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Summary

Thrombin is a blood protein that leaks into the brain parenchym a when the blood- 

brain barrier is damaged, and has been implicated in the neuropathology associated with 

stroke, traum atic brain injury and Parkinson’s disease (PD). Amyloid-P (AP) is a protein 

which aggregates to form senile plaques during A lzheim er’s disease (AD) and is thought to 

m ediate the neuronal loss observed in this disorder. Both molecules can elicit 

neuroinflam m ation which contributes to the neurodegenerative process. Evidence suggests 

that the monoamine neurotransm itter noradrenaline (NA) elicits anti-inflam matory actions 

in the brain, and consequently may play an endogenous neuroprotective role. Studies 

indicate that the anti-inflam matory actions o f NA occur via activation o f p2 -adrenoceptors 

(ARs) on m icroglia and astrocytes, which increases intracellular cAM P concentrations and 

subsequent downstream activation o f  PKA. Experiments in this thesis were conducted on 

rat primary cortical glial or neuronal cultures. Cell viability was assessed using an alamar 

blue assay or LDH assay, mRNA expression o f inflammatory and neurotrophic molecules 

was m easured using RT-PCR, and protein concentration o f  inflammatory m olecules was 

determined using ELISA.

This study examined the ability o f  thrombin and Ap to induce an inflamm atory 

response in glial cells and the ability o f  NA interventions to inhibit this response. In mixed 

glial, astrocyte, and m icroglia cultures, thrombin induced expression o f  the pro- 

inflammatory cytokines IL -ip  and TN Fa, the co-stimulatory molecule CD40, the enzyme 

iNOS, the pro-inflam m atory chemokine IP-10, and the cell adhesion molecule VCAM -I. 

Ap induced a more restricted inflammatory response characterised by expression o f IL -ip , 

TNFa, and CD40. NA, the P-AR agonist salbutamol, the P2 -AR agonist salm eterol, the 

cAM P analogue db-cAM P, and the PKA activator BNZ attenuated the throm bin- and AP- 

induced inflammatory response in terms o f TNFa, CD40, IP-IO, and VCAM -I expression. 

Interestingly, salbutamol and the Pi-AR agonist xamoterol augm ented the throm bin- and 

AP-induced inflammatory response in IL -ip .

This study also exam ined the effect o f  thrombin, AP, and P-AR agonists on neurons. 

It was expected that m edia from glial cells treated with thrombin and AP would induce cell 

death in neuronal cultures. However, m edia from throm bin-activated glial cells increased



neuronal viability, and it was hypothesised that this was due to the finding that thrombin 

induced expression o f the neurotrophic factors GDNF and NGF, and the anti-inflammatory 

cytokines IL-10 and TGFpi from mixed glial and astrocyte cultures. Salbutamol, 

salmeterol, and db-cAMP augmented the increase in neuronal viability induced by media 

from thrombin-activated glial cells, and this was paralleled by an augmentation of 

thrombin-induced GDNF, NGF, IL-10, and TGFpi expression. In neuronal cultures, 

salbutamol, salmeterol, and db-cAMP induced the expression of the anti-inflammatory IL- 

ip  receptor (IL-IR2) and the anti-apoptotic TNFa receptor (TNFR2), indicating that P-AR 

activation can have a direct positive effect on neurons. Thrombin also induced neuronal 

expression o f IL-IR2 and TNFR2. Media from AP-activated glial cells did not alter 

neuronal viability, and Ap did not alter glial production o f neurotrophic or anti

inflammatory factors, or neuronal cytokine receptor expression.

Overall, this project has yielded significant insights into the inflammatory response 

induced by thrombin and Ap, and how NA and subsequent P-AR activation exert an anti

inflammatory phenotype in vitro. It has also shown that thrombin can induce an anti- 

inflammatory/neurotrophic response in glial cells, and that P-AR activation is capable of 

augmenting this, resulting in increased neuronal viability.
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Chapter 1: Introduction

1. Introduction

1.1 Central Nervous System

The nervous system is divided into the central nervous system (CNS), comprised 

of the brain and spinal cord, and the peripheral nervous system, consisting of the 

somatic, the autonomic, and the enteric nervous systems. Although neurons are the most 

well known cell in the brain, they are in fact outnumbered ten-fold by supportive cells 

called glia (glia means glue in Greek; Figure 1.1) (Stevens, 2003). Glial cells form a 

structural and functional network with complex cell-cell interactions and 

communications that facilitate fast and slow signalling between other glial cells and 

neurons. They have a regulatory influence on normal synaptic transmission and are 

thought to have the ability to alter it in disease (Banati, 2003). There are three major 

classes of glia based on their unique morphology and biochemistry: macroglia, 

subdivided into astrocytes and oligodendrocytes; and microglia. Oligodendrocytes are 

the myelinating glia; they provide insulating layers o f myelin membrane around 

neuronal axons, allowing nerve impulses to transmit rapidly.

A stro cy te

N euron

O lig odendrocy te

Blood
Vessel

/  A strocy te
Myelin
sh e a th

Microglial
cell Axon

Figure 1.1: Cells o f the CNS (Farina et a i, 2007)

In the CNS, the neurons are surrounded by glia (astrocytes, microglia, and 

oligodenrocytes). The astrocytes also surround the blood vessels forming part o f the 

blood-brain barrier.



Chapter 1: Introduction

1.1.1 Astrocytes

Astrocytes are the most numerous type o f glia within the CNS. They are large, 

star-shaped cells, with elongated processes tipped with end-feet. They are separated into 

two subgroups on the basis of their morphology, function, and location; Protoplasmic 

astrocytes are found in grey matter and are closely associated with synapses, while 

fibrillary astrocytes are found in white matter and contact the nodes o f ranvier on 

neurons (Stevens, 2003). Astrocytes are primarily support cells providing structural and 

nutritional support for the neurons. They store glycogen, export lactate, regulate the 

supply o f glucose to neurons, remove neurotransmitters such as glutamate from the 

synaptic cleft, and help regulate homeostasis through uptake of extracellular potassium 

(K^). They also surround blood vessels where they are responsible for generating and 

maintaining a tight blood-brain barrier (BBB) by inducing tight-j unctions between 

endothelial cells (Schubert et al., 2000, Jessen, 2004, Farina et al., 2007). Another 

important function of astrocytes is that they, like neurons, can elicit a quiescent effect 

on neighbouring microglia. These effects are mediated via cell-cell interactions and the 

production of soluble factors (Vincent et al., 1997, Zietlow et al., 1999). Mature 

differentiated astrocytes express specific and chloride (Cl ) ion channels which are 

required to stabilize the membrane potential and the physiological buffering function of 

astrocytes (Schubert et al., 2000), and they are vital for maintaining a normal CNS 

environment as their activity helps to maintain metabolic and ionic homeostasis (Liberto 

et al., 2004). Astrocytes are also able to produce factors which support neuronal growth 

and survival (Schubert et al., 2000).

The expression of cell surface receptors is a useful way of identifying cells in 

situ or in culture. Glial fibrillary acidic protein (GFAP) is the standard marker used for 

identifying astrocytes. It belongs to the class III intermediate filamentous proteins and is 

the principal 8-9 nm intermediate filament in mature astrocytes. It is a 49.8 kDa non

soluble cytoplasmic filamentous protein that represents a portion o f the cytoskeleton in 

astrocytes, and is important in astrocyte shape and motility by providing structural 

stability to astrocytic processes. Astrogliosis, the process by which astrocytes become 

reactive and responsive, is characterized by rapid synthesis o f GFAP (Eng et al., 2000).

1.1.2 Microglia

Microglia are the resident immune cells within the CNS. They respond to, as 

well as secrete, immunoregulatory factors to control the proliferation, death, or

2



Chapter 1: Introduction

differentiation o f neighbouring cells thereby regulating the structure and function of 

neural tissues during development and in response to injury (Giulian and Tapscott, 

1988). Originally there was controversy about whether or not these cells were simply 

invading macrophages from the blood, however an in depth study by Giulian and 

colleagues (1995) showed that microglia are in fact a separate class of macrophages 

unique to the CNS, differing from macrophages of the spleen, bone, blood, and liver in 

such categories as proliferative capacity, patterns of differentiation, surface 

morphologies, responses to cytokines, and interactions with astrocytes. They accurately 

described the different cell surface morphology of the microglia and showed that 

microglia differ in appearance depending on developmental stage, functional state, and 

anatomical location. These differences can be clearly viewed with scanning electron 

microscopy. Amoeboid microglia are developing microglia in the CNS. Mature and 

resting microglia have a ramified morphology; they have twenty or more spines 

projecting from the cell bodies and the spines are more than three times the diameter of 

the cell body. Cellular ramification is a useful anatomic marker for microglial 

differentiation as it is strikingly different to the smooth or ruffled appearances of 

macrophages from spleen, liver, or bone. Upon stimulation the spines retract and 

microglia transform into reactive microglia capable of an immune response including 

secretion of cytokines and neural growth factors, antigen presentation, and 

phagocytosis. Afterwards microglia return to a quiescent state displaying reduced 

secretions, reduction in cell surface receptors, and loss o f phagocytic activity. They also 

showed that, unlike other macrophages, contact with astrocytes is necessary for proper 

microglial development and differentiation. The astrocytes help maintain microglia in a 

differentiated, dormant state in order to restrict negative actions of microglia such as 

synaptic stripping and release o f neurotoxins. Resting microglia are present throughout 

the CNS where they form a complex network of immuno-effector cells (Streit et al., 

2004).

Microglia express many different cell surface receptors depending on their level 

of maturity and activation state. Expression of cell surface receptors is also a useful way 

of distinguishing between microglia and non-microglial macrophages. Microglia show 

the phenotype CD451ow C D llb/c^ whereas non-microglial but CNS-associated 

macrophages are CD45high CD llb/c^ (Ford et al., 1995). Resting microglia express 

CD 11a, CD l ib ,  CD 11c, CD 18, leukocyte common antigen, and immunoglobulin 

receptor Fc gamma RI (Akiyama and McGeer, 1990). The expression of all o f these

3



Chapter 1: Introduction

molecules, as well as the expression o f MHC-class-Il and the associated CD40 and B7 

molecules, is up-regulated when the microglia are activated (O'Keefe et al., 2002) 

making them useful phenotypic marker for microglial activation (Wei and Jonakait, 

1999, Twig et al., 2005).

1.2 Inflammation

Inflammation is a reaction of living tissues to irritation or injury. There are two 

types of inflammation; acute and chronic (Streit et al., 2004). For many years the brain 

was thought to be an ‘immune privileged’ organ that was mostly unaffected by the 

body’s inflammatory responses and was not susceptible to inflammation. However, it is 

now known that the brain does elicit an immune response, although it differs 

considerably from other tissues in its responses to pathogenic challenges. For example, 

the recruitment of leukocytes, which tends to be rapid in systemic organs, occurs later 

and to a lesser extent in the brain (Lucas et al., 2006). Leukocytes are also known as 

white blood cells and are the immune cells o f the periphery, such as monocytes, 

macrophages, lymphocytes (B cells, T cells, and natural killer (NK) cells), neutrophils, 

basophils, and eosinophils.

1.2.1 Acute inflammation

Acute inflammation is the immediate and early response to a harmful agent and 

is a defensive response that paves the way for repair o f the damaged site. In the 

periphery it is mediated by leukocyte infiltration of tissues by polymorphonuclear cells 

(neutrophils). In the CNS it leads to reactive gliosis, the immediate accumulation of 

enlarged glial cells at the site o f injury. Minor neuronal damage triggers glial cell 

activation without breakdown of the BBB. In these cases the site o f injury is repaired 

with no further damage to the surrounding tissue. However if the BBB is damaged it 

results in leukocyte infiltration which produces a more aggressive immune response 

causing activated glial cells to release factors that act on and produce responses in target 

cells similar to that in the periphery (Streit et al., 2004).

1.2.2 Chronic inflammation

Chronic inflammation results from stimuli that are persistent. It is characterized 

by activation of mononuclear cells; macrophages, lymphocytes, and plasma cells in the 

periphery, and microglia in the CNS. It was long suspected that there is a role for

4



Chapter 1: Introduction

immune responses, including antigen presentation and pro-inflammatory cytokines, in 

neurodegenerative diseases. However the term neuroinflammation only came into use in 

1995. Since then it has come to mean “chronic, CNS-specific, inflammation-like glial 

responses that do not reproduce the classic characteristics o f inflammation in the 

periphery but that may engender neurodegenerative events; including plaque formation, 

dystrophic neurite growth, and excessive tau phosphorylation” (Streit et al., 2004). 

Neuroinflammation applies to chronic, persistent cycles o f injury and reaction, in which 

the increasing ill effects of immunological microglial and astrocytic activation increase 

the initial neurodestructive effects, so maintaining and worsening the disease process 

through their actions. The activated microglia and astrocytes of the innate immune 

response, but not the leukocyte actions o f the adaptive immune response, are considered 

to be the potentially pathogenic factor in a number of CNS diseases. Chronic microglial 

activation contributes to neuronal dysfunction, injury, and loss, and consequently to 

disease progression. This microglia-driven neuroinflammatory response is implicated in 

many chronic CNS disorders from multiple sclerosis (MS), prion diseases, and human 

immunodeficiency virus (HIV), to severe neurodegenerative diseases particularly 

Alzheimer's disease (AD), Parkinson's disease (PD), amyotrophic lateral sclerosis 

(ALS), and Huntington's disease (Streit et al., 2004).

Acute inflammation is necessary and indeed beneficial directly following an 

immune stimulation, however, if  this stimulation is not quickly resolved then the 

inflammation becomes chronic and increasingly detrimental. Streit and colleagues 

(2004) put it perfectly when they said “The idea that neuroinflammation is detrimental 

implies that glial cell activation precedes and causes neuronal degeneration, a sequence 

o f events that appears to be at odds with experimental models o f neurodegeneration in 

which glial cell activation occurs secondary to neuronal damage. What is missing from 

this simple linear model is the understanding that chronic neurological diseases are just 

that -  chronic, and that this chronicity introduces complex interactions and feedback 

loops between neurons and glia that render attempts to construct simple, linear cascades 

of cause and effect inelegant.”

1.3 Inflammatory molecules

Key features o f CNS inflammation are glial activation, expression of major 

histocompatibility complex (MHC), synthesis of inflammatory mediators such as

5



Chapter 1: Introduction

cytokines, chemokines, free radicals, and prostaglandins, expression o f adhesion 

molecules, and invasion o f immune cells (Lucas et al., 2006).

1.3.1 Initiation of an immune response

Toll-like receptors (TLRs) are widely distributed in immune cells and are often 

the first trigger o f an immune response as they are responsible for binding Pathogen 

Associated Molecular Patterns (PAMPs). TLRs recognize a range o f pathogen-derived 

products including bacteria, viruses, fungi, and parasites. For example, bacterial 

lipopolysaccharide (LPS) is the main activator for TLR4, viral double-stranded RNA 

activates TLRS, and protozoal products bind to TLR2. This means that TLRs will pick 

up almost all pathogens that infect humans (Liew et al., 2005). TLRs are part o f the TIR 

(Toll/Interleukin-1 receptor) superfamily which contains a TIR domain in the cytosolic 

region. All TLRs, except for TLRS, use a TLR signalling adaptor protein called MyD88 

which interacts with the IRAK (IL-1 receptor-associated kinase) family and TRAF6 

(TNF-receptor-associated factor 6). This leads to the activation o f the transcription 

factor nuclear factor o f kappa binding (NFkB) and mitogen-activated protein kinases 

(MAPK) such as p42/p44 MAPK and Jun N-terminal kinase (JNK). These pathways 

then lead to the production o f cytokines and chemokines, with different ones being 

induced depending on the stimulus (Liew et al., 2005).

1.3.2 Cytokines

Cytokines are a set o f structurally diverse small proteins (8-80 kDa) including 

the interleukins (IL), interferons (IFN), and tumour necrosis factors (TNF) (Roitt et al., 

2001, Janeway et al., 2005). They are primarily involved in the immune response and 

are classed as pro- or anti-inflammatory depending on whether they promote or 

attenuate the inflammatory process respectively. Cytokines are also extremely important 

under normal physiological conditions and have a number o f non-inflammatory 

functions including roles in cell growth and differentiation, and cell-cell communication 

(Roitt et al., 2001). They are mainly produced by immune cells such as microglia, 

macrophages, monocytes, T-cells, and dendritic cells, but also by some non-immune 

cells such as astrocytes, neurons and endothelial cells, and they mediate their effects by 

activating specific receptors which initiate intracellular signalling pathways resulting in 

gene transcription (Roitt et al., 2001). The pro-inflammatory cytokines IL-ip and TNFa 

are among the first pro-inflammatory mediators to be released in response to microglial

6



Chapter I: Introduction

activation. They activate a “cytokine cascade” which induces the production of other 

pro-inflammatory cytokines and inflammatory products such as prostaglandins and 

nitric oxide (NO) (Zetterstrom et al., 1998). As such, they are considered to be the 

primary mediators of the inflammatory response within the CNS. Usually this 

inflammatory response is resolved by anti-inflammatory cytokines, such as IL-10 and 

TGPp, which inhibit further production of IL-ip and TNFa, thus playing a suppressive 

role in the immune response (Bogdan et al., 1992, Yoshimura et al., 2003).

IL- lp

Interleukin-ip (IL-lp) is an important pro-inflammatory cytokine involved in 

the innate inflammatory response and was the first cytokine identified to act in the brain 

(Lucas et al., 2006). It binds to IL-1 receptors (IL-lRs) that belong to the TIR 

superfamily. There are two distinct plasma membrane IL-lRs, IL -lR l and IL-1R2. IL- 

IR l mediates the signal transduction efl^ects of IL-1 by binding to IL-IR accessory 

protein (IL-lRAcP) to form a heterodimeric type 1 IL-IR complex. IL-lRAcP alone is 

unable to bind IL-1 but functions as an additional chain in the receptor complex. IL-lR l 

has a 215 amino acid cytoplasmic TIR-domain-containing tail and undergoes a 

conformational change upon ligand binding (Fitzgerald and O'Neill, 2000). Similar to 

TLR signalling, the TIR domain of the IL-IR recruits MyD88 which interacts with the 

IRAK and TRAF6, leading to the activation of NFkB and members o f the MAPK 

family, ultimately resulting in pro-inflammatory gene expression (Fitzgerald and 

O'Neill, 2000, Liew et al., 2005). IL-IRl associates with the cytosolic adaptor protein 

MyD88 which leads to phosphorylation of the tyrosine kinase Src (Davis et al., 2006, 

Tsakiri et al., 2008b). In contrast to IL -lR l, IL-1R2 does not mediate signal 

transduction. It shows high sequence similarity to IL-IRI in its extracellular domain 

structure but it only has a 29 amino acid cytoplasmic domain meaning it is incapable of 

sending further signals. IL-1R2 is shed from the cell surface and functions as a decoy 

receptor, competing with IL -lR l for IL-lp, thus acting as a negative regulator o f the IL- 

1 system and eliciting an anti-inflammatory action (Colotta et al., 1994, Fitzgerald and 

O'Neill, 2000).

All cell types in the brain, including microglia, astrocytes, neurons, and invading 

leukocytes, can express and release IL-ip, either under normal conditions or in response 

to neuronal injury or inflammatory molecules such as LPS and TNF. IL -lR l is also 

expressed on these cells under basal conditions, however only activated microglia
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express IL -lR l, meaning that they can respond to IL-ip in an autocrine manner, as well 

as a paracrine manner (Friedman, 2001, Allan et al., 2005, Wang et al., 2006a, Wang et 

al., 2006b). Neural precursor cells (NPCs) also express IL -lR l and IL-1R2 (Wang et 

al., 2007b), and IL-1R2 is commonly expressed on immune cells in the brain (Lucas et 

al., 2006).

IL-ip signalling mediates the acute-phase of the inflammatory response and 

induces the expression of inflammatory molecules such as cycloxygenase-2 (COX-2) 

and inducible nitric oxide synthase (iNOS) (Laflamme et al., 1999, Akama and Van 

Eldik, 2000), the production of chemokines (Tsakiri et al., 2008a), and neutrophil 

recruitment (Blond et al., 2002). Blond and colleagues (2002) showed that IL-ip 

induces TNFa expression in peripheral tissue, while in the brain parenchyma it induces 

de novo synthesis of additional IL-ip, but not TNFa. IL-ip, via IL -lR l activation, 

induces cardiovascular effects, neuroendocrine effects, fever, reduced glutamate release, 

and altered gene expression o f iNOS, cytokines, prostaglandins, neuropeptides, and 

growth factors. These effects can be inhibited by IL-1 receptor antagonist (IL-lra), a 

molecule which binds to IL-lR l thus preventing IL-ip binding and subsequent signal 

transduction (Lucas et al., 2006).

IL-ip treatment can cause retinal neuronal death (Abcouwer et al., 2008), 

increase apoptosis o f NPCs (Wang et al., 2007b), and increase N-methyl-D-aspartate 

(NMDA) and glutamate induced hippocampal neuron death (Ma et al., 2002). IL-ip is 

found in higher concentration in the aged brain when compared to levels found in 

younger brains and is correlated with an increase in p38 MAPK which led to an increase 

in apoptosis (Martin et al., 2002). However another study showed that IL-ip can protect 

against retinal ganglion cell death (Diem et al., 2003). As well as its inflammatory 

actions, it has been linked to a wide variety of activities including appetite suppression, 

weight loss, sleep modulation, endocrine alterations, nervous system functions, 

behavioural changes, inhibition o f synaptic plasticity and neuronal transmission, and 

neuronal cell death (Rothwell, 2003). IL -lp is also implicated in a variety of 

neurological and neurodegenerative disorders including stroke, AD, PD, MS and 

epilepsy (Allan et al., 2005, Lucas et al., 2006), and IL -lR l expression is up-regulated 

following injury (Friedman, 2001, Wang et al., 2006a, Wei et al., 2008), and hypoxia 

(Froyland et al., 2008, Lam et al., 2008).
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TNFa

In 1984, molecules which were cytotoxic to tumour cells were isolated and 

designated tumour necrosis factors (TNFs). Since then research has identified the 

existence o f a TNF superfamily of proteins, consisting of 19 ligands signalling through 

29 receptors (Aggarwal, 2003). TNFa is one of the most studied members of this 

family. It is a potent pro-inflammatory cytokine and is a primary mediator of the 

inflammatory response. TNF receptors (TNFRs) are of two main types, those that 

contain a death domain and can mediate apoptosis, such as TNFRl, and those that do 

not, such as TNFR2. A pre-ligand binding assembly domain in the extracellular region 

of the receptor mediates assembly of receptor trimers complexes and is necessary for 

signalling. TNFRl (also called TNFrla or p55) is the receptor for the soluble ligand and 

binds TNFa with high affinity. It is expressed on all cell types including astrocytes and 

neurons (Yang et al., 2002, Aggarwal, 2003, Ohtori et al., 2004, Kuno et al., 2006, 

Lucas et al., 2006). TNFRl activates TNFR associated death domain (TRADD) which 

then activates caspase pathways leading to apoptosis. TRADD also binds to TNFR 

associated factor 2 (TRAF2) which then activates NFkB, JNK, and MARK pathways. 

The apoptotic signals induced by TNFRl do not require new protein synthesis 

(Aggarwal, 2003). In contrast to this, TNFR2 (also called TNFrlb or p75) is the 

receptor for membrane bound ligand and binds TNFa with low affinity. It is 

predominantly expressed on immune cells and endothelial cells as well as astrocytes 

(Yang et al., 2002, Aggarwal, 2003, Kuno et al., 2006, Lucas et al., 2006). TNFR2 does 

not contain a death domain and is responsible for cell proliferation. It signals via 

TRAF2 activation leading to protein synthesis which is mediated by activation of NFkB 

(Aggarwal, 2003). Despite the common signalling pathways, TNFRl and TNFR2 have 

markedly different effects as TNFa is toxic to neurons that over-express TNFRl, but it 

is trophic to neurons with TNFR2 over-expression (Yang et al., 2002), and numerous in 

vivo and in vitro studies using knockout (KO) mice have shown that TNFRl mediates 

apoptosis while TNFR2 is anti-apoptotic (Fontaine et al., 2002, Raivich et al., 2002, 

Yang et al., 2002, Marchetti et al., 2004).

TNFa is produced by immune cells including macrophages, NK cells, T and B 

cells, and from microglia and astrocytes in the CNS, where it plays a fundamental role 

in the pathophysiology of injury (Aggarwal, 2003, Ohtori et al., 2004, Lucas et al., 

2006). TNFRl and TNFR2 are expressed on neurons and glia (Neumann et al., 1997a, 

McGuire et al., 2001, Bette et al., 2003, Dziewulska and Mossakowski, 2003, Yan et al..
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2003), and NPCs (Sheng et a l ,  2005), although TNFR2 is more commonly expressed 

on immune cells including macrophages and microglia (Neumann et al., 1997a, Yang et 

al., 2002, Aggarwal, 2003, Bette et al., 2003, Dziewulska and Mossakowski, 2003, 

Kuno et al., 2006). TNFa has a multitude o f actions: It influences genes that are 

involved in inflammation, such as IL-ip, IL-6, MHC-class-I, and genes involved in cell 

adhesion. It also induces genes that regulate apoptosis such as Fas, TNFRl, and 

caspase-8. As well as this it regulates genes involved in survival, cell metabolism, and 

cell signalling. However, the survival pathways seemed to be unable to compete with 

the death signal after 24 hours (Buntinx et al., 2004a). The release of TNFa from 

microglia induces expression of iNOS in astrocytes (Akama and Van Eldik, 2000). In 

peripheral tissue, TNFa has been shown to induce IL-lp expression, but injection of 

TNFa into the brain parenchyma does not induce either itself or IL-ip. TNFa also 

induces mononuclear cell recruitment (Blond et al., 2002). TNFRl is pro-inflammatory 

and is required for the TNFa-induced production of the chemokines IP-10 and MCP-1 

from NPCs (Sheng et al., 2005), the recruitment of microglial cells and induction of 

astrocytic vascular cell adhesion molecule (VCAM-1) in the spinal cord of animals with 

EAE (experimental autoimmune encephalomyelitis, a model for MS) (Archambault et 

al., 2006), and microglial expression o f the co-stimulatory molecule B7-2 (Bohatschek 

et al., 2004). Other research indicates that during the acute phase o f CNS inflammatory 

responses TNFa seems to be pro-inflammatory but during the chronic phase it is 

immunosuppressive (Lucas et al., 2006).

TNFa also induces cell death in neurons (Williams et al., 2005), 

oligodendroglial cell lines (Buntinx et al., 2004b), and differentiated PC 12 cells (Koski 

et al., 2004), and it increases NMDA-induced cell death in cultures of cortical neurons 

by causing a transient increase in extracellular signal-regulated kinase (ERK) and JNK 

activity leading to NMDA receptor-dependent calcium influx and cell death (Jara et al., 

2007). TNFa induces apoptosis by rapid down-regulation of c-Myc protein expression 

and this was enhanced by IFNa (Nakashima et al., 2005). However TNFa has been 

shown to be neuroprotective against excitotoxic damage in primary cortical neurons via 

a process dependent on TNFR2 and NFkB activation (Dolga et al., 2008), and another 

study showed that TNFa protects against retinal ganglion cell death (Diem et al., 2003). 

The effect of TNFa is dependent on the age of the cells. For example co-treatment o f 

TNFa plus amyloid-P (AP) is toxic to old neurons (from 24 month old rats), but is 

protective to middle-age neurons (from 10 month old rats) (Patel and Brewer, 2008).
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TNFa and both receptors also have a role in the regulation of neural development 

(Mehler and Kessler, 1997) and TNFa promotes nerve growth factor (NGF) and glial 

derived neurotrophic factor (GDNF) production in astrocytes (Kuno et al., 2006). In 

particular, TNFR2 has a role in modulating NGF signalling as inhibition of TNFR2 

increases NGF-induced ERK activation thus inducing differentiation o f neuroblastoma 

cell lines, and it decreases NGF-induced Akt activation which is essential for survival 

signalling (Takei and Laskey, 2008).

TNFa can have both positive and negative effects; It can play an anti-cancer role 

and help protect against microbial infection, but it can also contribute to tumorigenesis 

and autoimmunity and has been identified in other diseases such as stroke, AD, PD, 

MS, AIDS, and chronic heart failure (Aggarwal, 2003, Lucas et al., 2006). Neuronal 

injury leads to the up-regulation of glial TNFa and TNFRl, and is associated with the 

expression of the TNFRl receptor on adjacent neurons (Ohtori et al., 2004). TNFRl is 

induced following hypoxia (Froyland et al., 2008, Lam et al., 2008), a short ischemic 

event (Yin et al., 2004, Pradillo et al., 2005), peripheral nerve injury (Ohtori et al., 

2004), and constriction injury (Wei et al., 2008), and it is increased in the substantia 

nigra o f PD brains (Mogi et al., 2000, Gomez-Santos et al., 2007). In AD brains, 

TNFRl levels are increased while TNFR2 levels are decreased (Cheng et al., 2009), and 

in spinal cord injury neuronal expression o f TNFRl and TNFR2 is increased (Yan et al., 

2003, Harrington et al., 2005).

IFNy

Interferons (IFNs) are a group of cytokines which were originally described as 

molecules capable of protecting cells from viral infection (Bach et al., 1997). One o f the 

most prominent members of this family, IFNy (Type-II-IFN), is a pro-inflammatory 

cytokine made up of two identical 17-kDa polypeptide chains which form a noncovalent 

homodimeric glycosylated protein of 45-50 kDa (Billiau, 1996, Bach et al., 1997). IFNy 

acts via the IFNy receptor (IFNgR). There are two subunits in the IFNgR: the a-chain 

(IFNgRI or CDwI19) has high ligand binding affinity, while the P-chain (IFNgR2 or 

accessory factor-1, AF-1) is necessary for signalling. IFNgR signals via Janus kinases 

(JAKs) and signal transducer and activator o f transcription (STATs). JAKs are the 

enzymes responsible for phosphorylating and activating STATs, and IFNgRI is 

constitutively associated with JAK2 while IFNgR2 is associated with JAKI. In 

unstimulated cells, IFNgR is associated with an inactive form of JAKI, but binding of
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IFNy results in receptor oligomerization, which brings the JAKs into contact with one 

another. The JAKs become activated through tyrosine phosphorylation of each other 

and the cytoplasmic domains o f the receptors. This activation results in recruitment and 

phosphorylation o f STAT-la, forming a homodimer which translocates into the 

nucleus. It initiates transcription of genes containing a gamma activated sequence 

(GAS), or STAT binding element (SBE), in their promoter region, particularly the 

interferon regulatory factor (IRF) family (Bach et al., 1997, Chen et al., 2006, Gough et 

al., 2008). Emerging evidence shows that IFNgR can also signal via other pathways that 

either co-operate with or act in parallel to JAK-STAT signalling, including MAPK, 

NFkB, phosphatidylinositide-3-kinase (PI3K), and calcium (Ca^^) and calmodulin 

(CaM) dependent protein kinases (CaMKII) (Gough et al., 2008).

IFNy is induced by immune and inflammatory stimuli and is only released under 

pathologic conditions such as infection, trauma, cancer, or autoimmunity. It is primarily 

produced by Thl cells and NK cells following their activation by cytokines or 

interaction with virus-infected or tumour cells, but can also be produced by B cells and 

professional antigen presenting cells (APCs) (Billiau, 1996, Bach et al., 1997, Gough et 

al., 2008). Cytokines are regulators of IFNy production, for example IL-2 increases 

while IL-10 decreases production (Billiau, 1996). Practically all cells of the body 

express IFNgRs, giving it wide ranging actions (Billiau, 1996). Specific studies have 

shown that IFNgRs are found on astrocytes and microglia (Vikman et al., 1998, 

Hashioka et al., 2009, Tsuda et al., 2009), and in motoneurons (Linda et al., 1998), and 

that neurons express IFNy and both IFNgRl and IFNgR2 (Neumann et al., 1997a, 

Neumann et al., 1997b). IFNgRs are constitutively expressed at extremely low levels, 

but can be regulated by external stimuli in certain cell types (Bach et al., 1997).

De Veer and colleagues (2001) combined data from many IFNy experiments to 

identify over 300 IFN-stimulated genes (ISGs), including adhesion molecules, kinases, 

antigen presentation and processing molecules, apoptotic and protective molecules, 

chemokines, signalling molecules, transcription factors, activators and repressors, and 

immune modulation and inflammation molecules. Other studies have also shown that 

IFNy can enhance and induce expression of iNOS, the antigen presenting molecule 

MHC-class-II, the co-stimulatory molecule CD40, cytokines such as IL-12 and TNFa, 

adhesion molecules such as ICAM-1, and chemokines such as IP-10 and RANTES 

(Billiau, 1996, Bach et al., 1997, Neumann et al., 1997a, Nguyen et al., 1998, Chen et 

al., 2006, Gough et al., 2008). Buntinx and colleagues (2004b) showed that IFNy
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induced apoptotic cell death in oligodendroglial cell lines in a time (24-72 hours) and 

dose (1-250 ng/ml) dependent fashion, and that this effect was amplified when IFNy 

was given in conjunction with TNFa. Further study by this group revealed that IFNy up- 

regulated transcription o f the death receptors Fas and TNFRl, and caspase-8 (Butovsky 

et al., 2006). IFNy resulted in dopaminergic cell loss, but only in the presence of 

microglia (Mount et al., 2007), and IFNy also increases apoptosis o f taste bud cells in 

vivo (Wang et al., 2007a), IFNgRs are important in mediating IFNy induced toxicity 

(Mount et al., 2007), and media from astrocytes treated with IFNy kills neuroblastoma 

cells (Hashioka et al., 2009). Interestingly, IFNy can also occasionally have a beneficial 

effect as IFNy activated microglia can induce neurogenesis (Butovsky et al., 2006). 

Also pre-treatment o f hippocampal cell cultures with IFNy protects neurons against 

glutamate-induced death by increasing recovery of intracellular Ca^^ concentrations 

(Lee et al., 2006) and treatment of neuronal progenitor cells with IFNy enhanced 

neuronal differentiation and increased expression of the neuronal markers such as pill- 

tubulin (Arien-Zakay et al., 2009). The effects of IFNy are cell specific, for example it 

stimulates proliferation of mitogen-triggered T cells, but acts as a mild inhibitor of 

proliferation for most other cell types, and it promotes apoptosis o f lymphocytes 

(Billiau, 1996). IFNy can also protect cells from viral infection and plays an important 

role in the clearance o f virus from spinal cord and brain stem neurons, but not from 

cortical neurons (Bach et al., 1997, Binder and Griffin, 2001).

In cases where inflammation is not due to infection, IFNy has a disease- 

promoting effect, however, in some models o f infectious disease it can have a protective 

role as it promotes non-specific cellular defence mechanisms and favours the generation 

o f specific immunity (Billiau, 1996). IFNy production is a key feature in MS; it kills 

oligodendrocytes (Popko and Baerwald, 1999) and a number of transgenic mouse 

studies have shown that it is involved in hypomyelination (Corbin et al., 1996, LaFerla 

et al., 2000). It is also critical in the initiation and amplification of the local immune 

response during EAE (Stoll et al., 2000). In humans, the inability to secrete IFNy or 

complete IFNgR deficiency is associated with frequent infection and ultimately death 

from mycobacterium infection (Gough et al., 2008). Astrocytes express sharply up- 

regulated levels of IFNgR in a number o f neurodegenerative diseases such as AD, PD, 

MS, and ALS (Hashioka et al., 2009).
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lL-10

IL-10 is a potent anti-inflammatory cytokine with roles in inflammation, 

infection, anti-tumour activity, and the promotion of self-tolerance in autoimmune 

diseases (Commins et al., 2008, Mosser and Zhang, 2008). It binds to the IL-10 receptor 

(IL-IOR), which is made up of a ligand binding a-chain (IL-lORl) and an accessory 13- 

chain (IL-10R2) which is necessary for signal transduction (Ledeboer et al., 2002, 

Mosser and Zhang, 2008). IL-10 signals via the JAK-STAT pathway. IL-lORl and IL- 

10R2 are associated with JAKl and tyrosine kinase 2 respectively. Ligand binding 

activates these kinases causing phosphorylation o f tyrosine residues in the cytoplasmic 

tails of the receptors and subsequent STATS recruitment. STAT3 forms a homodimer 

which is released from the receptor and translocates to the nucleus. Here it binds to 

STAT-binding elements in the promoters o f several immune response genes including 

suppressor o f cytokine signalling 3 (SOCS3) which is a negative regulator o f various 

cytokine genes, and IL-10 itself (Mosser and Zhang, 2008). IL-10 also results in 

reduced NFkB activation (Mosser and Zhang, 2008).

IL-10 is primarily produced by type 2 helper T (Th2) cells and regulatory T 

cells, but can also be produced by many other immune cells such as monocytes, 

activated macrophages, and dendritic cells, and by non-immune cells such as epithelial 

cells and tumour cells (Mosser and Zhang, 2008). Astrocytes, and to a lesser extent 

microglia, also produce IL-10 (Ledeboer et al., 2002). IL-10R2 is expressed on most 

cell types, and microglia and astrocytes also express IL-IORl (Ledeboer et al., 2002, 

Mosser and Zhang, 2008). IL-lORl, but not IL-10R2, is up-regulated in immune cells 

following activation (Ledeboer et al., 2002). IL-10 is induced by inflammatory stimuli 

such as LPS and the pro-inflammatory cytokines TNFa and IL-ip, in a time dependent 

manner (Sheng et al., 1995, Ledeboer et al., 2002, Souza et al., 2003). IL-10 can inhibit 

its own production from astrocytes, meaning that it is capable o f auto-regulation 

(Ledeboer et al., 2002). Following LPS stimulation, IL-10 release is much later than that 

of pro-inflammatory cytokines and it inhibits further TNFa production, thus negatively 

regulating inflammation (Sheng et a l ,  1995). IL-10 inhibits LPS-induced production of 

TNFa, IL-ip, and IL-18 by degrading the cytokine mRNA, indicating a post- 

transcriptional mechanism (Bogdan et al., 1992, Denys et al., 2002, Ledeboer et al., 

2002). However, IL-10 can also inhibit the promoter region of the TNFa gene, 

suggesting a transcriptional mechanism. This mechanism of inhibition is independent of 

p38 MAPK or NFkB activation (Denys et al., 2002). IL-10 also inhibits MHC-class-II

14



Chapter 1: Introduction

expression and chemokine production, prevents the production o f the Thl-associated 

cytokines IL-2 and IFNy, increases the release o f IL-lra from macrophages (Mosser and 

Zhang, 2008), and suppresses LPS-induced expression of ICAM-1 on microglia 

(Wirjatijasa et al., 2002). It induces a morphological transformation in microglia from 

an amoeboid to a ramified phenotype, indicating microglial de-activation (Wirjatijasa et 

al., 2002), and can act as a growth factor by stimulating the proliferation o f some CD8^ 

T cells (Mosser and Zhang, 2008). IL-10 is extremely important in limiting autoimmune 

pathologies (Mosser and Zhang, 2008) and plays a role in Burkitt lymphoma and 

malignant B-cell lymphomas (Commins et al., 2008). It also prevents LPS-induced 

hypothermia and mortality (Gerard et al., 1993), and is protective during reperfusion 

injury, preventing the increase in TNFa, tissue injury, and lethality (Souza et al., 2003). 

Importantly, IL-10 also has direct trophic actions on neurons (Zhou et al., 2009).

TGFpi

Another group of anti-inflammatory cytokines are the transforming growth 

factors-P (TGPP), a large family of ligands, receptors, and binding proteins which have 

numerous roles in the regulation o f cell growth, apoptosis, proliferation, adhesion, 

differentiation, motility, migration, and extracellular matrix production (Rahimi and 

Leof, 2007, Glasgow and Mishra, 2008). The active form of TGFpl consists of two 

polypeptides which interact via a disulfide bond and hydrophobic interactions to form a 

25 kDa dimer (Rahimi and Leof, 2007). It signals by binding to the TGPp receptor 

(TPR) which forms a heterotetrameric complex o f types I and II serine/threonine kinase 

receptors. Binding results in the phosphorylation of type I receptor by the type II 

receptor, and subsequent activation o f intracellular mediators known as SMAD proteins 

which translocate to the nucleus where they activate gene expression and regulate 

transcription (Rahimi and Leof, 2007, Glasgow and Mishra, 2008). The ERK, JNK, and 

p38 MAPK pathways have also been shown to play a role in SMAD regulation 

(Glasgow and Mishra, 2008).

TGFpl is produced by many cell types, including astrocytes and microglia 

(Vincent et al., 1997), and has varying actions depending on the type of stimulation and 

cell involved (Rahimi and Leof, 2007). TGFpi inhibits CD40-induced IFNy expression 

(Nguyen et al., 1998), and LPS-induced production o f TNFa from macrophages by 

suppressing translation o f the TNFa mRNA. It was effective even when added 6 hours 

after LPS, but it required 12-16 hours to achieve suppression (Bogdan et al., 1992). It
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can also inhibit production o f NO, but not IL-ip, from glia treated with endotoxin 

(Vincent et al., 1997). However another study showed that it increased LPS-induced IL- 

Ip, but not TNFa, production (Wirjatijasa et al., 2002). TGFp does not alter microglial 

morphology or suppress LPS-induced ICAM-1 expression (Wirjatijasa et al., 2002). 

TGpp promotes neuronal survival and the expression of the cell survival gene, bcl2, in 

rat hippocampal neurons. It has been shown to modulate Ca homeostasis and 

buffering and mitochondrial function which can help protect cells against oxidative and 

cytotoxic injury. It may also regulate the levels of neurotrophins produced by target 

tissues (Mehler and Kessler, 1997). In tumours, TGFp promotes the accumulation of 

regulatory T cells but inhibits the actions of tumour-specific cytotoxic T cells (Wu, 

2007). Expression o f TGFp was induced in microglia following in vitro ischemia 

(deprivation o f glucose, oxygen, and serum), and this protected against ischemia- 

induced damage o f microglia and neurons (Lu et al., 2005). It also has a role in the 

regulation o f neural development (Mehler and Kessler, 1997), and in the maintenance of 

normal blood vessel wall structure and is key factor in a number o f cardiovascular 

syndromes (Grainger, 2007) including angiogenesis (Bertolino et al., 2005). TGFps are 

most likely not neurotrophic by themselves, however they are required to promote the 

survival o f neuron populations that is induced by select neurotrophins and GDNF 

(Krieglstein et al., 2002).

1.3.3 Chemokines

Chemokines are a set o f very small cytokines (8-14 kDa) that function as 

chemotactic proteins. They regulate leukocyte migration under normal and pathological 

conditions and are responsible for inflammatory cell recruitment in host defence by 

attracting immune cells to an area o f inflammation (Mennicken et al., 1999, Roitt et al., 

2001, Ubogu et al., 2006). Chemokines create a concentration gradient surrounding the 

inflammatory stimulus by binding to cell-surface heparan sulfate proteoglycans. Here 

they come into contact with leukocytes rolling on the endothelium, resulting in 

leukocyte migration to the site o f inflammation (Luster, 1998).

There are four families o f chemokines defined by their cysteine residue position. 

The two largest families o f chemokines have four conserved cysteines linked by 

disulfide bonds and are divided according to the position o f the first two cysteines. The 

a-chemokines (CXC chemokines) have cysteines separated by one amino acid, for 

example IFN-inducible protein-10 (IP-10), and attract neutrophils. The P-chemokines
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(CC chemokines) have adjacent cysteines, for example macrophage inflammatory 

protein (MIP) and monocyte chemoattractant peptide (MCP), and attract monocytes, 

eosinophils, and basophils (del Pozo et a l ,  1995, Baggiolini et al., 1997, Luster, 1998, 

Ubogu et al., 2006). In humans, the genes o f  the CC and CXC chemokines are clustered 

on chromosome 17 and chromosome 4 respectively (Baggiolini et al., 1997). The two 

smaller families o f  chemokines are the y-chemokines (C chem okines) which have only  

one cysteine, and the 5-chemokines (CX3C chemokines) in which the cysteines are 

separated by three amino acids (Bazan et al., 1997, M ackay, 1997, Charo and 

Ransohoff, 2006, Ubogu et al., 2006).

Chemokines act by binding to specific G-protein coupled seven-transmembrane- 

domain receptors on the surface o f  target cells. These receptors have two conserved 

cysteines, one in the NH 2 -terminal domain and the other in the third extracellular loop. 

These cysteines form a disulfide bond which is critical for the conformation o f  the 

ligand-binding pocket (Baggiolini et al., 1997). Receptor binding results in the 

activation o f  small guanosine triphosphate (GTP)-binding proteins o f  the Ras and Rho 

families. These proteins are responsible for leukocyte recruitment as they play a role in 

cell motility by regulating actin-dependent processes such as membrane ruffling, 

pseudopod formation, and assembly o f  focal adhesion com plexes. Receptor binding also 

leads to the activation o f  protein kinase C (PKC), the formation o f  inositol 1,4,5- 

triphosphate (IP3 ), and the release o f  intracellular Ca^  ̂ (Luster, 1998). Chemokine 

receptors are divided into subgroups depending on the type o f  chem okine that binds to 

them: CXC receptors bind only CXC chemokines and CC receptors bind only CC 

chemokines. So far researchers have identified six human CXC chemokine receptors 

(CXCRl through CXCR 6 ), ten human CC chemokine receptors (CCR l through 

CCRIO), one human C chemokine receptor (X C R l), and one human CX 3 C chemokine 

receptor (CX 3CRI) (Charo and Ransohoff, 2006, Ubogu et al., 2006). The effect o f  a 

chemokine is determined by the type o f  leukocyte on which its receptor is expressed. 

Interestingly, some chemokine receptors are also expressed on non-leukocyte cell such 

as neurons, astrocytes, and endothelial cells, indicating that they may have other 

functions. Some receptors are expressed on numerous cell types while others are 

restricted to specific cells. Chemokine receptors can also be constitutively expressed on 

some cells while on others they are induced by cytokine stimulation (Luster, 1998).

Chemokines are released by a number o f  cell types including endothelial cells, 

macrophages, and monocytes. During brain inflammation they are up-regulated in
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astrocytes and microglia, and neurons have been shown to express chemokine receptors 

(Mennicken et al., 1999). As well as their role in leukocyte attraction, they also have 

direct actions on target cells and have a number o f functions including enzyme 

secretion, cellular adhesion, cytotoxicity, tumour cell growth, and T-cell activation 

(Mennicken et a l ,  1999, Roitt et al., 2001, Ubogu et al., 2006). Chemokine production 

is induced by cytokines such as IL-1, TNFa and IFNy, viral infection, and LPS (Luster, 

1998). They play a role in a number o f disorders including MS, trauma, stroke, AD, 

asthma, acute respiratory distress, inflammatory bowel disease, rheumatoid arthritis, 

type 2 diabetes, HIV, atherosclerosis, and psoriasis (Luster, 1998, Mennicken et al., 

1999, Charo and Ransohoff, 2006).

IP-10

IFN-inducible protein-10 (lP-10) is a CXC chemokine also known as CXCLIO. 

It was first identified as the product o f a gene induced by IFNy, and has since been 

shovm to be involved in the regulation o f lymphocyte recruitment as it attracts human 

monocytes, T lymphocytes, and NK cells (Baggiolini et al., 1997). It also has a role in 

the inhibition of neovascularization, tumour growth, and metastasis, the spread o f a 

disease from one organ or part to another non-adjacent organ or part (Farber, 1997, 

Luster, 1998). IP-10 binds to a selective CXC receptor, CXCR3, which consists o f 368 

amino acids. CXCR3 is highly expressed in IL-2-activated T lymphocytes but is not 

detectable in resting T lymphocytes, B lymphocytes, monocytes, or granulocytes 

(Loetscher et al., 1996). So far CXCR3 is the only chemokine receptor that is 

selectively expressed in activated CD4+ and CD8+ T lymphocytes (Baggiolini et al., 

1997).

IP-10 is produced by immune cells such as microglia in response to cj/tokines 

and infectious stimuli such as IFNy, LPS, autoimmune inflammatory lesions, and some 

viral infections (Kawai et al., 2001, Shen et al., 2006, Ubogu et al., 2006). Infiltration of 

peripheral leukocytes is a key factor in the pathogenesis o f MS, and IP-10 and CXCR3 

play an important role in this. IP-10 is produced by astrocytes around the MS lesions 

and LP-IO levels are increased in the cerebrospinal fluid (CSF) o f MS patients. CXCR3 

is also present on lymphocytes in the CSF and it plays an important role in recruiting 

microglia and the subsequent ‘pruning’ o f denervated dendrites o f intemeurons in a 

mouse lesion model (Ubogu et al., 2006). Production o f IP-10 in the CNS is also 

correlated with the development o f EAE (Fife et al., 2001). Reports also indicate that
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IP-10 expression is increased in AD brains and in the brains o f aged mice in a 

transgenic mouse model o f AD (Xia et al., 2000, Duan et al., 2008), and is implicated in 

the development o f HIV-associated dementia (van Marie et al., 2004, Cinque et al., 

2005).

1.3.4 Cell Surface Molecules o f glial cell activation

VCAM-1

Leukocyte trans-endothelial migration (the migration of leukocytes from the 

blood, across the endothelium, into inflamed tissue) is an important aspect o f the body’s 

immune response. Chemokines create a concentration gradient surrounding the 

inflammatory stimulus to attract leukocytes to the site of inflammation where they are 

first tethered to the blood vessel wall, then rolled over the endothelial lining. Firm 

adhesion o f the leukocytes to the endothelium is mediated by integrins and cell adhesion 

molecules (CAMs), and is followed by extravasation; the movement o f leukocytes out 

of the circulatory system, towards the site of tissue damage or infection (Luster, 1998, 

van Buul and Hordijk, 2008). Integrins are a family of 24 cell-surface receptors that 

form ap heterodimers from 18a and 8p subunits. They mediate contact between cells, 

the extracellular matrix, and pathogens, and they participate in leukocyte co-stimulation, 

migration, and phagocytosis (Galkina and Ley, 2007). CAMs are transmembrane 

glycoproteins made up of an extracellular region containing immunoglobin-like repeats 

and a short cytoplasmic tail (Preiss and Sattar, 2007). Members of the CAM 

superfamily include VCAMs (vascular CAMs), ICAMs (intercellular CAMs), and 

MAdCAMs (mucosal addressin CAMs). They bind to integrins that contain an 

‘inserted’ (I) domain in their chain, which is thought to favour the formation o f a 

heterophilic adhesive zipper (Aricescu and Jones, 2007). CAMs are normally expressed 

on vascular endothelial cells at low levels, allowing very little leukocyte adhesion or 

recruitment. However, following an inflammatory stimulus, expression is dramatically 

increased and the endothelium creates “open gates” for the passage of leukocytes. 

Although the primary role o f CAMs is in cell adhesion, they also perform a variety of 

other functions at cell contacts including roles in mechanical support, target recognition, 

and the formation of membrane microdomains and signalling platforms (Aricescu and 

Jones, 2007, Galkina and Ley, 2007, Preiss and Sattar, 2007, van Buul and Hordijk, 

2008).
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VCAM-1, or CD106, is expressed by many different cell types, including 

activated endothelial cells, bone marrow and spleen stromal cells, epithelial cells, lymph 

node cells, dendritic cells (Wu, 2007), microglia and astrocytes (Lee and Benveniste, 

1999, Wu et al., 2000, Peterson et al., 2002). It contains seven immunoglobulin domains 

and the intracellular domains interact with moesin and ezrin to form endothelial docking 

structures. It binds to heterodimeric 0 4  integrins with non-covalent linkage to a Pi or py 

chain, in particular very late antigen (VLA-4 or 0 4 pi integrin) and ct4 P7 integrin, which 

are primarily expressed on monocytes and lymphocytes (Lee and Benveniste, 1999, 

Galkina and Ley, 2007, Wu, 2007, van Buul and Hordijk, 2008). Binding o f VCAM-1 

to tt4 integrins promotes cell migration, including CD 8 ^ T cells (Wu, 2007), and 

activates the small GTPase, R acl, resulting in production o f  reactive oxygen species 

(ROS), which negatively regulates endothelial cell-cell contact, increasing trans- 

endothelial migration (van Buul and Hordijk, 2008). VCAM-1 binding also leads to the 

association o f  the cu integrin cytoplasmic tail to paxillin, a signalling adaptor protein, 

which leads to activation o f  focal adhesion kinase then Src kinases, ultimately 

regulating integrin-dependent cell migration (Wu, 2007). Interaction between VCAM-1 

and ct4 Pi is critical for foetal development (Preiss and Sattar, 2007). Cytokines, such as 

TNFa, IL -lp , IL-4, and IFNy, increase VCAM-1 expression (Galkina and Ley, 2007, 

Wu, 2007), while NO and TGPp decrease cytokine-stimulated endothelial VCAM-1 

expression (Lee and Benveniste, 1999, Preiss and Sattar, 2007). Due to the central role 

played by CAMs in leukocyte trafficking they are o f  extreme importance during 

disorders such as MS. For example, numerous macrophages and microglia expressing 

VCAM-1 were detected at the edges o f  MS lesions (Peterson et al., 2002), and a soluble 

form o f VCAM-1 has been found in the serum and CSF o f MS patients (Lee and 

Benveniste, 1999). VCAM-I also plays a vital role in atherosclerosis (Galkina and Ley, 

2007, Preiss and Sattar, 2007), cerebral ischemia (Justicia et al., 2006), traumatic brain 

injury (Clausen et al., 2007), and tumour immune evasion (Wu, 2007).

CD40

Another important element o f  the immune response is the ability o f APCs, such 

as microglia and macrophages, to present an antigen associated with an MHC-class-II 

molecule to helper T (Th) cells. Binding o f the antigen to the Th cells results in T cell 

activation followed by the secretion o f  cytokines such as IFN and IL-2 from Thl cells, 

IL-4, IL-5 and IL - 6  from Th2 cells, and IL-10 and TGFp from regulatory T cells (Mills
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and McGuirk, 2004). This process requires a number of co-stimulatory molecules such 

as CD40.

CD40 is a 50 kDa cell surface receptor and a type I phosphoprotein member of 

the TNF receptor superfamily (van Kooten and Banchereau, 1997). CD40 is activated 

by the binding of CD40 ligand (CD40L), which is presented by T cells, resulting in a 

number o f intracellular signalling events including the activation of various protein 

tyrosine kinases and transcription factors, and the phosphorylation and activation of 

p44/42 MAPK. The formation of a CD40 trimer is necessary in order for it to be able to 

bind CD40L, which is also in a trimeric form. The cytoplasmic C-terminus of the CD40 

molecule does not have intrinsic enzymatic activity, so CD40 signalling is mediated by 

interaction with TRAFs (Chen et al., 2006). CD40 was identified on B cells, and it is 

now known to be expressed on a variety of cells including macrophages, microglia, 

dendritic cells, endothelial cells, smooth muscle cells, fibroblasts, and tumour cells (van 

Kooten and Banchereau, 1997, Chen et al., 2006). Although some studies have shown 

that CD40 is expressed in astrocytes (Abdel-Haq et al., 1999, Chen et al., 2006), others 

claim it is only CD40L which is expressed (Calingasan et al., 2002).

In the normal brain the microglial expression of CD40 is down-regulated but it 

becomes up-regulated upon microglial activation (O'Keefe et al., 2002). LPS, TNFa and 

IFNy induce CD40 expression via STAT-1 and NFkB signalling mechanisms (Nguyen 

et al., 1998, Chen et al., 2006). This leads to the production o f NO, cytokines (including 

IL-1, TNFa, IL-6, and IL-10), chemokines (including IP-10 and MCP-1), cell adhesion 

molecules (including ICAM-1 and VCAM-1), co-stimulatory molecules (including B7- 

1, B7-2, MHC-class-II, and CD40 itself), neurotoxins (Chen et al., 2006), and 

microglial activation (Town et al., 2001). During antigen presentation to ThI cells, 

MHC-class-II stimulates expression of CD40 which in turn induces expression of B7 

molecules. This means that CD40 can be used as a phenotypic marker for microglial 

activation (Wei and Jonakait, 1999, Twig et al., 2005). CD40 plays an important role in 

a number o f neurodegenerative diseases including AD, MS, and cerebral ischemia 

(Town et al., 2001, Chen et al., 2006).

1.3.5 Soluble molecules

NO and iNOS

Nitric oxide (NO) is one atom of nitrogen combined with one atom of oxygen, 

leaving an unpaired electron making it a radical species and therefore highly reactive
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(Butler et a)., 1995). It is synthesised from L-arginine by an enzyme called nitric oxide 

synthase (NOS). NO synthesis involves sequential oxidation, requiring NADPH and 

oxygen (O2) as co-substrates, and generates reactive oxygen at two steps during the 

process. NO synthesis usually occurs in response to increased Ca , but it can also be 

induced in response to stimuli like shear stress (Stuehr, 1999). Each NOS polypeptide 

consists of an N-terminal oxygenase domain, and a C-terminal reductase domain, with a 

recognition sequence for the Ca binding protein CaM in between. NOS activity is 

regulated by a number o f post-translational mechanisms including inhibition by NO, 

levels o f H4B (a critical cofactor), covalent modifications of NOS, and interactions 

between NOS and other proteins (Stuehr, 1999). NOS exists in three forms with each 

gene being located on a different chromosome. Two of these forms are constantly 

expressed, and are designated based on the cell types in which they were originally 

discovered; neuronal NOS (nNOS or NOS-I) and endothelial NOS (eNOS or NOS-III). 

The third form, inducible NOS (iNOS or NOS-II), is constitutively expressed only in 

certain tissues like lung epithelium, but is more typically produced in response to 

inflammation and pro-inflammatory mediators (Stuehr, 1999). iNOS was originally 

identified in macrophages; Resting macrophages do not produce NO, but when they are 

activated by an inflammatory stimulus there is an induction of iNOS that results in the 

production o f large quantities NO that continues until substrate depletion (Moncada, 

1999).

NO has many different physiological functions, both positive and negative. It 

can be extremely damaging as it is involved in oxidative stress, cytotoxicity, apoptosis, 

necrosis, DNA damage, and blockade o f mitochondrial respiration (Pannu and Singh, 

2006). The cytotoxic actions o f NO are likely due to the substances it produces; NO 

reacts with superoxide to give peroxynitrite, a powerful oxidant that further decomposes 

to hydroxyl radicals which are highly reactive and biologically destructive molecules 

(Butler et al., 1995). NO provokes apoptosis, but it also antagonizes cell death pathways 

(Weigert and Brune, 2008). NO can be beneficial by its roles in vasodilation, increased 

vascular permeability, inhibition o f platelet activation (Pannu and Singh, 2006), and 

antimicrobial effects (Fang, 1997). The amount o f NO produced, and the environment 

and context in which this occurs, largely determines whether it will have positive or 

negative actions (Pannu and Singh, 2006), and there is a rough correspondence between 

small and large quantities of NO and its homeostatic and toxic functions respectively 

(Nathan, 1997). In the brain, NO is involved in memory, the regulation o f cerebral
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blood flow and the formation of CSF. It can also act as a retrograde messenger with a 

potential role in long-term potentiation (LTP), the process underlying the formation of 

memory (Moncada, 1999).

NO released by iNOS from macrophages is cytostatic (it inhibits cell growth and 

proliferation) and cytotoxic for protozoan parasites, fungal cells and bacteria (Moncada, 

1999). This NO inhibits enzymes in the nucleus responsible for the synthesis o f DNA, 

as well as enzymes in the mitochondria, particularly complex I and complex IV 

(Moncada, 1999, Pannu and Singh, 2006). Tumour cells express iNOS which increases 

during tumour development. NO generated by iNOS is involved in tumour cell killing, 

however it can also be associated with tumour promoting effects due to growth and 

angiogenesis (Weigert and Brune, 2008). Inflammation in the brain often causes 

astrocytes and microglia to induce iNOS, leading to excessive levels o f NO that are 

potently toxic to neurons and oligodendrocytes (Pannu and Singh, 2006). IL-ip and 

TNFa production from microglia results in iNOS activity and NO production from 

astrocytes (Akama and Van Eldik, 2000). NO can affect gene transcription directly, 

either by inhibiting or activating transcription factors; for example it down-regulates 

expression o f VCAM and ICAM-1, and can modulate the balance of Th cells by 

favouring Th2 responses due to up-regulation of IL-4 production (Kolb and Kolb- 

Bachofen, 1998).

The expression of iNOS may be beneficial in defence against pathogens, but it is 

also linked to a number of inflammatory diseases (Nathan, 1997). NO is a key feature of 

sepsis, the body’s systemic response to infection, usually caused by the contamination 

o f the blood with bacteria. Patients with septic shock display increased levels of pro- 

inflammatory cytokines TNFa, IL-ip, IFNy and IL-6, leading to cytokine-dependent 

induction of iNOS and excessive production o f NO (Titheradge, 1999). Activation of 

iNOS and NO generation is also an accepted marker of inflammation in many 

neurodegenerative conditions including stroke, AD, spinal cord injury, and MS (Pannu 

and Singh, 2006) as well as inflammatory conditions including rheumatoid arthritis, 

asthma, and Crohn's disease (Moncada, 1999).

1.3.6 Neurotrophic factors

NGF

Nerve growth factor (NGF) belongs to a family of neurotrophic factors called 

the neurotrophins. These are the typical neurotrophic factors and are polypeptide growth
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factors consisting of NGF, brain-derived neurotrophic factor (BDNF), neurotrophin-3 

(NTS), and neurotrophin-4/5 (NT4/5). Neurotrophins are essential for the maintenance 

o f a healthy nervous system as they play a role in proliferation, differentiation, survival 

and death o f neuronal and non-neuronal cells. One of the primary functions of 

neurotrophins is to prevent neuronal death, but they also mediate activities, such as 

behaviour, learning, and memory (Dechant and Neumann, 2002, Chao et al., 2006). 

Neurotrophins also act on neurons affected by neurodegenerative, neurological and 

psychiatric pathologies including AD, PD, ischemia, Huntington’s disease, epilepsy, 

and depression (Dechant and Neumann, 2002, Chao et al., 2006).

Neurotrophins are unique in that they act through two different receptors located 

on the surface of axons and dendrites (Moises et al., 2007), the receptor tyrosine kinase 

(Trk) and the p75 neurotrophin receptor (p75^^), a member of the TNF receptor 

superfamily (Chao et al., 2006). NGF is selective for TrkA and p75'^™ which do not 

bind to each other directly but can form complexes leading to increased ligand 

selectivity. Signal transduction through p75*^^  ̂ increases JNK, NFkB, and ceramide, 

while TrkA signalling results in long lasting MAPK and ERK activity, and activation of 

the PI3K/Akt pathway. TrkA activation modulates neuronal survival and differentiation 

and is responsible for the hyperalgesic effects o f NGF (Chao et al., 2006, Nguyen et al., 

2009). However, p75^^^ activation triggers apoptosis during developmental cell death 

and during conditions o f stress, injury, or inflammation. Interestingly, pro-NGF is more 

effective than mature NGF in inducing this p75^^-dependent apoptosis indicating pro- 

NGF preferentially activates p75^^ to mediate apoptosis and mature NGF selectively 

activates TrkA to promote survival. Also an imbalance in the ratio of TrkA and p75’̂ ^  

expression may result in increased NGF apoptotic signalling through p75^™ (Chao et 

al., 2006, Saez et al., 2006).

Cytokine-stimulated astrocytes can produce NGF and promote neurogenesis 

(Liberto et al., 2004). For example, TNFa induces expression of NGF in astrocytes 

(Kuno et al., 2006), and riluzole, an anti-excitotoxic agent known to have 

neuroprotective effects in animal models o f brain ischemia, PD, and Huntington's 

disease, increased NGF and GDNF in cultured mouse astrocytes (Mizuta et al., 2001). 

Meanwhile, corticosterone down-regulated NGF production in astrocytes and to a lesser 

extent in mixed cultures (Gubba et al., 2004). NGF is hugely important in neuronal 

differentiation, growth and survival. NGF preferentially favours the differentiation of 

human embryonic stem cells toward ectodermal and mesodermal lineages (Inane et al.,
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2008), and is necessary for axonal growth and branching of embryonic dorsal root 

ganglion sensory neurons (Wickramasinghe et al., 2008). NGF, through Trk activation, 

provides neuroprotection against neurotoxin-exerted apoptotic death in neural stem cells 

(Nguyen et al., 2009), and reverses the age-dependent loss o f cortical cholinergic 

synapses in aged rats (Cuello et al., 2007). It suppress retrograde apoptotic signals in 

axons and inhibits activation of the pro-apoptotic transcription factor, c-jun, in the cell 

bodies (Mok et al., 2009). It promotes the survival and functioning of cholinergic 

neurons in the basal forebrain which are important for memory processes, and has roles 

in pain and temperature sensation (Chao et al., 2006). A shortage o f NGF leads to 

defects in axonal regeneration (Tosaki et al., 2008), an accumulation of ROS and 

eventual cell death (Lomb et al., 2009). NGF is also found to be reduced in the brains of 

PD patients (Olanow and Tatton, 1999). NGF gene delivery protects against the atrophy 

of basal forebrain cholinergic neurons that occurs with aging in the non-human primate 

brain. Short-term administration reverses the atrophy while long-term delivery reverses 

age-related cholinergic decline and restores cholinergic neuronal markers to levels of 

young monkeys (Nagahara et al., 2009). However other studies show that NGF can be 

detrimental. NGF signalling in hippocampal neurons rapidly causes neuronal apoptotic 

death via activation of the amyloidogenic pathway which is important in AD (Matrone 

et al., 2008), and there is an up-regulation of the pro-apoptotic pro-NGF in AD patients 

which could help explain the vulnerability of cholinergic neurons in the AD pathology 

(Cuello et al., 2007).

GDNF

Glial cell line-derived neurotrophic factor (GDNF) is one of the most potent 

neurotrophic factors. It is a glycosylated homodimer o f approximately 39 kDa and is a 

distantly related member of the TGFP superfamily (Lin et al., 1993, Verity et al., 1999). 

There are four major GDNF family receptor alpha proteins (GFRal, 2, 3, and 4) which 

require the presence of TGFpi to activate the transport of GFRa to the cell membrane. 

GDNF binds specifically to GFRal forming homodimers which bring two molecules of 

Trk together, triggering trans-phosphorylation of specific tyrosine residues. This 

activates the MAPK and PI3K pathways which are crucial for neuronal survival and 

neurite outgrowth. In cells without Trk, GDNF can bind with high affinity to the neural 

cell adhesion molecule (NCAM). NCAM and GFRal form a complex which activates
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Fyn and FAK (Sariola and Saarma, 2003, Lin et a l ,  2006, Parkash et al., 2008). 

Expression of Trk and GFRal is dependent on NGF (Luo et al., 2007b).

GDNF is released from many cell types including neurons, astrocytes, microglia, 

and macrophages. Its release can be modulated by many molecules including LPS, IL- 

ip, TNFa, and PGE-2, and following brain or nerve injury (Verity et al., 1999, Lin et 

al., 2006). For example, TNFa induces expression of GDNF in astrocytes (Kuno et al., 

2006), and riluzole, an anti-excitotoxic agent known to have neuroprotective effects in 

animal models o f brain ischemia, PD, and Huntington's disease, increased GDNF in 

cultured mouse astrocytes (Mizuta et al., 2001). GDNF is a survival factor for midbrain 

dopaminergic neurons and motoneurons in the CNS, and sympathetic, parasympathetic, 

sensory and enteric neurons in the periphery (Sariola and Saarma, 2003). In vitro studies 

showed that GDNF did not increase total neuron or astrocyte numbers, but it did 

promote the survival and differentiation o f dopaminergic neurons. It also increased 

high-affinity dopamine (DA) uptake by dopaminergic neurons, but not transmitter 

uptake by GABAergic and serotonergic neurons (Lin et al., 1993). GDNF, plus BDNF 

or db-cAMP, significantly protected DA neurons suggesting that GDNF, BDNF, and 

cAMP produce convergent signals to activate protein kinase A (PKA) and MAPK 

pathways which are involved in the survival of postnatal mesencephalic DA neurons in 

vitro (Lara et al., 2003), and GDNF can help restore motor function in a rat model of 

PD (Yoo et al., 2003). It significantly increased motoneuron survival and co-treatment 

o f GDNF with thrombin significantly prevented the thrombin-induced death of 

motoneurons (Turgeon and Houenou, 1999). GDNF is also important during ischemia. 

Expression o f GDNF was induced in microglia following in vitro ischemia and this 

protected against ischemia-induced damage o f astrocytes and neurons (Lee et al., 2004, 

Lu et al., 2005). In vivo studies have also shown that following ischemia, GDNF 

production is increased and is neuroprotective (Verity et a l ,  1999, Lin et al., 2006). 

Following brain ischemia, GDNF is increased at 2 hours due to neuronal up-regulation, 

and at 72 hours due to increased astrocyte-derived GDNF synthesis (Tokumine et al., 

2003). GDNF is reduced in the brains o f PD patients (Olanow and Tatton, 1999), and 

may be useful in the treatment o f neurodegenerative diseases, such as PD, ALS, motor 

neuron disease (MND), and cholinergic deficit-related dementia (Lapchak, 1996).
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1.4 Role of glia in inflammation 

1.4.1 Microglial Activation

Microglia are the key cellular mediators of a neuroinflammatory response. They 

respond rapidly and in a territorially highly confined way to subtle, acute and chronic 

pathological stimuli. They display a complicated range of inflammatory responses, far 

surpassing the original view that the only function of “reactive gliosis” was structural 

support and phagocytosis (Streit et al., 2004). During brain development and 

remodelling microglia assist in the removal of unneeded cells through apoptosis and 

phagocytosis. In the mature brain they normally exist in their resting ramified state; 

however they are particularly sensitive to changes in their microenvironment and are 

readily activated in three ways, indirect, mixed mode and direct neurotoxins (Figure 

1.2) (Liu and Hong, 2003).

LPS Amyloid-(3
rhrombin

Ncuro toxins

Microglia

IN Fa

Neuron

Neuronal death induces microglial activation

Figure 1.2: Methods o f microglial activation (Liu and Hong, 2003)

Activation o f microglia by indirect neurotoxins such as LPS, or mixed mode 

neurotoxins such as amyloid-P or thrombin, results in the release o f inflammatory 

molecules such as NO, TNFa, and IL-ip. These inflammatory molecules can cause 

neuronal death which then induces microglial activation resulting in a positive feedback 

loop of microglial activation and neuronal death. The loop can also be activated by 

direct neurotoxins which induce neuronal death.
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The term “activated microgha” is used to describe cells that are reproducing and 

showing immunophenotypic changes, but that are not yet phagocytic. Microglia only 

become phagocytic in response to neuronal death (Streit et al., 1988). Indirect 

neurotoxins have no known effect on neurons but they directly activate microglia: For 

example, the gram negative bacterial cell wall endotoxin LPS is widely used to induce a 

microglial immune response under experimental conditions. Mixed mode neurotoxins 

such as Ap, an important factor in AD, directly activate microglia, but also have a direct 

effect on neurons. Direct neurotoxins attack and kill the neurons directly leading to 

neuronal death and neuronal death-induced microglial activation. Activated microglia 

then release a variety o f potentially neurotoxic factors that further exacerbate the 

neuronal degeneration (Liu and Hong, 2003). Neurons have a suppressant effect on 

microglial reactivity and so a reduction in the ratio o f neurons to microglia, due to 

neuronal death, reduces this modulatory effect (Zietlow et al., 1999) thus leading to 

even more microglial activation, and so a vicious circle begins.

1.4.2 Astrocyte activation

Astrocytes play an important role in the neuroinflammatory response in the brain 

(Liberto et al., 2004, Block and Hong, 2005). As they are so abundant, even small 

alterations in astrocyte function can have a significant effect on the CNS environment. 

Activated astrocytes undergo de-differentiation and have to give up physiological 

functions coupled to their mature differentiated state (Schubert et al., 2000). Following 

CNS injury, astrocytes proliferate and there is a change in morphology due to 

enlargement o f the cell body and retraction of processes. The expression of GFAP is 

also markedly up-regulated (Eng et al., 2000, Schubert et al., 2000). During 

inflammation astrocytes help in tissue repair and the regulation of immune responses in 

the CNS (Farina et al., 2007). They express extracellular matrix proteins, neurotrophic 

factors, and membrane bound CAMs (Block and Hong, 2005). Astrocytes can form 

scars around the site of injury, creating a barrier which can impair microglial access to 

the site. This affects the function o f glia-glia and glia-neuron gap-junction and 

intercellular signalling, halting apoptotic signals and the ability to respond to insults 

such as oxidative stress or infection (Kielian and Esen, 2004). Activated astrocytes have 

an increased capacity to clear glutamate via up-regulation o f the glutamate transporter 

and glutamine synthase (Liberto et al., 2004). This is neuroprotective as it can prevent 

excitotoxicity resulting from excessive glutamate release. Cytokine-activated astrocytes
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generate an adaptive response post-injury to promote CNS repair as they can break 

down stored glycogen for glucose or lactate release, increase glutamate transporter 

levels to prevent excitotoxicity, increase cytosolic antioxidant proteins, promote 

revascularization, restore the BBB, promote re-myelination, enhance neuronal survival 

through the release of neurotrophic factors, and promote the formation of new synapses 

and neurons (Liberto et al., 2004).

1.4.3 Expression o f inflammatory molecules

Giulian and colleagues (1993) did many studies investigating the factors 

released by glia in response to injury. They showed that astrocytes release proteins 

(greater than 10 kDa) that promote neuronal growth and diminish microglial toxicity. 

Activated microglia release small neurotoxic factors (less than 500 Da) that diminish 

neuronal survival but have no effect on other glial cells in culture. These neurotoxins 

are distinguishable from other microglial secretions such as cytokines. They are heat- 

stable, protease-resistant molecules with biologic activities blocked by NMDA receptor 

antagonists. Glia-neuron co-cultures (Giulian et al., 1994) showed the effect of soluble 

products from secretory microglia following stimulation by a phagocytic signal. There 

was an astrocyte proliferating effect, which was blocked by an IL-1 receptor antagonist, 

and a neurotoxic effect which was inhibited by an NMDA receptor antagonist. This 

implies that IL-1 promotes astrocyte growth.

Upon activation microglia undergo rapid transcriptional responses which are 

initiated by intracellular signalling cascades (Pawate et al., 2004). This process includes 

MAPK, NFkB, and JAK/STAT pathways leading to gene expression and production of 

pro-inflammatory cytokines. Activated microglia release many soluble factors. Some of 

these factors are beneficial to the survival of neurons, such as the GDNF. However, 

most o f these factors are neurotoxic and pro-inflammatory. They include the cytokines 

TNFa and IL-ip, the free radicals NO and superoxide, fatty acid metabolites such as 

eicosanoids, and quiolinic acid (Liu and Hong, 2003). Many studies have shown that 

glial activation is implicated with the release of ROS which mediate many downstream 

events and can eventually lead to apoptosis. A study on the microglia BV-2 cells by 

Kang and colleagues (2001) showed that ROS functioned as signalling molecules for 

the activation of NFkB and the induction o f IL-ip mRNA expression in response to 

treatment with Ap. ROS scavengers and blockers o f the ROS generating enzymes (such 

as NADPH oxidase, COX, and lipoxygenase) dramatically reduced the activation of
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NFkB and IL-ip Another study (Min et a l ,  2004) showed that plasminogen, a normal 

component o f blood, activates microglia via stimulation of ROS production. This then 

induced expression o f IL-lp, TNFa and iNOS mRNA. They found that ROS were 

generated within fifteen minutes o f stimulation and that antioxidants significantly 

reduced IL-lp and TNFa production.

Activated astrocytes release cytokines such as IL-ip, TNF, IL-6, IFNp, TGFP, 

and granulocyte-macrophage colony-stimulating factor (GM-CSF), numerous 

chemokines including IP-10, and neurotrophic factors such as NGF and BDNF (Farina 

et al., 2007). The release o f inflammatory molecules results in many pro-inflammatory 

effects including the activation o f astrocytes, and the activation, differentiation and 

proliferation of microglia, as well as increased BBB permeability, and the recruitment 

of peripheral immune cells such as monocytes, macrophages, dendritic cells, 

neutrophils, and T and B lymphocytes. However the release o f neurotrophic factors 

results in some pro-survival effects including the proliferation and survival of 

astrocytes, the regulation o f microglial activity, the release of neuroprotective 

mediators, and the survival, differentiation, and regeneration of neurons (Farina et al., 

2007). This balance between pro- and anti-inflammatory effects is fundamental to the 

control of inflammation.

Active microglia, like other macrophages, are able to present antigens to T cells 

using MHC-class-II. In their resting state there is a very low level o f expression of B7-2 

and CD40 and no surface expression of B7-1. Microglia become professional APCs 

only after activation through cytokines and signalling from a relevant T cell by B7- 

CD28 and CD40-CD40L interactions (Matyszak et a l ,  1999). The expression o f MHC- 

class-II, along with the associated CD40 and B7 molecules, is up-regulated during an 

inflammatory response (O'Keefe et a l ,  2002). Treatment o f microglia with LPS and 

IFN-y causes up-regulation o f B7-1 molecules on the cell surface (Becher and Antel, 

1996). The expression o f these cell surface receptors is under the control o f the anti

inflammatory factors IL-10, IL-4, TGF, and NGF. IL-10 inhibits B7-2 expression while 

IL-4, TGFpi, and NGF repress the induced expression o f B7-2 and CD40 (Wei and 

Jonakait, 1999). Astrocytes also express MHC-class-II, CD40, and B7 and are able to 

activate T cells. Astrocyte CD40 is up-regulated by inflammatory cytokines such as 

TNFa, IL-lp, and IFNy, and by inflammatory stimuli such as LPS. Moreover, activation 

o f astrocyte CD40 by CD40L has been demonstrated to result in pro-inflammatory
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cytokine release by these cells in vitro (Abdel-Haq et al., 1999, Dong and Benveniste, 

2001).

1.4.4 Role o f glia in disease

Many studies have shown that there is a role for activated glia in a number of 

neurodegenerative diseases. It is likely that the activation of microglia, as a 

consequence of neuronal injury, represents a risk factor that may be the start o f a 

cascade o f events leading to chronic inflammation and the progression of neurological 

degeneration. AD and PD are both age-related neurodegenerative disorders in which 

microglial activation plays an important role in the pathogenic, and possibly even the 

initiation, stages (Liu and Hong, 2003). Reactive microglia were found to exist with the 

plaques in the cortical region of AD brains, and in large numbers in the substantia nigra 

of PD brains, the region where most of the degeneration o f dopaminergic neurons 

occurs. Banati and colleagues (1994) recognised that the study of microglial cell 

biology was fundamental to understanding the brain’s basic tissue reactions and cellular 

mechanisms in response to CNS disease. They demonstrated that the prime function of 

microglia is to protect the integrity o f the CNS but they admitted that microglial 

cytotoxicity had the potential to cause neuronal damage, due to the release of 

proteinases, cytokines, reactive oxygen intermediates, and reactive nitrogen 

intermediates. They proposed that interference with microglial activation or production 

of cytokines by microglia might offer “new therapeutic opportunities for the prevention 

of neuronal cell death in CNS disease” (Banati et al., 1993). Detection of microglial 

activation provides diagnostically useful parameters of disease, such as accurate spatial 

localisation, disease progression, and any secondary neurodegenerative or adaptive 

changes away from the primary site o f disease (Banati, 2003).

Two particularly important activators o f glial cells in relation to disease are Ap, 

a key factor in AD, and thrombin, which is important in stroke and PD. Both these 

molecules directly activate microglia, but also have a direct effect on neurons (Figure 

1.2) (Liu and Hong, 2003, Stuchbury and Munch, 2005, Luo et al., 2007a, Sokolova and 

Reiser, 2008).

1.5 Amyloid p (Ap)

Ap is formed by the cleavage of amyloid precursor protein (APP), a 

transmembrane protein with a large extracellular N-terminal domain and a smaller
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intracellular tail (Blennow, 2004). The Ap domain is partly embedded in the plasma 

membrane (Figure 1.3a). Normally APP is cleaved by a-secretase releasing a-secretase- 

cleaved soluble APP (a-sAPP) and an 83 amino acid C-terminal fragment (CTF) of 

APP (C83). Next C83 is cleaved by the y-secretase complex releasing a shorter peptide 

called p3. APP cleavage within the AP domain prevents formation of free Ap (Figure 

1.3b). In the amyloidogenic pathway, APP is cleaved by P-secretase, releasing P- 

secretase-cleaved soluble APP (P-sAPP) and the 99 amino acid CTF of APP (C99). The 

C99 is cleaved by the y-secretase complex releasing free Ap (Figure 1.3c). Ap is 

important as it forms the senile plaques in the brains of patients with AD (Blennow, 

2004). Hence a vast quantity of the study on AD has focused on the role o f Ap.

(a) Amyloid precursor protein (AFF) Cell m em brane

N

Extracellular Intracellular

Amyloid-P

(h) a-secretase cleavage 

a-sAPP

(c) P-secretase cleavage 

3-sAPP

a-secre tase□ C83

P3

y-secretase

P-secretase

C99

Amyloid-3

y-secretase 
O

Figure 1.3: Schematic drawing o f the generation of Afi from APP (Blennow, 2004) 

Red writing denotes en2ymes. (a) APP is a transmembrane protein that contains a large 

extracellular N-terminal domain, a smaller intracellular C-terminal domain, and an AP 

domain that is partly embedded in the cell membrane, (b) Cleavage of APP by a- 

secretase releases a-sAPP and an 83 amino acid CTF called C83. When C83 is cleaved 

by the y-secretase complex it releases a shorter peptide called p3. (c) Cleavage o f APP 

by P-secretase releases P-sAPP and a 99 amino acid CTF called C99. When C99 is 

cleaved by the y-secretase complex it releases free Ap.
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1.5.1 Afi and Alzheimer's disease

Alzheim er’s disease (AD) is a neurodegenerative disease and the most common 

cause o f  dementia (Ott et al., 1995). Dementia is an acquired cognitive impairment 

sufficient to cause functional impairment and interfere with activities o f  daily living. 

AD is characterised clinically by progressive intellectual deterioration together with 

declining activities o f  daily living and eventually neuropsychiatric symptoms or 

behavioural changes. The most striking early symptom is memory loss which becomes 

steadily worse as the illness progresses. Other cognitive areas are also impaired such as 

language (aphasia), coordinated movement (apraxia), recognition (agnosia), and those 

functions closely related to the frontal lobe o f  the brain such as decision-making and 

planning. As the disease progresses behavioural changes also occur and patients can 

becom e aggressive or paranoid, suffer from hallucinations or delusions, and engage in 

inappropriate behaviours such as shouting and wandering.

The pathophysiology o f  AD is characterized by degeneration o f  the neurons and 

their synapses, and the presence o f  extensive amounts o f  senile plaques and 

neurofibrillary tangles (NFTs) (Bum s et al., 1997). NFTs are caused by tau proteins, 

which belong to the microtubule-associated proteins (M AP) family. They are mainly 

expressed in neurons where their most important role is in axonal transport via the 

microtubules network. However during AD, abnormal phosphorylation on some o f  the 

79 putative serine/threonine phosphorylation sites leads to tau aggregation and the 

formation o f  NFTs, resulting in loss o f  axonal transport and subsequent loss o f  proper 

neuronal function (Braak and Braak, 1991, Buee et al., 2000, Blennow, 2004). Another 

important factor is apolipoprotein E (ApoE), a heterogeneous protein which plays a 

critical role in lipid metabolism. ApoE4 is a risk factor for A D  and has been shown to 

bind to senile plaques and NFTs (Buee et al., 1996). It is thought that ApoE may play a 

secondary role in NFT formation or that it accumulates within the neurons in response 

to neuronal damage (Benzing and Mufson, 1995). ApoE4 is also toxic to neurons 

(Jordan et al., 1998), and can contribute to the formation o f  lesions (Poirier et al., 1995). 

ApoE is capable o f  modulating glial activation both in vitro  and in vivo, as measured by 

an increase in TNFa and IL-ip expression, following LPS stimulation (Lynch et al., 

2001).

The predominant feature o f  AD is the formation o f  senile plaques, also known as 

neuritic plaques, which are formed from Ap (Blennow, 2004). A(3 occurs in two forms, 

APi-40 and APm 2 , containing 40 and 42 amino acids respectively. APm 2 aggregates
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more rapidly than APi^o, is the initial form o f  AP deposited in diffuse plaques, and is 

the prominent form o f  Ap in senile plaques (Blennow, 2004). Ap can exist in a fibrillar 

form which initiates a more potent inflammatory response than that from non-fibrillar 

forms o f  Ap. Both in vitro  and in vivo  studies have shown that APm 2 exists in a P-sheet 

conformation, which makes it more fibrillogenic and therefore more cytotoxic than 

other forms o f  AP (Stuchbury and Munch, 2005). One study however found that A Pm 2 , 

unlike APi^o, did not become fibrillar in vivo, but required incubation in vitro  prior to 

injection in order to maintain a fibrillar structure (Shin et al., 1997). For these reasons 

most o f  the research into Ap has focused on the APi^ 2  form. In particular it is proving 

to be very useful as a CSF biomarker. Blennow and colleagues (2004) found that in AD  

there was a decrease in CSF-APm 2 to about 40-50%  o f  control levels. The hypothesis 

for this is that deposition o f  A pi^ 2  in plaques led to lower levels diffusing to the CSF. 

They also showed a decrease in the ratio o f  A P 1.42/AP1.40 in CSF. Preliminary data 

suggests that this ratio may be o f  particular importance and use in the early diagnosis o f  

AD.

Inflammation has long been recognised as being pivotal to the progression o f  

AD, and many papers and reviews have been published on neuroinflammation and how  

it contributes to neurodegeneration (Moore and O'Banion, 2002, Stuchbury and Munch, 

2005). Studies o f  AD brains have identified the presence o f  activated glial cells, and 

many inflammatory proteins, including pro-inflammatoiy cytokines, complement 

factors, and acute-phase proteins, which all play a role in AP-mediated neurotoxicity 

(Stuchbury and Munch, 2005).

1.5.2 Ap and Inflammation

Activated glial cells play an important role in AD and AP-mediated 

neurotoxicity. Microglia are found to localise in clusters around senile plaques in the 

cortical region o f  A D  brains (Liu and Hong, 2003, McGeer and McGeer, 2003, 

Stuchbury and Munch, 2005), and are thought to mediate plaque formation as they can 

assist in the conversion o f  non-fibrillar AP to fibrillar AP (Moore and O'Banion, 2002). 

Many studies have shown that Ap is capable o f  activating microglia in a dose and time- 

dependent manner. Glial activation results in a morphological response and the 

expression o f  pro-inflammatory cytokines, which in turn enhance AP-induced glial 

activation, resulting in a continuous inflammatory cycle (Moore and O'Banion, 2002). 

M icroglia in AD are in a chronic state o f  activation, which involves the transformation
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of the microglia into phagocytic cells that are capable of not only ingesting particles, but 

releasing ROS, proteases, and several cytokines (Stuchbury and Munch, 2005). 

Microglia localised around plaques have a substantially increased expression of many 

inflammatory markers, including MHC-class-I and -II, the pro-inflammatory cytokines 

IL-1 and TNFa, and receptors for cytokines and other inflammatory agents (Halliday et 

al., 2000).

Astrocytes also play an important role in the process of neurodegeneration. 

Astrocytes are found to localise around senile plaques (Stuchbury and Munch, 2005), 

and reactive astrogliosis is frequently observed in the lesioned areas o f AD brains (Liu 

and Hong, 2003, McGeer and McGeer, 2003). Isolated astrocytes from the brains of AD 

patients show increased expression o f nNOS, indicating the production of NO 

(Stuchbury and Munch, 2005). In vitro studies have shown that astrocytes can create a 

barrier around plaques by deposition of proteoglycans, and this is backed up by 

investigation o f post-mortem AD brains which showed localisation o f proteoglycans to 

senile plaques (Moore and O'Banion, 2002).

Some studies showed that Ap alone is able to activate microglia while others 

state that co-stimulatory molecules have to combine with Ap in order for it to have a 

pro-inflammatory effect (Stuchbury and Munch, 2005). For example it was reported that 

when the THP-1 human monocyte cell line was treated with AP alone it resulted in a 

small increase in IL-ip and IL-6, but when treated with Ap and the chemokine-like 

mediator C5a this increase in IL-lp and IL-6 was dramatically augmented (O'Barr and 

Cooper, 2000). Ap acts in combination with CD40L to promote pro-inflammatory 

responses in microglia and endothelial cells, including secretion of IL-ip and TNFa 

(Town et al., 2001). Ap also disrupts Muller glial cell function in the retina (Walsh et 

al., 2002). Importantly, human microglial cell lines and microglia extracted from post

mortem AD patients are sensitive to Ap, and can be activated in the absence o f co

stimulatory molecules (Stuchbury and Munch, 2005). An interesting study (von 

Bemhardi and Eugenin, 2004) examined the different responses of mixed glial cultures, 

microglia cultures, and astrocyte cultures to AP stimulation. AP (0.1, 1 and 5 ^M) 

decreased cell viability (as measured using an MTT assay) in microglia and mixed glial 

cultures in a dose dependent manner, while only the highest dose decreased cell 

viability in astrocyte cultures.

AP-induced activation o f microglia results in an increase in several markers of 

inflammation and oxidative stress. Ap increased iNOS in microglia and in mixed glial
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cultures, and increased NO (over 1 to 4 days) in microglia but not in mixed glial 

cultures (von Bemhardi and Eugenin, 2004). However another study stated that Ap did 

not increase NO in microglia, but did increase superoxide anion production (Moore and 

O'Banion, 2002). Exposure o f microglia cultures and mixed glial-neuronal cultures to 

Ap results in a dose-dependent increase in the secretion o f the pro-inflammatory 

cytokines IL-ip, IL-6, and TNFa (Rogers et al., 2002, McGeer and McGeer, 2003). IL- 

ip, IL-6, and TNFa are also elevated in AD brains (McGeer and McGeer, 2003). IL-lp 

is expressed in microglia associated with plaques. It influences synthesis and processing 

of APP leading to greater Ap production and is thought to be a mediator of plaque and 

NFT formation (Moore and O'Banion, 2002). Other studies showed that AP induced 

expression of IL-ip from a THP-1 human monocyte cell line (O'Barr and Cooper, 

2000), and from a microglial cell line, and this was modulated by ROS (Liu and Hong, 

2003). IL-ip from microglia treated with AP mediates iNOS expression in reactive 

astrocytes (Moore and O'Banion, 2002). TNFa is also expressed in microglia associated 

with plaques and is essential for Ap-induced neurotoxicity (Moore and O'Banion,

2002). Ap-stimulated primary microglia produced the inflammatory cytokines IL -la, 

IL-ip, TNFa, and IL-6, and the chemokine MCP-1 (Szczepanik et al., 2001). Another 

study showed that in astrocyte cultures treated with Ap, the production of IL-ip and 

TNFa occurred before the production of iNOS (Akama and Van Eldik, 2000). AP 

induced IFNy production from co-cultures o f astrocytes and microglia (Yamamoto et 

al., 2007). Exposure of cultured microglia or monocytes to Ap results in a dose- 

dependent increase in their secretion o f the chemokines IL-8, M IP-la, and MCP-1, and 

the growth factor macrophage-colony stimulating factor (M-CSF) (Rogers et al., 2002, 

McGeer and McGeer, 2003). The chemokine receptors CXCR2, CCR3 and CCR5, and 

the cell adhesion molecule ICAM-1 are also up-regulated in AD (McGeer and McGeer,

2003). Anti-inflammatory cytokines may also play role as TGFpi has been detected in 

microglia, plaques, serum, and CSF o f AD patients (Moore and O'Banion, 2002, Rogers 

et al., 2002, McGeer and McGeer, 2003).

Another function of microglia is their ability to phagocytose and internally 

degrade AP deposits (Moore and O'Banion, 2002, Rogers et al., 2002). Astrocytes and 

microglia in the brains of non-demented subjects with cerebral Ap deposition contained 

either Ap-positive granules or Ap aggregate in the cytoplasm (Yamaguchi, 2005). This 

may indicate the uptake o f extracellular Ap deposits. These findings mean that there is 

an active balance between plaque formation and clearance, and plaques may disappear
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when clearance is greater than formation. However there is also contradictory evidence 

which suggests that microglia not only decrease AP deposition, but in some cases may 

actually increase it (Stuchbury and Munch, 2005). Another study showed that microglial 

phagocytosis o f  A|3 is increased by intravenous immunoglobulin, a purified 

immunoglobulin fraction manufactured from the blood o f  healthy humans (Istrin et al., 

2006). It has also been shown that astrocytes can degrade AP deposits in situ  (Farina et 

al., 2007). This dynamic balance o f  cerebral AP deposition makes the temporal profile 

o f  the disease more complicated.

1.5.3 Ap and Neurotoxicity

Ap has been shown to be directly toxic to neurons. A single injection o f  AP into 

the retina was sufficient to induce chronic DNA fragmentation and neuronal loss, 

without direct contact being needed between the neurons and Ap aggregates (Walsh et 

al., 2002). Neuronal apoptosis has been shown to result in Ap accumulation through a 

caspase-3 mediated mechanism, which is involved in apoptotic cell death, thus 

perpetuating the cycle o f  neurodegeneration (Moore and O'Banion, 2002). There is also 

an ‘amyloid cascade hypothesis’ which suggests that an APi-42 seed is deposited and 

initiates the formation o f  diffuse plaques. These are initially fluid and non-fibrillar, but 

over time they compact, and become fibrillar and therefore neurotoxic (Halliday et al., 

2000, Stuchbury and Munch, 2005). Neurotoxicity is dependent on glial activation and 

the resulting induction o f  iNOS and inflammatory cytokines (Akama and Van Eldik, 

2000). The potency o f  Ap-induced neurotoxicity on cultured neurons was increased 

dramatically in the presence o f  microglia, with this increase being primarily attributed 

to microglial activation (Liu and Hong, 2003). Conditioned media (CM) from 

microglial cultures which had been treated with AP caused apoptosis in cortical neurons 

(Combs et al., 1999, Combs et al., 2001). This neuronal cell death was prevented by 

pre-incubating the microglia with inhibitors o f  iNOS or antibodies against TNFa, but 

not IL-ip (Combs et al., 2001). Another study showed that CM from microglia cultures 

which had been treated with Ap caused apoptosis in hippocampal neurons, while CM  

from mixed glial cultures which had also been treated with Ap did not cause apoptosis, 

indicating that astrocytes could play a role in preventing apoptosis. Interestingly, when 

CM from astrocyte cultures which had been stimulated with LPS and IFNy, was added 

to microglia cultures which were then treated with Ap, and the resulting microglia CM  

was added to hippocampal cultures, it did not induce apoptosis, showing that astrocytes
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can mediate their effect even when cell contact is not present (von Bemhardi and 

Eugenin, 2004). This shows that astrocytes can modulate the inflammatory response, 

possibly having a protective role in the prevention o f microglial-induced neuronal 

apoptosis.

The immune response in AD can be both beneficial and damaging (Moore and 

O'Banion, 2002, Rogers et al., 2002). Initially it is beneficial: reactive microglia degrade 

and phagocytose Ap and eliminate cell debris, while reactive astrocytes isolate neurons 

from senile plaques and release cytokines and growth factors that may aid neuronal 

survival and recovery. However the immune response in AD is chronic, leading to 

prolonged glial activation, release o f neurotoxins, and thus further neurodegeneration 

(Halliday et al., 2000).

1.5.4 Ap signalling

Ap activates tyrosine kinase based intracellular signalling cascade in microglia 

(Combs et al., 1999, Combs et al., 2001). It is likely that Ap-induced inflammation is 

mediated by the activation o f NFkB, a transcription factor which induces numerous 

genes including cytokines, immune-receptors and acute phase proteins. Consistent with 

this hypothesis, anti-sense NFkB oligonucleotides inhibited the Ap-induced increase in 

IL -ip and IL-6 mRNA (Moore and O'Banion, 2002). THP-1 human monocyte cell line 

treated with AP and the chemokine-like mediator C5a activates NFkB, resulting in an 

increase in IL-ip and IL-6 (O'Barr and Cooper, 2000). Ap also has chemokine like 

activity at formyl chemotactic receptors, which again results in NFkB activation (Moore 

and O'Banion, 2002). COX-2, an enzyme which produces prostaglandins such as 

prostaglandin-E2 (PGE-2, a potent pro-inflammatory agent), is also important in AD 

(Halliday et al., 2000, Moore and O'Banion, 2002, Stuchbury and Munch, 2005), and 

microglia treated with AP stimulate COX-2 pathways (Moore and O'Banion, 2002).

Ap can also directly activate both the classical and alternative complement 

pathway (Rogers et al., 2002). There is evidence of activation of the complement 

cascade in AD where complement protein C lq  is associated with plaques, and neurons 

have been shown to express the final membrane-attack complex (MAC) (Moore and 

O'Banion, 2002). Ap has a high affinity for C lq  protein, and aggregated complexes 

containing this segment bind strongly to the microglial C lq  receptor making it a 

mechanism for activation of microglia (Figure 1.4) (Halliday et al., 2000).
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Figure 1.4: Afi in inflammation and neurodegeneration (Halliday et aL, 2000)

AP fragments are released into the extracellular space o f the brain via the cleavage o f 

APP by secretases. The fibrillogenic form APi_42 has a high affinity for the C lq protein 

and this complex activates microglia through their C lq  receptor. Activated microglia 

produce inflammatory mediators to recruit more microglia and they release agents such 

as membrane attack complexes (MAC), prostaglandins, and leukotrienes, leading to the 

generation o f free radicals that contribute to the neurodegeneration o f neurons and to Ap 

deposition and plaque formation.
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1.5.5 Combating Ap-induced inflammation and neurotoxicity

Due to the weahh o f  evidence regarding the role o f  Ap in inflammation and 

glial-mediated neurotoxicity, a good target for the treatment o f  AD is 

neuroinflammation and the value o f  reducing this as a means to slow  the progression o f  

AD. Ap-induced production o f  the pro-inflammatory cytokines, IL -la , IL -ip , TNFa, 

and IL-6 was reduced by the application o f  the anti-inflammatory cytokine IL-10, while 

IL-4 and IL-13 more selectively inhibited IL -ip  and IL-6, with little or no suppressive 

activity on IL -la  or TNFa. The chemokine MCP-1 was also inhibited by IL-10, but was 

increased by IL-4 and IL-13 (Szczepanik et al., 2001). Naloxone, a non-selective 

antagonist o f  the G-protein linked classic opioid receptors, is capable o f  attenuating 

LPS-induced microglial activation so may be neuroprotective in experimental models o f  

inflammation-mediated neurodegenerative diseases such as AD. Naloxone inhibited the 

production o f  superoxide in APi^2-activated microglia, while naloxone methiodide, a 

partial opioid antagonist that carries a charged group, suppressed Ap^a-induced  

superoxide generation (Liu and Hong, 2003).

Nonsteroidal anti-inflammatory drugs (NSA IDs) are widely used as treatments 

for a variety o f  inflammatory conditions and have been shown to provide a protective 

effect against the development o f  AD (Halliday et al., 2000, Etminan et al., 2003). 

However the effectiveness o f  the treatment depends largely on the type o f  NSAID that 

is used. The predominant actions o f  NSAIDs are as COX inhibitors, which significantly 

decrease the level o f  prostaglandin synthesis. But some NSAIDs are also agonists o f  

peroxisom e proliferator-activated receptors (PPARs). PPARs are members o f  the 

nuclear receptor superfamily which act via transcriptional repression o f  pro- 

inflammatory genes, including NFkB  (M oore and O'Banion, 2002, Stuchbury and 

Munch, 2005). COX-2 selective N SAIDs such as celecoxib and rofecoxib do not have a 

significant therapeutic benefit for AD patients, however, some NSAIDs such as 

ibuprofen, indomethacin and sulindac sulfide, which bind to PPARs, have demonstrated 

efficacy in AD. This indicates that the neuroprotective effects o f  NSAIDs may be the 

result o f  mechanisms other than the inhibition o f  COX (Stuchbury and Munch, 2005).

W hile these drugs are making progress, there is still a long way to go before a 

fully effective treatment for combating AP-induced inflammation and neurotoxicity is 

available.
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1.6 Thrombin

Thrombin is a member of the serine protease family, generated from the 

proenzyme prothrombin, which is synthesised in the liver and then secreted into the 

bloodstream (Fenton, 1986). It plays important multifunctional roles in wound healing 

and blood coagulation. In particular it is crucial for the final stages o f the coagulation 

cascade during haemostasis when it is responsible for the conversion of plasma 

fibrinogen into fibrin and the development of an insoluble fibrin clot. It plays a central 

role in determining the stability of the fibrin clot by maintaining a balance between 

coagulation and fibrinolysis by activating thrombin activatable fibrinolysis inhibitor 

(TAFI) which protects the fibrin clot against lysis (Bouma and Mosnier, 2006). 

Thrombin is not solely restricted to the periphery: Prothrombin mRNA has been 

detected in the brain, indicating that thrombin can be produced there (Dihanich et al., 

1991). Thrombin and its receptors (protease activated receptors, PARs) have also 

recently been identified as having an important role in a number neurodegenerative 

disorders including stroke, PD, AD, and MS, and can either promote neurodegeneration 

or neuroprotection making them attractive targets for therapeutic intervention (Luo et 

al., 2007a, Sokolova and Reiser, 2008).

1.6.1 Thrombin and Stroke

Stroke is a heterogeneous disease with more than 150 known causes. There are a 

number of different types of stroke, the main ones being ischemic and haemorrhagic 

stroke, but also subarachnoid haemorrhage, cerebral venous thrombosis, and spinal cord 

stroke (Amarenco et a l ,  2009). Ischemic stroke resuhs from a shortage of the blood 

supply to the brain, while haemorrhagic stroke (intracerebral haemorrhage (ICH)), 

results from the leakage or rupture of a blood vessel in the brain. In the United States, 

ischemic stroke accounts for 87% of all strokes, with the remaining 13% of strokes 

being hemorrhagic in intracerebral or subarachnoid locations. Neuroimaging is required 

to reliably differentiate between ischemic stroke and ICH, as well as to diagnose entities 

other than stroke (Yew and Cheng, 2009). The characteristic symptom of stroke is 

experiencing or awakening with the abrupt onset o f important neurologic deficits, with 

the most common presenting symptoms being difficulty with speech or weakness on 

one half o f the body (Yew and Cheng, 2009). ICH often causes immediate death, but 

even if the patient survives the initial bleed, the resulting blood in the brain can lead to 

secondary brain injury and sometimes delayed fatality (Hua et al., 2007).
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Inflammation is hugely important in aggravating brain injury following ICH. 

The BBB is disrupted, although it remains intact to large molecules for the first few 

hours, and the brain undergoes an inflammatory response which is immediately initiated 

but does not peak until several days later (Xi et al., 2006). Cytokines play an important 

role, in particular TNFa and IL-ip which usually exert neurotoxicity. However in the 

absence o f iNOS, these cytokines may contribute to neuroprotection and plasticity (Stoll 

et al., 2000). Activation of the complement cascade is also seen (Xi et al., 2006). 

Apoptosis and necrosis both occur in ICH, as demonstrated by an increase in 

concentrations of NFkB protein and DNA fragmentation (Xi et al., 2006). It is thought 

that some of the injury in ICH may be due to products in the blood, in particular 

thrombin. Following ICH, a substantial amount of thrombin is released into the brain 

parenchyma due to the high concentration of prothrombin in the plasma. This thrombin 

is responsible for early cerebral oedema formation and acute brain injury (Hua et al., 

2007, H uaet al.,2009).

1.6.2 Thrombin and Parkinson's disease (PD)

Parkinson’s disease (PD) is a progressive neurological disorder characterised by 

a large number of motor and non-motor impairments. The four key features of PD can 

be described under the acronym TRAP: Tremor at rest. Rigidity, Akinesia (or 

bradykinesia) and Postural instability. Tremors are unilateral and usually involve the 

hands, lips, chin, jaw  and legs. Rigidity is identified by increased resistance which is 

usually accompanied by the “ cogwheel”  phenomenon. Bradykinesia is a hallmark of 

basal ganglia disorders and refers to slowness o f movement including difficulties with 

plarming, initiating and executing movement, and with performing sequential and 

simultaneous tasks. Postural instability is due to loss of postural reflexes. Other motor 

symptoms include flexed posture, freezing, and shuffling gait, while non-motor 

symptoms include autonomic or cognitive dysfunction, sleep disorders, sensory 

abnormalities, and neuropsychiatric symptoms such as depression, apathy, anxiety, and 

hallucinations (Jankovic, 2008). The pathophysiology of PD is characterised by a loss 

of DA due to degeneration of dopaminergic neurons in the substantia nigra pars 

compacta (SNpc). This disrupts the dopaminergic control of movement coordination in 

the basal ganglia and gives rise to the movement problems. Another key feature o f PD 

is the presence o f Lewy bodies. These are aggregates of the a-synuclein protein which 

form inside neurons and disrupt cell function. Neurodegeneration and Lewy bodies can
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also be found in the locus coeruleus, hypothalamus, cerebral cortex, cranial nerve motor 

nuclei, and the autonomic nervous system. Other key features contributing to cell death 

in PD are oxidative stress and the release o f  hydrogen peroxide (H 2O2 ) and other ROS, 

defects in com plex I activity o f  the mitochondrial respiratory chain leading to decreased 

adenosine triphosphate (ATP) synthesis, and excitotoxicity (Olanow and Tatton, 1999). 

Inflammation, glial activation, and release o f  cytokines are also very important in the 

progression o f  PD (Olanow and Tatton, 1999, Liu and Hong, 2003, Tansey et al., 2007).

Thrombin has often been associated with PD. Expression o f  PA R -1 was shown 

to be increased in astrocytes in the SNpc, and immunoreactivity for thrombin and 

prothrombin was stronger in astrocytes and the vessel walls in SNpc o f  PD brains 

(Ishida et al., 2006). A  m ouse model o f  PD showed that l-m ethyl-4-phenyl-l,2,3,6- 

tetrahydropyridine (MPTP) administration increased levels o f  two activators o f  PAR-1 

(Hamill et al., 2007). In vivo  studies have shown thrombin and PAR-1 activation to be 

both beneficial (Cannon et al., 2005, Cannon et al., 2006) and detrimental (Hamill et al., 

2007).

1.6.3 Thrombin and inflammation

Inflammation and glial activation are hugely important in aggravating brain 

injury follow ing ICH (Xi et al., 2006) and in PD (Liu and Hong, 2003). Thrombin 

results in activation o f  microglia both in vivo  (Choi et al., 2003, Choi et al., 2005, Lee 

da et al., 2006, Fujimoto et al., 2007, Huang et al., 2008a, Huang et al., 2008b, Ohnishi 

et al., 2009) and in vitro  (Lee et al., 2005, Katsuki et al., 2006), and microglial 

proliferation (Moller et al., 2000). Microglial activation appears to occur in a PAR-1 

independent manner as it is not blocked by hirudin, a thrombin specific inhibitor (Ryu et 

al., 2000, Lee et al., 2005, Lee da et al., 2006). Thrombin also activates human 

astrocytes, induces morphologic changes and increases proliferation (Ishida et al., 

2006). Astrocytes treated with thrombin showed cell proliferation and reversal o f  

stellation, with cell proliferation but not reversal o f  stellation being dependent on 

thrombin receptor-activated tyrosine kinase activity (Grabham and Cunningham, 1995, 

Suidan et al., 1996). Conversely, in an MPTP model o f  PD, the MPTP-induced 

microglial activation was reduced in mice treated with a PAR-1 antagonist and in PAR- 

1 knockout m ice (Hamill et al., 2007).

Thrombin promotes an inflammatory environment by increasing expression o f  

pro-inflammatory cytokines such as TNFa, IL-ip and IL-6 (M oller et al., 2000, Choi et
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al., 2003, Choi et al., 2005, Lee et al., 2005, Huang et al., 2008a) and inflammatory 

activators such as COX-2 (Lee da et a l ,  2006) which instigate and contribute to cell 

death. TNFa levels in the brain are increased after ICH and after intracerebral inftision 

o f thrombin, and TNFa KO mice experienced less ICH-induced brain oedema than 

wild-type mice (Hua et al., 2007). It also significantly increases the secretion of the 

chemokines cytokine-induced neutrophil chemoattractant-1 (CINC-1) and CINC-3, by 

PAR activation (Wang et al., 2007c). Thrombin causes oxidative stress, as evident by an 

increase in ROS production and protein oxidation, which is mediated by activation of 

NADPH oxidase, and blocked by an NADPH oxidase inhibitor (Choi et al., 2005, Park 

and Jin, 2008). It also induces NO or iNOS expression both in vivo (Choi et al., 2003, 

Choi et al., 2005, Huang et al., 2008a, Huang et al., 2008b), and in vitro (Moller et al., 

2000, Ryu et al., 2000, Lee et al., 2005). Nitrite levels in co-cultures of microglia and 

neurons treated with thrombin are approximately 10-fold higher than in untreated co

cultures and 20-fold higher than in microglia-deficient, neuron-enriched cultures treated 

with thrombin (Lee da et al., 2006). Thrombin induced transient intracellular Ca^^ 

signals in neurons, mediated via the endoplasmic reticulum, and improved the recovery
'y I

of neuronal Ca homeostasis after glutamate treatment (Kiseleva et al., 2004, 

Gorbacheva et al., 2006). It also induced transient intracellular Câ "̂  signals in cultured 

microglia, which were blocked by hirudin, an inhibitor o f the proteolytic activity of 

thrombin, demonstrating that these signals depend on enzymatic activity and not on 

other properties o f thrombin (Moller et al., 2000).

Thrombin can also effect the functioning of the BBB. It activates matrix 

metalloproteinase-2 (MMP-2) in endothelial cells. MMPs are zinc-dependent proteases 

that can degrade extracellular matrix and cause BBB disruption (Hua et al., 2007). One 

study showed that thrombin induced endothelial cell contraction, opened intercellular 

tight junctions, increased MMP-2 expression, and triggered basal membrane 

degradation. These effects occurred due to the activation o f PAR-1, possibly leading to 

the opening o f the BBB, and increased BBB permeability may be one o f the 

mechanisms behind thrombin-induced cerebral oedema (Guan et al., 2004).

1.6.4 Thrombin and neurotoxicity

Thrombin treatment causes whole tissue injury in mid-brain slice cultures 

(Katsuki et al., 2006), and results in loss o f neurons in the cortex and the striatum (Lee 

da et al., 2006, Fujimoto et al., 2007, Herrera et al., 2008, Ohnishi et al., 2009), loss of
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dopaminergic neurons in the substantia nigra (Choi et al., 2003, Herrera et al., 2008, 

Huang et al., 2008b), and loss of hippocampal neurons (Choi et al., 2005). Thrombin 

also mediates neuronal injury in human ICH as treatment with the thrombin inhibitor, 

argatroban, resuhs in a smaller perihaematomal brain oedema. This is caused by PAR-1 

activation as injection of the PAR-1 antagonist, BMS-200261, or PAR-1 KO mice 

reduces infarct volume in transient focal cerebral ischemia in mice (Hua et al., 2007). 

PAR-1 KO mice in an MPTP model o f PD showed greatly reduced loss of DA, DA 

transporter, and tyrosine hydroxylase in the striatum, leading to less striatal damage 

(Hamill et al., 2007).

The neurodegeneration caused by thrombin is a result of apoptosis which is 

mediated by its receptors, mainly PAR-1 (Luo et al., 2007a). A wide range of in vitro 

studies have shown that thrombin induces neuronal apoptosis and results in neuronal 

cell death (Rao et al., 2007, Park and Jin, 2008, Sanchez et al., 2009, Thirumangalakudi 

et al., 2009), especially when given in conjunction with MMP-3 and MMP-9 (Xue et al., 

2009). Treatment of co-cultures of neurons and microglia with thrombin also results in 

the cell death of neurons (Lee et al., 2005, Lee da et al., 2006, Huang et al., 2008a). This 

direct toxicity o f thrombin on neurons is mediated in a PAR dependent manner as it is 

blocked by hirudin (Lee da et al., 2006). Mixed neuron and astrocyte cultures were 

treated with different doses of thrombin (1-100 U/ml) for 24 hours, and cell viability 

was determined using media lactate dehydrogenase (LDH) concentration. While the low 

doses of thrombin did not induce cell death, doses greater than 5 U/ml resulted in a 

dose-dependent release of LDH, indicating rising levels of cell death (Hua et al., 2007). 

Where both microglial activation and neuronal loss were measured, the microglial 

activation preceded the neuronal loss (Huang et al., 2008b), or the neuronal loss was 

reduced by inhibition of microglial activation (Fujimoto et al., 2007). Reducing the 

number o f microglia present, using a macrophage depletion method, protected the 

neurons from cytotoxicity (Katsuki et al., 2006). This indicates that microglia play an 

important role in thrombin-induced neuronal cell death. CM from microglia cultures 

treated with thrombin induced degeneration of dopaminergic neurons, with this cell 

death being prevented by inhibiting microglial activation using MAPK pathway 

inhibitors (Lee et al., 2005). Thrombin-induced neuronal cell death appears to be 

mediated by NO as it is prevented by a NOS inhibitor (Lee da et al., 2006). Also 

antioxidative drugs prevented thrombin-induced dopaminergic cell death, but did not 

prevent whole tissue injury (Katsuki et al., 2006).
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1.6.5 Thrombin as beneficial agent

Despite its neurotoxic and glial activating ability, thrombin, at low doses, can be 

beneficial. Following ICH, thrombin has been found to stimulate differentiation o f bone 

marrow-derived endothelial progenitor cells and astrocyte proliferation, and enhance 

synthesis and secretion of NGF in glial cells (Hua et al., 2009). At low doses thrombin 

was shown to play a role in neurogenesis following induced ICH by increasing levels of 

doublecortin (DCX, a microtubule-associated protein used as a marker for 

neurogenesis) in the basal ganglia (Yang et al., 2008) and the ipsilateral caudate (Hua et 

al., 2009). Hirudin blocked this ICH-induced up-regulation o f DCX (Hua et al., 2009). 

Thrombin, via PAR-1 activation, promotes angiogenesis, the growth of new blood 

vessels from pre-existing vessels, by stimulating cells to secrete vascular endothelial 

growth factor (VEGF), a specific mitogen of endothelial cells, and up-regulating VEGF 

receptors in endothelial cells (Hua et al., 2009). Low dose thrombin activation o f PAR-1 

protects rat hippocampal neuron and astrocyte cultures from cell death in response to 

oxidative stress, A|3 aggregation, or hypoglycemia (Luo et al., 2007a). Thrombin also 

protects neurons from glutamate-induced excitotoxicity via activation of PAR-1 

(Gorbacheva et al., 2005, Gorbacheva et al., 2006). Some CM studies have shown that 

thrombin treatment can increase cell viability. CM from astrocyte cultures treated with 

thrombin promoted the survival of human hybrid neurons. This protective effect was 

completely reversed with an inhibitor of glutathione peroxidase (an enzyme which 

protects against oxidative damage), indicating that glutathione peroxidase released from 

thrombin-treated astrocytes has a key role in the neuroprotection (Ishida et al., 2006). 

CM obtained from PAR-activated astrocytes similarly protected cortical neurons (Wang 

et al., 2007c). Thrombin preconditioning (the treatment o f neurons with a low dose of 

thrombin several days before a brain insult) provides protection in a 6- 

hydroxydopamine (6-OHDA) model o f PD. It reduces dopaminergic terminal loss and 

ventricular enlargement, but does not prevent DA depletion (Cannon et al., 2005). This 

protection is mediated through PAR-1, but not PAR-4, activation (Cannon et al., 2006). 

Interestingly, co-administration of thrombin or a PAR-1 agonist and 6-OHDA results in 

considerably greater behavioural deficits while thrombin treatment 1 or 7 days after 6- 

OHDA again results in protection. This shows that the effects o f thrombin can be 

dependent on the time of administration and that while pre- or post-injury treatment is 

beneficial, co-treatment is in fact detrimental (Cannon et al., 2007).
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1.6.6 Thrombin signalling

Thrombin signals mainly via PARs which are seven transmembrane G protein 

coupled receptors that are activated by proteolytic cleavage instead o f  ligand binding. 

The main target for thrombin is PAR-1, but it can also activate PAR-3 and PAR-4. 

PAR-1 can couple to members o f the G-protein-coupled receptor families, linking it to a 

wide variety o f intracellular signalling cascades such as IP3, 1,2-diacylglycerol (DAG), 

and adenylate cyclase (Luo et al., 2007a, Hua et al., 2009). Most studies agree that all 

PARs are widely expressed in the brain, including neurons, microglia, astrocytes, and 

oligodendrocytes (Luo et al., 2007a), but one study showed that PAR-1 was expressed 

in human astrocytes and neurons, but not in oligodendrocytes or microglia (Ishida et al., 

2006). However another study, using PCR and flow cytometry, showed that PARs are 

expressed on primary mouse microglial cells, as well as the murine microglial cell lines 

BV-2 and N9 (Balcaitis et al., 2003). PARs are necessary in brain development and 

function and can mediate cell death or survival, depending on the strength and duration 

o f activation (Luo et al., 2007a).

As well as PAR activation, the effects o f thrombin can be mediated in a number 

o f different ways including the complement cascade (Hua et al., 2007), an increase in 

COX-2 and PGE-2 (Thirumangalakudi et al., 2009), a decrease in Bcl2 with 

corresponding increase in caspase-3 activity (Sanchez et al., 2009), an increase in 

cyclin-dependent kinase 4 and the pro-apoptotic protein Bim (Bcl2-interacting mediator 

o f cell death) (Rao et al., 2007), and most commonly by activation o f  ERK and MAPK 

pathways (Choi et al., 2003, Fujimoto et al., 2007). One particular study (Ryu et al., 

2000) showed that thrombin-induced microglial activation was mediated via PKC, 

MAPK and NFkB activation. Another study showed that thrombin-induced microglial 

activation was mediated via activation o f JAK2 and phosphorylation o f STAT3, with 

inhibition o f  this JAK-STAT pathway protecting the neurons in co-cultures o f neurons 

and microglia (Huang et al., 2008a). Two studies by the same research group claimed 

that the microglia-activating potential o f  thrombin was not in fact due to the molecule 

itself, but rather due to an issue with its preparation or quality (Hanisch et al., 2004, 

Weinstein et al., 2005).
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\ . l  Noradrenaline

Noradrenaline (NA, norepinephrine) is a monoamine neurotransmitter and a 

member o f  the catecholamine family o f  neurotransmitters which also contains DA and 

adrenaline (epinephrine).

1.7.1 NA synthesis and metabolism

NA is synthesised from the dietary amino acid tyrosine, and contains a benzene 

ring and an amine-containing side chain (Leonard, 1997, Rang et al., 1999). Tyrosine, an 

aromatic amino acid, is converted to dihydroxyphenylanlanine (DOPA) by tyrosine 

hydroxylase (TH). DOPA is converted to DA by DOPA decarboxylase, and dopamine- 

P-hydroxylase (D^H) converts DA to NA. NA is then converted to adrenaline by 

phenylethanolamine N-methyl transferase (PNMT) (Figure 1.4).
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Figure 1.5: Catecholamine synthesis

Adapted from: http://themedicalbi0chemistrvpage.0rg/nerves.html#catech0lamines 

Green writing denotes enzymes. Blue writing denotes other molecules involved in the 

reactions. TH converts tyrosine to DOPA. DOPA decarboxylase converts DOPA to 

dopamine and CO2 is released. DPH converts DA to NA and O2 is converted to H2O. 

PNMT converts NA to adrenaline.
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The synthesis o f DOPA by TH is the only rate-limiting step in this process, while 

OPH is only found in cells capable o f catecholamine synthesis, such as adrenergic 

neurons in the brain and chromaffin neurons in the adrenal medulla (Rang et al., 1999). 

NA can up-regulate its own production as high activity of the noradrenergic neurons 

leads to increased expression of the TH gene and synthesis of the enzyme so that 

demand for NA synthesis can be met. After synthesis, NA is moved to synaptic vesicles 

by the vesicular monoamine transporter (VMAT) where it is stored in high 

concentrations with ATP and the protein chromogranin A. Both of these molecules, as 

well as a small quantity of DpH, are co-released with NA (Rang et al., 1999).

After NA has been released, it is not confined solely to vicinity o f the synaptic 

cleft, but can reach surrounding glial cells (Aoki, 1992). NA is taken back up into the 

pre-synaptic neuron by the noradrenergic transporter (NET). The NET is a sodium (Na^) 

and C r dependent, high-affmity catecholamine transporter, which clears both DA and 

NA from the synaptic cleft and extracellular fluids (Eisenhofer et al., 2001). It is also 

found on non-neuronal cells, including astrocytes (Inazu et al., 2003). After re-uptake, 

approximately 70% of NA is recycled by being sequestered into the vesicles by the 

intracellular VMAT and stored for re-release (Eisenhofer et al., 2001). The remaining 

NA is metabolised by the enzymes monoamine oxidase (MAO) and catechol-O- 

methyltransferase (COMT), both o f which are located in neurons and glia.

1.7.2 NA location and function

NA has numerous roles both peripherally and centrally. In the brain it is 

involved in memory formation, attention, anxiety, arousal, and REM sleep. In the 

periphery NA controls smooth muscle contraction in the sympathetic nervous system 

(the “fight or flight” response) where it induces changes in a range o f functions 

including heart rate, blood pressure and gastrointestinal activity. Apart from its actions 

as a classical neurotransmitter, NA also has a role in influencing the survival, 

maintenance and plasticity o f CNS neurons, including regulation of glial function, 

energy consumption, extracellular homeostasis, endogenous neurotrophin systems, and 

anti-inflammatory effects (Marien et al., 2004). Importantly in this regard, electron 

microscopy studies of the visual cortex suggest that NA released from nerve terminals is 

not confined to the synaptic cleft, meaning NA may be able to diffuse to neighbouring 

glia (Aoki, 1992).
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NA is released from noradrenergic neurons which are located mainly in the pons 

and the medulla, with the largest group of neurons being the locus coeruleus (LC). There 

are two main sources of noradrenergic neurons that innervate the brain: The dorsal 

bundle arises from cell bodies in the LC that project to the spinal cord and cerebellum 

and via the median forebrain bundle to the entire cortex, hippocampus, amygdala, and 

olfactory bulbs. The ventrally located cell bodies (lateral tegmental nuclei) are more 

diffusely localised and project fibres, termed the ventral bundle, to innervate the 

brainstem and hypothalamus. The total number of estimated noradrenergic neurons in 

the LC of a normal young adult human brain ranges is from 45,000 to 60,000 (German 

et al., 1988). There are two different types of LC axonal terminals; conventional 

synaptic structures and varicosities (varicose enlargements or swellings) that are 

believed to result in the extra-synaptic release of NA, which may then diffuse over some 

distance before affecting noradrenergic receptors on neurons, glia, and blood vessels 

(Pamavelas and Papadopoulos, 1989, Marien et al., 2004). NA effects appear to be cell 

specific. In some cells NA stimulation increases the probability of neuronal spiking in 

response to white matter stimulation, whereas in other cells NA stimulation decreases 

the probability of neuronal spiking in response to afferent pathway stimulation 

(Waterhouse et al., 2000). For example, in the somatosensory cortex, NA facilitates the 

transfer of information by altering the responsiveness of neurons to other powerful 

excitatory (glutamatergic) and inhibitory (GABAergic) inputs. With low level 

activation, facilitation of excitatory and inhibitory responses occurs, however at higher 

stimulation somatosensory cortical neuron activity was suppressed (Waterhouse et al., 

1998).

1.7.3 NA Receptors

NA signals via a number of different cell surface adrenergic receptors (ARs or 

adrenoceptors), all of which are seven trans-membrane metabotrophic G-protein 

coupled. There are two basic types of ARs, the alpha (a) and beta (p)-ARs, defined on 

the basis of their affinities and actions.

a-ARs

The main a-ARs are ai and ai. The ai-ARs are typically postsynaptic and 

coupled to the G-protein Gq, which stimulates phospholipase C (PLC), activating the 

IP3/DAG second messenger system (Rang et al., 1999). This results in an increase in
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PKC, phospholipase A2 (PLA2 ), phospholipase D (PLD), arachidonic acid release, 

cAMP (3'-5'-cyclic adenosine monophosphate) formation, and activation of 

channels (Figure 1.6) (Robinson and Hudson, 2000). The a 2-ARs are located on 

peripheral sympathetic nerve terminals, are pre-synaptic, and act as auto-regulatory 

inhibitory receptors. They are coupled to the inhibitory G-protein (Gi) that inhibits 

adenylate cyclase thereby preventing the formation of the second messenger cAMP and
2 ' t 'inhibiting Ca channels (Rang et al., 1999). There is also evidence of activation of K 

channels, PLA and Na^ / hydrogen (H^) exchange (Robinson and Hudson, 2000).

In the peripheral nervous system, ai-ARs and a 2 -ARs are predominantly located 

on vascular and non-vascular smooth muscle where activation of the receptor results in 

contraction, and helps mediate the response to endogenous neurotransmitter release. The 

tti-ARs are also found on the heart, where they mediate a positive inotropic effect, and 

on the liver where they activate glycogen phosphorylation. The tt2 -ARs are also located 

on fat cells where they inhibit lypolysis, and on sympathetic ganglia where they 

contribute to hyperpolarisation (Robinson and Hudson, 2000), and in the cerebellum 

(Russo-Neustadt and Cotman, 1997). In the CNS, a 2 -ARs play an important role in 

regulating NA release, helping to mediate effects such as regulation of central 

cardiovascular function, blood pressure, hypothermia, pupil diameter and a role in 

cognitive function. Studies on mRNA have shown ai-AR mRNA to be present in the 

hippocampus and the cortex (Robinson and Hudson, 2000).

p-ARs

The main p*ARs are Pi (located in cardiac tissue) and P2 (located in airway 

smooth muscle), initially subdivided on the basis o f the relative potencies of a series of 

catecholamines. There are also two atypical subtypes; P3 (located in adipose tissue) 

which is insensitive to typical p-AR antagonists, and P4 (located in cardiac tissue) which 

has a low affinity for adrenaline and NA but is blocked by some P-AR antagonists 

(Robinson and Hudson, 2000). The human P-AR gene is situated on the long arm of 

chromosome 5 and there is a 65-70% homology between Pi/Ps- and P2 -receptors 

(Johnson, 1998 2001). P-ARs are positively coupled to the stimulatory G-protein (Gs) 

which contains three intracellular and three extracellular loops, one extracellular N- 

terminal domain, and one intracellular C-terminal tail (Wallukat, 2002). Binding o f NA 

results in a P-AR —» adenylate cyclase PKA cascade. There are two forms of P-AR, 

activated and inactivated, which the receptor oscillates between, with the inactivated
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state being predominant under resting conditions. The activated form occurs when the 

receptor is associated with the a-subunit o f  the Gs protein and a m olecule o f  GTP. When 

GTP is replaced by guanosine diphosphate (GDP) it dramatically reduces the affmity o f  

the a-subunit for the receptor, causing dissociation and inducing the receptor to return to 

its low  energy inactivated form (Johnson, 2006). Stimulation o f  the P-AR activates 

membrane bound adenylate cyclase and cytosolic ATP to produce increased levels o f  

intracellular cAMP. This leads to a subsequent increase in cAMP dependent PKA  

(Figure 1.6). PKA is a ubiquitous serine/threonine kinase that exists in an inactive state; 

its catalytic domains are bound to regulatory domains. cAMP binds to the regulatory 

subunits o f  PKA, releasing the catalytic subunits in an enzymatically active form. The 

PKA catalytic domains can further phosphorylate serine and threonine residues on a 

broad spectrum o f  protein substrates, thereby increasing or decreasing the target enzyme 

activity (Lodish et al., 2003). PKA can also induce expression o f  genes that encode a 

cAM P-response element (CRE). This occurs when the catalytic subunit o f  the PKA 

translocates to the nucleus and phosphorylates the transcription factor CRE-binding 

protein (CREB), which interacts with a co-activator CBP/300 to initiate gene 

transcription o f  CRE-encoding genes (Lodish et al., 2003). The action o f  cAM P can be 

mediated through more than one PKA and this can differ between cell types so that 

elevation o f  cAMP can exert different effects. CREB is the most common transcription 

factor activated by PKA, however it can also activate NFkB, CREB-binding protein and 

CCAAT enhancer binding protein depending on cell and gene type (Lodish et al., 2003).

Activation o f  cAMP can also alter Ca^  ̂ activity, resulting in reduction o f  

membrane Ca^  ̂ entry, and sequestration o f  and inhibition o f  release from intracellular 

stores (Johnson, 2006). It has been shown that P2 -AR activation can lead to cAMP 

activation o f  the guanine nucleotide exchange factor EPAC (exchange protein directly 

activated by cAM P) (Figure 1.6) (Schmidt et al., 2001). EPAC proteins are small 

GTPases o f  the Rap family which facilitate guanine nucleotide exchange and GTP 

loading o f  the Rap GTPase Rap2B. This leads to PLC activation which then leads to IP3
A 1

formation and Ca release. This process is dependent on cAMP but independent o f  

PKA (Schmidt et al., 2001). As well as Ca^  ̂ release, EPAC has a role in the control o f  

cell adhesion and cell-cell junction formation (Bos, 2006). EPAC binds cAM P at a much 

higher concentration than PKA binds cAM P, meaning that higher concentrations o f  

cAM P are required to ensure EPAC activation (Bos, 2003). Occasionally, P2 -ARS can 

also couple to Gi proteins, resulting in stimulation o f  the extracellular signal-regulation
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kinase and p38 MAPK pathways, ahhough this occurs much less frequently than the Gs 

proteins and the cAMP-dependent PKA system (Johnson, 2006).

NA

PAR AR

[ Activates PLCActivates Adenylate C yclase

[ EpaccAMP

PKA

CREB activation and g en e  transcription

1 T l I ■Q' PKC

Figure 1.6: NA receptor signalling

Activation o f  the P-AR leads to activation o f  adenylate cyclase, which increases cAMP 

concentrations, leading to activation o f  PKA or EPAC. PKA activates CREB, resulting 

in gene transcription, while EPAC activates IP3 and DAG, leading to increased Ca^  ̂

release. Activation o f  the ai-A R  leads to activation o f  PLC, leading to activation o f  IP3 

and DAG, resulting in an increase in Ca^  ̂release and PKC activation.

In the periphery, Pi-ARs are located primarily in the heart and on adipose tissue, 

while P2 -ARS are located primarily on vascular, uterine and airway smooth muscle 

(Robinson and Hudson, 2000). In the CNS, the distinct patterns o f  pi- and P2 -AR  

distribution have been determined using hybridisation studies. Immunostaining showed  

pi-AR expression throughout the entire rat brain, particularly in the cerebellar cortex and 

basal ganglia, with smaller amounts being found in the brainstem areas (ventrolateral 

medulla, nucleus ambiguus and the nucleus o f  the solitary tract), the hypothalamus 

(paraventricular nucleus and the median eminence), and the hippocampus (Paschalis et 

al., 2009), as well as the frontal cortex and cerebellum (Russo-Neustadt and Cotman, 

1997). P2 -AR expression has been shown in the hippocampus (Cox et al., 2008), the 

cerebellum and the frontal cortex (Russo-Neustadt and Cotman, 1997). Immune cells
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have also been found to express P-ARs. Macrophages express P2 -ARS only, while 

microglia express functional Pi- and P2 -ARS, but not Ps-ARs (Tanaka et al., 2002). 

Astrocytes also express functional P2 -ARS (De Keyser et al., 2004b).

AR agonists and antagonists

Both NA and adrenaline are capable of activating ARs. The potency o f an 

agonist is determined by its affinity (how keenly it binds to its receptor) and its 

efficiency (how well it can activate the receptor). A full agonist will have a high 

efficiency, while a pure antagonist will have low or zero efficiency. The a-ARs and P2 - 

ARs have a higher affinity for NA over adrenaline, whereas the Pi-ARs have a greater 

affinity for adrenaline over NA (Rang et al., 1999, Robinson and Hudson, 2000). As 

many cells co-express both receptor types, this means that differential receptor 

activation could occur depending on the concentrations o f NA present. Due to the wide 

ranging actions o f NA, it is often more desirable to use an agonist or antagonist o f a 

particular receptor when attempting to identify its actions, or to treat a disorder. For 

example, the sedative effects o f tt2 -AR agonist, clonidine, makes it a useful as accessory 

to general anaesthetics, while antagonists for the ai-AR, such as indoramin and prazosin, 

can provide an effective therapy for hypertension (Robinson and Hudson, 2000).

All P-agonists include a P-OH group giving them an asymmetric centre. Site- 

directed mutagenesis identified the active site o f the P2 -AR protein, with which P2 -AR 

agonists must interact for P2 -AR agonist binding and G protein coupling, as being 

located approximately one third of the way into the receptor core (Johnson, 2006). Two 

commonly used P-AR agonists are salbutamol and salmeterol which are used as therapy 

for the treatment of asthma and other bronchospastic conditions (Robinson and Hudson, 

2000). Salbutamol is a non-selective P-AR agonist which binds with a relatively low 

affinity to both Pi- and P2 -ARS, and directly activates the receptor with moderate 

efficiency, while salmeterol is a selective P2 -AR agonist which has a three- to four-fold 

higher affinity than salbutamol, and interacts with a receptor-specific, auxiliary binding 

site (Johnson, 2001). Beta-blockers (P-AR antagonists) are primarily used for the 

treatment of angina pectoris and cardiac arrhythmias, but have also been used for 

management o f alcohol withdrawal syndrome, anxiety disorders, migraine, 

hyperthyroidism and tremor. However, these treatments have to be managed carefully as 

too much P-AR blockade can result in heart failure, heart-block, and bronchospasm 

(Robinson and Hudson, 2000). One theory for the way in which P-AR agonists and
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antagonists exert their effects is that they bind to and temporarily stabilize the receptors 

in their activated or inactivated states respectively, thereby shifting the equilibrium in 

favour of that form and allowing greater or lesser activation to occur (Johnson, 2006).

1.7.4 NA and inflammation

The concept is emerging that endogenous mechanisms in the CNS could be an 

important factor for initiation, maintenance, and lack of resolution o f brain 

inflammation. The activation of endogenous neuronal pathways, particularly those of 

NA, can provide immunomodulatory functions and protection in neuroinflammatory 

conditions, and their dysregulation can contribute to increased inflammation in disease 

(Feinstein et al., 2002, Galea et al., 2003).

NA and g lia l activation

There are numerous studies using NA and a variety of AR agonists and 

antagonists, as well as activators and inhibitors of the cAMP pathway, that show that the 

anti-inflammatory actions of NA are mediated via p2 -AR activation and increased 

cAMP: Studies using microglia, astrocytes, and brain endothelial cells have 

demonstrated that NA, by binding to P2 -ARS and activating cAMP signalling pathways, 

can inhibit the expression o f a number of inflammatory genes including iNOS, IL-ip, 

TNFa, MHC-class-II, and ICAM-1 (Feinstein et al., 2002). Activation of Pi- and p2 -ARs 

on macrophages and microglia with NA and P-AR agonists resulted in an increase in the 

level o f intracellular cAMP and the subsequent expression of IL-ip mRNA. These 

effects were prevented by the P-AR antagonist propranolol (Tanaka et al., 2002). 

Activation of astrocyte P2 -ARS increases intracellular levels of cAMP resulting in a wide 

range of downstream effects including suppression of iNOS, MHC-class-II, and CAM 

expression, suppression of IL-ip and TNFa secretion, production o f NGF and BDNF, 

inhibition of astrocyte proliferation, and stimulation o f glutamate uptake by astrocytes 

(De Keyser et al., 2004b). NA also inhibits IFNy-induced MHC-class-II expression on 

astrocytes, and expression can be restored by a P-AR antagonist or the cAMP analogue 

dibutyryl-cAMP (db-cAMP), but not a selective Pi-AR or a-AR antagonist (Frohman et 

al., 1988). Induction o f IFNy, GM-CSF, and IL-3 mRNA is dose-dependently inhibited 

by a selective P2 -AR agonist in a process related to the accumulation o f intracellular 

cAMP levels. The effect is blocked by a selective P2 -AR antagonist, but not a selective 

Pi-AR antagonist (Borger et al., 1998). The IL-ip-induced expression of iNOS and
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ICAM-1 was decreased by stimulation o f  cAMP-dependent pathways with db-cAMP or 

forskolin, a cyclic AMP mimic (Balyasnikova et al., 2000). Another study showed that 

treatment o f astrocytes with NA, db-cAMP, forskolin, and PGE-2 all increase cAMP- 

dependent protein kinase-mediated signalling pathways, resulting in suppression o f  IL- 

ip - and TNFa-induced expression o f VCAM-1 and ICAM-1 (Ballestas and Benveniste, 

1997). NA also reduces LPS-induced production o f IL -ip  mRNA and protein from 

microglia by over 80%, an effect that was mimicked by a P-AR agonist and reversed by 

a selective P2-AR antagonist, but was not affected by an a-AR antagonist (Madrigal et 

al., 2005). NA significantly decreased MCP-1 mRNA levels in microglia, but increased 

levels in astrocytes. It acts at the transcriptional level as it also increased activation o f  an 

MCP-1 promoter, an effect which was replicated by db-cAMP and by a selective P2 -AR 

agonist, and reduced by the P-AR antagonist propranolol and by a selective P2-AR 

antagonist (Madrigal et al., 2009). Zilpaterol, another P-AR agonist, inhibits LPS- 

induced TNFa and M IP-ip  release in a dose-dependent manner both in vitro in 

macrophages and in rats in vivo (Verhoeckx et al., 2005a, Verhoeckx et al., 2005b). 

Research on another catecholaminergic neurotransmitter, DA, showed that it also 

inhibited LPS-induced release o f TNFa and NO in astrocytes. This effect was blocked 

by selective antagonists o f Pi-ARs and P2-ARS, and mimicked by db-cAMP and 

forskolin, indicating that the anti-inflammatory actions o f DA are mediated via 

noradrenergic receptors (Facchinetti et al., 2004).

The anti-inflammatory actions o f  NA via cAMP are mediated in a cell- and gene- 

specific manner through a number o f  transcription factors, in particular the reduction in 

the level o f  NFkB activation, as NA can increase the levels o f inhibitor o f kappa binding 

(IkB) proteins, which bind to and maintain NFkB in the cytosol (Feinstein et al., 2002). 

Another study showed that NA, through P2 -AR activation, reduced iNOS expression and 

NO generation via a reduction in the loss o f inhibitory IkBu protein (Dello Russo et al., 

2004). In primary astrocytes, NA dose-dependently increased the expression o f  iKBa 

mRNA and protein in both the cytosol and the nucleus. These effects were blocked by a 

p-AR antagonist and by PKA inhibitors but not by an NFkB inhibitor. In addition to this, 

lesions in the LC depleted NA in the frontal cortex o f normal adult rats which led to a 

reduction o f  IkBu. This was paralleled by an increased inflammatory response to LPS, 

demonstrating that IkBo regulation could contribute to the observed anti-inflammatory 

properties o f NA in vitro and in vivo (Gavrilyuk et al., 2002). NA also acts by 

modulating gene promoter activity: NA suppresses both cytokine- and LPS-induced
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iNOS expression due to modification o f  transcription factor activity in a particular 27 

base pair region o f  the promoter o f  the iNOS gene, and may help explain findings that 

cAM P can potentiate, rather than suppress, iNOS expression in some cells (Feinstein, 

1998, Gavrilyuk et al., 2001). The activation o f  P2 -ARS, but not Pi-ARs, in astrocytes 

led to a decrease in LPS-induced TNFa and IL-6 promoter activity, causing decreased 

mRNA and protein levels (Nakamura et al., 1998).

NA and prevention o f  neurotoxicity

Another action o f  N A  is to protect against glial-induced neuronal cell death. Co

treatment o f  microglia with NA (0.1-10 jiM) significantly reduced neuronal cell death in 

response to treatment with LPS CM (Madrigal et al., 2005). It did this by blocking IL-ip  

production from glia and dramatically decreasing the amount o f  NO induced in neurons 

by LPS CM. A follow  up study by the same group (Madrigal et al., 2006) showed that 

NA reduced LPS-CM -induced neuronal cell death, whether it was added to the 

microglia or the neurons. However neuronal iNOS expression in response to LPS-CM  

was reduced by 70% when NA was added to the microglia, but it was only reduced by 

35% when N A  was added to the neurons (Madrigal et al., 2006). This indicates that NA  

has a better protective effect when used to inhibit microglial activation than when used 

solely on the neurons to prevent neuronal damage. Another study showed that when CM 

from astrocytes treated with NA was given to neurons it reduced NM DA-dependent 

glutamate release and the toxic consequences o f  oxygen and glucose depletion, an effect 

that was mediated by MCP-1 (Madrigal et al., 2009).

NA and anti-inflammatory agents

Another important observation is that N A  and DA, and to a lesser extent 

adrenaline and forskolin, increased BDNF m RNA in astrocytes (Zafra et al., 1992). 

Adrenaline, also via ARs and cAM P, suppressed the LPS-induced production o f  TNFa, 

but increased synthesis o f  the anti-inflammatory cytokine IL-10. This IL-10 increase 

was reversed by a competitive inhibiter o f  the cAMP induced activation o f  PKA 

(Siegmund et al., 1998). Activation o f  P2 -ARS also increases expression o f  the anti

inflammatory cytokine TGFpi in non-ischem ic rats and after transient forebrain 

ischemia (Zhu et al., 2001).
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Overall it is clear that there is substantial evidence indicating that NA and p2 -AR 

signalling can exert anti-inflammatory effects in the CNS. Dysfunction of NA signalling 

could, therefore, allow the initiation o f inflammatory processes within the CNS.

1.7.5 NA and neurodegenerative disease

NA has been shown to be implicated in a number of neurodegenerative diseases: 

Computer visualization techniques showed that there was approximately 60% loss o f LC 

neurons in the brains of patients with AD, PD, and Down syndrome compared with 

normal age matched controls (German et a l ,  1992). Astrocytes in MS show a loss o f P2 - 

ARs, which might account for the breakdown of tolerance to myelin antigens, 

facilitating the development o f inflammatory lesions, and the axonal degeneration that 

leads to progressive disability (De Keyser et al., 2004a, De Keyser et al., 2004b). In 

patients with Huntington’s chorea, a nearly complete loss in the number o f Pi-ARs in the 

basal ganglia was observed, corresponding with an increase of P2-ARS in the posterior 

putamen (Waeber et al., 1991).

In AD, the loss o f LC neurons correlates with NA concentration, the number of 

Ap plaques and NFTs, and the severity and estimated duration o f dementia (Bondareff et 

al., 1987). NA has been shown to influence symptoms o f dementia, such as agitation, 

depression, aggression, and psychosis (Kalinin et al., 2007), and there is a small but 

significant increase in total P-AR density, and to a lesser extent in tt2 -AR density, in the 

cerebellums of aggressive demented patients versus both healthy controls and 

nonaggressive AD patients (Russo-Neustadt and Cotman, 1997). One recent 

epidemiological study reported that there was a decreased incidence o f AD in patients 

who used P2-AR agonists (Khachaturian et al., 2006). P2-ARS also play an important role 

in the aetiology of Late Onset Alzheimer's disease (LOAD) as there is a significant 

interaction between the polymorphisms of P2-AR and incidence of sporadic LOAD (Yu 

et al., 2008). Transgenic mice with mutations in the gene for APP are often used as 

models for AD as they exhibit symptoms o f AD such as plaque formation and cognitive 

dysfunction. Studies by Kalinin and colleagues (2007) used transgenic APP mice treated 

with DSP4, a drug used to selectively lesion LC noradrenergic neurons, resulting in an 

exacerbation o f the inflammatory response to Ap and an increase in the number of 

amyloid plaques. Microglial activation was increased in the frontal cortex, while 

astrocyte activation was increased in the hippocampus, particularly in areas surrounding 

the plaques. The same study also showed that treating primary microglial cells with NA,
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as well as the P-AR agonist isoproterenol, increased microglial phagocytosis o f Ap 

(Kalinin et al., 2007). Another in vivo study showed that loss o f LC neurons caused by 

treatment with the selective neurotoxin DSP4 led to increased Ap-induced inflammation, 

including IL-ip and iNOS expression, and that these effects were attenuated by 

treatment with NA or a P-AR agonist (Heneka et al., 2002). Also a mouse model of AD 

showed that P2 -AR activation led to enhanced y-secretase activity causing increased Ap 

production, and that a P2 -AR-selective antagonist ameliorated Ap plaque pathology in 

transgenic mice (Ni et al., 2006). These results show that NA, both through its anti

inflammatory properties and its ability to regulate AP clearance, has an important role in 

moderating AD progression.

The above neurodegenerative disorders are associated not only with deficiencies 

in noradrenergic signalling, but also contain an inflammatory component. As such, it is 

possible that these two factors are inter-related and may contribute to disease 

occurrence or progression.

1.8 Objectives

The objective o f this project was to investigate the ability of thrombin and Ap to

induce a neurodegenerative phenotype in glial and neuronal cells in vitro, and the ability

of NA interventions to prevent or reverse this by promoting an anti-inflammatory 

phenotype. The role o f the P-AR in the anti-inflammatory actions o f NA was also 

studied. Specific experiments focused on:

1. The ability of thrombin and Ap to induce an inflammatory response in mixed 

glial and separated glial cuhures, and the nature of this inflammatory response.

2. The ability of NA to reduce these inflammatory responses and to investigate the 

pathways by which NA mediates its effects, with particular emphasis on p-AR 

activation and subsequent downstream actions.

3. The ability o f P-AR agonists to alter cytokine receptor expression on neurons 

and to protect against cytokine-induced neurotoxicity.

4. The ability of thrombin and Ap to alter neuronal viability.

59



Chapter 1: Introduction

5. The ability of CM from glial cells treated with thrombin or AP to alter neuronal 

viability, and the ability o f P-AR agonists to modulate this.

6. The ability of thrombin, AP, and P-AR agonists to induce production of anti

inflammatory cytokines and neurotrophic factors in mixed glial cultures.

Overall, this project has yielded significant insights into the inflammatory 

response induced by thrombin and Ap, and how NA and subsequent P-AR activation 

exert an anti-inflammatory phenotype in vitro. It has also shown that thrombin can 

induce expression of anti-inflammatory cytokines and neurotrophic factors and that P- 

AR activation is capable of augmenting production of these molecules, resulting in 

increased neuronal viability.
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2 Materials and Methods

2.1 Materials

Animals

Wistar rats (male and female, 0-3 days old) Bioresources, TCD

Cell Culture Materials

Acrodisc syringe filter (0.2 ^m) Pall Corporation

Biocidal ZF ™ WAK-Chemie

B-27 growth factor Invitrogen

Cell strainers (40 |iM) BD Falcon

Coverslips (plastic, 13 mm) Sarstedt

Coverslips (glass, 13 mm) VWR International

Cytosine P-D-arabino-furanoside (Ara-C) Sigma

Cytotox 96-non-radioactive LDH assay kit Promega

Disposable sterile scalpels Swann-Morton

DNase Sigma

Dulbecco’s modified Eagle’s medium: F-12 (DMEM) Invitrogen

Dulbecco’s phosphate buffered saline (PBS) (lOX) Sigma

Foetal Bovine Serum (FBS) Invitrogen

Glutamax Invitrogen

Granulocyte-macrophage colony-stimulating factor (GM-CSF) R&D Systems

Haemocytometer VWR international

Horse serum Invitrogen

Macrophage colony-stimulating factor (M-CSF) R&D Systems

Neurobasal media (NBM) Invitrogen

Penicillin-streptomycin Invitrogen

Plastic syringe (50 ml, 20 ml and 1 ml) Becton Dickenson

Poly-L-lysine Sigma

Serological pipette (25 ml) Sarstedt

Steri-Cycle CO2 Incubator Bio-Sciences

Sterile Petri dishes Sarstedt

Sterile transfer pipettes Sarstedt

Sterile Combitips plus (2.5 ml) Eppendorf
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Sterile falcon tubes (50 mi) Sarstedt

Sterile falcon tubes (15 ml) Sarstedt

Sterile microtubes (2 ml) Sarstedt

Sterile 24 well plates Sarstedt

Trypan Blue Sigma

Trypsin Sigma

Trypsin inhibitor Sigma

Experimental Treatments

P-arnyloid (AP) [1-42] (Human) Biosource

Butoxamine Sigma

Dibutyryl adenosine 3',5'-cyclic monophosphate (db-cAMP) Sigma

Escherichia coli Lipopolysaccharide (LPS) serotype 0111 :B4 Sigma

KT5720 Sigma

Metoprolol Sigma

(-)-Norepinephrine (+) bitartrate salt hydrate (99%) (NA) Sigma

N^-Benzoyladenosine-3’, 5’ cyclic monophosphate (BNZ) Biolog

8-(para-Chlorophenylthio)-2 ’ -O-Methyladenosine-3 ’, 5 ’

cyclic monophosphate (pCPT) Biolog

Propranolol hydrochloride Sigma

Recombinant Rat IL-1P R&D Systems

Recombinant Rat IFNg R&D Systems

Recombinant Rat TNFo/TNFSFlA R&D Systems

Salbutamol hemisulfate Sigma

Salmeterol Tocris

SQ22536 Tocris

Thrombin Sigma

Xamoterol hemifumarate Tocris

Molecular Reagents

Absolute ethanol (EtOH) Sigma

Biosphere filter tips (1000, 100 and 10 |al) Sarstedt

High capacity cDNA archive kit Applied Biosystems

Molecular grade water Sigma
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Optical adhesive covers 

PCR tubes

RNAlater™

RNase away

RNase-free 1.5 ml and 2 ml microfuge tubes 

RNase Zap wipes 

Total RNA isolation kit

TaqMan gene expression assays (see Table 2.2) 

TaqMan universal PCR master mix 

96-well optical reaction plates

General Laboratory Plastics 

Laboratory roll

Microtest 96-w ell flat bottomed plates 

Microtubes (1.5 ml)

Microtubes (0.5 ml)

Pipette tips

Plastic transfer pipettes 

Plastic syringe (1 ml)

General Laboratory Chemicals

Bovine serum albumin 96% (BSA)

Bromophenol blue

di-Sodium hydrogen orthophosphate (Na2HP0 4 ) 

N-( 1 -naphthyl)-ethylenediamine dihydrochloride 

Ethylenediaminetetraacetic acid (EDTA) 

Glycerol 

Glycine

Hydrochloric acid (HCl)

Industrial methylated spirits 

Normal goat serum 

Magnesium chloride (M gCb)

Magnesium sulphate (Mg2S0 4 ) 

P-Mercaptoethanol

Applied Biosystem s

Sarstedt

Ambion

Invitrogen

Ambion

Ambion

M achemey-Nagel 

Applied Biosystem s 

Applied Biosystem s 

Applied Biosystem s

Parafilm

Sarstedt

Sarstedt

Sarstedt

Sarstedt

Sarstedt

Becton Dickenson

Sigma

Sigma

BDH

Sigma

Sigma

Sigma

Sigma

BDH

Lennox

Vector

Sigma

Sigma

Sigma
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Methanol (MeOH) BDH

Potassium dihydrogen orthophosphate (KH2PO4 ) BDH

Potassium chloride (KCl) Merck

Sodium carbonate (Na2C0 3 ) BDH

Sodium bicarbonate (NaHC0 3 ) BDH

Sodium Chloride (NaCl) BDH

Sodium phosphate monobasic monohydrate (NaH2P0 4 ) Sigma

Sodium hydroxide (NaOH) Sigma

Sulphuric acid (H2 SO4 ) 98% BDH

3,3’,5,5’,-Tetramethyl-benzidine (TMB) Dako

Tris Base Sigma

Tris-HCl Sigma

Tween 20 Sigma

Protein Reagents

Maxisorp immunoplates for ELISA Nunc

Rat Interleukin-ip (IL-ip) ELISA kit (Duoset) R&D systems

Rat TNFa ELISA kit (Cytoset) Biosource

Staining Reagents and Antibodies

Anti-Pi-AR IgG Santa Cruz Biotech

Anti-P2-AR IgG Santa Cruz Biotech

Anti-piII-tubulin IgG Promega

Anti-CD I Ib IgG Millipore

Anti-GFAP IgG Dako

Anti-mouse IgG Santa Cruz Biotech

Anti-Neu-N IgG Millipore

Anti-rabbit IgG Santa Cruz Biotech

Goat anti-rabbit Alexa 488 Invitrogen

Goat anti-mouse Alexa 488 Invitrogen

Goat anti-rabbit Alexa 546 Invitrogen

Hoescht Invitrogen

Normal Goat Serum Vector
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2.2 In vitro cell culture studies 

2.2.1 Preparatory work fo r  cell culture

Aseptic Technique'. Aseptic techniques were utilised during all cell culture work and 

also in the preparation o f cell culture reagents. This was necessary in order to maintain a 

sterile environment which was free from fungal, bacterial and viral infections which 

could alter normal cellular functions. The aseptic techniques utilised included the 

sterilisation o f  glassware, plastics (pipette tips) and H2O by autoclaving at 121 °C for 

30-60 minutes, and the use o f  sterile disposable plastics. Dissection equipment was 

baked for a minimum o f 2 hours at 200 °C to ensure sterility. All cell culture work was 

carried out in a laminar flow hood (Hera Safe, category 2). This allows only filtered air 

to come into contact with cells, thus preventing contamination with airborne pathogens. 

The interior o f  the hood was sterilized with 70% ethanol (EtOH; 30% ddH20 and 70% 

EtOH v/v) before and after use. The hood surface was also exposed to ultraviolet (UV) 

light for 15-30 minutes after use. Any items taken into the flow hood were lightly 

sprayed with 70% EtOH to prevent introduction o f any pathogens to the hood work 

area. Disposable latex gloves were worn and sprayed with EtOH before use. Gloves 

were changed regularly during cell culture work. Cells were maintained in a sterile 

incubator (humidified 5% CO2 : 95% air environment at 37 °C) and any items put in the 

incubator were lightly sprayed with EtOH to prevent contamination with any pathogens. 

Both the incubator and laminar flow hood were regularly cleaned with Biocidal ZF™ to 

maintain a sterile environment.

Preparation o f  culture plates: 25 mg o f poly-L-lysine was reconstituted with 3 ml o f  

autoclaved distilled water (ddH20). The solution was mixed using a vortex, and when 

fully dissolved a further 22 ml o f ddH2 0  was added, to give a stock concentration o f  1 

mg/ml. This solution was then filter-sterilised using a 0.2 mm syringe filter and frozen 

at -20 ”C in 1 ml aliquots for future use. To prepare 24 well plates for culture, 1 ml o f  

poly-L-lysine was diluted 1:25 by the addition o f 24 ml o f ddH20 and 100 1̂ (40 ^g/ml) 

was used to coat each well. The plates were incubated for 30 minutes before the poly-L- 

lysine was removed and plates were left in the incubator overnight to ensure they were 

completely dry before use. When glass coverslips were required they were added to a 50 

ml falcon tube containing 70% EtOH. The coverslips were incubated for 30 minutes, 

and then laid out on tissue paper in the laminar flow hood overnight under the UV light 

to ensure they were completely sterile. The coverslips were then added to another 50 ml
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falcon tube containing a 40 ^g/ml solution o f poly-L-lysine (1 ml o f  poly-L-lysine in 24 

ml o f ddH20). The coverslips were incubated for 30 minutes, and then laid out on tissue 

paper in the laminar flow hood overnight to ensure they were completely dry before use. 

They were then added to 24 well plates so that there was 1 coverslip per well.

2.2.2 Preparation o f Culture Media and test compounds

Glial culture media: Complete glial culture media was made up using Dulbecco's 

modified Eagle's medium (DMEM;F12, Invitrogen, USA) containing 10% (v/v) heat 

inactivated Fetal Bovine Serum (FBS, Sigma, USA) and 1% (v/v) Penicillin- 

Streptomycin (100 units/ml, Gibco Brl, USA). To prepare it, 50 ml FBS and 5 ml 

Penicillin-Streptomycin was filter-sterilised using a 0.2 mm syringe filter and added to a 

500 ml bottle o f  DMEM.

Neurobasal media: Complete neurobasal media (NBM, Invitrogen) was made up using 

10% (v/v) heat inactivated horse serum (HS, Invitrogen), 1% (v/v) Penicillin- 

Streptomycin (100 units/ml, Gibco Brl, USA) and 1% (v/v) glutamax (Invitrogen). To 

prepare it, 50 ml HS, 5 ml Penicillin-Streptomycin, and 5 ml glutamax was filter- 

sterilised using a 0.2 mm syringe filter and added to a 500 ml bottle o f NBM. A 

working solution was prepared by adding 500 |il o f  B-27 (Invitrogen) growth 

supplement to 50 ml o f  complete-NBM.

Phosphate buffered saline (PBS): A working Ix solution o f PBS was prepared by 

adding 1 ml Dulbecco’s sterile lOx PBS (Sigma, UK; 100 mM NaCl, 80 mM Na2HP0 4 , 

20 mM NaH2P0 4 ) to 9 ml ddHzO.

Granulocyte-macrophage colony-stimulating factor (GM-CSF): A  25 |ag/ml stock 

solution o f GM-CSF (R&D Systems) was prepared by dissolving 25 ^g GM-CSF in 1 

ml 0.1% BSA (Bovine Serum Albumin; 0.005 g BSA in 5 ml Ix PBS). Stock solution 

was frozen at -20 °C in 50 1̂ aliquots for future use.

Macrophage colony-stimulating factor (M-CSF): A 50 |ag/ml stock solution o f M-CSF 

(R&D Systems) was prepared by dissolving 50 ^g M-CSF in 1 ml 0.1% BSA (Bovine 

Serum Albumin; 0.005 g BSA in 5 ml Ix PBS). Stock solution was frozen at -20 °C in 

20 1̂ aliquots for future use.
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Lipopolysaccharide (LPS): A stock solution was prepared by reconstituting 25 mg 

Escherichia coli LPS (serotype 0111:B4) in 1 ml ddH20. The solution was vortexed 

and, once fully dissolved, 500 ^1 (25 mg/ml) was added to 62 ml complete DMEM 

(1:125 dilution) to give a 200 |4.g/ml stock solution which was then filter-sterilised using 

a 0.2 mm syringe filter. Stock solution was frozen at -20 °C in 1 ml aliquots for future 

use.

Thrombin: A 400 U/ml stock solution was prepared by dissolving 10 KU thrombin 

(Sigma, UK) in 25 ml ddH20. Stock solution was frozen at -20 °C in 1 ml aliquots for 

future use.

Amyloid beta (Aji): A stock solution was prepared by dissolving 1 mg AP (APm2, 

Biosource, USA, Fonnula weight 4515) in 166 1̂ ddHiO. This was then diluted with 

834 |a1 Ix PBS to form a 221.5 |aM stock solution. This was incubated at 37 °C in a 

humidified 5% CO2 : 95% air environment for 48 hours in order to allow the protein to 

aggregate. This aggregated form o f APm2 initiates a more potent inflammatory response 

and is more cytotoxic than other forms of Ap (Stuchbury and Munch, 2005), however it 

requires incubation m vitro prior to use in order for it to aggregate and maintain a 

fibrillar structure (Shin et al., 1997). Stock solution was frozen at -20 °C in 200 nl 

aliquots for future use.

Noradrenaline (NA): A  200 mM stock solution was prepared by dissolving 0.337 g NA 

(Sigma, UK, Formula weight 337) in 5 ml ddH20. This was then filter-sterilised using a 

0.2 mm syringe filter. Stock solution was frozen at -20 °C in 200 |il aliquots for future 

use.

Salbutamol: A 100 mM stock solution was prepared by dissolving 25 mg of salbutamol 

(P-AR agonist; Sigma, UK, Formula weight 228.35) in 1.71 ml ddH20. Stock solution 

was frozen at -20 ”C in 15 ^1 aliquots. Before use it was filter-sterilised using a 0.2 mm 

syringe filter and diluted to a working concentration in pre-warmed media.

Salmeterol: A  100 mM stock solution was prepared by dissolving 10 mg salmeterol 

(selective P2-AR agonist; Sigma, UK, Formula weight 415.57) in 240.6 |̂ 1 DMSO. 

Stock solution was frozen at -20 °C in 12 |il aliquots. Before use it was filter-sterilised
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using a 0.2 mm syringe filter and diluted to a working concentration in pre-warmed 

media.

Xamoterol: A 50 mM stock solution was prepared by dissolving 10 mg xamoterol 

(selective Pi-AR agonist; Sigma, UK, Formula weight 397.43) in 503.2 |al ddH20. 

Stock solution was frozen at -20 °C in 12 îl aliquots. Before use it was filter-sterilised 

using a 0.2 mm syringe filter and diluted to a working concentration in pre-warmed 

media.

Di-butyryl adenosine 3', 5'-cyclic monophosphate (db-cAMP): A  50 mM stock solution 

was prepared by dissolving 25 mg of db-cAMP (cyclic AMP analogue; Sigma, UK, 

Formula weight 491.4) in 1 ml ddHaO. Stock solution was frozen at -20 “C in 15 îl 

aliquots. Before use it was filter-sterilised using a 0.2 mm syringe filter and diluted to a 

working concentration in pre-warmed media.

N^-Benzoyladenosine-3\ 5 ’ cyclic monophosphate (?/-Benzoyl-cAMl^ or BNZ): A 10 

mM stock solution was prepared by dissolving 10 |imol (4.6 mg) BNZ (PKA activator; 

Biolog, Germany, Formula weight 455.3) in 1 ml ddH20. This was then filter-sterilised 

using a 0.2 mm syringe filter. Stock solution was frozen at -20 °C in 100 1̂ aliquots for 

future use.

8-(para-Chlorophenylthio)-2 '-O-Methyladenosine-3 \ 5 ' cyclic monophosphate (8- 

pCPT-2 '-0-Me-cAMP or pCPT): A 5 mM stock solution was prepared by dissolving 5 

nmol (2.5 mg) pCPT (EPAC activator; Biolog, Germany, Formula weight 507.8) in 1 

ml ddH20. This was then filter-sterilised using a 0.2 mm syringe filter. Stock solution 

was frozen at -20 °C in 100 |il aliquots for future use.

SQ22536: A 100 mM stock solution was prepared by dissolving 10 mg SQ22536 

(adenylate cyclase inhibitor; Sigma, UK, Formula weight 205.22) in 487.28 ^1 ddH20. 

This was then filter-sterilised using a 0.2 mm syringe filter. Stock solution was frozen at 

-20 °C in 50 (il aliquots for future use.

KT5720: A 932 ^M stock solution was prepared by dissolving 50 ^g KT5720 (PKA 

inhibitor; Sigma, UK, Formula weight 537.61) in 100 |il DMSO. This was then filter-
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sterilised using a 0.2 mm syringe filter. Stock solution was frozen at -20 °C in 50 (il 

aliquots for future use.

Propranolol: A 50 mM stock solution was prepared by dissolving 50 mg propranolol 

(non-selective P-AR antagonist; Sigma, UK, Formula weight g/m ol) in 3.38 ml ddH20. 

This was then filter-sterilised using a 0.2 mm syringe filter. Stock solution was frozen at 

-20 "C in 50 1̂ aliquots for future use.

M etoprolol: A 100 mM stock solution was prepared by dissolving 137 m g metoprolol 

(selective Pi-AR antagonist; Sigma, UK, Formula weight 684.8) in 2 ml ddH20. This 

was then filter-sterilised using a 0.2 mm syringe filter. Stock solution was frozen at -20 

°C in 50 )il aliquots for future use.

Butoxamine: A 50 mM stock solution was prepared by dissolving 30.38 mg butoxamine 

(selective P2-AR antagonist; Sigma, UK, Formula weight 303.8) in 2 ml ddH20. This 

was then filter-sterilised using a 0.2 mm syringe filter. Stock solution was frozen at -20 

”C in 50 |xl aliquots for future use.

IL-IP: A  20 ^g/ml stock solution was prepared by dissolving 20 |ig  IL-lp (R&D  

Systems) in 1 ml 1% BSA/PBS. This was then filter-sterilised using a 0.2 mm syringe 

filter. Stock solution was frozen at -80 °C in 20 |al aliquots for future use.

TNFa: A  10 ^g/ml stock solution was prepared by dissolving 10 ng TNFa (R&D  

Systems) in 1 ml 1% BSA/PBS. This was then filter-sterilised using a 0.2 mm syringe 

filter. Stock solution was frozen at -80 °C in 20 |al aliquots for future use.

IFNy: A  100 ^g/ml stock solution was prepared by dissolving 100 îg IFNy (R&D  

Systems) in 1 ml 1% BSA/PBS. This was then filter-sterilised using a 0.2 mm syringe 

filter. Stock solution was frozen at -80 “C in 20 |il aliquots for future use.

Alam ar Blue (Resazurin): A 440 |iM  stock solution o f  alamar blue was prepared by 

dissolving 25 mg resazurin (Sigma, UK, C i2H6N N a0 4 , Formula weight 251.17) in 

226.214 ml ddH20. Stock solution was stored in a dark bottle for future use.
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Table 2.1: Agonists, antagonists, activators, and inhibitors o f the NA signalling 

pathway

Agonists and Activators Antagonists and Inhibitors

Salbutamol P-AR agonist Propranolol P-AR antagonist

Salmeterol selective P2 -AR agonist Butoxamine selective P2 -AR antagonist

Xamoterol selective Pi-AR agonist Metoprolol selective Pi-AR antagonist

db-cAMP cAMP analogue SQ22536 adenylate cyclase inhibitor

BNZ PKA activator KT5720 PKA inhibitor

pCPT EPAC activator

2.2.3 Preparation of Primary Mixed Glial cultures

The culturing of primary glial cells is an in vitro technique that involves the 

dissection of the brain, removal of the area of interest and dissociation of the tissue to 

obtain a population of glia. Cells are then allowed to mature over a 14-day period before 

being used in experimental procedures. Glial cultures obtained in this way typically 

contain astrocytes (70%) and microglia (30%), which simulates the approximate ratio of 

glia in the normal brain (unpublished observations). Primary cultures such as these also 

represent unaltered phenotypes that have not been transformed.

Mixed glial enriched cultures were prepared from brains of neonatal male and 

female Wistar rat pups (postnatal day 1-3; BioResources Unit, Trinity College, Dublin, 

Ireland). Tissue from the neonates was pooled and each plate represented an individual 

N number. Pups were taken into the laminar flow hood where they were decapitated 

using a large scissors. Using a smaller scissors the skin was cut down the midline to 

reveal the skull which was carefully cut on each side, at the level of the ears. The skull 

was gently pulled back to reveal the exposed brain. A curved forceps was then used to 

remove the meninges, which was discarded, and dissect out the cortex which was placed 

on a Petri dish containing Ix PBS. Any remaining meninges and adherent blood vessels 

were removed using a straight fine forceps. The cortical tissue was then cross-chopped 

using a scalpel and added to pre-warmed media. Complete media contained Dulbecco's 

modified Eagle's medium (DMEM:F12, Invitrogen, USA) with 10% heat inactivated 

Fetal Bovine Serum (FBS, Sigma, USA) and 1% Penicillin-Streptomycin (100 units/ml, 

Gibco Brl, USA). Tissue was incubated for 20 minutes, then triturated. The suspension 

was filtered through a sterile mesh filter (40 ^m), centrifuged at 2000 x g for 3 minutes
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at 20 °C, and the resuhing pellet was resuspended in warmed DMEM. Resuspended 

cells (50 |il per well) were seeded onto the centre o f each of the poly-L-lysine-coated 

(40 fig/ml) coverslips in 24-well plates and allowed to adhere for 2 hours before 

addition o f 300 |al warmed media. Cells were grown at 37 °C in a humidified 5% CO2 : 

95% air environment and media was changed every 3 days. Data were obtained from a 

total of 6 cultures.

2.2.4 Preparation o f  Enriched Microglial and Astrocyte cultures

Separated glial enriched cultures were prepared from brains of neonatal male 

and female Wistar rat pups (postnatal day 1-3; BioResources Unit, Trinity College, 

Dublin, Ireland) according to the same protocol as the primary mixed glia cultures with 

the following adaptations. Resuspended cells (1 ml per flask) were pipetted onto T25 

flasks and allowed to adhere for 2 hours before addition of 7 ml warmed media. Cells 

were grown at 37 °C in a humidified 5% CO2 : 95% air environment. On day 1 and day 7 

the media was removed and new media containing the growth factors granulocyte- 

macrophage colony-stimulating factor (GM-CSF; 20 ng/ml; R&D Systems) and 

macrophage colony-stimulating factor (M-CSF; 5 ng/ml, R&D Systems) was added.

On day 10 the cells were checked for affluency and separated. Flasks were 

placed on an orbital shaker (2 hours at 110 rpm at room temp) then tapped (30 times) to 

dislodge microglia into the media. The media was then collected in a 50 ml falcon tube 

and centrifuged at 2000 x g  for 3 minutes at 20 °C. The resulting pellet was resuspended 

in 1 ml warmed complete media and a cell count was performed using a 

Haemocytometer (10 1̂ cell suspension, 30 1̂ Ix PBS, 10 1̂ Trypan Blue). Media was 

added and the resuspended cells (50 |jl per well) were seeded onto poly-L-lysine-coated 

(40 fig/ml) coverslips in 24-well plates at a density o f 3x10^ cell/ml. The cells adhered 

for 2 hours prior to flooding with 300 1̂ complete media.

Astrocytes which remained adhered to the culture flasks were washed twice with 

Ix PBS before being incubated in 4 ml Trypsin-EDTA for 15 minutes. The flasks were 

tapped vigorously to dislodge the astrocytes and the suspension collected. The 

astrocytes were counted as before. Media was added and the resuspended cells (50 \i\ 

per well) were seeded onto poly-L-lysine-coated (40 |J,g/ml) coverslips in 24-well plates 

at a density o f 3x10^ cell/ml. The cells adhered for 2 hours prior to flooding with 300 |il 

complete media.

Cells were allowed to grow separately for a few days before treatment occurred
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on day 13 or 14. Data were obtained from a total o f  6 cultures.

2.2.5 Preparation of Primary Cortical Neuronal cell cultures

Cultures o f  primary rat cortical neurons were prepared from brains o f  neonatal 

male and female Wistar rat pups (postnatal day 0-1; BioResources Unit, Trinity College, 

Dublin, Ireland) according to the same protocol as the primary m ixed glia cultures with 

the following adaptations.

3 solutions o f trypsin or trypsin inhibitor were prepared as follows'.

Solution 1: Trypsin (0.3 mg/m l) in sterile PBS.

Solution 2: Trypsin inhibitor (0.1 mg/ml), DNase (0.2 mg/ml) and M g2S0 4  (0.1 M) in 

sterile PBS.

Solution 3: 30% solution 2 in sterile PBS i.e. 3 ml solution 2 in 7 ml PBS.

When the meninges were removed from the cortices, they were placed in a Petri 

dish containing a few  drops o f  a 3 mg/ml Trypsin/sterile PBS (w/v) solution and 

mechanically dissociated. There were then placed in a 15 ml falcon tube containing 2 ml

o f  solution 1 and incubated for 25 minutes at 37 °C. Next, 4 ml o f  a solution 3 was

added to inactivate the trypsin. The solution was flicked and the tissue allowed settle. 

The solution was aspirated o ff  the cortical tissue using a disposable pipette. Then 2 ml 

o f  solution 2 was added to the tissue and it was dissociated by triturating with a sterile 

disposable pipette. The solution was passed through a 40 |j,m cell strainer into a sterile 

50 ml falcon tube and centrifuged at 2000g for 3 minutes at 20 °C. The supernatant was 

aspirated o ff  and the pellet re-suspended in 15 ml o f  pre-warmed NBM -B27. The pellet 

was gently triturated with a fresh sterile Pasteur pipette until a homogenous cellular 

suspension was obtained. At this stage, a cell count was performed by adding 10 ^1 o f  

the cell suspension to 30 jj.1 o f  Ix PBS and 10 p.1 o f  trypan blue in a 2 ml eppendorf 

microtube. This solution was vortexed and 50 (j,l was placed under a microscope 

coverslip on a haemocytometer. The cell number was counted and calculated using a 

light microscope at the 40x magnification.

Resuspended cells (50 1̂ per w ell) were seeded onto the centre o f  each o f  the 

poly-L-lysine-coated (40 fig/ml) coverslips in 24-well plates at a density o f  2x10^ 

cell/m l and allowed to adhere for 2 hours before addition o f  500 1̂ complete B27-N BM

72



Chapter 2: M aterials and M ethods

warmed media. Cells were grown at 37 °C in a humidified 5% CO2; 95% air 

environment. The primary neuronal cultures were treated within 4-7 days o f  

preparation. Data were obtained from a total o f  6 cultures.

2.2.6 Quality o f Primary Neuronal cultures

In order to assess the quality and purity o f  the primary neuronal cultures, 

cultures were grown on glass coverslips for up to 6 days. They were then fixed and 

stained using fluorescent immunocytochemistry, and imaged using a confocal 

microscope (methods described in Section 2.6). Neurons were identified in two ways by 

using either an antibody specific to plll-tubulin to identify neuronal processes (Figure 

2.1), or an antibody specific to Neu-N to identify neuronal nuclei (Figure 2.2). Tubulins 

are globular proteins and the principal structural components o f  microtubules, essential 

cell cytoskeleton structures that are vital for the formation and function o f  neuronal 

axons. Tubulin is a predominantly composed o f  a  and p subunits, which each have a 

number o f  different subtypes. O f these, pill-tubulin is expressed almost exclusively by 

neurons and is considered to be one o f  the earliest neuron-associated cytoskeletal 

marker proteins (Katsetos et al., 2003). Nue-N {Nemor\?i\ yVuclei) is a soluble neuron- 

specific nuclear protein that binds to DNA in vitro  and serves as an excellent marker for 

neurons in the central and peripheral nervous systems (Mullen et al., 1992). Cultures 

were also stained green using an antibody specific to GFAP as a marker for astrocytes 

in order to investigate glial contamination o f  the cultures (Figure 2.2). Hoescht was used 

to identify cell nuclei.

2.2.7 Cell culture treatments

For each experiment, 24-well tissue culture plates were prepared with m ixed  

glial, separated microglia/astrocytes or neuronal cultures as described previously. The 

cells were grown until the adherent monolayer was between 70-100% confluency. This 

occurred after 10-14 days for glia or 4-7 days for neurons. Each 24 well plate was 

divided into 6 or 8 treatment groups, o f  which either 3-4 w ells were pooled to give 1 

experimental sample, unless otherwise stated. Each plate was considered as an n= l. On 

the day o f  treatment culture media was removed from the wells and treatments 

administered in a final volume o f  300 1̂ o f  pre-warmed complete DMEM:F12 for glia 

or complete NBM  for neurons. All pre-treatments were administered 2 hours prior to the 

experimental treatment. If a further pre-treatment was required this was administered 30
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minutes prior to the first pre-treatment. Cell cultures were incubated at 37 °C with 5% 

CO2 with the various drug treatments for either 6 hours to assess gene expression, or 24 

hours to assess protein production or cell viability, unless stated otherwise.

Figure 2.1: Neurons express pill-tubulin

Fluorescent immunocytochemistry was carried out on primary neuronal cultures using 

antibodies against the marker o f  neuronal axons, pill-tubulin. The cells were imaged at 

20X  magnification, (a) Red staining indicates pill-tubulin positive neurons, (b) Blue 

staining indicates cell nuclei stained with Hoescht, (c) Enlarged image showing the 

colocalisation o f  (a) and (b). The axonal processes o f  the neurons are clearly visible. 

The white line represents a length o f  400 )iiM.
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Figure 2.2: Neurons express Neu-N

Fluorescent immunocytochemistry was carried out on primary neuronal cultures using 

antibodies against the marker of neuronal nuclei, Neu-N, and the marker o f astrocytes, 

GFAP. The cells were imaged at 20X magnification, (a) Green staining indicates GFAP 

positive astrocytes, (b) Red staining indicates Neu-N positive neurons, (c) Blue staining 

indicates cell nuclei stained with Hoescht, (d) Shows the colocalisation of (a), (b) and 

(c), and (e) is an enlarged copy of (d). While a few astrocytic processes are visible, the 

vast majority of the staining is for neurons. The white line represents a length of 400 

^M.
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2.3 RNA and RT-PCR procedures

Real time polymerase chain reaction (RT-PCR) is a technique used to provide a 

quantitative measure o f  messenger RNA (mRNA). It is able to detect the accumulation 

o f  product during the reaction which is then measured at the exponential phase o f  the 

PCR technique.

2.3.1 Harvesting cultured cells for mRNA analysis

The bench, equipment and gloves were wiped with RNase Away wipes and 

rinsed with DEPC water prior to use to prevent RNA contamination. Supernatant was 

removed, the cells were harvested using 100-125 nl Lysis buffer (R A l (Macherey- 

Nagel, Germany), 1% p-mercaptoethanol) per well and 3-4 w ells were pooled to create 

a sample. Samples were either immediately extracted or frozen at -20 °C.

2.3.2 RNA extraction

RNA was extracted from the cells using a NucleoSpin RNA II kit (Macherey- 

Nagel, Germany) according to the kit protocol. Samples were either used immediately 

following harvesting, or were defrosted before use. Samples were centrifuged at 11000 

X g for 1 minute, the pink column was discarded and 350 1̂ o f  70% ethanol was added 

to the bottom tube. This was m ixed by pipetting and the solution transferred to the blue 

column, this column now contained the RNA. Samples were centrifuged at 11000 x g 

for 30 seconds and the blue column was m oved to a new tube. The membrane was 

desalted by the addition o f  350 1̂ o f  M DB (membrane drying buffer) and samples were 

centrifuged at 11000 x g for 1 minute. Any potential D N A  contamination was digested 

by the addition o f  95 1̂ reconstituted Dnase reaction mixture directly on to the 

membrane o f  the column and incubating for 15 minutes at RT. The membrane was then 

washed with 200 1̂ RA2 to inactivate the Dnase and centrifuged at 11000 x g for 30 

seconds. The blue column was placed in a new tube and the membrane was dried by the 

addition o f  600 (il RA3 and centrifuged at 11000 x g for 30 seconds, then 250 1̂ RA3 

and centrifuged at 11000 x g for 2 minutes. Finally the blue column was placed in a 

micro-centrifuge tube and the RNA was eluted in 60 ^l RNase free H2O and centrifuged 

at 11000 X g for 1 minutes. The RNA was stored at -80 °C until RNA equalisation.

2.3.3 Measuring RNA concentration and Equalising RNA

The RNA concentration from each sample was measured using a NanoDrop®
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NDIOOO spectrophotometer. Purity was demonstrated by the A260/280 ratio. RNA 

samples (30 |il) were equalised to the lowest concentration of RNA detected by addition 

o f RNase free H2O.

2.3.4 Reverse Transcription o f equalised RNA

Complementary DNA (cDNA) is a doublestranded DNA version of an mRNA 

molecule. cDNA was made from equalised RNA using ABI High Capacity cDNA 

archive kit (Applied Biosystems). Equal volumes of Mastermix (containing RT Buffer 

(Reverse Transcriptase), dNTPs, random primers, multiscribe RT and RNase free H2O) 

were added to an equivalent volume of equalised RNA (e.g. 30 |al Mastermix with 30 1̂ 

RNA giving 60 |̂ 1 reaction volume) in PCR tubes. The samples were centrifuged and 

run on a PTC-200 Peltier Thermal Cycler DNA Engine on the ABI-RT program which 

runs for 10 minutes at 25 °C and then for 120 minutes at 37 °C. The cDNA was then 

removed and frozen at -80 °C until needed for RT-PCR.

2.3.5 RT-PCR procedure

A I in 4 dilution of cDNA was prepared with Sigma water (25 1̂ cDNA and 75 

|il H2O). Multiplex PCR was carried out, meaning that a probe for the endogenous 

marker p-actin (VIC-labelled MGB Taqman probe. Applied Biosystems) was included 

in each sample with the target probe, allowing each sample to be corrected for the 

amount o f cDNA present. RT-PCR was performed using Taqman Gene Expression 

Assays (Applied Biosystems) which contain forward and reverse primers, and a FAM- 

labelled MGB Taqman probe to each gene of interest. The assay IDs for the genes 

examined as on the National centre for biotechnology information (NCBI) website are 

in Table 2.2.

A 10 ^1 volume of diluted cDNA was added to each well and 15 1̂ of reaction 

mix (12.5 (il Taqman Universal PCR Mastermix, 1.25 |al P-actin primer, 1.25 îl target 

primer) was added to give a final reaction volume of 25 |il. Electronic pipettes (EDP3 2- 

20 |al, 10-100 ^1 and 20-200 ^1) were used to ensure pipetting accuracy. Samples were 

run on the ABI Prism 7300 Sequence Detection System (Applied Biosystems, 

Germany) for 40 or 45 cycles. The samples are first heated to 95 °C for 10 minutes to 

start the process before the cycles begin. The samples are heated to 95 °C for 15 seconds 

to allow denaturation of the double-stranded cDNA. The temperature then decreases to 

allow annealing and extension o f the cDNA. The target probe is designed to anneal to
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the single-stranded cDNA as it has a higher melting point than that of the target primers 

(Applied Biosystems, Germany).

Table 2.2: List o f genes from Applied Biosystems used in RT-PCR studies

Target Gene

Symbol

Gene Name Taqm an Gene 

Expression Assay ID*

P-actin ACTB actin, beta 4352340E

Pa-AR Adrb2 adrenergic receptor, beta 2 Rn00560650_sl

CD40 TnfrsfS tumor necrosis factor receptor 

superfamily, member 5

Rn01423583_ml

GDNF Gdnf glial cell line derived neurotrophic 

factor

Rn00569510_ml

IFNgRl Ifngr interferon gamma receptor 1 Rn00587255_ml

lFNgR2 lfngr2 interferon gamma receptor 2 Rn01458484_ml

IL-10 1110 interleukin 10 Rn00563409_ml

IL -lR l Illrl interleukin 1 receptor, type I Rn00565482_ml

IL-1R2 lllr2 interleukin 1 receptor, type 2 Rn00588589_ml

IL-lp Illb interleukin 1 beta Rn00580432_ml

iNOS Nos2 nitric oxide synthase 2, inducible Rn00561646_m]

IP-10 CxcllO chemokine (C-X-C motif) ligand 10 Rn00594648_ml

NGFp NGF nerve growth factor, beta Rn01533872_ml

TGFpl Tgfbl transforming growth factor, beta 1 Rn00572010_ml

TNFRl Tnfrsfla tumor necrosis factor receptor 

superfamily, member 1 a

Rn01492348_ml

TNFR2 Tnfrsflb tumor necrosis factor receptor 

superfamily, member lb

Rn00709830_ml

TNFa Tnf tumor necrosis factor (TNF 

superfamily, member 2)

Rn99999017_ml

VCAM-1 Vcaml vascular cell adhesion molecule 1 Rn00563627_ml

*Gene reference as listed on the National centre for biotechnology information (NCBI) 

Entrez-Nucleotide website:

http://www.ncbi.nlm.nih. gov/entrez/query.fcgi?CMD=search&DB=nucleotide
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As well as the FAM/VIC dye, the probe contains a proprietary non-fluorescent 

quencher (NFQ) dye which blocks the dye from emitting a fluorescent signal by 

fluorescence resonance energy transfer (FRET) technology. The temperature then falls 

and remains at 60 °C for 1 minutes to allow transcription, the primers anneal and the 

cDNA strand is extended by the 5’ nuclease activity of the Taq polymerase. This 

induces the release of the FAMA/^IC labelled probe, which causes the FRET between 

the dye and the quencher to be broken. This generates a fluorescent signal. Due to the 

specificity o f the probe and primers for the cDNA, one fluorescent signal is produced 

for each new cDNA copy and measured during the annealing phase of the PCR cycle.

2.3.6: RT-PCR analysis

The AACt method (Applied Biosystems RQ software. Applied Biosystems, UK) 

was used to assess gene expression, as calculated relative to the endogenous control P- 

actin, and the control samples to give a Relative Quantification value (RQ) 

where Ct is the threshold cycle). This method compares gene expression of treated 

samples to an untreated control sample instead o f quantifying the exact copy number of 

the gene. This means that the fold-difference (increase or decrease) can be assessed 

between treated and untreated samples. The fold-difference is assessed using the cycle 

number (CT) difference between samples. A threshold for fluorescence is set, against 

which CT is measured. To accurately assess differences between gene expression, the 

threshold is set when the PCR reaction is in the exponential phase, when the PCR 

reaction is optimal or 100% efficient. Samples with low CT readings demonstrate high 

fluorescence, indicating greater amplification and thus greater gene expression. To 

measure this fold-difference relative to control, the CT of the endogenous control (P- 

actin) is subtracted from the CT of the target gene for each sample, thus accounting for 

any difference in cDNA quantity that may exist. This normalised CT value is called the 

CT difference (ACT). The ACT of the control is subtracted from itself to give 0, and 

subtracted from all other samples, this is the AACT value (cycle difference corrected for 

P-actin). The AACT is then converted into a fold-difference. As a one-cycle difference 

corresponds to a two-fold increase or decrease relative to control, the fold-difference in 

gene expression between the control and treated samples is given by 2 to the power of 

the -AACT. Thus when PCR is 100% efficient a five-cycle difference between samples 

means a 5-fold difference is a 32-fold difference (2^). The control sample always has a 

AACT value of 0, thus 2^ gives a of 1, against which all other samples are
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referenced, as outlined in Table 2.3 below.

Table 2.3: Example o f the A ACT method of analysis

Target CT P-actin CT ACT AACT 2" a a c 1

Fold difference

Control 20 l 6 20-16 = 4 4 - 4  = 0 2“®^1

Sample 1 21 16 2 1 - 1 6  = 5 5 - 4  = 1 2"* = 0.5

Sample 2 22 16 2 2 - 1 6  = 6 6 - 4  = 2 2'  ̂=0.25

Sample 3 19 16 1 9 - 1 6  = 3 3 - 4  = -l r<-‘>=2

Sample 4 18 16 1 8 - 1 6  = 2 2 -  4 = -2 2*<-2)=4

Sample 5 17 16 1 7 - 1 6  = 1 1 -  4 = -3 2'<‘^^=8

2.4 Protein analysis procedures

2.4.1 Harvesting cell-free supernatants for cytokine analysis

After the required incubation time, the 24 well plates were removed from the 

incubator and the supernatant was removed. Wells that received the same treatment 

were pooled into a 1.5 ml microtube. All samples were kept on ice before being 

centrifuged at 11000 x g for 3 minutes at 4 °C to remove any cell debris. Samples were 

then aliquoted (3 aliquots per sample) into new tubes and frozen at -80 °C until cytokine 

analysis. This procedure was repeated for each plate respectively.

2.4.2 Analysis o f cytokine concentrations by ELISA

The sandwich enzyme-linked immunosorbent assay (ELISA) method was used 

to determine cytokine concentrations in supernatants taken from primary cell cultures.

TNFa: The concentration of TNFa was assessed in the supernatants from cultured cells. 

Analysis o f TNFa was carried out by ELISA (R&D Systems, UK) as per instructions 

from manufacturers. The capture antibody (1.0 ^ig/ml goat anti-rat TNFa antibody) was 

diluted in coating buffer (1:250 dilution; 0.84 g NaHCOs, 0.356 g NaaCOa, 100 ml 

dH20) and 96-well plates (NUNC, F96 MAXlSORP-immuno plate) were coated with 

100 ^l antibody and incubated overnight at 4 °C. They were then washed with wash 

buffer (three times with 300 ^1 Phosphate Buffered Saline (PBS; 137 mM NaCl, 8.1 

mM Na2HP04, 1.5 mM KH2PO4, 2.7 mM KCl, pH 7.4) containing 0.05% Tween, then
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blotted on tissue paper to dry), blocked for 1 hour at room temperature (RT) with 200 1̂ 

blocking buffer (PBS, pH 7.3; 10% fetal calf serum (FCS)), washed with wash buffer, 

and incubated with 100 (il TNFa standards (0-2000 pg/ml) or samples in duplicate for 2 

hours at RT. Wells were washed with wash buffer, incubated with 100 1̂ detection 

antibody (350 ng/ml biotinylated goat anti-rat antibody for TNFa, 1:250 dilution in 

blocking buffer) for 2 hours at RT, and washed again. They were then incubated in 

horseradish peroxidase (HRP)-conjugated streptavidin (1:250 dilution in blocking 

buffer) for 30 minutes at RT. Substrate solution (100 |al 3,3’,5,5’,-Tetramethyl- 

benzidine (TMB); R&D Systems, UK) was added. Incubation continued at RT in the 

dark for 30 minutes, or prior to the colorometric reaction reaching saturation, and the 

reaction was stopped using 50 |il 1 M H2SO4. Absorbance was read at 450 nm using a 

microtitre plate reader (Elx 800 Bio-Tek instruments Inc.). A standard curve was 

constructed by plotting the standards against the absorbance. The results obtained were 

expressed as TNFa concentration in pg/ml o f supernatant or % control.

IL-lfi: The concentration o f IL-ip was assessed in the supernatants from cultured cells. 

Analysis o f  IL-ip was carried out by ELISA (DuoSet® ELISA Development System, 

R&D Systems, USA) as per instructions from manufacturers. The capture antibody (0.8 

|ig/ml goat anti-rat IL-ip antibody) was diluted in PBS (137 mM NaCl, 8.1 mM 

Na2HP0 4 , 1.5 mM KH2 PO4 , 2.7 mM KCl, pH 7.4; 1:180 dilution) and 96-well plates 

(NUNC, F96 MAXISORP-immuno plate) were coated with 100 |il antibody and 

incubated overnight at RT. They were then washed with wash buffer (three times with 

300 |al PBS containing 0.05% Tween, then blotted on tissue paper to dry), blocked for 1 

hour at RT with 300 1̂ reagent diluent (1% BSA in PBS), washed with wash buffer, and 

incubated with 100 |al IL-lp standards (0-2000 pg/ml) or samples for 2 hours at RT. 

Wells were washed with wash buffer, incubated with 100 1̂ detection antibody (350 

)ig/ml biotinylated goat anti-rat antibody for IL-lp diluted in PBS containing 1% BSA  

and 2% normal goat serum (Vector, USA)) for 2 hours at RT and washed again. They 

were then incubated in HRP-conjugated streptavidin (1:250 dilution in blocking buffer) 

for 20 minutes at RT. Substrate solution (100 1̂ TMB; R&D Systems, UK) was added. 

Incubation continued at RT in the dark for 30 minutes, or prior to the colorometric 

reaction reaching saturation, and the reaction was stopped using 50 |il 1 M H2 SO4 . 

Absorbance was read at 450 nm using a microtitre plate reader (Elx 800 Bio-Tek 

instruments Inc.). A standard curve was constructed by plotting the standards against the
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absorbance The results obtained were expressed as IL-ip concentration in pg/ml o f  

supernatant or % control.

2.5 Analysis of ceil viability and cell death

2.5.1 Alamar Blue cell viability assay

The Alamar Blue Assay was used in this study to assess cell viability. It is based 

on the ability o f  living cells to convert a redox dye (resazurin, C i2H6NN a0 4 ) into a 

fluorescent end product (resorufin). Viable cells retain the ability to reduce resazurin 

into resorufin. Nonviable cells rapidly lose metabolic capacity, do not reduce the 

indicator dye, and thus do not generate a fluorescent signal. A 440 solution o f  

Alamar Blue dye was made by dissolving Resazurin (Sigma) in ddH20. Cells were 

treated as required (As), and one set o f  w ells which contained media only (Am ) and 

another set which had cells with no treatments (Ac) were also included. Plates were 

incubated at 37 °C and 5% CO2 for 24 hours. At 1 to 4 hours prior to the endpoint the 

Alamar Blue dye was added to the w ells at 10%v/v (e.g. 25 |il dye added to 250 |il 

media on cells). When colour change had occurred, 200 x̂l o f  supernatant was 

transferred to 96 well plates. Absorbance was read at 600 nm using a microtitre plate 

reader (Elx 800 Bio-Tek instruments Inc.). Results were calculated as follows:

Am = Average absorbance o f  w ells containing Media only 

Ac = Average absorbance o f  w ells containing Cells without treatments 

As = Absorbance o f  a particular sample 

% Viability =  ((Am -  As)/(Am  -  Ac))* 100

2.5.2 Lactate dehydrogenase (LDH) cytotoxicity assay

The lactate dehydrogenase (LDH) assay (CytoTox 96® kit, Promega) was used 

in this study, according to manufacturer’s instructions, to measure cell toxicity. LDH is 

a stable cytosolic enzyme that is released from cells upon lysis. Measuring the levels o f  

LDH in the supernatant inversely allows for an indirect measurement o f  LDH present in 

the cytoplasm o f  intact ‘healthy’ cells, and thus a measurement o f  cell toxicity. The 

supernatants o f  primary cell culture were removed and stored in 1.5 ml microtubes on 

ice, before centrifuging them at 15000 x rpm to pellet any cellular debris. The adherent 

primary cells were exposed to 15 |il o f  lysis solution (lOx; 9% (v/v) Triton-x-100 in 

water) per 100 |al o f  culture medium, followed by incubation at 37 °C for 45-60  

minutes. 50 1̂ o f  the cell lysate was measured in conjunction with 50 |il o f  supernatant
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for every experimental treatment (in duplicate) by incubating with 50 ^1 o f reconstituted 

substrate mix in a 96-well plate, for 30 minutes at 37 °C. Following this, 50 nl of stop 

solution was added to arrest the reaction. Absorbance was measured at 490 nm on a 

microtitre plate reader (Elx 800 Bio-Tek instruments Inc.). The data was interpreted by 

expressing “% max LDH release” as LDH absorbance in the supernatant (released) / 

LDH absorbance in the cell lysate (total cellular LDH).

2.6 Fluorescence immunocytochemistry

The following describes the general protocol used to identify proteins of interest, 

which were carried out following in vitro cell treatments on cells grown on glass 

coverslips. The specific details for every protein assessed by fluorescent 

immunocytochemistry in this thesis are presented in Table 2.4.

2.6.1 General protocol for fluorescence immunocytochemistry

Cells were fixed with ice-cold methanol for 5 minutes at -20 °C, and washed 

twice with PBS. Non-reactive sites were blocked for 2 hours at RT in blocking buffer 

(PBS containing animal serum; Vector laboratories, Peterborough, UK). Cell 

manipulations were carried out in a light protected humidified environment from this 

point. The blocking buffer was removed and cells were incubated overnight at 4 °C with 

primary antibody raised against the protein of interest. The primary antibody was 

washed off with PBS and cells were incubated with an appropriate secondary antibody 

conjugated to an Alexa (Invitrogen). The cells were then washed in PBS. Nuclei were 

counterstained with Hoechst stain (Hoechst 33258, Invitrogen, Paisley, UK). The 

coverslips were mounted onto glass slides using Vectashield fluorescent mounting 

media (Vector Laboratories, Peterborough, UK). The edge of each coverslip was sealed 

with clear nail varnish and slides were stored in the dark at 4 °C until needed for 

analysis. The incorporated fluorophores were examined with a confocal microscope 

(Zeiss, LSM-510-META, Karl Zeiss, UK) using appropriate excitation wavelengths and 

filter sets (Table 2.5).

This procedure was carried out as outlined below using GFAP/pi-AR as an 

example, using the combinations o f antibodies as described in Table 2.4. The blocking 

buffer for all antibodies was PBS containing 10% goat serum (v/v) and all primary and 

secondary antibodies were made up in PBS containing 5% goat serum (v/v).
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Table 2.4: Combinations of antibodies used for fluorescence inununocytochemistry

1** Primary 1’* Secondary 2“** Primary 2nd Secondary

antibody antibody antibody antibody

Anti-GFAP Goat anti-rabbit Anti-Pi-AR Goat anti-rabbit

(1:2000) Alexa 488 (1:4000) (1:200) Alexa 546(1:500)

Anti-GFAP Goat anti-rabbit Anti-P2-AR Goat anti-rabbit

(1:2000) Alexa 488 (1:4000) (1:200) Alexa 546 (1:500)

Anti-CD l ib Goat anti-mouse Anti-Pi-AR Goat anti-rabbit

(1:4000) Alexa 488 (1:4000) (1:200) Alexa 546(1:500)

Anti-CD 11b Goat anti-mouse Anti-P2-AR Goat anti-rabbit

(1:4000) Alexa 488 (1:4000) (1:200) Alexa 546 (1:500)

Anti-Neu-N Goat anti-mouse Anti-GFAP Goat anti-rabbit

(1:300) Alexa 546(1:500) (1:2000) Alexa 488 (1:4000)

Anti-Neu-N Goat anti-mouse Anti-Pi-AR Goat anti-rabbit

(1:300) Alexa 546(1:500) (1:200) Alexa 488 (1:500)

Anti-Neu-N Goat anti-mouse Anti-P2-AR Goat anti-rabbit

(1:300) Alexa 546(1:500) (1:200) Alexa 488 (1:500)

Anti-piII-tubulin Goat anti-mouse

(1:300) Alexa 546(1:500)

Table 2.5 List of confocal microscope configurations

Fluorophore Peak excitation/emission 

wavelength (nm)

Beam splitters

Alexa Fluor 488TM 488/520 HFT 488; LP 505

Alexa Fluor 546TM 546/520 HFT 546; LP 505

Hoechst 33258 345/487 HFT UV/488/543/633

LP 456 - 499

GFAP/pi-AR: Following treatment, cells were fixed with ice-cold methanol for 5 

minutes at -20 °C, and washed twice with PBS. Non-reactive sites pn cells were blocked 

in blocking buffer (PBS containing 10% goat serum (v/v); Vector Laboratories, 

Peterborough, UK) for 2 hours at RT. Cell manipulations were carried out in a light 

protected humidified environment from this point. The blocking buffer was removed
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and cells were incubated with the first primary antibody, rabbit anti-GFAP (1:2000 

dilution in PBS containing 10% goat serum, Dako), overnight at 4 °C. Cells were 

washed 3 times for 5 minutes in PBS. Cells were incubated with the first secondary 

antibody, goat anti-rabbit IgG conjugated to Alexa 488 (1:4000 in PBS containing 5% 

goat serum (v/v); Invitrogen), for 1.5 hours at RT. Cells were washed 3 times for 5 

minutes in PBS. Cells were once more blocked in blocking buffer (PBS containing 10% 

goat serum (v/v); Vector Laboratories, Peterborough, UK) for 2 hours at RT. The 

blocking buffer was removed and cells were incubated with the second primary 

antibody, rabbit anti-Pi-AR (1:200 dilution in PBS containing 10% goat serum (v/v); 

Santa Cruz Biotechnology Inc., California, USA) overnight at 4 °C. Coverslips were 

washed 3 times for 5 minutes in PBS. Cells were incubated with the second secondary 

antibody, goat anti-rabbit IgG conjugated to Alexa 546 (1:500 in PBS containing 5% 

goat serum (v/v); Invitrogen), for 1.5 hours at RT. Cells were washed 3 times for 5 

minutes in PBS. Nuclei were counterstained with Hoechst stain (1:1000 in PBS, 

Hoechst 33258, Invitrogen, Paisley, UK). Cells were washed for 1 hour every 5 minutes 

in PBS before mounting on-to glass slides using fluorescent mounting medium 

(Vectashield*^; Vector Laboratories, Peterborough, UK). The edge of each coverslip was 

sealed with nail varnish and slides were stored in the dark at 4 °C until needed for 

analysis. The incorporated fluorophores were examined with a confocal microscope 

(Zeiss, LSM-510-META, Karl Zeiss, UK) using appropriate excitation wavelengths and 

filter sets (Table 2.5).

Primary antibodies:

Mouse Anti-Neu-N (1:300; Millipore)

Mouse Anti-piII-tubulin (1:300; Promega)

Mouse Anti-CDl lb  (1:4000; Millipore)

Rabbit Anti-GFAP (1:2000; Dako)

Rabbit Anti-pi-AR (1:200; Santa Cruz Biotechnology)

Rabbit Anti-P2-AR (1:200; Santa Cruz Biotechnology)

Secondary antibodies:

Goat anti-mouse Alexa 488 (Invitrogen)

Goat anti-mouse Alexa 546 (Invitrogen)

Goat anti-rabbit Alexa 488 (Invitrogen)

Goat anti-rabbit Alexa 546 (Invitrogen)
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2.7 Statistical Analysis of Results

All data was analysed using Prism 4 (GraphPad Prism, California, USA) or a 

GB-STAT routine. Statistical comparisons were initially performed using a one- or two- 

way analysis of variance (ANOVA), without repeated measures, or a student t-test with 

pooled variance, as indicated in the experimental sections. If significant changes were 

observed, the data was further analysed using Newman-Keuls or Fisher’s LSD post hoc 

test as appropriate. A p value of less than 0.05 was considered statistically significant. 

Results are expressed as means and standard error o f the mean (SEM) or mean 

percentage control and SEM.
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3. The anti-inflammatory actions of NA in glial cells -  a role for Pi-ARs 

and cAMP?

3.1 Introduction

Glial cell activation and neuroinflammation play an important role in the 

pathogenic, and possibly even the initiation, stages o f many neurodegenerative 

disorders. It has long been known that microglia are the innate immune cells of the CNS 

and that they become activated and produce an immune response when exposed to an 

inflammatory stimulus (Liu and Hong, 2003). However recent studies have also 

implicated astrocytes in the immune response (Liberto et al., 2004). The aim of this 

section was to investigate the ability of LPS, thrombin, and Ap to induce an 

inflammatory response in primary mixed glial, microglial, and astrocyte cultures and to 

examine the ability o f NA interventions to prevent this inflammatory response.

Many different molecules are capable o f activating glia and inducing an 

inflammatory response. One such molecule is LPS, a gram negative bacterial cell wall 

endotoxin which is commonly used to induce an inflammatory response under 

experimental conditions (Liu and Hong, 2003). Primary microglia stimulated with LPS 

produced inflammatory cytokines including IL-ip and TNFa, and the chemokine MCP- 

1 (Szczepanik et al., 2001). Astrocytes also produce iNOS and pro-inflammatory 

cytokines such as IL-ip, TNFa, and IL-6 in response to LPS (Forloni et al., 1997, 

Nicholson et al., 2004, Iwai et al., 2006). LPS is extremely useful in inducing an 

inflammatory response but it is not representative of the inflammation that occurs 

during neurodegenerative disorders. For this reason it was decided to use two other 

molecules that are involved in the pathology o f neurodegeneration; thrombin, which is 

involved in the acute neuroinflammation induced following a stroke or traumatic brain 

injury and during PD, and Ap, which is involved in the chronic neuroinflammation 

induced during AD.

Thrombin is a blood protein that leaks into the brain parenchyma when the BBB 

is damaged, such as occurs in hemorrhagic stroke and traumatic brain injury, causing 

acute brain injury (Hua et al., 2007, Hua et al., 2009). In vitro studies on thrombin 

showed that it results in activation o f microglia (Lee et al., 2005, Katsuki et al., 2006), 

and induces morphologic changes in and increases proliferation o f astrocytes (Ishida et 

al., 2006). It also promotes an inflammatory environment by inducing iNOS and 

increasing expression of pro-inflammatory cytokines such as TNFa, IL-ip and IL-6
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(Moller et al., 2000, Ryu et al., 2000, Choi et al., 2003, Choi et al., 2005, Lee et al.,

2005, Huang et al., 2008).

AP is a protein which aggregates to form plaques in the brains of patients with 

AD (Blennow, 2004). Activated astrocytes and microglia are found to localise around 

the plaques (Liu and Hong, 2003, Stuchbury and Munch, 2005). AP-stimulated primary 

microglia produced the inflammatory cytokines IL -la, IL-ip, TNFa, and lL-6, and the 

chemokine MCP-1 (Szczepanik et al., 2001). Another study showed that in astrocyte 

cultures treated with AP, the production of IL -ip and TNFa occurred before the 

production of iNOS (Akama and Van Eldik, 2000). Exposure o f cultured microglia or 

monocytes to Ap results in a dose-dependent increase in their secretion o f the 

chemokines lL-8, M lP-la, and MCP-1, and the growth factor M-CSF (Rogers et al., 

2002, McGeer and McGeer, 2003).

Upon activation, glia release pro-inflammatory molecules that can directly or 

indirectly cause damage to neural cells (Liberto et al., 2004). The nature o f the 

inflammatory response in these studies was assessed by measuring a range of 

inflammatory molecules; iNOS, IL-ip, TNFa, CD40, IP-10, and VCAM-1. The enzyme 

iNOS is typically produced in response to inflammation and pro-inflammatory 

mediators (Stuehr, 1999), resulting in the production o f large quantities o f NO 

(Moncada, 1999) leading to effects such as oxidative stress and cytotoxicity (Pannu and 

Singh, 2006). IL-ip and TNFa are pro-inflammatory cytokines and among the first pro- 

inflammatory mediators to be released in response to glial activation (Liberto et al., 

2004, Lucas et al., 2006). They are potent modulators of the immune response, causing 

the induction of cytokines, chemokines, adhesion molecules, and inflammatory 

enzymes such as iNOS (Laflamme et al., 1999, Akama and Van Eldik, 2000, Aggarwal, 

2003). CD40 is a co-stimulatory molecule necessary for the activation of APCs and 

their ability to present antigen to T-cells (Mills and McGuirk, 2004). It can be induced 

by LPS and cytokines (Nguyen et al., 1998, Chen et al., 2006), and becomes up- 

regulated upon microglial activation making it a useful indicator o f an inflammatory 

response (O'Keefe et al., 2002). The pro-inflammatory chemokine IP-10 is a potent 

chemoattractant for monocytes, T lymphocytes, and NK cells (Baggiolini et al., 1997), 

and it is produced in response to cytokines and LPS (Kawai et al., 2001, Shen et al.,

2006, Ubogu et al., 2006). The cell adhesion molecule VCAM-1 is involved in the firm 

adhesion of leukocytes to the endothelium, a process that is essential for the movement
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o f  leukocytes out o f  the circulatory system, towards the site o f  tissue damage or 

infection (Luster, 1998, van Buul and Hordijk, 2008).VCAM -1 is also increased by 

cytokines (Galkina and Ley, 2007, Wu, 2007). These m olecules are markers o f  glial 

activation, and are extremely useful in determining the magnitude and nature o f  an 

immune response. Microglia and astrocytes have been shown to express iNOS (Guo and 

Bhat, 2006), IL-lp (Allan et al., 2005), TNFa (Aggarwal, 2003, Ohtori et al., 2004, 

Lucas et al., 2006), CD40 (van Kooten and Banchereau, 1997, Abdel-Haq et al., 1999, 

Chen et al., 2006), IP-10 (Kawai et al., 2001, Shen et al., 2006, Ubogu et al., 2006), and 

VCAM-1 (Lee and Benveniste, 1999, Wu et al., 2000, Peterson et a l ,  2002).

A major focus o f  research in the treatment o f  neurodegeneration is the inhibition 

o f  neuroinflammation. With regard to this, this project has focused on NA, a 

monoamine neurotransmitter which has been reported to elicit anti-inflammatory 

actions in the CNS. NA signalling is also important in neurodegenerative disorders. For 

example, loss o f  LC noradrenergic neurons in AD increases neuronal damage, 

inflammatory responses, and iNOS, IL -ip , and lL-6 expression, and reduces Ap 

clearance (Heneka et al., 2002, Heneka et al., 2003, Kalinin et al., 2006, Kalinin et al., 

2007), and traumatic brain injury causes decreased cAMP levels and downstream  

activation o f  PKA (Atkins et al., 2007). Both astrocytes and microglia have been shown 

to express receptors for NA indicating that NA is capable o f  eliciting effects upon glial 

cells (Tanaka et al., 2002, De Keyser et al., 2004), Studies using microglia, astrocytes, 

and brain endothelial cells have demonstrated that NA, by binding to P2-ARS and 

activating cAMP signalling pathways, can inhibit the expression o f  a number o f  

inflammatory genes including iNOS, IL-ip , TNFa, MHC-class-II, and ICAM-1 

(Feinstein et al., 2002, Tanaka et al., 2002, De Keyser et al., 2004). NA, P-AR agonists, 

and cAM P activators can also suppress the IL-ip- and TNFa-induced expression o f  

iNOS, VCAM -1, and ICAM-1 (Ballestas and Benveniste, 1997, Balyasnikova et al., 

2000), the LPS-induced production o f  IL-ip mRNA and protein from microglia 

(Madrigal et al., 2005), and the LPS-induced TNFa and M lP -ip  release in a dose- 

dependent manner in macrophages in vitro  and in vivo  (Verhoeckx et al., 2005a, 

Verhoeckx et al., 2005b).

The objective o f  these experiments was to investigate the ability o f  thrombin and 

Ap to induce an inflammatory phenotype in glial cells. LPS was used as a positive
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control to ensure that the cells were capable o f producing an inflammatory response. Of 

particular interest was the ability o f thrombin and Ap to induce an inflammatory 

response in mixed glial, microglial and astrocyte cultures, and the nature o f this 

inflammatory response. Once an inflammatory response had been achieved the 

objective was to investigate the ability o f NA interventions to prevent this by promoting 

an anti-inflammatory phenotype, and to investigate the pathways by which NA mediates 

its effects, with particular emphasis on P-AR activation and subsequent downstream 

actions.
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3.2 LPS, thrombin, and Ap induce an inflammatory response in mixed glial cells

The following studies were carried out to assess the ability of LPS, thrombin, and A|3 to 

induce an inflammatory response in mixed glial cells. Vehicle, LPS (100 ng/ml), 

thrombin (10 or 20 U/ml), or Ap (2.5, 5 or 10 ^M) was administered to cortical mixed 

glial cultures for 6 hours prior to the analysis of gene expression by RT-PCR. 

Concentrations of the drugs were chosen based on the literature and on previous results 

achieved in the laboratory with similar concentrations. Complete-DMEM:F12 was used 

as a control treatment for unstimulated cells. Specifically, the mRNA expression of the 

pro-inflammatory enzyme iNOS, the pro-inflammatory cytokines, IL-ip and TNFa, the 

co-stimulatory molecule CD40, the inflammatory chemokine IP-10 which is 

predominantly chemotactic for T-cells and monocytes, and the VCAM-1 which 

promotes adhesion and infiltration of peripheral leucocytes, were examined as they are 

reliable indicators of an inflammatory response. Vehicle, LPS, thrombin, or Ap was also 

administered to cortical mixed glial cultures for 24 hours and the cell-free supernatants 

were harvested for the assessment of cytokine production by ELISA. Specifically, the 

protein expression o f the pro-inflammatory cytokines, IL-ip and TNFa, were examined, 

as they are good indicators of whether or not any changes in mRNA expression were 

being translated to the protein level.

LPS induces an inflammatory response: LPS was used as a positive control to show that 

the cultures were capable o f producing an inflammatory response. LPS significantly 

increased iNOS, IL-ip, TNFa, CD40, VCAM-I, and IP-10 mRNA expression (Figure

3.2.1). LPS also significantly increased TNFa and IL-ip protein expression (Figure

3.2.2). This shows that LPS is capable of inducing an inflammatory response in mixed 

glial cells.

Thrombin induces an inflammatory response: Both doses of thrombin (10 and 20 U/ml) 

significantly increased iNOS, IL-ip, TNFa, CD40, VCAM-1, and IP-10 mRNA 

expression (Figure 3.2.3). Thrombin (10 and 20 U/ml) also significantly increased 

TNFa protein expression and thrombin (20 U/ml) increased IL-ip protein (Figure 

3.2.4). This shows that thrombin is capable of inducing an inflammatory response in 

mixed glial cells.
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Ap induces an inflammatory response: All doses of Ap (2.5, 5, and 10 |iM) significantly 

increased IL-ip and TNFa mRNA expression. Only the highest dose (10 |aM) 

significantly increased CD40. There was no effect on iNOS, VCAM-1, or IP-10 mRNA 

(Figure 3.2.5). Ap also significantly increased IL-lp protein expression, but not TNFa 

protein (Figure 3.2.6). This shows that Ap is capable of inducing an inflammatory 

response in mixed glial cells, although it is slightly less robust than the response 

induced by LPS or thrombin.

Figure 3.2.1: LPS induces an inflammatory response in mixed glial cells 

LPS (100 ng/ml) was administered to mixed glial cells for 6 hours. A Student t-test 

demonstrated that LPS (100 ng/ml) significantly increased (a) iNOS (P<0.0001), (b) IL- 

Ip (P=0.0003), (c) TNFa (P<0.0001), (d) CD40 (P=0.0005), (e) VCAM-1 (P<0.0001), 

and (f) IP-10 (P<0.0001) mRNA expression.

Data expressed as means ± SEM (n=5-6), ***P<0.001 vs. control (Student t-test).
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Figure 3.2.1:

(a) iNOS mRNA (b) IL-Ip mRNA

INOS IL-1P

20(H

150-

W te 
o  X 100- Z 0)
~ <2

a. 5oH 
E

25n 

O 20-s
ID 
(1) .

-  ^  10H

E

LPS (ng/ml) 100 LPS (ng/ml) 100

(c) TNFa mRNA (d) CD40 mRNA

TNFa CD40
14t

c 12-o
•5 10-

LPS (ng/ml) 100

30-1

co
'5
I  20- 
&
c i)
^  10-
ir
E

LPS (ng/ml) 100

(e) VCAM-1 mRNA (f) IP-10 mRNA

VCAM-1 IP-10
12-1

CO
Z5
s
&
s
<z 4-

LPS (ng/ml) 100

75n

50-
a.I HQ. 3

LPS (ng/ml) 100

93



Chapter 3: The anti-inflammatory actions o f  NA in glial cells

Figure 3.2.2:
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Figure 3.2.2: LPS induces an inflammatory response in mixed glial cells 

LPS (100 ng/ml) was administered to mixed glial cells for 24 hours. A Student t-test 

demonstrated that LPS (100 ng/ml) significantly increased (a) IL-ip (P=0.015) and (b) 

TNFa (P=0.015) protein expression.

Data expressed as means ± SEM (n=5-6), *P<0.05 vs. control (Student t-test).
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Figure 3.2.3: Thrombin induces an inflammatory response in mixed glial cells 

Thrombin (10 or 20 U/ml) was administered to mixed glial cells for 6 hours. A one-way 

ANOVA demonstrated a significant effect o f thrombin treatment on (a) iNOS 

[F(2,i5)=49.45, P<0.0001], (b) IL-ip [F(2.i5)=101.50, P<0.0001], (c) TNFa [F(2,i5)=72.73, 

P<0.0001], (d) CD40 [F(2.i4)=116.10, P<0.0001], (e) VCAM-1 [F(2.i5)=37.13, 

P<0.0001], and (f) IP-IO [F(2,i5)=97.56, P<0.0001] mRNA expression.

Data expressed as means ± SEM (n=5-6), ***P<0.001 vs. control (Newman-Keuls post- 

hoc test).
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Figure 3.2.3:
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Figure 3.2.4:
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Figure 3.2.4: Thrombin induces an inflammatory response in mixed glial cells 

Thrombin (10 or 20 U/ml) was administered to mixed glial cells for 24 hours. A one

way ANOVA demonstrated a significant effect of thrombin treatment on (a) IL-ip 

[F(2,i4)=12.13, P=0.0009] and (b) TNFa [F(2,9)=5.58, P-=0.027] protein expression.

Data expressed as means ± SEM (n=5-6), *P<0.05, ***P<0.001 vs. control (Newman- 

Keuls post-hoc test).
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Figure 3.2.5: Afi induces an inflammatory response in mixed glial cells 

AP (2.5, 5, or 10 ^iM) was administered to mixed glial cells for 6 hours. A one-way 

ANOVA demonstrated a significant effect of AP treatment on (b) IL-ip [F(3_20)=68.74, 

P<0.001], (c) TNFa [F(3,20)=61.37, P<0.001], and (d) CD40 [F(3,20)=93.30, P<0.001] 

mRNA expression. Ap did not affect (a) iNOS, (e) VCAM-1, or (f) IP-10 mRNA.

Data expressed as means ± SEM (n=5-6), ***P<0.001 vs. control (Newman-Keuls post- 

hoc test).
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Figure 3.2.6:
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Figure 3.2.6: Aff induces an inflammatory response in mixed glial cells 

Ap (2.5, 5, or 10 |iM) was administered to mixed glial cells for 24 hours. A one-way 

ANOVA demonstrated a significant effect o f Ap treatment on (a) IL-ip protein 

[F(3,i8)=7.65, P=0.0017] expression. Ap did not affect (b) TNFa protein.

Data expressed as means ± SEM (n=5-6), *P<0.05, **P<0.01 vs. control (Newman- 

Keuls post-hoc test).
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3.3 LPS, thrombin, and Ap induce an inflammatory response in microglia and 

astrocytes

The following studies were carried out to assess the ability of thrombin and Ap to 

induce an inflammatory response in microglia and astrocytes. LPS (100 ng/ml), 

thrombin (20 U/ml), or AP (10 (iM) was administered to cortical microglial or astrocyte 

cultures for 6 hours prior to the analysis o f gene expression by RT-PCR. Complete- 

DMEM:F12 was used as a control treatment for unstimulated cells. Specifically, the 

mRNA expression of the inflammatory mediator iNOS, the pro-inflammatory cytokines 

IL-ip and TNFa, the co-stimulatory molecule CD40, and the inflammatory chemokine 

IP-10, were examined as they are reliable indicators o f an inflammatory response.

LPS induces an inflammatory response in microglia and astrocytes: LPS was used as a 

positive control to show that the cultures were capable of producing an inflammatory 

response. LPS (100 ng/ml) significantly increased iNOS, IL-ip, TNFa, CD40, and IP- 

10 mRNA expression in microglia and astrocytes (Figure 3.3.1). This shows that LPS is 

capable of inducing an inflammatory response in separated glial cells.

Thrombin induces an inflammatory response in microglia and astrocytes: Thrombin (20 

U/ml) significantly increased iNOS, IL-ip, TNFa, CD40, and IP-10 mRNA expression 

in microglia and astrocytes (Figure 3.3.1). This shows that thrombin is capable of 

inducing an inflammatory response in separated glial cells, largely similar in magnitude 

to that induced by LPS.

Ap induces an inflammatory response in microglia and astrocytes: In microglia, Ap (10 

HM) significantly increased IL-ip, TNFa, CD40, and IP-10 mRNA expression, but not 

iNOS. In astrocytes, Ap significantly increased iNOS, IL-ip, TNFa, CD40, and IP-10 

mRNA expression (Figure 3.3.1). This shows that Ap is capable of inducing an 

inflammatory response in separated glial cells, although it is much less robust than that 

induced by LPS or thrombin. Ap induced a response in more of the markers tested in 

astrocytes than were induced in microglia, indicating that astrocytes also play a very 

important role in mediating the immune response to Ap.
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Figure 3.3.1: LPS, thrombin, and Ap induce an inflammatory response in microglia 

and astrocytes

LPS (100 ng/ml), thrombin (20 U/ml), or AP (10 ^M) was administered to cortical 

microglial or astrocyte cultures for 6 hours. A Student t-test demonstrated that in 

astrocytes, LPS (100 ng/ml) significantly increased (a) iNOS (P<0.0001), (b) IL-ip 

(P<0.0001), (c) TNFa (P<0.0001), (d) CD40 (P<0.0001), and (d) IP-10 (P<0.0001) 

mRNA expression, and in microglia it also significantly increased (a) iNOS (P<0.0001),

(b) IL-lp (P=0.0002), (c) TNFa (P<0.0001), (d) CD40 (P<0.0001), and (d) IP-10 

(P<0.0001) mRNA expression. A Student t-test demonstrated that in astrocytes, 

thrombin (20 U/ml) significantly increased (a) iNOS (P<0.0001), (b) IL-ip (P<0.0001),

(c) TNFa (P<0.0001), (d) CD40 (P<0.0001), and (d) IP-10 (P<0.0001) mRNA 

expression, and in microglia it also significantly increased (a) iNOS (P=0.0006), (b) IL- 

lp  (P=0.0002), (c) TNFa (P=0.0002), (d) CD40 (P<0.0001), and (d) IP-10 (P<0.0001) 

mRNA expression. A Student t-test demonstrated that in astrocytes, Ap (10 |aM) 

significantly increased (a) iNOS (P=0.0084), (b) IL-ip (P<0.0001), (c) TNFa 

(P<0.0001), (d) CD40 (P=0.0039), and (d) IP-10 (P=0.0087) mRNA expression, and in 

microglia it also significantly increased (b) IL-ip (P=0.0003), (c) TNFa (P=0.0001), (d) 

CD40 (P=0.0001), and (d) IP-10 (P=0.0010), but not (a) iNOS mRNA expression.

Data expressed as means ± SEM (n=5-6), *P<0.05, **P<0.01, ***P<0.001 vs. media 

control (Student’s t-test).
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Figure 3.3.1:

Microglia
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Figure 3.3.1:

Microglia
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3.4 NA attenuates the inflammatory response induced by thrombin and Ap in 

mixed glial cells

As thrombin and Ap had been shown to induce an immune response in mixed glial 

cells, the next step was to look at possible ways to reduce this inflammation. NA, a 

monoamine neurotransmitter, has been reported to elicit anti-inflammatory actions in 

the CNS. The following studies were carried out to assess the ability o f NA to alter the 

inflammatory response induced by thrombin or Ap in mixed glial cultures. Vehicle or 

NA (1 or 10 nM) was administered to cortical mixed glial cultures 2 hours prior to the 

administration of vehicle, thrombin (20 U/ml), or Ap (10 ^M). Complete-DMEM:F12 

was used as a control treatment for unstimulated cells. Cells were harvested after 6 

hours for the analysis of gene expression by RT-PCR. When thrombin was used as a 

treatment, the expression o f iNOS, IL-ip, TNFa, CD40, IP-10, and VCAM-1 mRNA 

were examined. When Ap was used as a treatment, the expression of IL-ip, TNFa, and 

CD40 mRNA only were examined as in the prior experiment these molecules had 

shown the most dramatic effect in response to Ap. Alternatively cells were harvested 

after 24 hours and the cell-free supernatants were harvested for the assessment of 

cytokine production by ELISA. Specifically, the expression of TNFa protein was 

examined.

NA attenuates the inflammatory response induced by thrombin: Thrombin significantly 

increased iNOS, IL-ip, TNFa, CD40, VCAM-1, and IP-10 mRNA expression. Both 

doses o f NA (1 and 10 i^M) significantly attenuated the thrombin-induced increase in 

TNFa, CD40, VCAM-1, and IP-10 mRNA expression. Only the 10 |aM dose of NA 

significantly attenuated the thrombin-induced increase in iNOS and IL-ip mRNA 

expression (Figure 3.4.1). Thrombin also significantly increased TNFa protein 

expression and both doses of NA (1 and 10 ^M) significantly attenuated the thrombin- 

induced increase (Figure 3.4.2).

NA attenuates the inflammatory response induced by Afi: AP significantly increased IL- 

ip, TNFa, and CD40 mRNA expression. Both doses of NA (1 and 10|iM) significantly 

attenuated the Ap-induced increase in TNFa and CD40 mRNA expression. Neither dose 

of NA altered IL-lp mRNA expression (Figure 3.4.3).
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Figure 3.4.1: NA attenuates the inflammatory response induced by thrombin in mixed 

glial cells

NA (1 or 10 ^iM) was administered to mixed glial cells 2 hours prior to thrombin (20 

U/ml) administration for 6 hours. A two-way ANOVA revealed a significant interaction 

effect between NA pre-treatment and thrombin treatment in (a) iNOS [F(2,30)=5.94, 

P=0.0067], (b) IL-lp [F(2.30)=9.68, P=0.0006], (c ) TNFa [F(2,30)=16.01, P<0.0001], (d) 

CD40 [F(2,30)=8.76, P=0.001], (e) VCAM-1 [F(2.3or36.67, P<0.0001], and (f) IP-10 

[F(2,29)=81.52, P<0.0001] mRNA.

Data expressed as means ± SEM (n=5-6), *P<0.05, **P<0.01 vs. control, ++P<0.01 vs. 

thrombin (20 U/ml) (Newman-Keuls post-hoc test).
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Figure 3.4.1:
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iNOS
900n 
800' 

.1 700-V>
M 600- 

; O . 500- 
: (u 400' 

^  300- 
^  200' 

100'

I

n
NA(hM) - - 1 1 10 10
Thrombin - + - + - +

(b) IL -Ip  mRNA

30'

8  20-

a
Xo>

10 '

NA(nM)
Thrombin

IL-1P
' * *

J L . IHe

\i}‘ ■
T

+ +

~T

err-n

1 1 10 10 
+ - + - +

(c) TNFa mRNA

14'

c 12H o
« 10H

o:
E

4-1 

2 -  

0 -

NA(nM)
Thrombin

TNFa

I

1 1 10 10 
+  -  'f  -  +

(d) CD40 mRNA

CD40
45
40

.1 35-1
« 30 a
S. 25
S 20

X ,

NA(nM)
Thrombin

10 10
+

(e) VCAM-1 mRNA

VCAM-1

NA(nM)
Thrombin

10 10
+

(f) IP-10 mRNA

NA(nM)
Thrombin

IP-10
50-1

o  40-

o  £ 30-

20-

£  10-

1
+

10 10
+

107



Chapter 3: The anti-inflammatory actions ofNA in glial cells

Figure 3.4.2:
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Figure 3.4.2: NA attenuates the inflammatory response induced by thrombin in mixed 

glial cells

NA (1 or 10 |iM) was administered to mixed glial cells 2 hours prior to thrombin (20 

U/ml) administration for 24 hours. A two-way ANOVA revealed a significant 

interaction effect between NA pre-treatment and thrombin treatment in (a) TNFa 

[F (2 ,2 7 )= 1 9 .5 4 , P<0.0001] protein expression.

Data expressed as means ± SEM (n=5-6), **P<0.01 vs. control, ++P<0.01 vs. thrombin 

(20 U/ml) (Newman-Keuls post-hoc test).
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Figure 3.4.3:
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Figure 3.4.3: NA attenuates the inflammatory response induced by Aft in mixed glial 

cells

NA  (1 or 10 ^iM) was administered to mixed glial cells 2 hours prior to Ap (10 |aM) 

administration for 6 hours. A  two-way ANO VA revealed a significant interaction effect 

between NA pre-treatment and Ap treatment in (b) TNFa [F(2 ,2 9 )=l 1.34, P<0.001] and 

(c) CD40 [F(2,28)=3.55, P=0.042] mRNA expression. There was a significant effect o f  

Ap treatment only in (a) IL -ip  [F(i,29)=51.21, P<0.0001].

Data expressed as means ± SEM (n=5-6), **?<0.01 vs. control, ++P<0.01 vs. AP 

(Newman-Keuls post-hoc test).
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3.5 The effect of NA on the inflammatory response induced by thrombin, Ap and 

LPS in microglia and astrocytes

As LPS, thrombin and AP had been shown to induce an immune response in separated 

gUal cells, the next step was to look at possible ways to reduce this inflammation. NA 

has been reported to elicit anti-inflammatory actions in the CNS, and the previous 

studies showed that it attenuated the inflammatory response induced by thrombin and 

Ap in mixed glial cells. The following studies were carried out to assess the ability of 

NA to alter the inflammatory response induced by LPS, thrombin or AP in separated 

glial cells. Vehicle or NA (0.1, 1 or 10 ^M) was administered to cortical microglial or 

astrocyte cultures 2 hours prior to the administration of LPS (100 ng/ml), thrombin (20 

U/ml), or Ap (10 p.M). This dose range of NA has been shown to decrease LPS-induced 

inflammation in mixed glial cells. Complete-DMEM:F12 was used as a control 

treatment for unstimulated cells. Cells were harvested after 6 hours for the analysis of 

gene expression by RT-PCR. Specifically, the mRNA expression o f iNOS, IL-ip, 

TNFa, and CD40 were examined.

NA produces a modest attenuation o f  the inflammatory response induced by thrombin: 

In both microglia and astrocytes, thrombin (20 U/ml) significantly increased iNOS, IL- 

ip, TNFa, and CD40 mRNA. In microglia and astrocytes, the 10|aM dose significantly 

attenuated CD40 mRNA expression. In microglia only, the lO^iM dose significantly 

attenuated the thrombin-induced increase in TNFa mRNA expression. NA did not alter 

iNOS or IL-ip. In astrocytes only, both doses significantly attenuated the thrombin- 

induced increase in IL-ip mRNA, while only the 10|aM dose significantly attenuated 

iNOS mRNA. NA did not alter TNFa mRNA (Figure 3.5.1).

NA produces a modest attenuation o f the inflammatory response induced by A^: In both 

microglia and astrocytes, Ap (10 ^M) significantly increased IL-ip and TNFa mRNA 

expression, but not CD40 mRNA. NA did not significantly attenuate the Ap effect in 

IL-lp, TNFa, or CD40 mRNA expression. In astrocytes only, NA (10 |iM) combined 

with Ap caused an increase in CD40 mRNA expression (Figure 3.5.2).

NA does not attenuate, and in some instances augments, the inflammatory response 

induced by LPS: LPS (100 ng/ml) significantly increased iNOS, IL-ip, TNFa, and 

CD40 mRNA expression in microglia and astrocytes. In microglia, NA (0.1 and 1 |iM)
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significantly augmented the LPS-induced increase in iNOS mRNA expression. NA did 

not alter IL-ip, TNFa, or CD40 mRNA expression in microglia. In astrocytes, NA (0.1, 

1, and 10 nM) significantly augmented the LPS-induced increase in iNOS, NA (0.1 and 

1 |iM) significantly augmented IL-ip and TNFa mRNA expression. NA did not alter 

CD40 mRNA expression in astrocytes (Figure 3.5.3).

Figure 3.5.1: NA produces a modest attenuation o f the inflammatory response 

induced by thrombin in microglia and astrocytes

NA (1 or 10 |liM) was administered to microglia and astrocytes 2 hours prior to 

thrombin (20 U/ml) administration for 6 hours. In microglia, a two-way ANOVA 

revealed a significant effect o f thrombin treatment only in (a) iNOS [F(i 24)=639.17, 

P<0.0001], (b) IL-ip [F(i.23)=872.08, P<0.0001], ( c ) TNFa [F(,,24)=376.63, P<0.0001], 

and (d) CD40 [F(i 24)=314.82, P<0.0001] mRNA expression. In astrocytes, a two-way 

ANOVA revealed a significant interaction effect between NA pre-treatment and 

thrombin treatment in (b) IL-ip [F(2,24>=9.86, P=0.0007] mRNA expression. There was 

a significant effect o f thrombin treatment only in (a) iNOS [F(i,24)=380.62, P<0.0001], 

(c ) TNFa [F(i,24)=327.54, P<0.0001], and (d) CD40 [F(i,24)=177.48, P<0.0001] mRNA 

expression.

Data expressed as means ± SEM (n=4-5), *P<0.05, **P<0.01 vs. control, +P<0.05, 

++P<0.01 vs. thrombin (20 U/ml) (Newman-Keuls post-hoc test).
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Figure 3.5.1:

Microglia
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Figure 3,5.1:

Microglia
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Figure 3.5.2: NA produces a modest attenuation o f the inflammatory response 

induced by Afl in microglia and astrocytes

N A  (1 or 10 ^M) was administered to microglia and astrocytes 2 hours prior to Ap (10  

|xM) administration for 6 hours. In microglia, a two-way ANO VA revealed a significant 

effect o f  Ap treatment only in (a) IL-ip [F(i,24)'=28.30, P<0.0001], (b) TNFa  

[F(i,24)=18.22, P=0.0003], and (c) CD40 [F(]_24)=13.96, P=0.001] m RNA expression. In 

astrocytes, a two-way ANO VA revealed a significant interaction effect between NA  

pre-treatment and Ap treatment in (c) CD40 [F(2,24)=7.92, P=0.0023] mRNA expression. 

There was a significant effect o f  Ap treatment only in (a) IL-ip [F(i_2 4 )=l 1.88, 

P=0.0021] and (b) TNFa [F(i_24)=16.55, P=0.0004] mRNA expression.

Data expressed as means ± SEM (n=4-5), *P<0.05, **P<0.01 vs. control, +P<0.05, 

++P<0.01 vs. Ap (10 ^M) (Newman-Keuls post-hoc test).
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Figure 3.5.2:

Microglia

(a) IL-lp mRNA

Astrocytes

IL-1p - Microglia IL-ip - Astrocytes

7-

<  3- 
za. 2 -

1 1 10 10

■S 6 -

<  3- 
Z
K  2-

1 1 10 10
Ap Ap

(b) TNFa mRNA

TNFa - Microglia TNFa - Astrocytes

c  5-

») 4-

9-

10 10NA (nM) 1 1
Ap

NA(nM) 10 10

(c) CD40 mRNA

CD40 - Microglia

NA uM 1
+

10 10 
+

3n

co
w 2* 0>
aX0)

1 -

E
0-

NA (|iM) 
Ap

CD40 - Astrocytes

■h'-.

X

1 1 10 10 
+ - +

115



Chapter 3: The anti-inflammatory actions o f  NA in glial cells

Figure 3.5.3: NA does not attenuate, and in some instances augments, the 

inflammatory response induced by LPS in microglia and astrocytes 

N A  (0.1, 1, or 10 ^M) was administered to microglia and astrocytes 2 hours prior to 

LPS (100 ng/ml) administration for 6 hours. In microglia, a two-way ANO VA revealed 

a significant interaction effect between N A  pre-treatment and LPS treatment in (a) 

iNOS [F(3 39)=6.47, P=0.0012] mRNA expression. There was a significant effect o f  LPS 

treatment only in (b) IL-lp [F(i,40)=272.34, P<0.0001], (c) TNFa [F(i,40)=536.13, 

P<0.0001], and (d) CD40 [F(i_40)=503.15, P<0.0001] mRNA expression. In astrocytes, a 

two-way ANO VA revealed a significant interaction effect between NA pre-treatment 

and LPS treatment in (a) iNOS [F(3,38)=5.91, P=0.0021], (b) IL-lp [F(3.38)=5.82, 

P=0.0022], and (c) TNFa [F(3_38)=5.74, P=0.0024] mRNA expression, and a significant 

effect o f  LPS treatment only in (d) CD40 [F(i_38)=627.13, P<0.0001] mRNA expression. 

Data expressed as means ± SEM (n=4-6), *P<0.05, **P<0.01 vs. control, +P<0.05, 

++P<0.01 vs. LPS (100 ng/ml) (Newman-Keuls post-hoc test).
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Figure 3.5.3:
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Figure 3.5.3:
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3.6 Astrocytes and microglia express Pi- and P2-ARS

As the anti-inflammatory effects of NA are thought to be mediated via the P2-AR, it was 

necessary to confirm that the P-ARs were being expressed on the glia in the mixed glial 

cultures. The following studies were carried out to assess the ability o f astrocytes and 

microglia to express Pi- and P2 -ARS. Primary mixed glial cultures were grown on glass 

coverslips for up to 14 days. They were then fixed and stained using fluorescent 

immunocytochemistry, and imaged using a confocal microscope. An antibody specific 

to GFAP was used as a marker for astrocytes, and an antibody specific to CDl lb  was 

used as a marker for microglia. Antibodies specific to either the P r  or the P2 -AR were 

also used. Hoescht was used to identify cell nuclei.

Astrocytes express fit- and P2 -ARS: Astrocytes stained green for GFAP were found to 

co-localise with the red staining for Pi-ARs (Figure 3.6.1) or p2 -ARs (Figure 3.6.2). 

This co-localisation o f the red and green staining indicates that the same cells express 

both GFAP and P-ARs, demonstrating that astrocytes express P-ARs. This means that 

NA and P-AR agonists are capable of exerting their effects on astrocytes.

Microglia express andP 2 -ARS: Microglia stained green for CD! lb  were found to co- 

localise with the red staining for Pi-ARs (Figure 3.6.3) or P2-ARS (Figure 3.6.4). This 

co-localisation of the red and green staining indicates that the same cells express both 

CDl lb and p-ARs, demonstrating that microglia express P-ARs. This means that NA 

and P-AR agonists are capable of exerting their effects on microglia.
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Figure 3.6.1: Astrocytes express thePi-AR

Fluorescent immunocytochemistry was carried out on mixed glial cultures using 

antibodies against the astrocyte marker, GFAP (green), and the Pi-AR (red). The cells 

were imaged at 20X magnification, (a) is green staining indicating GFAP positive 

astrocytes, (b) is red staining indicating Pi-AR positive cells, (c) is blue staining 

indicating cell nuclei stained with Hoescht, (d) shows the colocalisation o f (a), (b) and 

(c), and (e) is an enlarged copy of (d). The green and red staining is colocalised 

indicating that the same cells express both GFAP and Pi-ARs, meaning that astrocytes 

express Pi-ARs. The white line represents a length o f 400 nM.
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(a) (b)

(c) (d)

(e)

Figure 3.6,2: Astrocytes express the P2-AR

Fluorescent immunocytochemistry was carried out on mixed glial cultures using 

antibodies against the astrocyte marker, GFAP (green), and the P2 -AR (red). The cells 

were imaged at 20X magnification, (a) is green staining indicating GFAP positive 

astrocytes, (b) is red staining indicating P2 -AR positive cells, (c) is blue staining 

indicating cell nuclei stained with Hoescht, (d) shows the colocalisation o f  (a), (b) and 

(c), and (e) is an enlarged copy o f  (d). The green and red staining is colocalised  

indicating that the same cells express both GFAP and P2 -ARS, meaning that astrocytes 

express p2 -ARs. The white line represents a length o f  400 )aM.
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400

Figure 3.6.3: Microglia express the Pi-AR

Fluorescent immunocytochemistry was carried out on mixed glial cultures using 

antibodies against the microglia marker, CDl lb  (green), and the Pi-AR (red). The cells 

were imaged at 20X magnification, (a) is green staining indicating CDl lb positive 

microglia, (b) is red staining indicating pi-AR positive cells, (c) is blue staining 

indicating cell nuclei stained with Hoescht, (d) shows the colocalisation of (a), (b) and 

(c), and (e) is an enlarged copy o f (d). The green and red staining is colocalised 

indicating that the same cells express both CDl lb  and Pi-ARs, meaning that microglia 

express Pi-ARs. The white line represents a length of 400 |aM.
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400

Figure 3.6.4: Microglia express the pr^ R

Fluorescent immunocytochemistry was carried out on mixed glial cultures using 

antibodies against the microglia marker, C D l lb  (green), and the P2 -AR (red). The cells 

were imaged at 20X magnification, (a) is green staining indicating C D l lb  positive 

microglia, (b) is red staining indicating Pi-AR positive cells, (c) is blue staining 

indicating cell nuclei stained with Hoescht, (d) shows the colocalisation o f  (a), (b) and 

(c), and (e) is an enlarged copy o f  (d). The green and red staining is colocalised  

indicating that the same cells express both C D l l b  and p2 -ARs, meaning that microglia 

express P2-ARS. The white line represents a length o f  400 ^M.
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3.7 Pi-AR expression is reduced in separated microglial and astrocyte cultures 

compared to mixed glial cultures

The previous studies showed that astrocytes and microglia, when growoi in mixed glial 

cultures, express Pi- and P2-ARS. However the earlier studies showed that, in separated 

glial cultures, while NA modestly attenuated the inflammatory response induced by 

thrombin, it largely failed to attenuate the inflammatory response induced by Ap (with 

the exception of IL-ip), and in some cases augmented the inflammatory response 

induced by LPS. This was an unexpected finding as many earlier studies in this and 

other laboratories, as well as the earlier studies in this section, have shown that NA 

potently suppressed the inflammatory response induced by LPS, thrombin and Ap in 

mixed glial cultures. It was hypothesised that a possible reason for this discrepancy 

could be that expression of the P2-AR might be reduced on glia when they are cultured 

separately instead o f together. The following studies were carried out to assess whether 

growing glial cells separately instead o f together altered the expression of P2-AR 

expression. Cortical glial cells were either grown together as mixed glial cultures, or 

separated to form microglia or astrocyte cell cultures. Complete-DMEM:F12 was used 

as a control treatment for unstimulated cells. Cells were harvested after 6 hours for the 

analysis of P2-AR gene expression by RT-PCR.

P2-AR expression is dramatically reduced in microglia and astrocytes: Cultures of 

microglia or astrocytes, when grown separately, have significantly lower expression of 

p2-AR mRNA compared to mixed glial cultures (Figure 3.7.1). This reduction in P2-AR 

receptor expression is likely the explanation for the fact that NA did not have as potent 

an anti-inflammatory effect on the separated glial cultures as it did on the mixed glial 

cultures. For this reason the remaining experiments were carried out on mixed glial 

cultures only.
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Figure 3.7.1:
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Figure 3.7.1: Pr-^R expression is dramatically reduced in microglia and astrocytes 

A one-way ANOVA demonstrated that cultures o f  microglia or astrocytes, when grown 

separately, had significantly lower expression o f  (a) P2 -AR mRNA expression compared 

to mixed glial cultures [F(2,i3)=44.02, P<0.0001], The expression o f  (b) P-actin mRNA  

was not altered.

Data expressed as means ± SEM (n=5-6), ***P<0.001 vs. mixed glia (Newman-Keuls 

post-hoc test).
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3.8 LPS, thrombin, Ap, NA, salbutamol, salmeterol, and db-cAMP do not alter cell 

viability

Following the finding that LPS, thrombin and AP induce an inflammatory response, it 

was determined whether they altered cell viability in mixed glial cultures, microglia and 

astrocytes. Vehicle, LPS (100 ng/ml), thrombin (20 U/ml), or AP (10 ^M) was 

administered to cortical mixed glial cultures, microglia or astrocytes for 24 hours. Also, 

prior to assessing the ability of NA interventions to reduce this response in mixed glial 

cells, it was determined whether NA, the P-AR, salbutamol, the P2-AR, salmeterol, and 

the c-AMP analogue, db-cAMP, altered cell viability. NA (0.1, 1, or 10 nM), 

salbutamol (10 fiM), salmeterol (10 |iM), or db-cAMP (300 |iM) was administered to 

cortical mixed glial cultures for 24 hours. Complete-DMEM:F12 was used as a control 

treatment for unstimulated cells. An Alamar Blue cell viability assay was carried out 

after 24 hours.

Table 3.8.1: LPS, thrombin, and A/} do not alter cell viability in mixed glial cells, 

microglia or astrocytes:

n=8 Control LPS Thrombin AP

Mixed glia 100±4.66 103.70±6.21 89.36±5.30 99.04±4.55

n=4 Control LPS Thrombin AP

Microglia 100±1.16 97.52±3.49 93.71±2.37 98.33±0.77

Astrocytes 100±0.93 99.82±1.04 100.10±0.52 97.89±0.74

LPS (100 ng/ml), thrombin (20 U/ml), or Ap (10 ^M) was administered to mixed glia, 

microglia, or astrocytes for 24 hours and an Alamar Blue cell viability assay was carried 

out. One-way ANOVAs demonstrated that none of the treatments significantly altered 

cell viability. Data expressed as means ± SEM (n=4 or n=8).
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Table 3.8.2: NA, the fl-AR, salbutamol, the P2-AR, salmeterol, and the c-AMP 

analogue, db-cAMP, do not alter cell viability in mixed glial cells:

n=6 Control NA(0.1 nM) NA(1 ^M) NA(10 nM)

Mixed glia 100±1,74 103.70±3.77 103.10±3.56 . 93.27±7.13

n=6 Control Salbutamol Salmeterol db-cAMP

Mixed glia 100±14.59 76.38±15.27 127.30±4.72 112.30±8.33

NA (0.1, 1, or 10 |iM), salbutamol (10 ^M), salmeterol (10 |iM), or db-cAMP (300 |iM) 

was administered to mixed glia for 24 hours and an Alamar Blue cell viability assay was 

carried out. One-way ANOVAs demonstrated that none of the treatments significantly 

altered cell viability. Data expressed as means ± SEM (n=6).

127



Chapter 3: The anti-inflammatory actions o f  NA in glial cells

3.9 The effect of the p-AR agonist, salbutamol, on the inflammatory response 

induced by thrombin and

The earher studies showed that NA was capable of reducing the thrombin- and AP- 

induced immune response. Studies indicate that the anti-inflammatory actions o f NA 

occur via activation of P2-ARS on microglia and astrocytes. The following studies were 

carried out to assess the ability of the P-AR agonist, salbutamol, to alter the 

inflammatory response induced by thrombin or Ap. Vehicle or salbutamol (10 |aM) was 

administered to cortical mixed glial cultures 2 hours prior to the administration of 

vehicle, thrombin (20 U/ml), or Ap (2.5 jiM). Complete-DMEM:F12 was used as a 

control treatment for unstimulated cells. Cells were harvested after 6 hours for the 

analysis of gene expression by RT-PCR. When thrombin was used as a treatment, the 

expression o f iNOS, IL-ip, TNFa, CD40, IP-10, and VCAM-1 mRNA were examined. 

When Ap was used as a treatment, the expression of IL-ip and TNFa mRNA only were 

examined as in the prior experiment these molecules had shown the most dramatic 

response to Ap.

The [i-AR agonist, salbutamol, attenuates and augments the inflammatory response 

induced by thrombin: Thrombin significantly increased iNOS, IL-ip, TNFa, CD40, 

VCAM-1, and IP-10 mRNA expression. Salbutamol (10 |iM) significantly attenuated 

the thrombin-induced increase in TNFa, VCAM-1, and IP-10 mRNA expression, but it 

augmented the thrombin-induced increase in IL-ip. It did not alter iNOS or CD40 

(Figure 3.9.1).

The ^-AR agonist, salbutamol, augments the inflammatory response induced by Afi: 

Salbutamol (10 |aM) significantly augmented the AP-induced increase in IL-ip and 

TNFa mRNA expression (Figure 3.9.2).
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Figure 3.9.1: The fi-AR agonist, salbutamol, attenuates and augments the 

inflammatory response induced by thrombin in mixed glial cells 

Salbutamol (10 ^M ) was administered to mixed glial cells 2 hours prior to thrombin (20 

U/ml) administration. A two-way ANOVA revealed a significant interaction effect 

between salbutamol pre-treatment and thrombin treatment in (c) TNFa [F(i_2 0 )=l 1 56, 

P=0.0028], (e) VCAM-1 [F(i,20)=22.07, P=0.0001], and (f) IP-10 [F(i,i9)=5.34, P=0.032] 

mRNA expression. There was a significant effect o f thrombin treatment only in (a) 

iNOS [F(i,i8)=59.29, P<0.0001], (b) IL -lp  [F(i,2orl22.75, P<0.0001], and (d) CD40 

[F(1,20)=168.68, P<0.0001] mRNA expression.

Data expressed as means ± SEM (n=5-6), *P<0.05, **P<0.01 vs. control, ++P<0.01 vs. 

thrombin (20 U/ml) (Newman-Keuls post-hoc test).
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Figure 3.9.2:
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Figure 3.9.2: The p-AR agonist, salbutamol, augments the inflammatory response 

induced by Ap in mixed glial cells

Salbutamol (10 |iM) was administered to mixed glial cells 2 hours prior to Ap (2.5 |aM) 

administration. A student’s t-test demonstrated a significant effect o f salbutamol 

treatment on (a) IL-ip (P<0.0001) and (b) TNFa (P=0.046) mRNA expression.

Data expressed as means ± SEM (n=5-6), *P<0.05, ***P<0.001 vs. Ap (2.5 nM) 

(student’s t-test). Dotted line denotes level of mRNA expression for control group.
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3.10 The effect of the P2-AR agonist, salmeterol, and Pi-AR agonist, xamoterol, on 

the inflammatory response induced by thrombin or Ap, and on unstimulated 

mixed glial cells

The P-AR agonist salbutamol both attenuated and augmented the inflammatory 

response induced by thrombin and Ap. It was hypothesised that the reason for this could 

be due to opposing actions induced by the activation o f  Pi- versus P2 -ARS. The 

following studies were carried out to assess the ability o f P2 -AR agonist, salmeterol, and 

pi-AR agonist, xamoterol, to alter the inflammatory response induced by thrombin or 

Ap. Vehicle, salmeterol (0.1, 1 or 10 |iM ), or xamoterol (0.1, 1 or 10 |iM ) were 

administered to cortical mixed glial cultures 2 hours prior to the administration o f 

vehicle, thrombin (20 U/ml), or AP (2.5 |j,M). Complete-DMEM:F12 was used as a 

control treatment for unstimulated cells. Cells were harvested after 6 hours for the 

analysis o f  gene expression by RT-PCR. Specifically, the expression o f iNOS, IL -ip , 

TNFa, CD40, IP -10, and VCAM-1 mRNA were examined. As the anti-inflammatory 

effects were mediated by P2 -AR, the ability o f  salmeterol to alter protein expression was 

also examined. Vehicle or salmeterol (0.1, 1 or 10 |iM ) was administered to cortical 

mixed glial cultures 2 hours prior to the administration o f vehicle, thrombin (20 U/ml), 

or Ap (2.5 ^M). Complete-DMEM:F12 was used as a control treatment for unstimulated 

cells. Cells were harvested after 24 hours and the cell-free supernatants were harvested 

for the assessment o f  cytokine production by ELISA. Specifically, the expression o f 

TN Fa and IL -ip  protein was examined.

The P2-AR agonist, salmeterol, attenuates whereas the fii-AR agonist, xamoterol, 

augments the inflammatory response induced by thrombin: All doses o f  salmeterol (0.1. 

1, or 10 |nM) significantly attenuated the thrombin-induced effect in TNFa and CD40 

mRNA and TN Fa protein expression, but only the highest dose (10 ^M ) significantly 

decreased the thrombin-induced effect in VCAM-1 and IP -10 mRNA and IL -ip  protein 

expression. Salmeterol did not alter iNOS or IL -ip. All doses o f  xamoterol (0.1, 1, and 

10|aM) significantly augmented the thrombin-induced effect in IL -lp  mRNA 

expression, but only the two lower doses (0.1 and l^M ) significantly augmented iNOS 

and IP-10. Xamoterol did not alter TNFa, CD40, or VCAM-1 mRNA (Figure 3.10.1). 

All doses o f  salmeterol (0.1. 1, or 10 |aM) significantly attenuated the thrombin-induced 

effect in TNFa protein expression, but only the highest dose (10 jiM) significantly 

decreased the thrombin-induced effect in IL -ip  protein expression (Figure 3.10.2).
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The P2 -AR agonist, salmeterol, and the Pi-AR agonist, xamoterol, augment the 

inflammatory response induced by Afl. Salmeterol (1 |iM) and xamoterol (0.1 and 1 

|iM) augmented the Ap-induced increase in IL-ip mRNA expression, but did not alter 

TNFa mRNA (Figure 3.10.3). Salmeterol (0.1 and 1 fiM) augmented IL-ip protein, but 

did not alter TNFa protein (Figure 3.10.4).

The P2 -AR agonist, salmeterol, decreases whereas the Pi-AR agonist, xamoterol, 

increases the inflammatory response in unstimulated mixed glial cells: Salmeterol (0.1 

and 1 nM) significantly decreased CD40 mRNA expression. Salmeterol did not alter 

iNOS, IL-ip, TNFa, VCAM-1, or IP-10 mRNA. Xamoterol (1 and lOfiM) significantly 

increased TNFa mRNA expression, and the highest dose (10 ^M) significantly 

increased iNOS, IL-lp, CD40, VCAM-1, and IP-10 mRNA (Figure 3.10.5). Salmeterol 

did not alter TNFa protein, but xamoterol (10 nM) significantly increased TNFa protein 

(Figure 3.10.6).

Figure 3.10.1: The P2-AR agonist, salmeterol, attenuates, whereas the Pi-AR agonist, 

xamoterol, augments the inflammatory response induced by thrombin in mixed glial 

cells

Salmeterol (0.1, 1, or 10 (iM) or xamoterol (0.1, 1, or 10 nM) was administered to 

mixed glial cells 2 hours prior to thrombin (20 U/ml) administration for 6 hours. A one

way ANOVA demonstrated a significant effect of treatment on (a) iNOS [F(6 35)=21.74, 

P<0.0001], (b) IL-ip [F 6̂,35)=6.92, P<0.0001], (c ) TNFa [F(6,35)=28.72, P<0.0001], (d) 

CD40 [F(6.35)=7.91, P<0.001], (e) VCAM-1 [F(6,35)=9.99, P<0.0001], and (f) IP-10 

[F(6.35)=33.44, P<0.0001] mRNA. The P2-AR agonist, salmeterol attenuated the 

thrombin-induced increase in (c) TNFa, (d) CD40, (e) VCAM-1, and (f) IP-10 mRNA 

expression. There was no change in (a) iNOS or (b) IL-ip mRNA expression. The Pi- 

AR agonist, xamoterol, augmented the thrombin-induced increase in (a) iNOS, (b) IL- 

ip, and (f) IP-10 mRNA expression. There was no change in (c) TNFa, (d) CD40, or (e) 

VCAM-1.

Data expressed as means ± SEM (n=5-6), *P<0.05, **P<0.01, ***P<0.001 vs. thrombin 

(20 U/ml) (Newman-Keuls post-hoc test). Dotted line denotes level of mRNA 

expression for control group.
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Figure 3.10.1:
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Figure 3.10.2:
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Figure 3.10.2: The Pr^R  agonist, salmeterol, attenuates the inflammatory response 

induced by thrombin in mixed glial cells

Salmeterol (0.1, 1, or 10 nM) was administered to mixed glial cells 2 hours prior to 

thrombin (20 U/m l) administration for 24 hours. A one-way ANO VA demonstrated a 

significant effect o f  treatment on (a) IL-ip [F(3j8)=5.58, P=0.0069], and (b) TNFa 

[F(3,20)=61.07, P<0.0001] protein expression. The P2-AR agonist, salmeterol attenuated 

the thrombin-induced increase in (a) IL-113 and (b) TNFa protein expression.

Data expressed as means ±  SEM (n=5-6), *P<0.05, ***P<0.001 vs. thrombin (20 U /m l) 

(Newman-Keuls post-hoc test). Dotted line denotes level o f  protein expression for 

control group.
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Figure 3.10.3:
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Figure 3.10.3: The P2-AR agonist, salmeterol, and the pi-AR agonist, xamoterol, 

augment the inflammatory response induced by Ap in mixed glial cells

Salmeterol (0.1, 1, or 10 |iM) or xamoterol (0.1, 1, or 10 |jM) was administered to 

mixed glial cells 2 hours prior to Ap (2.5 |liM ) administration for 6 hours. A one-way 

ANOVA demonstrated a significant effect of treatment on (a) IL-ip [F(6,3i)=8.03, 

P<0.0001] and (b) TNFa [F(6,29)=2.93, P=0.023] mRNA. Salmeterol augmented the Ap- 

induced increase in (a) IL-ip but not (b) TNFa mRNA. Xamoterol augmented the AP* 

induced increase in (a) IL-ip and (b) TNFa mRNA.

Data expressed as means ± SEM (n=4-6), *P<0.05, **P<0.01, ***P<0.001 vs. AP 

(Newman-Keuls post-hoc test). Dotted line denotes level of mRNA expression for 

control group.
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Figure 3.10.4:
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Figure 3.10.4: The P2-AR agonist, salmeterol, augments the inflammatory response 

induced by A p in mixed glial cells

Salmeterol (0.1, 1, or 10 ^M) was administered to mixed glial cells 2 hours prior to Ap 

(2.5 |iM) administration for 24 hours. A one-way ANOVA demonstrated a significant 

effect o f treatment on (a) IL-ip protein [F(3,20)=5.44, P=0.0067]. Salmeterol augmented 

the Ap-induced increase in (a) IL-ip but not (b) TNFa protein.

Data expressed as means ± SEM (n=6), *P<0.05, **P<0.01 vs. Ap (Newman-Keuls 

post-hoc test). Dotted line denotes level of protein expression for control group.
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Figure 3.10.5: The P2-AR agonist, salmeterol, decreases whereas the fii-AR agonist, 

xamoterol, increases the inflammatory response in unstimulated mixed glial cells 

Salmeterol (0.1, 1, or 10 |iM ) or xamoterol (0.1, 1, or 10 |iM ) was administered to 

m ixed glial cells for 6 hours prior to harvesting. A one-way AN O V A demonstrated a 

significant effect o f  treatment on (a) iNOS [F(6 ,3 3)=l 1.24, P<0.001], (b) IL -ip  

[F(6.35)=3.39, P=0.0097], (c ) TNFa [F(6.33)=8.54, P<0.001], (d) CD40 [F(6 ,3 5)= 15.63, 

?<0.001], (e) VCAM-1 [F(6,35)=4.32, P=0.0023], and (f) lP-10 [F(6,35)=8.64, P<0.001] 

mRNA expression. The P2 -AR agonist, salmeterol, decreased (d) CD40 mRNA  

expression. There was no change in (a) iNOS (b) IL-ip (c) TNFa, (e) VCAM -1, or (f) 

IP-10 mRNA expression. The Pi-AR agonist, xamoterol, increased (a) iNOS, (b) IL -ip , 

(c) TNFa, (d) CD40, (e) VCAM-1 and (f) IP-10 mRNA expression.

Data expressed as means ± SEM (n=5-6), *P<0.05, **P<0.01, ***P<0.001 vs. control 

(Newman-Keuls post-hoc test).
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Chapter 3: The anti-inflammatory actions ofNA in glial cells

Figure 3.10.6:

(a) TNFa protein
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Figure 3.10.6: The pj-AR agonist, xamoterol, but not the PrAR agonist, salmeterol, 

increases the inflammatory response in unstimulated mixed glial cells 

Salmeterol (0.1, 1, or 10 nM) or xamoterol (0.1, 1, or 10 ^M) was administered to 

mixed glial cells for 24 hours prior to harvesting. A one-way AN O V A demonstrated a 

significant effect o f  treatment on (a) TNFa protein [F(6,35)=5.25, P=0.0006] expression. 

The P2-AR agonist, salmeterol, did not alter TNFa protein expression. The Pi-AR 

agonist, xamoterol, increased TNFa protein expression.

Data expressed as means ± SEM (n=6), ***P<0.001 vs. control (Newman-Keuls post- 

hoc test).
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Chapter 3: The anti-inflammatory actions ofN A in glial cells

3.11 The effect of a cAMP analogue, a PKA activator, and an EPAC activator on 

the inflammatory response induced by thrombin and Ap

P2-ARS signal by increasing intracellular cAMP concentrations which results in 

downstream activation of PKA and exchange protein directly activated by cAMP 

(EPAC). The following studies were carried out to assess the ability of c-AMP analogue 

(db-cAMP), PKA activator (BNZ), or EPAC activator (pCPT), to alter the inflammatory 

response induced by thrombin or Ap. Vehicle, db-cAMP (100, 300, or 500 ^M), BNZ 

(300 |aM), or pCPT (300 |aM) was administered to cortical mixed glial cultures 2 hours 

prior to the administration of vehicle, thrombin (20 U/ml), or Ap (2.5 |j,M). Complete- 

DMEM:F12 was used as a control treatment for unstimulated cells. Cells were 

harvested after 6 hours for the analysis of gene expression by RT-PCR. Alternatively, 

cells were harvested after 24 hours and the cell-free supernatants were harvested for the 

assessment of cytokine production by ELISA. Specifically, the expression of TNFa 

protein was examined.

Db-cAMP attenuates the inflammatory response induced by thrombin: Thrombin 

significantly increased IL-ip, TNFa, CD40, VCAM-1, and IP-10 mRNA expression. 

Both doses of db-cAMP (100 and 500^M) significantly attenuated the thrombin- 

induced increase in TNFa, CD40, and VCAM-1 mRNA expression. Only the higher 

dose attenuated IP-10 mRNA. Db-cAMP did not alter IL-ip (Figure 3.11.1).

The PKA activator, BNZ, and the EPAC activator, pCPT, attenuate the inflammatory 

response induced by thrombin: Db-cAMP (300 |4.M), BNZ (300|iM), and pCPT 

(300^M) significantly attenuated the thrombin-induced effect in TNFa, CD40, VCAM- 

1 and IP-10 mRNA expression. pCPT also significantly attenuated IL-ip mRNA 

(Figure 3.11.2). Db-cAMP, BNZ, and pCPT also significantly attenuated the thrombin- 

induced effect in TNFa protein (Figure 3.11.3)

The eff'ect o f  db-cAMP, the PKA activator, BNZ, and the EPAC activator, pCPT, on the 

mflammatory response induced by Afi: Db-cAMP (300 |iM) and BNZ (300 fiM) 

significantly augmented the AP-induced effect in IL-ip, but attenuated it in TNFa 

mRNA expression. There was no effect o f pCPT (Figure 3.11.4).
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Chapter 3: The anti-inflammatory actions ofNA in glial cells

Figure 3.11.1: The c-AMP analogue, db-cAMP, attenuates the inflammatory 

response induced by thrombin in mixed glial cells

Db-cAMP (100 or 500 |aM) was administered to mixed glial cells 2 hours prior to 

thrombin (20 U/ml) administration for 6 hours. A two-way ANOVA revealed a 

significant interaction effect between db-cAMP pre-treatment and thrombin treatment in 

(b) TNFa [F(2,30)=24.66, P<0.0001], (c ) CD40 [F(2,30)=4.75, P=0.02], and (d) VCAM-1 

[F(2,30)==15.54, P<0.0001], There was a significant effect of thrombin treatment only in

(a) IL-lp [F(l,30)=236.36, P<0.0001] and (e) IP-10 [F(,,29)=248.20, P<0.0001] mRNA 

expression. Db-cAMP (100 and 500 ^M) attenuates the thrombin-induced increase in

(b) TNFa, (c) CD40, and (d) VCAM-1 mRNA expression. Db-cAMP (500 ^iM only) 

attenuates the thrombin-induced increase in (e) IP-10 mRNA expression. There is no 

change in (b) IL-ip.

Data expressed as means ± SEM (n=5-6), *P<0.05, **P<0.01 vs. control, +P<0.5, 

++P<0.01 vs. thrombin (20 U/ml) (Newman-Keuls post-hoc test).
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Figure 3.11.1:

(a) IL-lp mRNA

IL-1p

120n

c  100-

40-
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Chapter 3: The anti-inflammatory actions ofNA in glial cells

Figure 3.11.2: The c-AMP analogue, db-cAMP, the PKA activator, BNZ, and the 

EPAC activator, pCPT, attenuate the inflammatory response induced by thrombin in 

mixed glial cells

Db-cAM P (300 nM), BNZ (300 ^M), or pCPT (300 |aM) was administered to mixed 

glial cells 2 hours prior to thrombin (20 U/m l) administration for 6 hours. A  one-way  

ANO VA demonstrated a significant effect o f  treatment on (a) IL-ip [F(3 ,2 0 )== 16.41, 

P<0.0001], (b) TNFa [F(3,20)=30.83, P<0.0001], (c) CD40 [F(3,20)=19.37, P<0.0001], (d) 

VCAM-1 [F(3,20)=40.54, P<0.0001], and (e) lP-10 [F(3,20)=24.46, P<0.0001] mRNA  

expression. Db-cAM P, BNZ, and pCPT significantly attenuated (c) TNFa, (d) CD40, 

(e) V C A M -l, and (f) lP-10 mRNA expression. Only pCPT significantly attenuated (b) 

IL-ip mRNA expression.

Data expressed as means ± SEM (n=5-6), *P<0.05, **P<0.01, ***P<0.001 vs. thrombin 

(20 U/m l) (Newman-Keuls post-hoc test). Dotted line denotes level o f  mRNA  

expression for control group.
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Figure 3.11.2:
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Figure 3.11.3:
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Figure 3.11.3: The c-AMP analogue, db-cAMP, the PKA activator, BNZ, and the 

EPAC activator, pCPT, attenuate the inflammatory response induced by thrombin in 

mixed glial cells

Db-cAMP (300 ^M), BNZ (300 |iM), or pCPT (300 |aM) was administered to mixed 

glial cells 2 hours prior to thrombin (20 U/ml) administration for 24 hours. A one-way 

ANOVA demonstrated a significant effect o f treatment on (a) TNFa protein 

[F(3,i9)=7.95, P=0.0012] expression.

Data expressed as means ± SEM (n=5-6), **P<0.01, ***P<0.001 vs. thrombin (20 

U/ml) (Newman-Keuls post-hoc test). Dotted line denotes level o f protein expression 

for control group.
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Figure 3.11.4:
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Figure 3.11.4: The effect o f db-cAMP, the PKA activator, BNZ, and the EPAC 

activator, pCPT, on the inflammatory response induced by Ap in mixed glial cells 

Db-cAMP (300 |aM), BNZ (300 |iM), or pCPT (300 ^iM) was administered to mixed 

glial cells 2 hours prior to Ap (2.5 |iM) administration for 6 hours. A one-way ANOVA 

demonstrated a significant effect o f treatment on (a) IL-lp [F(3_i8)=7.46, P=0.0019] and

(b) TNFa [F(3_i9)=7.41, P=0.0017] mRNA expression. Db-cAMP and BNZ significantly 

augmented (b) IL-lp, but attenuated (a) TNFa mRNA expression. There was no effect 

ofpCPT.

Data expressed as means ± SEM (n=5-6), *P<0.05, **P<0.01 vs. Ap (2.5 ^M) 

(Newman-Keuls post-hoc test). Dotted line denotes level of mRNA expression for 

control group.
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Chapter 3: The anti-inflammatory actions ofNA in glial cells

3.12 Adenylate cyclase and PKA inhibitors do not block, and in some cases 

augment, the salmeterol induced attenuation of the inflammatory response 

induced by thrombin in mixed glial cells

The previous studies showed that P2-AR agonists and activators o f cAMP, PKA, and 

EPAC mimicked the anti-inflammatory actions of NA. In order to further investigate the 

signalling pathways involved in this anti-inflammatory effect it was decided to try to 

prevent the anti-inflammatory effect by using blockers of the cAMP-PKA pathway, 

specifically inhibitors of adenylate cyclase (the enzyme responsible for cAMP 

formation) and PKA. The following studies were carried out to assess the ability o f an 

adenylate cyclase inhibitor (SQ22536) or a PKA inhibitor (KT5720) to block the ability 

o f salmeterol to alter the inflammatory response induced by thrombin or Ap. Vehicle, 

SQ22536 (10 ^M), or KT5720 (10 |iM) was administered to cortical mixed glial 

cultures 30 min prior to the administration o f vehicle or salmeterol (10 nM), which was 

administered 2 hours prior to the administration of vehicle or thrombin (20 U/ml). 

Complete-DMEM:F12 was used as a control treatment for unstimulated cells. Cells 

were harvested after 6 hours for the analysis of gene expression by RT-PCR. 

Specifically the mRNA expression of TNFa, CD40, VCAM-1, and IP-10 were 

examined as these molecules showed the greatest anti-inflammatory effect when treated 

with P-AR agonists.

The adenylate cyclase inhibitor, SQ22536, does not alter, while the PKA inhibitor, 

KT5720, augments the salmeterol-induced attenuation: Salmeterol significantly 

decreased the thrombin-induced effect in CD40, TNFa, VCAM-1, and IP-10 mRNA 

expression. SQ22536 and KT5720 had no effect on CD40, TNFa, VCAM-1, or IP-10 

mRNA expression. Salmeterol, with SQ22536 or KT5720, significantly decreased the 

thrombin-induced effect in CD40, TNFa, VCAM-1, and IP-10 mRNA expression. 

SQ22536 did not alter the Salmeterol-induced effects. KT5720 augmented the 

Salmeterol-induced effects in VCAM-1 and IP-10, but it had no effect on TNFa or 

CD40 (Figure 3.12.1).
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Figure 3.12.1: The adenylate cyclase inhibitor, SQ22536, does not alter, while the 

PKA inhibitor, KT5720, augments the salmeterol-induced attenuation o f the 

inflammatory response induced by thrombin in mixed glial cells 

SQ22536 (10 |jM) or KT5720 (10 |jM) was administered to mixed glial cells 30 min 

prior to salmeterol (10 |aM), which was administered 2 hours prior to thrombin (20 

U/ml) administration for 6 hours. A two-way ANOVA revealed a significant interaction 

effect between pre-treatment and salmeterol treatment in (c) VCAM-1 [F(2,29)=7.10, 

P=0.0031] and (d) lP-10 [F(2,28)=3.70, P=0.038] mRNA expression. There was a 

significant effect of salmeterol treatment only in (a) TNFa [F(i_29)=165.48, P<0.0001] 

and (b) CD40 [F(i,29)=42.51, P<0.0001]. KT5720 significantly augmented the 

salmeterol-induced attenuation in (c) VCAM-1 and (d) IP-10, but not (a) TNFa or (b) 

CD40. SQ22536 had no effect.

Data expressed as means ± SEM (n=^5-6), *P<0.05, **P<0.01, vs. thrombin (20 U/ml), 

++P<0.01 vs. thrombin with salmeterol (10|jM) (Newman-Keuls post-hoc test). Dotted 

line denotes level of mRNA expression for control group.
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Figure 3.12.1:
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3.13 The effect of the P-AR antagonist, propranolol, on the NA-induced 

attenuation of the inflammatory response induced by thrombin and Ap

The previous studies showed that the anti-inflammatory actions o f NA were mimicked 

by P2-AR agonists. In order to further investigate the receptors involved in this anti

inflammatory effect, it was decided to try to block the anti-inflammatory effect by using 

a P-AR antagonist. The following studies were carried out to assess to ability of the P* 

AR antagonist, propranolol, to block the ability of NA to attenuate the inflammatory 

response induced by thrombin or Ap. Vehicle or propranolol (1 |iM) was administered 

to cortical mixed glial cultures 30 min prior to the administration o f vehicle or NA (10 

|iM), which was administered 2 hours prior to the administration of vehicle, thrombin 

(20 U/ml) or Ap (2.5 )xM). Complete-DMEM:F12 was used as a control treatment for 

unstimulated cells. Cells were harvested after 6 hours for the analysis o f gene 

expression by RT-PCR.

The fi-AR antagonist, propranolol, augments the NA-induced attenuation o f  the 

inflammatory response induced by thrombin: Thrombin significantly increased TNFa, 

CD40, VCAM-1, and IP-10 mRNA expression. NA significantly attenuated the 

thrombin-induced increase in TNFa and VCAM-1 mRNA expression, but not CD40 or 

IP-10. NA with propranolol significantly decreased the thrombin-induced increase in 

TNFa, CD40, VCAM-1, and lP-10 mRNA expression. Propranolol alone augmented 

the thrombin-induced increase in TNFa mRNA expression only. Propranolol augmented 

the NA-induced attenuation in VCAM-1 and IP-10, but it did not alter TNFa or CD40 

(Figure 3.13.1). Propranolol did not alter the expression of TNFa, CD40, VCAM-1, or 

IP-10 mRNA in cells which were not treated with thrombin (data not shown).

The P-AR antagonist, propranolol, does not alter the NA-induced attenuation o f  the 

inflammatory response induced by Afi: NA and propranolol, alone or in combination, 

significantly attenuated the Ap-induced effect in TNFa mRNA expression. Propranolol 

did not alter the NA-induced effects in TNFa. None of the treatments altered IL-ip 

mRNA (Figure 3.13.2). Propranolol did not alter the expression of TNFa or IL-ip 

mRNA in cells which were not treated with Ap (data not shown).
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Figure 3.13.1: The p-AR antagonist, propranolol, augments the NA-induced 

attenuation o f the inflammatory response induced by thrombin in mixed glial cells 

Propranolol (1 ^M) was administered to mixed glial cells 30 min prior to NA (10 [iM), 

which was administered 2 hours prior to thrombin (20 U/ml) administration for 6 hours. 

A two-way ANOVA revealed a significant interaction effect between propranolol pre

treatment and NA treatment in (d) IP-10 [F(i,20)^18.13, P=0.0004] mRNA expression. 

There was a significant effect o f NA treatment in (a) TNFa [F(i,20)=42.91, P<0.0001], 

(b) CD40 [F(i,20)=17.74, P=0.0004], and (c) VCAM-1 [F(i,20)=26.02, P<0.0001], There 

was a significant effect of propranolol treatment only in (a) TNFa [F(i 20)=8.25, 

P=0.0094]. Propranolol significantly augmented the NA-induced attenuation in (c) 

VCAM-1 and (d) IP-10 mRNA expression, but it did not affect (a) TNFa or (b) CD40. 

Data expressed as means ± SEM (n=6), *P<0.05, **P<0.01, ***P<0.001 vs. thrombin 

(20 U/ml), +P<0.05, ++P<0.01, +++P<0.001 vs. thrombin with NA (10|iM) (Newman- 

Keuls post-hoc test). Dotted line denotes level of mRNA expression for control group.
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Figure 3.13.1:
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Figure 3.13.2:
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Figure 3.13.2: The fi-AR antagonist, propranolol, does not alter the NA-induced 

attenuation o f the inflammatory response induced by Afi in mixed glial cells 

Propranolol (1 ^M) was administered to mixed glial cells 30 min prior to NA (10 ^M), 

which was administered 2 hours prior to AP (2.5 |iM) administration for 6 hours. A 

two-way ANOVA revealed a significant interaction effect between propranolol pre

treatment and NA treatment in (b) TNFa [F(]_2O)==6.80, P=0.017] mRNA expression. 

There was no effect in (a) IL-ip. NA and propranolol, alone or in combination, 

significantly attenuated the AP-induced effect in (a) TNFa mRNA expression. 

Propranolol did not prevent the NA effect.

Data expressed as means ± SEM (n=5-6), *P<0.05, **P<0.01 vs. AP (2.5 |jM) 

(Newman-Keuls post-hoc test). Dotted line denotes level of mRNA expression for 

control group.
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3.14 The effect o f the selective Pi-AR antagonist, metoprolol, and the selective p2- 

AR antagonist, butoxamine, on the NA-induced attenuation of the inflammatory 

response induced by thrombin

The previous study showed that the P-AR antagonist, propranolol, augmented the ability 

of NA to attenuate the thrombin-, but not the AP-, induced inflammatory response. It 

was hypothesised that this could be due to the blockade of the pro-inflammatory actions 

that had been perceived to be mediated via the Pi-AR. As the anti-inflammatory actions 

of NA are mediated via P2 -AR it was decided to examine the effects o f selective Pi-AR 

and P2 -AR antagonists. The following studies were carried out to assess to ability o f the 

Pi-AR antagonist metoprolol and the P2 -AR antagonist butoxamine to block the ability 

of NA to attenuate the inflammatory response induced by thrombin or Ap. Vehicle, 

metoprolol (10 ^iM), or butoxamine (10 ^M) was administered to cortical mixed glial 

cultures 30 min prior to the administration o f vehicle or NA (10 |aM), which was 

administered 2 hours prior to the administration of vehicle or thrombin (20 U/ml). 

Complete-DMEM:F12 was used as a control treatment for unstimulated cells. Cells 

were harvested after 6 hours for the analysis of gene expression by RT-PCR.

The selective Pi-AR antagonist, metoprolol, and the selective P2-AR antagonist, 

butoxamine, attenuate the NA-induced attenuation o f  the inflammatory response 

induced by thrombin: NA significantly reduced TNFa, CD40, VCAM-1 and IP-10 

mRNA expression. The Pi-AR antagonist metoprolol and the P2 -AR antagonist 

butoxamine significantly increased VCAM-1 and IP-10 mRNA expression. Butoxamine 

also significantly decreased TNFa mRNA. Metoprolol attenuated the NA-induced 

decrease in VCAM-I and IP-10 mRNA expression. Butoxamine also attenuated the 

NA-induced decrease in IP-10 (Figure 3.14.1).
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Figure 3.14.1: The selective Pi-AR antagonist, metoprolol, augments, and the 

selective P2-AR antagonist, butoxamine, augments and attenuates the NA-induced 

attenuation o f  the inflammatory response induced by thrombin in mixed glial cells 

Metoprolol (10 |jM) or butoxamine (10 |iM ) was administered to mixed glial cells 30 

min prior to NA (10 ^M), which was administered 2 hours prior to thrombin (20 U/m l) 

administration for 6 hours. A  two-way ANO VA revealed a significant interaction effect 

between pre-treatment and NA treatment in (a) TNFa [F(2,28)^7.68, P=0.0022], (c) 

VCAM-1 [F(2,30)=8.13, P=0.0015], and (d) lP-10 [F(2,29)=10.15, P=0.0005] mRNA  

expression. There was a significant effect o f  NA treatment in (b) CD40 [F(i,29)=34.51, 

P<0.0001] mRNA expression. There was also a significant effect o f  metoprolol or 

butoxamine treatment in (b) CD40 [F(2,29)=3.62, P=0.039] mRNA expression. N A  

significantly reduced mRNA expression in all targets. Metoprolol and butoxamine 

significantly increased (c) VCAM-1 and (d) IP-10 mRNA expression. Butoxamine also 

significantly decreased (a) TNFa mRNA. Metoprolol attenuated the NA-induced  

attenuation in (c) VCAM-1 and (d) IP-10 m RNA expression. Butoxamine also 

attenuated the NA-induced attenuation in (d) IP-10.

Data expressed as means ± SEM (n=5-6), *P<0.05, **P<0.01 vs. thrombin (20 U/m l), 

+P<0.05, ++P<0.01 vs. thrombin with N A  (10|iM ) (Newm an-Keuls post-hoc test). 

Dotted line denotes level o f  mRNA expression for control group.
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Figure 3.14.1
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3.15 Discussion

3.15.1 LPS, thrombin, and Afi induce an inflammatory response in primary mixed 

glial, microglial, and astrocyte cultures

Consistent with other studies, LPS was used as a positive control to show that 

the glial cultures were capable of producing an inflammatory response (Szczepanik et 

al., 2001, Liu and Hong, 2003). LPS significantly increased iNOS, IL-ip, TNFa, CD40, 

VCAM-1, and IP-10 mRNA expression, and TNFa and IL-ip protein expression.

Thrombin induced an inflammatory response in all three culture types, which 

was o f similar magnitude to that induced by LPS. Thrombin significantly increased 

iNOS, IL-ip, TNFa, CD40, VCAM-1, and IP-10 mRNA expression, and TNFa and IL- 

ip  protein expression. This fits with other in vitro studies on thrombin that showed that 

it results in activation of microglia (Lee et al., 2005, Katsuki et al., 2006), and astrocytes 

(Ishida et al., 2006), and that it induces iNOS and increases expression of pro- 

inflammatory cytokines such as TNFa, IL -ip and IL-6 in glial cells (Moller et al., 2000, 

Ryu et al., 2000, Choi et al., 2003, Choi et al., 2005, Lee et al., 2005, Huang et al., 

2008). Thrombin, as well as various thrombin receptor agonists (PAR-1 activating 

peptides), induced TNFa and IL-ip in C6 rat glioma cells (Fan et al., 2005), IL -la  and 

IL-ip in activated peripheral blood mononuclear cells (PBMC) (Naldini et al., 2002), 

and VCAM-1 and ICAM-1 expression on human umbilical vein endothelial cells 

(HUVECs) (Kaplanski et al., 1998). This thrombin-induced CAM expression was 

blocked by hirudin (a thrombin receptor inhibitor), but not by IL-lra or anti-TNFa 

monoclonal antibody, and it was functional as it led to greater numbers o f adhering 

THP-1 macrophagic cells, PBMCs, or purified monocytes (Kaplanski et al., 1998). This 

appears to be the first study to report that thrombin induces IP-10 production, although 

it has been shown that thrombin can induce other chemokines such as IL-8 and MCP-1 

(Marin et al., 2001, Yoshida et al., 2001, Szaba and Smiley, 2002).

Ap also induced an inflammatory response in all three culture types, although it 

was less robust than the response induced by LPS or thrombin. Ap significantly 

increased IL-ip and TNFa mRNA expression, while only the highest dose (10 ^M) 

significantly increased CD40. There was a tendency towards an increase in iNOS but it 

was not significant, possibly due to variation in the samples. There was no effect on 

VCAM-1 or IP-10 mRNA. AP also significantly increased IL-ip protein expression, but 

not TNFa protein expression. However this may have been due to a high control reading 

for TNFa protein and high variability in the other samples. This AP-induced
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inflammatory response fits with other studies which showed that exposure of microglia 

cultures to Ap resulted in an increase in the secretion of the pro-inflammatory cytokines 

IL-ip and TNFa (Szczepanik et al., 2001, Rogers et al., 2002, McGeer and McGeer, 

2003), and with a study which showed that astrocyte cultures treated with Ap produced 

iNOS, IL-lp, and TNFa (Akama and Van Eldik, 2000). From this point on, when Ap 

was used as a treatment, the expression of IL-ip and TNF-a only were examined, as 

these molecules showed the most dramatic effect in response to Ap.

These results show that astrocytes are capable o f producing an inflammatory 

response just as well as microglia, indicating an important role for these cells in the 

brains immune response. This is consistent with other findings which have implicated 

astrocytes in the inflammatory response (Forloni et al., 1997, Liberto et al., 2004, 

Nicholson et al., 2004, Iwai et al., 2006), and is particularly important as astrocytes are 

the most numerous cells in the CNS and greatly outnumber microglia (Stevens, 2003).

3.15.2 NA attenuates the inflammatory response in mixed glial cultures much more 

potently than in enriched microglial and astrocyte cultures

As LPS, thrombin, and Ap had been shown to induce an immune response in 

glial cells, the next step was to look at possible ways to reduce this inflammation. NA, 

as expected, dramatically attenuated the inflammatory response induced by thrombin 

and Ap in mixed glial cells. NA (1 and 10 ^M) attenuated the thrombin-induced 

increase in TNFa, CD40, VCAM-1, and IP-10 mRNA expression and TNFa protein 

expression, but only the 10 |aM dose of NA attenuated iNOS and IL-ip mRNA 

expression. No IL-ip protein data is available for this experiment as there was a 

problem with the IL-lp ELISA kit. NA significantly attenuated the AP-induced increase 

in TNFa and CD40 mRNA expression, but not IL-ip mRNA. This NA-induced 

attenuation of the inflammatory response is consistent with numerous other studies 

which have used microglia, astrocytes, and brain endothelial cells to demonstrate that 

NA, by binding to Pi-ARs and activating cAMP signalling pathways, can inhibit the 

expression of many inflammatory genes including iNOS, IL-ip, TNFa, VCAM-1, 

ICAM-1, and MHC-class-II induced by cytokines, LPS, and Ap (Ballestas and 

Benveniste, 1997, Feinstein et al., 2002, Madrigal et al., 2005). However we report for 

the first time that NA also reduces the inflammatory response induced by thrombin.

In microglial and astrocyte cuhures, NA significantly attenuated of the 

inflammatory response induced by thrombin and AP, however the magnitude of this
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attenuation was much less than the attenuation induced by NA in mixed glial cultures. 

Only the 10 pM dose o f NA produced an attenuation in the separated glia whereas both 

the 1 nM and 10 |iM doses had attenuated the inflammatory response in mixed glial 

cells. NA (10 fiM) attenuated the thrombin-induced increase in iNOS and IL-ip in 

astrocytes only, in TNFa expression in microglia only, and in CD40 mRNA expression 

in both astrocytes and microglia. NA (10 ^M) attenuated the Ap-induced increase in 

iNOS expression in microglia only. However in TNFa mRNA expression, while it did 

not produce a significant attenuation, it did prevent the Ap-induced increase from 

becoming significant. The combination o f Ap and NA produced a significant increase in 

CD40 mRNA expression in astrocytes, however this is an individual results and likely 

due to contamination o f the sample. Also NA did not attenuate, and in some instances 

augmented, the inflammatory response induced by LPS. NA (0.1 |xM and 1 |j,M) 

significantly augmented the LPS-induced increase in iNOS in microglia and astrocytes, 

and in IL-ip and TNFa in astrocytes only. It did not alter CD40 mRNA expression. 

Interestingly the 10 |iM dose of NA did not produce any effect. This was an unexpected 

finding as many previous studies in this laboratory, as well as the earlier studies in this 

section, have shown that NA potently suppressed the inflammatory response induced by 

LPS in mixed glial cultures (Ballestas and Benveniste, 1997, Feinstein et al., 2002, 

Madrigal et al., 2005). As the anti-inflammatory actions of NA are thought to be 

mediated via the P2 -AR (Borger et al., 1998, Feinstein et al., 2002, De Keyser et al., 

2004b), it was hypothesised that a potential reason for this unusual result could be that 

expression of the P2 -AR might be reduced on glia when they are cultured separately 

instead of together. Consistent with this hypothesis, it was shown that enriched cultures 

o f microglia or astrocytes had significantly lower expression of P2 -AR mRNA 

expression compared to mixed glial cultures (65% reduction in astrocytes and 89% 

reduction in microglia). This result was unexpected as the immunocytochemistry 

conducted in this section, in concurrence with other studies, showed that astrocytes and 

microglia in mixed glial cultures express Pi- and P2 -ARS (Tanaka et al., 2002, De 

Keyser et al., 2004). However, the finding that P2 -AR expression is dramatically 

reduced in microglial and astrocyte cultures is likely the explanation for the unusual 

NA-induced responses that had been shown. This is also consistent with other studies 

from this laboratory which showed that LPS and inflammatory cytokines reduce P2 -AR 

expression and responsiveness in glial cells (Ryan, 2009).
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In addition to this, MCSF and GMCSF, which are used as part o f  the process 

when growing glial cultures for separation, have been shown to induce an inflammation 

(Cook et al., 2004, D e Ciuceis et al., 2005, Fleetwood et al., 2007). Interestingly, a 

number o f  studies by Van Oosterhout and colleagues showed that pre-incubation o f  

peripheral blood mononuclear cells (PBM C) for 20 hours with GM-CSF decreased P- 

AR agonist induced cAMP production (Van Oosterhout et al., 1990, Van Oosterhout et 

al., 1992). For these reasons the remaining experiments were carried out on m ixed glial 

cultures only. A lso mixed glial cultures are closer to the natural environment o f  glial 

distribution in the brain and therefore would give a better indication o f  how the 

treatments used could react in vivo.

3.15.3 Thrombin-induced inflammation and NA interventions

The P-AR agonist salbutamol, the p2 -AR agonist salmeterol, the c-AMP 

analogue db-cAMP, the PKA activator BNZ, and the EPAC activator pCPT, all 

attenuated the thrombin-induced inflammatory response in TNFa, CD40, IP-10, and 

VCAM-1 mRNA. Salbutamol and salmeterol also attenuated the thrombin-induced 

increase in iNOS mRNA, however the data for iNOS with db-cAMP was conflicting so 

it was removed from this study. Salmeterol, db-cAMP, BNZ, and pCPT also attenuated 

the thrombin-induced increase in TNFa protein. Only the highest dose o f  salmeterol (10 

|oM) attenuated the thrombin-induced inflammatory response in IL -ip  protein. N o IL-ip  

protein data is available for the other experiments as there was a problem with the IL-lp  

ELISA kit. This attenuation is consistent with a study showing that the thrombin- 

induced increase in MAPK phosphorylation and CD40L expression in platelets was 

inhibited by the cAM P elevating PGEl (Schwarz et al., 2000), and that the thrombin- 

induced effects on airway smooth muscle cells were inhibited by salbutamol and other 

cAM P increasing agents such as forskolin and PGEl (Tomlinson et al., 1994 1995, 

Stewart et al., 1997). Furthermore, one study showed that thrombin results in a decrease 

in cAMP (Bogatcheva et al., 2002), therefore it is logical that increasing cAMP inhibits 

the effects o f  thrombin.

Interestingly, salbutamol also augmented the thrombin-induced increase in IL-ip  

mRNA, and the Pi-AR agonist xamoterol augmented iNOS, IL -ip , and IP-10 mRNA. 

These results indicate that the p2 -AR mediates an anti-inflammatory effect, while the Pi- 

AR has modest pro-inflammatory effect. The response o f  TNFa or IL -lp  protein 

expression to xamoterol was not investigated as this study focused on the anti-
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inflammatory actions o f NA. This is consistent with other studies which have shown 

that anti-inflammatory effects are mediated solely via the P2 -AR and not the pi-AR 

(Frohman et al., 1988, Borger et al., 1998, Nakamura et al., 1998), however none of 

these papers has proposed a theory as to why this is the case.

When the mixed glia were not treated with an inflammatory stimulus, the Pi-AR 

agonist, salmeterol, significantly decreased CD40 mRNA expression, but not iNOS, IL- 

ip, TNFa, VCAM-1, or IP-10 mRNA, or TNFa protein. However, the Pi-AR agonist, 

xamoterol, significantly increased iNOS, IL-lp, TNFa, CD40, VCAM-1, and IP-10 

mRNA, and TNFa protein expression. No IL-ip protein data is available for this 

experiment as there was a problem with the IL -ip ELISA kit. This shows that even 

under basal conditions the P2 -AR agonist salmeterol decreased expression of 

inflammatory molecules, whereas a Pi-AR agonist xamoterol increased expression.

The adenylate cyclase inhibitor SQ22536 did not alter the salmeterol-induced 

inhibition of the thrombin-induced inflammatory response CD40, TNFa, VCAM-1, and 

IP-10 mRNA expression, whereas the PKA inhibitor KT5720 augmented the 

salmeterol-induced effects in VCAM-1 and IP-10 mRNA expression. This means that 

inhibition o f adenylate cyclase or PKA is insufficient to prevent the anti-inflammatory 

actions induced by P2 -AR activation, and can in fact increase them. Although this result 

was not expected, it is consistent with a study on microglia which showed that NA 

inhibited LPS-induced iNOS expression, but that KT5720 did not reverse the effects of 

NA while SQ22536 actually potentiated NA inhibitory effects (Dello Russo et al., 

2004). Another study showed that salmeterol activated microglia and increased ROS 

production via the selective phosphorylation of ERK, a process that was independent of 

PKA (Qian et al., 2009). In contrast to this, the salbutamol- and cAMP-induced 

inhibition o f the thrombin-induced proliferation o f cultured airway smooth muscle cells 

was attenuated by a cAMP antagonist (Tomlinson et al., 1995). These findings suggest 

that, although PKA is a primary target for activation by cAMP, other pathways, such as 

the EPAC or ERK pathways, may also play a role in mediating the NA-induced 

inhibition o f glial activation.

It had been hypothesised that AR antagonists would be capable o f attenuating 

the NA-induced inhibition of thrombin-induced inflammation. The P-AR antagonist 

propranolol augments, while the selective Pi-AR antagonist metoprolol and the selective 

P2 -AR antagonist butoxamine attenuate, the NA-induced inhibition o f the thrombin- 

induced expression o f VCAM-1 and IP-10. These results are not consistent with studies
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which show that propranolol prevents the anti-inflammatory effects of NA (Tanaka et 

al., 2002, Madrigal et al., 2009, McNamee et al., 2010), prevents the NA-induced 

inhibition of the ATP-induced increase in the TNFa (Morioka et a!., 2009), and inhibits 

NA-induced VCAM-1 expression (Chen et al., 2005). Propranolol, metoprolol, and 

butoxamine did not have any effect on unstimulated cells (data not shown). Interestingly 

propranolol alone increased while butoxamine alone decreased the thrombin-induced 

expression of TNFa. Also, metoprolol and butoxamine increased VCAM-1 and IP-10 

indicating that P-AR antagonists can have a pro-inflammatory effect on their own. 

These results are not consistent with reports that propranolol, metoprolol, and 

butoxamine do not alter TNFa concentrations induced by subarachnoid haemorrhage 

(Kato et al., 2009), or that metoprolol either did not alter (Dorenkamp et al., 2005, Wolf 

et al., 2007) or decreased (Liang et al., 2009) VCAM-1 expression. A potential 

explanation for this is that there is basal expression of NA in glial cultures which 

provides a low level tonic inhibition of the inflammatory response and that blocking the 

P-ARs prevents this.

3.15.4 Afi-induced inflammation and NA interventions

In contrast to the earlier finding that NA attenuated the inflammatory response 

induced by Ap, salbutamol and xamoterol augmented the Ap-induced increase in TNFa 

and IL-ip, while salmeterol only augmented the Ap-induced increase in IL-ip. The P- 

AR antagonist propranolol, either alone or in combination with NA, significantly 

attenuated the Ap-induced effect in TNFa but had no effect on IL-ip. This shows that P- 

AR agonists, unlike NA itself, can augment the AP-induced inflammation while P-AR 

antagonists can have an anti-inflammatory effect similar to that induced by NA. This 

finding could be explained by other studies which show that Ap increased cAMP 

formation, an increase that was inhibited by p-AR antagonists (Igbavboa et al., 2006), 

and Ap up-regulates the cAMP-speciflc phosphodiesterase PDE4B (Sebastiani et al., 

2006), implicating cAMP as an important mediator of AP-induced microglial activation.

Interestingly, when molecules downstream of p-AR activation are used, the 

results are again similar to those induced by NA. The cAMP analogue db-cAMP and the 

PKA activator BNZ significantly attenuated the Ap-induced increase in TNFa mRNA 

expression. However db-cAMP augmented AP-induced IL-ip mRNA. These findings 

are consistent with studies showing that increasing cAMP levels protected against Ap- 

induced developmental abnormalities (Buznikov et al., 2008) and inhibition of LTP
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(Wang et al., 2009), and that the AP-induced increase in endozepine release in cultured 

rat astrocytes was blocked by an adenylate cyclase inhibitor and a PKA inhibitor (Tokay 

et al., 2008). Db-cAM P inhibited the LPS-induced release o f  TNFa and IL -ip  from 

microglial cultures (Schubert et al., 2000), but it augmented AP-induced iNOS 

expression and NO release (Pyo et al., 1999). The contradictory effect o f  db-cAMP on 

IL -ip  and TNFa could be accounted for by a study showing that db-cAMP can induce 

glial activation and increase IL-ip in astrocyte cultures (LaDu et al., 2000, LaDu et al., 

2001).

The P-AR antagonist propranolol did not block the NA-induced attenuation in 

TNFa mRNA expression. However propranolol alone significantly attenuated the AP- 

induced effect in TNFa mRNA. None o f  the treatments altered IL-ip mRNA  

expression. This means that AR antagonists are not sufficient to prevent the anti

inflammatory effect induced by NA. Again this is not consistent with studies which 

show that propranolol prevents the anti-inflammatory effects o f  NA (Tanaka et al., 

2002, Madrigal et al., 2009, M cNamee et al., 2010).

3.15.5 Conclusion

The first finding o f  this section is that astrocyte, microglial, and m ixed glial 

cultures are capable o f  exhibiting an inflammatory response follow ing stimulation with 

LPS, thrombin or Ap. This is an important finding as it emphasises the vital role that 

astrocytes play in the brain’s immune response. It is also important in regard to the 

inflammatory environment that is found in the brain following a stroke or during PD 

and AD. If suitable treatments are to be developed which will modulate this 

inflammatory response they must target astrocyte-induced inflammation as well as 

microglial-induced inflammation.

The second finding o f  this section is that N A  has a predominantly anti

inflammatory effect which is mimicked by activation o f  the P2-AR pathway and 

downstream m olecules such as cAM P, PKA, and EPAC. However it can also have a 

small pro-inflammatory effect, caused by Pi-AR activation. Interestingly, P-AR 

antagonists and inhibitors o f  adenylate cyclase and PKA are not capable o f  preventing 

the NA-induced effects, indicating that there may be additional pathways by which NA  

can exert its anti-inflammatory effects in glial cells. Further research is required in order 

to elucidate other pathways which may be involved in mediating the anti-inflammatory
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actions of NA. One such target for research could be the ERK pathway (Qian et al., 

2009).

These studies showed that the induced inflammatory response and the 

subsequent attenuation of this response occurred both in the mRNA and in the protein 

of TNFa and IL-ip, indicating that the effects took place at a transcriptional level and 

that they were maintained through the translational level to protein expression. These 

molecules were chosen to be investigated at the protein level as they are among the first 

pro-inflammatory mediators to be released in response to glial activation (Liberto et al., 

2004, Lucas et al., 2006) and are potent modulators of the immune response, causing 

the induction of cytokines, chemokines, adhesion molecules, and inflammatory 

enzymes such as iNOS (Laflamme et al., 1999, Akama and Van Eldik, 2000, Aggarwal, 

2003). This means that they are good indicators o f the state o f the inflammatory 

response. However the other molecules were only examined at the mRNA level, 

therefore future studies could examine the effect o f thrombin and P-AR activation on 

the levels of protein expression of iNOS, CD40, IP-10, and VCAM-1.
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4. The response of neurons to cytokines and p-AR activation 

4.1 Introduction

The studies in Chapter 3 o f this thesis showed that thrombin and Ap are capable 

o f directly activating glial cells to induce production o f  the cytokines IL-ip and TNFa, 

and that P-AR activation is capable o f  dramatically reducing this inflammatory 

response. It was hypothesised that these cytokines and P-AR activation could have a 

direct effect on neurons. The studies in this chapter were carried out to assess the effect 

o f the pro-inflammatory cytokines IL-ip, TNFa, and IFNy on neuronal cytokine 

receptor expression and neuronal viability, and to examine the ability o f  P2-ARS and the 

downstream signalling molecule cAMP to alter neuronal cytokine receptor expression 

and to protect against cytokine-induced neurotoxicity.

Cytokines have been shown to be neurotoxic; For example TNFa can induce 

apoptosis in a number o f  cell types including neurons (Yang et al., 2002, Buntinx et al., 

2004a, Buntinx et al., 2004b, Nakashima et al., 2005), however it can also be 

neuroprotective (Yang et al., 2002). The effects are dose and receptor dependent: high 

doses are toxic and are mediated via TNFRl, while lose doses can be trophic and are 

mediated via TNFR2 (Yang et al., 2002, Bernardino et al., 2005). IFNy has also been 

shown to induce apoptotic cell death (Buntinx et al., 2004b). The effects o f  these 

cytokines are amplified when given together, for example when IFNy was given in 

conjunction with TNFa they induced greater amounts o f cell death than when 

administered individually (Buntinx et al., 2004b). Although there is substantial evidence 

from many in vivo studies indicating that endogenous IL-ip is an important mediator o f  

neuronal injury (Allan et al., 2005), in vitro studies have found it difficult to establish 

the role o f IL-ip in cell death. Some studies show that IL-ip alone can cause neuronal 

death (Bielarczyk et al., 2005, Abcouwer et a l, 2008), while others say that it is only 

capable o f exacerbating cell death that is induced by excitotoxic agents such as NMDA  

(Viviani et al., 2003). Still other studies have shown IL-ip to be neuroprotective, 

although this effect appears to be time dependent as the protective actions involved a 24 

hour treatment with IL-ip, while enhanced injury was seen when cells were only treated 

with IL-ip for a few minutes (Allan et al., 2005).

IL-ip binds to IL-lRs. NPCs express IL -lR l and IL-1R2 (Wang et al., 2007), 

and neurons express IL -lR l (Friedman, 2001, Wang et al., 2006a, Wang et al., 2006b),
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but IL-1R2 is commonly expressed on immune cells in the brain (Lucas et al., 2006). 

IL-IR] mediates the effects o f IL-1 through activation of NFkB and members o f the 

MAPK family, ultimately resulting in inflammatory gene expression (Fitzgerald and 

O'Neill, 2000, Liew et al., 2005). In contrast to this, IL-1R2 functions as a decoy 

receptor, competing with IL -lR l for IL-ip, thus acting as a negative regulator o f the IL- 

1 system and eliciting an anti-inflammatory action (Colotta et al., 1994, Fitzgerald and 

O'Neill, 2000). In neuronal cultures, IL -lR l associates with the cytosolic adaptor 

protein MYD88 which leads to phosphorylation of the tyrosine kinase Src (Davis et al., 

2006, Tsakiri et al., 2008a), and the IL-ip-induced production of chemokines from 

neurons is dependent on IL -lR l signalling (Tsakiri et al., 2008b). These studies indicate 

that IL-lR l is extremely important in mediating the pro-apoptotic and pro- 

inflammatory effects o f IL-1 p. However some studies have shown that IL-Rl signalling 

is also important for neuronal survival. For instance, IL-ip protects against retinal 

ganglion cell death via activation of IL-1 R1 (Diem et al., 2003), and cultured cerebellar 

granule cells from IL-IRl KO mice were more vulnerable to NMDA treatment 

compared to the wild type controls (Pelidou et al., 2002).

TNFa signals through TNFRl and TNFR2 which are expressed on neurons 

(Neumann et al., 1997a, McGuire et al., 2001, Bette et al., 2003, Dziewulska and 

Mossakowski, 2003, Yan et al., 2003). TNFRl contains a death domain which activates 

caspase pathways leading to apoptosis while TNFR2 does not contain a death domain 

and is responsible for cell proliferation (Aggarwal, 2003, Marchetti et al., 2004). For 

example the apoptosis of motoneurons is regulated by TNFRl which is transiently 

expressed during a short period corresponding to that of apoptosis, and over expression 

of TNFRl is sufficient to induce apoptosis (Mahul-Mellier et al., 2008). Numerous 

studies have used cultures created from KO mice to show that neurons from TNFRl KO 

mice were protected from TNFa- or glutamate-induced apoptosis, while neurons from 

TNFR2 KO mice showed increased cell death even at low doses (Yang et al., 2002, 

Marchetti et al., 2004). Similar results are seen with in vivo studies, for example TNFRl 

KO mice showed a strong reduction of neurodegeneration following ischemia, while 

TNFR2 KO mice suffered increased neurodegeneration (Fontaine et al., 2002), and KO 

mice for TNFRl or TNFR2 alone showed no effect on motoneuron cell death, but a 

dual TNFRl and TNFR2 KO showed an almost complete prevention o f cell loss 

(Raivich et al., 2002). TNFRl is also required for Ap-induced neuronal death (He et al., 

2007). The pro-apoptotic signals of TNFRl are such that the removal o f these signals

167



Chapter 4: The response o f  neurons to cytokines and fi-AR activation

results in a large increase in the number of new, mature hippocampal neurons as 

demonstrated in TNFRl KO and TNFR1/TNFR2 KO mice, but not TNFR2 KO mice 

(Iosif et al., 2006). However, some studies found increased neuronal damage after 

injury in TNFRl KO mice (Gary et al., 1998, Lambertsen et al., 2009). In contrast to 

TNFRl, TNFR2 activation is anti-apoptotic and results in long term NFkB activation 

leading to new protein synthesis which is essential for neuronal survival (Aggarwal, 

2003, Marchetti et al., 2004). TNFa has been shown to be neuroprotective against 

excitotoxic damage in primary cortical neurons via a process dependent on TNFR2 and 

NFkB activation (Dolga et al., 2008a), and cultured neurons that over-express TNFR2 

are protected against TNFa induced apoptosis (Williams et al., 2005). Similarly, use of 

antisense oligonucleotides against TNFR2 in a neuroblastoma cell line inhibited TNFR2 

expression, leading to significantly increased cell death following hypoxic conditions or 

treatment with TNFa or Ap (Shen et al., 1997).

IFNy acts via the IFNgR which signals via the JAK-STAT signalling pathway 

leading to gene transcription. The IFNgR 1 subunit has high ligand binding affinity, 

while the IFNgR2 subunit is necessary for signalling (Bach et al., 1997, Chen et al., 

2006, Gough et al., 2008). Neurons have also been shown to express IFNgRl and 

lFNgR2 in vitro (Neumann et al., 1997a, Neumann et a l ,  1997b), and IFNgRs are found 

in motoneurons (Linda et al., 1998) and at pre- and postsynaptic sites in the spinal cord 

(Vikman et al., 1998, Tsuda et al., 2009). IFNgRs are important in mediating IFNy 

induced toxicity: For example, in mixed glial-neuronal cultures if the microglia, but not 

the neurons, were deficient in IFNgR there was a decrease in IFNy induced 

dopaminergic cell death (Mount et al., 2007). However, a study investigating 

neuropathogenesis follov/ing viral infection showed that IFNgR KO mice had much 

higher levels o f neuronal death than wild type mice (Keogh et al., 2003).

The ability of cytokines to alter cytokine production is well documented. For 

example, TNFa and IL-ip have the ability to induce themselves and each other 

(Zetterstrom et al., 1998, Blond et al., 2002, Dunn et al., 2002, Buntinx et al., 2004a), 

and IFNy can induce TNFa secretion in microglia co-cultured with astrocytes 

(Yamamoto et al., 2007). Cytokines can also alter expression o f their receptors, for 

example IL-ip down-regulates IL -lR l mRNA in perivascular cells, but not in neuronal 

cell groups (Ericsson et al., 1995), while peritoneal IL-lp stimulation up-regulates 

expression of IL -lR l in the rat carotid body (Zhang et al., 2007).
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Chapter 3 o f  this thesis showed that NA and P-AR activation is capable o f  

dramatically reducing the thrombin- and Ap-induced inflammatory response. It was 

hypothesised that p-AR activation could have a direct effect on neurons as Pi- and P2- 

ARs are expressed on neurons (Morin et al., 1997) and N A  can protect against glial- 

induced neuronal cell death (Madrigal et a l ,  2005, Madrigal et al., 2006). If P-AR 

activation can alter cytokine receptor expression on neurons it could make the neurons 

more or less susceptible to the actions o f  cytokines and the associated inflammatory 

response. This hypothesis is supported by many studies which have shown that various 

m olecules including hormones, statins, and pathogenic factors are capable o f  altering 

cytokine receptor expression and thereby influencing cell death. For example, 

increasing TNFRl signalling can be detrimental: the pathogenic factor trimethyltin 

induced TNFRl causing cell death in almost 90% o f  neurons in m ixed neuronal-glial 

cultures (Figiel and Dzwonek, 2007) and progesterone doubled TNFRl expression and 

thus TNFa-induced cell death in differentiated PC 12 cells (Koski et al., 2004). 

Meanwhile inhibition o f  the TNFRl system can be beneficial; dexamethasone inhibited 

up-regulation o f  TNFRl preventing TNFa induced toxicity in vitro  (Dinh et al., 2008a, 

Dinh et al., 2008b), estradiol abolished TNFRl expression and decreased TNFa induced 

cell death in differentiated PC I2 cells (Koski et al., 2004), pre-treatment with soluble 

TNFRl reduced glutamate-induced neuronal cell death (Kogo et al., 2006), and the 

prosaptide neurotrophin TX14(A) decreased TNFRl expression leading to prevention o f  

hyperalgesia (Wagner et al., 1998). Induction o f  TNFR2 signalling can also be 

beneficial. For example lovastatin increases neuronal TNFR2 expression and protects 

cortical neurons from glutamate-induced excitotoxicity in primary cortical neurons from 

wild type and TNFRl KO but not TNFR2 KO m ice (Dolga et al., 2008b).

The objective o f  this section was to investigate the ability o f  the inflammatory 

cytokines IL -ip , TNFa, and IFNy to alter neuronal cytokine receptor expression and to 

investigate the ability o f  P-AR agonists and db-cAMP to protect against cytokine- 

induced neurotoxicity.
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4.2 Neurons express Pi- and Pa-ARs

As the experiments on glia in Chapter 3 had shown that the effects o f NA were 

mediated via the P-ARs it was necessary to determine whether p-ARs were expressed in 

primary neuronal cultures. The following studies were carried out to assess the ability of 

neurons to express Pi- and p2 -ARs. Primary neuronal cultures were grown on glass 

coverslips for up to 6 days. They were then fixed and stained using fluorescent 

immunocytochemistry, and imaged using a confocal microscope. An antibody specific 

to Neu-N was used as a marker for neurons, and antibodies specific to either the Pi- or 

the P2 -AR were also used. Hoescht was used to identify cell nuclei.

Neurons express fii- and P2-ARS: Neurons stained red for Neu-N were found to co- 

localise with the green staining for pi-ARs (Figure 4.2.1) or P2 -ARS (Figure 4.2.2). This 

co-localisation of the red and green staining indicates that the same cells express both 

Neu-N and P-ARs, demonstrating that neurons express P-ARs. This means that NA and 

P-AR agonists are capable of exerting their effects on neurons.
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• >

400

Figure 4.2.1: Neurons express the pi-AR

Fluorescent immunocytochemistry was carried out on primary neuronal cultures using 

antibodies against the marker o f neuronal nuclei, Neu-N, and the Pi-AR. The cells were 

imaged at 20X magnification, (a) is green staining indicating Pi-AR positive cells, (b) is 

red staining indicating Neu-N positive neurons, (c) is blue staining indicating cell nuclei 

stained with Hoescht, (d) shows the colocalisation o f (a), (b) and (c), and (e) is an 

enlarged copy of (d). The red and green staining are colocalised indicating that the same 

cells express both Neu-N and Pi-ARs, meaning that neurons express Pi-ARs. The white 

line represents a length of 400 îM.
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(a) (b)

(c) (d)

(e)

Figure 4.2.2: Neurons express the P2-AR

Fluorescent immunocytochemistry was carried out on primary neuronal cultures using 

antibodies against the marker o f  neuronal nuclei, Neu-N, and the P2 -AR. The cells were 

imaged at 20X  magnification, (a) is green staining indicating P2-AR positive cells, (b) is 

red staining indicating Neu-N positive neurons, (c) is blue staining indicating cell nuclei 

stained with Hoescht, (d) shows the colocalisation o f  (a), (b) and (c), and (e) is an 

enlarged copy o f  (d). The red and green staining are colocalised indicating that the same 

cells express both Neu-N and P2-ARS, meaning that neurons express p2-ARs. The white 

line represents a length o f  400 |iM.
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4.3 The P-AR agonists, salbutamol, salmeterol and xamoterol, and the cAMP 

analogue, db-cAMP, do not alter neuronal viability

The studies on mixed glial cultures showed that the anti-inflammatory actions o f NA 

occur via activation of the P2 -AR pathway which signals by increasing intracellular 

cAMP concentrations. The major focus o f this study is to examine the ability o f p2 -ARs 

and the downstream signalling molecule cAMP to alter cytokine receptor expression on 

neurons and to protect against cytokine-induced neurotoxicity. However prior to doing 

these experiments it was necessary to confirm that the doses of P-AR agonists and db- 

cAMP being employed did not have any direct effect on neuronal viability i.e. did not 

induce neurotoxicity. The following studies were carried out to assess the ability o f the 

P-AR agonist salbutamol, the P2 -AR agonist salmeterol, the Pi-AR agonist xamoterol, 

and the cAMP analogue db-cAMP, to alter neuronal viability. Vehicle, salbutamol (10 

|aM), salmeterol (10 ^M), xamoterol (10 ^M), or db-cAMP (300 ^M) was administered 

to primary neuronal cultures for 24 hours. Complete-NBM was used as a control 

treatment for unstimulated cells. An Alamar Blue cell viability assay and an LDH assay 

were carried out after 24 hours.

Salbutamol, salmeterol, xamoterol, and dh-cAMP do not alter neuronal viability: When 

an Alamar blue assay or an LDH assay was conducted the P-AR agonist, salbutamol, 

the P2 -AR agonist, salmeterol, the pi-AR agonist, xamoterol, and the cAMP analogue, 

db-cAMP, did not significantly alter cell viability or LDH release (Figure 4.3.1).
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Figure 4.3.1:
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Figure 4.3.1: Salbutamol, salmeterol, xamoterol, and db-cAMP do not alter neuronal 

viability

Salbutamol (10 nM), salmeterol (10 nM), xamoterol (10 |aM), or db-cAMP (300 ^M) 

was administered to primary neuronal cultures and (a) an Alamar Blue cell viability 

assay or (b) an LDH assay was carried out after 24 hours. A one-way ANOVA 

demonstrated that none o f the treatments altered (a) cell viability or (b) LDH release. 

Data expressed as means ± SEM (n=7-8).
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4.4 Effect of the p-AR agonists, salbutamol, salmeterol, and xamoterol, and the 

cAMP analogue, db-cAMP, on expression of IL-lp, TNFa, and IFNy receptors in 

neurons

The following studies were carried out to assess the ability of salbutamol, salmeterol, 

xamoterol, and db-cAMP to alter IL-ip, TNFa, and IFNy receptor expression on 

neurons. Vehicle, salbutamol (10 |iM), salmeterol (1 or 10 |iM), xamoterol (1 or 10 

HM), or db-cAMP (300 ^M) was administered to primary neuronal cultures. Complete- 

NBM was used as a control treatment for unstimulated cells. Cells were harvested after 

6 hours for the analysis of gene expression by RT-PCR. Specifically the mRNA 

expression of the pro-inflammatory IL-ip receptor IL -lR l, the anti-inflammatory IL-lp 

receptor IL-1R2, the pro-inflammatory TNFa receptor TNFRl, the anti-inflammatory 

TNFa receptor TNFR2, and the IFNy receptors IFNgRl and IFNgR2, were examined.

Salbutamol increases neuronal expression ofIL-lR2, TNFR2, and IFNgRl: The (3-AR 

agonist salbutamol (10 ^M) significantly increased neuronal IL-1R2, TNFR2, and 

IFNgRl mRNA expression, without altering IL -lR l, TNFRl, or IFNgR2 mRNA 

expression (Figure 4.4.1).

Salmeterol, hut not xamoterol, increases neuronal expression o f  IL-1R2 and TNFR2: 

The selective P2-AR agonist salmeterol (1 and 10 |xM) significantly increased neuronal 

1L-1R2 and TNFR2 mRNA expression, without altering IL -lR l, TNFRl, IFNgRl, or 

IFNgR2 mRNA expression. In contrast, the selective Pi-AR agonist xamoterol (1 and 

10 ^M) failed to alter neuronal IL -lR l, IL-1R2, TNFRl, TNFR2, IFNgRl, or IFNgR2 

mRNA expression (Figure 4.4.2).

Db-cAMP increases neuronal expression o f  1L-1R2, TNFR2, and IFNgRl, and 

decreases expression o f  IL -lR l:  Db-cAMP significantly decreased neuronal IL -lR l 

mRNA expression, and significantly increased neuronal IL-1R2, TNFR2, and IFNgRl 

mRNA expression, without altering TNFRl or IFNgR2 mRNA expression (Figure 

4.4.3).
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Figure 4.4.1: Salbutamol increases neuronal expression of IL-1R2, TNFR2, and 

IFNgRl

Salbutamol (10 ^M) was administered to primary neuronal cultures for 6 hours. A 

Student t-test demonstrated that salbutamol (10 |iM) significantly increased (b) IL-1R2 

(P=0.0013), (d) TNFR2 (P=0.019), and (e) IFNgRl (P=0.048) mRNA expression. It did 

not alter (a) IL -lR l, (c) TNFRl, or (f) IFNgR2 mRNA.

Data expressed as means ± SEM (n=5-6), *P<0.05, **P<0.01, vs. control (Student t- 

test).
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Figure 4.4.1:
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Figure 4.4.2: Salmeterol, but not xamoterol, increases neuronal expression o f IL-1R2 

and TNFR2

Salmeterol (1 and 10 nM) or xamoterol (1 and 10 |iM) was administered to primary 

neuronal cultures for 6 hours. A one-way ANOVA demonstrated a significant treatment 

effect on (b) IL-1R2 [F(4,i8)=10.81, P=0.0001] and (d) TNFR2 [F(4,i9)=3.04, P=0.043] 

mRNA expression. Salmeterol significantly increased (b) IL-1R2 and (d) TNFR2 

mRNA expression. It did not alter (a) IL -lR l, (c) TNFRl, (e) IFNgRl, or (f) lFNgR2. 

Xamoterol did not alter (a) IL -lR l, (b) 1L-1R2, (c) TNFRl, (d) TNFR2, (e) IFNgRl, or 

(f) lFNgR2 mRNA expression.

Data expressed as means ± SEM (n=4-6), *P<0.05, **P<0.01, ***P<0.001 vs. control 

(Newman-Keuls post-hoc test).
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Figure 4.4.2:
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Figure 4.4.3: Db-cAMP increases neuronal expression of IL-1R2, TNFR2, and 

IFNgRl, and decreases expression of IL-lRl

Db-cAMP was administered to primary neuronal cultures for 6 hours. A Student t-test 

demonstrated that db-cAMP significantly altered (a) IL -lR l (P=0.0011), (b) IL-1R2 

(P=0.0039), (d) TNFR2 (P=0.022), and (e) IFNgRl (P=0.027) mRNA expression. It did 

not alter (c) TNFRl or (f) lFNgR2 mRNA.

Data expressed as means ± SEM (n=5-6), *P<0.05, **P<0.01 vs. control (Student t- 

test).
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Figure 4.4.3:
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4.5 Cytokines do not alter neuronal viability

Studies from Chapter 3 of this thesis showed that glial cells produced the pro- 

inflammatory cytokines TNFa and IL-lp in response to treatment with thrombin or Ap, 

It was hypothesised that these cytokines may have a detrimental effect on neurons. The 

following studies were carried out to assess the ability of the pro-inflammatory 

cytokines TNFa, IL-ip and IFNy to alter ceil viability. Vehicle, TNFa, IL-ip and IFNy 

(50 jiM) were administered to primary neuronal cultures for 24 hours. An Alamar Blue 

cell viability assay and an LDH assay were carried out after 24 hours. Complete-NBM 

was used as a control treatment for unstimulated cells.

Cytokines do not alter neuronal viability: When an Alamar blue assay was conducted 

the cytokines TNFa, IL-ip and IFNy did not significantly alter cell viability. Similarly, 

when an LDH assay was conducted none of the treatments altered LDH release (Figure 

4.5.1).
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Figure 4.5.1:
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Figure 4.5.1: Cytokines do not alter neuronal viability

TNFa, IL-ip, or IFNy (50 |iM) was administered to primary neuronal cultures and (a) 

an Alamar Blue cell viability assay or (b) an LDH assay was carried out after 24 hours. 

A one-way ANOVA demonstrated that none of the treatments significantly altered (a) 

cell viability or (b) LDH release.

Data expressed as means ± SEM (n=7-8).
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4.6 Combined cytokines do not alter neuronal viability

The previous study showed that the individual cytokines IL-ip, TNFa and IFNy did not 

alter cell viability. Other studies have shown that cytokines produce a more profound 

response when given together. The following studies were carried out to assess the 

ability of the pro-inflammatory cytokines TNFa, IL-ip, and IFNy in combination to 

alter cell viability. Vehicle, TNFa, IL-ip, and IFNy (50 ^iM), in combination, were 

administered to primary neuronal cultures for 24 hours. An Alamar Blue cell viability 

assay and an LDH assay were carried out after 24 hours. Complete-NBM was used as a 

control treatment for unstimulated cells.

Combined cytokines do not alter neuronal viability: When an Alamar blue assay was 

conducted the combination of the cytokines TNFa, IL-ip, and IFNy did not 

significantly alter cell viability. Similarly, when an LDH assay was conducted none of 

the treatments altered LDH release (Figure 4.6.1).
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Figure 4.6.1:
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Figure 4.6.1: Combined cytokines do not alter neuronal viability 

TNFa, IL-lp and IFNy (50 ^iM), in combination, were administered to primary neuronal 

cultures and (a) an Alamar Blue cell viability assay or (b) an LDH assay was carried out 

after 24 hours. A one-way ANOVA demonstrated that none of the treatments 

significantly altered (a) cell viability or (b) LDH release.

Data expressed as means ± SEM (n=7-8).
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4.7 Cytokines alter expression of cytokine receptors in neurons

Cytokines alter the expression of other cytokines and their receptors in the body. The 

following studies were carried out to assess the ability o f the pro-inflammatory 

cytokines TNFa, IL-ip, and IFNy to alter expression of cytokine receptors in neurons. 

Vehicle, TNFa, IL-ip, or IFNy (50 |iM) was administered to primary neuronal cultures 

for 6 hours prior to the analysis o f gene expression by RT-PCR. Complete-NBM was 

used as a control treatment for unstimulated cells. Specifically the mRNA expression of 

the pro-inflammatory IL-ip receptor IL -lR l, the anti-inflammatory IL-lp receptor IL- 

1R2, the pro-inflammatory TNFa receptor TNFRl, the anti-inflammatory TNFa 

receptor TNFR2, the IFNy receptors IFNgRl and IFNgR2, were examined.

Cytokines alter expression o f  cytokine receptors in neurons: TNFa significantly 

increased IFNgRl and IFNgR2 mRNA expression. IFNy significantly increased 

TNFRl, and TNFR2 mRNA expression. IL-ip failed to alter mRNA expression and 

there was no effect on IL-lR l or IL-1R2 mRNA (Figure 4.7.1).

Figure 4.7.1: Cytokines alter expression o f cytokine receptors in neurons

TNFa, IL-ip, or IFNy (50 |iM) was administered to primary neuronal cultures for 6 

hours. A one-way ANOVA demonstrated a significant effect of treatment on (c) TNFRl 

[F(3,i8rl3.40, P<0.0001], (d) TNFR2 [F(3,i8)=3.50, P=0.037], (e) IFNgRl [F(3,i8)=3.56, 

P=0.035], and (f) IFNgR2 [Fpjg)=9.56, P=0.0005] mRNA expression. There was no 

effect on (a) IL -lR l or (b) IL-1R2 mRNA. TNFa significantly increased (e) IFNgRl 

and (f) IFNgR2 only. IFNy significantly increased (c) TNFRl and (d) TNFR2 mRNA 

only. IL-Ip had no effect.

Data expressed as means ± SEM (n=3-6), *P<0.05, **P<0.0I, ***P<0.001 vs. control 

(Newman-Keuls post-hoc test).
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Figure 4.7.1:
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4.8 Discussion

4.8.1 P2-AR activation induces an anti-inflammatory profile o f  neuronal cytokine 

receptor expression but does not alter neuronal viability

The P-AR agonist salbutamol, the P2 -AR agonist salmeterol, the pi-AR agonist 

xamoterol, and the cAMP analogue db-cAMP, did not significantly alter neuronal 

viability or LDH release. This is consistent with other in vitro studies which have shown 

that low concentrations o f  NA have no effect on neuronal viability (Fu et a l, 1998). 

Only very high doses o f NA (50-200 )o,M) which are much higher than the equivalent 

doses o f AR agonists used in these studies, can induce progressive neurotoxicity, and 

the ED50 for NA is 150 |xM (Fu et al., 1998). NA can also be protective as it can 

promote long-term survival and function o f dopaminergic neurons in mesencephalic 

cultures (Troadec et al., 2001), and can prevent degeneration o f cholinergic neurons 

subjected to low-level oxidative stress (Traver et al., 2005). However these effects occur 

independently o f  AR activation (Troadec et al., 2001) and neither Pi- nor P2 -AR 

agonists (xamoterol and procaterol, respectively) were able to mimic the effects o f  NA 

(Traver et al., 2005). Interestingly, db-cAMP and other cAMP enhancing agents 

significantly increased the survival o f  postnatal mesencephalic DA neurons in vitro 

(Lara et al., 2003).

Salbutamol, salmeterol, and db-cAMP, but not xamoterol, increased the anti

inflammatory receptor 1L-1R2 and the anti-apoptotic receptor TNFR2. Db-CAMP also 

decreased the pro-inflammatory receptor IL -lR l. Salbutamol and db-cAMP also 

increased IFNgRl. The most dramatic o f  these effects is the increase in 1L-1R2 which 

displays a 15-fold increase in response to salbutamol and salmeterol, and a 40-fold 

increase in response to db-cAMP. Overall these results indicate that activators o f  the p2 - 

AR and pathway promote an anti-inflammatory, anti-apoptotic environment in neuronal 

cultures, while selective Pi-AR activation does not. This induction is consistent with a 

study which shows that NA induces production o f 1L-1R2 but not IL -lR l from primary 

mixed glial cells, and this is coupled with a prevention o f  neurotoxicity in cortical 

primary neurons induced by conditioned medium from IL-lp treated mixed glial cells 

(McNamee et al., 2010).

4.8.2 TNFa, IL-ip, and IFNy do not alter neuronal viability

The pro-inflammatory cytokines TNFa, IL-ip, and IFNy do not alter cell 

viability. This is not consistent with studies showing that TNFa induces in vitro cell
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death in neurons (Williams et al., 2005) and differentiated PC12 cells (Koski et al., 

2004), or that IL-ip treatment can cause retinal neuronal death (Abcouwer et al., 2008), 

partially increase death of neuroblastoma cells at high doses (Bielarczyk et al., 2005), 

and increase apoptosis of NPCs (Wang et al., 2007). However much of the literature 

states that cytokines alone are usually not capable of inducing cell death in pure 

neuronal cultures and that glial activation is required. Indeed many of the studies which 

show cytokine-induced neuronal death are typically either in vivo studies or have used 

mixed glial and neuron cultures. For example, studies have shown that TNFa, via 

neuronal TNFRl and caspase-3 activation, is only neurotoxic in the presence of 

microglia or microglial-CM (Taylor et al., 2005), and in primary cultures of rat 

mesencephalon TNFa induced toxicity which was selective for DA neurons and did not 

affect glial viability (McGuire et al., 2001). Similarly, IL-ip increased NMDA- and 

glutamate-induced hippocampal neuron death in co-cultures of mixed neurons and 

microglia in a process that did not require that activated glia be in cell-to-cell contact 

with the neurons and was dependent on IL-lRl (Ma et al., 2002). IFNy has been shown 

to induce neuronal death, although again the presence of glia is required. For example, 

in vitro studies on mixed microglia and midbrain neuron cultures showed that IFNy 

resulted in dopaminergic cell loss (Mount et al., 2007). Interestingly, IFNy can also 

occasionally have a beneficial effect as pre-treatment of hippocampal cell cultures with 

IFNy protects neurons against glutamate-induced death by increasing recovery of 

intracellular Ca^  ̂concentrations (Lee et al., 2006).

TNFa, IL-ip, and IFNy in combination also did not alter neuronal viability. 

Other studies have shown that combining a number of cytokines together can induce 

cell death, although again glial activation is required. For example, co-treatment of 

neuron-astrocyte cultures with IL-ip and IFNy induced expression of TNFa and 

resulted in neuronal death (Downen et a l, 1999), and TNFa and IL-ip from Ap- 

activated microglia increased cell death in a neuroblastoma cell line (Chiarini et al.,

2006). Also IFNy induced TNFa secretion in microglia co-cultured with astrocytes, and 

this IFNy and TNFa activation of microglia inhibited AP degradation (Yamamoto et al.,

2007). The combination of three major pro-inflammatory cytokines IL-ip, TNFa and 

IFNy, caused astrocytes to express iNOS and make dangerously large amounts of NO 

via MAPKs (Chiarini et al., 2006), which is known to induce neuronal death.
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4.8.3 Cytokines induce neuronal cytokine receptor expression

The pro-inflammatory cytokines TNFa and IFNy induced expression of 

neuronal cytokine receptors. In particular, TNFa induced expression o f the IFNy 

receptors IFNgRl and IFNgR2, and IFNy induced expression o f the TNFa receptors 

TNFRl and TNFR2. This shows that the cytokines are capable of inducing the 

expression of receptors o f other cytokines, implying cross-talk between the signalling 

pathways. This is consistent with a study on two human neuroblastoma cell lines 

showing that IFNy increased TNFR expression to a different extent in both cell lines; 

IFNy induced TNFRl in the GI-LI-N line but it induced TNFR2 in the LAN-5 line. In 

contrast to this TNFa had no effect on IFNgR expression in either cell line (Montaldo et 

al., 1994). TNFa and IFNy also up-regulated transcription of TNFRl in the human 

oligodendroglial cell lines HOG and M03.13 (Buntinx et al., 2004b).

However, unlike the following studies, the results in this section did not find any 

alteration caused by IL-ip or on IL-lRs. IL-lp and TNFa induce expression of IL-lRl 

in astrocytes and neurons in vitro (Friedman, 2001). In mouse pulmonary epithelial cells 

IL-ip increased soluble and surface TNFR2. This effect was dependent on TNFRl 

expression and did not occur until 24 hours after IL-ip treatment, indicating effects 

were post-transcriptional (Saperstein et al., 2009). In a mouse organ culture assay model 

of mouse airways, IL-ip increased the mRNA and protein expression of IL-lRl in the 

epithelial cells and TNFRl and TNFR2 in the epithelial cells and smooth muscle cells, 

suggesting a transcriptional mechanism. Also, TNFR2 expression was increased after 1 

day, while TNFRl expression only increased after 4 days (Cardell et al., 2008). As the 

studies conducted in this section measured mRNA expression at 6 hours, this could 

explain why no IL-1 p induced up-regulation of cytokine receptor expression was found. 

Future studies could examine later time points to determine whether or not an alteration 

in cytokine receptor expression is seen at 24 or 48 hours.

4.8.4 Conclusion

The primary finding of these studies was that Pa-AR agonists and db-cAMP are 

capable of increasing and decreasing the expression of neuronal cytokine receptors in a 

manner that promotes an anti-inflammatory and anti-apoptotic environment. This is an 

important finding as it indicates that P2-AR agonists and db-cAMP could help protect 

neuronal cultures from pro-inflammatory or neurotoxic agents. These studies also 

showed that cytokines are capable o f inducing the expression of the receptors for other
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cytokines, emphasising the existence o f complex signalling pathways between the 

cytokines during an inflammatory response. However the expression o f these cytokine 

receptors was only examined at the mRNA level, therefore future studies could examine 

the effect of cytokines, P2-AR agonists, and db-cAMP on the levels of protein 

expression of these cytokine receptors to ensure that the transcriptional effects seen here 

are maintained to the translation level. These studies showed that cytokines failed to 

induce neuronal death in primary neuronal cultures. This is not unusual as many other 

studies show that glial activation is necessary to induce neuronal death. The next step is 

to investigate the direct effect of thrombin and Ap on neurons and the role of glia in 

inducing neuronal death.
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5. The efTect of thrombin and Ap on neurons 

5.1 Introduction

The studies described in Chapter 3 o f this thesis showed that thrombin, and to a 

lesser extent Ap, are capable o f directly activating glial cells to induce the production of 

numerous inflammatory molecules including the cytokines IL-ip and TNFa, and that P- 

AR activation is capable of dramatically reducing this inflammatory response. However 

the studies described in Chapter 4 of this thesis showed that IL-ip, TNFa, and IFNy, 

either alone or in combination, were not sufficient to alter neuronal viability. It was 

hypothesised that other soluble factors might be responsible as studies have shown that 

soluble factors produced by activated microglia can be cytotoxic to neurons (Flavin et 

al., 1997a, Flavin et al., 1997b). CM transfer systems are routinely used to examine the 

effect o f soluble factors released from glial cells on neuronal function. This 

experimental approach ensures that soluble factors are transferred but no cell-cell 

contact is possible. Neuronal cultures exposed to CM from stimulated macrophages or 

microglial cultures induced an increase in the number o f apoptotic neuronal cells, while 

CM from fibroblast or astrocyte cultures did not (Flavin et al., 1997a), showing that 

microglial and macrophage derived soluble factors induce apoptosis in neuronal 

cultures. Dialysis o f the CM, with a 3500 or a 50000 molecular weight cut-off, provided 

a retentate which produced the same apoptotic effect as non-dialysed CM, and trypsin 

digestion prevented this indicating that the soluble factors are proteins between 3500 

and 50000 molecular weight and that they are susceptible to trypsin. In addition, even 

after storing for up to two weeks at -20°C, CM continued to exert effects, demonstrating 

that the candidate factors are both potent and stable. Potentially cytotoxic molecules 

secreted by macrophages include ROS, TNFa, glutamate, quinolinate, thromboxane A2, 

proteases and lipases (Flavin et al., 1997a). Treating macrophages with dexamethasone, 

a potent anti-inflammatory glucocorticoid, prevented the toxic effect induced by 

macrophage CM in neurons, while indomethacin, a nonsteroidal anti-inflammatory 

agent, and the anti-inflammatory cytokine TGFp had a similar but less profound 

protective effect (Flavin et al., 1997b), indicating that the toxic mediators are 

inflammatory in nature.

The studies in this chapter were carried out to assess the effect of thrombin and 

Ap on neuronal viability, either by direct treatment o f the neurons or by the addition of 

media from thrombin- or Ap-activated glial cells, and to investigate the effect of P-AR

192



Chapter 5: The effect o f thrombin and Afi on neurons

activation on thrombin- or Ap-induced changes in neuronal viability. Thrombin and Ap 

have been reported to be directly toxic to neurons and a wide range of studies have 

shown that neuronal apoptosis can be induced by thrombin (Rao et al., 2007, Park and 

Jin, 2008, Sanchez et al., 2009, Thirumangalakudi et al., 2009), and Ap (Moore and 

O'Banion, 2002, Walsh et al., 2002). Glial-mediated neurotoxicity is also an important 

driver o f neurological damage in AD, PD, and stroke. In AD, neurotoxicity is dependent 

on glial activation, which results in the induction o f iNOS and inflammatory cytokines 

such as IL-ip and TNFa (Akama and Van Eldik, 2000). Also, the potency o f Ap* 

induced neurotoxicity on cultured neurons was increased dramatically in the presence of 

microglia, with this increase being primarily attributed to microglial activation (Liu and 

Hong, 2003). In studies using thrombin as an inflammatory stimulus, microglial 

activation preceded neuronal loss (Huang et al., 2008b), and neuronal loss was reduced 

by inhibition of microglial activation (Fujimoto et al., 2007). Also reducing the number 

of microglia present, using a macrophage depletion method, protected the neurons from 

cytotoxicity (Katsuki et al., 2006). This indicates that microglia play an important role 

in thrombin- and AP-induced neuronal cell death. The experiments in this chapter used 

a CM transfer system to investigate the effect that soluble factors released from glia in 

response to thrombin and Ap treatment have on neuronal viability. Many CM studies 

have shown that glial inflammation is toxic to neurons. For instance, treatment of 

microglia with LPS induced cell death in neurons (Munch et al., 2003) and in PC 12 

cells, a model for dopamine neurons (Wang et al., 2005). However, one CM study 

showed that LPS-induced inflammation did not affect neuronal viability (Gibbons and 

Dragunow, 2006), while another showed that CM from glia treated with LPS can have 

neurotoxic and neuroprotective actions on neurons, depending on dosage (Li et al., 

2007). It also appears that neurotoxicity is mediated by microglial activation, while 

astrocytes have a suppressive role in this process, as the addition o f microglia but not 

astrocytes to neuronal cultures dramatically increases LPS-induced neurotoxicity (Wang 

et al., 2005).

In these studies it was expected that CM from glial cells treated with thrombin 

or Ap would decrease neuronal viability. However it was shown that CM from glial 

cells treated with Ap did not alter neuronal viability, while CM from glial cells treated 

with thrombin actually increased neuronal viability. It was hypothesised that this 

increase may occur as a result of the production of neurotrophic factors or anti-
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inflammatory cytokines induced by thrombin specifically. CM studies have shown that 

the release of the neurotrophic factors GDNF and NGF, and the anti-inflammatory 

cytokines IL-10 and TGFp, from glia, is protective to neurons (Hashimoto et al., 2005, 

Nakajima et al., 2007, Cacci et al., 2008). GDNF is one o f the most potent neurotrophic 

factors and is a survival factor for midbrain dopaminergic neurons and motoneurons in 

the CNS (Lin et al., 1993, Verity et al., 1999, Sariola and Saarma, 2003), while NGF is 

essential for the proliferation, differentiation, and survival o f neuronal and non-neuronal 

cells (Dechant and Neumann, 2002, Chao et al., 2006). IL-10 is a potent anti

inflammatory cytokine which inhibits cytokine-induced production of TNFa, IL-ip, and 

IFNy, chemokines, and MHC-class-Il expression, thus negatively regulating 

inflammation (Bogdan et al., 1992, Sheng et al., 1995, Denys et al., 2002, Ledeboer et 

al., 2002, Mosser and Zhang, 2008). It also has direct trophic actions on neurons (Zhou 

et al., 2009). TGFp is an anti-inflammatory cytokine known to regulate macrophage 

activity (Flavin et al., 1997b), and it inhibits CD40-induced IFNy expression (Nguyen et 

al., 1998), LPS-induced TNFa production (Bogdan et al., 1992), and endotoxin-induced 

NO production from glia (Vincent et al., 1997). TGFp also promotes neuronal survival 

and, although it is most likely not neurotrophic by itself, it is required to promote the 

survival o f neuron populations that is induced by neurotrophins such as GDNF (Mehler 

and Kessler, 1997, Krieglstein et al., 2002).

It was also hypothesised that the thrombin-induced increase in neuronal viability 

may occur as a result o f modulation of neuronal cytokine receptor expression induced 

by thrombin specifically. This hypothesis was based on studies which have shown that 

the pro-inflammatory molecule LPS can alter cytokine receptor expression. For 

example, LPS increases IL -lR l expression in the hippocampus, and this increase is 

blocked by IL-4 (Barry et al., 2005). However, the studies on the effect o f LPS on 

TNFRs are contradictory, as some studies indicate that LPS induces TNFRI, but not 

TNFR2, in neurons (Wen et al., 2006) and in the olfactory bulb (Mori et al., 2005), 

while another states that LPS induces TNFR2 but not TNFRl in the mouse brain (Bette 

et al., 2003). Another study states that TNFRl is induced in virtually all neurons and in 

non-neuronal cells, while TNFR2 is only expressed and increased in non-neuronal cells 

(Li et al., 2004),. If thrombin and Ap alter cytokine receptor expression on neurons it 

could make the neurons more, or less, susceptible to the actions of cytokines and the 

associated inflammatory response.
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P2 -AR agonists, by increasing intracellular cAMP concentrations, have anti

inflammatory actions (Feinstein et al., 2002). Studies from Chapters 3 and 4 of this 

thesis showed that the P-AR agonist, salbutamol, the P2 -AR agonist, salmeterol, and the 

cAMP analogue, db-cAMP, promoted an anti-inflammatory environment by decreasing 

thrombin- or Ap-induced expression of pro-inflammatory cytokines, chemokines and 

CAMs in glial cultures, and increasing expression of the anti-inflammatory IL-1R2 and 

the anti-apoptotic TNFR2 in neuronal cultures. The second objective o f this section was 

to investigate if P2 -AR agonists were capable of altering the increase in neuronal 

viability that was induced by thrombin treated glial cells. This hypothesis was based on 

studies which have shown that NA protects against glial-induced neuronal cell death: 

For example, co-treatment of microglia with NA significantly reduced neuronal cell 

death in response to treatment with LPS CM by blocking IL-ip production from glia, 

and dramatically decreasing the amount of NO induced in neurons by LPS CM 

(Madrigal et al., 2005). A follow up study by the same group (Madrigal et al., 2006) 

showed that NA reduced LPS-CM-induced neuronal cell death, whether it was added to 

the microglia or the neurons. However neuronal iNOS expression in response to LPS- 

CM was reduced by 70% when NA was added to the microglia, but it was only reduced 

by 35% when NA was added to the neurons, indicating that NA is more effective when 

used on microglia than when used directly on neurons (Madrigal et al., 2006).

The objective of this section was to investigate whether direct treatment with 

thrombin or Ap, or CM from mixed glial cells treated with thrombin or Ap, could 

induce neurotoxicity in primary neuronal cultures, and to examine neuroprotective 

effects o f P2 -AR agonists. However, once it was observed that thrombin CM increased 

neuronal viability, thrombin or AP treated glial cultures were examined to determine 

whether there were neurotrophic factors or anti-inflammatory cytokines present. It was 

also investigated whether it was microglia or astrocytes which were the producers of 

these molecules, and whether thrombin or AP could alter neuronal cytokine receptor 

expression. The next objective was to investigate the effect o f P-AR agonists and db- 

cAMP on neuronal viability in response to CM treatment. Both pre-treatment o f the glia 

and the neurons with these agents was examined to determine whether any beneficial 

effects were mediated via modulating glial cell function or via direct actions on the 

neurons. The release of neurotrophic factors or anti-inflammatory cytokines from glial 

cells treated with P-AR agonists or db-cAMP was also examined.
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5.2 Thrombin and Ap do not alter neuronal viability

The following studies were carried out to assess the ability of thrombin and AP to alter 

neuronal viability. Vehicle, thrombin (20 U/ml), or Ap (2.5 ^M) was administered to 

primary neuronal cultures for 24 hours. An Alamar Blue cell viability assay and an 

LDH assay were carried out after 24 hours. Complete-NBM was used as a control 

treatment for unstimulated cells.

Thrombin and Afi do not alter neuronal viability: When an Alamar blue assay or an 

LDH assay was conducted thrombin and AP did not significantly alter cell viability or 

LDH release (Figure 5.2.1).
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Figure 5.2.1:
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Figure 5.2.1: Thrombin and Aff do not alter neuronal viability

Thrombin (20 U/ml) or Ap (2.5 i^M) was administered to primary neuronal cultures and 

(a) an Alamar Blue cell viability assay or (b) an LDH assay was carried out after 24 

hours. A one-way ANOVA demonstrated that none of the treatments significantly 

altered (a) cell viability or (b) LDH release.

Data expressed as means ± SEM (n=7-8).
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5.3 Conditioned media (CM ) from glial cells treated with thrombin, but not Ap, 

increases neuronal viability

Studies indicate that soluble factors produced by glia in response to an inflammatory 

stimulus can be cytotoxic to neurons (Flavin et a!., 1997a, Flavin et al., 1997b). The 

following studies were carried out to assess the ability of thrombin- or Ap-CM to alter 

neuronal viability. Thrombin (20 U/ml) or Ap (2.5 pM) was administered to cortical 

mixed glial cultures for 24 hours. This CM was then filtered and transferred to cortical 

neuronal cultures for 24 hours. CM from unstimulated glial cells was used as a control 

treatment for unstimulated neurons. An Alamar blue cell viability assay was carried out 

after 24 hours. CM from unstimulated glial cells had already been shown not to 

significantly alter neuronal viability (Glial-CM 100 ± 8.88 vs. non-CM 116 ± 9.41; data 

expressed as Mean ± SEM, n=8).

Thrombin-, but not Afi-, CM increases neuronal viability: When an Alamar blue assay 

was conducted, CM from glial cells treated with thrombin, but not Ap, significantly 

increased neuronal viability (Figure 5.3.1). For this reason the remaining experiments 

were conducted using thrombin-CM.
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Figure 5.3.1:
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Figure 5.3.1: Thrombin-, but not Afi-, CM increases neuronal viability

CM from glial cells treated with thrombin (20 U/ml) or Ap (2.5 p,M) was administered 

to primary neuronal cultures for 24 hours, after which an Alamar blue cell viability 

assay was carried out. A student’s t-test demonstrated that (a) thrombin-CM increases 

neuronal viability (P=0.031) with an Alamar blue cell viability assay, (b) AP CM did 

not alter neuronal viability.

Data expressed as means ± SEM (n=7-8). *P<0.05 vs. control (Student’s t-test).
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5.4 Thrombin, but not Ap, induces neurotropliic factors and anti-inflammatory 

cytoldnes in mixed glial, astrocyte, and microglial cultures

The previous studies showed that thrombin-CM increased neuronal viability. It was 

hypothesised that this increase in neuronal viability could be due to the presence of 

neurotrophic factors that promote neuronal survival or anti-inflammatory cytokines that 

combat the actions of pro-inflammatory cytokines in the CM. The following studies 

were carried out to assess the ability o f thrombin and AP to induce expression of 

neurotrophic factors and anti-inflammatory cytokines in mixed glial, astrocyte and 

microglial cultures. Vehicle, thrombin (20 U/ml), or AP (2.5 jiM) was administered to 

mixed glial cultures for 6 hours. Vehicle or thrombin (20 U/ml) was also administered 

to enriched astrocyte and microglial cultures for 6 hours. Complete-DMEM:F12 was 

used as a control treatment for unstimulated cells. Cells were harvested after 6 hours for 

the analysis o f gene expression by RT-PCR. Specifically, the mRNA expression o f the 

neurotrophic factors, GDNF and NGPp, and the anti-inflammatory cytokines, IL-10 and 

TGPp, were examined.

Thrombin induces neurotrophic factors and anti-inflammatory cytokines in mixed glial 

cultures: Thrombin significantly increased GDNF, NGFp, IL-10, and TGFP mRNA 

expression in mixed glial cultures (Figure 5.4.1).

Thrombin induces neurotrophic factors and anti-inflammatory cytokines in astrocytes 

and microglia: Thrombin significantly increased GDNF, NGFp, IL-10 and TGFp 

mRNA expression in astrocyte cultures. Thrombin significantly increased IL-10 and 

NGFp mRNA expression, but not GDNF or TGFp, in microglial cultures (Figure 5.4.2). 

The thrombin-induced increase in microglial cultures was to a much lesser extent than 

the thrombin-induced increase in mixed glial or astrocyte cultures.

Af) induces some anti-inflammatory cytokines, but not neurotrophic factors, in mixed 

glial cultures: AP significantly increased TGFP mRNA expression, but not GDNF, 

NGFp, or IL-10 mRNA, in mixed glial cultures (Figure 5.4.3).
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Figure 5.4.1:
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Figure 5.4.1: Thrombin induces neurotrophic factors and anti-inflammatory 

cytokines in mixed glial cells

Thrombin (20 U/ml) was administered to mixed glial cells for 6 hours. A student t-test 

revealed a significant effect o f thrombin treatment in (a) GDNF (P<0.0001), (b) NGFp 

(P<0.0001), (c) IL-10 (P=0.0001), and (d) TGFp (P=0.0011) mRNA expression. 

Thrombin significantly increased (a) GDNF, (b) NGFP, (c) IL-10, and (d) TGFp mRNA 

expression.

Data expressed as means ± SEM (n=5-6), **P<0.01, ***P<0.001 vs. control (Student t- 

test).
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Figure 5.4.2:
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Figure 5.4.2: Thrombin induces neurotrophic factors and anti-inflammatory 

cytokines in astrocytes and microglia

Thrombin (20 U/ml) was administered to astrocyte or microglial cultures for 6 hours. In 

astrocytes, a student t-test revealed a significant effect o f thrombin treatment in (a) 

GDNF (P<0.0001), (b) NGFp (P<0.0001), (c) IL-10 (P<0.0001), and (d) TGFp 

(P<0.0001) mRNA expression. In microglia, a student t-test revealed a significant effect 

of thrombin treatment in (c) IL-10 (P=0.0002) and (b) NGFp (P=0.049) mRNA 

expression, but not (a) GDNF or (d) TGFp.

Data expressed as means ± SEM (n=5-6), *P<0.05, ***P<0.001 vs. control (Student t- 

test).
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Figure 5.4.3:
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Figure 5.4.3: Afi induces anti-inflammatory cytokines, but not neurotrophic factors, 

in mixed glial cells

Ap (2.5 )xM) was administered to mixed glial cells for 6 hours. A student t-test revealed 

a significant effect o f AP treatment in (d) TGFP (P=0.0001) mRNA expression, but not 

(a) GDNF, (b) NGFP, (c) IL-10 mRNA expression.

Data expressed as means ± SEM (n=5-6), ***P<0.001 vs. control (Student t-test).
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5.5 Thrombin, but not Ap, alters neuronal cytokine receptor expression

It was hypothesised that the thrombin-induced increase in neuronal viability may also 

occur as a result of modulation of neuronal cytokine receptor expression induced by 

thrombin specifically. The following studies were carried out to assess the ability of 

thrombin and AP to induce cytokine receptor expression in neurons. Vehicle, thrombin 

(20 U/ml), or Ap (2.5 |iM) was administered to primary neuronal cultures for 6 hours 

prior to the analysis of gene expression by RT-PCR. Complete-NBM was used as a 

control treatment for unstimulated cells. Specifically the mRNA expression of the pro- 

inflammatory IL-ip receptor IL-lRl, the anti-inflammatory IL-lp receptor 1L-1R2, the 

pro-inflammatory TNFa receptor TNFRl, the anti-inflammatory TNFa receptor 

TNFR2, and the IFNy receptors IFNgRl and IFNgR2, were examined.

Thrombin, but not Ap, alters neuronal cytokine receptor expression: Thrombin 

significantly increased neuronal expression of IL-1R2, TNFR2, and lFNgR2 mRNA, 

and ’it significantly decreased TNFRl and IFNgRl mRNA, but failed to alter IL-lRl 

mRNA. Ap did not alter IL-lRl, IL-1R2, TNFRl, TNFR2, IFNgRl, or IFNgR2 mRNA 

expression (Figure 5.5.1).

Figure 5.5.1: Thrombin, but not Ap, alters neuronal cytokine receptor expression 

Thrombin (20 U/ml) or Ap (2.5 ^M) was administered to primary neuronal cultures for 

6 hours. A one-way ANOVA demonstrated a significant effect of treatment on (b) IL- 

1R2 [ F ( 2 , i 5 ) = 9 . 1 5 ,  P=0.0025], ( c )  TNFRl [F(2,i5)=21.76, P<0.0001], (d) TNFR2 

[F(2.i5)=192.50, P<0.0001], (e) IFNgRl [F(2,i5)=25.20, P<0.0001], and (f) IFNgR2 

[F(2,i5)=11.48, P=0.0009] mRNA expression. There was no effect on (a) IL-lRl mRNA. 

Thrombin significantly increased (b) IL-1R2, (d) TNFR2, and (f) IFNgR2 mRNA, and 

it significanfly decreased (c) TNFRl and (e) IFNgRl mRNA expression. AP had no 

effect.

Data expressed as means ± SEM (n=6), **P<0.01, ***P<0.001 vs. control (Newman- 

Keuls post-hoc test).
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Chapter 5: The effect o f  thrombin and AP on neurons

5.6 The effect of CM from glial cells pre-treated with the P-AR agonists, 

salbutamol and salmeterol, or the cAMP analogue db-cAMP, then treated with 

thrombin, on neuronal viability

Studies indicate that P2 -ARS, by increasing intracellular cAMP concentrations, have 

anti-inflammatory and neurotrophic actions (Furukawa et al., 1989, Verity et al., 1999, 

Eijkelkamp et al., 2004, Frieri and Capetandes, 2008). The following studies were 

carried out to assess the ability of CM from glial cells pre-treated with the P-AR agonist 

salbutamol, the P2 -AR agonist salmeterol, and the cAMP analogue db-cAMP, then 

treated with thrombin, to alter neuronal viability. Vehicle, salbutamol (10 |iM), 

salmeterol (10 |iM), or db-cAMP (300 ^M) was administered to cortical mixed glial 

cultures for 2 hours prior to administration o f thrombin (20 U/ml) for 24 hours. This 

CM was then filtered and transferred to cortical neuronal cultures for 24 hours. CM 

from unstimulated glial cells was used as a control treatment for unstimulated neurons. 

An Alamar blue cell viability assay was carried out after 24 hours.

Pre-treatment o f  glia with salbutamol, salmeterol, and db-cAMP augments the effect o f  

thrombin-CM on neuronal viability: When an Alamar blue assay was conducted the 

thrombin-CM from glial cells increased neuronal viability. CM from the glial cells pre- 

treated with salbutamol, salmeterol, and db-cAMP only did not significantly alter 

neuronal viability, however when they were combined with thrombin there was an 

increase in neuronal viability. CM from the glial cells pre-treated with salbutamol, 

salmeterol, and db-cAMP, then treated with thrombin, significantly augmented the 

thrombin-induced increase in neuronal viability (Figure 5.6.1).
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Figure 5.6.1:
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Figure 5.6.1: Pre-treatment o f glia with salbutamol, salmeterol, and db-cAMP 

augments the effect o f thrombin CM on neuronal viability

CM from glial cells pre-treated with salbutamol (10 nM), salmeterol (10 |jM), or db- 

cAMP (300 )jM) for 2 hours, and then treated with thrombin (20 U/ml) for 24 hours, 

was administered to primary neuronal cultures. An Alamar blue cell viability assay was 

carried out after 24 hours. A two-way ANOVA demonstrated a significant effect of 

thrombin treatment (F(i 40)=44.99, P<0.0001) and a significant effect of pre-treatment 

(F(3,40)=4.86, P=0.0056). CM from glia treated with thrombin, with or without 

salbutamol, salmeterol or db-cAMP, increased neuronal viability. Salbutamol, 

salmeterol, and db-cAMP significantly augmented this increase.

Data expressed as means ± SEM (n=6). *P<0.05, **P<0.01 vs. control, +P<0.05, 

++P<0.01 vs. thrombin (Fisher’s LSD post-hoc test).
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5.7 The effect of CM from glial cells treated with thrombin on neuronal viability 

when the neurons were pre-treated with salbutamol, salmeterol, or db-cAMP

The previous study showed that the pre-treatment of glia with salbutamol, salmeterol, or 

db-cAMP augmented the effect of thrombin-CM on neuronal viability. The following 

studies were carried out to assess the ability of pre-treating the neurons with salbutamol, 

salmeterol, and db-cAMP, to alter neuronal viability in response to treatment with 

thrombin- CM. Vehicle or thrombin (20 U/ml) was administered to cortical mixed glial 

cultures for 24 hours. Vehicle, salbutamol (10 |aM), salmeterol (10 ^M), or db-cAMP 

(300 nM) was administered to cortical neuronal cultures for 2 hours. This was then 

removed and the CM from the glial cells was filtered and transferred to cortical 

neuronal cultures for 24 hours. CM from unstimulated glial cells was used as a control 

treatment for unstimulated neurons. An Alamar blue cell viability assay was carried out 

after 24 hours.

Pre-treatment o f neurons with salbutamol, salmeterol, or db-cAMl^ does not alter the 

increase in neuronal viability induced by thrombin-CM: When an Alamar blue assay 

was conducted the thrombin-CM from glial cells increased neuronal viability. Pre

treatment of the neurons with salbutamol, salmeterol, or db-cAMP did not significantly 

alter neuronal viability (Figure 5.7.1).
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Figure 5.7.1:
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Figure 5.7.1: Pre-treatment o f neurons with salbutamol, salmeterol, or db-cAMP does 

not alter the increase in neuronal viability induced by thrombin-CM

CM from glial cells treated with thrombin (20 U/ml) for 24 hours, was administered to 

primary neuronal cultures which had been pre-treated with salbutamol (10 |xM), 

salmeterol (10 jxM), or db-cAMP (300 |xM) for 2 hours. An Alamar blue cell viability 

assay was carried out after 24 hours. A two-way ANOVA demonstrated a significant 

effect of thrombin treatment (F(i,40)=73.30, P<0.0001). Thrombin CM, regardless of 

neuronal pre-treatment, significantly increased neuronal viability.

Data expressed as means ± SEM (n=6). *?<0.05, **P<0.01 vs. control (Fisher’s LSD 

post-hoc test).

209



Chapter 5: The effect o f thrombin and Afi on neurons

5.8 The efTect of salbutamol, salmeterol, and db-cAMP on the thrombin-induced 

increase in neurotrophic factors and anti-inflammatory cytokines

The previous studies showed that the pre-treatment of glia, but not neurons, with 

salbutamol, salmeterol, and db-cAMP augmented the thrombin-CM-induced increase in 

neuronal viability, and that thrombin induced expression of neurotrophic factors and 

anti-inflammatory cytokines. It was hypothesised that the augmentation in neuronal 

viability induced by salbutamol, salmeterol, and db-cAMP could be due to an 

augmentation of thrombin-induced neurotrophic factors or anti-inflammatory cytokines. 

The following studies were carried out to assess the ability of salbutamol, salmeterol, 

and db-cAMP to alter the thrombin-induced increase in neurotrophic factors and anti

inflammatory cytokines. Vehicle, salbutamol (10 (iM), salmeterol (10 |aM), or db- 

cAMP (300 |xM) was administered to cortical mixed glial cultures 2 hours prior to the 

administration of vehicle or thrombin (20 U/ml). Complete-DMEM:F12 was used as a 

control treatment for unstimulated cells. Cells were harvested after 6 hours for the 

analysis of gene expression by RT-PCR. Specifically, the mRNA expression of the 

neurotrophic factors, GDNF and NGpp, and the anti-inflammatory cytokines, lL-10 and 

TGPp, were examined.

Salbutamol and dh-cAMP significantly augment the thrombin-induced increase in 

GDNF and NGFfi, hut salmeterol only augments the thrombin-induced increase in 

GDNF in mixed glial cells: Salbutamol, salmeterol, and db-cAMP significantly 

increased GDNF and NGPp mRNA expression. Salbutamol and db-cAMP significantly 

augmented the thrombin-induced increase in GDNF and NGpp mRNA expression, but 

salmeterol only augmented the thrombin-induced increase in GDNF mRNA expression 

(Figure 5.8.1).

Salbutamol and db-cAMF, but not salmeterol, augment the thrombin-induced increase 

in the anti-inflammatory cytokines, IL-IO and TGFf}, in mixed glial cells: Salbutamol, 

salmeterol, and db-cAMP did not alter IL-IO mRNA expression. Salbutamol and db- 

cAMP but not salmeterol significantly increased TGPp mRNA expression. Salbutamol 

and db-cAMP, but not salmeterol, significantly augmented the thrombin-induced 

increase in IL-IO and TGFp mRNA expression (Figure 5.8.2).
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Figure 5.8.1: Salbutamol, salmeterol, and db-cAMP augment the thrombin-induced 

increase in GDNF and NGFp in mixed glial cells

Salbutamol (10 |iM), salmeterol (10 |^M), or db-cAMP (300 )xM) were administered to 

mixed glial cells 2 hours prior to thrombin (20 U/ml) administration for 6 hours. A two- 

way ANOVA was used to analyse the data, (a) With salbutamol, there was a significant 

effect o f thrombin treatment in GDNF [F(i i9)=12.56, P=0.0022] and NGpp 

[F(i,20)=81.25, P<0.0001] mRNA expression, and a significant effect of salbutamol 

treatment in GDNF [F(,,i9)=147.56, P<0.0001] and NGFp [F(i,20)=33.00, P<0.0001] 

mRNA expression, (b) With salmeterol, there was a significant interaction effect 

between salmeterol pre-treatment and thrombin treatment in GDNF [F(i i7)=36.47, 

P<0.0001] and NGFp [F(i,20)=5.51, P=0.029] mRNA expression, (c) With db-cAMP, 

there was a significant effect o f thrombin treatment in GDNF [F(i j9)=26.63, P<0.0001] 

and NGFp [F(i^20)=210.80, P<0.0001] mRNA expression, and a significant effect of db- 

cAMP treatment in GDNF [F(i_i9)=133.67, P<0.0001] and NGFp [F(i 20)=103.64, 

P<0.0001] mRNA expression.

Data expressed as means ± SEM (n=5-6), *P<0.05, **P<0.01 vs. control, ++P<0.01 vs. 

thrombin (20 U/ml) (Newman-Keuls post-hoc test).
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Figure 5.8.1:
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Figure 5.8.2: Salbutamol and db-cAMP, but not salmeterol, augment the thrombin- 

induced increase in IL-10 and TGFp in mixed glial cells

Salbutamol (10 ^M), salmeterol (10 |aM), or db-cAMP (300 |o.M) was administered to 

mixed glial cells 2 hours prior to thrombin (20 U/ml) administration for 6 hours. A two- 

way ANOVA was used to analyse the data, (a) With salbutamol, there was a significant 

interaction effect between salbutamol pre-treatment and thrombin treatment in IL-10 

[F(i,20)==17.21, P=0.0005] mRNA expression, and there was a significant effect o f 

salbutamol treatment only in TGFp [F(i 20)=23.47, P<0.0001] mRNA expression, (b) 

With salmeterol, there was a significant effect o f thrombin treatment only in IL-10 

[F(i,i7)=124.30, ?<0.0001] and TGFp [F^i,20)=6.71, P=0.018] mRNA expression, (c) 

With db-cAMP, there was a significant interaction effect between db-cAMP pre

treatment and thrombin treatment in IL-10 [F(i,i9)=42.56, P<0.0001] mRNA expression, 

and a significant effect of db-cAMP treatment only in TGFp [F(i,20)=41.22, P<0.0001] 

mRNA expression.

Data expressed as means ± SEM (n=5-6), *P<0.05, **P<0.01 vs. control, +P<0.05, 

++P<0.01 vs. thrombin (20 U/ml) (Newman-Keuls post-hoc test).
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Figure 5.8.2:
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5.9 Discussion

5.9.1 Thrombin and Afi did not directly alter neuronal viability

Thrombin and Ap did not alter neuronal viability or LDH release. This is in 

contradiction to a wide range of in vitro studies that have shown that thrombin induces 

neuronal apoptosis and results in neuronal cell death (Rao et al., 2007, Park and Jin, 

2008, Sanchez et al., 2009, Thirumangalakudi et al., 2009), and that AP can directly kill 

neurons (Moore and O'Banion, 2002, Walsh et al., 2002). However many other studies 

have suggested that thrombin or Ap alone are not sufficient to induce neuronal death 

and that it is necessary to use co-culture systems, growing the neurons in the presence 

of astrocytes or microglia. For example, treatment o f co-cultures of neurons and 

microglia with thrombin results in the cell death of neurons (Lee et al., 2005, Lee da et 

al., 2006, Huang et al., 2008a). Also mixed neuron and astrocyte cultures showed that 

low doses o f thrombin (1 and 2 U/ml) did not induce cell death, while doses greater than 

5 U/ml resulted in a dose-dependent release of LDH, indicating rising levels of cell 

death (Hua et al., 2007). Other studies state that Ap-induced neurotoxicity is dependent 

on glial activation and the resulting induction o f iNOS and inflammatory cytokines 

(Akama and Van Eldik, 2000), and that neuronal death increases dramatically in the 

presence of microglia, with this increase being primarily attributed to microglial 

activation (Liu and Hong, 2003). Due to this, the following experiments used CM 

transfer systems.

5.9.2 CM from glial cells treated with thrombin, but not Ap, increases neuronal 

viability

In these studies it was expected that CM from glial cells treated with thrombin 

or Ap would decrease neuronal viability. This hypothesis was based on the findings in 

Chapter 3 of this thesis that showed that thrombin and Ap induced a significant 

inflammatory response in cultured glial cells, on a study which showed that CM from 

microglial cultures treated with thrombin induced degeneration o f dopaminergic 

neurons, with this cell death being prevented by inhibiting microglial activation (Lee et 

al., 2005), and on studies which showed that CM from microglia cultures which had 

been treated with Ap caused apoptosis in cortical neurons in a process that was 

dependent on iNOS and TNFa (Combs et al., 1999, Combs et al., 2001). However in 

this study CM from glial cells treated with AP did not alter neuronal viability, while CM 

from glial cells treated with thrombin actually increased neuronal viability. This is
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consistent with other CM studies which have shown that CM from astrocyte cultures 

treated with thrombin promoted the survival o f human hybrid neurons (Ishida et al., 

2006), and that CM obtained from PAR-activated astrocytes similarly protected cortical 

neurons (Wang et al., 2007). This is also consistent with studies which showed that CM 

from mixed glial cultures which had been treated with Ap did not cause apoptosis, while 

CM from microglia only cultures which had been treated with Ap caused apoptosis in 

hippocampal neurons, indicating that astrocytes could play a role in preventing 

apoptosis (von Bemhardi and Eugenin, 2004). Together these studies indicate that 

microglia are responsible for inducing neurotoxic effects in neurons, while astrocytes 

can suppress this neurotoxic effect, possibly having a protective role in the prevention 

o f microglial-induced neuronal apoptosis. However, in order to determine which cell 

type mediates the thrombin-induced increase in neuronal viability, further studies would 

be necessary to investigate the effects of CM from thrombin-activated cultures of 

enriched astrocytes or microglia on neuronal viability. The fact that the studies in this 

section used mixed glial cultures (which best represent the in vivo environment in the 

brain) instead of microglial only or astrocyte only cultures means that the astrocytic 

effects appear to be predominant and could explain the finding that there was an 

increase in neuronal viability in response to thrombin, and no effect in response to Ap.

5.9.3 A role for neurotrophic factors, anti-inflammatory cytokines, and neuronal 

cytokine receptor expression in the thrombin-induced increase in neuronal viability?

Considering the ability o f thrombin to increase neuronal viability, it was 

hypothesised that this increase may occur as a result of the production of neurotrophic 

factors or anti-inflammatory cytokines induced by thrombin specifically. It was shown 

that thrombin increased mRNA expression of the neurotrophic factors, GDNF and 

NGpp, and the anti-inflammatory cytokines, IL-10 and TGPp, in mixed glial cultures 

and in astrocj^te cultures. Thrombin also increased NGPp and IL-10 in microglial 

cultures, but to a much lesser extent than in astrocyte cultures. The most dramatic 

increase was in IL-10 mRNA expression which was increased 60-fold in mixed glial 

cultures and 200-fold in astrocyte cultures, while GDNF and NGFp mRNA expression 

were increased approximately 5-fold in mixed glial cultures and 7.5-fold in astrocyte 

cultures. To the best of the author’s knowledge, this is the first study to report that 

thrombin increases GDNF mRNA expression. The increase in NGFp is consistent with 

other studies that showed that thrombin induces NGF secretion from different cell types
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including astrocytes (Neveu et al., 1993, Debeir et al., 1996) and vascular, but not 

bladder, smooth muscle cells (Sherer et al., 1997, Sherer et al., 2000). The proteolytic 

activity o f  thrombin is required to enhance the production o f  NGF as the thrombin 

inhibitor hirudin results in a marked decrease o f  the thrombin-induced increase in NGF 

expression. Also the effects appear to be specific to thrombin as another serine protease, 

trypsin, did not increase NGF secretion (Neveu et al., 1993). The thrombin induced 

increase in lL-10 is consistent with studies which show that thrombin induces IL-10 

expression in cultured rat microglia, where it acts as a negative feedback regulation for 

TNFa (Kim et al., 2002) and that astrocytes can produce IL-10 to a much greater extent 

than microglia (Ledeboer et al., 2002). The increase in TGFpi is also consistent with a 

study which showed that human fibroblasts release TGFpi in response to thrombin 

stimulation (Huang and Yang, 2003), and that cultures o f  mixed glia produce TGFP 

(Vincent et al., 1997).

Ap increased TGFpi mRNA expression in mixed glial cultures. This is 

consistent with a study which states that Ap induces TGFpi from cultured microglial 

cells (Meda et al., 1999), and a study using transgenic Tg2576 m ice which showed that 

Ap plaque development was correlated with an increase in TGFpi in surrounding 

astrocytes, indicating that Ap mediated up-regulation o f  TGFpi (Apelt and Schliebs, 

2001). However another study states that Ap does not induce TGFpi from microglia 

(Franciosi et al., 2005), and levels o f  TGFpi are not increased in the CSF o f  AD  

patients (Blasko et al., 2006). Ap did not alter expression o f  IL-10, GDNF or NGFp 

mRNA expression in mixed glial cuhures. This is consistent with a study which states 

that Ap does not induce IL-10 from cultured microglial cells (Franciosi et a l ,  2005), 

however numerous other studies state that AP does induce IL-10 production from 

cultured microglial cells (Meda et al., 1999, Nagai et al., 2001, Lee et al., 2002, Lue and 

Walker, 2002), and transgenic Tg2576 mice also showed increased IL-10 in astrocytes, 

indicating that Ap mediated up-regulation o f  IL-10 (Apelt and Schliebs, 2001). This 

appears to be the first study investigating whether Ap can induce GDNF production 

from glial cells, however one study did show that levels o f  GDNF are not altered in the 

CSF o f  A D  patients (Blasko et al., 2006), which would appear to correlate with the 

finding here that Ap does not induce GDNF expression. The finding that Ap does not 

alter NGFP is not in keeping with studies showing that astrocytes, but not microglia, 

treated with AP42 increased the production o f  NGF (Heese et al., 1998, Saez et al., 2006,
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Schulte-Herbruggen et al., 2007), and that levels of NGF are increased in the CSF of 

AD patients (Blasko et al., 2006).

While these studies showed quite dramatic results in the level of mRNA 

expression of GDNF, NGF, TGFp, and IL-10, future studies would be required to 

examine the effect of thrombin and Ap on the levels of protein expression to ensure that 

the transcriptional effects are being maintained at a protein level. Also, although the 

studies conducted here indicate that there may be a link between the up-regulation of 

neurotrophic factors and anti-inflammatory cytokines and an increase in neuronal 

viability induced by thrombin but not AP, a causal relationship remains to be 

determined. The hypothesis of a causal relationship is supported by many CM studies 

which have demonstrated the role of neurotrophic factors and anti-inflammatory 

cytokines in promoting survival of numerous cell types including neurons. For example, 

astrocytes under conditions of in vitro ischemia release GDNF, TGFpi, and NT-3, and 

CM from these astrocytes increases the number of surviving ischemic microglia, 

astrocytes, and neurons, with the microglia being protected by TGFpi and NT-3, the 

astrocytes being protected by GDNF, and the neurons being protected by NT-3 (Lin et 

al., 2006). Microglia treated with CM from neurons produced GDNF, NGF, IL-10, and 

TGFpi, and CM from these microglia, when transferred back onto neurons, increased 

the survival and maturation of GABAergic, cholinergic, and catecholaminergic neurons 

(Nakajima et al., 2007). Chronic exposure of microglia to LPS resulted in an increase in 

the production of IL-10, and CM from these chronically activated microglia increased 

neuronal viability and differentiation, indicating a protective role for IL-10 (Cacci et al.,

2008). In addition to this, IL-10 also has direct trophic actions on neurons (Zhou et al.,

2009), and TGFp is required to promote the survival of neuron populations that is 

induced by neurotrophins such as GDNF (Mehler and Kessler, 1997, Krieglstein et al., 

2002). In order to determine a causal relationship it would be necessary to conduct 

experiments using neutralising antibodies against GDNF, NGFP, IL-10 and TGFpi. For 

example, IL-10 neutralising antibodies increased thrombin-induced TNFa and IFNy 

release, indicating that IL-10 can function as a negative feedback regulator for the 

thrombin-induced inflammatory response (Kim et al., 2002, Naldini et al., 2006). In 

order to determine if GDNF, NGFp, IL-10, or TGFpi are responsible for the thrombin- 

induced increase in neuronal viability it would be necessary to conduct experiments 

using neutralising antibodies against these molecules or using cultures prepared from 

KO mice.
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It was also hypothesised that the thrombin-induced increase in neuronal viability 

may occur as a result of modulation of neuronal cytokine receptor expression induced 

by thrombin. Thrombin, but not AP, altered expression of cytokine receptors in neurons. 

Thrombin increased the anti-inflammatory IL-1R2 and the anti-apoptotic TNFR2, and 

decreased the pro-apoptotic TNFRl. It also decreased IFNgRl and increased IFNgR2. 

The most significant of these increases were in IL-1R2 and TNFR2. Overall this 

indicates that thrombin promotes an anti-inflammatory and anti-apoptotic environment 

in neurons. Despite the wealth of literature discussing the role of thrombin in cytokine 

production, there is apparently no literature examining the role of thrombin in cytokine 

receptor expression. The only other study which directly measured Ap induced cytokine 

receptor expression showed that ApM2 dramatically increased IFNgR expression in 

human aortic endothelial cell line, while only APmo increased IFNgR expression in 

human aortic smooth muscle cell line, suggesting that Ap can up-regulate cytokine 

receptor expression but that different forms differentially activate different cell types 

(Suo et al., 1998). However this study used a 10 |iM dose of Ap which was four times 

higher than the dose that was used in the experiments in this section. Another point is 

that these molecules were only examined at the mRNA level, therefore future studies 

could examine the effect of thrombin and Ap on the levels of protein expression o f the 

cytokine receptors.

5.9.4 Pre-treatment o f glia with fl-AR agonists or db-cAMP augments the increase in 

neuronal viability induced by thrombin-CM: A role for neurotrophic factors and anti

inflammatory cytokines?

Pre-treatment of glia with the P-AR agonist salbutamol, the P2-AR agonist 

salmeterol, and the cAMP analogue db-cAMP augmented the increase in neuronal 

viability induced by thrombin-CM. However, pre-treatment of neurons with salbutamol, 

salmeterol, or db-cAMP did not alter the increase in neuronal viability induced by 

thrombin-CM. This indicates that P2-AR agonists increase neuronal viability via the 

actions o f glial-derived factors as opposed to through a direct effect on neurons. To the 

best of the author’s knowledge, this is the first paper to report such a finding. While 

other papers have examined NA in CM systems, these papers have induced neuronal 

death by using LPS as a glial stimulus, and demonstrated that NA protected against 

LPS-CM induced neuronal cell death (Madrigal et al., 2005, Madrigal et al., 2006).
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As the P-AR agonist-induced augmentation o f the thrombin-induced increase in 

neuronal viability was mediated via the effect o f  P-AR agonists on glia, it was 

hypothesised that this increase may occur as a result o f  an augmentation o f the 

neurotrophic factors and anti-inflammatory cytokines induced by thrombin. Salbutamol, 

salmeterol, and db-cAMP increased the neurotrophic factors, GDNF and NGFp. 

Salbutamol and db-cAMP also increased the anti-inflammatory cytokine TGFp, but not 

IL-10. In addition to this, salbutamol and db-cAMP augmented all the neurotrophic 

factors induced by thrombin, while salmeterol only augmented GDNF. These findings 

are in concurrence with a number o f other studies: For example, db-cAMP and 

forskolin, an adenylate cyclase activator, increased GDNF release in neuroblastoma and 

glioblastoma cell lines (Verity et al., 1999). Although there is currently no information 

on NA-induced GDNF production, studies have shown that treatment o f  cultured mouse 

astrocytes with DA receptor agonists, or a novel catecholaminergic and serotoninergic 

activity enhancer, increased the secretion o f GDNF and NGF (Ohta et al., 2002, Ohta et 

al., 2003), indicating that neurotransmitters like NA could play a role in GDNF 

modulation. NA, but not salbutamol, increased NGF mRNA in astroglial cells 

(Furukawa et al., 1989), and many other studies have shown that P-AR agonists such as 

isoproterenol and P2-AR agonists such as clenbuterol increase NGF expression in 

cultured astrocytes and in vivo (Mocchetti et al., 1989, Schwartz and Mishler, 1990, 

Semkova and Krieglstein, 1999, Rami et al., 2003). Db-cAMP and other cAMP 

activators also increased NGF in vitro (Quarless and Heinrich, 1987, Schwartz and 

Mishler, 1990).

The effects o f P-AR agonists on IL-10 induction appear to be tissue specific 

(Eijkelkamp et al., 2004). P-AR agonists (including salbutamol and salmeterol) have 

been shown to increase IL-10 production in peripheral blood CD4+ T cells (Peek et al., 

2005), in monocytic cell line U937 cells cultured with LPS or IL-ip (Kavelaars et a l, 

1997), in rats with experimental autoimmune myocarditis (EAM) (Nishii et al., 2006), 

and in the peritoneal cavity (Eijkelkamp et al., 2004). However they decreased levels in 

the lung and the terminal ileum (Eijkelkamp et al., 2004) and in PBMCs, but had no 

effect in monocytes (Takahashi et al., 2004), or in dendritic cells (Machida et al., 2005). 

Db-cAMP increased IL-10 mRNA and protein in a stimulated human Jurkat T-cell line 

(Benbemou et al., 1997). These studies support the findings o f this study which showed 

that the P-AR agonists and db-cAMP were not sufficient to induce IL-10 expression 

alone, but did augment IL-10 when combined with thrombin treatment. With regard to
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TG Ppi, P2-AR agonists have been shown to modulate airway epithelial cell and smooth 

muscle release o f  TGPP (Frieri and Capetandes, 2008), and salbutamol has tissue- 

specific effects as it did not alter LPS-induced TGPp levels in the terminal ileum, but 

increased levels in liver and peritoneal cavity (Eijkelkamp et al., 2004). N A  also 

increases TGPpi expression in vivo  (Tsai et al., 2001, Briest et al., 2004) and in vitro  in 

rat cardiac fibroblasts (Fisher and Absher, 1995, Lai et al., 2009).

Again, these m olecules were only examined at the mRNA level therefore future 

studies could examine the effect o f  P-AR agonists and db-cAMP on the levels o f  

GDNF, NGFP, IL-10 and TGPpiprotein expression,

5.9.5 Conclusion

In summary, these experiments showed that CM from mixed glial cells treated 

with thrombin increased neuronal viability, and that thrombin greatly increased the 

mRNA expression o f  the neurotrophic factors, GDNF and NGPp, and the anti

inflammatory cytokines, IL-10 and TG Ppi, in mixed glial and astrocyte cultures, but 

only slightly increased NGPp and IL-10 in microglial cultures. Thrombin also promotes 

an anti-inflammatory and anti-apoptotic environment in neurons by increasing mRNA  

expression o f  the anti-inflammatory IL-1R2 and the anti-apoptotic TNFR2, and 

decreasing expression o f  the pro-apoptotic TN FRl. M eanwhile CM from mixed glial 

cells treated with Ap did not alter neuronal viability, Ap only slightly increased TGFpl 

mRNA expression in mixed glial cultures, and AP did not alter mRNA expression o f  

cytokine receptors in neurons. These experiments also showed that pre-treating mixed  

glial cells with salbutamol, salmeterol, and db-cAMP prior to thrombin augmented the 

increase in neuronal viability induced by thrombin-CM, however pre-treating the 

neurons had no effect. Salbutamol and db-cAMP augmented the thrombin-induced 

increase in GDNF, NGFP, IL-10, and TG Fpl, while salmeterol only augmented GDNF. 

A causal relationship between up-regulation o f  neurotrophic factors and anti

inflammatory cytokines and an increase in neuronal viability remains to be determined, 

and this could be achieved with the use o f  neutralising antibodies or cultures prepared 

from KO mice.
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6. Concluding remarks and future directions

6.1 Thrombin has pro-inflammatory, anti-inflammatory, and neurotrophic actions

The principle finding of this thesis is that thrombin induces the expression of 

pro-inflammatory molecules from mixed glial, microglial, and astrocyte cultures, but it 

also induces neurotrophic factors and anti-inflammatory cytokines from astrocyte and 

mixed glial cultures. Thrombin also induces an anti-inflammatory profile o f cytokine 

receptor expression on neurons, and media from thrombin-activated glial cells increases 

neuronal viability (Figure 6.1).

Microglia

Astrocyte

Thrombin
/

IL-1R2

T NF R 2

Astrocyte

Neuron

1
Sui*>ival

Figure 6.1: The pro-inflammatory, anti-inflammatory, and neurotrophic actions of 

thrombin

The red arrows indicate thrombin’s pro-inflammatory effects and the green arrows 

indicate thrombin’s anti-inflammatory and neurotrophic effects. Thrombin induces 

expression of the pro-inflammatory molecules iNOS, IL-ip, TNFa, CD40, IP-10 and 

VCAM-1 from mixed glial, astrocyte, and microglial cultures, however it also induces 

expression o f the neurotrophic factors GDNF and NGFp, and the anti-inflammatory 

cytokines lL-10 and TGFpi from mixed glial and astrocyte cultures. In neuronal 

cultures, thrombin induces the expression o f the anti-inflammatory IL-lp receptor (IL- 

1R2) and the anti-apoptotic TNFa receptor (TNFR2). The overall effect of this is that 

media from thrombin-activated glial cells increases neuronal viability.
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These findings that thrombin has pro-inflammatory, anti-inflammatory, and 

neurotrophic effects are consistent with a recent paper by Luo and colleagues (2007) 

which investigated both the neurotoxic and neurotrophic actions of thrombin. They 

found that thrombin induced pro-inflammatory factors such as NO, IL-ip, and TNFa, 

and toxic factors such as glutamate from astrocytes and microglia which contributed to 

neurodegeneration. However they also found that thrombin induced astrocytic release of 

chemokines, glutathione peroxidase and polyunsaturated fatty acids which are known to 

promote neuronal survival (Luo et al., 2007). Thrombin also mediated either neuronal 

death or survival depending on the time of thrombin administration: For example, in the 

6-OHDA model of PD, administering thrombin with 6-OHDA significantly enhanced 

behavioural deficits, while administering thrombin 1 or 7 days after 6-OHDA prevented 

6-OHDA-induced neurochemical and behavioural deficits (Cannon et al., 2007). 

Another study by Turgeon and colleagues (1999) proposed a hypothesis, based on the 

interaction of cell signalling pathways, to explain the toxic and trophic effects of 

thrombin. Thrombin mediates its toxic effects by binding to PAR-1, which induces 

signal transduction, stimulation of PLC and translocation of MAPK, leading to gene 

expression. For example, PAR-1 activation stimulates caspase pathways which induce 

neuronal death. Meanwhile, activation o f neurotrophic receptors (such as receptors for 

NGF, GDNF, or BDNF) which are coupled to tyrosine kinases also leads to stimulation 

of PLC and MAPK, leading to gene expression. Turgeon hypothesises that due to the 

similar post-activation pathways potential overlaps occur either in the cytoplasm, in the 

nucleus, or at the translational level (Turgeon and Houenou, 1999). Both of these 

studies propose interesting theories for the actions of thrombin and future studies should 

investigate these processes.

The findings in this thesis showed that thrombin induced expression o f pro- 

inflammatory molecules in both microglia and astrocytes, but that it was the astrocytes 

that predominantly expressed anti-inflammatory molecules such as TGFp and IL-10 in 

response to thrombin (Figure 6.1). This indicates that the anti-inflammatory actions of 

thrombin are largely mediated by astrocytes, although further studies are required to 

confirm this. In concurrence with this, an interesting study by Schubert and colleagues 

(2000) investigated the anti-inflammatory actions of astrocytes on microglia and 

showed that astrocytes, depending on their activation state, exert negative feedback 

regulation on activated microglial cell functions and inhibits LPS- and IFNy-induced 

microglial NO release (Figure 6.2). For example, resting astrocytes release TGFpi and
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are differentiated, confluent, and have a low proliferative rate, and CM from these 

astrocytes effectively inhibits microglial NO release. However activated astrocytes are 

non-differentiated and highly proliferative and CM from these astrocytes did not inhibit 

microglial NO release. There is also significant interplay o f cytokines that are released 

from microglia and astrocytes. For example, TNFa acts as a positive feedback signal 

reinforcing microglial activation and inducing IL-ip production thereby promoting 

activation of astrocytes. However IL-6 exerts a negative feedback on TNFa signalling 

thus inhibiting the escalating microglial activation that leads to the critical secondary 

activation of astrocytes (Schubert et al., 2000).

pathological
stimulation ^ ______

positive ^  feedback

T N F-a
IL-6

Activated
Microglia

negative feedback
TGF-p

NO Astrocyte
(differentiated)IL-iH positive

ONOO* feedforward

\
DAM AGE ----------------------------------------------

* of negative feedback on NO 
♦ impairment of extracellar ion homeostasis 

•  induction of pathogenic Ap proinotors

Figure 6.2: Astrocyte and cytokine modulation of microglial activation (adapted from  

Schubert et al., 2000)

Differentiated (resting), but not activated, astrocytes inhibit microglial activation by the 

release o f TGFp. TNFa has a positive feedback mechanism to promoter IL-ip release 

which has a positive feed-forward mechanism to activate astrocytes. This results in loss 

of negative feedback on NO, impairment o f extracellular ion homeostasis and induction 

of pathogenic Ap promoters. IL-6 has a negative feedback mechanism to inhibit TNFa.

Astrocytes
(Activated)
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6.2 Ap has pro-inflammatory actions

AP induces the expression of pro-inflammatory molecules from mixed glial, 

microglial, and astrocyte cultures, however it induces a restricted inflammatory profile 

relative to thrombin (Ap only induces IL -ip and TNFa), and the magnitude of 

expression of these inflammatory molecules is much less than that induced by thrombin. 

Ap also induces expression of the anti-inflammatory cytokine TGppi in mixed glial 

cultures, but unlike thrombin it does not induce neurotrophic factors or the anti

inflammatory cytokine IL-10, which has a neurotrophic effect itself (Zhou et al., 2009). 

It has no effect on neuronal cytokine receptor expression and media from AP-activated 

glial cells does not neuronal viability (Figure 6.3).

AP
Microglia

Astrocyte

Astrocytc Neuron

Figure 6.3: The pro-inflammatory actions o f  Afi

The red arrows indicate AP’s pro-inflammatory effects and the green arrows indicate 

AP’s anti-inflammatory effects. Ap induces expression of the pro-inflammatory 

molecules IL-ip and TNFa from mixed glial, astrocyte, and microglial cultures, 

however it also induces modest expression of the anti-inflammatory cytokine TGFpl 

from mixed glial and astrocyte cultures. Ap does not alter expression o f cytokine 

receptors in neurons and CM from mixed glial cells treated with Ap does not alter 

neuronal viability.

Ap induces an inflammatory response in mixed glial cultures, but this response 

is insufficient to induce apoptosis in neuronal cultures. Although other studies have 

shown that CM from microglial cultures treated with Ap caused apoptosis in cortical
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neurons, these studies used considerably higher doses o f Ap than were used in the 

current experiments (2.5 |xM), occasionally as high as 60 nM (Combs et al., 1999, 

Combs et al., 2001), however other studies reported similar results using 2 |jM AP (von 

Bernhardi and Eugenin, 2004), indicating that the dose of Ap required to elicit a 

response can be extremely variable. As well as dose, the peptide species of Ap used 

appears to be important: For example, AP2 5 -3 5  was shown to induce NGF expression 

while APmo and ApM2 failed to alter NGF synthesis (Heese et al., 1998, Saez et a l, 

2006). As Ap only increases TGFpi it is consistent that AP would not have 

neurotrophic effects on neurons as TGFP is most likely not neurotrophic by itself, but is 

required to promote the survival o f neuron populations that is induced by neurotrophins 

such as GDNF (Mehler and Kessler, 1997, Krieglstein et al., 2002). Further studies are 

required using a wider range of doses and different Ap peptides in order to fully elicit 

the actions of Ap.

6.3 Activation o f p2-A R s results in anti-inflam m atory and pro-survival effects

Activation of P2-ARS by the P-AR agonists salbutamol and salmeterol, and 

mimicking o f p-AR signalling using the cAMP analogue db-cAMP, results in anti

inflammatory and pro-survival effects. In mixed glial cultures, P2-AR activation inhibits 

the thrombin-induced increase in expression of the pro-inflammatory molecules, and it 

augments the thrombin-induced increase in neurotrophic factors and anti-inflammatory 

cytokines. In neuronal cultures, P2 -AR activation induces the expression of the anti

inflammatory IL-ip receptor (IL-1R2) and the anti-apoptotic TNFa receptor (TNFR2). 

The overall effect of this is that P2 -AR activation augments the increase in neuronal 

viability induced by media from thrombin-activated glial cells (Figure 6.4). It has been 

shown that thrombin results in a decrease in cAMP (Bogatcheva et al., 2002) so it is 

logical that increasing cAMP inhibits the pro-inflammatory effects of thrombin. 

However the mechanism o f action for the P-AR-induced augmentation o f the anti

inflammatory actions of thrombin has yet to be elucidated.

Although the studies in this thesis showed that activation o f the P-AR pathway 

by agonists and activators of cAMP, PKA and EPAC mimicked the anti-inflammatory 

actions of NA, p-AR antagonists, and inhibitors o f cAMP and PKA were unable to 

prevent the ability of NA to combat thrombin-induced inflammation. Other studies have 

obtained similar results and suggest that PKA-independent pathways, such as the EPAC
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or ERK pathways, may also play a role in mediating the NA-induced inhibition o f glial 

activation (Dello Russo et al., 2004, Qian et al., 2009).
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Figure 6.4: Activation o f p2-ARs results in anti-inflammatory and pro-survival effects 

The red arrows indicate thrombin’s pro-inflammatory effects, the green arrows indicate 

thrombin’s anti-inflammatory and neurotrophic effects, and the blue arrows indicate the 

effects o f P2 -AR activation. In mixed glial cultures, P2 -AR activation inhibits the 

thrombin-induced expression of the pro-inflammatory molecules TNFa, CD40, IP-10 

and VCAM-1, and it augments the thrombin-induced expression o f the neurotrophic 

factors GDNF and NGPp, and the anti-inflammatory cytokines IL-10 and TGppi. In 

neuronal cultures, P2 -AR activation induces the expression o f the anti-inflammatory IL- 

ip  receptor (IL-1R2) and the anti-apoptotic TNPa receptor (TNPR2). The overall effect 

of this is that P2 -AR activation augments the increase in neuronal viability induced by 

media from thrombin-activated glial cells.

Purther research is required in order to elucidate other pathways which may be 

involved in mediating the anti-inflammatory actions o f NA. Por example, some studies
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have shown that the anti-inflammatory actions o f NA are mediated in a cell- and gene- 

specific manner through a number of transcription factors, with particular emphasis on 

NFkB and IkB  (Feinstein et al., 2002, Gavrilyuk et al., 2002, Dello Russo et al., 2004), 

and other studies have indicated that NA can function by modulating gene promoter 

activity (Feinstein, 1998, Nakamura et al., 1998, Gavrilyuk et al., 2001). There is 

evidence to suggest that inhibition o f one o f the MAPK pathways is involved as the (3- 

AR agonist isoproterenol inhibited the release o f the chemokine RANTES by inhibition 

of MAPK-JNK signalling (Miyabayashi et al., 2006). Future studies should attempt to 

dissect the pathways whereby NA exerts its anti-inflammatory actions.
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6.4 Future directions

The research presented in this thesis has yielded a number o f important leads for 

future research as outlined below.

1) NA and salmeterol inhibited the thrombin-induced increase in TNFa and IL-ip 

mRNA and protein, indicating that the effects occurred at a transcriptional level 

and that they were maintained at the level of protein expression. However the 

other molecules were only examined at the mRNA level, therefore future studies 

could examine the effect of thrombin and P-AR activation on the levels of 

protein expression of iNOS, CD40, IP-10, and VCAM-1.

2) While activation of the P-AR pathway with P-AR agonists and cAMP and PKA 

activators mimicked the effect o f NA, P-AR antagonists and inhibitors o f cAMP 

and PKA were unable to block the actions of NA. Further research is required in 

order to elucidate other pathways which may be involved in mediating the anti

inflammatory actions o f NA. One such target for research could be the ERK 

pathway (Qian et al., 2009).

3) Media from thrombin-activated mixed glial cells increased neuronal viability. 

Other studies have indicated that the protective effects of thrombin are mediated 

by astrocytes while the neurotoxic effects are mediated by microglia (Lee et al., 

2005, Ishida et al., 2006, Wang et al., 2007). In order to determine which cell 

type mediates the thrombin-induced increase in neuronal viability, it would be 

necessary to investigate the effects o f media from thrombin-activated cultures of 

enriched astrocytes or microglia on neuronal viability.

4) Thrombin induced the expression of GDNF, NGPP, IL-10, and TGFpi mRNA 

from astrocytes. Other CM studies have shown that the release of these 

molecules from glia is protective to neurons (Hashimoto et al., 2005, Nakajima 

et al., 2007, Cacci et al., 2008). In order to determine if these molecules are 

responsible for the thrombin-induced increase in neuronal viability it would be 

necessary to conduct experiments using neutralising antibodies against these 

molecules or using cultures prepared from KO mice.

5) Determine if thrombin- and P-AR agonist-induced GDNF and NGFP production 

can protect against glutamate-induced neurotoxicity.
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6) All of the studies in this thesis were conducted in vitro therefore future studies 

should investigate the effect of P-AR activation on acute thrombin- and Ap* 

induced inflammation in vivo.

Investigation into these areas would provide clear insights into the functioning of 

thrombin and the mechanisms of action of P-AR activation both in vitro and in vivo. 

This could lead to useful therapeutic interventions that may be used in the treatment of 

stroke, PD, AD, and other neurodegenerative diseases.
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7.2 Raw Data 

Chapter 3

Raw PCR data from Section 3.2:

Control LPS Control Thrombin Thrombin

10 U/ml 20 U/ml

iNOS 0.10 185.61 iNOS 0.10 471.81 588.63

0.68 141.25 0.68 423.03 561.25

1.65 202.73 1.65 462.84 464.29

0.91 232.65 0.91 677.43 432.04

1.43 121.69 1.43 520.86 426.63

1.24 193.83 1.24 748.11 788.68

Mean 1.00 179.60 Mean 1.00 550.70 543.60

SEM 0.23 16.75 SEM 0.23 53.59 56.22

IL -ip 1.28 18.05 IL -lp 1.28 45.93 44.44

1.32 15.90 1.32 41.62 41.12

1.05 20.14 1.05 43.51 29.55

0.76 38,16 0.76 53.87 40.56

0.88 13.23 0.88 32.99 28.20

0.71 17.35 0.71 49.89 38.87

Mean 1.00 20.47 Mean 1.00 44.63 37.12

SEM 0.11 3.66 SEM 0.11 2.95 2.72

TNFa 0.59 10.76 TNFa 0.59 21.68 23.97

1.08 11.51 1.08 18.58 22.39

1.02 11.77 1.02 17.55 26.67

0.95 15.77 0.95 31.02 21.62

1.11 9.78 1.11 24.80 20.04

1.25 14.19 1.25 16.68 19.69

Mean 1.00 12.29 Mean 1.00 21.72 22.40

SEM 0.09 0.92 SEM 0.09 2.23 1.07

CD40 1.27 37.86 CD40 1.27 44.58 40.89

1.43 24.06 1.43 36.18 36.60
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0.93 20.94 0.93 47.18 24.80

0.78 8.43 0.78 44.17 25.86

0.89 15.09 0.89 46.29 23.90

0.71 22.64 0.71 32.97

Mean 1.00 21.50 Mean 1.00 43.68 30.83

SEM 0.12 4.03 SEM 0.12 1.95 2.88

VCAM-1 0.80 10.25 VCAM-1 0.80 18.26 21.22

1.13 9.07 1.13 12.67 12.49

0.93 9.60 0.93 12.88 14.53

0.87 5.76 0.87 11.35 16.29

1.07 8.42 1.07 10.06 11.56

1.21 12.12 1.21 19.07 21.96

Mean 1.00 9.20 Mean 1.00 14.05 16.34

SEM 0.07 0.86 SEM 0.07 1.52 1.79

IP-10 0.34 83.14 IP-10 0.34 92.28 130.51

0.87 66.20 0.87 91.65 81.29

0.87 78.21 0.87 91.25 90.97

1.35 58.93 1.35 79.78 121.79

1.25 59.47 1.25 112.73 93.00

1.32 70.10 1.32 113.52 126.58

Mean 1.00 69.34 Mean 1.00 96.87 107.40

SEM 0.16 4.02 SEM 0.16 5.48 8.70

Control Ap 2.5 fiM Ap5(iM Ap 10 (iM

iNOS 0.10 0.84 1.38 2.16

0.68 1.04 1.29 1.86

1.65 0.68 2.43 5.46

0.91 0.24 6.81 3.70

1.43 3.47 4.47 12.35

1.24 3.09

Mean 1.00 1.56 3.28 5.10

SEM 0.23 0.56 1.05 1.92
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IL -ip 1.28 5.87 6.09 7.53

1.32 3.90 5.83 6.45

1.05 4.64 6.74 9.15

0.76 6.05 10.87 10.89

0.88

0.71

7.36 7.94 7.90

11.87

Mean 1.00 5.56 7.49 8.96

SEM 0.11 0.60 0.92 0.85

TNFa 0.59 3.84 5.12 5.95

1.08 4.00 5.77 4.71

1.02 4.31 6.19 6.54

0.95 5.09 7.47 7.48

1.11

1.25

6.46 5.96 5.74

9.61

Mean 1.00 4.74 6.10 6.67

SEM 0.09 0.48 0.39 0.70

CD40 1.27 1.66 1.36 2.93

1.43 1.62 1.46 2.31

0.93 1.09 1.28 1.90

0.78 1.17 1.30 1.83

0.89

0.71

1.58 1.31 3.47

Mean 1.00 1.42 1.34 2.49

SEM 0.12 0.12 0.03 0.31

VCAM-1 0.80 1.38 1.55 1.28

1.13 1.16 1.64 1.20

0.93 1.37 1.89 1.53

0.87 0.11 0.19 3.38

1.07 2.03 2.60 1.35

1.21 2.78 3.01 2.68

Mean 1.00 1.47 1.81
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SEM 0.07 0.37 0.40 0.37

IP-10 0.34 0.63 0.87 0.67

0.87 0.72 0.87 0.64

0.87 1.06 1.15 1.35

1.35 0.10 0.14 0.99

1.25 5.28 3.51 4.19

1.32 4.30 3.95

Mean 1.00 2.01 1.75 1.57

SEM 0.16 0.90 0.65 0.67

Raw FCR data from  Section 3.3:

Microglia Astrocytes

Con LPS Throm AP Con LPS Throm AP

iNOS 0.78 199.89 220.96 16.78 1.16 294.60 229.94 36.70

0.49 261.62 145.86 10.85 0.46 253.32 233.68 54.07

1.26 98.81 100.42 5.62 0.98 184.44 136.02 28.68

1.18 216.39 97.21 76.90 1.27 346.73 222.97 162.21

1.29 144.29

196.82

73.51

111.33

18.72

28.76

1.13 289.22

390.43

154.29

209.69

74.75

109.70

Mean 1.00 186.30 124.90 26.27 1.00 293.10 197.80 77.69

SEM 0.16 23.30 21.49 10.62 0.14 29.30 17.13 20.67

IL -ip 0.41 49.90 40.97 12.24 1.68 30.94 41.73 21.67

0.73 58.80 70.93 19.15 1.72 26.27 45.42 24.81

0.94 23.15 48.28 8.27 0.54 25.50 28.05 17.40

1.62 30.02 21.12 30.54 0.74 29.44 36.56 36.01

1.54 24.93 56.74 21.67 0.66 31.37 31.07 29.28

0.76 26.27 27.38 25.39 0.66 41.37 41.16 32.00

Mean 1.00 35.51 44.24 19.54 1.00 30.82 37.33 26.86

SEM 0.20 6.14 7.56 3.37 0.22 2.33 2.74 2.81

TNFa 0.46 26.82 14.25 5.52 1.55 26.27 17.30 17.67

0.75 41.28 17.16 7.60
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1.12 22.11 25.29 4.63 0.98 14.60 12.08 16.78

1.32 19.57 8.41 8.98 0.98 20.61 11.52 29.96

1.56 29.99 14.58 12.30 0.88 26.67 13.72 24.42

0.79 20.81 10.10 7.62 25.14 13.76 25.07

Mean 1.00 26.76 14.96 7.78 1.00 22.44 15.08 22.66

SEM 0.17 3.32 2.44 1.11 0.15 1.88 1.63 2.02

CD40 1.19 116.54 87.02 9.50 1.35 62.86 44.99 8.32

0.96 75.43 77.24 12.78 0,61 49.13 51.80 11.21

0.69 57.81 109.66 7.01 1.16 45.37 23.26 4.80

0.62 38.08 37.60 20.61 1.04 50.56 34.86 24.82

1.45 66.68 58.56 18.72 0.84 58.37 27.21 13.19

1.08 62.45 71.22 17.79 80.31 34.31 15.85

Mean 1.00 69.50 73.55 14.40 1.00 57.77 36.07 13.03

SEM 0.13 10.69 10.04 2.24 0.13 5.21 4.38 2.83

IP-10 0.44 127.83 88.18 10.63 0.96 160.95 50.78 6.86

0.81 144.22 89.15 12.86 1.13 140.34 44.43 9.63

1.52 99.19 70.46 2.81 1.20 175.76 45.10 12.72

0.72 81.49 44.03 15.67 0.86 103.45 54.96 40.38

1.38 122.52 67.56 16.90 0.86 140.24 43.52 29.22

1.12 109.58 69.74 166.31 45.53 26.40

Mean 1.00 114.10 71.52 11.77 1.00 147.80 47.39 20.87

SEM 0.17 9.08 6.74 2.49 0.07 10.61 1.84 5.39

Raw PCR data from Section 3.4:

iNOS

itrol Throm bin NA NA IfiM NA NA lOuM

IjiM +Throm lOjiM +Throm

1.16 618.38 3.86 886.63 3.39 264.03

1.11 553.57 3.74 1164.64 7.88 399.13

0.44 657.77 3.17 846.50 5.43 145.71

0.80 529.33 2.67 194.45 0.87 67.47

1.38 314.10 4.71 287.95 5.72 174.92

1.11 600.71 1.70 612.20 2.61 229.64
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Mean 1.00 545.60 3.31 665.40 4.32 213.50

SEM 0.14 49.94 0.43 152.50 1.03 46.43

IL -lp 0.86 25.32 0.84 23.86 0.73 16.30

1.14 23.67 0.98 30.40 1.12 21.09

0.50 29.54 0.70 22.71 1.05 13.97

0.93 24.18 0.80 17.54 0.19 8.92

1.46 25.03 1.12 16.29 0.90 15.42

1.12 31.89 0.83 27.24 0.79 17.50

Mean 1.00 26.60 0.88 23.01 0.80 15.53

SEM 0.13 1.36 0.06 2.22 0.14 1.65

TNFa 0.82 6.23 0.34 4.93 0.24 3.56

1.02 10.03 0.30 5.87 0.32 3.51

0.57 11.66 0.22 6.25 0.37 4.05

1.04 9.61 0.22 3.51 0.06 2.25

1.34 14.51 0.55 3.47 0.45 2.97

1.20 17.56 0.21 5.05 0.28 4.02

Mean 1.00 11.60 0.31 4.85 0.29 3.39

SEM 0.11 1.63 0.05 0.47 0.05 0.28

CD40 0.81 24.10 0.53 26.45 0.46 19.05

1.10 31.47 0.59 31.96 0.63 23.92

0.65 34.25 0.42 29.56 0.59 11.88

0.87 32.68 0.33 15.72 0.14 7.22

1.51 36.23 0.71 16.57 0.65 12.45

1.07 55.96 0.39 28.72 0.44 18.67

Mean 1.00 35.78 0.49 24.83 0.49 15.53

SEM 0.12 4.38 0.06 2.84 0.08 2.48

VCAM-1 0.89 5.16 0.54 2.72 0.41 2.17

1.08 8.72 0.61 2.17 0.62 1.77

0.66 7.23 0.42 2.75 0.48 1.48

0.96 5.96 0.53
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1.31 8.10 0.69 3.37 0.57 2.17

1.09 8.89 0.35 3.36 0.56 3.34

Mean 1.00 7.35 0.52 2.84 0.48 1.96

SEM 0.09 0.62 0.05 0.19 0.06 0.34

IP-10 1.03 35.50 0.92 28.16 0.69 5.93

1.10 47.70 0.73 25.77 0.76 9.08

0.82 44.18 0.96 28.48 0.72 3.55

0.79 38.05 0.32 5.66 0.20 0.69

1.30 49.26 0.94 19.25 0.82 6.93

0.96- 51.24 0.71 29.04 0.88 13.22

Mean 1.00 44.32 0.76 22.73 0.68 6.57

SEM 0.08 2.59 0.10 3.72 0.10 1.78

Control AP NA NA 1 NA NA 10

l^M +Ap lOjiM +AP

IL-lfi 0.74 2.36 0.99 2.37 0.41 2.25

0.46 2.77 0.64 2.66 0.48 2.11

0.64 1.40 0.69 2.54 0.41 3.03

1.26 2.96 0.74 3.22 1.10 3.45

1.18 2.11 0.91 2.23 0.78 2.60

1.71 3.57 0.96 1.01

Mean 1.00 2.53 0.79 2.33 0.70 2.69

SEM 0.19 0.31 0.07 0.31 0.13 0.25

TNFa 0.50 6.43 0.36 1.08 0.09 0.49

0.70 8.22 0.25 0.55 0.04 0.44

0.32 1.91 0.10 0.98 0.01 1.01

1.90 10.72 0.55 1.19 0.28 0.12

0.84 3.27 0.12 0.45 0.30 1.08

1.75 8.46 0.31 1.54 0.19

Mean 1.00 6.50 0.28 0.96 0.15 0.63

SEM 0.27 1.37 0.07 0.17 0.05 0.18
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CD40 0.63 1.52 0.50 0.96 1.00 0.87

1.24 2.07 0.76 1.14 0.34 0.85

0.68 3.15 0.64 1.37 0.64 1.27

1.38 1.34 1.04 0.93 0.48 0.93

1.29 1.59 1.24 0.76 0.47 0.95

0.78 0.99 0.83 0.81

Mean 1.00 1.94 0.86 1.00 0.62 0.97

SEM 0.14 0.33 0.11 0.09 0.10 0.08

Raw PCR data from Section 3.5:

Microglia Control Thrombin NA IfiM NAl+Thr NA lOjiM NAIO+Thr

iNOS 1.22 600.76 1.14 514.86 1.95 474.89

1.17 591.84 1.11 455.55 1.91 581.31

1.32 482.75 0.97 493.78 1.40 459.23

0.85 475.08 1.32 524.61 0.93 397.33

0.45 390.43 1.11 400.78 0.97 390.18

Mean 1.00 508.20 1.13 477.90 1.43 460.60

SEM 0.16 39.48 0.06 22.64 0.22 34.45

r i - i p 0.79 110.68 1.02 93.65 0.95 93.17

0.91 115.72 0.99 84.37 0.88

0.85 89.43 0.98 80.56 1.00 79.06

1.26 86.31 0.80 87.26 0.55 104.42

1.19 84.46 0.79 76.76 0.46 77.76

Mean 1.00 97.32 0.92 84.52 0.77 88.60

SEM 0.09 6.58 0.05 2.89 0.11 6.32

TNFa 0.84 17.34 0.84 20.15 0.72 13.88

1.05 26.40 0,72 27.69 0.57 16.92

0.94 21.38 0.92 21.82 0.76 13.95

0.93 25.21 0.67 19.99 0.60 24.00

1.23 28.25 0.53 22.77 0.50 22.31

Mean 1.00 23.72 0.74 22.48 0.63 18.21

SEM 0.07 1.95 0.07 1.40 0.05 2.11
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CD40 1.13 114.00 0.68 72.30 0.74 66.59

1.05 112.24 0.84 75.26 0.67 86.71

1.13 76.39 0.69 75.44 0.54 63.12

0.89 78.88 0.67 78.91 0.44 51.61

0.81 55.26 0.64 78.55 0.48 59.63

Mean 1.00 87.36 0.70 76.09 0.57 65.53

SEM 0.06 11.29 0.04 1.21 0.06 5.85

Astrocytes Control Thrombin NA NA 1 nM NA NA 10 jiM

1 nM +Throm 10 nM +Throm

iNOS 0.70 281.49 2.70 274.55 2.18 198.36

1.35 285.95 4.18 279.35 6.14 215.52

1.02 255.68 3.33 302.09 4.57 234.55

0.79 212,14 3.25 216.58 2.98 172.55

1.14 230.53 4.45 155.32 3.81 134.06

Mean 1.00 253.20 3.58 245.60 3.94 191.00

SEM 0.12 14.28 0.32 26.61 0.68 17.51

IL -ip 0.81 37.22 0.93 32.72 0.94 29.50

1.29 41.41 1.14 35.20 1.31 33.30

0.81 43.31 1.07 41.38 1.26 24.64

1.02 37.30 1.09 35.45 0.63 32.76

1.06 46.64 1.47 28.20 0.96 26.67

Mean 1.00 41.18 1.14 34.59 1.02 29.37

SEM 0.09 1.80 0.09 2.14 0.12 1.68

TNFa 0.93 11.03 0.64 11.41 0.40 13.25

1.22 10.66 0.60 10.11 0.72 8.05

0.80 10.46 0.76 10.64 0.96 10.96

1.16 16.52 1.04 14.81 0.33 10.57

0.88 14.64 0.82 14.95 0.50 9.53

Mean 1.00 12.66 0.77 12.39 0.58 10.47

SEM 0.08 1.23 0.08 1.04 0.11 0.86
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CD40 1 53.15 0.84 44.41 0.72 31.33

1.28 52.33 1.02 58.73 0.86 35.66

1.01 53.4 0.94 59.64 0.92 32.32

0.84 33.41 0.71 30.19 0.48 31.15

0.86 41.3 0.79 20.46 0.61 25.87

Mean 1 46.72 0.86 42.69 0.72 31.27

SEM 0.08 4.03 0.05 7.74 0.08 1.57

Microglia Control AP NA NA IfiM NA NA lOjiM

1 \iM +Ap 10 [iM +Ap

IL -lp 1.06 3.81 1.26 3.01 0.85 1.64

1.27 3.75 1.26 3.28 0.76 1.49

0.88 3.49 1.08 2.94 0.86 1.96

0.80 0.89 0.70 1.81

0.99 1.07 0.76

Mean 1.00 3.68 1.11 3.08 0.79 1.72

SEM 0.08 0.10 0.07 0.10 0.03 0.10

TNFa 1.05 2.86 1.11 2.31 1.18 1.49

1.10 2.89 1.11 2.76 0.78 2.08

0.95 2.77 1.04 2.63 0.99 1.87

0.95 1.01 0.71 1.65

0.95 1.34 1.03

Mean 1.00 2.84 1.12 2.57 0.94 1.77

SEM 0.03 0.04 0.06 0.13 0.09 0.13

CD40 0.96 1.67 0.83 1.52 1.00 1.42

1.12 1.70 0.90 1.33 1.09 1.04

1.07 1.24 1.00 1.16 1.05 1.34

0.95 1.14 0.94 0.94 0.61 1.22

0.89 0.96 0.80 0.97 0.83 0.83

Mean 1.00 1.34 0.90 1.18 0.92 1.17

SEM 0.04 0.15 0.04 0.11 0.09 0.11
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Astrocytes Control AP NA NA l|iM NA NA lOfiM

1 nM +Ap lOfiM +Ap

IL -lp 0.99 6.08 2.47 6.51 1.90 2.56

1.46 7.45 2.85 6.54 2.19 2.91

0.98 5.33 3.52 6.32 3.16 2.09

0.88 1.44 0.80 1.98

0.69 1.70 1.40

Mean 1.00 6.29 2.40 6.46 1.89 2.39

SEM 0.13 0.62 0.38 0.07 0.40 0.21

TNFa 1.11 5.50 1.57 6.62 1.00 2.68

0.95 7.19 1.84 4.09 1.22 3.29

0.88 5.96 1.74 4.65 1.03 2.80

0.76 0.65 0.50 2.96

1.30 1.06 0.95

Mean 1.00 6.22 1.37 5.12 0.94 2.93

SEM 0.09 0.50 0.23 0.76 0.12 0.13

CD40 0.81 1.23 0.88 1.29 0.86 2.00

1.07 1.38 1.00 1.43 1.00 1.94

0.78 1.30 0.94 1.14 1.22 1.92

0.97 0.92 0.74 0.84 0.93 1.48

1.37 0.96 0.92 1.07 1.13 2.77

Mean 1.00 1.16 0.90 1.15 1.03 2.02

SEM 0.11 0.09 0.04 0.10 0.07 0.21

Microglia

iNOS

Con LPS NA NA 0.1 NA N A l NA NA 10

O.ljiM +LPS IfiM +LPS lOjiM +LPS

1.34 28.63 1.37 43.49 2.17 54.50 2.12 36.27

0.65 33.16 0.90 33.98 1.66 40.24 1.37 29.33

0.80 28.18 1.34 45.02 1.38 44.10 1.36 32.42

0.98 25.52 1.66 31.91 1.44 31.67 1.32 31.07

1.22 27.94 1.91 33.44 2.25 36.43 1.75 27.60

20.18 0.82 34.40 1.29 40.87 1.39 19.55
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Mean

SEM

IL-lp

Mean

SEM

TNFa

Mean

SEM

CD40

Mean

SEM

Astrocytes

iNOS

1.00 27.27 1.33 37.04

0.13 1.74 0.17 2.32

1,87 23.39 2.02 25.33

0.99 28.53 1.11 20.98

0.46 14.59 1.14 14.77

0.66 13.97 1.76 16.31

1.27 14.77 2.06 15.45

0.76 15.76 1.21 17.43

1.00 18.50 1.55 18.38

0.21 2.46 0.18 1.65

0.95 10.93 1.07 15.90

0.96 14.55 1.10 14.79

1.01 12.06 1.44 15.65

0.88 13.16 1,53 15.77

1.07 16.61 1.20 18.66

1.13 13.74 0.97 17.48

1.00 13.51 1.22 16.37

0.04 0.81 0.09 0.58

1.24 19.09 1,17 30.82

0.96 27.55 1,09 25.51

0.95 17.42 1,16 20.05

0.87 21.42 1.25 24.55

1.07 20.79 1.17 26.31

0.91 17.79 0.80 17.17

1.00 20.68 1.11 24,07

0.05 1.52 0.06 1,97

Con LPS NA NA 0.1

0.1 jiM +LPS

1.52 95,24 0.57 119,14

0.76 63,05 0.19 102,38

1,70 41,30 1,55 29,37

0,17 3,16 0,13 2,31

0,76 28,97 1,05 23,71

0,63 21,51 0,72 19,72

1,10 17,45 0,63 14,19

1,03 17,72 0,79 16,58

0,94 13,38 0,54 13,24

15,88 0,70 14,61

0,89 19,15 0,74 17,01

0,09 2,24 0,07 1,64

0,86 12,54 0,94 10.29

1,07 22,77 1,20 20.46

0,99 18,82 0,77 10.92

1,10 16,36 0,70 14.67

1,51 16,11 0,82 15.51

0,78 13,14 0,55 11.30

1,05 16,62 0.83 13.86

0,10 1,55 0.09 1.58

0.91 25.01 1.07 22,16

1.14 23.25 1.14 18,03

0.75 19.22 0.79 14,23

1.07 20.71 1.11 20.87

1.14 12.55 0.87 12.35

1.04 18.69 1.04 14.47

1.01 19.90 1,00 17.02

0.06 1.77 0,06 1.62

NA NA 1 NA NA 10

luM +LPS lOfiM +LPS

1.43 128.76 1,33 108.76

1.05 136.10 3,81 93.24
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1.62 90.00 1.14 120.48 3.90 130.38 4.48 85.14

0.95 84.86 1.52 100.76 3.81 117.52 2.19 94.86

0.48 45.14 123.71 1.71 190.48 1.43 176.48

0.67 86.48 162.86 2.10 169.81 0.29 95.43

Mean 1.00 77.46 0.86 121.60 2.33 145.50 2.25 109.00

SEM 0.19 7.88 0.30 9.16 0.50 11.54 0.65 13.85

IL -lp 1.12 24.90 1.77 25.79 2.02 24.05 1.22 24.90

0.62 16.78 0.70 21.66 1.47 33.39 0.92 18.42

0.75 17.73 1.10 26.17 1.84 30.65 1.89 21.06

0.97 20.76 1.79 28.53 3.04 23.60 1.32 17.45

1.52 14.22 32.34 1.39 28.71 1.47 25.89

1.02 20.56 28.76 1.89 24.95 0.90 21.93

Mean 1.00 19,16 1.34 27.21 1.94 27.56 1.29 21.61

SEM 0.13 1.52 0.27 1.47 0.24 1.63 0.15 1.38

TNFa 1.51 35.09 1.30 44.42 1.02 36.95 1.47 29.40

1.19 30.46 0.70 34.04 1.47 46.07 1.23 28.74

0.74 35.09 1.40 46.81 1.82 41.05 1,23 28.32

0.63 34.39 2.00 50.60 2.11 44.74 0.49 30.95

1.02 18.67 50.18 1.23 66.74 1.82 47.72

0.91 38.28 59.19 1.37 52.14 1.09 30.74

Mean 1.00 31.99 1.35 47.54 1.50 47.95 1.22 32.64

SEM 0.13 2.85 0.27 3.39 0.16 4.29 0.18 3.05

CD40 0.74 27.52 0.69 24.39 0.52 24.03 1.24 20.20

0.99 20.04 0.63 20.83 0.99 25.84 2.01 19.49

1.32 22.68 0.85 26.53 1.07 23.81 1.54 19.60

0.99 19,43 0.00 21.96 1.27 23.75 1.32 24,88

0.74 9.66 1.13 27.25 0.80 25.43 1.40 30.52

1.21 25.38 28.10 1.05 26.81 0.91 24.41

Mean 1.00 20.78 0.66 24.84 0.95 24.94 1.40 23.18

SEM 0.10 2.56 0.19 1.21 0.11 0.52 0.15 1.77
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Raw PCR data from Section 3.7:

P2-AR P-actin

Mean

SEM

Mixed glia Astrocytes Microglia Mixed glia Astrocytes Microglia

2.43 1.00 0.30 15.91 16.44 15.66

3.26 0.80 0.21 16.60 16.10 17.37

1.93 1.18 0.27 16.41 16.96 15.92

2.54 1.04 0.32 16.11 17.54 15.73

4.01 0.94 0.42 16.54 16.39 15.65

2.68 16.58

2.81 0.99 0.30 16.36 16.68 16.07

0.30 0.06 0.03 0.12 0.25 0.33

Raw data from Section 3.8: Alamar Blue Cell Viability Assay

Mixed Glia Control LPS Thrombin AP

120.98 109.84 108.07 110.94

88.94 131.10 98.98 102.81

91.33 117.72 101.85 109.98

86.07 114.57 84.16 81.77

98.98 82.39 86.07 80.34

111.90 90.15 88.94 95.64

111.90 99.84 87.99 113.81

89.90 83.68 58.82 97.07

Mean 100.00 103.70 89.36 99.04

SEM 4.66 6.21 5.30 4.55

Microglia Control LPS Thrombin

CO
.

<

101.26 87.33 87.38 98.53

101.77 102.97 98.85 100.41

100.32 100.58 94.52 97.50

96.65 99.21 94.10 96.90

Mean 100.00 97.52 93.71 98.33

SEM 1.16 3.49 2.37 0.77
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Astrocytes Control LPS Thrombin AP

100.22 99.26 98.78 96.99

101.66 100.70 100.54 99.06

101.58 101.02 101.18 99.22

96.54 98.54 99.74 96.28

Mean 100.00 99.88 100.10 97.89

SEM 1.20 0.59 0.52 0.74

Mixed Glia Control NA 0.1 nM NA 1 |iM NA 10 ]iM

97.70 111.84 107.24 107.58

104.51 113.71 112.86 104.51

97.36 89.87 88.16 74.88

94.64 96.68 104.34 100.60

100.43 102.30 107.58 104.68

105.37 107.92 98.38 67.39

Mean 100.00 103.70 103.10 93.27

SEM 1.74 3.77 3.56 7.13

Mixed Glia Control Salbutamol Salmeterol db-cAMP

72.05 51.58 119.29 111.42

69.69 41.34 144.49 125.59

109.84 46.85 135.04 137.40

65.75 73.62 123.23 113.78

141.34 126.38 112.21 109.06

141.34 118.50 129.53 76.77

Mean 100.00 76.38 127.30 112.30

SEM 14.59 15.27 4.72 8.33

Raw PCR data from Section 3.9:

Control Thrombin Salbutamol Thrombin+

Salbutamol

0.40 1067.28 0.75 597.44

0.28 1111.15 5.73 759.69

iNOS
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Mean

SEM

IL-lp

Mean

SEM

TNFa

Mean

SEM

CD40

Mean

SEM

1.36

1.68

0.72

1.58

1.00

0.25

1444.07

2211.08 

1201.20

657.18

1282.00

213.00

13.90

10.02

17.36

4.90

8.78

2.52

2325.33

3015.09

2073.23

1832.16

1767.00

380.80

0.79

0.90

0.78

1.32

1.04

1.17

1.00

0.09

61.93

69.41

79.59

89.26

72.55

35.47

68.03

7.54

1.25

0.90

0.70

1.07

1.12

0.79

0.97

0.09

60.71

60.98

98.38

113.64

131.30

126.42

98.57

12.81

0.55

0.86

0.90

1.14

0.88

1.68

1.00

0.16

12.34 

17.22 

15.01

6.51 

14.83

25.35 

15.21

2.52

0.29

0.30

0.47

0.59

0.49

0.41

0.43

0.05

6.53

4.38

4.55

4.74

8.26

6.25

5.79

0.62

0.82

1.11

0.83

0.94

0.92

1.38

1.00

0.09

61.65 

70.30 

82.15 

57.91 

72.06

58.65 

67.12

3.86

1.02

0.61

0.75

0.62

1.12

0.62

0.79

0.09

44.05

37.85

60.68

57.53

93.75

85.87

63.29

9.12
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VCAM-1 0.68 9.27 0.64 1.95

0.67 16.65 0.71 3.56

1.00 17.02 1.16 4.66

1.31 10.11 0.95 7.12

0.98 16.31 0.95 4.98

1.35 9.20 0.91 5.78

Mean 1.00 13.09 0.89 4.68

SEM 0.12 1.60 0.08 0.73

IP-IO 0.78 99.94 0.68 16.52

1.46 128.42 0.72 33.34

0.86 147.96 0.95 91.23

0.83 124.99 0.69 129.68

1.06 154.89 1.40 138.81

187.82 0.91 88.75

Mean 1.00 140.70 0.89 83.06

SEM 0.13 12.29 0.11 20.23

Ap Salbutamol AP Salbutamol

IL -lp 6.38 40.08 TNFa 4.42 9.95

7.01 30.73 5.58 3.32

11.64 36.58 5.14 10.71

7.84 54.34 4.13 10.55

1.79 4.69

6.49

Mean 6.86 40.43 Mean 4.79 8.63

SEM 1.29 5.02 SEM 0.26 1.78

Raw PCR data from  Section 3.10:

Throm Salm 0.1 Salm 1 Salm 10 Xam 0.1 Xam 1

+Throm +Throm +Throm +Throm +Throm

0.59 0.82 1.03 0.45 2.04 1.73

0.83 1.22 1.11 0.63 2.24 2.04

iNOS

Xam 10 

+Throm

0.65

0.98
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0.92 1.43 1.18 0.68 2.29 2.11 1.08

1.09 1.61 1.61 0.75 2.30 2.27 1.26

1.10 1.73 1.62 0.86 2.40 2.30 1.68

1.48 1.97 1.85 0.86 2.42 2.43 1.68

Mean 1.00 1.46 1.40 0.71 2.28 2.15 1.22

SEM 0.12 0.17 0.14 0.06 0.06 0.10 0.17

IL -ip 0.88 0.79 1.00 0.93 1.31 1.35 1.23

1.00 0.67 1.00 0.95 1.44 1.21 1.52

1.30 1.31 1.14 1.14 1.56 1.45 1.68

0.88 0.98 0.68 0.79 1.25 1.37 1.55

1.21 0.99 1.08 0.96 1.51 1.61 1.95

0.73 1.28 1.47 1.05 1.47 1.37 1.03

Mean 1.00 1.00 1.06 0.97 1.42 1.40 1.49

SEM 0.09 0.10 0.10 0.05 0.05 0.05 0.13

TNFa 1.27 0.37 0.34 0.30 0.91 0.87 0.89

1.12 0.26 0.30 0.30 1.05 0.75 1.47

1.20 0.31 0,47 0.38 0.63 0.74 1.16

0.80 0.42 0.32 0.24 0.76 0.77 1.13

0.96 0.38 0.51 0.33 0.83 1.09 1.28

0.66 0.44 0.35 0.36 0.66 0.66 0.96

Mean 1.00 0.36 0.38 0.32 0.81 0.82 1.15

SEM 0.10 0.03 0.03 0.02 0.06 0.06 0.09

CD40 1.00 0.31 0.41 0.38 1.06 0.94 0.85

1.30 0.36 0.43 0.49 1.47 1.22 1.80

1.63 0.38 0.40 0.59 0.93 1.04 1.60

0.47 0.48 0,23 0.34 0.69 0.84 0.93

0.94 0.24 0.21 0.19 0.79 0.95 0.99

0.66 0.42 0.30 0.39 0.63 0.68 0.39

Mean 1.00 0.37 0.33 0.40 0.93 0.95 1.09
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VCAM-1 1.10 0.36 0.65 0.33 1.16 1.13 0.82

1.41 0.70 0.85 0.37 1.59 1.43 0.85

1.38 1.20 0.54 0.36 1.81 1.55 0.76

0.73 0.57 0.17 0.17 0.98 1.28 0.93

0.85 0.56 0.30 0.08 1.05 0.75 0.84

0.54 0.87 1.01 0.38 1.46 1.40 0.17

Mean 1.00 0.71 0.59 0.28 1.34 1.26 0.73

SEM 0.14 0.12 0.13 0.05 0.13 0.12 0.11

IP-10 1.24 0.76 0.91 0.23 1.88 1.59 0.89

1.26 0.62 0.81 0.14 2.45 2.04 1.07

1.29 1.01 0.91 0.11 2.17 1.85 0.94

0.89 1.01 0.56 0.13 1.26 1.66 1.02

0.88 0.73 0.62 0.06 1.62 1.47 0.92

0.44 0.72 0.60 0.19 1.76 1.85 0.38

Mean 1.00 0.81 0.73 0.14 1.86 1.74 0.87

SEM 0.14 0.07 0.07 0.02 0.17 0.09 0.10

AP Salm 0.1 

+Ap

Salm 1 

+Ap

IL -ip 5.09 59.78 83.70

6.91 41.58 32.59

7.77 44.34 35.12

2.31 10.13 44.05

4.84 53.30 47.73

50.47

Mean 5.38 41.83 48.94

SEM 0.95 8.56 7.52

TNFa 1.21 9.45 6.81

1.06 4.61 1.76

1.62 8.62 7.10

3.13 3.61 2.35

1.63 8.28 3.34

Salm 10 Xam 0.1 Xam 1 Xam 10

+Ap +Ap +Ap +Ap

2.99 26.96 110.80 15.29

6.22 74.96 150.65 3.91

6.12 95.56 43.71 1.62

5.45 61.80 67.81 41.27

37.88 48.92 6.10

47.20 55.76 30.19

5.20 57.39 79.61 16.40

0.76 10.32 17.28 6.56

2.31 1.94 3.10 2.31

4.65 6.42 2.32 0.89

0.51 10.73 3.63 1.11

1.46 3.78 4.82 8.32

1.97 18.72 2.95
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3.52 7.63

Mean 2.03 6.92 4.83

SEM 0.42 1.17 1.08

Con Salm 0.1 Salm 1

iNOS 0.23 0.43 0.42

0.37 0.57 0.99

1.39 1.39 0.70

1.46 2.76 1.05

1.55 0.51 1.60

0.54 0.57

Mean 1.00 1.03 0.89

SEM 0.29 0.37 0.17

IL -lp 0.67 1.02 1.00

1.04 0.92 1.26

1.11 1.32 1.05

1.27 1.27 1.04

1.12 1.18 0.90

0.80 1.13 1.41

Mean 1.00 1.14 1.11

SEM 0.09 0.06 0.08

TNFa 0.42 0.32 0.40

0.99 0.44 0.56

1.15 0.97 1.08

1.36 0.96 0.71

1.56 0.57 0.68

0.53 0.57 0.70

Mean 1.00 0.64 0.69

SEM 0.19 0.11 0.09

CD40 0.79 0.34 0.30

1.09 0.28 0.33

2.18

0.69

8.32

2.99

3.47

0.52

3.12

1.36

Salm 10 Xam 0.1 Xam 1 Xam 10

1.65 0.76 1.55 2.46

1.37 0.63 2.15 3.39

2.01 0.91 1.40 5.21

1.88 1.74 2.75 3.06

1.26 0.55 1.17 4.23

1.86 1.02 0.99

1.67 0.94 1.67 3.67

0.12 0.18 0.27 0.48

0.89 1.13 1.36 1.14

1.10 1.62 1.92 1.37

0.96 1.39 1.20 2.87

0.60 1.45 1.62 1.46

0.82 1.32 1.26 3.72

1.22 2.26 2.25 1.02

0.93 1.53 1.60 1.93

0.09 0.16 0.17 0.45

0.33 1.15 1.30 1.85

0.56 1.86 1.90 1.13

0.82 1.62 1.45 1.40

0.32 2.02 2.38 3.91

0.31 1.41 1.51

0.51 1.35 2.18

0.47 1.57 1.79 2.07

0.08 0.13 0.18 0.63

0.86 0.85 0.89 1.47

0.79 0.66 1.08 1.63
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1.13 0.33 0.39 0.59 0.71 0.59 2.18

0.98 0.31 0.27 0.47 0.99 0.91 1.34

0.99 0.30 0.28 0.49 0.67 0.59 1.96

1.01 0.36 0,39 0.67 0.60 0.62 0.48

Mean 1.00 0.32 0.33 0.65 0.75 0.78 1.51

SEM 0.05 0.01 0.02 0.06 0.06 0.08 0.24

VCAM-1 0.67 0.85 0.77 0.71 0.67 1.12 0.98

0.81 0.95 0.90 0.77 1.25 1.21 1.17

0.92 0.96 0.92 0.77 1.30 1.21 1.20

1.07 0.97 1.02 0.80 1.36 1.40 1.59

1.26 1.10 1.13 0.87 1.39 1.57 1.61

1.27 1.32 1.25 1.09 1.51 1.64 2.43

Mean 1.00 1.02 1.00 0.84 1.25 1.36 1.50

SEM 0.10 0.07 0,07 0.06 0.12 0.09 0.21

IP-10 0.47 0.46 0.59 0.80 1.04 0.77 1.60

0.87 0.53 0.46 1.16 0.84 1.20 1.70

1.30 0.60 0.43 0.66 0.81 0.85 4.31

1.46 0.45 0.52 0.61 1.00 1.03 1.85

1.49 0.39 0.48 0.97 0.61 0.92 3.69

0.41 0.46 0.63 0,62 0.57 0.55 1.18

Mean 1.00 0.48 0.52 0.80 0.81 0.89 2,39

SEM 0.20 0.03 0.03 0.09 0.08 0.09 0.52

Raw PCR data from Section 3.11:

IL-ip

ntrol Thrombin dbcAMP Throm+ dbcAMP Throm+

100 nM dbcAMP 500 jiM dbcAMP

100 nM 500 jiM

0.79 61.93 1.54 61.34 2.54 64,69

0.90 69.41 1.16 60.96 1.66 73.27

0.78 79.59 1.36 63,88 1.86 74.47

1.32 89.26 2.14 114.76 4.12 122.45

1.04 72,55 1.64 82.09 2.00 78.41
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1.17 35.47 1.32 62.24 1.73 78.08

Mean 1.00 68.03 1.53 74.21 2.32 81.89

SEM 0.09 7.54 0.14 8.75 0.38 8.36

TNFa 0.55 12.34 0.13 1.95 0.15 1.24

0.86 17.22 0.11 1.63 0.11 1.65

0.90 15.01 0.17 1.39 0.17 1.34

1.14 6.51 0.24 2.63 0.24 1.96

0.88 14.83 0.17 2.54 0.11 1.89

1.68 25.35 0.12 1.36 0.15 1.44

Mean 1.00 15.21 0.16 1.92 0.16 1.59

SEM 0.16 2.52 0.02 0.23 0.02 0.12

CD40 0.82 61.65 0.39 39.58 0.73 36.13

1.11 70.30 0.53 39.70 0.44 35,77

0.83 82.15 0.50 36.44 0.87 40.09

0.94 57.91 0.67 57.16 0.85 38.65

0.92 72.06 0.54 33.41 0.66 49.96

1.38 58.65 0.52 0.52

Mean 1.00 67.12 0.53 41.26 0.68 40.12

SEM 0.09 3.86 0.04 4.14 0.07 2.59

VCAM-1 0.68 9.27 0.57 7.40 0.63 5.38

0.67 16.65 0.58 6.40 0.48 5.15

1.00 17.02 0.77 7.18 0.72 5.41

1.31 10.11 0.94 6.47 0.51 6.23

0.98 16.31 1.05 7.58 0.85 6.27

1.35 9.20 0.67 8.30 0.62 5.15

Mean 1.00 13.09 0.76 7.22 0.63 5.60

SEM 0.12 1.60 0.08 0.29 0.06 0.21

IP-10 0.78 99.94 1,52 89.58 1.42 67.07

1.46 128.42 1.54 97.59 0.63 86.84

0.86 147.96 1.40 98.07 1.69 109.78
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0.83 124.99 2.36 175.77 1.08 162.95

1.06 154.89 1.02 134.20 1.70 110.01

187.82 1.79 117.61 1.53 108.28

Mean 1.00 140.70 1.60 118.80 1.34 107.50

SEM 0.13 12.29 0.18 13.19 0.17 13.10

Throm bin db-cAMP BNZ pCPT

+Throm +Throm +Throm

IL -lp 1.04 1.15 1.60 0.19

1.23 0.86 0.99 0.19

0.94 0.84 1.04 0.11

0.73 1.53 1.08 0.71

1.30 1.34 1.14 0.49

0.77 1.19 1.10 0.26

Mean 1.00 1.15 1.16 0.32

SEM 0.10 0.11 0.09 0.09

TNFa 0.88 0.14 0.22 0.18

1.58 0.09 0.15 0.18

0.89 0.07 0.15 0.14

0.94 0.13 0.15 0.53

1.11 0.11 0.16 0.41

0.60 0.11 0.16 0.19

Mean 1.00 0.11 0.16 0.27

SEM 0.13 0.01 0.01 0.07

CD40 1.03 0.62 0.90 0.27

1.12 0.35 0.52 0.37

0.96 0.49 0.54 0.32

0.88 0.57 0.75 0.77

1.12 0.51 0.72 0.58

0.89 0.50 0.69 0.43

Mean 1.00 0.50 0.69 0.46

SEM 0.04 0.04 0.06 0.08
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VCAM-1 0.84 0.25 0.40 0.07

1.15 0.28 0.27 0.06

0.89 0.36 0.16 0.09

1.01 0.20 0.13 0.13

1.43 0.33 0.44 0.18

0.67 0.15 0.25 0.05

Mean 1.00 0.26 0.28 0.10

SEM 0.11 0.03 0.05 0.02

IP-10

Mean

SEM

1.04 0.37 0.71 0.01

1.01 0.15 0.43 0.04

1.00 0.41 0.16 0.05

0.58 0.13 0.23 0.14

1.47 0.32 0.73 0.12

0.90 0.12 0.32 0.03

1.00 0.25 0.43 0.06

0.12 0.05 0.10 0.02

ca.
<

dbcAM P BNZ pCPT

+Ap +Ap +Ap

IL -lp 6.38 31.01 19.53 14.09

7.01 23.64 24.96 5.00

11.64 54.39 30.36 22.18

7.84 28.52 10.99 34.24

1.79 25.00 28.43 6.36

6.49 7.14

Mean 6.86 32.51 22.85 14.83

SEM 1.29 5.62 3.49 4.69

TNFa 4.42 0.92 0.37 5.70

5.58 2.94 1.07 1.69

5.14 0.75 1.35 2.93

4.13 0.84 2.27 8.54

1.19 1.33 0.71 3.87
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4.69 0.25 2.09

Mean 4.19 1.17 1.31 4.54

SEM 0.64 0.38 0.31 1.19

Raw PCR data from  Section 3.12:

Thrombin Salm SQ22536 SQ22536 KT5720 KT5720

+Throm +Throm +Salm +Throm +Salm

+Throm +Throm

TNFa 1.01 0.30 0.90 0.27 1.36 0.46

1.25 0.44 1.37 0.28 1.50 0.34

0.99 0.37 0.85 0.24 1.30 0.39

1.02 0.36 0.86 0.27 1.22 0.52

0.95 0.30 1.02 0.31 1.22 0.40

0.77 0.66 0.23 0.75 0.45

Mean 1.00 0.35 0.94 0.27 1.22 0.43

SEM 0.06 0.02 0.10 0.01 0.10 0.03

CD40 1.20 0.54 1.38 0.77 1.57 0.61

1.19 0.93 1.35 0.81 1.41 0.53

1.16 0.55 1.00 0.45 1.35 0,44

0.93 0.56 0.91 0.52 1.00 0.44

0.73 0.48 0.96 0.55 0.61 0.43

0.79 0.82 0.50 0.88 0.62

Mean 1.00 0.61 1.07 0.60 1.14 0.51

SEM 0.09 0.08 0.10 0.06 0.15 0.04

VCAM-1 1.16 0.93 1.45 0.65 1.05 0.20

1.00 0.71 1.24 0.53 1.08 0.17

1.02 0.58 1.10 0.55 1.01 0.13

0.68 0.44 1.02 0.45 0.61 0.16

0.83 0.89 1.08 0.48 1.14 0.18

1.31 1.43 0.82 1.32 0.25

Mean 1.00 0.71 1.22 0.58 1.04 0.18

SEM 0.09 0.09 0.08 0.06 0.10 0.02
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IP-10 1.35 0.83 1.48 0.92 1.29 0.04

1.11 0.75 1.26 0.39 0.76 0.03

0.96 0.42 1.26 0.37 1.03 0.02

0.82 0.50 0.98 0.41 0.69 0.04

0.69 0.64 0.79 0.41 0.63 0.03

1.07 1.55 0.82 1.30 0.09

Mean 1.00 0.63 1.22 0.55 0.95 0.04

SEM 0.10 0.08 0.12 0.10 0.12 0.01

Raw PCR data from  Section 3.13:

Control Thrombin NA+ Prop Prop+ Prop+NA

Throm Throm +Throm

TNFa 1.00 16.35 12.08 1.67 24.73 14.35

1.05 17.85 8.53 2.95 28.55 10.34

1.34 16.84 10.85 2.14 21.62 17.48

0.87 27.63 12.18 1.13 22.44 14.76

0.57 16.97 11.33 0.73 25.73 15.70

1.17 19.06 10.07 1.02 16.93 12.79

Mean 1.00 19.11 10.84 1.61 23.33 14.24

SEM 0.11 1.75 0.56 0.34 1.63 1.00

CD40 1.08 63.79 61.55 1.54 77.89 45.37

1.46 63.89 49.42 1.62 96.38 36.06

1.06 95.09 75.42 1.44 93.55 49.63

0.86 78.03 46.49 0.65 71.28 37.11

0.55 42.23 44.11 0.67 73.23 43.53

0.99 55.54 37.64 0.72 49.62 32.38

Mean 1.00 66.43 52.44 1.10 76.99 40.68

SEM 0.12 7.47 5.61 0.19 6.95 2.67

VCAM-1 1.25 19.49 10.95 2.76 19.60 10.46

1.43 21.28 13.34 2.51 20.55 9.01

1.23 16.52 15.23 2.07 16.68 3.01

0.64 18.10 12.28 0.49 16.36 5.72
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0.58 8.77 10.50 0.68 14.17 6.69

0.86 12.69 5.72 0.90 11.86 4.24

Mean 1.00 16.14 11.34 1.57 16.54 6.52

SEM 0.14 1.90 1.32 0.41 1.33 1.15

IP-10 1.49 57.46 58.87 2.02 59.84 26.36

1.70 57.66 55.07 3.57 75.60 37.10

0.99 62.02 70.45 2.40 65.38 21.67

0.60 62.02 50.82 0.35 60.70 25.12

0.49 52.54 41.06 0.39 55.41 19.70

0.73 60.21 43.05 0.63 42.81 15.94

Mean 1.00 58.65 53.22 1.56 59.96 24.32

SEM 0.20 1.47 4.43 0.54 4.43 2.98

AP NA Prop Prop+

+Ap +AP NA+Ap

IL -lp 1.11 0.58 1.66 0.87

0.84 0.84 0.45 1.57

0.76 0.47 0.80 1.82

1.52 0.88 0.99 2.09

0.57 0.37 0.96 0.97

1.20 1.65 0.42 0.94

Mean 1.00 0.80 0.88 1.38

SEM 0.14 0.19 0.19 0.21

TNFa 1.09 0.17 0.56 0.36

0.62 0.40 0.20 0.28

0.85 0.14 0.63 0.51

1.64 0.22 0.91 1.45

0.51 0.24 0.34 0.10

1.30 0.34 0.20 0.22

Mean 1.00 0.25 0.47 0.29

SEM 0.17 0.04 0.11 0.07
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Raw PCR data from  Section 3.14:

Thrombin NA Met Met+NA But But+NA

+Throm +Throm +Throm +Throm +Throm

TNFa 1.03 0.06 0.83 0.23 0.32 0.13

0.84 0.08 1.07 0.19 0.83 0.12

0.82 0.09 0.85 0.22 0.76 0.19

0.92 0.07 0.79 0.23 0.48 0.16

1.40 0.04 1.34 0.25 0.57 0.15

0.94 0.25 0.62 0.16

Mean 1.00 0.07 0.97 0.23 0.60 0.15

SEM 0.11 0.01 0.08 0.01 0.07 0.01

CD40 1.05 0,46 1.26 0.67 0.71 0.53

0.75 0.44 1.33 0.68 1.23 0.54

1.14 0.63 1.31 0.55 1.14 0,56

0.75 0.45 0.93 0.60 0,75 0,54

1.31 0.21 1.11 0.68 0.27 0,48

1.56 0.66 0,98 0.61

Mean 1.00 0.44 1.25 0.64 0,85 0.54

SEM 0.11 0.07 0.09 0.02 0,14 0.02

VCAM-1 1.00 0.32 2.83 0.91 1,67 0.73

0.88 0.27 2.92 1.14 2,33 0.43

1.53 0.34 2.95 1.24 2,59 0.49

0.82 0.30 2.09 0.88 1,32 0.42

0.42 0.19 2.38 0.91 2,52 0.39

1.36 0.45 2.89 1.33 2,01 0.55

Mean 1.00 0.31 2.68 1.07 2,07 0.50

SEM 0.16 0.03 0.15 0.08 0,20 0.05

IP-10 1.06 0.04 3.40 1.17 2.21 0.82

0.53 0.04 3.44 0.92 3.42 0.44

1.27 0.06 3.43 0.92 3.53 0.63

0.77 0.03 2.81 0.85 1.56 0.34
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1.37 0.01 2.90 0.80 2.47 0.39

0.08 3.96 1.11 3.47 0.64

Mean 1.00 0.04 3.32 0.96 2.78 0.54

SEM 0.16 0.01 0.17 0.06 0.33 0.08

Chapter 4

Raw PCR data from Section 4.4:

Control Salbutamol Control dbcAMP

IL -lR l 1.77 0.86 IL -lR l 1.12 0.77

1.06 0.67 1.08 0.59

0.97 0.95 1.22 0.70

0.57 0.44 0.81 0.52

0.63 0.62 0.76 0.57

0.77 1.01 0.52

Mean 1.00 0.72 Mean 1.00 0.61

SEM 0.21 0.08 SEM 0.07 0.04

IL-1R2 1.73 35.23 IL-1R2 1.50 71.88

0.19 18.02 1.04 52.06

1.58 8.04 0.76 36.78

0.50 56.50 0.71 28.30

20.76 24.48

30.55

Mean 1.00 28.18 Mean 1.00 42.70

SEM 0.39 6.88 SEM 0.18 8.70

TNFRl 1.61 1.12 TNFRl 1.28 1.36

0.53 1.18 1.09 1.27

1.11 0.83 1.21 1.08

0.88 1.09 0.88 1.16

0.86 0.75 0.72 0.77

0.66 0.82 0.84

Mean 1.00 0.94 Mean 1.00 1.08

SEM 0.18 0.09 SEM 0.09 0.10
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TNFR2 1.15 3.58 TNFR2 1.19 2.41

0.65 3.26 1.14 3.42

1.52 1.20 1.61 1.71

0.98 5.02 1.16 1.71

0.70 1.60 0.39 1.28

2.80 0.50 0.90

Mean 1.00 2.91 Mean 1.00 1.91

SEM 0.16 0.57 SEM 0.19 0.37

IFNgRl 1.43 1.03 IFNgRl 1.24 0.91

0.94 1.06 1.02 0.84

0.99 0.65 1.43 0.93

0.74 1.11 0.96 0.98

0.90 1.10 0.70 0.58

0.88 0.65 0.68

Mean 1.00 0.97 Mean 1.00 0.82

SEM 0.12 0.07 SEM 0.12 0.06

IFNgRl 1.17 1.89 IFNgR2 0.95 1.97

0.87 1.33 1.14 3.24

1.39 1.01 1.53 1.83

0.51 2.66 1.00 2.35

1.07 1.30 0.71 1.14

1.98 0.68 1.03

Mean 1.00 1.69 Mean 1.00 1.93

SEM 0.15 0.25 SEM 0.13 0.33

Control Salmeterol Salmeterol Xamoterol Xamoterol

1 jiM lOfiM 1 \iM 10 nM

IL -lR l 1.77 0.89 0.61 1.15 1.57

1.06 0.66 1.21 0.89 1.07

0.97 0.83 1.70 1.26 0.43

0.57 0.73 0.56 0.59 0.47

0.63 1.01 0.73 1.06 1.04
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0.72 0.78

Mean 1.00 0.81 0.93 0.99 0.92

SEM 0.21 0.05 0.18 0.12 0.21

IL-IR2 1.73 20.55 85.21 19.77 15.19

0.19 31.18 14.25 0.97 1.27

1.58 50.77 19.19 15.64 7.34

0.50 24.79 21.03 2.64 8.49

10.39 3.94

29.31 35.92

Mean 1.00 27.83 29.92 9.76 8.07

SEM 0.39 5.50 11.84 4.68 2.85

TNFRl 1.61 1.10 1.14 1.72 1.64

0.53 0.96 1.59 1.19 1.11

1.11 1.75 1.22 0.48 0.83

0.88 0.71 0.64 1.26 0.93

0.86 1.39 0.36 0.87 1.61

0.69 0.50

Mean 1.00 1.10 0.91 1.10 1.22

SEM 0.18 0.17 0.20 0.21 0.17

TNFR2 1.15 4.69 2.54 6.69 4.23

0.65 2.18 3.34 1.39 1.32

1.52 1.91 1.88 1.35 1.33

0.98 3.32 1.21 3.09 2.58

0.70 1.81 2.08 3.05 5.14

2.49 2.55

Mean 1.00 2.78 2.21 3.01 2.86

SEM 0.16 0.55 0.35 0.80 0.63

IFNgRl 1.43 1.17 0.98 0.92 1.36

0.94 1.07 0.81 0.83 1.17

0.99 0.69 0.82 0.88 1.07
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0.74 0.81 0.71 0.94 0.59

0.90 0.85 0.63 0,49 1.35

0.68 1.11 1.32

Mean 1.00 0.88 0.79 0.86 1.15

SEM 0.12 0.08 0.06 0.08 0.12

IFNgR2 1.17 1.64 1.10 0.91 1.02

0.87 1.35 1.07 0.80 0.79

1.39 1.35 1.09 1.71 0.64

0.51 0.71 0.71 0.42 0,82

1.07 1.30 0.74 0.38 1.22

Mean 1.00 1.27 0.94 0.84 0.90

SEM 0.15 0.15 0.09 0.24 0.10

Raw PCR data from  Section 4.7;

Control IL-lp TNFa IFNy

IL -lR l 1.10 1.40 1.47 1.20

1.12 2.09 1.51 0.75

0.85 0.89 1.77 0.68

0.78 1.15 1.42 0.69

0.86 1.32 1.32 1.65

1.29 0.57

Mean 1.00 1.37 1.50 0.92

SEM 0.08 0.20 0.08 0.17

IL-1R2 1.14 0.02 0.67 0.80

0.85 1.51 1.02 0.04

0.81 0.12 1.67 0.38

0.28 0.50 0.37

1.92 0.52 0.98

Mean 1.00 0.53 0.94 0.41

SEM 0.27 0.26 0.22 0.22

TNFRl 1.34 1.03 0.98 1.98
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Mean

SEM

TNFR2

Mean

SEM

IFNgRl

Mean

SEM

IFNgR2

Mean

SEM

1.03 

0.80 

0.91 

0.87

1.05 

1.00 

0.08

1.27

1.06 

0.96 

0.91 

0.91 

0.90 

1.00 

0.06

0.96

1.19

0.96

0.97

0.91

1.02

1.00

0.04

0.41

1.14

1.04 

0.94 

1.12 

1.35 

1.00 

0.13

4.45

1.07

2.15 

0.68 

1.05 

1.74 

0.58

1.23

1.01

2.14 

1.53

1.16

1.41

0.20

1.33

1.14

1.17

1.09 

1.01

1.15 

0.05

1.66

1.09 

0.99

1.15 

1.03

1.18 

0.12

0.77

1.09

0.81

0.73

0.88

0.07

1.08

1.71

0.94

1.12

1 . 1 1

1.19

0.13

1.40

1.33

1.44

1.55 

1.36

1.42

0.04

2.08

0.81

1.45 

1.47 

1.95

1.55 

0.22

2.37 

1.66 

1.62 

2.22 

2.15 

2.00 

0.13

1.50

2.40

1.55

1.38 

2.31

1.03 

1.70 

0.22

0.97

1.19

0.94

1.42

1.04 

0.88 

1.07 

0.08

1.18

1.10

0.93

0.52

1.00

0.89

0.94

0.09
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Chapter 5

Raw PCR data from  Section 5.4:

Mixed Glia Astrocytes Microglia

Control Throm bin Control Throm bin Control Throm bin

GDNF 0.85 4.63 1.17 8.65 0.72 0.70

1.17 5.00 1.46 8.13 0.80 3.04

0.89 7.27 0.67 8.67 1.22 1.40

1.22 5.59 0.75 7.65 0.79 1.18

0.86 5.08 1.09 6.11 1.70 0.00

0.00 6.08 0.86 5.28 0.78 0.62

Mean 1.00 5.61 1.00 7.42 1.00 1.39

SEM 0.08 0.39 0.12 0.58 0.16 0.44

NGFp 0.92 4.06 1.47 8.74 1.15 1.85

0.88 3.36 1.22 7.80 0.70 2.39

0.99 4.51 0.73 9.50 1.70 2.37

0.88 4.13 0.81 8.26 0.99 1.29

0.81 4.11 0.86 6.96 0.70 0.85

1.52 5.13 0.90 7.89 0.76 1.31

Mean 1.00 4.22 1.00 8.19 1.00 1.68

SEM 0.11 0.24 0.12 0.36 0.16 0.26

IL-10 1.30 62.67 3.18 199.94 0.05 34,86

0.93 72.20 0.80 267.26 1.06 40.00

1.14 95.39 0.33 114.13 0.17 21.49

1.23 90.36 0.09 217.75 0.14 24.52

0.90 55.56 0.60 205.12 3.57 56.33

0.50 23.47 167.48 33.74

Mean 1.00 66.61 1.00 195.30 1.00 35.16

SEM 0.12 10.68 0.56 20.95 0.67 5.08

TGFpl 0.91 1.12 1.10 1.49 0.89 1.31

1.07 1.22 1.05 1.56 0.64 3.11

0.97 1.19 0.92 1.50 1.15 1.18
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1.08 1.24 0.99 1.44 1.48 0.82

0.96 1.46 1.03 1.36 0.83 3.85

1.02 1.24 0.91 1.50 0.76

Mean 1.00 1.25 1.00 1.48 1.00 1.84

SEM 0.03 0.05 0.03 0.03 0.15 0.53

Control AP Control AP

GDNF 1.08 1.43 IL-10 0.70 3.39

0.63 1.41 1.75 1.33

0.63 0.73 1.53 1.76

1.74 1.35 0.56 0.21

1.12 1.63 0.41 2.10

0.82 1.18 1.06 0.74

Mean 1.00 1.29 Mean 1.00 1.59

SEM 0.17 0.13 SEM 0,22 0.46

NGFfi 1.44 1.46 TGFpl 0.97 1.26

0.77 1.28 0.97 1.26

0.72 0.85 1.08 1.34

1.36 1.59 1.09 1.21

0.89 1.66 0.91 1.50

0.83 1.34 0.98 1.28

Mean 1.00 1.36 Mean 1.00 1.31

SEM 0.13 0.12 SEM 0.03 0.04

Raw PCR data from Section 5.5:

Control Thrombin AP

IL -lR l  1 13 0.97 1.05

0.89 0.96 0.95

1.18 0.88 1.24

0.88 0.98 0.89

1.17 0.92 0.93

0.76 0.97 1.09
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Mean

SEM

1L-1R2

Mean

SEM

TNFRl

Mean

SEM

TNFR2

Mean

SEM

IFNgRl

1.00

0.07

0.75

1.07

1.06

1.13 

0.74 

1.24 

1.00 

0.09

0.93

0.98

1.13 

1.05 

1.10 

0.80 

1.00 

0.05

0.93

0.91

0.92

0.97

0.97

1.29

1.00

0.06

1.04

0.99

0.91

0.91

0.95

0.02

1.12

1.08

3.07

2.60

2.43

1.50

1.97

0.34

0.69

0.65

0.68

0.79

0.65

0.75

0.70

0.02

4.00

3.36 

4.78 

3.92

3.95 

3.73

3.96 

0.19

1.36 

1.41 

1.24 

1.15

1.03

0.05

0.84

0.77

0.82

0.67

0.73

0.97

0.80

0.04

1.09 

0.99

1.33 

1.00 

1 . 1 1  

1.01

1.09 

0.05

1.17

1.33 

0.99

1.17 

0.87 

1.08

1.10 

0.06

1.06

1.12

1.20

0.96
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1.11 1.11 0.94

1.03 1.31 1.07

Mean 1.00 1.26 1.06

SEM 0.03 0.05 0.04

IFNgR2 0.87 0.72 0.93

1.08 0.70 1.18

0.95 0.57 1.22

0.90 0.78 1.06

1.23 0.75 1.14

0.98 0.66 1.12

Mean 1.00 0.70 1.11

SEM 0.05 0.03 0.04

Raw PCR data from Section 5.8:

Control Throm bin Sal Sal dbcAMP dbcAMP

+Throm +Throm

GDNF 0.85 4.63 15.58 17.44 8.67 14.22

1.17 5.00 11.62 17.75 9.02 17.17

0.89 7.27 20.78 24.67 13.28 14.73

1.22 5.59 19.66 23.67 15.39 20.51

0.86 5.08 10.01 21.55 10.88 23.41

6.08 22.42 22.08 15.18 17.31

Mean 1.00 5.61 16.68 21.19 12.07 17.89

SEM 0.08 0.39 2.08 1.23 1.22 1.43

NGFP 0.92 4.06 2.42 3.74 2.17 5.96

0.88 3.36 2.53 4.45 2.62 6.94

0.99 4.51 4.05 6.76 3.73 8.07

0.88 4.13 3.80 6.16 3.65 8.18

0.81 4.11 3.06 6.50 3.14 7.35

1.52 5.13 3.37 5.79 3.46 6.70

Mean 1.00 4.22 3.21 5.57 3.13 7.20

SEM 0.11 0.24 0.27 0.49 0.25 0.35
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IL-10 1.30 62.67 0.41 104.57 0.34 137.62

0.93 72.20 0.68 185.76 0.59 192.44

1.14 95.39 0.70 335.39 0.77 249.09

1.23 90.36 0.33 312.80 1.05 234.30

0.90 55.56 0.52 222.47 0.48 182.32

0.50 23.47 0.47 170.38 0.54

Mean 1.00 66.61 0.52 221.90 0.63 199.20

SEM 0.12 10.68 0.06 36.00 0.10 19.80

TGFpl 0.92 1.01 1.10 1.07 1.38 1.06

0.81 0.83 1.66 0.88 1.36 1.20

1.16 0.92 1.65 1.48 1.48 1.46

1.01 1.16 1.34 1.24 1.43 1.48

0.97 0.99 1.79 1.59 1.51 1.17

1.12 0.58 1.49 1.36 1.31 1.35

Mean 1.00 0.92 1.51 1.27 1.41 1.29

SEM 0.05 0.08 0.10 0.11 0.03 0.07

Control Throm bin Salmeterol Salmeterol

+Thrombin

GDNF 0.51 1.55 3.36 2.48

0.88 1.91 3.48 2.63

0.98 1.88 3.39 2.56

0.89 2.25 3.29 2.37

1.61

1.12

1.59 3.85 3.26

Mean 1.00 1.84 3.48 2.66

SEM 0.15 0.13 0.10 0.16

NGFp 0.50 1.77 1.80 1.97

1.19 1.91 1.55 2.25

1.21 1.92 1.83 1.51

1.08 2.74 1.50 3.00

1.23 2.68 2.23
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Mean

SEM

IL-10

Mean

SEM

TGFpl

Mean

SEM

0.79

1.00

0.12

1.89

0.30

0.12

2.18

0.68

0.83

1.00

0.34

0.91

1.07 

0.97

1.08 

0.96 

1.02 

1.00 

0.03

2.04

2.18

0.17

112.65

120.23

144.87

138.61

80.17

83.37

113.30

11.07

1.12

1.22

1.19

1.24 

1.46

1.24

1.25 

0.05

2.20

1.85

0.13

0.44

0.71

0.94

0.70

0.14

0.78

1.12

1.40

1.16

1.13

0.92

1.08

0.09

2.74

2.26

0.22

125.73

100.03

91.92

81.96

145.25

71.63

102.80

11.34

1.07

1.25 

0.90

1.26

1.24

1.15

1.15 

0.06
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7.3 Abbreviations

6’OHDA 6-hydroxydopamine

AD Alzheimer's disease

AF-1 accessory factor 1

ALS amyotrophic lateral sclerosis

ANOVA analysis o f variance

APC antigen presenting cell

ApoE apolipoprotein E

APP amyloid precursor protein

AR adrenergic receptor

AraC cytosine P-D-arabino-furanoside

ATP adenosine 5 -triphosphate

AP amyloid-beta

BBB blood brain barrier

BDNF brain derived neurotrophic factor

Bim Bcl-2-interacting mediator o f cell death

BNZ N6-Benzoyl-cAMP

BSA bovine serum albumin

Ca^^ calcium

CaM calmodulin

CAM cell adhesion molecule

CamKII Ca/CaM dependent kinase type II

cAMP 3’,5’-cyclic adenosine monophosphate

CD40L CD40 ligand

cDNA complementary DNA

CINC cytokine-induced neutrophil chemoattra

cr chlorine

CM conditioned media

CNS central nervous system

COMT catecho 1-0- me thy Itransferase

COX Cycloxygenase

CRE cAMP-response element

CREB CRE-binding protein
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CSF cerebrospinal fluid

CT cycle number

CTF C-terminal fragment

DA dopamine

DAG 1,2-diacylglycerol

db-cAMP dibutyryl-cAMP

DCX doublecortin

ddH20 distilled water

DMEM Dulbecco’s modified Eagle’s medium

DOPA dihydroxyphenylanlanine

DOPAC dihydroxy-phenyl-acetic acid

DPH dopamine-P-hydroxylase

EAE experimental autoimmune encephalomyelitis

EAM experimental autoimmune myocarditis

EDTA ethylenediaminetetraacetic acid

ELISA enzyme-linked immunosorbent assay

eNOS endothelial NOS

EPAC exchange protein directly activated by cAM P

ERK extracellular signal-regulated kinase

EtOH Ethanol

FBS foetal bovine serum

FRET fluorescence resonance energy transfer

GAS gamma activated sequence

GDNF glial derived neurotrophic factor

GDP guanosine diphosphate

GFAP glial fibrillary acidic protein

GFRa GDNF family receptor a

Gi inhibitory G-protein

GM-CSF granulocyte-macrophage colony-stimulating factor

Gs stimulatory G-protein

GTP guanosine triphosphate

H" hydrogen

H2O2 hydrogen peroxide
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H2S0 4 sulphuric acid

HCl hydrochloric acid

HIV human immunodeficiency virus

HRP horseradish peroxidase-conjugated streptavidin

ICAM intercellular CAM

ICH intracerebral haemorrhage

IFN Interferon

ig Immunoglobulin

IL Interleukin

IL-IOR IL-IO receptor

IL-IR IL-1 receptor

IL-lra IL-1 receptor antagonist

IL-lRAcP IL-IR accessory protein

iNOS inducible NOS

IP-10 IFN-inducible protein-10

IP3 inositol 1,4,5-triphosphate

IRAK IL-1 receptor-associated kinase

IRF IFN regulatory factor

ISG IFN stimulated genes

JAK Janus kinase

JNK Jun N-terminal kinase

K" Potassium

KCl potassium chloride

KH2PO4 Potassium dihydrogen orthophosphate

KO Knockout

LC locus coeruleus

LDH lactate dehydrogenase

LOAD late onset AD

LPS lipopolysaccharide

LTP long term potentiation

MAC membrane attack complexes

MAdCAM mucosal addressin CAM

MAO monoamine oxidase
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MAP microtubule-associated protein

MAPK mitogen-activated protein kinase

MCP monocyte chemoattractant peptide

M-CSF macrophage-colony stimulating factor

MeOH methanol

M g2S0 4 magnesium sulphate

MgCb magnesium chloride

MHC mitogen histocompatibility complex

MIP macrophage inflammatory protein

MMP matrix metalloproteinase

MND motor neuron disease

MPTP 1 -methyl-4-phenyl-1,2,3,6-tetrahydropyridine

mRNA messenger RNA

MS multiple sclerosis

NA noradrenaline

Na"̂ sodium

Na2C03 sodium carbonate

Na2H P04 disodium hydrogen orthophosphate

NaCl sodium chloride

NaH 2P04 sodium phosphate monobasic monohydrate

NaHCOj sodium bicarbonate

NaOH sodium hydroxide

NBM Neurobasal media

NCAM neuronal CAM

NET noradrenergic transporter

NFQ non-fluorescent quencher

NFT neurofibrillary tangle

NFkB nuclear factor o f k binding

NGF nerve growth factor

NK natural killer

NMDA N-methyl-D-aspartate

nNOS neuronal NOS

NO nitric oxide
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NOS nitric oxide synthase

NPC neural precursor cell

NSAID nonsteroidal anti-inflammatory drug

NT Neurotrophin

O2 Oxygen

p75^'^ p75 neurotrophin receptor

PAMP pathogen associated molecular patterns

PAR protease activated receptor

PBMC peripheral blood mononuclear cell

PBS phosphate buffered saline

pCPT 8-pCPT-2’-0-M e-cA M P

PD Parkinson's disease

PGE2 prostaglandin-E2

P I3 K phosphatidylinositide-3-kinase

PKA protein kinase A

PKC protein kinase C

PLA2 phospholipase A2

PLC phospholipase C

PLD phospholipase D

PNMT phenylethanolamine N-methyl transferase

PPAR peroxisome proliferator-activated receptor

ROS reactive oxygen species

RQ relative quantification value

RT-PCR real time polymerase chain reaction

Sal Salbutamol

Salm Salmeterol

SBE STAT binding element

SEM standard error o f  the mean

SNpc substantia nigra pars compacta

SOCS suppressor o f  cytokine signalling

STAT signal transducers and activators o f  transcription

TAFI thrombin activatable fibrinolysis inhibitor

TPR TGpp receptor
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TGFP transforming growth factor-P

Th helper T cell

TH tyrosine hydroxylase

TIR toll/IL-1 receptor

TLR toll like receptor

TMB 3,3’,5,5’,-Tetramethyl-benzidine

TNF tumour necrosis factor

TNFR TNF receptor

TRADD TNF receptor associated death domain

TRAF TNF receptor associated factor

Trk receptor tyrosine kinase

UV ultra violet

VCAM vascular CAM

VEGF vascular endothelial growth factor

VLA very late antigen

VMAT vesicular monoamine transporter

Xam Xamoterol

a-sAPP a-secretase-cleaved soluble APP

p-sAPP p-secretase-cleaved soluble APP

ACT CT difference

AACT CT difference corrected for p-actin
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l A  List of Abstracts Presented

RAMI (Royal Academy o f Medicine in Ireland). Cork, Ireland. June 2007 

Thrombin, p-amyloid and IFNy induce chemokine expression in primary 

astrocytes and microglia: Implications for neurodegeneration

NEUROTRAIN (Neuroscience Training in Europe - Autumn School). Dubrovnik, 

Croatia. October 2007

Thrombin, p-amyloid and IFNy induce chemokine expression in primary 

astrocytes and microglia: Implications for neurodegeneration

School o f Medicine Postgraduate Research Day. Dublin, Ireland. December 2007 

Noradrenaline suppresses thrombin-induced chemokine and cell adhesion 

molecule expression in primary astrocytes and microglia

HRB Research Day (Let’s Talk Health Research). Dublin, Ireland. December 2007 

Analysing the Brain’s Inflammatory Response

International Neuroimmunology Symposium. Dublin, Ireland. March 2008 

Noradrenaline suppresses thrombin-induced chemokine and cell adhesion 

molecule expression in primary astrocytes and microglia

School o f Medicine Postgraduate Research Day. Dublin, Ireland. December 2008 

The P2-adrenoceptor agonist salmeterol inhibits thrombin-induced inflammation 

in primary glial cells: A Role for PKA and EPAC activation by cAMP

BNA (British Neuroscience Association). Liverpool, England. March 2009

The p2-adrenoceptor agonist salmeterol inhibits thrombin-induced inflammation

in primary glial cells: A Role for PKA and EPAC activation by cAMP

PNIRS (Psychoneuroimmunology Research Society). Colorado, USA. June 2009 

The P2-adrenoceptor agonist salmeterol inhibits thrombin-induced inflammation 

in primary glial cells: A Role for PKA and EPAC activation by cAMP
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