference bar.

Groups of WT and CD200"" mice underwent MR scanning at 4, 9, 13 and 17 months.
Sample parametric T, maps from CD200" mice at all 4 timepoints are presented.
There was a significant decrease in T, values in all brain regions at 9 months (Figure
B), 13 months (Figure C) and 17 months (Figure D) compared with 4 months (Figure
A). Coronal images are approximately 2.3mm posterior to Bregma. A coloured scale

bar (Figure E) is presented correlating pixel colour intensities and T, values (ms).
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Figure 3.14 GFAP immunoreactivity in cortical sections prepared from WT and

CD200” mice at 4, 13 and 17 months.

Sections of cortical tissue prepared from groups of WT and CD200”" mice were assessed
for immunohistochemical staining of GFAP at 4, 13 and 17 months. There was an age-
related increase in immunoreactivity in cortical sections prepared from 13 and 17
month-old WT mice. This age-related increase in staining was more pronounced in
CD200™", compared with WT, mice. (Magnification 40x, scale bar 20um).

There was a significant age-related increase in the ratio of DAB/nuclear area in the
cortex of WT mice (***p<0.001; ANOVA). DAB/nuclear area was significantly
enhanced in the cortex of CD200” mice at 17 months (""p<0.001; ANOVA).

2-way ANOVA: Age et F (2, 30) = 101.2; p<0.0001, Genotype cmect F (1, 30) =
25.15; p<0.0001, Interaction egect F (2, 26) = 11.93; p=0.0002
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Figure 3.15 GFAP immunoreactivity in dentate gyrus of WT and CD200"" mice at 4,
13 and 17 months.

Sections of hippocampal tissue prepared from groups of WT and CD200™ mice were
assessed for immunohistochemical staining of GFAP at 4, 13 and 17 months. There was an
increase in GFAP staining in hippocampal sections prepared from CD200", compared
with WT, mice at 4 and 13 months. (Magnification 40x, scale bar 20y m).

There was a significant age-related increase in the ratic of DAB/nuclear area in the
hippocampus of CD200" mice, compared with WT, mice at 4 months (**p<0.01;
ANOVA) and 13 months (" p<0.001; ANOVA).

2-way ANOVA: Age efrect F (2, 30) = 7.783; p=0.0019, Genotype efect F (1, 30) = 55.45;
p<0.0001, Interaction gt F (2, 26) = 6.026; p=0.0063
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Figure 3.16 CD11b immunoreactivity in cortical sections prepared from WT and
CD200"" mice at 4,13 and 17 months.

Sections of cortical tissue prepared from groups of WT and CD200” mice were
assessed for immunohistochemical staining of CD11b at 4, 13 and 17 months. There
was an aged-related increase in CD11b positive staining in cortical sections prepared
from WT and CD200” mice at 13 and 17 months. There was a marked increase in
CD11b positive immunoreactivity in CD2007, compared with WT, mice, in particular
at 4 and 17 months (40x magnification, magnification bar 20pm).

There was a significant age-related increase in the ratio of DAB/nuclear area in the
cortex of WT mice ( p<0.001; ANOVA). DAB/nuclear area was significantly
enhanced in the cortex of CD200” mice at 4 months (p<0.05; ANOVA) and 17 months
(""p<0.001; ANOVA).

2-way ANOVA: Age frect F (2, 30) = 280.1; p<0.0001, Genotype cgect F (1, 30) =
51.46; p<0.0001, Interaction et F (2, 26) = 9.531; p=0.0006

91



4 months 13 months 17 months

CD200™

40
© |
Qe
= 301
g s
S 20- 3
E
p=3 10 ;
o =L IE] -
o_.
4 93 17 17  Months
wWT cozoo’

Figure 3.17 CD11b immunoreactivity in the dentate gyrus of WT and CD200™"
mice at 4, 13 and 17 months.

Sections of hippocampal tissue from groups of WT and CD200” mice were assessed for
immunohistochemical staining of CD11b at 4, 13 and 17 months. There was an age-
related increase in CD11b positive staining in the dentate gyrus of WT and CD200™
mice at 13 and 17 months. There was a marked increase in CDI11b positive
immunoreactivity in CDZOO'/’, compared with WT, mice, in particular at 13 and 17
months. (40x magnification, magnification bar 20xm).

There was a significant age-related increase in the ratio of DAB/nuclear area in the
cortex of WT mice (***p<0.001; ANOVA). DAB/nuclear area was significantly
enhanced in the cortex of CD200” mice at 4 months (**'p<0.001; ANOVA) and 17

months ("p<0.001; ANOVA).

2-way ANOVA: Age et F (2, 30) = 309.3; p<0.0001, Genotype cgrect F (1, 30) =
84.06; p<0.0001, Interaction et F (2,26) = 17.9; p<0.0001
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Figure 3.18 Areas of significant volumetric decreases in CD200”" mice at 9

months.

Groups of WT and CD200"" mice underwent high-resolution MR scanning at 9
months. Anatomic scans were prepared for volumetric analysis by the optimized
VBM protocol. Images were spatially registered to a generic C57 template and
voxel-wise group comparisons were carried out. The 18 coronal images displayed
above display areas of significant volume decreases in 9 month-old CD2007,
compared with WT, mice. Areas of greatest grey matter volume loss are indicated
by higher colour intensities. Areas of significant volumetric difference include the
cerebellum, auditory and visual cortices, the ventral thalamic nucleus, the motor
cortex, the primary somatosensory cortex and frontal association cortex. No
significant volumetric increases were noted in 9 month-old CD200", compared
with WT, mice.

A sagittal slice with the position of the coronal slices is provided, as well as a
colour bar correlating greater colour intensity and decreased statistical significance.

(n=16 per group, p<0.05; voxel-wise statistics)
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Figure 3.19 Areas of significant volumetric increases in CD200”" mice at 13

months.

Groups of WT and CD200"" mice underwent high-resolution MR scanning at 13
months. Anatomic scans were prepared for volumetric analysis by the optimized
VBM protocol. Images were spatially registered to a generic C57 template and
voxel-wise group comparisons were carried out. The 18 coronal images displayed
above display areas of significant volume increases in 13 month-old CD200™",
compared with WT, mice. Areas of greatest grey matter volume increase are
indicated by higher colour intensities. Areas of significant velumetric difference
include the cerebellum, and the CA3 field of the hippocampus. No significant
volumetric decreases were noted in 13 month-old CD200™", compared with WT,
mice.

A sagittal slice with the position of the coronal slices is provided, as well as a
colour bar correlating greater colour intensity and decreased statistical

significance. (n=16 per group, p<0.05; voxel-wise statistics)
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Figure 3.20 Areas of significant volumetric decreases in CD200”" mice at 17

months.

Groups of WT and CD200"" mice underwent high-resolution MR scanning at 17
months. Anatomic scans were prepared for volumetric analysis by the optimized
VBM protocol. Images were spatially registered to a generic C57 template and
voxel-wise group comparisons were carried out. The 18 coronal images displayed
above display areas of significant volume decreases in 17 month-old CD2007,
compared with WT, mice. Areas of greatest grey matter volume loss are indicated
by higher colour intensities. Areas of significant volumetric difference include the
primary and secondary motor cortices. No significant volumetric increases were
noted in 17 month-old CD200™", compared with WT, mice.

A sagittal slice with the position of the coronal slices is provided, as well as a
colour bar correlating greater colour intensity and decreased statistical

significance. (n=7 per group, p<0.05; voxel-wise statistics)
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Figure 3.21 Cortical MTT and CTT values in WT and CD200" mice at 4, 9, 13

and 17 months.

Groups of WT and CD200"" mice underwent MR scanning at 4, 9, 13 and 17 months.
Cortical ROI were drawn on perfusion weighted images and the average was plotted
against acquisition timepoint in the ASL sequence. The MTT and CTT were
calculated from the ASL theoretical model. Mean MTT (A) and CTT (B) values were
similar in WT and CD200” mice at all timepoints. Data are presented as means +

SEM.

(A) 2-way ANOVA: Genotype frect F (1, 78) = 1.937; p=0.1680, Age et F (3, 78)
=0.1674; p=0.9181, Interaction .t F (3, 78) = 0.3712; p=0.7740

(B) 2-way ANOVA: Genotype et F (1, 78) = 8.224; p=0.0053, Age esrect F (3, 78)
= 2.725 p=0.0498, Interaction e F (3, 78) = 0.4597; p=0.7112
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Figure 3.22 Hippocampal MTT and CTT values in WT and CD2007 mice at 4,
9,13 and 17 months.

Groups of WT and CD200”" mice underwent MR scanning at 4, 9, 13 and 17 months.
Hippocampal ROI were drawn on perfusion weighted images and the average was
plotted against acquisition timepoint in the ASL sequence. The MTT and CTT were
calculated from the ASL theoretical model. Mean MTT (A) and CTT (B) values were

similar in WT and CD200” mice at all timepoints. Data are presented as means =+
SEM.

(A) 2-way ANOVA: Genotype efrect F (1, 78) = 3.531; p=0.0640, Age et F (3, 78)
=2.164; p=0.0989, Interaction .t F (3, 78) = 1.284; p=0.2859

(B) 2-way ANOVA: Genotype csrect F (1, 78) = 0.6390; p=0.4265, Age crect F (3, 78)
=0.4115; p=0.7452, Interaction .t F (3, 78) = 0.4630; p=0.7089
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Figure 3.23 Whole brain MTT and CTT values in WT and CD2007 mice at 4,9,

13 and 17 months.

Groups of WT and CD200”" mice underwent MR scanning at 4, 9, 13 and 17 months.

Whole brain ROI were drawn on perfusion weighted images and the average was

plotted against acquisition timepoint in the ASL sequence. The MTT and CTT were
calculated from the ASL theoretical model. Mean MTT (A) and CTT (B) values were

similar in WT and CD200"" mice at all timepoints. Data are presented as means +

SEM.

(A) 2-way ANOVA: Genotype efrect F (1, 78) = 2.192; p=0.1427, Age efrect F (3, 78)
=2.467; p=0.0683, Interaction .t F (3, 78) = 1.668; p=0.1807

(B) 2-way ANOVA: Genotype csrect F (1, 78) = 0.02489; p=0.875, Age cfrect F (3, 78)

= 2.144; p=0.1013, Interaction ¢t F (3, 78) = 0.8805; p=0.4550
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3.4 Discussion

One of the central aims of this study was to assess the age-related changes in
glial activity in WT mice and in mice lacking CD200. The foundations for this study
were based on the fact that CD200-deficient mice show an enhanced microglial
response both in resting conditions (Hoek et al., 2000) and under inflammatory stress
(Chitnis et al., 2007) and that changes including microglial activation have been
observed with age (Griffin ez al., 2006). The hypothesis was that deficiency in CD200
would exacerbate the age-related changes in microglial activation.

The first significant finding of this study is that ageing in CD200-deficient mice
was associated with an enhanced microglial response, compared with the response seen
in ageing WT mice. Microglial activation in this study was assessed by CDI11b
immunostaining. This age-related increase in cortical and hippocampal CDI11b
expression was markedly exacerbated in CD2007" mice, in particular at 17 months, at
which point the most profound immunoreactivity was noted. CDI11b, also known as
complement receptor 3 (CR3), is a cell surface marker of microglia, and has been
shown to be upregulated under conditions of inflammatory stress (Sugama et al., 2003;
Kim & de Vellis, 2005), for example in response to LPS challenge (Zhou et al., 2005).
Microglial activation, as characterized by CD11b expression, has been shown to be a
hallmark of several neurodegenerative disorders, and is up-regulated in culture in
response to treatment of neurotoxic molecules including AP peptides and HIV-1 gp120
(a glycoprotein expressed on the surface of the HIV envelope) (Roy ef al., 2008). Age-
related increases in CD11b positive immunoreactivity were observed in both cortical
and hippocampal sections and a marked increase was evident in sections prepared from
13 and 17 month old WT mice compared with 4 month-old mice where staining was
negligible. This results is consistent with other reports in the literature that suggest that
CD11b expression is up-regulated with ageing (Mouton et al., 2002).

CDl11la, CDI1b and CDllc are readily detectable in resting microglia in both
grey and white matter; however their expression is markedly increased in activated
microglia in AD affected tissue (Gonzalez-Scarano & Baltuch, 1999; Kim & de Vellis,
2005). Activated microglia in neuroinflammatory conditions and also in ageing express
increased levels of MHC antigens (I and II) and increased expression of the cell surface

receptor CD40 in the rat (Minogue er al., 2007) which leads to the induction of pro-
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inflammatory cytokines, and other co-stimulatory molecules (Stout & Suttles, 1996).
Among all the surface markers and neurotoxic molecules expressed by activated
microglia, CD11b is perhaps the one with the most biological significance. Critically,
expression of CD11b has been shown to correspond to the severity of microglial
activation (Roy et al., 2008).

The present findings show that CD11b immunoreactivity was increased in
CD200"" mice, which is consistent with a previous report which indicated an
exacerbated microglial response at resting state in the CNS of CD200-deficient mice. A
study by Hoek and colleagues (2000) showed spontaneous, heightened microglial
activation in the spinal cord of CD200-deficient mice, identified by increased CD11b
and CD45 expression. A change in microglial morphology to less ramified, shorter glial
processes was observed. Moreover, microglial aggregation, another morphological
feature of activated microglia, was observed in the spinal cord of CD200-deficient mice.
Microglial aggregation does not occur in the normal, healthy CNS, and is generally a
reflection of old age; the presence of microglial aggregates suggests that the microglia
have lost their contact inhibition and begun to bind to each other (Streit, 2006).

The present finding that changes in microglial activation are CD200 dependent
correlates with previous findings from the laboratory. It has been previously reported
that the addition of neurons to LPS-induced glial activation decreased glial activity,
significantly attenuating the increases in IL-1p, TNF-a and IL-6 production (Lyons et
al., 2009). Furthermore, it has been shown that the AB-induced glial cell activation is
inhibited by the addition of neurons. Moreover, the age-related increase in MHC 11
mRNA expression was accompanied by a decrease in CD200 immunostaining in the rat
brain (Lyons et al., 2007). Expression of CD200 has been found to be significantly
decreased in patients with AD, and this correlated negatively with plaque count and
disease progression (Walker er al., 2009). This finding, coupled with the results
presented here, strengthens the claim that engagement of CD200R by CD200 down-
regulates the inflammatory response, and helps in maintaining microglia in a quiescent
state.

To investigate T, relaxation times throughout the entire brain, the following
anatomically distinct regions were assessed for T, times at all 4 experimental
timepoints: whole, motor and entorhinal cortex, hippocampus, corpus callosum and

thalamus. The results indicated that T, values of both grey and white matter regions
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were significantly decreased with age in both genotypes. It was previously reported that
T, relaxation times were unchanged in 12, compared with 3 month-old, rats (Heiland et
al., 2002) whereas the present findings revealed changes at 9 months of age. One
possible explanation for the apparent difference in findings is that the rats used in this
study were scanned at 2.35 Tesla, a significantly lower field strength than what was
used in the present study. The greater field strength allowed for a thinner slice thickness
to be used, thus reducing partial volume effects which can lead to CSF contamination of
grey matter. This in turn would lead to overestimation of T, values, which has been
reported to occur in grey matter in humans (Rugg-Gunn et al., 2005).

It is well known that iron accumulates in most, if not all, Ap plaques (LeVine,
1997). Non-transgenic WT littermate control mice assessed in studies of mouse models
of AD do not show age-related reductions in cortical or hippocampal T, relaxometry,
unlike transgenic mice over-expressing one or both of the APP or PS1 transgenes
(Braakman et al., 2006, El Tannir El Tayara ef al., 2006; Falangola et al., 2007). The
finding that single transgenic PS1 mice show reduced T, times with age is somewhat
surprising, since mice expressing the PS1 transgene alone do not develop amyloid
plaques, and thus do not possess the elevated levels of iron accumulation within Af
plaques that acts as intrinsic contrast in hypointense T, lesions (Falangola ez al., 2005).
Furthermore, it has been shown that 2.5 month old APP/PSI transgenic mice that
develop AP plaque load in the subiculum but do not present histologically detectable
amyloid associated iron accumulation, retain a negative correlation between T, values
and amyloid load (EI Tayara Nel et al., 2007). These findings suggest that mechanisms
other than an increase in focal iron accumulation could be responsible for shortening the
T, signal in the pathology of AD, for example neuronal loss or increased tissue water
content (Sadowski et al., 2003).

Several attempts have been made to describe T, changes in terms of underlying
alterations in the physiological properties of the tissue which they describe. The spin-
spin lattice time T, is a specific property of spins that depends on their surroundings;
interaction between spins destroys the phase coherence, and therefore the T, value can
be a sensitive indicator of impaired cell physiology or oedema (Braakman et al., 2006).
In a study involving human subjects ranging from 3 weeks to 39 years of age, T
relaxation times were reported to decrease continuously with increasing age. This was

best modelled by a biexponential function, and was suggested to reflect the maturation
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of myelination through adolescence and adulthood (Ding ez al., 2004). Hippocampal T,
signal increases have been observed in patients with temporal lobe epilepsy (Pell et al.,
2004), and this was reported to reflect gliosis of the dentate gyrus (Briellmann ez al.,
2002).

The ability to monitor the progression of EAE lesions in the rat brain has
provided us with much information about the biophysical changes underlying changes
in T, relaxometry. Acute hyperintense lesions on T,-weighted images have been shown
to correspond to contrast enhanced lesions (McFarland, 1998; Lee et al., 1999), and
have been extended for use as an index to monitor disease progression. These T, lesions
have been found to be indicative of a range of pathological changes, including
macrophage recruitment, demylelination, and axonal loss (Bruck et al., 1997). T,
hypointense lesions, manifest as dark holes, are said to occur in the grey matter at a
distance from the main MS lesions, and have been reported to occur as a result of
significant iron deposition (LeVine, 1997). Moreover, in a study conducted by Broom
and colleagues (2005), the area of T, hypointensity was found to be significantly
correlated with numbers of recruited macrophages, either as a result of significant iron
deposition, or axonal loss (Broom ez al., 2005).

Microglia are considered to play a role in iron homeostasis by expressing ferritin
proteins, while astrocytes contain negligible amounts (Lopes ef al., 2008). Superoxide,
which is promoted and released by activated microglia, acts as a reducing agent and can
release iron from ferritin (Biemond et al., 1984), which in turn can lead to oxidative
damage (Yoshida et al., 1995). Furthermore, research has shown that aged rats that
received a striatal injection of LPS show enhanced ferritin expression and total striatal
iron concentration, in addition to the increased microglial activation (Hunter et al.,
2008). In the present study, it was considered that iron accumulation may occur in
microglia with age and, if this was the case, a shortening of the T, signal would occur. It
was further suggested that the decrease would be enhanced in CD200-deficient mice,
because of the previously-reported increased activated microglia phenotype.

While immunohistochemical analysis suggested an enhanced microglial activity
in the cortex and hippocampus of aged CD200”, compared with WT, mice, the
predicted decrease in T, relaxation times was not observed. T, reductions were evident
in all ROIs assessed in both genotypes; however, this reduction in T, signal was not

enhanced in CD200"" mice in any ROI assessed. These data suggest that a reduction in
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T, measurement does not reflect an increase in microglial activity, and that use of this
MR parameter as a biomarker of changes in microglial activation is inappropriate. It is
possible that the degree of additional microglial activation manifest in the CD200™
mice was not sufficient to impact on T, relaxation time. Future work should include the
staining for iron deposition in WT and CD2007" tissue. Overall, the relationship
between microglial activation and T, relaxometry remains unclear, and is worthy of
further analysis.

In this study, T, relaxation times were significantly increased in the grey matter
areas of the cortex and hippocampus of 4 month-old CD200"", compared with WT,
mice. These changes were not observed in the ROIs of the corpus callosum and
thalamus, although there was a genotype difference was observed. Interestingly, GFAP
positive staining was markedly increased in the cortex and hippocampus of 4 month-old
CD200™, compared with WT, mice. When quantified, there was a significant age-
related increase in GFAP positive staining in cortical sections prepared from WT mice,
and this age-related increase was exacerbated in CD200” mice. GFAP positive staining
was unchanged in hippocampal sections prepared from WT mice, while representative
images show an age-related decrease in GFAP positive staining in CD200"" mice. These
results suggest an age-induced increase in astrocytic activation in cortical sections of
both genotypes, while hippocampal immunoreactivity showed no change in WT mice
and a decrease in CD200”" mice with age.

Astrocytes have been reported to display elevated levels of GFAP mRNA and
immunostaining (Kohama er al., 1995), and the calcium binding protein S100B
(Nichols, 1999) as an animal ages. Several studies have shown an increase of
approximately 20% in total astrocyte number in the aged mouse cortex (Pilegaard &
Ladefoged, 1996; Mouton ef al., 2002). Conversely, studies have shown no age-related
change in total astrocyte number in the hippocampus of aged mice (Long et al., 1998) or
rats (Hattiangady & Shetty, 2008). It has been shown that normal ageing is associated
with an inflammatory response (Lee e al., 2000; Swift et al., 2001) and oxidative stress
(Sohal & Weindruch, 1996) and the evidence suggests that activated astrocytes
contribute to these changes. Astrocytes, in conjunction with microglia, undergo a series
of metabolic and morphological changes following neuronal injury. These are
collectively known as reactive gliosis. These changes include astrocytic hypertrophy

characterized by elongated process, and a significant variation in the expression of the
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major cytoplasmic antigens GFAP (Cotrina & Nedergaard, 2002) and vimentin (Alonso,
2001). These changes in astrocytic activation are also observed under a variety of
conditions, including the AD brain (Porchet et al., 2003), and in cultured rat astrocytes
following treatment with B-amyloid peptides (Pike et al., 1994).

The data indicated that T; relaxation times were unaffected by age. However,
the increase in T, signal and GFAP immunoreactivity observed in 4 month-old CD2007,
compared with WT, mice is of particular interest. This finding is consistent with studies
that have demonstrated a positive correlation between acute astrocytosis and enhanced
T, signal (Sibson et al., 2008). It has been shown that treatment with arundic acid, an
astrocytic inhibitor with known neuroprotective effects, significantly reduces the extent
of the T; signal hypointensity seen in a model of low-flow ischemia induced by
endothelin-1 injection (Sibson et al., 2008). Similarly, recent evidence from this
laboratory has shown that treatment with rosiglitazone, a PPARy agonist that has
potential anti-inflammatory actions, reverses both the age-related increase in astrocytic
activation denoted by GFAP expression and T, relaxometry, while T, relaxometry was
unaffected (Cowley et al., 2010).

Taken together, these findings suggest that acute astrocytosis may be reflected in
an enhancement of the spin-lattice T; relaxation time. Several reasons have been put
forward relating to the nature or this relationship. T; increases have been noted
following increases in tissue water content (Barbier et al., 2005), and it has been
suggested that astrocytic hypertrophy, or changes in tissue structure following acute
astrocytic activation may underlie these changes in T; signal (Sibson et al., 2008).
Manganese, a paramagnetic metal that is bound to the glutamine synthetase enzyme
which is expressed primarily on astrocytes, can also cause a delayed T, after ischemia.
A study by Fujioka and colleagues (2003) found that manganese concentrations were
significantly increased in the rat striatum following a 15 minute period of middle
cerebral artery occlusion. Subsequent T intensity increases, observed up to 4 weeks
after treatment, were temporally correlated with increased glutamate synthetase and
manganese concentrations, as well as GFAP immunoreactivity in reactive astrocytes in
the dorsolateral striatum of treated rats (Fujioka er al, 2003). Together, these data
suggest T, signal enhancement in MR images may be a proxy marker for astrocytosis.

The VBM technique is capable of comparing local differences in grey matter

volume in different groups of animals, while ignoring differences in whole brain size
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and shape. At 4 months of age, no significant difference in grey matter volumetry was
observed in CD200-deficient mice, indicating that anatomical brain volume was
unchanged at this early stage of development. It is important to note that CD200”" mice
are bred against a C57BL/6 background.

A major finding in our present study was that grey matter volume was decreased
in CD200"", compared with WT, mice at 9 and 17 months of age. At 9 months of age,
areas of significant decreases were found in cerebellar and cortical regions with the
auditory, visual and motor cortices displaying the greatest change. These data may infer
a loss of function in auditory and visual function in the CD200-deficient mouse.
However, day-to-day observations and inspection provided no evidence of loss of
function. The loss of grey matter found in the motor cortex and cerebellum may suggest
a loss of motor coordination (Dar, 1997; Allin et al., 2001) but no gross differences in
gait were observed. At 17 months of age, significant grey matter loss in CD200"" mice
was restricted to regions in the olfactory bulbs of the frontal lobes. Several reports have
identified body weight as a significant factor in predicting brain size (Williams, 2000)
and, interestingly, body mass in CD200" mice was consistently reduced by
approximately 10% compared with WT mice.

Several studies have shown a decrease in rodent brain volume with age
(Geinisman et al., 1995). There are several causes of this reduction, including cell death
and reduced neurogenesis. Indeed, Driscoll and colleagues (2006) reported an age-
related decrease in hippocampal volume in the rat brain. This was marginally associated
with decreased neuronal density in the hippocampus of the aged, compared with young,
rat, but strongly correlated with a decrease in neurogenesis in the 24 month-old rat
(Driscoll et al., 2006). Atrophy has been reported to result from axonal damage in
models of MS (Owens, 2003). Interestingly, treatment with steroids (Fisher et al., 2002)
or an IFN-B remedy (Gasperini et al., 2002) has been shown to reduce atrophy in
reiapsing MS patients. The primary target for these treatments is the inflammatory
response, and their ability to reduce atrophy suggests a role for inflammation in axonal
loss.

Activated microglia release substantial amounts of glutamate (Bruck &
Stadelmann, 2003) and activate AMPA receptors present on neurons. It has been shown
that blockade of these receptors ameliorates EAE, and clinical relapses, and protects

axons from immune-mediated damage (Steinman, 2001). While enhanced microglial
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activation is the hallmark of CD200™" mice, at this stage it is unknown whether neuronal
or axonal stress is a feature of these mice.

At 13 months of age, increases in grey matter volume were observed in the
cerebellum and the CA3 area of the hippocampus in CD200”, compared with WT,
mice. This result is somewhat surprising, as these same mice underwent the same
anatomic analysis 4 months earlier, and differences were observed in the opposite
direction, as already described. At this point it is unclear whether a change in ventricle
size, which has been shown to affect hippocampal atrophy (Thompson et al., 2004), was
a feature of CD200-deficient mice, and thus could explain the changes in hippocampal
volume seen in CD200™" mice at this timepoint.

The ASL technique has one significant advantage over the traditional BOLD
fMRI approach: the ASL signal is primarily related to blood flow, and not blood
oxygenation, and therefore perfusion of active brain regions can be quantified. Using
this technique, no age-or genotype-related changes in MTT and CTT values were
observed over the course of the experiment. The bolus tracking ASL approach identified
a significant increase in both the MTT and CTT in aged, compared to both young and
middle-aged, rats (Kelly ez al., 2009b). This contrasts with the lack of an age-related
change observed here. However, it is prudent to point out that the rats used in the earlier
study were 22-24 months of age, while the oldest mice used in the present study were
just 17 months of age. Variation in vascular dynamics due to ageing associated with
reduced vascular reactivity are known to effect cerebral perfusion (D'Esposito et al.,
2003).

The results presented in this study indicate that CD200-deficient mice show
increased CD11b expression with age and this age-related change was greater than that
seen in WT mice. T, MR relaxometry, which we hypothesized may reflect an activated
microglial profile, was significantly decreased with age in the cortex and hippocampus
of both WT and CD200”" mice, however there was no further enhancement in CD200™
mice. T, relaxometry, a parameter defining water content of tissue, and GFAP
immunostaining, were both significantly increased in the cortex and hippocampus of 4
month-old CD200’/’, compared with WT, mice, and this results correlates with reports

linking an increase in spin-lattice relaxation time and acute astrocytic activation.
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Chapter 4

Analysis of the effects of
LPS treatment in WT and
CD200" mice



4.1 Introduction

Several studies have shown that ligation of the CD200R by its endogenous
ligand helps preserve microglia in a quiescent state, for example Lyons and colleagues
(2009). Consistent with this is the finding that models of inflammatory diseases are
exaggerated in CD200-deficient mice (Hoek er al., 2000) and that treatment with a
CD200 fusion protein can alleviate the development of arthritis in a model of CIA
(Gorczynski et al., 2002). Recent evidence from this laboratory has shown an enhanced
response to both LPS and Pam;Cysks; administration in glial cells prepared form
CD200"", compared with WT, mice (Costello ef al., 2011) which was characterized by
an increase in the production of the pro-inflammatory cytokines IL-1p, IL-6 and TNF-a.
These changes were associated with a concomitant increase in TLR4 mRNA expression
in CD200”, compared with WT, mice. It has also been previously shown that ip
injection with LPS induces glial activation, characterized by an increase in the
production of IL-1p in the hippocampus of the rat brain (Vereker et al., 2000) and that
this effect is enhanced in aged mice (Henry et al., 2009). Thus, the first aim of this
study was to investigate the effect of LPS treatment on markers of glial activation in 6-8
month-old WT and CD200”" mice.

The ability of MRI to detect subtle changes in tissue water properties has
allowed for its use as a clinical tool in a variety of neurodegenerative and inflammatory
conditions, including the detection of MS lesions (Truyen et al., 1996) and AB-laden
plaques in AD (Vanhoutte er al., 2005). Moreover, several studies have implicated
changes in the spin-lattice T| and spin-spin lattice T, times with changes in reactive
astrocytosis (Sibson et al., 2008) and the cellular distribution of iron or ferritin (Imon ez
al., 1998), respectively. Evidence from the previous chapter indicated that both T,
values and astrocytosis, which was denoted by GFAP immunoreactivity, were increased
in the cortex and hippocampus of CD200-deficient mice. In addition, T, relaxation
times were significantly decreased with age in WT and CD200"" mice. This may have
been reflective of enhanced microglial activation in the aged WT and CD200™ mouse,
although the exaggerated increase in CD11b expression in CD200”" mice was not
reflected in an enhanced T, signal decrease. Therefore, the second aim was to use an
acute model of inflammation to further explore the relationship between T; and T,

relaxation times, and acute astrocytosis and microglial activation, respectively.
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The functionality of the BBB in separating components of the circulating blood
from neuronal tissue depends on surrounding cells (pericytes, microglia, astrocytes)
(Zlokovic, 2008). This remains connected through the presence of tight junctions, which
limit the entry of plasma components, red blood cells and leukocytes. Breakdown of
BBB integrity, due to tight junction disruption, has been shown to occur in conditions of
the CNS in which inflammatory changes have been described, including normal ageing,
MS, PD and bacterial meningitis (Weiss et al., 2009).

Several studies have shown increase BBB disruption following LPS treatment
(Banks et al., 1999; Xaio et al., 2001), however the degree to which LPS causes BBB
permeability has not been quantified. BBB breakdown is commonly assessed following
intravenous delivery of the contrast-agent gadolinium, a magnetic compound with a
molecular weight of 742 Daltons. Due to its relative size, gadolinium-based agents are
unable to passively diffuse across microvessels in homeostatic circumstances (Campbell
et al., 2009). By virtue of its ability to shorten the relaxation time of surrounding
hydrogen nuclei (Hashimoto er al, 1988), post-gadolinium image enhancement
manifests as an increase in T, signal intensity (Blamire et al., 2000) in cases where BBB
leakage and gadolinium extravasation has occurred. Therefore, the third and final aim in
this study was to quantify BBB permeability to gadolinium in WT and CD200”" mice
following a 4 hour treatment with 50ug LPS, using a tail-vein cannulation procedure in

mice residing inside the scanner.

4.2 Methods

Groups of 6-8 month-old WT and CD200”" mice (weighing 21g-40g) were used
in this study. The WT mice consisted of 8 males and 13 females, and the CD200”" mice
consisted of 12 males and 19 females. Mice were randomly divided into control and
experimental groups (n=6-9/group). The control groups received an ip injection of
sterile saline (200ul). The first experimental group received an ip injection of LPS
(200pl; 10pg/mouse diluted in sterile saline) and the second experimental group
received an ip injection of LPS (200ul; 50pg/mouse diluted in sterile saline). LPS was
prepared from Escherichia coli (E. coli) serotype EH 100 (Ra) (Alexis Biochemicals,

Switzerland).
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Mice were anaesthetized with isoflurane (see section 2.1.2), and MR scanning
was carried out 2.5 and 3.5 hours post treatment. The mice remained in the scanner
between these two scans. Ti- and T,-weighted imaging (see sections 2.1.5 and 2.1.6,
respectively) were obtained in the first part of this study. Data suggested that there was
no significant effect 2.5 hours after LPS treatment and these data are summarised in
Tables 7.3 and 7.5 in Appendix II.

BBB permeability to the gadolinium-based contrast agent gadopentate
dimeglumine was investigated using contrast enhanced MRI. The mouse cradle was
removed from the magnet, and a heated glove was applied to the mouse tails to induce
blood flow. The mice remained under anaesthetic during the cannulation process. The
right lateral tail veins were cannulated with a custom-built cannula consisting of a 30
gauge in-dwelling, paediatric iv cannula needle (Introcan, Ireland) which was connected
to an 80cm long polyethylene tubing cannula extension. This tubing was filled with
sterile saline, and connected to a three-way tap, which was connected to two syringes.
One of these was filled with saline; the other was filled with the Magnevist contrast
agent solution (Bayer, Ireland; Magnevist to saline ratio; 1:2).

Mice were injected with the contrast agent solution (200ul) at the
commencement of the second repetition of the 10 repetition T,-weighted FLASH
contrast scan (approximately 2 minutes, 11 seconds into the imaging scan), allowing
both pre- and post-contrast image analysis of the same contrast scan, without the need to
remove and reposition the mouse. This permitted the accurate placement of ROIs from
pre-contrast images into the identical voxels in subsequent repetitions, and allowed for
the immediate effects of the contrast agent to be analysed. The contrast enhanced
imaging was performed on the control-treated and 50pg LPS-treated WT and CD200™
mice.

Following scanning and 4 hours after LPS treatment, mice were sacrificed by
cervical dislocation and brain tissue was prepared for analysis of inflammatory markers.
Brains were rapidly removed, and placed on a Petri dish that had been filled with ice.
Brains were hemisected and prepared for immunohistochemical analysis of CD11b and
GFAP (right hemisphere) which was later quantified (see section 2.7.5), and mRNA
analysis of microglial and astrocytic markers and tight junction proteins by qPCR (left
hemisphere). For PCR, each hemisphere was divided into hippocampal and cortical

tissue (see section 2.5.1 for specific details).
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Data are presented as means + standard error of the mean. For the contrast
analysis, ROIs consisting of a 2x2 voxel square were manually placed in each
anatomically distinct region; contrast analysis was performed in the -cortex,
hippocampus, thalamus, cerebellum and frontal lobes. These data are expressed as a
ratio by dividing post-contrast images by the pre-contrast measurement. The last four
repetitions of the contrast scan from each mouse were used for statistical analysis. The
contrast MRI results presented here are from ROI analysis in the right cortex; the tissue
from which was later analysed by PCR. The data from the left cortex are presented in
Table 7.7 in Appendix III

A two-way ANOVA was performed to ascertain whether significant differences
existed in all the data. Where significance was found, Bonferroni post-hoc tests were
used to determine where significant differences lay in the data (see section 2.8 for
details). Where appropriate, a two-tailed Student’s t-test of independent means was

performed to determine whether statistical difference existed between conditions.

4.3 Results
4.3.1 The effect of LPS on cortical and hippocampal CD40 mRNA expression

The effect of 10pg and 50pg LPS treatment on glial activation was investigated
on WT and CD200”" mice, and the subsequent effects on relaxometry parameters.
Treatment of mice with LPS increased expression of CD40 mRNA in cortical and
hippocampal tissue in a dose-dependent manner. Figure 4.1 shows that CD40 mRNA
expression was significantly increased in snap-frozen cortical tissue prepared from WT
mice treated with 50ug LPS (149.0 £ 52.67 RQ; n=6) compared with control-treated
WT mice (1.24 £ 0.24 RQ; n=12; *p<0.05; ANOVA). CD40 mRNA expression was
significantly increased in cortical tissue prepared from CD200”" mice treated with 50ug
LPS (301.9 + 103.3 RQ; n=7) compared with control-treated CD200™" mice (0.66 +
0.1274; n=15; ~ p<0.001; ANOVA). LPS (50pg) induced a significant increase in
CD40 mRNA expression in CD200"" mice (301.9  103.3 RQ; n=7) compared with WT
mice (149.0 = 52.67 RQ; n=6; #p<0.05; ANOVA) while 10pg LPS had no significant
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effect on cortical CD40 mRNA expression in WT (35.43  12.54 RQ; n=6) or CD200™
(5.123 £ 1.707 RQ; n=9) mice.

Figure 4.2 illustrates that CD40 mRNA expression was significantly increased in
hippocampal tissue prepared from WT mice treated with 50ug LPS (465.0 £ 150.7 RQ;
n=6) compared with control-treated WT mice (1.52 = 0.27 RQ; n=13; mp<0.001;
ANOVA). CD40 mRNA expression in hippocampal tissue prepared from CD200”" mice
treated with 50pg LPS (783.9 + 229.5 RQ; n=5) compared with control-treated CD200™"
mice (0.81 + 0.12 RQ; n=15; ~p<0.001; ANOVA). LPS (50pg) induced a significant
increase in CD40 mRNA expression in hippocampal tissue prepared from CD200™
mice (783.9 £ 229.5 RQ; n=5) compared with WT mice (465.0 £ 150.7 RQ; n=6;
"p<0.05; ANOVA) while 10ug LPS had no significant effect on hippocampal CD40
mRNA expression in either WT mice (34.20 + 10.80 RQ; n=6) or CD200™" mice (2.01 =
0.69 RQ; n=8).

4.3.2 The effect of LPS treatment on CD11b expression

[t has been shown in several studies that CD200 helps maintain microglia in a
quiescent state (Copland ef al., 2007). The results from the previous chapter suggested
that CD200™" mice have an inflammatory phenotype at rest as indicated by an increase
in CD11b immunoreactivity. Thus, it was hypothesized that ip treatment of LPS would
initiate an exaggerated response in CD200™", compared with WT, mice.

In contrast with the effects of LPS on CD40 mRNA, neither dose affected
cortical expression of CD11b mRNA in tissue prepared from either WT, or CD2007,
mice (Figure 4.3). Mean CD11b mRNA values were similar in cortical tissue prepared
from WT mice treated with 50pg LPS (0.99 + 0.07 RQ; n=8) compared with WT mice
treated with 10ug LPS (1.13 £ 0.05 RQ; n=6) or control-treated WT mice (1.01 + 0.05
RQ; n=13). Mean CDI11b mRNA values were similar in cortical tissue prepared from
CD200”" mice treated with 50ug LPS (0.86 + 0.12 RQ; n=7) compared with control-
treated CD200™ mice (1.02 + 0.05 RQ; n=1 5) and compared with CD200”" mice treated
with 10pg LPS (1.11 £ 0.13 RQ; n=9). There was no significant difference in cortical
CD11b mRNA values between WT and CD200™" mice.

Expression of CD1lb mRNA was also unchanged in hippocampal tissue
prepared from WT mice treated with 50ug LPS (1.39 + 0.14 RQ; n=7; Figure 4.4)
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compared with control-treated WT mice (1.04 = 0.14 RQ; n=6) and compared with WT
mice treated with 10pug LPS (1.14 + 0.19 RQ; n=6). However, 50ug LPS significantly
increased CD11b mRNA in CD200”" mice (2.12 + 0.37 RQ; n=8) compared with
control-treated CD200”" mice (1.14 + 0.17 RQ; n=15; "p<0.05; ANOVA) and 10pug
LPS-treated CD200”" mice (1.32 + 0.15 RQ; n=7; "p<0.05; ANOVA). Treatment with
50ug LPS exerted a significantly greater increase in CD11b mRNA in CD200”" mice
(2.12 £ 0.37 RQ; n=8) compared with WT mice (1.39 £ 0.14 RQ; n=7; #p<0.05;
ANOVA).

Figure 4.5 illustrates the effect of LPS on CD11b immunoreactivity in cortical
sections prepared from the right hemisphere of control-treated and LPS-treated WT and
CD200™" mice. Positive staining was low in sections prepared from control-treated WT
mice. There was a moderate increase in positive staining in cortical sections prepared
from WT mice treated with LPS with indication of a dose-dependent response. A
similar trend was identified in sections prepared from CD200”" mice. Positive staining
was low in cortical sections prepared from control-treated CD200” mice. There was a
dose-dependent increase in CD11b immunoreactivity in sections prepared from LPS-
treated CD2007, compared with control-treated, mice. There was no difference in
CD11b immunoreactivity due to genotype. There was a significant LPS-related increase
in the ratio of DAB/nuclear area in the cortex of WT mice (" p<0.001; ANOVA) and
CD200" mice (" p<0.001; ANOVA).

The effect of LPS treatment on hippocampal CDI11b immunostaining is
presented in Figure 4.6. Positive staining was low in hippocampal sections prepared
from control-treated and WT mice treated with 10ug LPS. There was an increase in
immunoreactivity in hippocampal sections prepared from WT mice treated with 50ug
LPS. CD11b immunoreactivity was also low in hippocampal sections from control-
treated CD200”" mice. There was a dose-dependent increase in CDI11b staining in
hippocampal sections prepared from LPS-treated CD200”" mice. There was a significant
LPS-related increase in the ratio of DAB/nuclear area in the dentate gyrus of WT mice

(""p<0.001; ANOVA) and CD200” mice (" p<0.001; ANOVA).



4.3.3 The effect of LPS treatment on mRNA expression of pro-inflammatory cytokines

Given that aged CD200”" mice exhibited a heightened microglial response
compared with young mice, and that LPS treatment exerted a more profound effect in
CD2007, compared with WT, mice, it was hypothesized that LPS treatment would exert
a more exaggerated response in the release of the pro-inflammatory cytokines IL-1p,
TNF-a and IL-6 in 6-8 month old CD200”", compared with WT, mice. Figure 4.7
illustrates that there was a significant increase in IL-1B mRNA expression in snap-
frozen cortical tissue prepared from WT mice treated with 50ug LPS (382500 + 227909
RQ; n=4) compared with control-treated WT mice (1.11 £ 0.21 RQ; n=12; ***p<0.001;
ANOVA) and compared with WT mice treated with 10pg LPS (8.99 + 0.67 RQ; n=6;
"'p<0.01; ANOVA). The changes in tissue prepared from CD200" were similar; thus
10pg LPS exerted no significant effect over control-treated WT mice (6.41 + 2.39 RQ;
n=8 vs 0.98 = 0.14 RQ; n=14). There was a significant increase in IL-1p mRNA
expression in cortical tissue prepared from CD200"" mice treated with 50pg LPS
(460346 = 353901; n=5) compared with control-treated CD200™" mice (0.98 + 0.14 RQ;
n=14; "p<0.01; ANOVA) and compared with CD200™" mice treated with 10ug LPS
(6.41 £ 2.39 RQ; n=8; "'p<0.01; ANOVA). There was no significant effect of genotype.

The effect of LPS on hippocampal IL-13 mRNA is presented in Figure 4.8.
Mean hippocampal IL-1p mRNA was increased in WT mice treated with 50ug LPS
(2446225 + 1799393 RQ; n=5) compared with control-treated WT mice (0.97 + 0.11
RQ; n=12; *p<0.05; ANOVA), but similar with WT mice treated with 10ug LPS (39.69
+ 13.65 RQ; n=6). The changes in tissue prepared from CD200”" mice were similar;
thus 10ug LPS exerted no significant effect over controls (5.43 + 0.43 RQ; n=14 vs 1.22
+ 0.22 RQ; n=4). There was a significant increase in IL-1 mRNA in hippocampal
tissue prepared from CD200”" mice treated with 50pg LPS (2591800 + 1798900 RQ;
n=6) compared with control-treated CD200”" mice (1.22 £ 0.22 RQ; n=4; *p<0.05;
ANOVA) and CD200"" mice treated with 10ug LPS (5.43 + 0.43 RQ; n=14; "p<0.05;
ANOVA). Genotype was not a factor in predicting IL-1p.

Figure 4.9 illustrates the LPS effect on TNF-a mRNA on snap-frozen cortical
tissue prepared from WT and CD200” mice. There was a significant increase in TNF-a
mRNA in cortical tissue prepared from WT mice treated with 50pug LPS (41249 +
19542 RQ; n=7) compared with control-treated WT mice (1.84 + 0.55 RQ; n=12;
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“p<0.01; ANOVA) and WT mice treated with 10pg LPS (57.83 + 11.25 RQ; n=6;
"p<0.05; ANOVA). Likewise, there was a significant increase in TNF-a mRNA
expression in cortical tissue prepared from CD200”" mice treated with 50ug LPS (44482
+ 19656 RQ; n=7) compared with control-treated CD200”" mice (2.62 £ 0.57 RQ; n=15;
"p<0.001; ANOVA) and CD200”" mice treated with 10pg LPS (30.10 + 7.49 RQ; n=8;
“p<0.01; ANOVA). Individual comparisons yielded no significant genotype
differences in the data.

The effect of LPS treatment on hippocampal TNF-a mRNA expression in WT
and CD200”" mice is presented in Figure 4.10. There was a significant increase in TNF-
a mRNA expression in hippocampal tissue prepared from WT mice treated with 50ug
LPS (130410 + 64167 RQ; n=7) compared with control-treated WT mice (1.32 + 0.27
RQ; n=13; "p<0.01; ANOVA) and WT mice treated with 10ug LPS (23.79 = 3.14 RQ;
n=6; p<0.05; ANOVA). In addition, there was a significant increase in TNF-a mRNA
expression in CD2007" mice treated with 50ug LPS (104242 + 65018 RQ; n=6)
compared with control-treated CD200”" mice (1.21 + 0.24 RQ; n=14; *p<0.05;
ANOVA) and compared with CD200”" mice treated with 10ug LPS (9.57 + 2.32 RQ;
n=7; 'p<0.05; ANOVA). Genotype was not a factor in predicting TNF-a values.

Figure 4.11 illustrates the LPS-induced changes in IL-6 mRNA expression in
snap-frozen cortical tissue prepared from WT and CD200”" mice. There was a
significant increase in cortical IL-6 mRNA expression in WT mice treated with 50ug
LPS (19281 + 7644 RQ; n=8) compared with control-treated WT mice (1.78 + 0.60 RQ;
n=12; ""p<0.001; ANOVA) and WT mice treated with 10ug LPS (23.73 + 8.08 RQ;
n=5; "'p<0.01; ANOVA). The changes in tissue prepared from CD200”" mice were
similar; thus 10ug LPS exerted no significant effect over controls (16.67 + 6.62 RQ vs
0.87 £ 0.21 RQ; n=14) whereas there was a significant increase in expression of IL-6
mRNA in cortical tissue prepared from CD200”" mice treated with 50ug LPS (19962 +
4687 RQ; n=7) compared with control-treated CD200”" mice (0.87 = 0.21 RQ; n=14;
"p<0.001; ANOVA) and CD200”" mice treated with 10pg LPS (16.67 + 6.62 RQ;
Tp<0.001; ANOVA).

A similar effect on hippocampal IL-6 mRNA expression was observed in LPS-
treated mice in this study, which is presented in Figure 4.12. There was a significant
increase in IL-6 mRNA in WT mice treated with SOug LPS (48514 + 15476 RQ); n=7)
compared with control-treated WT mice (1.41 £ 0.32 RQ; n=13; M*p<0.001; ANOVA)
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and WT mice treated with 10pug LPS (34.46 + 13.21 RQ; n=5; ""'p<0.001; ANOVA).
The changes in tissue prepared from CD200”" mice were similar; thus, 10ug LPS
exerted no significant effect over controls (4.27 £ 1.46 RQ; n=7 vs 0.90 = 0.22 RQ;
n=14) whereas there was a significant increase in IL-6 mRNA expression in
hippocampal tissue prepared from CD200” mice treated with 50pg LPS (32579 +
14678 RQ; n=7) compared with control-treated CD200” mice (0.90 + 0.22 RQ; n=14;
"p<0.01; ANOVA) and CD200"" mice treated with 10pug LPS (4.27 + 1.46 RQ; n=7;
“p<0.01; ANOVA). There was no effect of genotype on determining 1L-6 mRNA

values in these data.
4.3.4 The effect of LPS treatment on GFAP expression

Given that LPS-treated astrocytes exhibit a heightened response compared with
control-treated astrocytes (Lieberman et al., 1989; Brahmachari e al., 2006) and that
LPS induces astroglial activation in vivo (Iravani et al., 2005), the effect of LPS
treatment on GFAP mRNA expression in WT and CD200”" mice was investigated.

GFAP mRNA was significantly increased in cortical tissue prepared from WT
and CD200"" mice treated with 50pg LPS compared with controls (1.40 + 0.09 RQ; n=7
vs 0.95 = 0.07 RQ; n=12; ”p<0.01; ANOVA and 1.26 £ 0.11 RQ; n=7 vs 0.91 + 0.08
RQ; n=14; *p<0.05; Figure 4.13) and compared with tissue obtained from WT and
CD200"" mice treated with 10ug LPS compared with controls (1.40 = 0.09 RQ; n=7 vs
0.93 + 0.12 RQ; n=6; 'p<0.05; ANOVA and 1.26 + 0.11 RQ; n=7 vs 0.81 + 0.05 RQ;
n=8; 'p<0.05; ANOVA). The changes in the hippocampus were similar with no
evidence of a change in tissue prepared from WT and CD200”" mice treated with 10ug
LPS compared with controls (1.34 = 0.07 RQ; n=6 vs 1.10 £ 0.10 RQ; n=13 and 1.24 +
0.10 RQ; n=7 vs 0.97 £ 0.05 RQ; n=15; Figure 4.14) whereas 50pg LPS significantly
increased hippocampal GFAP mRNA in W1 and CD200”" mice compared with controls
(1.75+ 0.11 RQ; n=8 vs 1.10 + 0.10 RQ; n=13; "p<0.05; ANOVA and 2.26 + 0.44 RQ;
n=8 vs 0.97 = 0.05 RQ; n=15; ~ p<0.001; ANOVA) and compared with CD200”" mice
treated with 10pg LPS (2.26 + 0.44 RQ; n=8 vs 1.24 = 0.10 RQ; n=7; ~p<0.01;
ANOVA).

Figure 4.15 illustrates the effect of LPS treatment on GFAP immunostaining in

cortical sections in the right hemisphere of WT and CD200”" mice. Positive staining
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was low in cortical sections prepared from control-treated and WT and CD200"" mice
and in mice treated with 10ug LPS. There was an increase in positive staining for GFAP
in sections prepared from mice treated with 50pug LPS compared with control-treated
mice. There was a significant LPS-related increase in the ratio of DAB/nuclear area in
the cortex of WT mice ( p<0.001; ANOVA) and CD200" mice (* p<0.001;
ANOVA).

Positive staining for GFAP was also low in hippocampal sections prepared from
control-treated WT mice (Figure 4.16). There was a moderate increase in GFAP
immunoreactivity in hippocampal sections from WT mice treated with 10pg LPS and a
further increase following treatment with 50ug LPS. There was no effect of 10ug LPS
treatment on hippocampal GFAP immunoreactivity in CD200”" mice. However, there
was a marked increase in GFAP positive staining in hippocampal sections prepared
from CD200”" mice treated with 50pug LPS. There was a significant LPS-related
increase in the ratio of DAB/nuclear area in the dentate gyrus of WT mice (* p<0.001;

ANOVA) and CD200" mice (" p<0.001; ANOVA).
4.3.5 The effect of LPS treatment on T, relaxometry

To determine if the astrocytic activation induced by the LPS treatment was
reflected in changes in T, relaxometry as previously reported (Sibson et al., 2008),
control and LPS-treated WT and CD200”" mice were scanned at two timepoints
following treatment. These timepoints were 2.5 and 3.5 hours after LPS administration.
ROI analysis was carried out bilaterally on the RARE-VTR images. There were no
changes observed at the first timepoint and therefore the data from the 2.5 hours
timepoint are included in Table 7.3 in Appendix II. There was a significant increase in
T, values in the whole cortex of WT mice treated with S0ug LPS (1671 + 25.67 ms;
n=8) compared with control-treated WT mice (1576 = 23.90 ms; n=6; “p<0.01;
ANOVA) and compared with WT mice treated with 10pug LPS (1537 £+ 23.65 ms; n=6;
""p<0.001; ANOVA). In addition, there was a significant increase in T; values in the
whole cortex of CD200™" mice treated with 50g LPS (1707 + 19.96 ms; n=7) compared
with control-treated CD200”" mice (1633 = 13.01 ms; n=9; *p<0.05; ANOVA) and
CD200”" mice treated with 10pg LPS (1626 + 10.07 ms; n=9; 'p<0.05; ANOVA).

Furthermore, there was a significant increase in cortical T, values of CD200"" mice
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treated with 10pg LPS (1626 + 10.07 ms; n=9) compared with WT mice treated with
10ug LPS (1537 + 23.65 ms; n=6; §p<0.05; ANOVA).

T, relaxation times were also assessed in the motor cortex, entorhinal cortex,
hippocampus, thalamus and corpus callosum. The lower concentration of LPS exerted
no effect in any of the brain areas examined in either WT or CD200” mice.
Interestingly, 50ug LPS significantly increased T, relaxation times in all brain areas
except corpus callosum in WT mice ('p<0.05; ~ p<0.001; ~p<0.01; "p<0.05; ANOVA;
Figures 4.18-4.22). T, relaxation times were also significantly increased in the
entorhinal cortex, hippocampus, thalamus and corpus callosum, but not motor cortex, of
CD200™" mice treated with 50pug LPS compared with controls (mp<0.001; mp<0.001;
*p<0.05; "p<0.05; ANOVA). Interestingly, the LPS-induced change was significantly
greater in the hippocampus of CD200”", compared with WT, mice (***p<0.001;
ANOVA). The values for T, relaxation times are presented in Table 7.4, Appendix II.

The relationship between T, relaxation times of the cortex and hippocampus,
and GFAP mRNA in these regions is presented in Figure 4.23. There was a moderate
relationship between T; values and the associated GFAP mRNA expression in these

areas (Pearson r = 0.5613; ~ p<0.001; n=82).
4.3.6 The effect of LPS treatment on T, relaxometry

Control- and LPS-treated mice were scanned at two timepoints following
treatment to determine if the enhanced microglial activation was reflected in changes in
the T, relaxometry parameter. There were no changes observed at the first timepoint
and therefore the data from the 2.5 hour timepoint is presented in Table 7.5 in Appendix
I1. The LPS-induced changes in T values in the whole cortex of WT and CD200”" mice
are presented in Figure 4.24. Mean cortical T, values were similar in control-treated WT
mice (49.78 + 0.23 ms; n=6), compared with WT mice treated with 10ug LPS (49.78 +
0.33 ms; n=6) and WT mice treated with 50pg LPS (50.58 £ 0.36 ms; n=8). Mean
cortical T, values were similar in control-treated CD200™" mice (50.31 = 0.21 ms; n=9)
compared with CD200”" mice 10pg LPS (50.36 + 0.28 ms; n=9). There was a
significant increase in T, values in the cortex of CD200™" mice treated with 50ug LPS
(51.47 = 0.19 ms; n=7) compared with control-treated mice (50.31 £ 0.21 ms; n=9;
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“p<0.01; ANOVA) and CD200”" mice treated with 10ug LPS (50.36 + 0.28 ms; n=9;
"p<0.05).

T, relaxation times were also assessed in the motor cortex, entorhinal cortex,
hippocampus, thalamus and corpus callosum. The lower concentration of LPS exerted
no significant effect on T, values in any of these brain regions of WT or CD200”" mice.
There was a decrease in T, values in the motor cortex of WT mice treated with 50pg
LPS compared with controls (* p<0.001; ANOVA) and in WT and CD200-/- mice
treated with 50pg LPS compared with mice treated with 10ug LPS ( p<0.001; p<0.05;
ANOVA; Figure 4.25). However, there was an increase in T, values in the entorhinal
cortex of WT and CD200” mice treated with 50pg LPS compared with controls
(mp<0.001; mp<0.001; ANOVA) and compared with mice treated with 10ug LPS
("p<0.001; "p<0.001; ANOVA; Figure 4.26). There was a significant increase in T,
values in CD200” mice treated with 50pg LPS compared with controls ("p<0.05;
ANOVA; Figure 4.27) but there was no effect of LPS treatment on T, values in the
thalamus of either WT or CD200”" mice (Figure 4.28). There was a significant decrease
in T, values in the corpus callosum of WT mice treated with SOpg LPS compared with
controls (mp<0.001; ANOVA) and compared with WT mice treated with 10ug LPS
(+++p<0.001; ANOVA; Figure 4.29). The T, values are presented in Table 7.6 in
Appendix II.

4.3.7 The effect of LPS treatment on tight junction proteins

Claudin 5 mRNA and occludin mRNA was investigated in cortical and
hippocampal samples prepared from control-treated mice and mice treated with 50ug
LPS. There was a significant decrease in claudin 5 mRNA expression in the cortex of
LPS-treated WT mice (0.24 = 0.11 RQ; n=8) compared with control-treated WT mice
(1.01 £ 0.08 RQ; n=7; mp<0.001; ANOVA; Figure 4.30). There was also a significant
decrease in cortical expression of claudin 5 mRNA in LPS-treated CD200"" mice (0.15
+ 0.01 RQ; n=6) compared with control-treated CD200"" mice (0.60 + 0.06 RQ; n=8;
"p<0.001; ANOVA). Moreover, there was a significant decrease in claudin 5 mRNA
expression in cortical tissue prepared from control-treated CD200”" mice (0.60 = 0.06
RQ) compared with control-treated WT mice (1.01 £ 0.08 RQ; n=7; ~'p<0.001;
ANOVA).
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Similar data were obtained in the hippocampus (Figure 4.31). Claudin 5 mRNA
was significantly decreased in tissue prepared from LPS-treated WT mice (0.17 + 0.02
RQ; n=7) compared with control-treated WT mice (1.03 + 0.77 RQ; n=7; mp<0.001;
ANOVA) and in LPS-treated CD200”" mice (0.14 + 0.01 RQ; n=7) compared with
control-treated CD200™" mice (0.57 + 0.08 RQ; n=7; ~ p<0.001; ANOVA). In addition,
expression of claudin 5 mRNA was significantly reduced in hippocampal tissue
prepared from control-treated CD200”" mice (0.57 £ 0.08 RQ; n=7) compared with
control-treated WT mice (1.03 £ 0.77 RQ; n=7; " 'p<0.001; ANOVA).

In parallel, occludin mRNA was decreased in cortical tissue prepared from LPS-
treated WT and CD200™ compared with controls (0.10 = 0.03 RQ; n=5 and 0.12 + 0.02
RQ; n=7 vs 0.82 + 0.09 RQ; n=5; = p<0.001; ANOVA and 0.41 + 0.07 RQ; n=7;
"p<0.01; ANOVA; Figure 4.32) and a genotype-related change was observed (0.41 +
0.07 RQ; n=7 vs 0.82 = 0.09 RQ; n=5; " 'p<0.001; ANOVA). A similar pattern of
change was observed in hippocampal tissue (Figure 4.33) but in this case a significant
effect of LPS was observed in LPS-treated compared with control-treated WT mice
(0.32 £ 0.11 RQ; n=7 vs 1.14 + 0.46 RQ; n=5; "p<0.05; ANOVA) but not CD200""
mice (0.12 £ 0.03 RQ; n=6 vs 0.72 + 0.23 RQ; n=6).

In addition, claudin 12 mRNA was decreased in cortical tissue prepared from
LPS-treated WT and CD200"" mice compared with controls (0.78 + 0.04 RQ; n=8 and
0.73 + 0.07 RQ; n=7 vs 1.01 + 0.06 RQ; n=7; p<0.05; ANOVA and 0.97 + 0.07 RQ;
n=7; p<0.05; ANOVA; Figure 4.34). A similar trend was observed in hippocampal
tissue prepared from control-treated and LPS-treated WT and CD200”" mice (052 &
0.01 RQ; n=5 and 0.47 £ 0.05 RQ; n=7 vs 0.79 = 0.19 RQ; n=5 and 0.70 + 0.06 RQ;
n=9; Figure 4.35); however, individual comparisons did not reach statistical

significance.
4.3.8 The effect of LPS treatment on BBB permeability to gadolinium

The BBB is a highly specialized, structural and functional barrier that is formed
by the tight cohesion of the fully differentiated brain microvascular endothelium.
Several studies have shown that LPS induces BBB disruption in mice, for example in
the uptake of insulin which has a molecular weight of 5808 Da (Xaio et al., 2001),
however BBB permeability in CD200”" mice has not been studied to date. In this study,
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BBB permeability to the gadolinium-based contrast agent, Magnevist, was assessed in
control- and LPS (50ug)-treated WT and CD200”" mice. ROI analysis was carried out
bilaterally on groups of voxels in the cortex, dentate gyrus, thalamus, cerebellum and
olfactory bulb. The data from the right hemisphere is presented in Figures 4.37-4.43 and
the data from the left hemisphere is presented in Table 7.7 in Appendix II.

Sample data sets showing pre- and post-contrast contrast enhancement from a
control- and LPS-treated, WT and CD200”" mouse, are presented (Figure 4.36). The
pre-contrast scans (first repetitions) from the four data sets have been set at equivalent
signal values to enable comparisons. SI in the control-treated WT mouse did not change
post-contrast whereas SI was increased in the brain of the LPS-treated WT mouse
following contrast injection, which is denoted by a change in voxel colours from yellow
to red. A similar increase in SI was evident in the control-treated CD200”" mouse and
the greatest change in contrast between pre- and post-gadolinium injection was in the
LPS-treated CD200™" mouse.

SI values in the right motor cortex of WT mice were unchanged following
gadolinium injection compared with the pre-contrast value (Figure 4.37) but there was a
significant increase in SI in the motor cortex of WT mice treated with LPS (1.06 + 0.01
RQ; n=7) compared with control-treated WT mice (1.01 £ 0.01 RQ; n=5; mp<0.001;
ANOVA). In addition, there was a significant increase in SI in the motor cortex of
control-treated CD200”" mice (1.05 + 0.01 RQ; n=5) compared with control-treated WT
mice (1.01 £ 0.01 RQ; n=5; ~ p<0.001; ANOVA) although treatment with LPS had no
significant effect on SI values in CD200”" mice (1.08 = 0.01 RQ; n=5) compared with
control-treated CD200”" mice (1.05 £ 0.01 RQ; n=5).

SI values were also assessed in the right somatosensory cortex, entorhinal
cortex, dentate gyrus, ventrolateral thalamus, frontal association cortex and cerebellar
nucleus. SI values in these areas were unchanged following gadolinium injection
compared with the pre-contrast values. However, there were significant increases in SI
in the somatosensory and entorhinal cortices, and dentate gyrus of WT mice treated
with 50ug LPS compared with control-treated WT mice (~ p<0.001; =~ p<0.001;
"p<0.001; ANOVA; Figures 4.37-4.42). However, SI values were unchanged in the
thalamus, frontal association cortex and cerebellum of LPS-treated WT mice compared
with control-treated WT mice. In addition, there was a significant increase in SI in the

somatosensory and entorhinal cortices, dentate gyrus, thalamus of CD200”" mice
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(“p<0.01; mp<0.001; mp<0.001; “p<0.01; ANOVA) but not in the frontal association
cortex or cerebellum. Interestingly, the LPS-induced change in SI was significantly
greater in the somatosensory and entorhinal cortices and thalamus of CD200”" mice
compared with LPS-treated WT mice (* p<0.01; 'p<0.05; 'p<0.05; ANOVA). The SI

values are presented in Table 7.7 in Appendix III.
4.3.9 Correlation between SI and tight junction mRNA

The relationship between post-contrast SI values and mRNA expression of tight
junction proteins is presented in Figure 4.44. SI values from cortical and hippocampal
ROIs were pooled and paired with the associated expression of tight junction proteins
claudins 5, 12 and occludin. There was a strong inverse correlation between SI and
claudin 5 mRNA expression (Figure A: Pearson r = -0.79; ~ p<0.0001; n=44). There
were moderate and significant inverse correlations between SI and claudin 12 mRNA
expression (Figure B: Pearson r = -0.54; ~ p=0.0002; n=44) and between post-contrast
SI values and occludin mRNA expression (Figure C: Pearson r = -0.62; ~ p<0.0001;
n=44).
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Figure 4.1 The effect of LPS on cortical CD40 mRNA e