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Abstract

Glial cell activation is believed to play a critical role in the pathogenesis of neurodegenerative
diseases, impairing neuronal function and ultimately leading to cognitive decline. Epidemiological
studies have advocated the benefit of anti-inflammatory drugs in decreasing the risk of
developing, or delaying the onset of, dementia. The objective of this thesis was to investigate the
consequences of modulating glial cell activity with two different compounds, FGL and a CD200
fusion protein. First, the ability of the NCAM-mimetic peptide, FGL, to attenuate LPS and Af-
stimulated changes on primary mixed glial cells and isolated microglia was investigated. Next, the
dependence of the action of FGL on expression of the immunosuppressive molecule CD200 was
examined, using glia prepared from wildtype and CD200” animals. Finally, the modulatory
effects of CD200Fc on LPS- and aged-induced deficits in LTP and in markers of inflammation in
hippocampus were explored.

FGL attenuated the LPS- and Af-induced increase in the pro-inflammatory cytokine IL-1f, in
mixed glial cells and this action was blocked when mixed glia were exposed to the FGFR-1
antagonist, SU5402. FGL also decreased the LPS-induced increase in IL-1f release, but not
transcription, in isolated microglial cells. Interestingly, basal IL-13 was greater in the isolated
cultures compared with mixed glial preparations. An increase in markers of microglial activation
was also found in mixed glia prepared from CD200” animals. They displayed increased basal
levels of CDI11b and CD68, compared with glia cultured from their wildtype counterparts.
Additionally, glia cultured from CD200” mice exhibited an exaggerated response to LPS, with
increased CD40 and ICAM-1 mRNA expression, as well as, enhanced IL-1B, TNF-a and IL-6
transcription and release, indicating that the loss of CD200 increased inflammatory markers. The
markers of glial cell activation were attenuated by FGL in mixed glia prepared from wildtype, but
not CD200”, mice. It was demonstrated that CD200 was expressed on a CDI1b-negative
population in a mixed glial preparation and CD200 expression was increased on isolated
astrocytes after incubation in FGL. Moreover, exposing microglia to a membrane fraction
prepared from isolated astrocytes, previously incubated in FGL, decreased the LPS-stimulated
increase in pro-inflammatory cytokine production from these isolated cells. Finally, acute
intrahippocampal administration of CD200Fc reversed the LPS- and age-related deficit in LTP in
the perforant path-granule cell synapses. There was an age-related decrease in CD200, and
CD200Fc reduced the age-associated increase in markers of microgliosis, astrogliosis and
oxidative stress in hippocampus, while also enhancing concentration of the neuroprotective
hormone IGF-1 and phosphorylation of its down-stream signalling molecule AKT.

One of the central findings of this study was that primary astrocytes express CD200 and in turn
can modulate the activity of microglial cells, which bear the receptor. In vitro analysis
demonstrated that, in the absence of CD200, primary microglia display markers of activation,
which are potentially destructive in vivo. Senescence is the primary risk factor for developing
certain neurodegenerative diseases, particularly Alzheimer’s disease. The findings of this thesis
reveal an age-related increase in markers of inflammation and concomitant decrease in CD200 in
hippocampus, which may contribute to the risk of developing a neurodegenerative disease like
AD. CD200Fc reversed the age-related neuroinflammatory changes and enhanced synaptic
function, characterised by LTP. Thus up-regulating endogenous CD200 or administering an
exogenous source could maintain glial cells in a quiescent state and support neuronal integrity.
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Chapter 1. Introduction

1.1 The Immune System

The immune system is the body’s defence mechanism against foreign pathogens and deviant
native cells. It can be described as a collection of biological processes that is divided into
innate and adaptive responses, however there is much cross-talk between the two. The
objective of the innate immune system is damage limitation, eliciting rapid, non-specific
responses, whereas adaptive immunity relies on the recognition of a pathogen and generation

of specific antibodies to combat it.

Cells involved in innate immunity include granulocytes (natural killer cells, mast cells,
basophils and esinophils) and phagocytes (neutrophils and monocytes), which are carried in
the blood and translocate to the site of insult or injury when required. In addition, dendritic
cells and macrophages survey the tissue in which they reside performing several innate
immune functions including phagocytosis, antigen presentation, and production of pro-
inflammatory cytokines (Becher ez al., 2000). B and T lymphocytes are the primary cells of
the adaptive immune system; B cells mediate humoral responses and generate memory cells
after antigen exposure, while T cells possess homing receptors to mediate cellular responses
(Becher et al., 2000). The two branches of the immune system are functionally intertwined;
the innate system activates the adaptive through antigen presentation in the lymph tissue,
while the adaptive immune system uses effector mechanisms of innate immune cells to

eradicate targeted material.

1.1.1 Inflammation

Inflammation is a quintessential innate immune response, aiming to destroy pathogens and
remove debris. The word has been used for centuries, however, its meaning and our
understanding of it has evolved in tandem with advances in scientific method. One of the first
descriptions of inflammation was in the first century AD; the hallmarks described as rubor,

tumor, calor and dolor, meaning redness, swelling, heat and pain, which are the unmistakable
1



visual manifestation of a subcutaneous inflammatory response (George, 2006). Prior to the
19" century definitions and concepts of this process were primitive, relying on mere
observation not investigation. Inflammation is now described as a cellular- and humoral-based
process that can arise in any tissue; the expression of rubor, tumor, calor and dolor are no
longer an obligatory part. Thus modern science has largely extinguished the fire that

previously epitomised inflammation.

An inflammatory response is induced in tissue as it reacts to trauma, infection or auto-
immunity (Nathan, 2002). Such stimuli can activate resident immune cells and increase
infiltration of blood-borne leukocytes and lymphocytes to the site of injury. Pathogen-
associated molecular patterns (PAMPs) are extracellular molecular structures that have been
conserved between microbial pathogens. PAMPs are recognised by germ-line encoded pattern
recognition receptors located on phagocytic cells, allowing the innate immune system to
discriminate self from pathogen-associated non-self matter (Medzhitov & Janeway, 1998).
Activation of this receptor initiates a generic inflammatory reaction, rapidly recruiting
phagocytes and lymphocytes. Toll-like receptors (TLRs) are a subset of PAMP receptors
containing an extracellular leucine-rich repeat domain and a cytoplasmic signalling domain
with homologies to the cytoplasmic domain of the IL-1 receptor, thus is termed Toll/IL-1R
(TIR) domain (Kopp & Medzhitov, 1999). Many PAMPs have been classified and their
respective TLR identified, for example lipopolysaccharide (LPS) attaches to TLR4.

1.1.2 The Immune system and the CNS

The brain was once thought to be an ‘immune-privileged’ organ. It was reasoned that an
immune response, in an effort to destroy potentially harmful matter, could be destructive to
nearby irreplaceable, postmitotic neurons. This assumption was compounded by the lack of
lymphatic drainage and the presence of a blood-brain barrier; a complex system of tight
junction between endothelial cells in the CNS, which could prevent the penetration of
peripheral immune cells and humoral signals into the brain parenchyma (Risau & Wolburg,
1990). Today the passage of cells and signals through the blood-brain barrier is no longer
considered an insurmountable event (Carson & Sutcliffe, 1999). Immunocompetent T cells

have been found to traverse the blood-brain barrier and the recruitment of peripheral immune
2



cells to the CNS can be beneficial in combating infection, with no long-term collateral damage
(Merrill & Benveniste, 1996). Therefore, it is now accepted that the CNS is continually
surveyed by the immune system and there are bidirectional interactions between the immune
and nervous system (O'Donnell et al., 2000). Furthermore, the CNS has a resident macrophage
population known as microglial cells, which play a central role as the effector cells during

engulfment of pathogens and cellular debris (Feuer, 2007).

In addition to immune cell transversing the blood-brain barrier, inflammatory molecules and
signals from the periphery can elicit central effect (Cunningham 2005). The discovery that
such signals activate the hypothalamic-pituitary-adrenal (HPA) axis initiated a new
understanding of interactions between the periphery and the CNS. The HPA axis is formed by
a complex set of feedback interactions between neuroendocrine organs; the hypothalamus and
pituitary gland, which are located in the brain, and the adrenal gland, positioned above the
kidney. Circulating inflammatory mediators in the periphery, for example IL-1f, IL-6 and
TNF-a (see section 1.4), can directly stimulate the hypothalamus and pituitary gland, inducing
secretion of adrenocortiotropic hormone, this in turn induces release of glucocorticoids from
the adrenal glands (Chrousos 1995). Glucocorticoids are considered stress hormones and have
a potent anti-inflammatory action, thus allowing immune signals to drive an anti-inflammatory
response (Sandi 2004). This classical negative feedback loop prevents prolonged
inflammation, which can be destructive to the host, while deficits in this axis are associated

with increased susceptibility to disease (Morand & Leech 2001).

Inflammation as an acute response is a critical component of tissue repair, involving activation
and cross-talk between many cells, however, the consequences of prolonged inflammation can
be detrimental (Nathan 2002). The powerful anti-inflammatory action of exogenous
glucocorticoids, which reflect the endogenous hormones produced by the adrenal glands, is
currently being developed to treat chronic autoimmune diseases, for example Rheumatoid
arthritis, an autoimmune disease that effects joints and surrounding tissue (Morand & Leech
2001). Glucocorticoids, derived from steroids, integrate immune responses with metabolic
regulation. They are responsible for catabolising energy reserves, in addition to suppressing
inflammation, forming the cornerstone of ‘The Fight or Flight Response’ (Chrousos 1995).

Nonsteroidal anti-inflammatory drugs (NSAIDs) have also been developed for clinical use.

PS
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These compounds target a diverse array of receptors expressed on immune cells, thus
suppressing their activity independently of enhancing glucocorticoid-related activity. The
current study focuses on potential targets for novel NSAIDs. However, before targets

receptors are discussed the immune cells involved must be considered.

1.2 Immune-competent cells of the CNS

1.2.1 Microglia

There are resident populations of myeloid cells within all tissues; these include alveolar
macrophages found in the lungs, Kupffer cells in the liver and microglia in the CNS. While
these cells are tailored to their microenvironment, they are essentially responsible for
regulating both non-specific and antigen-specific inflammatory actions. Macrophages are
specialised in pathogen recognition, engulfment of foreign matter or cellular debris via
phagocytic receptors, digestion of the intake by lysosomal machinery and finally, displaying
the digested material to other immune cells (Napoli & Neumann, 2009). Microglia serve this
function in the brain, spinal cord and retina. Although the exact origin of microglia is
unknown, there is little debate that they are derived from myeloid progenitor cells (Soulet &
Rivest, 2008). It has been hypothesised that microglia originate from the neuroectodermal
matrix, while others suggest they originate in the periphery, like other hematopoietic cells, and
populate the CNS during early pre- and post-natal development (Hanisch & Kettenmann,
2007; Soulet & Rivest, 2008). Unlike neurons, microglia can proliferate during infection or
injury and it is believed that over 95% of microglia are generated after birth (Soulet & Rivest,
2008). There is still controversy over whether these cells are derived from progenitor cells
already present in the CNS or from circulating precursor cells that infiltrate the blood-brain

barrier.

Parenchymal microglia are found throughout the brain, although there is heterogeneity
between brain regions. Microglia within the hippocampus express greater levels of TNF-a
mRNA, while microglia in the cerebral cortex express higher levels of the neurotrophin NT-3

(Elkabes et al., 1996; Ren et al., 1999). There are also distinct populations of perivascular and
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meningeal microglia that act as the first line of defence against foreign invaders and can
influence the integrity of the blood-brain barrier. Microglia in a non-inflammatory state are
often referred to as ‘resting’, however, these cells are not dormant (see Figure 1.1). During
non-pathological conditions, microglial processes actively survey their microenvironment.
Nimmerjahn and colleagues (2005) elegantly used two-photon microscopy and fluorescently
labelled microglia to visualise highly mobile microglial processes. They demonstrated how
microglia continually withdraw and extend their arborisations, suggesting careful navigation
by these immune cells through fine-wired neuronal structures. Indiscriminate scanning can
rapidly switch to targeted movement towards a site of injury or infection, when microglia
detect a change in the extracellular milieu. This directional guidance is achieved through a
variety of cell surface receptors that detect chemokines and purines, which can re-orientate the

microglia within seconds (Davalos et al., 2005; Figure 1.1).

There is a countless number of molecules and conditions that could threaten the structure and
function of the CNS, many of which trigger the transformation of a quiescent, surveying
microglia into a reactive, effector cell. Microglia, like other macrophages, are equipped to
detect a wide variety of potentially harmful materials through PAMP receptors, which identify
exogenous threats and damage associated molecular pattern (DAMP) receptors that recognise
endogenous debris (Olson & Miller, 2004; Soulet & Rivest, 2008). Once ‘activated’ microglia
morph from a ramified cell with a small soma and long processes to a rounder, amoeboid
form, expressing an array of cell surface proteins (Figure 1.1). Microglia differ to peripheral
macrophages as they do not constitutively express the same array of cell surface proteins that
are essential for inducing or mediating a typical immune response, for example CD45 and
major histocompatibility complex (MHC) Il (Kreutzberg, 1996). It is hypothesised that this
tight regulation and restriction of inflammatory activity is aimed to preserve an
immunologically tranquil environment around post-mitotic neurons. To further bolster this
tight immune regulation, there is constitutive immunosuppressive signalling between
microglia and adjacent cells, including neurons, endothelia, astrocytes and T cells, via CD200-
CD200R, Fractalkine and its receptor and SIRPa-CD47 (Hoek et al., 2000; Cardona et al.,
2006). Nevertheless once stimulated, microglia respond promptly in a context-dependent

manner, up-regulating expression of cytokines, chemokines and surface markers of activation



that perpetuate an immune response directed towards tissue repair and elimination of the

‘danger signal’ (Hesselgesser & Horuk, 1999; Aloisi, 2001).

Although the initial premise of microglia is one of neuroprotection, evidence supports the
concept that unregulated activation can propagate neuronal injury due to the barrage of toxic
molecules that they sequester. Inflammation is a common denominator in a diverse array of
neurodegenerative diseases and activated microglia the common thread (Block & Hong,

2005).

MHCI

Pathological
Event

Figure 1.1. Activation of Microglia.

Microglia are activated in response to pathological events such as disease or injury, and
change from a quiescent, ramified cell to an amoeboid morphology. This enables them to
migrate to the site of injury. In the course of microglial activation, various receptors and co-
stimulatory molecules are expressed (MHC II, CD40, ICAM), allowing microglia to interact
with other cell types. Activated microglia secrete pro-inflammatory cytokines (IL-1, IL-6,
TNF-a), which also perpetuate an immune response. Quiescent microglia are not ‘passive’,
they express low levels of CD11b to aid motility and secrete signalling molecules (IL-4, IGF-
1) while surveying the CNS. Abbreviations: CD, Cluster of Differentiation; ICAM,

Intercellular adhesion molecule; MHC, Major histocompatibility complex.



1.2.2 Astrocytes

In 1893, Michael Von Lenhossék coined the word astrocyte, from the Greek meaning star cell,
for stellate-shaped glia that had been previously visualised by Ramoén y Cajal. This name soon
became universally accepted and is still used today. However, it was not until the end of the
19" century that the roles for these cells and their possible interactions with nerve cells were
considered. In recent years, knowledge of astrocytic activity and their function as immune
effector cells is increasingly perceived to be an essential part of understanding brain function

during health and disease.

Advancements in microscopy and use of fluorescent dyes have established astrocytes as highly
complex, process-bearing cells with heterogeneous morphology. Protoplasmic astrocytes,
found in gray matter, have multiple branching processes with end-feet, while fibrous
astrocytes in the white matter have unbranched processes (Zerlin ef al., 1995). Both subtypes
appear to have an ordered arrangement that is established in the early postnatal brain in
tandem with neurons and vasculature, and there is minimal overlap between the cells
(Bushong et al., 2002). Astrocytes serve a variety of house-keeping roles, maintaining a viable
milieu for nerve cells to function. Firstly, they regulate the ionic environment of the
extracellular space, particularly after intense synaptic activity, by buffering surplus K" ions
and mopping-up excess neurotransmitter (Karwoski ez al., 1989). Secondly, astrocytes respond
to the metabolic needs of neurons directly, by metabolising glycogen and releasing lactate, and
indirectly, by regulating blood flow in accordance with neuronal activity (Poitry-Yamate et
al., 1995; Zonta et al., 2003). In addition to regulation of blood flow via induction of
functional hyperaemia, astrocytes have been implicated in the maintenance of blood-brain
barrier integrity, which can impact significantly on the outcome of both acute and chronic

immune activity (Wang & Bordey, 2008).

Astrocytes function as a syncytium within the cerebral cortex and hippocampus. This is
achieved by the presence of over 50,000 gap junctions, which serve as direct conduits of ions
and small signalling molecules, connecting each astrocytes to its neighbour (Yamamoto et al.,
1990). This network aids in the redistribution of K* ions after synaptic activity and can

mediate intracellular calcium oscillations that influence the dynamics of adjacent neurons



(Pasti et al., 1997). Therefore, despite not being electrically excitable, astrocytes exhibit
neurotransmitter receptors aiding them to monitor and adequately respond to neuronal activity.
They can also release modulatory substances, for example growth factors and cytokines,
which in turn alter the activity of neurons and other glial cells, including microglia (Cotrina &

Nedergaard, 2002).

Astrocytes are commonly identified by the presence of intermediate filaments (glial fibrils), a
major component of which is glial fibrillary acidic protein (GFAP), and is thought to be
specific to astrocytes within the CNS (Eng et al., 1971). GFAP, as a cytoskeletal protein,
provides structural stability to astrocytic processes allowing modulation of their shape and
movement. Similar to microglia, astrocytes exhibit a profound response to neuronal injury and
undergo a series of metabolic and morphological changes. This astrogliosis, as it is known, has
been reported in a variety of neurodegenerative diseases including multiple sclerosis (MS) and
Alzheimer’s disease (AD) (Schipper, 1996). Astrogliosis is, in part, characterised by a rapid
increase in GFAP expression and although the pro-inflammatory function of microglia is more
prominent, astrocytes also respond to and secrete cytokines during an immunologically
challenge (Aloisi, 1999; Eng et al., 2000). Even in the absence of disease, astrocytes in the
brains of aged individuals display an elevated content of GFAP (Nichols, 1999). It has been
suggested that the increase in GFAP may be a response to the enhanced inflammatory and
oxidative profile of the aging brain (Cotrina & Nedergaard, 2002). Bearing in mind the
integral role astrocytes play in the CNS, an alteration in their dynamics during aging may
affect synaptic function and neuronal survival, perhaps in turn, contributing to cognitive

decline.

1.3 Membrane markers of activation

1.3.1 MHC 11

MHC molecules are a set of immune recognition molecules present on all nucleated cells and
impart the property of self. The complete sequence of MHC was published in 1999 and it was

found to include an expansive genomic region on chromosome 6, unique to each individual,
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which allows the immune system to recognise native cell (1999). The exclusivity of each
person’s MHC contributes to complications after organ transplantation, as recipients reject and
attack the foreign tissue. In contrast, the absence of MHC molecules on red blood cells permits
blood transfusion with ease. MHC class II (MHC II) molecules are heterodimeric peptide-
binding proteins expressed on antigen presenting cells (APC). Following engulfment of a
pathogen, APC can present extracellular components of the pathogen to T cells via its MHC 11
binding domain (Carson & Sutcliffe, 1999) Unlike classical macrophages and APCs that
constitutively express MHC II, microglia express very low levels of MHC II while in a
ramified state, thus going undetected by T cells (Wekerle et al., 1986). However, MHC II
expression can rapidly be up-regulated on both microglia and astrocytes upon an inflammatory

stimulus, as the cells gain immune function (Kreutzberg, 1996; De Keyser et al., 2010).

Almost all neurodegenerative diseases, including MS, AD and Parkinson’s disease, are
associated with signs of neuroinflammation and a concurrent up-regulation in microglial MHC
IT expression (Neumann, 2001). It is noteworthy that although presence of an MHC Il complex
on microglia can alert T cells, additional co-stimulatory molecules are required for T cell
activation (Kreutzberg, 1996). Co-stimulatory molecules are expressed on microglia upon
stimulation and can amplify and shape the differentiation of T cell effector phenotypes

(Carson & Sutcliffe, 1999).

1.3.2 CD40

CDA40 is a co-stimulatory molecule found on APCs in the periphery and microglia within the
CNS. It is a member of the tumor necrosis factor (TNF) receptor superfamily and its cognate
ligand (CD40L) is expressed predominantly on T cells (Harnett, 2004). Ligation of CD40 is
imperative for a productive immune response, enhancing MHC Il and CD40 expression in a
positive feedback fashion, in addition to inducing cytokine and chemokine release (Qin et al.,
2005). Qin (2005) found that LPS enhanced microglial CD40 expression and reported that the
up-regulation is reliant on activation of the transcription factors NF-«B and signal transducer
and activation of transcription-la (STAT-1a). Furthermore, Town and colleagues (2001) have
proposed a series of intracellular events occurring in microglia upon CD40 ligation. Initial
binding of CD40L activates Src-family kinases, which are non-receptor tyrosine kinases and,
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once activated, can phosphorylate the mitogen-activated protein kinase MEK1/2, targeting
p44/42 and allowing it to translocate to the nucleus, thus promoting gene transcription (Town
et al., 2001). These events can up-regulate pro-inflammatory cytokine transcription and

subsequent release, for example TNF-q, thus further promoting an inflammatory response.

Activation of this intracellular cascade is transient, as chronic activation could be more
detrimental than beneficial to surrounding tissue. In fact, persistently high levels of CD40 and
CDA40L have been implicated in the pathogenesis of neurodegenerative diseases (Town et al.,

2001; Tan et al., 2008).

1.3.3 CD11b

CD11b is constitutively expressed on myeloid cells and its exclusivity to microglia within the
CNS allows theses cells to be identified in brain tissue and mixed glial perorations (Cowley et
al., 2010). CD11b is classified as an integrins, which are cell surface receptors that regulate
cell-cell adhesion, migration and two-way signal transduction with the extracellular matrix
(Solovjov et al., 2005). Solovjov reported that the action of this heterodimer is reliant on the
integration of activities of its two functionally distinct subunits; o and . The a subunit is
responsible for recognition of a broad spectrum of ligands, including fibrinogen, intercellular
cell adhesion molecule-1 (ICAM-1) and the inactivated complement fragment iC3b, while
supporting firm adhesion. In contrast, the 3 subunit has a more limited repertoire of ligands
and displays poor adhesion, but can mediate cell migration. The signalling mechanism
responsible for the increased CDI11b expression during inflammation is still unknown;
however, it is thought that nitric oxide (NO), which is sequestered from stimulated microglia,
could play an instrumental role (Roy et al., 2006). Increased expression of CD11b is prevented
when microglia are stimulated in the presence of a NO scavenger. Similar to other markers of
microglial activation, it has been reported that during a neuroinflammatory disease there is an
increase in the cell-surface expression of CDI11b, and this corresponds to the degree of

microglial activation (Roy et al., 2008).
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1.3.4 ICAM-1

Cell adhesion molecules are cell surface structures that mediate cell-cell and cell-substratum
interactions. ICAM-1 is a 90kDa cell adhesion molecule, containing five (immunoglobulin)
Ig-like domains. It plays a critical role in the arrest and transmigration of leukocytes out of the
brain’s vasculature and their diapedesis into the tissue. ICAM-I is expressed on a variety of
cells including leukocytes, endothelial cells, astrocytes and microglia, while soluble forms of
ICAM-1 have been found in the serum and cerebrospinal fluid (Lee & Benveniste, 1999).
Endothelial cells constitutively express ICAM-1, while astrocytes and microglia display
aberrant expression when activated (Sobel ef al., 1990). The primary leukocyte ligand that
ICAM-I interacts with is Lymphocyte Function Associated molecule (LFA)-1, which is an
integrin consisting of an aff heterodimer. It shares the same 2 integrin subunit as CD11b as
well as having a homologous a subunit (Huang & Springer, 1995). ICAM-1 also interacts with

CD11b as well as partaking in homophilic binding.

In addition to playing an important role in cell migration, ligation of ICAM-1 can induce
signalling cascades that perpetuate an immune response. Recent studies have identified
ICAM-1 as a co-stimulatory molecule during T cell-mediated immune activation (Huang &
Springer, 1995). While homophilic engagement of ICAM-1 molecules on astrocytes have been
reported to induce the pro-inflammatory cytokines 1L-1f, IL-6 and TNF-a via ERK1/2 and
p38 MAPK; signalling transduction pathways that are distinct from those induced during glia-
endothelium interactions (Lee et al., 2000). Phosphorylation of the cytoskeletal-associated
protein cortactin in brain microvessel endothelial cells by ICAM-1 reveals a possible role for
this molecule in cytoskeletal reorganisation (Durieu-Trautmann ez al., 1994). Several studies
have associated increased expression of membrane bound and soluble ICAM-1 during CNS
pathologies, for example MS, the animal model for MS experimental-autoimmune
encephalomyelitis (EAE) and AD, suggesting a possible role for this molecule in these

disorders (Lee et al., 2000).
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1.3.5 CD68

Microglia are the primary effector cells of phagocytosis in the CNS, a process by which
immune cells engulf and digest harmful matter. Digestion occurs in the lysosome, an organelle
that contains highly acidic enzymes with the ability to degrade and denature protein
(Majumdar et al., 2007). CD68, also known as macrosialin in mice, is a highly glycosylated
protein expressed on the lysosomal membrane of cells with phagocytic activity, especially
peripheral macrophages and monocytes (Davey et al., 1988). The major structural contributors
to the lysosomal membrane are by the lysosomal associated membrane protein (LAMP)
family, of which CD68 is a member (Holness & Simmons, 1993). Although CD68 is
predominantly an intracellular protein, cell surface expression representing 10-15% of the total
protein has been described and this is rapidly internalised and exchanged with intracellular
stores (Kurushima et al., 2000). The function of CD68 has yet to be fully described, but roles
in antigen presentation and protection of the lysosomal membrane against acidic hydrolase
proteins have been suggested due to its location and glycosylation state (Kurushima ez al.,

2000).

Rabinowitz and Gordon (1991) reported differential expression and altered pattern of
glycosylation of CD68 in macrophages following an inflammatory stimulus. Moreover, CD68
expression has been co-localised with MHC II in the rat brain 1-3 days post lesion (Cho et al.,
2006). However, this study found that the expression of CD68 persisted on cells long after the

attenuation in MHC II, perhaps suggestive of different states of microglial activity.

1.4 Cytokines

Cytokines are small signalling molecules released from immune cells and used expansively to
mediate immune responses. They stimulate early inflammatory reactions and are major
determinants of the state of cellular activation. In general, cytokines act locally, binding to cell
surface receptors of neighbouring cells. These receptors display a very high affinity for their
ligand and with an extremely low dissociation constant (10™'% — 10> M) even a small amount
can induce an intense biological response. Most cytokines are pleiotropic, eliciting their
effects locally or systemically in an autocrine or paracrine manner. While orchestrating an
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immune response, cytokines are involved in both synergistic and antagonistic interactions
(Feghali & Wright, 1997). Pro-inflammatory cytokines, including IL-13 and TNF-a,
endeavour to heighten an immune response, while the anti-inflammatory cytokine 1L.-4 seeks
to suppress it. Shifting the equilibrium of these two counteractive forces is essential for the

attainment of homeostasis during health and disease (Nathan, 2002).

1.4.1 Interleukin-1

IL-1 was one of the first cytokines described and believed to act as an endogenous pyrogen
(Rothwell, 1991). When successfully cloned in 1984 it was found to contain two distinct
proteins, IL-l1a and IL-1p, the genes of which are located on the long arm of chromosome 2
(Webb et al., 1986). Expression of these genes are NF-kB-responsive and are induced by
various pro-inflammatory stimuli, including bacterial and viral products, cellular injury and
hypoxia (Allan, 2005). TNF-a, can induce IL-1 transcription as well as IL-1 itself, acting in a
positive-feedback loop. Despite having only a 30% sequence homology, both variants can
bind to the same IL-1 receptor and mediate biological responses (Feghali & Wright, 1997;
Allan, 2005). Although, in recent years several new IL-1 family members have been
identified, based on gene homology, gene location and receptor binding, much attention is still

focused on the role of IL-1p in the CNS under both physiological and pathological conditions.

IL-1 is the most rapidly-expressed cytokine in response to insult or injury within the CNS,
while IL-1a plays a minimal role (Davies ef al., 1999; Gosselin & Rivest, 2007). Translation
results in pro-IL-1B, a dormant form of the cytokine that remains in the cytosol until
enzymatically cleaved. The pro from of IL-1p is cleaved by caspase-1, which relies on the
formation of a complex of protein known as the inflammosome to gain enzymatic activity,
before IL-1B can be released to the extracellular environment (Thornberry et al, 1992;
Dinarello, 1996). Under normal conditions IL-1f release and mRNA expression are tightly
regulated within the CNS. The lack of tonic stimulation and the swiftness of IL-1p
amplification during pathology contribute to its finesse as a pro-inflammatory cytokine. IL-1
is synthesised by microglia (Giulian ef al, 1986), astrocytes (Lieberman et al., 1989),

oligodendrocytes and neurons (Takao et al., 1990) within the CNS. In addition, non-resident
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cell for example infiltrating T cells are also believed to be a source of pro-inflammatory

cytokines during certain pathological conditions (Murphy et al.).

Once released, IL-1B has a diverse assortment of actions. It can enhance immune cell
responsiveness and T cell proliferation, increase vascular permeability and contribute to
‘sickness behaviour’ (Allan et al., 2005). IL-1B mediates its responses through activation of
the type I IL-1 receptor (IL-1R1), an 80kDa protein containing a synaptic domain of 215
amino acids in length. A type II IL-1 receptor has also been described and it is thought to act
as a ‘decoy’ receptor, containing a significantly smaller cytoplasm domain (29 amino acids)
lacking the capacity to initiate signal transduction events (Sims ef al., 1993). The presence of
IL-1R1 has been shown in many brain areas, with a high level of expression in the
hippocampus and hypothalamus (Ban et al., 1991) that increases with age (Murray & Lynch,
1998). Also, IL-1R1-immunoreactive vessels have been demonstrated throughout (Konsman

et al., 2004).

One of the principal ways by which IL-1f regulates gene transcription is via NFkB activation.
In brief, 1L-1P binds to IL-1R1, which is complexed with the IL-1 receptor accessory protein,
this leads to recruitment of IL-1 receptor associated kinase (IRAK). IRAK associates with
TRAF6, leading to activation of IkB kinase and the subsequent phosphorylation of IxB. This
cascade finally results in the transcription of NFkB responsive genes (O'Neill & Greene,
1998). Other biochemical cascades that have been strongly implicated in IL-1 signalling are
the MAP kinases, which include ERK, p38 MAP kinases and (c-Jun N-terminal kinases) JNK.
Elucidating the roles of these kinases in IL-1f signalling has been greatly aided by the
availability of MAP kinase specific inhibitors (Alessi et al., 1995; Cuenda et al., 1995).
Downstream targets of MAP kinases include the transcription factors c-fos and c-jun and well
as many non-nuclear targets, for example microtubule-associated proteins (Fukunaga &
Miyamoto, 1998). Therefore, not only can IL-1 affect the transcription of up to 90 genes, from
cytokines and acute phase proteins to growth factors and adhesion molecules, it can activate

cytoplasmic targets that mediate rapid effects.

Chronic up-regulation of IL-1B can be destructive, inducing neuronal injury and

compromising the blood-brain barrier. O’Donnell and colleagues (2000) reported that an age-
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related deficit in LTP is coupled with an increase in hippocampal 1L-18 concentration and
enhanced activity of the stress-activated MAP kinases JNK and p38. Several other studies
have implicated high concentrations of IL-1f in mediating both acute neurodegeneration and
chronic neurodegenerative disease ranging from AD to HIV-associated dementia (Allan &
Pinteaux, 2003) (Fogal & Hewett, 2008). However, it is important to note that IL-1f not only
plays a role during infection and inflammation but also during non-pathological processes
including sleep. Krueger and colleagues (1998) revealed IL-1f3 to be a somnogenic cytokine,
playing a role rapid eye movement sleep. Also, despite reports of IL-1p impairing LTP, low
levels of the cytokine are required, and antagonising IL-1R1 has been shown to reversibly
block the maintenance of LTP in vivo and in vitro (Schneider et al., 1998). Although IL-1f is
often associated with destructive and damaging signalling cascades, complete inhibition of its
activity could also be detrimental to normal function; therefore researchers persistently strive

to understand how homeostasis of this cytokine can be maintained.

1.4.2 Interleukin-6

The cytokine interleukin-6 (IL-6) is an important mediator of immune and inflammatory
responses. It was first identified in 1985 for its stimulatory action in peripheral B cell
proliferation, but is now believed to have a more multifaceted purpose in immunity (Gruol &
Nelson, 1997). Although synthesised by both neurons and microglia, it is hypothesised that
astrocytes are the primary source of IL-6 within the CNS (Van Wagoner et al., 1999).
However, similar to IL-1f3, IL-6 is found in only trace amounts in the healthy CNS, displaying
a marked, yet transient, increase hours after injury (Yan ez al., 1992). This concomitant pattern

of activation with IL-1p is suggestive of a role for IL-6 in early inflammatory mechanisms.

IL-6 is sequestered from cells after acute IL-1 or LPS stimulation and exerts its actions via
binding to specific 1L-6 receptors (Heinrich ez al., 1995). The IL-6R is made up of two
subunits; an extracellular binding protein (gp80) and a signalling-transducing domain (gp130),
which are members of the hematopoietic-receptor superfamily (Bazan, 1990; Heinrich ez al.,
1995). Binding of IL-6 to gp80 activates gp130, causing it to dimerise and initiate a signal
transduction pathway (Murakami er al., 1993). In addition, the external domain of the

membrane-bound receptor can be cleaved resulting in a soluble IL-6R. The soluble subunit
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forms a complex with IL-6 and has the ability to antagonise the signal-transduction subunit
gp130, if exposed at the cell surface (Heinrich e al., 1995). Dimerisation of gp130 leads to
phosphorylation of its associated Janus kinases, JAK1 and JAK2, which have the potential to
phosphorylate (Signal Transducers and Activators of Transcription) STAT-1a and STAT-3
(Van Wagoner & Benveniste, 1999). Upon activation, the STAT proteins can translocate to
the nucleus and bind to IL-6 response elements and induce transcription. Activation of gp130
by IL-6 has also been shown to enhance MAP kinase activity with subsequent gene
transcription (Taga & Kishimoto, 1997; Van Wagoner & Benveniste, 1999). Once the IL-
6/gp80 complex is bound to gpl30 it becomes internalised, thus the IL-6 receptor becomes

down regulated by its ligand to protect against over-stimulation.

Studies have shown IL-6 to be both beneficial and destructive within the CNS. Some of the
effects include inhibiting TNF-a and providing negative feedback to limit acute inflammation,
as well as being implicated in the protection of neurons from ischemic insult (Feghali &
Wright, 1997; Loddick et al., 1998). On the contrary, dysregulation and over expression of IL-
6 may contribute to the neuropathology related to dysfunction of the blood-brain barrier and

neurodegenerative disease (Campbell et al., 1993; Van Wagoner & Benveniste, 1999).

1.4.3 Tumor necrosis factor-a

TNF-a, originally recognised for its tumor fighting activity, was not detected in the CNS until
the late 1980s (Spriggs et al., 1987). TNF-a is a pro-inflammatory cytokine with the ability to
enhance IL-1f and IL-6, thereby perpetuating the inflammatory response through a cascade of
signalling molecules with over-lapping properties. TNF-o is synthesised by activated
microglia and astrocytes as a membrane-bound precursor of 26kDa, which is cleaved to an
active 17kDa signalling molecule and shed from the membrane (Brenner et al., 1993; Gosselin

& Rivest, 2007).

This multipotent cytokine can oxymoronically stimulate apoptosis in some cells while evoking
growth and proliferation in others. These opposing effects may be partially explained by two
distinct signalling pathways of TNF-a, mediated through TNF receptor 1 (TNF-R1; p55) and
TNF receptor 2 (TNF-R2; p75; Arnett 2001). Both p55 and p75 are members of the TNF-R
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superfamily, related by a conserved cysteine-rich repeat in their extracellular domain and,
although their intracellular domains are unrelated, pSS and p75 do share similarities in their
signal-transduction (Declercq ef al., 1998). Binding of TNF-a to pSS induces the formation of
a complex between the receptors death domain (TRADD) and TNF-R associated factor 2
(TRAF2); concurrently FAS-associated death domain protein (FADD) and the death domain
kinase receptor interacting protein (RIP) can also be recruited to interact with TRADD
(Gosselin & Rivest, 2007). Aggregation of the FADD and TRADD plays a dominant role in
TNF-a induced apoptosis via caspase-8, while RIP and TRAF2 direct activity of NF-kB and
JNK (Declercq et al., 1998). Activation of p75 by TNF-o predominates with TRAF2
interactions and downstream signalling leading to NFkB and MAP kinase activation. TNF-a is
a potent stimulator of trophic proteins; including the NFxB regulated monocyte
chemoattractant protein-1 (MCP-1), those promoting B-cell proliferation and oligodendrocyte
regeneration (Chaplin & Fu, 1998; Arnett er al., 2001; Gosselin & Rivest, 2007). However
like pS5, p75 activity may trigger apoptosis, but through a different mechanism (Declercq et
al., 1998). Indeed, expression of p75 is up-regulated on neurons and astrocytes following an
ischemic insult, and ligation of this receptor induces apoptosis via caspase-3 rather than

caspase-8 activity (Angelo et al., 2009).

TNF-a supports an elaborate array of inflammatory events, thus it must be stringently
regulated; inhibiting TNF-a in the CNS can reduce oedema, while promoting neuronal
survival and maintenance of integrity following traumatic brain injury (Shohami et al., 1996).
Furthermore, evidence supports the concept that TNF-a is involved in neurodegenerative
disease. It has been reported that AD patients have exceptionally elevated levels of TNF-a in
their cerebrospinal fluid (CSF) that correlates with clinical deterioration, making TNF-a a

potential target for therapeutics (Tobinick ez al., 2006).

1.5 LPS: a model for inflammation

LPS is an endotoxin found on the cell wall of all gram negative bacteria, making it an ideal
PAMP. LPS is a potent activator of the immune system and is therefore often used
experimentally to investigate inflammatory responses. Upon ligation, TLR4 induces an

intracellular signalling cascade that promotes transcription of genes involved in inflammation.
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This cascade of events has been extensively described by Kopp and colleagues (1999; Figure
1.2). In brief, activation of TLR4 recruits the adaptor protein myeloid differentiation primary
response gene 88 (MyD88) to the receptor complex. The TIR domains of MyD88 and TLR4
interact, while MyD88’s death domain binds to the death domain of IL-1R-associated kinase
(IRAK) leading to IRAK phosphorylation. The signal is propagated via the adaptor molecule
tumor necrosis factor-receptor associated factor 6 (TRAF6), ultimately activating nuclear
factor-kB (NF-kB) and MAP kinases. Once the transcription factors translocate to the nucleus,
pro-inflammatory cytokines are up-regulated, forming the basis of an innate immune response.
LPS is a prototypical inflammatory stimulus used experimentally to activate immune cells in

vivo and in vitro, inducing up-regulation of the aforementioned surface proteins and cytokines.
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Figure 1.2. Signalling pathway leading from LPS activation of TLR4.

Upon ligation the TIR domain of TLR4 interacts with the TIR domain of MyD88, while
MyD88’s Death Domain recruits IRAK to the receptor complex. Upon recruitment IRAK is
autophosphorylated. IRAK may then dissociate from the receptor complex and associate with
TRAF6. TRAF6G interacts with and activates NIK. Activated NIK phosphorylates and activates
IKKSs, which in turn phosphorylate IkB. Phosphorylated IkB is ubiquitinated and degraded
thus releasing NF-kB for translocation to the nucleus. Once in the nucleus NF-kB induces
transcription of many genes associated with inflammation. Abbreviations: IKK, Inhibitor of
kB kinase; IRAK, Interleukin-1 receptor-associated kinase; MyD, Myeloid differentiation
primary response gene; NF-kB, Nuclear factor k-light-chain-enhancer of activated B cells;
NIK, NF-kB-inducing kinase; TIR, Toll/Interleukin-1 receptor; TLR, Toll-like Receptor;
TRAF, TNF receptor-associated factor.
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1.6 Neural Cell Adhesion Molecule

NCAM was first described as a membrane glycoprotein and termed D2 in 1974 (Jacque ef al.,
1974). Its characteristic role in cell-cell adhesion during neural development was soon
documented in studies using the chic embryo, making it the first cell adhesion molecule to be
identified and thus renaming it NCAM (Thiery et al., 1977). NCAM is a member of the
immunoglobulin (Ig) superfamily and its extracellular region contains five N-terminal Ig
domains, in addition to two fibronectin-type III (F3) modules, see Figure 1.3. It is expressed
throughout the CNS, being found on both neurons and glial cells. Thus far the structures of the
first three Ig domains and the second F3 module have been determined by nuclear magnetic
resonance (NMR) and x-ray crystallography (Jensen et al., 1999; Atkins ef al., 2001; Kiselyov
et al., 2003). The ectodomain is consistent for the three main isoforms NCAM-120, NCAM-
140 and NCAM-180, the numbers referring to their relative molecular weight. These isoforms
are generated due to differential slicing of pre-mRNA that is encoded by the same NCAM
gene (Owens et al., 1987). It is the intracellular domains of the different NCAMs that make
them structurally unique. NCAM-120 lacks a cytoplasmic tail and is secured by a
glycosylphosphatidylinositol (GPI) anchor, while NCAM-140 and -180 have cytoplasmic
domains of different lengths. Soluble forms of NCAM also exist due to truncation, proteolysis

and shedding (Olsen ef al., 1993).

1.6.1 NCAM Homophilic Binding

Homophilic interactions between NCAM molecules are fundamental to its role in cell-cell or
cell-substratum adhesion and this is largely dependent on the Ig domains of these molecules
(Figure 1.3). The Igl and Ig2 domains on the same cell can dimerise to form a strong cis-bond,
this arrangement then permits contact with opposing cells. The adhesion between opposing
cells leads to the formation of a weak frans-bond and is mediated via the Ig3 domains, in
addition to simultaneous Igl and Ig2 binding (Soroka et al., 2003). Soroka (2003) proposes a
novel zipper mechanism for homophilic adhesion that is supported by x-ray crystallography.
On examination it was found that the Ig3 domain on NCAM is orientated at approximately a
45° angle to the Igl-Ig2 axis, thus adding support to a possible ‘zipper’ formation between
NCAMs during adhesion. Homophilic interactions play an essential role in the developing
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CNS and have been implicated in a variety of developmental processes as diverse as cell
positioning, tissue patterning and compartmentalisation, axon guidance and synaptogenesis
(Thiery, 2003). It has been demonstrated that NCAM-deficient rodents have impaired
migration of neural precursor cells during development leading to a marked reduction in brain

weight (Ono ef al., 1994).

1.6.2 NCAM Heterophilic Binding

Under favourable conditions NCAM can undergo post-transcriptional modification in the
Golgi apparatus, leading to the attachment of polysialic acid (PSA) to N-glycosylation sites on
the fifth Ig domain (Nelson et al., 1995). Polysialylation of NCAM, producing PSA-NCAM,
can modulate the distance between cells due to its hydrated volume. The high degree of
hydration leads to enhanced steric repulsion between cell membranes, thus decreasing the
efficiency of frans-bonds and regulating the overall ability of cells to interact (Johnson er al.,
2005; Figure 1.3). PSA-NCAM creates a permissive environment that prevents homophilic
interaction and promotes NCAM engaging with growth factor receptors, for example the
fibroblast growth factor receptors (FGFR). Interacting with growth factor receptors is
important for neuronal differentiation, postnatal myelination, post-mitotic migration of
precursor cells and refinement to brain-circuitry during development (Markram et al., 2007).
PSA deficiency, although not fatal, can result in mistimed neuronal differentiation, ectopic
synapse sprouting and general distortion of the neuronal architecture (El Maarouf &
Rutishauser, 2003). For many cells, reaching their final destination is accompanied by a loss
of PSA, perhaps to facilitate the establishment of stable synapses (Seki & Rutishauser, 1998).
Although overall levels of PSA are reduced in the adult brain, compared with the embryonic
brain, high levels still persist in distinct regions that retain some neurogenic capacity, for
example the hippocampus, and it is believed to be central to the maintenance of synaptic
plasticity in these areas (Seki & Arai, 1991). Many researchers have demonstrated that
perturbation of PSA levels can influence synaptic strength at a cellular level, and memory

acquisition and consolidation at a functional level (Markram et al., 2007).

In contrast to PSA enhancing NCAM-FGFR binding, the presence of ATP in the extracellular
fluid can inhibit phosphorylation of the growth factor receptor by NCAM (Skladchikova et al.,
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1999). ATP is a prevalent neurotransmitter, found in abundance in the vicinity of synapses.
Using surface plasmon resonance (SPR), Skladchikova and colleagues (1999) reported that the
NCAM sites binding to fibroblast growth factor receptor (FGFR) and ATP overlapped,
indicating that ATP probably regulates the NCAM-FGFR interaction. With this in mind
Kiselyov (2005) hypothesised that when a growth cone reaches its target and a new synaptic
contact is formed, the presence of ATP may inhibit growth extension, switching NCAM from

the signalling mode to a mode promoting adhesion.

It is evident that NCAM has a plethora of diverse and dynamic roles within the CNS. Studies
using NCAM knock-out mice have demonstrated that, in addition to impairing CNS
development, blockade of this system can induce deficits in spatial learning and inhibit
induction or early maintenance of LTP in vivo, indicating a pivotal role of NCAM in neuronal
plasticity throughout life (Ronn et al., 1995; Becker et al., 1996). Studies investigating the
pattern of PSA-NCAM immunoreactivity demonstrate a marked decrease in its expression on
both glia and neurons in the dentate gyrus with age (Fox et al., 1995). It has been implied that
this decline correlates with diminished cognitive ability that can accompany the aging process

(Regan & Fox, 1995).
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Figure 1.3. The structure of NCAM on the cell membrane.

The seven-domain protein, contains five immunoglobulin domains and two fibronectin-type
[T (F3) modules. Homophilic binding between identical NCAM molecules occurs at opposing
membranes to form cell-cell junctions. PSA-NCAM is modified with up to two linear
polysialic acid chains, which are negatively charged and prevent homophilic binding, thus
favouring interaction with other receptors, for example FGFR-1. FGL mimics a fifteen amino

acid chain on the second F3 module. Abbreviations: FGL, Fibroblast growth Loop.

1.7 Fibroblast Growth Factors and their receptors

Fibroblast growth factors (FGF) were the first family of growth factors to be identified and,
like NCAM, play a central role in many developmental processes. There are twenty-two FGF,
ten of which have been identified in the CNS. All FGF molecules contain a conserved 120

amino acid core region that shares 30-60% homology across the family and a heparin sulphate
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proteoglycan binding domain, which is an obligatory co-factor in activation of FGFR by FGF
(Ornitz et al., 1996; Ornitz & Itoh, 2001).

While the bulky addition of PSA to NCAM can decrease NCAM-NCAM homophilic
interactions, it enhances NCAM heterophilic binding (outlined in Figure 1.3). Moreover,
removal of PSA can inhibit NCAM-mediated neuronal development (Doherty et al., 1990).
Evidence suggests that under these conditions NCAM is involved in cis-interactions with
FGFR via the NCAM F3 region (Kiselyov et al., 2003). FGFR are a family of four receptors
with intrinsic tyrosine kinase activity. These receptors contain three Ig-like domains and a
heparin-binding sequence in their extracellular region. Alternative splicing of FGFR mRNA
produces receptors with different carboxyl terminal halves of the Ig3 domain, which in turn
influences ligand-receptor binding specificity (Johnson & Williams, 1993). Expression studies
indicate differential expression of the FGF receptors throughout the CNS and this pattern
changes during the stages of development. FGFR-1 is expressed most abundantly throughout
life. FGFR-2 and -3 display a localised pattern of expression, which is highly dynamic and
adapts with the architecture of the developing CNS. While FGFR-4 is the most elusive within
the CNS, its expression has been confirmed but a detailed localisation of this expression has
yet to be mapped (Ford-Perriss et al., 2001). Studies using FGFR knock-out mice have not
been of great benefit in establishing the exact role of these receptors in the developing CNS as
deletion of these receptors is lethal prior to the development of the CNS (Ford-Perriss et al.,

2001).

Interaction between NCAM and FGFR was first noted in 1994 and was proposed to be
required for NCAM-induced neurite outgrowth (Williams er al, 1994). Williams (1994)
identified a domain in the FGFR family that was homologous to that found on the F3 region of
NCAM. Antibodies that bind to this domain specifically inhibit neurite outgrowth stimulated
by NCAM. Further studies by Williams and colleagues confirmed that NCAM directly
induces phosphorylation of FGFR, thus activating a variety of down-stream signalling
cascades. On the other hand, expression of a dominant negative FGFR in a transgenic model
inhibits NCAM-stimulated axonal development. The affinity for NCAM for FGFR is
approximately 10° less than the attraction between FGFR and its cognate ligand, FGF

(Kiselyov er al., 2005). However, NCAM is one of the most abundant molecules in the brain,
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in contrast with FGF that only appears transiently and in nanomolar concentrations. Moreover,
the polysialyation of NCAM may act as a switch to increase probability of NCAM-FGFR
binding. Due to concentration and temporal differences in the expression of NCAM and FGF
it is suggested that these molecules activate FGFR in distinctly different ways. Figure 1.4
delineates a complex and diverse array of signalling cascades that are activated after ligation

of FGFR-1 by NCAM.
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Figure 1.4. Signalling pathways leading from PSA-NCAM activation of FGFR-1.

FGFR-1 activation by PSA-NCAM leads to autophosphorylation and propagation of
intracellular signalling cascades, including the Ras/MAPK pathway, PI3 kinase/Akt pathway,
and the PLCy/Ca®" pathway. There is much cross-talk between cascades, which is indicated
with dotted arrows. The Ras/MAPK cascade is activated by binding of Grb2 to phosphorylated
FRS2. The subsequent formation of a Grb2/SOS complex leads to the activation of Ras.
Various routes by which FGFR-1 can activate the PI3 kinase/Akt pathway are indicated. The
PI3 kinase-regulatory subunit can bind to a phosphorylated tyrosine residue of the FGFR-1.
Alternatively, activated Ras can induce membrane localization and activation of a catalytic
subunit of PI3 kinase. All of the depicted pathways lead to an up-regulation in the
transcription factors CaMKII, CREB or ERK, which are associated with cell proliferation and

pro-survival molecules. Abbreviations: See list page iv.
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1.8 Fibroblast Growth Loop

Fibroblast growth loop (FGL) is an NCAM-mimetic peptide that emulates the interaction of
NCAM with FGFR-1. The FGL peptide is a fifteen amino acid long chain, encompassing the
F and G B-strands and interconnecting loop of the second F3 domain of NCAM. SPR was used
to confirm that the interaction between NCAM and FGFR was dependant on the F3 domain,
while NMR spectroscopy allowed the distinct structure of the active binding site to be

determined (Kiselyov ez al., 2003).

Since the 1970s NCAM has been intensively investigated and research has facilitated our
understanding of the mechanisms underlying enduring synaptic modifications and memory
storage. Its role in cognitive processes has been demonstrated by studies that interfere with
NCAM function and more recently attention has been drawn to the possible benefits, whereby
enhancement of NCAM expression could boost LTP and aid memory formation. The
progression of this research has been facilitated by advancements in NMR spectroscopy,
which allows molecules to be visualised, and combinatorial chemistry, allowing specific
mimetic molecules to be constructed. Kiselyov and colleges (2003) identified the small
peptide loop that represents the FGFR-1 binding site of NCAM and confirmed the importance
of this peptide by demonstrating the ability of this NCAM region to activate the receptor and

stimulate neurite outgrowth.

The first study revealing the therapeutic potential of FGL was published by Cambon and
colleagues in 2004. This study demonstrated the ability of FGL to facilitate memory
consolidation and enhance presynaptic function. Contextual fear conditioning, a hippocampal-
dependent memory task, demonstrated that treatment with FGL could enhance memory
consolidation. This finding was substantiates previous work which also used contextual fear
conditioning and proposed that NCAM participates in the establishment of long-term memory
in this particular learning paradigm (Merino et al., 2000). Consistent with the importance of
synaptic plasticity in memory formation, Cambon and colleagues (2004) demonstrated the
proclivity of FGL to up-regulate transmitter release in primary cultured hippocampal neurons
and to promote synapse formation, as measured by synaptophysin-positive staining. FGL has

also been shown to increased neurite length in a dose-dependent manner and protect against a
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variety of toxic insults, including 6-Hydroxydopamine (6-OHDA) and amyloid-f3 (AB) in vitro
(Neiiendam et al., 2004). The data suggest that the neuroprotective and proliferative effects of
FGL depend of activation of MAP kinases and phosphoinositide 3-kinase (PI-3 kinase)
through FGFR phosphorylation.

A protective role for the peptide was also established by demonstrating that incubation with
FGL could prevented cell damage in hippocampal organotypic slice cultures subjected to
oxygen-glucose deprivation (OGD) and the presence of FGL maintained metabolic activity in
these slices (Skibo et al., 2005). The same authors tested the neuroprotective actions of FGL in
vivo using a transient global ischemia model. They found that sub-optical administration of
FGL prior to clamping the carotid artery protected the hippocampal neurons; their survival
increased from 12.5% to 36.6%. These results challenge previous studies that have used the
OGD model and targeted FGFR through use of FGF, which lead to increased cell loss with the
treatment (Lobner & Ali, 2002). One explanation for the loss of activity after FGF
administration may relate to the possibility that FGL-mediated phosphorylation of FGFR

induces a spatio-temporally specific response that differs from stimulation by FGF.

A number of studies have assessed the ability of FGL to ameliorate the effects of AB. APz is
the primary component of senile plaques found in the brains of AD patients, however, the
sequence from 25-35 has been referred to as a toxic core fragment of the 42 amino-acid long
peptide (Pike et al., 1995). It was shown that while intracerebroventricular (icv) administration
of pre-aggregated Af,s3s induced a time-dependent increase in AB-immunoreactivity in the
cingulate cortex and hippocampus, this immunoreactivity was decreased in animals that
received FGL intracisternally post-Af,s.3s injection (Klementiev et al., 2007). AP induced a
decline in cognitive function, in a social recognition test that requires short-term memory,

whereas administration of FGL following the A injection decreased the deficit.

Klementiev (2007) also investigated the effects of FGL on Afsis-induced changes in
neuronal  morphology, tau  phosphorylation,  microgliosis and  astrogliosis.
Immunohistochemical analysis revealed that Af,s3s administration led to neuronal atrophy
and enhanced tau phosphorylation in the hippocampus and these changes were abrogated by

administration of FGL after AP exposure. It is well documented that inflammation plays an
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integral role in neurodegeneration and, in addition to neuronal atrophy, Af,s3s increased
microglial and astrocytic activity as assessed by CDI11b and GFAP immunoreactivity in
hippocampus. This increase was attenuated in hippocampus of animals that received FGL,

highlighting the anti-inflammatory capabilities of the peptide.

The anti-inflammatory effects of FGL were also reported by Downer and colleagues (2007); in
this study the anti-inflammatory action of FGL was observed in hippocampus of aged rats, as
chronic treatment with the peptide over a 3 week period attenuated the age related increase in
hippocampal IL-13, CD86 and ICAM-1 expression. FGL also reversed the age-related
impairment in LTP, measured at the perforant path-granule cell synapse in the dentate gyrus.
The data suggested that, through the activation of MAP kinases, FGL enhanced neuronal
CD200 expression and increase release of the anti-inflammatory cytokine I1L.-4. A subsequent
study by Downer and colleagues (2009) set out to delineate the mechanism by which FGL
modulates neuroinflammatory changes in vivo and in vitro. The study demonstrated that FGL
attenuated the age-related decrease in insulin like growth factor-1 (IGF-1) at an mRNA and
protein level. Consistent with this, exposure to FGL amplified IGF-1 expression in primary
neuronal cultures. 