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II Abstract

The endogenous anti-inflammatory and neurotrophic effects of noradrenaline are mediated by B,-adrenoceptors
on astrocytes and microglia in the central nervous system (CNS). Notably, clinical studies demonstrate that f3,-
adrenoceptors are absent from astrocytes of patients with Multiple Sclerosis (MS) and loss of glial f,-
adrenoceptors is likely to contribute to the chronic inflammation observed in this disorder. Additionally it has
been suggested that a loss of central noradrenergic tone may contribute to the development of Alzheimer’s
disease by facilitating the chronic neuroinflammation and amyloid-p deposition which is characteristic of this
disease. The biological basis for the loss of B,-adrenoceptors in MS is not known, therefore the possibility that
exposure to an inflammatory stimulus could down-regulate glial B,-adrenoceptor expression and responsiveness
was examined here. The results demonstrate that in vitro exposure of primary mixed glial cultures to LPS+IFN-y
down-regulates P,-adrenoceptor mRNA and cell surface expression (~50%) and reduces the accumulation of
intracellular cAMP in response to the B,-adrenoceptor agonist salbutamol, an effect found to be specific to B,-
adrenoceptor and not due to an effect on intracellular signaling events. Significantly, pre-treatment with the
glucocorticoid dexamethasone prevented the suppression of ,-adrenoceptor expression induced by LPS+IFN-y
and interestingly, dexamethasone also increased B,-adrenoceptor expression in its own right in the absence of
inflammation, an effect which may contribute to its therapeutic efficacy in MS. In contrast, in vivo a systemic
LPS challenge did not impact on the mRNA expression or function of central B,-adrenoceptors, and it is
suggested that the glucocorticoid surge that occurs in response to systemic treatment with LPS could prevent f3,-
adrenoceptor downregulation in vivo. Clenbuterol was shown to induce a dose-dependent activation of the IL-1
and IL-10 cytokine systems and it was shown that these effects are mediated by actions at central f3,-
adrenoceptors, since they could be blocked by treatment with the selective B,-adrenoceptor antagonist ICI
118,551. Notably, the clenbuterol-induced increase in IL-1 expression was found to occur in the absence of a
classical immune response since clenbuterol did not impact on TNF-a, IL-6, iNOS, COX-II or IkBa expression.
In addition, it was shown that the LPS-induced production of inflammatory mediators could be reduced by
concurrent clenbuterol administration. Interestingly, chronic treatment with clenbuterol resulted in astrocytic
activation and significantly reduced amyloid-p concentrations, an effect suggested to occur due to increased
degradation of amyloid-p as opposed to inhibition of synthesis. In this regard, clenbuterol induced expression of
MMP-2; an enzyme that is known to degrade amyloid-f. In contrast, clenbuterol did not influence expression of
enzymes involved in amyloid-f synthesis. Clenbuterol also significantly reduced expression of RAGE; a receptor
implicated in mediating amyloid-B-induced neurotoxicity. However, in spite of its beneficial central effects,
clenbuterol was also found to induce negative peripheral effects such as a reduction in food and water intake,
body-weight and locomotor activity of rats, effects which most likely occur due to its profound impact on heart
rate. While it still remains to be determined if the peripheral effects of clenbuterol can be dissociated from its
central effects, overall the data presented here indicate that activation of central 3,-adrenoceptors may represent a

new target for pharmacological intervention in the treatment of neuroinflammatory diseases.
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1.1 Introduction

Neuroinflammation is known to play a significant role in the pathogenesis of many
neurological diseases such as stroke, Multiple Sclerosis (MS), Alzheimer’s disease (AD) and
Parkinson’s disease (PD) (Aloisi et al., 2000; Liu & Hong, 2003; Chavarria & Alcocer-Varela,
2004). Whilst it was once thought that the brain was incapable of mounting an immune
response it is now accepted that the blood brain barrier (BBB) provides the brain with
“relative” rather than “absolute” protection from invading pathogens (Carson et al., 2006;
Galea et al., 2007). Hence, it is now recognised that the brain has its own intrinsic protective
mechanisms which act to dampen the inflammatory response. Much research has focused on
the role of neurotransmitters in the regulation of neuroinflammation, one such
neurotransmitter being noradrenaline (Galea et al., 2003). Consequently, it has been found that
within the central nervous system (CNS) noradrenaline exerts its anti-inflammatory and
neurotrophic effects primarily through actions at f,-adrenoceptors expressed on glial cells, the
resident immune cells of the brain (Mori et al., 2002). However, the noradrenergic system has
been shown to be defective in many neurological diseases. For instance, in MS it has been
found that f,-adrenoceptors are absent from astrocytes in the white matter of patients suffering
from the disease (De Keyser et al,, 1999; Zeinstra et al., 2000). In addition, defects in the
noradrenergic system have been shown to play a substantial role in the pathogenesis of other
neurodegenerative disorders including Alzheimer’s disease and Parkinson’s disease (Marien et
al., 2004). Such defects in noradrenergic signalling pathways may inhibit the beneficial effects
of endogenous noradrenaline in combating neuroinflammation. Thus, in the first instance,
since P,-adrenoceptors are absent on astrocytes in the MS brain, a neuroinflammatory
disorder, the initial studies presented here examine the possible link between an inflammation
and altered expression and responsiveness of glial B,-adrenoceptors both in vitro (Chapter 3)
and in vivo (Chapter 4). In addition, the work presented in this thesis also examines the
potential of using pharmacological compounds to stimulate central glial ,-adrenoceptors as a
strategy for regulating the innate immune response of the brain. Since previous studies from
this laboratory have shown that acute treatment with clenbuterol, a long-acting selective [3,-
adrenoceptor agonist, can activate astrocytes and induce the expression of anti-inflammatory
cytokines in the brain under basal conditions (McNamee, 2008) the work presented here

further examines the ability of clenbuterol to regulate the immune response
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within the CNS following both acute (Chapter 5) and chronic treatment (Chapter 7).
Furthermore the ability of acute treatment with clenbuterol to impact on LPS-induced
inflammation (Chapter 5) and the peripheral effects of clenbuterol (Chapter 6) were
investigated in a bid to further examine its potential as a suitable therapeutic intervention for
the treatment of neuroinflammation. Thus, the work presented here provides significant insight
into the potential of regulating neuroinflammation by selectively targeting central f3,-

adrenoceptors.

1.2 The innate immune response

The immune response plays a critical role in protecting the body from injury and invading
pathogens and is often referred to as the body’s “sixth sense”. This response can be divided
into two primary components: 1) an immediate innate immune response and 2) a slower
adaptive immune response involving the activation of B- and T-cells resulting in
immunological memory. The innate immune response is the body’s first line of defence and
plays a crucial role in the early recognition of invading pathogens. It is a non-specific response
which triggers an inflammatory reaction owing to recognition of the highly evolutionarily
conserved structures on pathogens termed pathogen-associated molecular patterns (PAMPs)
by pathogen recognition receptors (PRRs) on cells of the immune system. Upon PAMP
recognition, the PRRs trigger a number of intracellular signalling cascades to evoke an
inflammatory response, the cardinal signs of which are heat, pain, swelling, redness and loss
of function. Inflammation is known to involve the release of pro-inflammatory mediators such
as cytokines, chemokines and cell adhesion molecules (CAMs), amongst others (Tracey,
2002; Andersson, 2005; Mogensen, 2009). However, while inflammation acts to protect the
host against infection or injury it can have a dichotomous effect. In this regard, while
inflammation plays an important repairing role the magnitude of this response is crucial since
an insufficient response can result in immunodeficiency while an exaggerated response can

lead to morbidity and mortality (Chavarria & Alcocer-Varela, 2004; Tracey, 2002).

1.2.1 Inflammation and the brain
It is a well known fact that the brain is less susceptible to inflammation than any other organ

and as such has long been regarded as an immune privileged site owing to the presence of the
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BBB. The BBB acts to prevent the access of foreign matter into the brain and is comprised of
a complex network of pericytes, astrocytes and specialized cerebrovascular endothelial cells
which are held together by complex tight occluding junctions (Carson et al., 2006). However,
as already mentioned, opinions regarding the immune privilege of the brain are beginning to
change and it is now clear that this “privilege” is more “relative” than “absolute” and cannot
be wholly explained by the presence of the BBB (Carson ef al., 2006; Galea et al., 2007).
Accordingly, it is now acknowledged that there are structures in the CNS that are devoid of
BBB which provide entry routes for foreign particles. Collectively these are known as
circumventricular organs (CVOs) of which seven have been described, namely these are the
subfornical organ, the organum vasculosum of lamina terminalis (OVLT), median eminence,
posterior pituitary, subcommissural organ, the pineal gland and the area postrema.
Furthermore, it is now recognized that T-cells can enter the CNS from the periphery and while
naive T-cells cannot be activated within the CNS, T-cells which have been primed in the
periphery can cross the BBB and become re-stimulated upon antigen presentation within the
CNS (Carson, 2002). As such it has been demonstrated that CD4" T-cells specific for myelin
antigens form part of the normal T-cell repertoire and are found in the CNS of both MS
patients and healthy individuals, with the incidence or function of these cells being no
different between such individuals (De Keyser er al., 2004b). Incidentally, the brain is also
found to contain its own resident immune cells, the so called glial cells, which are said to play
an important role in the inflammatory response of the CNS owing to their ability to release
cytokines and act as antigen presenting cells (APCs). Thus, it is now widely accepted that the
CNS can mount a well-organized response to infection or injury and that, rather than the
absence of an immune response within the CNS, this process is under strict regulation (Galea
et al., 2003; Rivest, 2003). The activation of regulatory neuronal pathways, such as that of the
cholinergic and noradrenergic pathways, is suggested to be one such mechanism and it has
been suggested that activation of such pathways imparts protection to the vulnerable CNS
under neuroinflammatory conditions (Aloisi et al., 2000, Galea et al., 2003, Tracey, 2002). In
spite of this, the prevailing theory on many of the major neurodegenerative diseases, including
MS, Alzheimer’s disease and Parkinson’s disease, suggests that an inappropriate inflammatory
response contributes to their pathology leading to widespread neuronal death and impaired

CNS function (Aloisi et al., 2000; Liu & Hong 2003, Chavarria & Alcocer-Varela 2004).
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However, it is now also recognized that inflammation can be both neurotoxic and

neuroprotective (Carson et al., 2006).

1.2.2 Physiological neuroinflammation

As previously mentioned, inflammation forms part of the innate immune response and is a
method by which the body protects itself from invading pathogens. Likewise in the brain,
inflammation acts to protect the vulnerable CNS from infiltrating toxins and pathogens by
activating the resident immune cells of the CNS, the glia, and by inducing the release of
various inflammatory mediators including cytokines, chemokines, nitric oxide (NO) and
prostaglandins. Thus, while the BBB acts to prevent foreign matter from entering the CNS, it
is now accepted that the CNS is itself capable of mounting an immune response in the absence
of a breach of the BBB (Becher et al., 2000; Carson et al., 2006). Thus, under physiological
conditions there are a number of mechanisms by which the CNS can induce an innate immune
response, namely 1) by regulating the presentation of antigen to T-cells, 2) by influencing the
polarization of T-cell cytokine responses and 3) through the activation of its own endogenous
immune cells, the glia (Becher er al,, 2000). This acute physiological response and the
inflammatory molecules it produces are suggested to play a significant role in the repair and
recovery from injury and disease (Becher ez al., 2000; Piehl & Lidman, 2001). Thus, it has
been found that microglia can initiate an immune response towards dying or damaged cells. In
this regard, microglia have been shown to respond to the flipping of phosphatidylserine from
the inner cell membrane to the outer cell membrane, an event which occurs during apoptosis

(Becher et al., 2000).

Activation of microglia induces the expression of pro-inflammatory cytokines and chemokines
during the initial stages of the immune response allowing for permeabilization of the BBB and
recruitment of peripheral immune cells into the CNS. As such, the expression of pro-
inflammatory cytokines contributes further to the inflammatory response since these play a
role in the activation and polarization of T-cells (Becher ez al., 2000; Lucin & Wyss-Coray,
2009). Astrocytes also play a role in the immune response of the CNS. Thus, upon insult to the
CNS astrocytes are generally found to migrate towards the site of injury and form a glial scar
which acts to insulate the damaged area. As such the activation of astrocytes appears to restrict

inflammatory processes within the CNS since these cells play a role in the induction of T-cell
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apoptosis (Piehl & Lidman, 2001). Neurons are also found to play a role in the immune
response of the CNS and have been found to express major histocompatability complex
(MHC) class I and to produce cytokines such as interferon-gamma (IFN-y). In addition, they
have also been shown to induce apoptosis of T-cells (Piehl & Lidman, 2001). While the
inflammatory response is generally rapidly resolved, how a given insult is interpreted within
the CNS can mean the difference between a beneficial or detrimental outcome. Thus,
dysregulation of the inflammatory response can have detrimental consequences for the CNS if

the response is either too passive or too aggressive as discussed below.

1.2.3 Pathophysiological neuroinflammation: inflammation in the aged brain

Inflammation is found to play a significant role within the aged brain. Thus it is known that in
the aged brain there is a shift in the homeostatic balance and as such an imbalance exists
between pro- and anti-inflammatory states. Essentially this shift results in a marked increase in
steady-state levels of pro-inflammatory cytokines and a decrease in steady-state levels of anti-
inflammatory cytokines. In this regard several pro-inflammatory cytokines, such as
interleukin-6 (IL-6) have been shown to be increased during the normal aging process with a
concomitant decrease being seen in anti-inflammatory cytokines such as interleukin-10 (IL-
10) (Sparkman & Johnson, 2008). This imbalance in cytokine expression may predispose the
CNS to the increased susceptibility to inflammation and neuronal damage commonly seen in
aging. Furthermore, the aged brain has been shown to have an increased number of activated
and primed microglia compared to that seen in the young brain (Sparkman & Johnson, 2008).
In addition, it has been found that upon secondary stimulation these primed microglia can
release excessive levels of pro-inflammatory cytokines leading to a greater severity of illness
(Dilger & Johnson, 2008). It has been suggested that the increased expression of IFN-y
observed in the aged brain may be responsible for microglial priming observed in this state
(Dilger & Johnson, 2008). Furthermore, it has been found that there is an increased expression
of MHC class Il molecules, complement receptors, toll-like receptor (TLR)-2, TLR-4 and
CD14 molecules in the aged brain (Dilger & Johnson, 2008). Thus, it appears that the aged
brain may be sensitised to produce an exaggerated immune response following infection or
exposure to a stressor (Sparkman & Johnson, 2008). This sensitised state has also been found
to result in impaired cognitive function following an inflammatory stimulus. Moreover, aged

animals show a prolonged sickness behavioural response following an inflammatory challenge
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in comparison to younger animals (Huang et al., 2008). Thus, while the behavioural response
to sickness is normally adaptive and reversible, the overproduction of pro-inflammatory
cytokines in the aged brain may lead to pathological disease states and a maladaptive
behavioural response (Dilger & Johnson, 2008). However, an alternative notion regarding the
role of microglia in aging also exists. As such it has been proposed that microglia become
dysfunctional and enter a senescent state in the aged brain, thus secreting diminished levels of
neurotrophins and down-regulating their phagocytic function. This coupled with the increased
expression of inflammatory mediators has been suggested to lead neuronal loss and the
inefficient clearance of toxic proteins seen in neurodegenerative disease (Lucin & Wyss-

Coray, 2009).

1.2.4 Pathological neuroinflammation: inflammation in neurodegenerative disease states

While the inflammatory response of the CNS is generally acute in nature and acts primarily to
protect this delicate system, if unresolved the inflammatory response can turn from friend to
foe. As such, chronic activation of the immune response of the CNS can lead to pathological
neurodegenerative states such as that seen in MS and Alzheimer’s disease (Becher et al.,
2000). However, whether neuroinflammation contributes directly to neurodegeneration or is a

secondary response to neurodegenerative processes remains a matter for debate.

In contrast to the physiological immune response the response seen in neurodegeneration is
chronic and low-grade. Furthermore, it appears that inflammation in neurodegenerative
disease states occurs in the absence of significant compromise of the BBB or infiltration of
peripheral immune cells (Carson et al., 2006; Wyss-Coray & Mucke, 2002; Lucin & Wyss-
Coray, 2009). As such it has been suggested that the chronic activation of glia and the
concomitant production of inflammatory molecules witnessed in neurodegenerative states may
represent a response to distress signals from dying neurons which survive for prolonged
periods prior to their clearance by phagocytosis (Wyss-Coray & Mucke, 2002). This response
to neurodegeneration may then trigger deleterious events such as oxidative stress and
cytokine-receptor-mediated apoptosis (Hirsch & Hunot, 2009) Furthermore, it has also been
proposed that microglial activation in neurodegeneration occurs due to the release of
adenosine triphosphate (ATP), neurotransmitters, blood-clotting factors and changes in ion

concentrations. In addition, the loss of inhibitory molecules on neurons that act to keep glia in
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a quiescent state, such as CD200 & fractalkine, has been observed in many neurodegenerative
diseases (Lucin & Wyss-Coray, 2009). Thus it seems likely that dysfunctional neurons or glia
may induce neurodegenerative processes. Notably, a similar state of microglial priming to that
witnessed in the aged brain has also been reported in several neurodegenerative disease states
including Alzheimer’s Disease, MS and an ME7 model of prion disease. The proposed
mechanism for microglial priming in these conditions suggests that the expression of
abnormal proteins, specific to each disease, acts as a priming factor for the microglia. For
example, PRRs have been shown to play a role in initiating an immune response towards
disease-associated molecules such as that of amyloid-p in Alzheimer’s disease. Thus, while
amyloid-B is endogenously expressed at physiological concentrations, changes in its
abundance or location may result in glial activation, in particular microglial activation (Becher
et al., 2000). Furthermore, the presence of amyloid-f is found to induce microglial
phagocytosis in a dose and time-dependent manner which is suggested to be an attempt to
remove amyloid-p plaques (Tuppo & Arias, 2005), however, disease progression and the
ongoing accumulation of amyloid plaques observed in Alzheimer’s disease may occur owing

to a dysfunction in this clearance system.

While a disruption in the BBB is one of the earliest signs in MS, leaky regions in the BBB are
not always found to be associated with autoimmunity (Carson et al., 2006). Thus in the animal
model of MS, experimental allergic encephalomyelitis (EAE), it has been demonstrated that
brain endothelial cells express MHC class I molecules prior to the infiltration of peripheral
immune cells into the CNS. As such it appears that events within the CNS itself also play a
significant role in the development of this neurodegenerative disease (Becher et al., 2000).
Furthermore, it has been found that endothelial cells in vitro, in the presence of IFN-y, express
B7 molecules suggesting that in the presence of an inflammatory stimulus endothelial cells
may have the capacity to present antigen to T-cells and thus induce their activation. However,
studies conducted to date have failed to provide conclusive evidence for this (Becher et al.,
2000). Perivascular macrophages are also found to express high levels of MHC class Il
constitutively and have been shown to influence the rate of proliferation of CD4" T-cells
reactive to MBP. In this regard, it appears that perivascular macrophages may be required for
the “homing” of T-cells to the CNS (Becher ef al., 2000). Notably, depletion of perivascular

macrophages was shown to inhibit the onset of EAE since T-cells were found to accumulate in
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the perivascular area but were incapable of infiltrating the parenchyma. In addition, in the
Theiler’s murine encephalitis virus (TMEV) model of MS, the CNS mounts a response against
the virus which is thought to induce destruction of tissue thus releasing antigens that can be
recognized by auto-reactive T-cells within the CNS or in lymph nodes. In turn these T-cells
may be recruited to the target tissue and drive the inflammatory process further, a
phenomenon termed epitope spreading. A second mechanism by which the CNS may mount
an immune response to virus is by a process termed molecular mimicry. The suggested
mechanism in this case involves the expression of antigens by invading viruses that mimic
host proteins and this in turn may activate an immune response against neuroantigens which

have homology with the viral protein (Becher et al., 2000).

1.3 Glia: more than just ‘glue’ for the brain

The nervous system comprises two major cell types, namely neurons and the lesser known
neuroglial cells. Neuroglia or more simply “glia” are the most numerous cells in the brain and
constitute approximately 90% of the cells of the CNS (He & Sun 2007). The name glia
originates from the Greek for ‘glue’ and although once thought to function simply in holding
the nervous system together the notion is now coming to the fore that glia play a much more
prominent role in the brain. There are three major types of glial cells found in the CNS,
namely oligodendrocytes, microglia and astrocytes. While oligodendrocytes serve to
myelinate neurons and provide the insulation necessary for neuronal impulse conduction,
microglia and astrocytes are the cells primarily implicated in the immune response of the

CNS.

1.3.1 Microglia

Microglia are the smallest of the glial cells and constitute approximately 20% of the glial
population found within the CNS (Gehrmann ez al., 1995). They are derived from mesodermal
haemopoietic precursor cells which infiltrate into the CNS early in development, hence
microglia are physiologically and embryologically unrelated to any other cells within the
CNS. Instead, microglia have much in common with the macrophages of the peripheral
immune system since they are part of the mononuclear phagocyte lineage and primarily

function as scavenger cells (He & Sun 2007). In support of this, all antibodies developed so
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far against microglia are found to cross-react with macrophages (Gehrmann er al, 1995,
Vilhardt, 2005). The microglial population of the CNS consists of two major pools namely the
parenchymal microglia which show slow turnover and the perivacular macrophages which are
located within the BBB and show rapid turnover from a pool of bone marrow derived cells
(Becher et al., 2000; Piehl & Lidman, 2001). Perivascular microglia/macrophages are found
located between the endothelium and brain parenchyma, a space which is known as the

Virchow-Robin space in humans (Carson et al., 2006).

In the normal CNS microglia are maintained in a quiescent state by a number of mechanisms.
One such mechanism is the receptor-ligand interactions between neurons and microglia, for
example the interaction of neuronal CD200 receptor with the microglial CD200 ligand,
neuronal fractalkine with microglial CXCR1, neuronal CD22 with microglial CD45, to name
but a few. Furthermore, microglia are also shown to be maintained in a quiescent state by
soluble factors released from astrocytes and neurons, for example prostaglandins and the
cytokine transforming growth factor 1 (TGFp,). Additionally neuropeptides, such as
vasoactive intestinal peptide (VIP) and a-melanocyte-stimulating hormone (a-MSH), and
neurotransmitters, such as noradrenaline, are also found to influence the phenotype and
function of microglia (Galea et al., 2007; Gonzalez-Rey ef al., 2007). Under resting conditions
microglia display a dendritic morphology with highly ramified processes and are shown to
express low levels of the co-stimulatory molecules CD14, CD45 and MHC class Il in the
absence of CNS pathology (Vilhardt, 2005; Jack et al., 2005a). However, it is known that
microglia are the first cells in the CNS to respond to injury or infection and when exposed to
insult they undergo a rapid change in morphology. As such, activation results in the
transformation of microglia first from a ramified morphology to a rod-like shape and finally to
an amoeboid macrophage-like shape. In addition to changes in morphology of the cells,
activation also provokes changes in their gene expression profile (Vilhardt 2005). Two types
of activated microglia have been identified: 1) the hypertrophic microglia, which express
increased levels of marker molecules such as MHC antigens but which are not phagocytic, and
2) the fully phagocytic microglia (Gehrmann ef al., 1995). A rapid upregulation of MHC class
Il expression is observed following microglial activation in addition to increased expression of
CAMs, such as intracellular adhesion molecule (ICAM)-1 and leukocyte function-associated

molecule 1 (LFA-1). Appearance of such molecules is the earliest sign of microglial activation
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(Aloisi et al., 2000). CD11b can also be used as a marker of microglial activation since its
expression is found to be increased by serum constituents following disruption of the BBB
(Ransohoff & Perry, 2009). Activated microglia are also shown to express the co-stimulatory
molecules CD-40, CD-80 (B7-1) and CD-86 (B7-2), all of which are necessary for T-cell
activation. As a result microglia are said to act as APCs and to promote activation of T-cells

within the CNS (Aloisi et al., 2000).

In the developing brain activated microglia play an important role in the phagocytosis of
surplus cells undergoing apoptosis. In addition, they are found to play a role in determining
neuronal fate, promoting neuronal migration and inducing axonal growth (Vilhardt, 2005).
However, activated microglia are also responsible for the secretion of pro-inflammatory
cytokines such as tumour necrosis factor-alpha (TNF-a) and interleukin-1beta (IL-1pB),
chemokines, prostaglandins and they are also implicated in the generation of reactive oxygen
species (ROS) and nitrogen intermediates (Vilhardt, 2005). Notably, when microglia
phagocytose cells which have been programmed to die their APC capacity becomes down-
regulated, a mechanism which is suggested to be an attempt to limit the inflammatory
response (Jack et al., 2005a). Nevertheless, the chronic activation of these cells, such as that
proposed to occur in many neuroinflammatory disorders, can have detrimental consequences

for the CNS.

1.3.2 Astrocytes

Astrocytes are the most abundant of the glial cells and their development within the CNS
stems from neuroectodermal cells. Astrocytes have an irregular “star-shaped” cell body and
broad end-feet with which they can interact with neurons and help to form the BBB. In
addition, astrocytes also play an important role in maintaining homeostasis within the CNS. In
this regard, they function in maintaining ionic homeostasis, buffering excess neurotransmitters
and secreting neurotrophic factors (Block & Hong 2005). Furthermore, astrocytes play an
important role in synaptogenesis. In this respect, neuronal synapses are found to develop at the
same time that astrocytes appear in the developing brain. In addition, astrocytes are also found
to possess receptors for many neurotransmitters including those for glutamate, gamma amino-
butyric acid (GABA), noradrenaline and acetylcholine (Tritsch & Bergles 2007). Incidentally,

it has been found that can prevent glutamate-induced neurotoxicity by the removal of excess
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synaptic glutamate following its release from the pre-synaptic terminal. Moreover, astrocytes
are also believed to control levels of potassium in the extracellular space, which if left to
accumulate would have disastrous consequences due to its role in neuronal excitability (Jessen

2004).

However, in spite of the beneficial effects of astrocytes these cells are also known to play a
role in the immune response of the CNS, although they have a much slower reaction to insult
than microglia. Upon activation astrocytes undergo hypertrophy which is characterized by a
rapid increase in the expression of glial fibrillary acidic protein (GFAP), an intermediate
filament found in mature astrocytes thought to be important for maintaining structural stability
and modulating motility (Eng ef al., 2000). As such activated astrocytes act to encase areas of
damage and can potentially mediate T-cell apoptosis due to the release of the anti-
inflammatory cytokine TGFp,;, thus downregulating T-cell mediated injury within the CNS
(Gehrmann ef al., 1995). In EAE, an animal model of MS, astrocytes are shown to respond at
the late recovery stage and act to encase the inflammatory lesion preventing access of
microglia thus potentially inducing downregulation of microglial activity. However,
hypertrophy of astrocytes also results in the formation of glial scars and since astrocytes have
been also been shown to express factors such as Nogo-A and myelin associated glycoprotein
(MAG), which block axonal re-growth, this hypertrophy may contribute to CNS damage.
Furthermore, it has also been observed that astrocytes are capable of acting as APCs
(Nikcevich et al., 1997; Soos et al., 1998) and thus may contribute to CNS damage through
the activation of T-cells, however, the extent to which astrocytes function as APCs remains a
matter for debate. In this regard, astrocytes kept in IFN-y deprived conditions in vitro show
poor APC capacity, possibly due to a lack of co-stimulatory signals from other cells (Gehrman
et al., 1995), yet in MS lesions astrocytes have been found to express CD1 molecules which

aid in the presentation of lipid antigens to specific clusters of T-cells (Aloisi ef al., 2000).

The activation of glial cells is an important host defence mechanism that occurs in a bid to
protect the CNS during infection or environmental stress. While microglia have been shown to
produce the chemokine macrophage inflammatory protein la (MIP-1a), attracting T-helper
(Th)-1 cells to the CNS which are generally regarded as pro-inflammatory in nature,

astrocytes produce the monocyte chemotactic protein-1 (MCP-1) which attracts both Th; and

i &



Chapter 1: Introduction

Th;, cells but primarily exerts a Th, anti-inflammatory response (Aloisi ef al., 2000). Along
with cytokine and chemokine production activated glia can also produce the CAMs, VCAM-1
and intracellular adhesion molecule (ICAM)-1 which allow activated lymphocytes to
diapedese across the BBB from the periphery (Steinman 1996, Chavarria & Alcocer-Varela
2003). The crucial role that glia play in the inflammatory response of the CNS is revealed by
the finding that the infiltration of lymphocytes is not always necessary for neurotoxicity
(Block & Hong, 2005). Bearing all of this in mind, chronic glial activation may have
detrimental consequences for the CNS due to overproduction or sustained production of
potentially neurotoxic molecules such as NO, ROS and the pro-inflammatory cytokines TNF-

a and IL-1pB (Xie et al., 2004).

1.4 Mediators of CNS inflammation

1.4.1 Pro-inflammatory Cytokines

1.4.1.1 Tumour Necrosis Factor-o. (INF-a)

TNF-a has a molecular weight of 17 kilodalton (kDa) and is regarded as a trimeric protein
which is pro-inflammatory in nature (Aschner, 1998; Tizard, 2008). /n situ TNF-a forms part
of the primary inflammatory response and is produced by activated macrophages, mast cells,
T-cells, endothelial cells, B-cells, fibroblasts and glia in response to injury or invading
pathogens (Chung & Benveniste, 1990; Tracey, 2002; Tizard, 2008). TNF-a transduces its
signal through two distinct receptors (see Fig. 1.1), tumour necrosis factor receptor (TNFR) 1
which is expressed on virtually all cell types and TNFR2 which is expressed on immune and
endothelial cells. Binding of TNF-a to its receptors can activate mitogen-activated protein
kinase (MAPK) or nuclear factor kappa B (NFkB) signalling pathways (Bertazza & Mocellin
2008). While TNF-a is generally present as a secreted protein, a membrane-anchored form has
also been identified and has been shown to play a role in intercellular signalling (Benveniste et
al., 1995). In the CNS it is reported that microglia express TNFR1 and TNFR2 while
astrocytes predominantly express TNFR1 (Patrizio, 2004).
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Figure 1.1: TNF-a Signalling

(From: www.ncbi.nlm.nih.gov/bookshelf/picrender.fcgi)

TNF-a is one of the primary mediators of the host response to invading gram-negative bacteria
and is regarded as the master pro-inflammatory cytokine since it is generally the first cytokine
to appear following injury. In line with this, TNF-a is essential for a complete inflammatory
response since it stimulates the production of IL-1, NO via iNOS, prostaglandins via
cyclooxygenase (COX)-II and ROS from other cells. In addition TNF-a induces the release of
chemokines and CAMs to promote the attraction and activation of leukocytes. All of these
effects lead to an amplified and prolonged inflammatory response. Furthermore, TNF-a
appears to facilitate the switch from an innate to an adaptive immune response (see Tracey,
2002; Tizard, 2008). Within the CNS TNF-a is said to increase the permeability of endothelial
cells in the BBB and to enhance the expression of CAMs thereby facilitating the recruitment
of neutrophils, monocytes and lymphocytes to the CNS (Benveniste ef al., 1995).
Furthermore, the presence of TNF-a has also been shown to induce the expression of other
pro-inflammatory cytokines such as IL-1p and IL-6 and it has also been shown to induce its

own expression. In addition, TNF-a has been found to induce the expression of ICAM-1 and
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MHC class Il in astrocytes, thereby promoting their ability to function as APCs. Notably,
TNF-a alone does not increase the expression of MHC class Il on astrocytes, rather it
enhances that induced by IFN-y or viruses (Benveniste et al., 1995; Aschner, 1998). Increased
TNF-a expression in the CNS has been observed following traumatic injury, ischemia and in
AD, PD and MS. (Hofman et al., 1989; Patrizio, 2004). Notably, TNF-a has been shown in
vitro to induce damage to myelin and oligodendrocytes and thus may contribute to the myelin

damage observed in MS (Benveniste et al., 1995).

1.4.1.2 Interleukin-1 (IL-1)

The IL-1 superfamily is a pleiotropic cytokine family which can exert many different
functions in the immune system. However, in general the term IL-1 refers to a 17kDa
polypeptide of which there are two isoforms, namely interleukin-lalpha (IL-1a) and IL-1.
While IL-1a and IL-1p are encoded by separate genes they share sequence homology and are
found to elicit similar biological actions. Both IL-1a and IL-1p are formed as precursors with
a molecular weight of approximately 31kDa. Pro-IL-la is synthesized in association with
microtubules and can be cleaved by calpains which are calcium-dependent membrane
associated cysteine proteases or other extracellular proteases to form mature IL-la. In the
main the expression of IL-la remains intracellular, however, a small portion (~5%) is also
found expressed on the surface of a number of cells. Both pro-IL-1a and mature IL-1a are
biologically active and their actions are found to be primarily due to the regulation of
intracellular events. In contrast, pro-IL-1p has no biological activity and requires cleavage by
the protease caspase-1/IL-1B converting enzyme (ICE) in order to become active. ICE is
initially synthesized as a 45kDa precursor protein which is cleaved to form an enzymatically
active heterodimer consisting of 10 and 20 kDa chains. Two molecules of this ICE
heterodimer can form a tetramer with two molecules of pro-IL-1p to initiate cleavage of pro-
IL-1P and release mature IL-1f3. While ICE is found to be constitutively expressed in most cell
types, not all cells have the capacity to process pro-IL-1B. Activation of ICE occurs in
response to activation of purinergic P2X; receptors by extracellular ATP (Rothwell, 2003;
Mingam et al, 2008). Following synthesis pro-IL-1B is found primarily in the cytosol,
however, upon cleavage IL-1p is transported out of the cell. In general IL-1f is found to be
constitutively expressed at low levels, however its expression becomes rapidly upregulated in

response to injury. In the normal CNS microglia are the only cells shown to constitutively
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express ICE, however, its expression in astrocytes, oligodendrocytes and neurons has been

observed following experimental damage (Dinarello, 1996; Rothwell & Luheshi, 2000).

There are two receptors for IL-1, an 80kDa type I receptor and a 68kDa type Il receptor. The
type I receptor (IL-1RI), with a molecular weight of 80kDa, is a member of the IL-1
receptor/Toll-like receptor superfamily and is the major receptor responsible for IL-1p-
mediated responses (Dinarello, 1996; Bowie & O'Neill, 2000). Its expression has been
demonstrated on glial cells, endothelial cells, smooth muscle cells, epithelial cells,
hepatocytes, fibroblasts and T-cells, amongst others (Dinarello, 1996; Lee et al., 2002). IL-
IRI is comprised of a single transmembrane domain and a cytoplasmic domain. Signalling
through IL-1RI by its ligands requires the additional binding of the IL-1 receptor accessory
protein (IL-1Acp). IL-1 binds to IL-1RI with a low affinity and this is suggested to cause a
conformational change in the receptor enabling IL-1Acp to dock to the complex the
consequence of which is higher affinity binding of IL-1. Signalling through IL-1RI primarily
induces activation of the NFkB signalling pathway and extracellular signal-related kinase
(ERK), p38 and c-Jun N-terminal kinase (JNK) MAPK pathways (see Fig. 1.2). In contrast,
the IL-1 type II receptor (IL-1RII) lacks an intracellular domain and appears to act as a decoy
receptor that competes for the binding of IL-1, thus inhibiting IL-1-mediated responses. Its
expression is found throughout the brain, mainly localized to neuronal soma. In addition, IL-1
signalling can also be inhibited by the highly selective endogenous antagonist IL-1 receptor
antagonist (IL-1ra) of which there are three known isoforms, a 17kDa secreted form and two
intracellular forms. Like IL-1a and IL-1pB, IL-1ra is also initially synthesized as a precursor
protein. IL-1ra is structurally homologous to the IL-1 polypeptides and hence is found to bind
the same receptors. However, IL-1ra fails to trigger an interaction between IL-1RI and IL-
l1Acp and thus is biologically inactive. For this reason, IL-lra may be considered an
endogenous negative regulator of IL-1 signalling. However, while IL-1 and IL-1ra bind to IL-
1RI with near equal affinity, a 10-100-fold molar excess of IL-1ra is often required to inhibit
signalling of IL-1 through IL-1RI (Dinarello, 1996; Rothwell & Luheshi, 2000). While it has
been shown that the expression of IL-1ra can be neuroprotective in neuroinflammatory states,
its overexpression has been shown to lead to atrophy of the brain (Loddick et al., 1997; Oprica

et al., 2007).
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Figure 1.2: IL-1 Signalling
(From: Rothwell & Luheshi, 2000)

Another member of the IL-1 family which is found to share sequence homology with IL-1 is
IL-18, formerly known as interferon-y inducing factor (IGIF). Like IL-1, IL-18 is initially
formed as a precursor and requires cleavage by ICE to release mature IL-18 which then binds
to and elicits its effects through the IL-18 receptor. Both IL-18 and its receptor are found to be
constitutively expressed in the CNS and IL-18 is found to be produced by both astrocytes and
microglia (Rothwell & Luheshi, 2000).

IL-33 (IL-1F11) is another member of the IL-1 family which exhibits high expression within
the CNS (Hudson ef al., 2008). Peripherally IL-33 exerts its effects on mast cells and Th2
polarized CD4+ T-cells inducing the expression of the type Il cytokines IL-6 and IL-13 in a
MyD88/NFkB-dependent manner. Within the CNS IL-33 is primarily localized within
astrocytic nuclei and is found to be a potent inducer of type Il innate immunity as it has been
found to induce the expression of type Il cytokines such as IL-4, IL-5 and IL-13. In
association with IL-1RAcp, IL-33 signals through the ST2L receptor whose expression has
been found predominantly on Th; cells (Bowie & O’Neill, 2000; Hudson et al., 2008). Within

the nucleus 1L-33 is found bound to chromatin and so it has been shown to induce
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transcriptional repressor activity and it has also been suggested that it acts additionally as a

transcription factor (Luheshi et al., 2009).

Through sequencing of the human genome a number of other novel members of the IL-1
superfamily have been identified to share sequence homology with IL-la, IL-1B or IL-1ra.
These new ligands include IL-1F5, IL-1F6, IL-1F7, IL-1F8, IL-1F9 and IL-F10 (see Table
1.1). With the exception of IL-1F7 which appears to signal through the IL-18R, these ligands
signal primarily through the IL-1 receptor related protein 2 (IL-1RRP2) and activate
downstream signalling pathways such as that of NFkB and the MAPKSs. Sequencing also
revealed the identity of three orphan receptors, namely IL-1-receptor accessory-protein-like 1
(IL-1RAPL1), single immunoglobulin IL-1-receptor-related molecule (SIGIRR) and three-
immunoglobulin-domain-containing IL-1-receptor-related molecule (TIGIRR) (see Allan et

al., 2005). While some of these new members of the IL-1 family are found to be expressed

within the CNS their exact physiological role remains a matter for current research.

Family Member | Alternative Receptor Signalling Pathways | Classification
Name
IL-1a/IL-1F1 - IL-1RI + IL-1Acp NFxB, MAPK Pro-inflammatory
IL-IRII | No signal cytokine
IL-1B/IL-1F2 - IL-1RI + IL-1Acp NFkB, MAPK Pro-inflammatory
IL-1RII No signal cytokine
IL-1ra/IL-1F3 E IL-1RI No signal Antagonist of IL-1
IL-1RII No signal signalling
IL-18/IL-1F4 IL-1y/IGIF IL-18R + IL-18Acp | NFxB, MAPK Pro-inflammatory
cytokine
IL-1F5 IL-18/ IL-1HY/IL- | IL-1RRP2 + IL- NFxB, MAPK Anti-inflammatory
1H3/IL-1RP3/IL- 1Acp cytokine
IL1/FIL-16
IL-1F6 IL-1¢ IL-1RRP2 + IL- NFxB, MAPK
1Acp
IL-1F7 IL-1&/IL-1H/IL- IL-18R + IL-18Acp | NFkB, MAPK
1H4/IL-1RP1
IL-1F8 IL-1w/IL-1H2 IL-1RRP2 + IL- NFxB, MAPK
1Acp
IL-1F9 IL-1H1/IL-1RP2 IL-1RRP2 + IL- NFxB, MAPK
1Acp
IL-1F10 IL-1HY2/FKSG75 - -
IL-33/IL-1F11 - ST2L + IL-1Acp NFxB Anti-inflammatory
cytokine

Table 1.1: Members of the IL-1 Family: Receptors & Signalling Pathways

(see Allan et al., 2005; Costello et al., 2008; Luheshi et al., 2009)
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IL-1 has is known to have diverse physiological effects. As such it has been implicated in
slow-wave sleep, synaptic plasticity and appetite and is also known to induce fever,
astrogliosis and neovascularisation within the CNS. The involvement of IL-1 in learning and
memory has been found to follow an inverted U-shaped pattern (Goshen et al., 2007). In this
regard, it has been shown that physiological concentrations of IL-1 are necessary for
hippocampal-dependent memory formation, and a slight increase in IL-1 concentrations has
been shown to improve memory consolidation (Goshen et al., 2007). However, any deviation
from the physiological range can result in impairment in memory. In this regard, both
excessive concentrations of IL-1, such as that seen in the aged brain, and the blockade of IL-1
signalling have both been found to impair long-term potentiation (LTP) and memory

consolidation (Murray & Lynch, 1998; Avital et al., 2003; Goshen et al., 2007).

In the normal CNS IL-1 is found to be expressed by neurons, astrocytes and microglia
(Tomozawa et al., 1995; Rothwell & Luheshi, 2000). However, IL-1 can promote the
expression of other pro-inflammatory cytokines such as TNF-a, IL-6 and granulocyte
macrophage colony stimulating factor (GM-CSF). Furthermore, it has been found to induce
the expression of CAMs and has also been implicated in antigen presentation and T-cell
activation. Another potentially devastating role for IL-1f is the production of NO. While NO
production is important for host defence it has also been implicated in neuronal damage in the
context of the CNS (Aschner, 1998). Moreover, IL-1p has been shown to stimulate the
growth, differentiation and maturation of astrocytes in vitro and its injection into the CNS
leads to astrogliosis. Notably, IL-1p is found to be elevated in the cerebrospinal fluid (CSF) of
guineas pigs with EAE and its expression is found to be increased in the brain and CSF of
patients with MS and PD (Chung & Benveniste, 1990, Basu ef al., 2004). Nonetheless, while
the expression of IL-1p can have potentially deleterious consequences, it has also been shown
to promote nerve growth factor (NGF), glial-derived neurotrophic factor (GDNF), brain
derived neurotrophic factor (BDNF) and neurotrophin-3 expression potentially leading to
protection of neurons in early phases of brain injury (Tomozawa et al., 1995; Tanabe ef al.,
2009). Moreover, IL-1 has been found to promote remyelination (Mason et al., 2001) and has
also recently been demonstrated to be involved in the clearance of amyloid-f (Shaftel ef al.,

2007).
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1.4.1.3 Interferon-y (IFN-y)

IFN-y is a 17-kDa polypeptide which is known to have anti-microbial and anti-tumour effects
and is found to be released predominantly from activated T-cells. [FN-y also acts to potentiate
the immune response through the orchestration of leukocyte attraction and the direction,
maturation and differentiation of immune cells such as T and B-cells. In addition, IFN-y can
induce the expression of MHC class I and II. Two types of IFNs are known, namely Type I
and Type II IFNs. IFN-y is currently the only Type II IFN known (Schroder et al., 2004). The
IFN-y receptor consists of two ligand binding interferon-gamma receptor (IFN-GR)-1 chains
and two IFN-GR2 chains. Signal transduction is mediated by means of the signalling
machinery associated with the IFN-GR chains (see Fig. 1.3). Notably, The IFN-GR2 chains
lack intrinsic kinase/phosphatase activity thus their association with signalling machinery is
crucial. The IFNGR1 chains contain Janus tyrosine kinase (Jak)-1 binding motifs and a latent
cytosolic factor signal transducer and activator of signalling (STAT)-1, required for receptor
phosphorylation and signal transduction. IFN-GR2 has a Jak-2 binding motif and is also
known to take part in signal transduction since, upon binding of ligand, Jak-2 undergoes
autophosphorylation and activation. Activated Jak-2 transphosphorylates Jak-1, and Jak-1 in
turn phosphorylates the IFN-GR1 forming two docking sites for the Src Homology (SH)-2
domain of STAT-1. Tyrosine phosphorylation induces the dissociation of a STAT-I
homodimer which then translocates to the nucleus and binds to promoter elements in order to
initiate or suppress gene transcription. Signalling by STAT-1 can induce the expression of
other transcription factors, for example interferon regulatory factor (IRF)-3, which act to
further regulate gene transcription. Dissociation of the STAT-1 homodimer occurs within 1
minute of IFN-y binding and its effects on transcription are found to occur after approximately
15-30 minutes. STAT-1 signalling is shown to cease 1 hour post-treatment, even in the
presence of additional IFN-y. IFN-y signalling can be negatively regulated by the expression
of suppressor of cytokine signalling (SOCS)-1 (Schroder et al., 2004).

Notably, while the brain is normally devoid of IFN-y, when the BBB is breached this cytokine
becomes detectable. However, while IFN-y is primarily produced in the periphery it has been
proposed that astrocytes and microglia in some autoimmune diseases may locally secrete IFN-
v (Aschner 1998). In light of this, IFN-y is the primary pro-inflammatory cytokine found in
MS lesions (Hall ef al., 1997).
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Figure 1.3: IFN-y Signalling
(From: Schroder et al., 2004)

1.4.1.4 Interleukin-6 (IL-6)

IL-6 is a member of the four-helical cytokine family and has a molecular weight of
approximately 20-30kDa (Scheller & Rose-John, 2006; Tizard, 2008). IL-6 is found to be
secreted by fibroblasts, monocytes, endothelial cells, B-cells, T-cells, astrocytes and microglia
(Aschner, 1998) and its production can be stimulated by endotoxin, IL-1 and TNF-a (Tizard,
2008). In addition, it appears that the TNF-a-induced production of IL-6 may act to negatively
regulate TNF-a expression (Aschner, 1998). IL-6 binds to a receptor complex comprised of a
hexamer of two IL-6 receptors (IL-6R) and two molecules of the signal transducing protein
gp130 (see Fig. 1.4) (Scheller & Rose-John, 2006). While expression of the 1L-6 receptor is
found on hepatocytes, leukocytes and microglia its expression is somewhat limited. In
contrast, gp130 is expressed on most cell types and it has been shown that gp130 has the

capacity to bind complexes of 1L-6 and soluble IL-6R to initiate signalling in cells which do
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not possess IL-6R, a mechanism referred to as transsignalling (Lee et al., 2002; Scheller &

Rose-John, 2006).
IL-6 é sIL-6R

gp130

Y

Figure 1.4: 1L-6 Signalling
(adapted from Scheller & Rose-John, 2006)
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IL-6 has been implicated in the pathogenesis of chronic inflammatory diseases such as
rheumatoid arthritis, Crohn’s disease, asthma, colon cancer and murine peritonitis (Scheller &
Rose-John, 2006). In this regard, it has been shown that IL-6 plays a role in leukocyte
recruitment, apoptosis, T-cell activation and it has also been demonstrated to have mitogenic
actions on astrocytes and so may contribute to the induction of gliosis. In addition, it is
thought that IL-6 can induce a switch in the inflammatory reaction changing it from a
neutrophil-dominated process to a more macrophage-dominated process (Aschner, 1998;
Scheller & Rose-John, 2006; Tizard, 2008). Furthermore, IL-6 is known to activate the
hypothalamic-pituitary adrenal (HPA)-axis and thus is shown to play a role in the febrile
response, however it is known to be far less potent than IL-1 (Dunn, 2006; Tizard, 2008). Of
note is the suggestion that IL-6 can induce the secretion of NGF from astrocytes (Aschner,
1998).
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1.4.2 Non-cytokine pro-inflammatory mediators

1.4.2.1 Nitric Oxide (NO)

Nitric oxide is synthesized by the enzyme nitric oxide synthase (NOS) through a series of
sequential oxidation steps that converts the amino acid L-arginine to L-citrulline (Pannu &
Singh, 2006). There are three subtypes of NOS known, namely endothelial NOS (eNOS),
neuronal NOS (nNOS) and inducible NOS (iNOS). eNOS and nNOS are constitutively
expressed in the CNS while iNOS is not normally expressed in the post-natal brain, however
its expression has been found in glia under inflammatory conditions (Pannu & Singh, 2006).
During inflammation NO is predominantly found to be induced by iNOS (Galea & Feinstein,
1999). Furthermore, it has been demonstrated that the expression of iNOS can be induced by
IL-1B, TNF-a and IFN-y, which in many cases act synergistically. While the production of NO
can be beneficial to the host due to its role in the elimination of infiltrating microbes,
continued activation of iNOS and production of NO can result in tissue damage. In this regard,
it has been found that NO can react with superoxide free radicals to produce peroxynitrite, an
event which has been linked to cell death (Merrill ef al., 1993). In addition, the production of
NO by microglia in vitro has been shown to be cytotoxic to oligodendrocytes (Merrill et al.,
1993). Upon its induction, iNOS continues to be expressed for 4-8 days and is shown to be
100-1000 more efficient in synthesizing NO than nNOS (Pannu & Singh, 2006).
Consequently, there are generally important regulatory constraints in place which control the
activity iINOS in order to ensure that its beneficial actions outweigh detrimental effects.
Significantly, astrocytes and microglia are found to express iNOS in neuroinflammatory
conditions such as demyelinating diseases, cerebral ischemia and Alzheimer’s disease (Galea
& Feinstein, 1999). Interestingly, the microglial expression of iNOS has been found to induce
neuronal death however, co-treatment of glia with the neurotransmitter noradrenaline, a
neurotransmitter which can dampen microglial activation, was shown to protect neurons

(Madrigal et al., 2005).

1.4.2.2 Cyclooxygenase (COX)-1I and prostaglandins
Two isoforms of COX are known to exist in the body, namely COX-I and COX-II. COX-I is
shown to be constitutively expressed while the expression of COX-II is low under normal

conditions but can be rapidly induced in response to inflammation. COX-II is one of the three
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enzymes found to be involved in the conversion of arachidonic acid to prostaglandin E,
(PGE,). The other two enzymes involved in this process include phospholipase A, (PLA;) and
PGE, isomerase (Quan ef al., 1998). The initial release of arachidonic acid from phospholipids
of cell membranes requires the actions of PLA;. Subsequently, COX-II converts arachidonic
acid to prostaglandin H, (PGH,), an unstable precursor of PGE,. This is known to be the rate-
limiting step in the production of PGE,. Finally, PGH, is converted to PGE, by the actions of
PGE; isomerase (see Fig. 1.5) (Cao et al., 1995; Quan et al., 1998). The mechanisms by which
PGE; can elicit a response in the brain are disputed. Some suggest that PGE; is lipophilic and
can cross the BBB to gain entry to the CNS, while others suggest that it activates sensory
neurons which can then relay signals to the brain. However, it appears more likely that the
expression of PGE, in the brain is mediated centrally (Blatteis et al., 2005). PGE, signals
through four different receptors, namely EP1-EP4, of which EP1 and EP2 are found to be
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