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II Abstract

The endogenous anti-inflammatory and neurotrophic effects o f  noradrenahne are mediated by P2-adrenoceptors 

on astrocytes and microglia in the central nervous system (CNS). Notably, clinical studies demonstrate that ^2" 

adrenoceptors are absent from astrocytes o f  patients with Multiple Sclerosis (MS) and loss o f  glial P2- 

adrenoceptors is likely to contribute to the chronic inflammation observed in this disorder. Additionally it has 

been suggested that a loss o f  central noradrenergic tone may contribute to the development o f  A lzheim er’s 

disease by facilitating the chronic neuroinflammation and amyloid-P deposition which is characteristic o f  this 

disease. The biological basis for the loss o f  P2-adrenoceptors in MS is not known, therefore the possibility that 

exposure to an inflammatory stimulus could down-regulate glial P2-adrenoceptor expression and responsiveness 

was examined here. The results demonstrate that in vitro  exposure o f  primary mixed glial cultures to LPS+lFN-y 

down-regulates P2-adrenoceptor mRNA and cell surface expression ( - 50%) and reduces the accumulation of 

intracellular cAMP in response to the P2-adrenoceptor agonist salbutamol, an effect found to be specific to P2- 

adrenoceptor and not due to an effect on intracellular signaling events. Significantly, pre-treatment with the 

glucocorticoid dexamethasone prevented the suppression o f  P2-adrenoceptor expression induced by LPS+lFN-y 

and interestingly, dexamethasone also increased P2-adrenoceptor expression in its own right in the absence of 

inflammation, an effect which may contribute to its therapeutic efficacy in MS. In contrast, in vivo  a systemic 

LPS challenge did not impact on the mRNA expression or function o f  central P2-adrenoccptors, and it is 

suggested that the glucocorticoid surge that occurs in response to systemic treatment with LPS could prevent P2- 

adrenoceptor downregulation in vivo. Clenbuterol was shown to induce a dose-dependent activation o f  the IL-1 

and IL-10 cytokine systems and it was shown that these effects are mediated by actions at central P2- 

adrenoceptors, since they could be blocked by treatment with the selective P2-adrenoceptor antagonist ICl 

118,551. Notably, the clenbuterol-induced increase in IL-1 expression was found to occur in the absence o f  a 

classical immune response since clenbuterol did not impact on TTvlF-a, IL-6 , iNOS, COX-II or iKBa expression. 

In addition, it was shown that the LPS-induced production o f  inflammatory mediators could be reduced by 

concurrent clenbuterol administration. Interestingly, chronic treatment with clenbuterol resulted in astrocytic 

activation and significantly reduced amyloid-P concentrations, an effect suggested to occur due to increased 

degradation o f  amyloid-P as opposed to inhibition o f  synthesis. In this regard, clenbuterol induced expression o f 

MMP-2 ; an enzyme that is known to degrade amyloid-p. In contrast, clenbuterol did not influence expression o f 

enzymes involved in amyloid-P synthesis. Clenbuterol also significantly reduced expression o f  RAGE; a receptor 

implicated in mediating am yloid-p-induced neurotoxicity. However, in spite o f its beneficial central effects, 

clenbuterol was also found to induce negative peripheral effects such as a reduction in food and water intake, 

body-weight and locomotor activity o f  rats, effects which most likely occur due to its profound impact on heart 

rate. While it still remains to be determined if  the peripheral effects o f  clenbuterol can be dissociated from its 

central effects, overall the data presented here indicate that activation o f  central P2-adrenoceptors may represent a 

new target for pharmacological intervention in the treatment o f  neuroinflammatory diseases.
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Chapter 1: Introduction

1.1 Introduction

Neuroinflammation is known to play a significant role in the pathogenesis o f many 

neurological diseases such as stroke, Multiple Sclerosis (MS), Alzheimer’s disease (AD) and 

Parkinson’s disease (PD) (Aloisi et ai, 2000; Liu & Hong, 2003; Chavarria & Alcocer-Varela, 

2004). Whilst it was once thought that the brain was incapable o f mounting an immune 

response it is now accepted that the blood brain barrier (BBB) provides the brain with 

“relative” rather than “absolute” protection from invading pathogens (Carson et al, 2006; 

Galea et al, 2007). Hence, it is now recognised that the brain has its own intrinsic protective 

mechanisms which act to dampen the inflammatory response. Much research has focused on 

the role o f neurotransmitters in the regulation o f neuroinflammation, one such 

neurotransmitter being noradrenaline (Galea et al, 2003). Consequently, it has been found that 

within the central nervous system (CNS) noradrenaline exerts its anti-inflammatory and 

neurotrophic effects primarily through actions at P2 -adrenoceptors expressed on glial cells, the 

resident immune cells o f the brain (Mori et ai, 2002). However, the noradrenergic system has 

been shown to be defective in many neurological diseases. For instance, in MS it has been 

found that P2 -adrenoceptors are absent from astrocytes in the white matter o f patients suffering 

from the disease (De Keyser et ai, 1999; Zeinstra et al, 2000). In addition, defects in the 

noradrenergic system have been shown to play a substantial role in the pathogenesis o f other 

neurodegenerative disorders including Alzheimer’s disease and Parkinson’s disease (Marien et 

al, 2004). Such defects in noradrenergic signalling pathways may inhibit the beneficial effects 

o f endogenous noradrenaline in combating neuroinflammation. Thus, in the first instance, 

since P2 -adrenoceptors are absent on astrocytes in the MS brain, a neuroinflammatory 

disorder, the initial studies presented here examine the possible link between an inflammation 

and altered expression and responsiveness o f glial P2 -adrenoceptors both in vitro (Chapter 3) 

and in vivo (Chapter 4). In addition, the work presented in this thesis also examines the 

potential o f using pharmacological compounds to stimulate central glial P2 -adrenoceptors as a 

strategy for regulating the innate immune response o f the brain. Since previous studies from 

this laboratory have shown that acute treatment with clenbuterol, a long-acting selective P2 - 

adrenoceptor agonist, can activate astrocytes and induce the expression o f anti-inflammatory 

cytokines in the brain under basal conditions (McNamee, 2008) the work presented here 

further examines the ability o f clenbuterol to regulate the immune response

- 3 -



Chapter 1: Introduction

w ithin the C N S  fo llo w in g  both acute (Chapter 5) and chronic treatm ent (Chapter 7). 

Furthermore the ab ility  o f  acute treatm ent w ith  clenbuterol to im pact on LPS-induced  

inflam m ation (Chapter 5) and the peripheral e ffects  o f  clenbuterol (Chapter 6) w ere  

investigated in a bid to further exam in e its potential as a suitable therapeutic intervention for 

the treatm ent o f  neuroinflam m ation. Thus, the w ork presented here provides sign ificant insight 

into the potential o f  regulating neuroinflam m ation by se lec tiv e ly  targeting central P2- 

adrenoceptors.

1.2 The innate immune response

The im m une response p lays a critical role in protecting the body from injury and invading  

pathogens and is often referred to as the b od y’s “sixth sen se” . T his response can be divided  

into tw o primary com ponents: 1) an im m ediate innate im m une response and 2) a slow er  

adaptive im m une response in vo lv in g  the activation  o f  B - and T -cells  resulting in 

im m unological m em ory. The innate im m une response is the b o d y ’s first line o f  d efen ce  and 

plays a crucial role in the early recognition  o f  invading pathogens. It is a n on -sp ecific  response  

w hich  triggers an inflam m atory reaction ow in g  to recognition  o f  the h ighly evolutionarily  

conserved  structures on pathogens term ed pathogen-associated  m olecular patterns (P A M P s) 

by pathogen recognition  receptors (P R R s) on c e lls  o f  the im m une system . Upon PA M P  

recognition , the PRRs trigger a num ber o f  intracellular sign a llin g  cascad es to ev o k e  an 

inflam m atory response, the cardinal sign s o f  w hich  are heat, pain, sw ellin g , redness and loss  

o f  function. Inflam m ation is know n to in vo lve  the release o f  pro-inflam m atory m ediators such  

as cytok ines, ch em ok in es and cell adhesion  m olecu les (C A M s), am ongst others (Tracey, 

2002; A ndersson , 2005; M ogen sen , 2 0 0 9 ). H ow ever, w h ile  inflam m ation acts to protect the 

host against in fection or injury it can have a d ichotom ous effect. In this regard, w h ile  

inflam m ation plays an important repairing role the m agnitude o f  th is response is crucial since  

an insufficient response can result in im m u n od efic ien cy  w h ile  an exaggerated response can 

lead to m orbidity and m ortality (Chavarria & A Icocer-V arela , 2004; T racey, 2002).

1.2.1 Inflammation and the brain

It is a w ell know n fact that the brain is less su scep tib le  to inflam m ation than any other organ 

and as such has long  been regarded as an im m une privileged site ow in g  to the presence o f  the
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BBB. The BBB acts to prevent the access of foreign matter into the brain and is comprised of 

a complex networic o f pericytes, astrocytes and specialized cerebrovascular endothelial cells 

which are held together by complex tight occluding junctions (Carson et a i, 2006). However, 

as already mentioned, opinions regarding the immune privilege o f the brain are beginning to 

change and it is now clear that this “privilege” is more “relative” than “absolute” and cannot 

be wholly explained by the presence o f the BBB (Carson et a i, 2006; Galea et a i, 2007). 

Accordingly, it is now acknowledged that there are structures in the CNS that are devoid of 

BBB which provide entry routes for foreign particles. Collectively these are known as 

circumventricular organs (CVOs) o f which seven have been described, namely these are the 

subfornical organ, the organum vasculosum o f lamina terminalis (OVLT), median eminence, 

posterior pituitary, subcommissural organ, the pineal gland and the area postrema. 

Furthermore, it is now recognized that T-cells can enter the CNS from the periphery and while 

naive T-cells cannot be activated within the CNS, T-cells which have been primed in the 

periphery can cross the BBB and become re-stimulated upon antigen presentation within the 

CNS (Carson, 2002). As such it has been demonstrated that CD4^ T-cells specific for myelin 

antigens form part o f the normal T-cell repertoire and are found in the CNS o f both MS 

patients and healthy individuals, with the incidence or function o f these cells being no 

different between such individuals (De Keyser et ai, 2004b). Incidentally, the brain is also 

found to contain its own resident immune cells, the so called glial cells, which are said to play 

an important role in the inflammatory response o f the CNS owing to their ability to release 

cytokines and act as antigen presenting cells (APCs). Thus, it is now widely accepted that the 

CNS can mount a well-organized response to infection or injury and that, rather than the 

absence o f an immune response within the CNS, this process is under strict regulation (Galea 

et a i, 2003; Rivest, 2003). The activation o f regulatory neuronal pathways, such as that o f the 

cholinergic and noradrenergic pathways, is suggested to be one such mechanism and it has 

been suggested that activation o f such pathways imparts protection to the vulnerable CNS 

under neuroinflammatory conditions (Aloisi et ai, 2000, Galea et ai, 2003, Tracey, 2002). In 

spite o f this, the prevailing theory on many o f the major neurodegenerative diseases, including 

MS, Alzheimer’s disease and Parkinson’s disease, suggests that an inappropriate inflammatory 

response contributes to their pathology leading to widespread neuronal death and impaired 

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

neuroprotective (Carson et a l ,  2006).

1.2.2 Physiological neuroinflammation

As previously mentioned, inflammation forms part o f  the innate immune response and is a 

method by which the body protects itself from invading pathogens. Likewise in the brain, 

inflammation acts to protect the vulnerable CNS from infiltrating toxins and pathogens by 

activating the resident immune cells o f  the CNS, the glia, and by inducing the release o f  

various inflammatory mediators including cytokines, chemokines, nitric oxide (NO) and 

prostaglandins. Thus, while the BBB acts to prevent foreign matter from entering the CNS, it 

is now accepted that the CNS is itself capable o f  mounting an immune response in the absence 

o f  a breach o f  the BBB (Becher et al., 2000; Carson et al., 2006). Thus, under physiological 

conditions there are a number o f  mechanisms by which the CNS can induce an innate immune 

response, namely I) by regulating the presentation o f  antigen to T-cells, 2) by influencing the 

polarization o f  T-cell cytokine responses and 3) through the activation o f  its own endogenous 

immune cells, the glia (Becher et al., 2000). This acute physiological response and the 

inflammatory molecules it produces are suggested to play a significant role in the repair and 

recovery from injury and disease (Becher et a l, 2000; Piehl & Lidman, 2001). Thus, it has 

been found that microglia can initiate an immune response towards dying or damaged cells. In 

this regard, microglia have been shown to respond to the flipping o f  phosphatidylserine from 

the inner cell membrane to the outer cell membrane, an event which occurs during apoptosis 

(Becher et al., 2000).

Activation o f  microglia induces the expression o f  pro-inflammatory cytokines and chemokines 

during the initial stages o f  the immune response allowing for permeabilization o f  the BBB and 

recruitment o f  peripheral immune cells into the CNS. As such, the expression o f  pro- 

inflammatory cytokines contributes further to the inflammatory response since these play a 

role in the activation and polarization o f  T-cells (Becher et a l, 2000; Lucin & Wyss-Coray, 

2009). Astrocytes also play a role in the immune response o f  the CNS. Thus, upon insult to the 

CNS astrocytes are generally found to migrate towards the site o f  injury and form a glial scar 

which acts to insulate the damaged area. As such the activation o f  astrocytes appears to restrict 

inflammatory processes within the CNS since these cells play a role in the induction o f  T-cell

- 6 -



Chapter 1: Introduction

apoptosis (Piehl & Lidman, 2001). Neurons are also found to play a role in the immune 

response o f  the CNS and have been found to express major histocompatability complex 

(MHC) class I and to produce cytokines such as interferon-gamma (IFN-y). In addition, they 

have also been shown to induce apoptosis o f T-cells (Piehl & Lidman, 2001). While the 

inflammatory response is generally rapidly resolved, how a given insult is interpreted within 

the CNS can mean the difference between a beneficial or detrimental outcome. Thus, 

dysregulation o f the inflammatory response can have detrimental consequences for the CNS if 

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

1.2.3 Pathophysiological neuroinflammation: inflammation in the aged brain 

Inflammation is found to play a significant role within the aged brain. Thus it is known that in 

the aged brain there is a shift in the homeostatic balance and as such an imbalance exists 

between pro- and anti-inflammatory states. Essentially this shift results in a marked increase in 

steady-state levels o f pro-inflammatory cytokines and a decrease in steady-state levels o f anti

inflammatory cytokines. In this regard several pro-inflammatory cytokines, such as 

interleukin-6 (IL-6) have been shown to be increased during the normal aging process with a 

concomitant decrease being seen in anti-inflammatory cytokines such as interleukin-10 (IL- 

10) (Sparkman & Johnson, 2008). This imbalance in cytokine expression may predispose the 

CNS to the increased susceptibility to inflammation and neuronal damage commonly seen in 

aging. Furthermore, the aged brain has been shown to have an increased number o f activated 

and primed microglia compared to that seen in the young brain (Sparkman 8c Johnson, 2008). 

In addition, it has been found that upon secondary stimulation these primed microglia can 

release excessive levels of pro-inflammatory cytokines leading to a greater severity o f illness 

(Dilger & Johnson, 2008). It has been suggested that the increased expression o f IFN-y 

observed in the aged brain may be responsible for microglial priming observed in this state 

(Dilger & Johnson, 2008). Furthermore, it has been found that there is an increased expression 

of MHC class II molecules, complement receptors, toll-like receptor (TLR)-2, TLR-4 and 

CD 14 molecules in the aged brain (Dilger & Johnson, 2008). Thus, it appears that the aged 

brain may be sensitised to produce an exaggerated immune response following infection or 

exposure to a stressor (Sparkman & Johnson, 2008). This sensitised state has also been found 

to result in impaired cognitive function following an inflammatory stimulus. Moreover, aged 

animals show a prolonged sickness behavioural response following an inflammatory challenge
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in comparison to younger animals (Huang et a l, 2008). Thus, while the behavioural response 

to sickness is normally adaptive and reversible, the overproduction of pro-inflammatory 

cytokines in the aged brain may lead to pathological disease states and a maladaptive 

behavioural response (Dilger & Johnson, 2008). However, an alternative notion regarding the 

role of microglia in aging also exists. As such it has been proposed that microglia become 

dysfunctional and enter a senescent state in the aged brain, thus secreting diminished levels of 

neurotrophins and down-regulating their phagocytic function. This coupled with the increased 

expression o f inflammatory mediators has been suggested to lead neuronal loss and the 

inefficient clearance o f toxic proteins seen in neurodegenerative disease (Lucin & Wyss- 

Coray, 2009).

1.2.4 Pathological neuroinflammation: inflammation in neurodegenerative disease states 

While the inflammatory response o f the CNS is generally acute in nature and acts primarily to 

protect this delicate system, if unresolved the inflammatory response can turn from friend to 

foe. As such, chronic activation o f the immune response of the CNS can lead to pathological 

neurodegenerative states such as that seen in MS and Alzheimer’s disease (Becher et al., 

2000). However, whether neuroinflammation contributes directly to neurodegeneration or is a 

secondary response to neurodegenerative processes remains a matter for debate.

In contrast to the physiological immune response the response seen in neurodegeneration is 

chronic and low-grade. Furthermore, it appears that inflammation in neurodegenerative 

disease states occurs in the absence o f significant compromise o f the BBB or infiltration of 

peripheral immune cells (Carson et al., 2006; Wyss-Coray & Mucke, 2002; Lucin & Wyss- 

Coray, 2009). As such it has been suggested that the chronic activation o f glia and the 

concomitant production o f inflammatory molecules witnessed in neurodegenerative states may 

represent a response to distress signals from dying neurons which survive for prolonged 

periods prior to their clearance by phagocytosis (Wyss-Coray & Mucke, 2002). This response 

to neurodegeneration may then trigger deleterious events such as oxidative stress and 

cytokine-receptor-mediated apoptosis (Hirsch & Hunot, 2009) Furthermore, it has also been 

proposed that microglial activation in neurodegeneration occurs due to the release of 

adenosine triphosphate (ATP), neurotransmitters, blood-clotting factors and changes in ion 

concentrations. In addition, the loss o f inhibitory molecules on neurons that act to keep glia in
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a quiescent state, such as CD200 & fractalkine, has been observed in many neurodegenerative 

diseases (Lucin & Wyss-Coray, 2009). Thus it seems likely that dysfunctional neurons or glia 

may induce neurodegenerative processes. Notably, a similar state o f microglial priming to that 

witnessed in the aged brain has also been reported in several neurodegenerative disease states 

including Alzheimer’s Disease, MS and an ME7 model o f prion disease. The proposed 

mechanism for microglial priming in these conditions suggests that the expression of 

abnormal proteins, specific to each disease, acts as a priming factor for the microglia. For 

example, PRRs have been shown to play a role in initiating an immune response towards 

disease-associated molecules such as that o f amyloid-P in Alzheimer’s disease. Thus, while 

amyloid-P is endogenously expressed at physiological concentrations, changes in its 

abundance or location may result in glial activation, in particular microglial activation (Becher 

et al, 2000). Furthermore, the presence o f amyloid-P is found to induce microglial 

phagocytosis in a dose and time-dependent manner which is suggested to be an attempt to 

remove amyloid-p plaques (Tuppo & Arias, 2005), however, disease progression and the 

ongoing accumulation of amyloid plaques observed in Alzheimer’s disease may occur owing 

to a dysfunction in this clearance system.

While a disruption in the BBB is one of the earliest signs in MS, leaky regions in the BBB are 

not always found to be associated with autoimmunity (Carson et al., 2006). Thus in the animal 

model o f MS, experimental allergic encephalomyelitis (EAE), it has been demonstrated that 

brain endothelial cells express MHC class II molecules prior to the infiltration o f peripheral 

immune cells into the CNS. As such it appears that events within the CNS itself also play a 

significant role in the development of this neurodegenerative disease (Becher et a l, 2000). 

Furthermore, it has been found that endothelial cells in vitro, in the presence o f IFN-y, express 

B7 molecules suggesting that in the presence o f an inflammatory stimulus endothelial cells 

may have the capacity to present antigen to T-cells and thus induce their activation. However, 

studies conducted to date have failed to provide conclusive evidence for this (Becher et al, 

2000). Perivascular macrophages are also found to express high levels o f MHC class II 

constitutively and have been shown to influence the rate o f proliferation o f CD4^ T-cells 

reactive to MBP. In this regard, it appears that perivascular macrophages may be required for 

the “homing” o f  T-cells to the CNS (Becher et a l, 2000). Notably, depletion o f perivascular 

macrophages was shown to inhibit the onset o f EAE since T-cells were found to accumulate in
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the perivascular area but were incapable o f  infiltrating the parenchyma. In addition, in the 

Theiler’s murine encephalitis virus (TMEV) model o f  MS, the CNS mounts a response against 

the virus which is thought to induce destruction o f  tissue thus releasing antigens that can be 

recognized by auto-reactive T-cells within the CNS or in lymph nodes. In turn these T-cells 

may be recruited to the target tissue and drive the inflammatory process further, a 

phenomenon termed epitope spreading. A second mechanism by which the CNS may mount 

an immune response to virus is by a process termed molecular mimicry. The suggested 

mechanism in this case involves the expression o f  antigens by invading viruses that mimic 

host proteins and this in turn may activate an immune response against neuroantigens which 

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

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

The nervous system comprises two major cell types, namely neurons and the lesser known 

neuroglial cells. Neuroglia or more simply “glia” are the most numerous cells in the brain and 

constitute approximately 90% o f  the cells o f  the CNS (He & Sun 2007). The name glia 

originates from the Greek for ‘glue’ and although once thought to function simply in holding 

the nervous system together the notion is now coming to the fore that glia play a much more 

prominent role in the brain. There are three major types o f  glial cells found in the CNS, 

namely oligodendrocytes, microglia and astrocytes. While oligodendrocytes serve to 

myelinate neurons and provide the insulation necessary for neuronal impulse conduction, 

microglia and astrocytes are the cells primarily implicated in the immune response o f  the 

CNS.

1.3.1 Microglia

Microglia are the smallest o f  the glial cells and constitute approximately 20% o f  the glial 

population found within the CNS (Gehrmann et a l, 1995). They are derived from mesodermal 

haemopoietic precursor cells which infiltrate into the CNS early in development, hence 

microglia are physiologically and embryologically unrelated to any other cells within the 

CNS. Instead, microglia have much in common with the macrophages o f  the peripheral 

immune system since they are part o f  the mononuclear phagocyte lineage and primarily 

function as scavenger cells (He & Sun 2007). In support o f  this, all antibodies developed so
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far against microglia are found to cross-react with macrophages (Gehrmann et a l, 1995, 

Viihardt, 2005). The microglial population o f the CNS consists o f two major pools namely the 

parenchymal microglia which show slow turnover and the perivacular macrophages which are 

located within the BBB and show rapid turnover from a pool o f bone marrow derived cells 

(Becher et al., 2000; Piehl & Lidman, 2001). Perivascular microglia/macrophages are found 

located between the endothelium and brain parenchyma, a space which is known as the 

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

In the normal CNS microglia are maintained in a quiescent state by a number o f mechanisms. 

One such mechanism is the receptor-ligand interactions between neurons and microglia, for 

example the interaction o f neuronal CD200 receptor with the microglial CD200 ligand, 

neuronal fractalkine with microglial CXCRl, neuronal CD22 with microglial CD45, to name 

but a few. Furthermore, microglia are also shown to be maintained in a quiescent state by 

soluble factors released from astrocytes and neurons, for example prostaglandins and the 

cytokine transforming growth factor 1 (TGpPi). Additionally neuropeptides, such as 

vasoactive intestinal peptide (VIP) and a-melanocyte-stimulating hormone (a-MSH), and 

neurotransmitters, such as noradrenaline, are also found to influence the phenotype and 

function o f microglia (Galea et a l, 2007; Gonzalez-Rey et a l, 2007). Under resting conditions 

microglia display a dendritic morphology with highly ramified processes and are shown to 

express low levels o f the co-stimulatory molecules CD 14, CD45 and MHC class II in the 

absence o f CNS pathology (Viihardt, 2005; Jack et a l, 2005a). However, it is known that 

microglia are the first cells in the CNS to respond to injury or infection and when exposed to 

insult they undergo a rapid change in morphology. As such, activation results in the 

transformation o f microglia first from a ramified morphology to a rod-like shape and finally to 

an amoeboid macrophage-like shape. In addition to changes in morphology o f the cells, 

activation also provokes changes in their gene expression profile (Viihardt 2005). Two types 

o f activated microglia have been identified: 1) the hypertrophic microglia, which express 

increased levels o f marker molecules such as MHC antigens but which are not phagocytic, and 

2) the fully phagocytic microglia (Gehrmann et a l, 1995). A rapid upregulation of MHC class 

II expression is observed following microglial activation in addition to increased expression of 

CAMs, such as intracellular adhesion molecule (ICAM)-I and leukocyte function-associated 

molecule 1 (LFA-I). Appearance o f such molecules is the earliest sign o f microglial activation
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(Aloisi et a l,  2000). CDl lb  can also be used as a marker o f  microglial activation since its 

expression is found to be increased by serum constituents following disruption o f  the BBB 

(Ransohoff & Perry, 2009). Activated microglia are also shown to express the co-stimulatory 

molecules CD-40, CD-80 (B7-1) and CD-86 (B7-2), all o f  which are necessary for T-cell 

activation. As a result microglia are said to act as APCs and to promote activation o f  T-cells 

within the CNS (Aloisi et a l, 2000).

In the developing brain activated microglia play an important role in the phagocytosis o f  

surplus cells undergoing apoptosis. In addition, they are found to play a role in determining 

neuronal fate, promoting neuronal migration and inducing axonal growth (Vilhardt, 2005). 

However, activated microglia are also responsible for the secretion o f  pro-inflammatory 

cytokines such as tumour necrosis factor-alpha (TNF-a) and interleukin-1 beta (IL-I(3), 

chemokines, prostaglandins and they are also implicated in the generation o f  reactive oxygen 

species (ROS) and nitrogen intermediates (Vilhardt, 2005). Notably, when microglia 

phagocytose cells which have been programmed to die their APC capacity becomes down- 

regulated, a mechanism which is suggested to be an attempt to limit the inflammatory 

response (Jack et a l,  2005a). Nevertheless, the chronic activation o f  these cells, such as that 

proposed to occur in many neuroinflammatory disorders, can have detrimental consequences 

for the CNS.

1.3.2 Astrocytes

Astrocytes are the most abundant o f  the glial cells and their development within the CNS 

stems from neuroectodermal cells. Astrocytes have an irregular “star-shaped” cell body and 

broad end-feet with which they can interact with neurons and help to form the BBB. In 

addition, astrocytes also play an important role in maintaining homeostasis within the CNS. In 

this regard, they function in maintaining ionic homeostasis, buffering excess neurotransmitters 

and secreting neurotrophic factors (Block & Hong 2005). Furthermore, astrocytes play an 

important role in synaptogenesis. In this respect, neuronal synapses are found to develop at the 

same time that astrocytes appear in the developing brain. In addition, astrocytes are also found 

to possess receptors for many neurotransmitters including those for glutamate, gamma amino- 

butyric acid (GABA), noradrenaline and acetylcholine (Tritsch & Bergles 2007). Incidentally, 

it has been found that can prevent glutamate-induced neurotoxicity by the removal o f  excess
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synaptic glutamate following its release from the pre-synaptic terminal. Moreover, astrocytes 

are also believed to control levels o f potassium in the extracellular space, which if left to 

accumulate would have disastrous consequences due to its role in neuronal excitability (Jessen 

2004).

However, in spite o f the beneficial effects o f astrocytes these cells are also known to play a 

role in the immune response o f the CNS, although they have a much slower reaction to insult 

than microglia. Upon activation astrocytes undergo hypertrophy which is characterized by a 

rapid increase in the expression o f glial fibrillary acidic protein (GFAP), an intermediate 

filament found in mature astrocytes thought to be important for maintaining structural stability 

and modulating motility (Eng et a l ,  2000). As such activated astrocytes act to encase areas of 

damage and can potentially mediate T-cell apoptosis due to the release o f the anti

inflammatory cytokine TGPPi, thus downregulating T-cell mediated injury within the CNS 

(Gehrmann et al., 1995). In EAE, an animal model o f MS, astrocytes are shown to respond at 

the late recovery stage and act to encase the inflammatory lesion preventing access of 

microglia thus potentially inducing downregulation o f microglial activity. However, 

hypertrophy o f astrocytes also results in the formation o f glial scars and since astrocytes have 

been also been shown to express factors such as Nogo-A and myelin associated glycoprotein 

(MAG), which block axonal re-growth, this hypertrophy may contribute to CNS damage. 

Furthermore, it has also been observed that astrocytes are capable o f acting as APCs 

(Nikcevich et al., 1997; Soos et a l, 1998) and thus may contribute to CNS damage through 

the activation o f T-cells, however, the extent to which astrocytes function as APCs remains a 

matter for debate. In this regard, astrocytes kept in IFN-y deprived conditions in vitro show 

poor APC capacity, possibly due to a lack o f co-stimulatory signals from other cells (Gehrman 

et al., 1995), yet in MS lesions astrocytes have been found to express CDl molecules which 

aid in the presentation o f lipid antigens to specific clusters o f T-cells (Aloisi et a i, 2000).

The activation o f glial cells is an important host defence mechanism that occurs in a bid to 

protect the CNS during infection or environmental stress. While microglia have been shown to 

produce the chemokine macrophage inflammatory protein la  (M lP-la), attracting T-helper 

(Th)-I cells to the CNS which are generally regarded as pro-inflammatory in nature, 

astrocytes produce the monocyte chemotactic protein-1 (M CP-I) which attracts both Th] and
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Th2 cells but primarily exerts a Tli2 anti-inflammatory response (Aloisi et a i ,  2000). Along  

with cytokine and chemokine production activated glia can also produce the CAMs, VCAM-1 

and intracellular adhesion molecule (ICAM )-l which allow activated lymphocytes to 

diapedese across the BBB from the periphery (Steinman 1996, Chavarria & Alcocer-Varela 

2003). The crucial role that glia play in the inflammatory response o f  the CNS is revealed by 

the finding that the infiltration o f  lymphocytes is not always necessary for neurotoxicity 

(Block & Hong, 2005). Bearing all o f  this in mind, chronic glial activation may have 

detrimental consequences for the CNS due to overproduction or sustained production o f  

potentially neurotoxic molecules such as NO, ROS and the pro-inflammatory cytokines TNF- 

a and IL-ip (Xie et a l,  2004).

1.4 M ediators o f CNS inflam mation

1.4.1 Pro-inflammatory Cytokines

1.4.1.1 Tumour Necrosis Factor-a (TNF-a)

TTMF-a has a molecular weight o f  17 kilodalton (kDa) and is regarded as a trimeric protein 

which is pro-infiammatory in nature (Aschner, 1998; Tizard, 2008). In situ TNF-a forms part 

o f  the primary inflammatory response and is produced by activated macrophages, mast cells, 

T-cells, endothelial cells, B-cells, fibroblasts and glia in response to injury or invading 

pathogens (Chung & Benveniste, 1990; Tracey, 2002; Tizard, 2008). TNF-a transduces its 

signal through two distinct receptors (see Fig. 1.1), tumour necrosis factor receptor (TNFR) 1 

which is expressed on virtually all cell types and TNFR2 which is expressed on immune and 

endothelial cells. Binding o f TNF-a to its receptors can activate mitogen-activated protein 

kinase (MARK) or nuclear factor kappa B (NFkB) signalling pathways (Bertazza & Mocellin 

2008). While TNF-a is generally present as a secreted protein, a membrane-anchored form has 

also been identified and has been shown to play a role in intercellular signalling (Benveniste et 

a l ,  1995). In the CNS it is reported that microglia express TTMFRl and TNFR2 while 

astrocytes predominantly express TNFRl (Patrizio, 2004).
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Figure 1.1: TNF-a Signalling

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

TNF-a is one o f the primary mediators o f the host response to invading gram-negative bacteria 

and is regarded as the master pro-inflammatory cytokine since it is generally the first cytokine 

to appear following injury. In line with this, TNF-a is essential for a complete inflammatory 

response since it stimulates the production o f IL-1, NO via iNOS, prostaglandins via 

cyclooxygenase (COX)-II and ROS from other cells. In addition TNF-a induces the release of 

chemokines and CAMs to promote the attraction and activation o f leukocytes. All of these 

effects lead to an amplified and prolonged inflammatory response. Furthermore, TNF-a 

appears to facilitate the switch from an innate to an adaptive immune response (see Tracey, 

2002; Tizard, 2008). Within the CNS TNF-a is said to increase the permeability o f endothelial 

cells in the BBB and to enhance the expression o f CAMs thereby facilitating the recruitment 

o f neutrophils, monocytes and lymphocytes to the CNS (Benveniste et a i, 1995). 

Furthermore, the presence o f TNF-a has also been shown to induce the expression o f other 

pro-inflammatory cytokines such as IL-Ip and IL-6 and it has also been shown to induce its 

own expression. In addition, TNF-a has been found to induce the expression o f ICAM-1 and
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MHC class II in astrocytes, thereby promoting their ability to function as APCs. Notably, 

TNF-a alone does not increase the expression of MHC class 11 on astrocytes, rather it 

enhances that induced by IFN-y or viruses (Benveniste et a i,  1995; Aschner, 1998). Increased 

TNF-a expression in the CNS has been observed following traumatic injury, ischemia and in 

AD, PD and MS. (Hofman et a i ,  1989; Patrizio, 2004). Notably, TNF-a has been shown in 

vitro to induce damage to myelin and oligodendrocytes and thus may contribute to the myelin 

damage observed in MS (Benveniste et a l ,  1995).

1.4.1.2 Interleiikin-1 (lL-1)

The IL-1 superfamily is a pleiotropic cytokine family which can exert many different 

functions in the immune system. However, in general the term IL-1 refers to a 17kDa 

polypeptide of which there are two isoforms, namely interleukin-Ialpha (IL-la) and IL-1 p. 

While IL-la and IL-ip are encoded by separate genes they share sequence homology and are 

found to elicit similar biological actions. Both IL -la  and IL-1 [3 are formed as precursors with 

a molecular weight of approximately 31kDa. Pro-IL-la is synthesized in association with 

microtubules and can be cleaved by calpains which are calcium-dependent membrane 

associated cysteine proteases or other extracellular proteases to form mature IL-la. In the 

main the expression of IL-la  remains intracellular, however, a small portion (~5%) is also 

found expressed on the surface of a number of cells. Both pro-IL-la and mature IL -la  are 

biologically active and their actions are found to be primarily due to the regulation of 

intracellular events. In contrast, pro-IL-l(3 has no biological activity and requires cleavage by 

the protease caspase-l/lL-lp converting enzyme (ICE) in order to become active. ICE is 

initially synthesized as a 45kDa precursor protein which is cleaved to form an enzymatically 

active heterodimer consisting of 10 and 20 kDa chains. Two molecules o f  this ICE 

heterodimer can form a tetramer with two molecules of pro-IL-ip to initiate cleavage o f  pro- 

IL-ip and release mature IL-1 p. While ICE is found to be constitutively expressed in most cell 

types, not all cells have the capacity to process pro-lL-ip. Activation of ICE occurs in 

response to activation of purinergic P2Xy receptors by extracellular ATP (Rothwell, 2003; 

Mingam et a l, 2008). Following synthesis pro-IL-ip is found primarily in the cytosol, 

however, upon cleavage IL-ip is transported out of the cell. In general IL-ip is found to be 

constitutively expressed at low levels, however its expression becomes rapidly upregulated in 

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

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

There are two receptors for IL-1, an 80kDa type I receptor and a 68kDa type II receptor. The 

type I receptor (IL-IRI), with a molecular weight o f  80kDa, is a member o f  the IL-1 

receptor/ToIl-Iike receptor superfamily and is the major receptor responsible for IL-ip- 

mediated responses (Dinarello, 1996; Bowie & O'Neill, 2000). Its expression has been 

demonstrated on glial cells, endothelial cells, smooth muscle cells, epithelial cells, 

hepatocytes, fibroblasts and T-cells, amongst others (Dinarello, 1996; Lee et a l ,  2002). IL- 

IRI is comprised o f  a single transmembrane domain and a cytoplasmic domain. Signalling 

through IL-IRl by its ligands requires the additional binding of the IL-1 receptor accessory 

protein (IL-IAcp). IL-I binds to IL-IRI with a low affinity and this is suggested to cause a 

conformational change in the receptor enabling IL-IAcp to dock to the complex the 

consequence o f  which is higher affinity binding of IL-I. Signalling through IL-IRI primarily 

induces activation o f  the NFkB signalling pathway and extracellular signal-related kinase 

(ERK), p38 and c-Jun N-terminal kinase (JNK) MARK pathways (see Fig. 1.2). In contrast, 

the IL-1 type II receptor (IL-IRII) lacks an intracellular domain and appears to act as a decoy 

receptor that competes for the binding of IL-1, thus inhibiting IL-l-mediated responses. Its 

expression is found throughout the brain, mainly localized to neuronal soma. In addition, IL-I 

signalling can also be inhibited by the highly selective endogenous antagonist IL-I receptor 

antagonist (IL-lra) o f  which there are three known isoforms, a 17kDa secreted form and two 

intracellular forms. Like IL -la  and IL-1[3, IL-lra is also initially synthesized as a precursor 

protein. IL-lra is structurally homologous to the IL-1 polypeptides and hence is found to bind 

the same receptors. However, IL-lra fails to trigger an interaction between IL-IRI and IL- 

IAcp and thus is biologically inactive. For this reason, IL-lra may be considered an 

endogenous negative regulator of IL-1 signalling. However, while IL-1 and IL-lra bind to IL- 

IRI with near equal affinity, a 10-100-foId molar excess of IL-lra is often required to inhibit 

signalling of IL-1 through IL-IRI (Dinarello, 1996; Rothwell & Luheshi, 2000). While it has 

been shown that the expression of IL-lra can be neuroprotective in neuroinfiammatory states, 

its overexpression has been shown to lead to atrophy of the brain (Loddick et a l ,  1997; Oprica 

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

Another member o f  the IL-1 family which is found to share sequence homology with lL-1 is 

IL-18, formerly known as interferon-y inducing factor (IGIF). Like lL-1, IL-18 is initially 

formed as a precursor and requires cleavage by ICE to release mature IL-18 which then binds 

to and elicits its effects through the IL-18 receptor. Both IL-18 and its receptor are found to be 

constitutively expressed in the CNS and IL-18 is found to be produced by both astrocytes and 

microglia (Rothwell & Luheshi, 2000).

IL-33 (IL-1 FI 1) is another member o f  the IL-1 family which exhibits high expression within 

the CNS (Hudson et a l ,  2008). Peripherally IL-33 exerts its effects on mast cells and Th2 

polarized CD4+ T-cells inducing the expression o f  the type II cytokines IL-6 and IL-13 in a 

MyD88/NFKB-dependent manner. Within the CNS IL-33 is primarily localized within 

astrocytic nuclei and is found to be a potent inducer o f  type II innate immunity as it has been 

found to induce the expression o f  type II cytokines such as IL-4, IL-5 and IL-13. In 

association with IL-IRAcp, IL-33 signals through the ST2L receptor whose expression has 

been found predominantly on Th2 cells (Bowie & O’Neill, 2000; Hudson et a l, 2008). Within 

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

transcription factor (Luheshi et a l, 2009).

Through sequencing of the human genome a number of other novel members of the IL-1 

superfamily have been identified to share sequence homology with IL-1 a, IL-ip or IL-lra. 

These new ligands include IL-IF5, IL-1F6, IL-1F7, IL-1F8, IL-IF9 and IL-FIO (see Table 

1.1). With the exception o f  1L-1F7 which appears to signal through the IL-18R, these ligands 

signal primarily through the IL-1 receptor related protein 2 (IL-1RRP2) and activate 

downstream signalling pathways such as that o f  NFkB and the MAPKs. Sequencing also 

revealed the identity of three orphan receptors, namely IL-1-receptor accessory-protein-like I 

(IL-IRAPLl), single immunoglobulin IL-1-receptor-related molecule (SIGIRR) and three- 

immunoglobulin-domain-containing IL-1-receptor-related molecule (TIGIRR) (see Allan et 

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

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

Family Member Alternative
Name

Receptor Signalling Pathways Classification

IL - la / I L - lF l * IL - lR l  + IL -IA cp N F kB, M A PK Pro-inflammatory
cytokineIL-IRII N o signal

IL - ip / IL - lF 2 - IL-IRI + IL - lA cp N F kB, M A PK Pro-i n fl am m atory 
cytokineIL-IRII N o signal

IL-lra /IL -IF3 - IL-IRI N o signal Antagonist o f  IL-1 
signallingIL-IRII N o signal

IL-18/IL-1F4 IL -ly / lG IF IL-18R + IL -I8 A cp N F kB, M A PK Pro-inflammatory
cytokine

IL-1F5 IL-15/ IL -IH Y /IL -
1H3/IL-1RP3/IL-
lL l /F IL -1 6

IL-1RRP2 + IL- 
1 Acp

N F kB, M A PK Anti-inflammatory
cytokine

IL-1F6 IL -le IL -IR R P 2  + IL- 
1 Acp

N F kB, M A PK

IL-1F7 IL - ig ' IL - IH / lL -
1H4/IL-1RP1

IL-18R + IL-18Acp N F kB, M A PK

IL-1F8 IL - I ti/IL-1H2 IL-1RRP2 + IL- 
1 Acp

N F kB, M A PK

IL-1F9 IL-1H 1/IL-IR P2 IL-1RRP2 + IL- 
1 Acp

N F kB, M A PK

IL-IFIO IL-1H Y2/FKSG 75 - -

1L-33/1L-1F11 - ST2L + IL-1 Acp N F kB Anti-inflammatory
cytokine

T able 1.1: M em bers o f  the IL-1 Fam ily: R ecep tors & S ignalling  P athw ays

(see Allan et a l, 2005; Costello et al., 2008; Luheshi et a l, 2009)
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lL-1 has is known to have diverse physiological effects. As such it has been implicated in 

slow-wave sleep, synaptic plasticity and appetite and is also known to induce fever, 

astrogliosis and neovascularisation within the CNS. The involvement of IL-I in learning and 

memory has been found to follow an inverted U-shaped pattern (Goshen et a l, 2007). In this 

regard, it has been shown that physiological concentrations o f IL-1 are necessary for 

hippocampal-dependent memory formation, and a slight increase in IL-1 concentrations has 

been shown to improve memory consolidation (Goshen et a l, 2007). However, any deviation 

from the physiological range can result in impairment in memory. In this regard, both 

excessive concentrations of IL-1, such as that seen in the aged brain, and the blockade o f IL-1 

signalling have both been found to impair long-term potentiation (LTP) and memory 

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

In the normal CNS lL-1 is found to be expressed by neurons, astrocytes and microglia 

(Tomozawa et a l ,  1995; Rothwell & Luheshi, 2000). However, lL-1 can promote the 

expression o f other pro-inflammatory cytokines such as TNF-a, lL-6 and granulocyte 

macrophage colony stimulating factor (GM-CSF). Furthermore, it has been found to induce 

the expression o f CAMs and has also been implicated in antigen presentation and T-cell 

activation. Another potentially devastating role for IL-ip is the production o f NO. While NO 

production is important for host defence it has also been implicated in neuronal damage in the 

context o f the CNS (Aschner, 1998). Moreover, IL-ip has been shown to stimulate the 

growth, differentiation and maturation o f astrocytes in vitro and its injection into the CNS 

leads to astrogliosis. Notably, IL-ip is found to be elevated in the cerebrospinal fluid (CSF) of 

guineas pigs with EAE and its expression is found to be increased in the brain and CSF of 

patients with MS and PD (Chung & Benveniste, 1990, Basu et al., 2004). Nonetheless, while 

the expression of IL-1 p can have potentially deleterious consequences, it has also been shown 

to promote nerve growth factor (NGF), glial-derived neurotrophic factor (GDNF), brain 

derived neurotrophic factor (BDNF) and neurotrophin-3 expression potentially leading to 

protection o f neurons in early phases o f brain injury (Tomozawa et al., 1995; Tanabe et al., 

2009). Moreover, IL-1 has been found to promote remyelination (Mason et al., 2001) and has 

also recently been demonstrated to be involved in the clearance o f amyloid-P (Shaftel et a l,  

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

IFN-y is a 17-i<:Da polypeptide which is known to have anti-microbial and anti-tumour effects 

and is found to be released predominantly from activated T-cells. IFN-y also acts to potentiate 

the immune response through the orchestration o f leukocyte attraction and the direction, 

maturation and differentiation o f immune cells such as T and B-cells. In addition, IFN-y can 

induce the expression of MHC class I and II. Two types o f IFNs are known, namely Type I 

and Type II IFNs. IFN-y is currently the only Type II IFN known (Schroder et a l, 2004). The 

IFN-y receptor consists o f two ligand binding interferon-gamma receptor (IFN-GR)-I chains 

and two IFN-GR2 chains. Signal transduction is mediated by means o f the signalling 

machinery associated with the IFN-GR chains (see Fig. 1.3). Notably, The IFN-GR2 chains 

lack intrinsic kinase/phosphatase activity thus their association with signalling machinery is 

crucial. The IFNGRI chains contain Janus tyrosine kinase (Jak)-l binding motifs and a latent 

cytosolic factor signal transducer and activator o f signalling (STAT)-l, required for receptor 

phosphorylation and signal transduction. IFN-GR2 has a Jak-2 binding motif and is also 

known to take part in signal transduction since, upon binding o f ligand, Jak-2 undergoes 

autophosphorylation and activation. Activated Jak-2 transphosphorylates Jak-1, and Jak-1 in 

turn phosphorylates the IFN-GR I forming two docking sites for the Src Homology (SH)-2 

domain of STAT-1. Tyrosine phosphorylation induces the dissociation o f a STAT-1 

homodimer which then translocates to the nucleus and binds to promoter elements in order to 

initiate or suppress gene transcription. Signalling by STAT-1 can induce the expression o f 

other transcription factors, for example interferon regulatory factor (lRF)-3, which act to 

further regulate gene transcription. Dissociation o f the STAT-I homodimer occurs within 1 

minute of IFN-y binding and its effects on transcription are found to occur after approximately 

15-30 minutes. STAT-I signalling is shown to cease 1 hour post-treatment, even in the 

presence o f additional IFN-y. IFN-y signalling can be negatively regulated by the expression 

of suppressor o f cytokine signalling (SOCS)-l (Schroder et a l, 2004).

Notably, while the brain is normally devoid o f IFN-y, when the BBB is breached this cytokine 

becomes detectable. However, while IFN-y is primarily produced in the periphery it has been 

proposed that astrocytes and microglia in some autoimmune diseases may locally secrete IFN- 

y (Aschner 1998). In light o f this, IFN-y is the primary pro-inflammatory cytokine found in 

MS lesions (Hall et a l,  1997).
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Figure 1.3: IFN-y Signalling

(From: Schroder et a i, 2004)

1.4.1.4 Interleukin-6 (IL-6)

IL-6 is a member o f the four-helical cytokine family and has a molecular weight of 

approximately 20-30kDa (Scheller & Rose-John, 2006; Tizard, 2008). IL-6 is found to be 

secreted by fibroblasts, monocytes, endothelial cells, B-cells, T-cells, astrocytes and microglia 

(Aschner, 1998) and its production can be stimulated by endotoxin, IL-1 and TNF-a (Tizard, 

2008). In addition, it appears that the TNF-a-induced production o f lL-6 may act to negatively 

regulate TNF-a expression (Aschner, 1998). IL-6 binds to a receptor complex comprised of a 

hexamer o f two IL-6 receptors (IL-6R) and two molecules o f the signal transducing protein 

gpI30 (see Fig. 1.4) (Scheller & Rose-John, 2006). While expression o f the lL-6 receptor is 

found on hepatocytes, leukocytes and microglia its expression is somewhat limited. In 

contrast, gplSO is expressed on most cell types and it has been shown that gplSO has the 

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

Rose-John, 2006).

IL-6 S1L-6RIL-6

gpI30 gpI30

L-6R

Figure 1.4: IL-6 Signalling

(adapted from Scheller & Rose-John, 2006)

IL-6 has been implicated in the pathogenesis o f chronic inflammatory diseases such as 

rheumatoid arthritis, Crohn’s disease, asthma, colon cancer and murine peritonitis (Scheller & 

Rose-John, 2006). In this regard, it has been shown that IL-6 plays a role in leukocyte 

recruitment, apoptosis, T-cell activation and it has also been demonstrated to have mitogenic 

actions on astrocytes and so may contribute to the induction o f gliosis. In addition, it is 

thought that IL-6 can induce a switch in the inflammatory reaction changing it from a 

neutrophil-dominated process to a more macrophage-dominated process (Aschner, 1998; 

Scheller & Rose-John, 2006; Tizard, 2008). Furthermore, IL-6 is known to activate the 

hypothalamic-pituitary adrenal (HPA)-axis and thus is shown to play a role in the febrile 

response, however it is known to be far less potent than IL-1 (Dunn, 2006; Tizard, 2008). Of 

note is the suggestion that IL-6 can induce the secretion o f NGF from astrocytes (Aschner, 

1998).
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1.4.2 Non-cytokine pro-inflam m atory mediators

1.4.2.1 Nitric Oxide (NO)

Nitric oxide is synthesized by the enzyme nitric oxide synthase (NOS) through a series o f  

sequential oxidation steps that converts the amino acid L-arginine to L-citruiline (Pannu & 

Singh, 2006). There are three subtypes o f  NOS icnown, namely endothelial NOS (eNOS), 

neuronal NOS (nNOS) and inducible NOS (iNOS). eNOS and nNOS are constitutively 

expressed in the CNS while iNOS is not normally expressed in the post-natal brain, however 

its expression has been found in glia under inflammatory conditions (Pannu & Singh, 2006). 

During inflammation NO is predominantly found to be induced by iNOS (Galea & Feinstein, 

1999). Furthermore, it has been demonstrated that the expression o f  iNOS can be induced by 

IL-ip , TNF-a and IFN-y, which in many cases act synergistically. While the production o f  NO 

can be beneficial to the host due to its role in the elimination o f  infiltrating microbes, 

continued activation o f  iNOS and production o f  NO can result in tissue damage, in this regard, 

it has been found that NO can react with superoxide free radicals to produce peroxynitrite, an 

event which has been linked to cell death (Merrill et a i, 1993). In addition, the production o f  

NO by microglia in vitro has been shown to be cytotoxic to oligodendrocytes (Merrill et a l, 

1993). Upon its induction, iNOS continues to be expressed for 4-8 days and is shown to be 

100-1000 more efficient in synthesizing NO than nNOS (Pannu & Singh, 2006). 

Consequently, there are generally important regulatory constraints in place which control the 

activity iNOS in order to ensure that its beneficial actions outweigh detrimental effects. 

Significantly, astrocytes and microglia are found to express iNOS in neurointlammatory 

conditions such as demyelinating diseases, cerebral ischemia and Alzheimer’s disease (Galea 

& Feinstein, 1999). Interestingly, the microglial expression o f  iNOS has been found to induce 

neuronal death however, co-treatment o f  glia with the neurotransmitter noradrenaline, a 

neurotransmitter which can dampen microglial activation, was shown to protect neurons 

(Madrigal et al., 2005).

1.4.2.2 Cyclooxygenase (COX)-II and prostaglandins

Two isoforms o f  COX are known to exist in the body, namely COX-I and COX-11. COX-1 is 

shown to be constitutively expressed while the expression o f  COX-I 1 is low under normal 

conditions but can be rapidly induced in response to inflammation. COX-11 is one o f  the three
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enzymes found to be involved in the conversion o f arachidonic acid to prostaglandin E2 

(PGE2 ). The other two enzymes involved in this process include phospholipase A2 (PLA2 ) and 

PGE2 isomerase (Quan et al., 1998). The initial release o f arachidonic acid from phospholipids 

o f cell membranes requires the actions o f PLA2 . Subsequently, COX-Il converts arachidonic 

acid to prostaglandin H2 (PGH2 ), an unstable precursor o f PGE2 . This is known to be the rate- 

limiting step in the production o f PGE2 . Finally, PGH2 is converted to PGE2 by the actions of 

PGE2 isomerase (see Fig. 1.5) (Cao et a l ,  1995; Quan et al., 1998). The mechanisms by which 

PGE2 can elicit a response in the brain are disputed. Some suggest that PGE2 is lipophilic and 

can cross the BBB to gain entry to the CNS, while others suggest that it activates sensory 

neurons which can then relay signals to the brain. However, it appears more likely that the 

expression o f PGE2 in the brain is mediated centrally (Blatteis et al., 2005). PGE2 signals 

through four different receptors, namely EP1-EP4, o f which EPI and EP2 are found to be 

expressed on microglia (Akundi et al., 2005).

OOX-2

pradaQUntNn H2 

/  /  \  *  
^  pm

y
COOM

HO H OH

Figure 1.5: PGE2 production

(adapted from www.htrf.com/images/products/pge2_product.gif)

The expression o f COX-II and prostaglandins in the CNS has been demonstrated to play a role 

in activation o f the HPA-axis and the induction of fever. In addition, it has been found to 

stimulate the production o f ROS by microglia and furthermore, increased expression is
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observed in neuroinflammatory conditions such as hypoxia, ischemia, PD and AD (Cao et al, 

1995; Quan et al, 1998; Akundi et al, 2005). COX-11 is shown to be constitutively expressed 

in the CNS in neurons o f the cortex, hippocampus, dentate gyrus and amygdala (Quan et al, 

1998). Following an inflammatory challenge with lipopolysaccharide (LPS) it was 

demonstrated that the expression o f COX-II increases by 50-80% above that o f basal levels 

(Cao et al, 1995). In addition it has been shown that, following an inflammatory challenge, 

COX-11 is initially found expressed in the major blood vessels and meninges but later becomes 

evenly expressed throughout the brain in vascular and perivascular cells surrounding small 

blood vessels (Quan et al,  1998).

1.4.2.3 Chemokines

Collectively chemokines are a family o f small proteins which range in size from 

approximately 8-12kDa and are found expressed in both the peripheral nervous system (PNS) 

and CNS. There are four major classes o f chemokines, namely C, CC, CXC and CX3C, which 

are designated according to the number o f and distance between key cysteine residues. 

Chemokines signal through specific high and low-affinity G-protein coupled receptors 

(GPCR) which are 340-370 amino acids in length and, with a few exceptions, chemokines 

have the ability to act on more than one receptor. Pathways implicated in chemokine receptor 

signalling include those o f cyclic adenosine 5’3’ monophosphate (cAMP), phospholipase C 

(PLC), protein kinase C (PKC), MAPKs and Jak/STAT (Bajetto et al,  2001; Adler et al, 

2005).

In the CNS, chemokines and their receptors are shown to be expressed on neural progenitor 

cells, neurons, astrocytes and microglia in regions such as the hypothalamus, limbic system, 

hippocampus, cortex, olfactory bulbs and cerebellum. Chemokines are known to play a major 

role in brain function and as such are associated with the trafficking o f leukocytes and 

recruitment of inflammatory cells. In addition, they are found to be involved in neuronal 

development, neuronal apoptosis, the release o f glutamate from astrocytes and the modulation 

o f ion channel activity. A number o f chemokines are found to have selective distribution 

within the CNS, among them are y-interferon-inducible-protein 10 (IP-IO/CXCLIO) and 

regulated on activation normal T-cell expressed and secreted (RANTES/CCL5). Notably, the 

expression of chemokines and their receptors is found to be upregulated during inflammation.
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In line with this, elevated levels o f chemokines have been demonstrated in neuroinflammatory 

conditions such as MS, stroke, Alzheimer’s disease and HIV encephalitis (Bajetto et a l ,  2001; 

Adler et a l ,  2005).

1.4.2.4 Cell adhesion molecules (CAMs)

CAMs are involved in the extravasation o f leukocytes from the bloodstream and the 

trafficking o f leukocytes to the site o f inflammation during the inflammatory process. 

Furthermore, it is suggested that they can also act as co-stimulators for T-cell activation 

(Ballestas & Benveniste, 1997). Two primary CAMs are 1CAM-1/CD54 and VCAM- 

1/CD 106. ICAM-1 acts as a ligand for LFA-1 and Mac-1 (also known as CDl lb/CD 18), both 

of which are p2-integrins found expressed on granulocytes and lymphocytes. VCAM-1 acts as 

a ligand for the a2pi and a4|37 integrins which are expressed on lymphocytes, monocytes, 

eosinophils and basophils. CAMs are suggested to be major players in the formation of 

synapses and also in the initiation o f LTP. Furthermore, CAMs are also found to induce 

reorganization o f the extracellular space and as such they may cause disturbances in the CNS 

resulting in disease (Jovanova-Nesic & Shoenfeld, 2006).

1.4.2.5 Co-stimulatory molecules

The CNS is no longer considered an immune privileged site and instead it is now recognized 

that T-cells can enter the CNS to carry out immune surveillance. The activation o f T-cells is 

considered to be dependent on a two-signal process. First, APCs initiate an immune response 

by presenting processed antigens to CD4^ T-cells. This event is dependent on the binding of 

MHC class II to T-cell receptors in association with the accessory molecule CD4 which results 

in the activation o f downstream signalling pathways. In turn these signalling pathways can 

increase the expression o f interleukin-2 (IL-2) and the IL-2 receptor and induce T-cell 

proliferation. In addition, the activation o f downstream signalling pathways can increase the 

expression o f CD40 on the surface of APCs which in turn can bind to the CD40 ligand 

(CD40L) on the T-cell surface resulting in the production o f IFN-y (O'Keefe et al., 2002). 

CD40 is a member o f the TNF receptor family and its expression has been found in numerous 

cell types including B-cells, monocytes, dendritic cells, vascular endothelial cells, smooth 

muscle cells and most importantly, astrocytes and microglia within the CNS. Under resting 

conditions the expression o f CD40 on microglia is low but becomes markedly increased 

during inflammation and experimental autoimmune disease (Chen et al., 2006a; Ponomarev et
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a l ,  2006). The CD40/CD40L interaction can induce the expression o f  the B7 proteins, namely 

B7-1 (CD80) and B7-2 (CD86), on the surface o f  APCs. This in turn can bind to CD28 

expressed on T-cells to initiate the second signal required for complete T-cell activation 

leading to T-cell clonal expansion (O'Keefe et a l ,  2002). The CD40/CD40L interaction can 

also serve to amplify the inflammatory response through the induction o f  pro-inflammatory 

cytokines, nitric oxide, metalloproteinases and chemokines (Chen et al., 2006a). However, 

when T-cells interact with antigen in the absence o f  co-stimulatory molecules they undergo 

anergy (O'Keefe et a l ,  2002).

1.4.3 Anti-inflam m atory M ediators

J.4.3.1 Interleukin-10 (IL-10)

lL-10 is an 18kDa protein which was first characterized as cytokine synthesis inhibitory factor 

(CSIF). IL-10 is a member o f  the class 2a-helical cytokine family which is comprised o f  IL- 

10, lL-19, lL-20, IL-22, IL-24, IL-26, IL-28, IL-29, interferons, and interferon-like molecules 

(Pestka et a l ,  2004; Commins et a l ,  2008; Mosser & Zhang, 2008). It has been shown that IL- 

10 can be released from Th2 cells, regulatory T-cells (Tri, Thi & Thn), CD8^ T-cells, 

monocytes, macrophages, dendritic cells and glia, amongst others (Mosser & Zhang, 2008). 

All members o f  the IL-10 superfamily signal through a Jak/STAT pathway, however, the 

biological activities which they initiate differ according to the cells in which they are produced 

and the cells on which they act. IL-10 signalling occurs as a result o f activation o f  the IL-10 

two-receptor complex (see Fig. 1.6). This receptor complex is comprised o f  four 

transmembrane polypeptides composed o f  two IL-1 OR I chains and two IL-I0R2 chains. IL-10 

binds to IL-IORI with high affinity while its binding to IL-I0R2 is o f  a lower affinity, 

however, engagement o f  IL-I0R2 is essential for signalling to occur (Pestka et a l ,  2004; 

Mosser & Zhang, 2008). The activation o f  JakI and tyrosine kinase 2 (Tyk2) occurs upon 

binding o f  IL-10 to the receptor complex, since Jakl is constitutively bound to IL-IORl while 

Tyk2 is constitutively bound to 1L-I0R2. Activation o f Jakl and Tyk2 is presumed to occur 

through cross-phosphorylation o f  two tyrosine residues (Y446 and Y496) on the intracellular 

domain o f  the receptor which in turn mediates the recruitment o f  STAT-3 to the receptor 

complex. Consequently, STAT-3 becomes phosphorylated allowing it to form homodimers 

and detach from the receptor. STAT-3 can then translocate to the nucleus where it induces 

transcription o f  STAT-3-responsive genes such as that o f  IL-10 itself and the SOCS
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molecules, SOCSl and S0CS3. Importantly the IL-IO receptor does not have SOCS-binding 

sites and so is not subject to regulation by SOCS proteins (Mosser & Zhang, 2008). STAT-3 is 

known to be important for limiting inflammation since its deletion has been found to result 

overactivation o f the innate immune response and impaired antigen presentation (Qin et al., 

2006). A region in the C-terminal domain o f the IL-IO receptor is found to mediate the anti

inflammatory activity o f IL-IO but is not involved in STAT-3 phosphorylation. However, 

parallel activation o f this region and STAT-3 phosphorylation is necessary for the anti

inflammatory activities o f IL-IO to occur (Pestka et al., 2004).
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Figure 1.6: IL-IO S ignalling

(From: Mosser & Zhang 2008)

IL-IO has been shown to promote the development o f B1 cells, the proliferation o f natural 

killer (NK) cells and to enhance the survival o f B-cells, T-cells and tumour cells. While IL-IO 

signalling can initiate a wide variety o f activities, its principle function is to limit the scale o f 

the immune response. In this regard it has been shown that IL-IO blocks the production o f a 

number o f cytokines including lL-1, IL-4, IL-6, IL-8, IL-12 and TNF-a, amongst others. This
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is suggested to occur owing to IL-lO-induced inhibition NFkB activity, preventing the 

translocation o f  NFkB to the nucleus (Mosser & Zhang, 2008). IL-10 has also been shown to 

reduce the secretion o f  chemokines and the expression o f  the co-stimulatory molecules CD28, 

CD80, CD86 and MHC class II (Pestka et a l, 2004; Commins et a l, 2008; Mosser & Zhang, 

2008). Notably, IL-10 knock-out mice die following what is normally considered to be a 

sublethal dose o f  LPS and further to this these mice also show exacerbated disease severity in 

models o f  experimental autoimmune diseases such as rheumatoid arthritis, EAE and 

inflammatory bowel disease (Mosser & Zhang, 2008). Significantly, the exogenous 

administration o f  IL-10 has been shown to attenuate inflammation in models o f  chronic renal 

disease, autoimmune encephalomyelitis, pneumococcal meningitis and following traumatic 

brain or spinal cord injury (Cua et a l, 2001; Kastin et a l, 2003; Mu et al., 2005). While it has 

been reported that IL-10 can suppress the expression o f  pro-inflammatory cytokines induced 

by amyloid-P, it has also been reported that amyloid-P is incapable o f  inducing IL-10 

expression. In light o f  this since IL-10 is a potent inhibitor o f  inflammation, the lack o f  IL-10 

induction in response to amyloid-P may go some way to account for the chronic inflammation 

observed in Alzheimer’s disease (Szczepanik et al., 2001).

Notably, while IL-10 is stable in blood and brain, its ability to cross the BBB following 

peripheral administration is limited since it does not cross by a saturable transport system 

(Kastin et a l,  2003) therefore limiting its potential as a therapeutic treatment. Furthermore, the 

finding that IL-10R2 is expressed on most cell types may represent a problem for therapeutic 

administration o f  IL-10, since the administered dosage will be reduced by binding o f  IL-10 to 

non-target cells (Mosser & Zhang, 2008).

1.4.3.2 Suppressor o f  Cytokine Signalling 3 (SOCS3)

SOCS proteins were discovered as the first inducible feedback inhibitors o f  type I and type II 

cytokine receptors (Dalpke et a l, 2008). Eight members o f  the SOCS family are currently 

known to exist, namely SOCS-1 to -7 and cytokine-inducible SH2-containing protein (Qin et 

al., 2007). The genes o f  SOCS proteins are small, containing only a few introns, and thus they 

bear resemblance to immediate early genes. While SOCS proteins are constitutively 

expressed, their transcription increases rapidly within minutes to hours upon inflammatory 

challenge (Dalpke et a l,  2008). All members o f  the SOCS family are known to contain a
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central SH2 domain, an N-terminal domain, which is variable in length, and a C-terminal 

domain, more commonly known as the SOCS box (Qin et al,  2007; Dalpke et al,  2008; 

Mosser & Zhang, 2008). The SH2 domain acts to bind substrate while the SOCS box can 

complex with other molecules, such as elongins, to form an E3 ubiquitin ligase (Mosser & 

Zhang, 2008). Both SOCSl and S0CS3 have an additional kinase inhibitory region (KIR) in 

their N-terminal domain which is said to be responsible for inhibition o f Jak signalling (Qin et 

al,  2007; Dalpke et al,  2008). Negative regulation o f cytokine signalling by SOCS proteins is 

thought to occur mainly at the level of the receptors through inhibition o f Jak/STAT signalling 

(Kile & Alexander, 2001; Dalpke et al,  2008). In line with this, the expression o f S0CS3 is 

known to inhibit GM-CSF, IL-6, interferons, leptin, and leukemia inhibitory factor (LIP) by 

binding to their phosphorylated receptors (Kile & Alexander, 2001). Notably, S0CS3 has 

been shown to positively regulate ERK signalling. In contrast, S0CS3 has been shown to 

inhibit NFkB and cAMP signalling (Qin et al,  2007).

S0CS3 expression can be induced by stimulation of Toll-like receptor 4 (TLR-4) by LPS or 

by activation o f MAPKs (Dalpke et al,  2008). As such, LPS is known to be a potent activator 

of S0CS3 expression in macrophages and microglia, an event which is primarily dependent 

on IL-10 and STAT-3 signalling since its expression was diminished in macrophages from IL- 

10-deficient mice and when STAT-3 was blocked by small interfering ribonucleic acid 

(siRNA) (Qin et al,  2007). Furthermore, it has been found that LPS and IL-10 can work 

synergistically to increase the expression o f S0CS3 (Qin et al,  2006). However, SOCS3 

expression following LPS administration is not solely dependent on IL-10 signalling at early 

timepoints, yet its continued expression is found to be IL-10-dependent (Qin et al,  2007). The 

expression o f S0CS3 is imperative since it has been shown that S0CS3 knock-out is 

embryonically lethal due to placental defects, thus conditional knock-out is required to study 

the functions o f this protein (Dalpke et al,  2008). Furthermore, impairment o f S0CS3 has 

been found to lead to increased disease severity in a mouse model o f IL-1-dependent 

inflammatory arthritis (Qin et al,  2006).
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1.5 Generation o f an experim ental inflam m atory environm ent

The in vitro studies presented in this thesis employ a combined treatment of LPS + IFN-y to 

instigate an inflammatory response in glial cells similar to that observed in MS. This treatment 

regimen results in cells being exposed to the T-cell (Th|) cytokine IFN-y, in addition to the 

pro-inflammatory cytokines 1L-1|3, TNF-a and members o f the lL-12 superfamily (IL-12, IL- 

23, IL-27) which are induced by LPS (Pouly & Antel, 1999; Martino et a l,  2002). Systemic 

administration o f LPS was employed for in vivo studies, since LPS is known to induce the 

expression o f the pro-inflammatory mediators IL-ip, TNF-a, IFN-y and iNOS in the CNS 

several hours after administration (Connor et a l ,  2008; Konsman et a l ,  2008; O'Sullivan et 

a l,  2009).

1.5.1 Lipopolysaccharide (LPS)

As previously discussed, the body detects the invasion o f foreign microbes through the 

recognition o f PAMPs by specific cells o f the immune system resulting in the induction o f a 

robust inflammatory response. One such PAMP is LPS, an endotoxin derived from the outer 

cell membrane o f gram-negative bacteria which is known to affect the transcription o f more 

than 1000 genes (Jerala, 2007). LPS signals through TLRs which are expressed on the surface 

o f many cell types. TLRs are type I transmembrane receptors which are comprised o f an 

extracellular domain consisting o f multiple leucine rich repeats (LRRs) and a cytoplasmic 

domain which has an IL-1 receptor (IL-IR) homologous region known as a TLR/IL-IR (TIR) 

domain. Notably however, the extracellular immunoglobulin domain o f IL-IR distinguishes it 

from TLRs. LPS signalling primarily occurs via activation o f TLR-4 which is targeted against 

the lipid A moiety o f gram-negative bacteria (Jerala, 2007). TLR-4 and the adapter protein 

CD 14 are shown to be constitutively expressed in the CVOs and circulating LPS has been 

demonstrated to increase the expression o f CD14 (Jerala, 2007). However, while it is known 

that TLR-4 is constitutively expressed in the CNS, the cell types on which it is found remains 

a matter for debate. In this regard, a recent study has shown TLR-4 to be present on microglia 

but not on astrocytes, oligodendrocytes or neurons (Akundi et a l ,  2005). In contrast, other 

studies suggest that microglia express high levels o f TLR-4 mRNA, while astrocytic 

expression is low (Jack et a l, 2005a).
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LPS signalling through TLR-4 can go down one o f two pathways (see Fig 1.7), namely a 

myeloid differentiation factor 88 (MyD88)-dependent or MyD88-independent pathway. The 

first step o f LPS signalling involves the binding o f LPS to the adapter protein LPS-binding 

protein (LBP), a 58-60kDa serum or cell-associated glycoprotein. The LPS-LBP complex can 

then bind with the glycosylphosphatidylinositol (GPl)-anchored adapter protein CD 14, which 

can be expressed either anchored to the cell membrane or in a soluble form. CD14 transfers an 

LPS monomer to MD-2, a secreted adapter protein on the ectodomain o f TLR-4, resulting in 

the formation o f a trimeric LPS:MD-2:TLR-4 complex. MD-2 is crucial for the physiological 

response o f TLR-4, since it is found that no signalling occurs in its absence. The final stage in 

LPS recognition is the rearrangement o f the LPS:MD-2:TLR-4 complex to allow recruitment 

o f adapter proteins to the intracellular TIR domain o f TLR-4 (Jerala, 2007).

1.5.1.1 My D88-dependent pathway

Upon ligand stimulation, the cytoplasmic tail o f TLR-4 can associate with the adapter protein 

MyD88 (see Fig. 1.7). MyD88 is comprised o f an N-terminal death domain and a C-terminal 

TIR domain. The death domain o f MyD88 has been shown to associate with the adapter 

protein IL-IR associated kinase (IRAK), a serine kinase involved in the activation o f another 

adapter protein identified as TNF receptor associated factor 6 (TRAF-6). Activated TRAF-6 

goes on to activate another protein kinase, termed inhibitor o f NFkB (IkB) kinase (IKK), 

possibly through the activation o f NFkB inducing kinase (NIK) which can directly interact 

with IKKs (Takeuchi & Akira, 2001). IKK is composed o f two catalytic subunits, namely a 

and p, and a regulatory subunit termed IKK-y/NEMO (Nguyen et a l ,  2002). The regulatory 

subunit is usually required for the activation o f NFkB. NFkB is normally sequestered in an 

inactive state in the cytoplasm o f almost all cell types and its activity is regulated by the 

presence o f an inhibitory molecule, known as IkB, which is essential for the activation of 

NFkB in response to cytokines and PAMPs. IkB binds tightly to NFkB dimers and holds them 

in an inactive complex. Activation o f IkB kinase kinase (IkBKK) phosphorylates IkB kinase 

and this in turn phosphorylates IkB at its serine and threonine residues. Following 

phosphorylation o f IkB it undergoes polyubiquitination and is targeted to the proteasome for 

degradation and recycling. The phosphorylation o f IkB activates NFkB which subsequently 

translocates to the nucleus where it can regulate the expression o f approximately 60 genes 

involved in inflammation, for example those coding for cytokines (TNF-a, lL-1, lL-6),

- 3 3 -



Chapter 1: Introduction

chemokines, enzymes (COX-II and iNOS) and CAMs (Minagar et a l ,  2002; Simi et a l,  

2005). Thus, the MyD88 pathway is responsible for the fast activation o f NFkB (Moynagh, 

2005). Furthermore, the MyD88-dependent pathway is critical for the response to LPS since 

MyD88-deficient mice are shown to be resistant to LPS-induced shock, and macrophages 

derived from such mice do not secrete TNF-a, lL-6 or NO in response to LPS (Takeuchi & 

Akira, 2001).

My D8 8-dependent MyD88-independent
pathways pathway

I W  CD14

TRAM
IRAK TRIF JAK

TRAF6

1RF9MAPK 
PM. JNK 

ERK

Figure 1.7: TLR signalling pathways: MyD88-dependent 

& MyD88-independent pathways (From: O ’Sullivan 2007)

1.5.1.2 MyD88-independent pathway

In addition to the regular MyD88 pathway induced by LPS, a MyD88-independent pathway 

(see Fig. 1.7) has also been identified which is also found to involve CD 14 and LBP (Jerala, 

2007). Activation o f the MyD88-independent pathway is responsible for dendritic cell (DC) 

maturation and the production o f interferon-P (IFN-P). This pathway also activates NFkB, 

although much more slowly than that of the MyD88-dependent pathway. The MyD88- 

independent pathway was first identified in MyD88-deficient mice which were found to be 

unable to produce IL-ip, TNF-a or IL-6 in response to LPS but maintained the capacity to 

produce interferons. The key regulator o f the MyD88-independent pathway is an adaptor
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protein known as TRIP or TlCAM-1 (TIR domain-containing adapter-inducing IFN-P or TIR- 

containing adapter molecule). TRIP is also found to activate NPkB signalling through TRAP- 

6. The activation o f interferons occurs through the initial phosphorylation o f IRPs, in 

particular IRP-3. IRF-3 is expressed at high constitutive levels in cells and is responsible for 

early IPN-P gene induction. Phosphorylation o f IRP-3 occurs at serine and threonine residues 

in the C-terminal allowing a conformational change to occur whereby a DNA-binding domain 

becomes exposed along with an IRP-association domain. Dimerisation o f IRPs consequently 

occurs and these dimers are then shuttled into the nucleus where they bind to motifs of 

relevant promoters. The activation o f IRP also allows for its association with co-activators 

such as CBP (CREB binding protein) and p300. Purthermore, production o f IPN-P results in 

the activation o f a transcription factor complex known as IPN-stimulated gene factor 3 

(ISGP3) which includes the transcription factors STAT-1 and STAT-2 and IRP-9. This 

complex is also found to induce the expression o f IRP-7 which in turn can stimulate the 

transcription o f IPN-a and IPN-p. Activation o f this pathway can also lead to the expression of 

the IPN-inducible chemokines RANTES and IP-10 (Pitzgerald et a l ,  2003; Moynagh, 2005).

1.5.1.3 MAPK Signalling Pathways

Signalling by TLRs can also lead to the activation of a number o f  MAP kinase cascades 

including that of p38 and JNK (see Pig. 1.8). p38 and JNK are classed as stress-activated 

protein kinases (SAPKs). Three members o f the JNK family have been identified so far, 

namely JNK-1, JNK-2 and JNK-3. JNK-1 and JNK-2 are found to be ubiquitously expressed 

while JNK-3 is expressed primarily in the heart, brain and testis. Pour members o f the p38 

family have been identified so far, namely p38a, p38p, p38y and p388 (Rincon & Davis, 

2009). MAPK signalling occurs when the small GTPase Ras becomes activated by ligand 

binding and phosphorylates a MAPK kinase kinase (MAPKKK), most likely M EKKl, which 

in turn phosphorylates a MAPK kinase (MAPKK), either MKK4 or MKK7 for the JNK 

pathway or MKK3 or MKK6 for the p38 pathway. MEKKl appears to regulate the activation 

of JNKs but fails to activate p38, for which the activating MAPKKK is as yet unidentified 

Activated MAPKK can subsequently stimulate the phosphorylation o f either JNK or p38 

(Kyriakis & Avruch, 1996; Herlaar & Brown, 1999; Rincon & Davis, 2009). JNK and p38 in 

turn go on to activate the transcription factors c-jun and activating transcription factor 2 (ATP- 

2). In addition, p38 can activate the transcription factor c-fos (see Pig. 1.8). These
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transcription factors are tcnown to control the recruitment o f  leukocytes to the site o f  

inflammation and the transcription o f  inflam m atory cytokines, in addition to playing an 

essential role in cell growth, cell differentiation, cell cycle and cell death (O no & Han 2000). 

Both JN K  and p38 are found to be activated during the innate and adaptive phases o f  the 

im mune response. Notably, the resolution o f  the immune response appears to require 

downregulation o f  JN K  and p38 signalling (Rincon & Davis, 2009).

TLR

Cytoplasm

Ras

Raf(MAPKKK?) MEKKl

MEKMKK3/6MKK4/7

ERKp38 JNK

p38 ERKNucleus

cJUN
ATF-2

Transcripti*
cFOS e.g. CREB

Figure 1.8: M A P K  Signalling

ERK is another m em ber o f  the M A P K  family. E R K  signalling is initiated by the activation o f  

the small G-protein Ras which in turn phosphorylates the cytosolic protein kinase Raf. R a f  in 

turn phosphorylates the protein kinase M A P K /E R K  kinase (M EK ) leading to the 

phosphorylation o f  ER K  (see Fig. 1.8). ER K  has been shown itself  to phosphorylate  a num ber 

o f  substrates resulting in alterations in gene expression, m etabolism and m orphology  o f  cells. 

ER K  signalling has been found to play a role in determ ining cell fate, s ince it is involved in 

cell proliferation, differentiation, senescence and survival. Notably, it has been shown that 

there is cross-talk between the ER K  and cA M P  signalling pathways and that E R K  can
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phosphorylate phosphodiesterase Type 4 (PDE4) inactivating the enzym e and leading to 

increased levels o f  cAM P. This cAM P can then feedback on PKA leading to an inhibition o f  

ERK, suggested to be a negative feedback loop by which ERK can regulate its own  

expression. In addition, the reverse situation has also been found to occur whereby cAM P is 

capable o f  inducing the expression o f  ERK (Dum az & Marais, 2005). Significantly, the 

activation o f  JNK and p38 has been demonstrated to differentiate Tho T -cells into Thi T-cells  

w hile activation o f  ERK in the absence o f  JNK and p38 differentiates Tho T-cells into Th2 T- 

cells (Rincon & Davis, 2009).

1.6 Therapeutic anti-inflam m atory agents -  glucocorticoids

Glucocorticoids act as immunosuppressants and are com m only used in the treatment o f  many 

inflammatory and autoimmune diseases. The predominant effect o f  glucocorticoids is to 

switch o f f  inflammatory genes encoding for cytokines, chem okines, adhesion m olecules, 

enzym es, receptors and proteins (Barnes, 2006) and to switch on genes encoding anti

inflammatory m olecules such as those o f  IL-IO, IL-lra and lipocortin-1 (Barnes, 1998). 

Glucocorticoids exert their effects by binding to glucocorticoid receptors located in the 

cytoplasm o f  cells. To date only one glucocorticoid receptor has been identified. Structurally 

the receptor has a binding domain located at the C-terminal end and tw o zinc fingers in the 

middle o f  the m olecule which interact with deoxyribonucleic acid (D N A ). The inactive 

receptor is found bound to two m olecules o f  heat shock protein (hsp) 90, an immunophilin  

protein and a number o f  other inhibitory proteins which forms a com plex o f  approximately 

300kD a (Glezer & Rivest, 2004). The hsp90 m olecules prevent the receptor from localizing to 

the nucleus in the absence o f  ligand and, as such, effectively  act as “molecular chaperones”. 

The receptor becom es activated upon binding o f  glucocorticoid at which point hsp90  

dissociates, and the receptor m oves into the nucleus where it binds D NA  (Barnes, 1998). DNA  

binding occurs in what are termed glucocorticoid response elem ents (GREs) which are located 

in the 5 ’-upstream promoter region o f  genes responsive to glucocorticoids. Binding o f  

glucocorticoid receptors to GREs can result in either the induction or repression o f  a gene. 

Induction o f  gene transcription occurs when glucocorticoids acetylate histone residues and 

thus cause unwinding o f  DNA coiled around the residues ultimately opening up the chromatin 

structure and allow ing transcription factors to bind more easily. Repression is caused by the
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opposite effect w hereby historic residues are deacetylated and D N A  w inds more tightly around 

the histone residue resulting in dense chromatin structures which are not easily accessible by 

transcription factors.

G lucocorticoids inhibit the transcription o f  m any cytokines (IL - ip ,  TN F-a , G M -C SF) 

chem okines (R A N T E S and IL-8), C A M s ( lC A M -1) and are also shown to prevent the 

induction o f  iNOS and COX-11. Additionally , g lucocorticoids have been shown to promote 

cell survival and decrease apoptosis. G lucocorticoids are also said to regulate the activity o f  

N F kB  through Ik B. A s such, there is ev idence to  suggest that glucocorticoids regulate the 

predom inant form o f  Ik B, Ik B -o , in m ononuclear cells and T-lym phocytes,  although Ik B -o 

does not express a GRE. Notably, glucocorticoid response elem ents have been found in the 

prom oter region o f  P-adrenoceptors (Xu, 2001).

1.7 Noradrenaline: an endogenous im m unom odulator

Noradrenaline is a catecholam ine neurotransm itter synthesized from the amino acid tyrosine. 

Its structure com prises a benzene ring, two hydroxyl groups, an intermediate ethyl chain and a 

terminal am ine group (see Fig. 1.9). N oradrenergic terminals are principally found in the 

Locus Coeruleus (LC), a noradrenergic nucleus located in the pontine tegm entum  in the lateral

NH
HO

OH
OH

Figure 1.9: Structure of Noradrenaline

o f  the fourth ventricle o f  the brain, with terminals also found in the lateral tegmentum. 

Neurons from the lateral tegm entum  innervate the dorsal nucleus o f  the vagus, the nucleus o f
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the tractus solitarius, the spinal cord, brainstem, hypothalamus and basal telencephalon, whilst 

neurons from the LC innervate the spinal cord, brainstem, cerebellum, thalamus, 

hypothalamus, basal telencephalon and the cerebral cortex (see Fig. 1.10) (Feinstein et a l, 

2002; Loder et al., 2002). Consequently, noradrenergic nerve terminals are found widely 

distributed throughout the CNS. Unlike other classical neurotransmitters, noradrenaline is not 

released merely from the synaptic terminal o f  the neuron where it is synthesized, but instead is 

released at varicosities along the entire length o f  the neuron and as such, noradrenaline is 

considered to act on neighbouring cells in a fashion similar to that o f  a paracrine agent 

(Feinstein et al., 2002). Thus, since noradrenaline is released into the extracellular fluid it is 

available to bind not only to its neuronal receptors but also to adrenoceptors expressed on 

microglia and astrocytes (Mori et al., 2002).

th a lam us

am ygdala

o lfactory  bulb
cerebellum

locus
coeruleus ro s tra l raphe 

nuclei

caudal raphe 
nuclei

CNSforum .com

Figure 1.10: Locus Coeruleus Projection Pathways

(From: www.cnsforum.com)

Biosynthesis o f  noradrenaline begins with the conversion o f  sources o f  dietary phenylalanine 

to the amino acid tyrosine in the liver by the enzyme phenylalanine hydroxylase, although 

tyrosine can also be sourced directly from the diet. Within the adrenal medulla, tyrosine is
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converted to dihydroxyphenylalanine (DOPA) by the enzyme tyrosine hydroxylase (TH), 

which requires the presence o f the co-factor tetrahydropteridine. This is known to be the rate- 

limiting step in the biosynthesis o f noradrenaline. DOPA is subsequently converted to 

dopamine by DOPA decarboxylase and dopamine is can then be converted to noradrenaline by 

the enzyme dopamine-P-hydroxylase (DpH) (Leonard, 1997). The biosynthetic pathway can 

go one step further with the conversion o f noradrenaline to adrenaline by the enzyme 

phenethanolamine N-methyltransferase. Upon its release noradrenaline exerts its effects in the 

CNS through adrenoceptors located on neurons and glia which will be discussed in detail later.

Once released, noradrenaline must be quickly taken back up for degradation and recycling in 

order to cease activation of the neurotransmitter and thus, cease neuronal stimulation. The 

enzymes that metabolise noradrenaline, namely monoamine oxidase (MAO) and catechol-0- 

methyltransferase (COMT), are located intracellularly. Since noradrenaline is a highly polar 

molecule that cannot cross the cell membrane it is translocated across the plasma membrane 

by a pre-synaptic neuronal 80kDa transporter protein known as the noradrenaline transporter 

(NET). NET is a member o f a family o f 12 transmembrane Na^- and Cl' -dependent 

neurotransmitter transporters and its activity has been shown to be reduced or inhibited in low 

Na^ conditions and low temperatures. In addition to being targeted for degradation, 

noradrenaline can also be taken up by the vesicular monoamine transporter (VMAT), which 

has a higher affinity for noradrenaline than MAO, and so noradrenaline can be sequestered 

into storage vesicles (-70% ) for later re-release. Storage o f noradrenaline allows for a 

decreased need for de novo synthesis (Eisenhofer, 2001). Astrocytes have been shown to 

express mRNA for NET and this has been identified to be the same NET as that expressed on 

neurons. Thus, glia may act to control the activity o f noradrenaline by inactivating any 

transmitter that escapes neuronal re-uptake since the presence o f NET on astrocytes is in 

accordance with their intracellular expression o f MAO and COMT (Inazu et a l, 2003).

Noradrenaline functions primarily in the regulation o f mood, attention, arousal, learning and 

memory (Mori et a l, 2002). Moreover, studies have shown that noradrenaline can suppress 

the expression o f inflammatory genes such as those encoding iNOS, CAMs, MHC class II, IL- 

Ip and TNF-a in microglia, astrocytes and brain endothelial cells in vitro and it is thought that 

in this way neuronal systems may be able to self-regulate inflammation (Feinstein et al., 1993;
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Feinstein et a l,  2002). Furthermore, noradrenaline has been found to suppress the 

proliferation o f  microglial cells and is also known to alter the function o f macrophages and 

mononuclear phagocytes in the periphery (Mori et a l, 2002). However, it has been suggested 

that the predominant mechanism by which noradrenaline contributes to a lack o f inflammatory 

response within the CNS is through the suppression o f MHC class II expression on astrocytes, 

thus preventing them from functioning as APCs (Feinstein et al., 2002).

1.8 Adrenoceptors

Noradrenaline is the endogenous agonist for a- and P-adrenoceptors, which are found 

expressed on many cell types within both the PNS and CNS. a-adrenoceptors are divided into 

two primary subtypes namely ai- and a 2 -adrenoceptors which can be further subdivided into 

aiA,B and a 2 A,B,c,D (Civantos Calzada & Aleixandre de Artinano, 2001). The P-adrenoceptors 

are divided into Pi-, P2 - and Ps-adrenoceptor subtypes. In the CNS, microglia are found to 

express mRNA encoding aiA-, a 2 A-, P r  and P2 -adrenoceptors but are devoid o f mRNA for the 

P3 -adrenoceptor, which is primarily shown to be expressed in adipose tissue. ai-adrenoceptors 

are located post-synaptically and are found to be coupled via the Gq G-protein to PLC, the 

activation o f which leads to an increase in the concentration o f free Ca in the cytosol 

(Giembycz & Newton, 2006). a 2 -adrenoceptors are expressed pre-synaptically and are linked 

to the inhibitory G-protein, Gi. Thus, their activation is found to inhibit the action o f adenylate 

cyclase and the release o f noradrenaline. As such, a 2 -adrenoceptors are considered to function 

as autoreceptors, regulating the release o f noradrenaline (Ordway, 2007). All P-adrenoceptors 

are found to be positively coupled to adenylate cyclase and activation o f these receptors 

results in increased production o f the second messenger cAMP (Tanaka et al., 2002).

It has been proposed that noradrenaline acts as an endogenous immunomodulator within the 

CNS through actions at P-adrenoceptors expressed on glial cells, eliciting anti-inflammatory 

effects and ultimately contributing to neuroprotection (Feinstein et al., 2002). While 

noradrenaline is known to have a higher affinity for Pi-adrenoceptors, the expression o f P2 - 

adrenoceptors is higher than pi-adrenoceptors on microglia. Thus, the actions o f noradrenaline 

at P2 -adrenoceptors is said to be o f greater importance within the CNS (Mori et a i, 2002).
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1.8.1 ji-adrenoceptors

P-adrenoceptors are glycoproteins consisting o f 402-470 amino-acid residues with an overall 

molecular weight o f approximately 64kDa (Xu, 2001). Structurally P-adrenoceptors have an 

extracellular amino terminus, three interconnecting extracellular loops, three intracellular 

loops and an intracellular carboxyl terminus and for this reason P-adrenoceptors are classed as 

members o f the GPCR class A superfamily (Liggett, 2002; Swaminath et a l,  2004). As 

already mentioned, there are three subtypes o f P-adrenoceptor, namely Pi, p2 and P3 , which are 

primarily activated by the catecholamine neurotransmitter noradrenaline (Swaminath et a l, 

2004). In the periphery, p-adrenoceptors are found to be expressed on skeletal muscle, 

cardiomyocytes, adipocytes and lymphocytes (Xiang & Kobilka, 2003). Within the CNS P- 

adrenoceptors are shown to be expressed on neurons and glia (Mori et al., 2002; Hertz et al., 

2004; Hein, 2006). Notably, changes in P-adrenoceptor expression and function have been 

found to occur in autoimmune diseases such as MS, rheumatoid arthritis and myasthenia 

gravis (De K eysere/a/., 1999).

While both the Pi- and Pa-adrenoceptor subtypes are expressed in the brain (Nakadate et al, 

2006), the anti-inflammatory effects o f noradrenaline on glial cells appears to be primarily 

mediated through activation o f the P2 -adrenoceptor (Mori et al., 2002; De Keyser et al., 2004). 

The P2 -adrenoceptor is positively coupled to the membrane bound enzyme adenylate cyclase 

through a trimeric Gs protein, which is comprised o f Ga and Gpy subunits (Johnson, 2001). 

Upon binding o f noradrenaline to the receptor it was originally believed that the receptor 

underwent a conformational change resulting in a catalytic exchange o f the receptor bound 

guanosine triphosphate (GTP) for guanosine 

diphosphate (GDP), as was thought to be the 

case for all GPCRs. This conformational 

change was believed to result in dissociation 

o f the a-subunit (Ga) from the Py-subunit (Gpy) 

o f the G-protein and it was suggested that each 

o f these subunits then went on to generate 

intracellular signalling cascades. However, it 

is now known that the P2 -adrenoceptor can 

exist in two states, an active and an inactive

C d l m em brane 

^ ji^ ^ G j-^ A d en y ly l cyclase

\0 v  /  ---- Kinase cAMP

/ I  ̂  i/  1  MAPK ▼

Nucl cus G«n«
Exprcss'iun

Figure 1.11: The (i-adrenoceptor signalling pathway
(From: w ww.ans.iastate.edu)
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state o f which the active state may consist o f a number o f subspecies, with each favouring 

different intracellular signalling pathways (Johnson, 1998; Liggett, 2002). Under resting 

conditions, in the absence o f agonist, it appears that the receptor can toggle between both the 

active and inactive state (Liggett, 2002). Agonists may therefore exert their effect not by 

causing a conformational change in the receptor, as was previously thought, but rather by 

temporarily stabilizing the receptor in its activated state where the Gq subunit o f the G-protein 

is associated with GTP (Johnson, 1998). This idea is enhanced by the fact that when the 

receptor is in its inactive state, with GDP bound, P-agonists are unable to bind (Johnson, 

1998).

The Gq subunit o f the p2 -adrenoceptor has been shown to couple to the membrane bound 

enzyme adenylate cyclase and activate its enzymatic activity. Adenylate cyclase is the enzyme 

responsible for the conversion o f ATP to cAMP, a second messenger which acts by 

phosphorylating protein kinase A (PKA) (see Fig. 1.11). PKA can then activate many other 

proteins and transcription factors, for instance cAMP-regulatory element binding protein 

(CREB), along with inducing phosphorylation o f the receptor itself In addition to coupling to 

Gs proteins and the activation o f PKA, the P2 -adrenoceptor can also couple to G| proteins and 

activate MAPK pathways through the actions o f the Gpy subunit which may in turn also lead to 

downregulation o f the receptor (Johnson, 1998; Kohm & Sanders, 2001; Liggett, 2002).

Signalling o f GPCRs must be rapidly attenuated to avoid the overstimulation of cells. This 

attenuation is achieved by utilization o f a mechanism known as homologous receptor 

desensitization and occurs owing to uncoupling o f the receptor from its G-protein, thus 

preventing receptor signalling (Vroon et a i, 2005). Desensitization o f the P2 -adrenoceptor is 

suggested to occur due to the activation o f G-protein receptor kinases (GRKs). GRKs initially 

phosphorylate the agonist-occupied receptor at its intracellular C-terminal domain leading to 

recruitment o f proteins known as arrestins to the receptor which can mediate receptor 

internalization, however, the receptor can also be phosphorylated on sites in its third 

intracellular loop by PKA or PKC (Millman et a l,  2004). The means by which the receptor is 

desensitized is dependent on the density o f receptors bound by agonist since it has been 

observed that at low density the receptor is phosphorylated by PKA but at high density it is 

phosphorylated by GRKs (Rousseau et a i,  1997). The main GRK involved in the
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internalization o f  the Pi-adrenoceptor is GRK2, also known as P-adrenergic receptor kinase 1 

(P-ARKI), although there is also some evidence to suggest a role for GRK3/p-adrenergic 

receptor kinase 2 (P-ARK2) (Pitcher et a l ,  1998; Fan et a l ,  2001; Luttrell & Lefkowitz, 

2002). GRK2 appears to function in increasing the affinity o f  the receptor for P-arrestin since 

in vitro it has been shown that the binding affinity o f  P-arrestini to the P2 -adrenoceptor 

increases 10-30 fold following receptor phosphorylation by GRK2 (Luttrell & Lefkowitz, 

2002). P-arrestins inhibit receptor signalling in one o f  two ways either 1) by sterically 

inhibiting the interaction o f  the receptor with its G-protein or 2) by functioning as adapter 

molecules, coupling GPCRs to the proteins involved in endocytosis and receptor 

internalization (Miller et al., 2000). P-arrestins are essential for the downregulation o f  the P2 - 

adrenoceptor since downregulation does not occur in P-arrestin 1/2 double knockout mouse 

embryos (Luttrell & Lefkowitz, 2002). Subsequently, internalized receptors are either taken 

into early endosomes, where they are dephosphorylated by phosphatase 2A and recycled back 

to the plasma membrane fully sensitised, or into lysosomes, where they are degraded (Miller 

et a l ,  2000; Fan et al., 2001; Millman et a l ,  2004).

1.8.2 The /^2-adrenoceptor mediates the anti-inflammatory and neurotrophic propertie.s o f  

noradrenaline

The notion that noradrenaline can act as an endogenous immunomodulator eliciting anti

inflammatory effects and contributing to neuroprotection via stimulation o f  glial P2 - 

adrenoceptors is a viable one since, upon its release, noradrenaline is not confined to the 

vicinity o f  the synaptic cleft and so is available to bind to adrenoceptors expressed on 

proximal microglia and astrocytes (Galea et al., 2003, Mori et al., 2002). The intracellular 

cAMP generated by stimulation o f  p2 -adrenoceptors is known to have an inhibitory action on 

the transcription o f  a number o f  inflammatory genes. In this regard, activation o f  PKA and the 

subsequent phosphorylation o f  CREB induced by stimulation o f  microglial p2 -adrenoceptors 

with noradrenaline has been shown to inhibit the production o f  NO and superoxide anions, 

both o f  which contribute to neuronal damage (Mori et al., 2002). Moreover, studies in 

astrocytes reveal that an increase in intracellular cAMP levels results in the suppression o f  

iNOS and lCAM-1 (Feinstein et al., 1993, Ballestas & Benveniste 1997). Furthermore, it has 

been found that astrocytes can express MHC class 11 in vitro upon exposure to the cytokine 

IFN-y which enables them to act as APCs and present myelin-basic protein (MBP) to T-cells.
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However, exposure to noradrenaline is found to reduce MHC class II expression on mouse 

astrocytes, an effect shown to be mediated by activation o f P2 -adrenoceptors (Frohman et a l, 

1988; Feinstein et a l,  2002; Constantinescu et a l, 2005).

In addition, P2 -adrenoceptor agonists have been shown to activate astrocytes and promote 

neuroprotection through the induction o f neurotrophins. Neurotrophic factors are peptides 

which are essential for neuronal development, axonal growth and synaptogenesis, both during 

development and in the adult brain. However, dysregulation o f neurotrophin expression has 

been implicated in the progression o f many neurodegenerative diseases (Connor & Dragunow, 

1998) since such alterations can result in necrosis, apoptosis and reduced synaptic plasticity in 

the CNS. Encouragingly, it has been reported that noradrenaline can induce BDNF expression 

in cultured astrocytes through activation o f the cAMP pathway (Conderelli et al, 1994) and 

the selective Pa-adrenoceptor agonist clenbuterol has been shown to increase NGF mRNA and 

protein levels by 200-300% (Culmsee et al., 1999a). Furthermore, in vivo studies have also 

shown that clenbuterol can induce the expression of NGF, basic fibroblast growth factor-2 

(bFGF-2) and TGF-Pi mRNA in the CNS following ischemia (Culmsee et al., 1999b).

1.9 The noradrenergic system and neuroinflam m ation

Owing to the fact that noradrenaline plays such an important role in regulating the 

neuroinflammatory response any deficits in this system would have disastrous consequences 

for the CNS. Indeed the noradrenergic system, or rather deficits in the noradrenergic system, 

has been linked to the aetiology of many neurodegenerative diseases. In this regard, changes 

in the LC-noradrenergic system, primarily involving significant reductions in LC cell 

numbers, have been observed in Parkinson’s disease, Alzheimer’s disease, Huntington’s 

disease, HIV-related dementia and MS (Marien et al, 2004). Many o f these diseases are 

characterized by an unresolved inflammatory component involving chronic activation o f 

microglia and astrocytes and the excessive production o f pro-inflammatory cytokines and 

other inflammatory mediators in the CNS, an effect which ultimately results in neuronal 

degeneration.
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1.9.1 The noradrenergic system and MS

It appears that noradrenaline, or rather loss o f the anti-inflammatory effects o f noradrenaline, 

might contribute to the development o f MS since it has been shown that the symptoms of 

EAE, a rodent model o f MS, are worsened by chemical sympathectomy, an experimental 

procedure that reduces endogenous noradrenaline and cAMP levels. In support o f this, 

symptoms o f EAE are shown to be suppressed by the administration o f P2 -adrenoceptor 

agonists (Giorelli et a l, 2004). Interestingly, evidence is now coming to the fore which 

suggests that the demyelination associated with the progression o f MS may be due to a loss of 

P2 -adrenoceptors from astrocytes. In this regard, quantitative radiography and 

immunohistochemistry studies on brain slices from MS patients revealed that Pi-adrenoceptors 

were absent from astrocytes in both normal appearing white matter and astrogliotic plaques in 

the white matter o f patients suffering from MS but were present on those from controls, which 

included individuals suffering from other neuroinflammatory diseases (De Keyser et al., 1999; 

Zeinstra et al., 2000). Significantly, while the p2 -adrenoceptor was shown to be absent from 

astrocytes in the CNS o f MS patients, its expression on neurons was unaffected (De Keyser et 

ai, 2004a). Notably, no association has been found between polymorphisms o f the p2 - 

adrenoceptor gene and the incidence o f MS (De Keyser et al., 2004a).

Overall it has been suggested that the absence o f astrocytic p2 -adrenoceptors in MS might 

result in an inability o f endogenous noradrenaline to elicit its anti-inflammatory effects within 

the CNS and, as such, implies a means by which astrocytes might be converted to functional 

APCs. Furthermore, the absence o f the receptor could contribute to neuronal damage for a 

number o f reasons (see Fig. 1.12). Firstly, the transcription o f trophic factors, such as 

neuregulin, BDNF and NGF in astrocytes is dependent on cAMP signalling (Zafra et al, 

1992). Hence, loss o f the receptor, and the associated decrease in cAMP, would likely result in 

a loss o f trophic support for neighbouring neurons which in turn could contribute to neuronal 

death and apoptosis o f oligodendrocytes. Secondly, the production o f NO along with other 

pro-inflammatory molecules, such as IL-ip and TNF-a, could become upregulated in the 

absence o f noradrenergic actions at P2 -adrenoceptors leading to damage o f neurons and 

oligodendrocytes. Thirdly, most o f the brain’s energy source is stored in astrocytes in the form 

o f glycogen. Glycogenolysis is dependent on stimulation o f astrocytic P2 -adrenoceptors and 

cAMP production, therefore decreased production of intracellular cAMP would lead to a
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decline in the amount o f  glycogenolysis taking place, the eventual outcome o f  which being a 

reduction in energy supplies available to neurons. This would lead to progressive degeneration 

o f  axons, the longest o f  which would be affected first. Energy deprivation o f  neurons may also 

lead to injury caused by excessive levels o f  Ca^^ influx due to failure o f  the NaVK^ pump, 

since the NaVK^ pump relies on ATP to function. Failure o f  this mechanism could result in 

uncontrolled depolarization o f  the cell allowing for the opening o f  voltage-sensitive 

channels and reversal o f  the operation o f  the NaVCa^^ exchanger, which is normally 

responsible for extruding excess from the cell. Ultimately, a rise in intracellular Ca^^ 

concentrations could lead to activation o f  degradative enzymes, such as proteases and 

phospholipases, which break down neurofilaments and induce neuronal damage (De Keyser et 

a i, 2004b). Damage to myelin and neurons can result in impaired conduction o f  nervous 

impulses. In turn this could contribute to latencies in the visual, auditory, somatosensory and 

motor systems, all o f  which are symptoms o f  MS (Compston & Coles, 2002).

1.9.2 The noradrenergic system and Alzheim er’s disease

The World Health Organisation (WHO) reported in 2009 that there are 18 million people 

worldwide currently suffering from Alzheimer’s disease and this is predicted to double to 34 

million by the year 2025 (http://www.searo.who.int). As such, this disease represents a major 

debilitating disorder for an ever aging population. First described in 1911 by Alois Alzheimer, 

Alzheimer’s disease is considered to be a multifactorial disease characterized by 

neuroinflammation, extracellular amyloid plaques and intraneuronal neurofibrillary tangles 

(Maccioni et a i,  2001; Maccioni et a i,  2009). The presence o f  amyloid-P does not be appear 

to be directly neurotoxic and under physiological conditions may even be beneficial as it may 

play a role in learning and memory (Garcia-Osta & Alberini, 2009). However, the 

overaccumulation o f  amyloid-P can trigger a cascade o f  events leading to widespread damage 

o f  the CNS as seen in Alzheimer’s disease.

The role o f  neuroinflammation in Alzheimer’s disease is not fully understood and the question 

remains as to whether neuroinflammation directly contributes to or is a secondary factor in the 

course o f  this disease. The current hypothesis appears to support the later as it has been shown 

that amyloid-P can attract and activate microglia leading to an accumulation o f  microglia

-48  -



Chapter 1: Introduction

around sites o f amyloid-P deposition in the brain. One proposed mechanism of microglial 

activation in response to amyloid-P is via binding o f amyloid-p to the receptor for advanced 

glycation endproducts (RAGE) and the M-CSF receptor (Tuppo & Arias, 2005). Furthermore, 

studies suggest that the exposure o f microglia, astrocytes and neurons to amyloid-P induces 

the production of pro-inflammatory cytokines, such as IL-ip, IL-6 and TNF-a, and 

chemokines, such as IL-8, MCP-1 and M IP-la. While this response may initially act as a 

neuroprotective mechanism, and an attempt to clear amyloid-P from the brain, the continued 

activation o f these cells and the continued production o f pro-inflammatory mediators may lead 

to damage o f delicate neuronal populations. Furthermore, amyloid-p has also been found to 

recruit peripherally circulating macrophages across the BBB and so can further contribute to 

the inflammatory burden o f the CNS in this manner (see Tuppo & Arias, 2005 and references 

therein).

Alzheimer’s disease is generally associated with deficits in the cholinergic system. However, 

post-mortem results have revealed that there are also significant alterations in other 

neurotransmitter systems, such as the serotonergic and glutamatergic systems but most 

importantly the noradrenergic system. In light o f this, studies have shown that there is a more 

significant correlation between the duration o f illness and the degree o f noradrenergic cell loss 

in the LC than with the degree of cell loss observed in the nucleus basalis (Marien et al, 

2004). The presence o f amyloid-beta (Ap) has been found to increase iNOS and IL-ip 

production in microglial cells, however, when the LC was ablated there was a 5-6 fold greater 

increase in response to amyloid-P and a more prolonged expression o f these inflammatory 

mediators thus reinforcing the importance of the noradrenergic system in the regulation o f the 

inflammatory response (Heneka et a l, 2002).

The accumulation of amyloid-p plaques in the CNS has been suggested to be a contributory 

factor in the development o f Alzheimer’s disease. The amyloid-P peptide is comprised o f beta- 

sheets and has a molecular weight o f approximately 4kDa. It is formed from proteolysis of 

amyloid precursor protein (APP), a type I glycoprotein localized on chromosome 21 which is 

found to be ubiquitously expressed. Proteolysis o f APP occurs owing to actions o f a, P or y- 

secretases (see Fig. 1.13). The N-terminal domain o f APP projects towards the extracellular 

region while the C-terminal domain is located within the cytoplasmic region. Cleavage o f APP
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by a-secretase directs APP processing down the non-amyloidogenic pathway to release 

soluble APPa (sAPPa) and a membrane bound C-terminal fragment (CTF), CTFa/C83. C T Fa 

can then undergo further cleavage to yield a p3 fragment and an APP intracellular domain 

(AICD). In contrast, cleavage by (3-secretase directs APP processing down the amyloidogenic 

pathway to release sAPPp and membrane bound CTFp/C99. CTFp can be further cleaved by 

y-secretase to yield amyloid-P and AICD (Bandyopadhyay et al., 2006; McLoughlin & Miller, 

2008). The amyloid hypothesis o f  Alzheimer’s disease suggests that cleavage generally occurs 

on the N-terminal side o f  APP to release amyloid-P peptides, most commonly amyloid-Pi .4 0  

and amyloid-Pi -42 o f  which amyloid-Pi .4 2  has a higher capacity to aggregate than any other 

form (Maccioni et a l,  2001). The major genes implicated in Alzheimer’s disease include those 

for APP, presenilin-1, presenilin-2 and 5-10% o f  Alzheimer’s disease cases are found to be 

due to genetic mutation (Maccioni et a l,  2001). Presenilins form the active site o f  the 

multiprotein y-secretase complex and are intramembrane aspartyl proteases whose protein 

chains span the cell membrane many times and are capable o f  cleaving proteins within the 

hydrophobic lipid bilayer at two or more bonds (Fortini, 2003; Selkoe & Wolfe, 2007). 

Presenilin-1 is known to be involved in normal processing o f  APP and so missense mutations 

can lead to a loss-of-function resulting in increased amyloid-P accumulation (Maccioni et a l, 

2001; Selkoe & Wolfe, 2007). Furthermore, a lack o f  presenilin function has been shown 

result in impaired signalling by N-cadherin, a cell-surface protein associated with neuronal 

survival and neuronal plasticity and in addition it can lead to reduced activity o f  the CBP 

pathway which is important for long-term memory formation (Fortini, 2003). Significantly, it 

has been found that increasing concentrations o f  intracellular cAMP, through the use o f  PDE4 

inhibitors, can ameliorate memory deficits and neurodegeneration in animal models 

(Beglopoulos & Shen, 2006).
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Non-amyloidogenic Pathway Amyloidogenic Pathway

NO PLAQUE 
FORMATION

AMYLOID PLAQUE 
FORMATION

N-terminal

sAPPB

B-secretasesAPPa. 

p3 y-tecivtase ^

Amyloid
Plaques

C’-term inal

AICD CTFa APP CTFfl AICD

Figure 1.13: APP processing depicting non-amyloidogenic and amyloidogenic pathways

(adapted from: http://www.ebi.ac.uk/interpro/potm /2006_7/Page2_files/image004jp g )

Amyloid-P is found to be continuously produced and its clearance is generally dependent on 

the activity o f a number o f scavenger receptors and degrading enzymes. The key amyloid-P 

degrading enzymes are the zinc metalloendopeptidases, primarily neprilysin (NEP) and 

insulin-degrading enzyme/insulysin (IDE), which are expressed neuronally. It has been found 

that levels of these enzymes decrease with age and moreover their expression is decreased in 

Alzheimer’s disease (Yasojima et a l, 2001; Cook et a l, 2003; Caccamo et a l, 2005). The 

importance o f these enzymes in the clearance o f amyloid-P is revealed by the fact that 

endogenous levels o f amyloid-Pi.40 and amyloid-Pi^2 are significantly elevated in the brains of 

neprilysin and insulysin knock-out mice. Moreover, it has been demonstrated that the chronic 

overexpression o f both neprilysin and insulysin reduces the burden o f amyloid plaques in mice 

(Eckman & Eckman, 2005). In addition, the concentrations o f amyloid-P found in the brain are 

also dependent on the activity o f amyloid-P scavenger receptors. For instance, it has been 

shown that amyloid-P can interact with a number o f receptors expressed on the microglial
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surface, for example scavenger receptor A, CD36, CD40, TLR-2 and RAGE (Chen et a l,  

2006b; Farfara et al., 2008). Thus, it is proposed that microglia may act as scavengers for 

amyloid-P in the brain, however, while microglia have been demonstrated to be capable of 

phagocytosing amyloid-P, their degradative capacity appears to be somewhat limited (Chung 

et al., 1999). Thus, it is likely that in the case o f Alzheimer’s disease the production of 

amyloid-P exceeds its clearance allowing for the formation o f amyloid plaques.

1.9.2.1 Matrix metalloproteinases (MMPs)

Other enzymes capable o f degrading amyloid-P are the matrix metalloproteinases (MMPs). 

MMPs regulate the composition o f the extra cellular-matrix (ECM) through proteolysis. 

MMPs can be classified into collagenases, gelatinases and stromelysins based on their 

substrate specificity (Medina et a l, 2003; Liuzzi et a l,  2004). They are found to play a role in 

embryonic development, morphogenesis, tissue resorption and remodelling. In addition they 

are highly expressed in inflammation and diseases such as arthritis, cardiovascular disease, 

distal colitis and cancer (Heneka et a l ,  2006). Diseases o f the CNS such as HIV-dementia, 

MS, EAE and Alzheimer’s disease are said to be mediated by the release o f MMPs from glia. 

Significantly, amelioration o f the symptoms o f EAE has been shown to occur upon 

administration o f MMP inhibitors (Pagenstecher et a l ,  1998; Liuzzi et a l ,  2004).

The MMPs o f interest for the purposes o f the work presented here are the gelatinases, namely 

gelatinase A (MMP-2) and gelatinase B (MMP-9) whose main substrate is gelatine (Heneka et 

a l,  2006). The structure o f MMPs comprises an N-terminal signal peptide domain, a C- 

terminal domain which is responsible for substrate binding and a catalytic domain which is 

found to contain a zinc binding site, a calcium ion and methionine. This serves to give 

structure, stability and enzymatic activity to the MMP. In addition, MMPs also have a pro

domain containing a cysteine residue which is found to bind to the catalytic zinc, maintaining 

the MMPs in a latent form until they undergo activation (Heneka et a l,  2006). In this regard, 

MMPs are initially secreted as zymogens and their activation requires proteolysis o f the pro

peptide domain to induce a conformational change. Pro-MMP-2 is produced as a 72kDa pro

enzyme while pro-MMP-9 has a molecular weight o f 92kDa (Medina et a l ,  2003). In the 

CNS, both MMP-2 and MMP-9 are found to be constitutively expressed by both astrocytes 

and microglia (Gottschall et a l ,  1995). However, while MMP-9 is expressed at low levels
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under normal conditions its expression can be increased by factors such as cytokines (Heneka 

et a l,  2006; Yin et a l, 2006). Notably, it has been shown that the administration o f LPS to 

cultures enhances the expression o f MMP-2 in astrocytes but not microglia, whilst LPS is 

found to increase the expression o f MMP-9 in both astrocytes and microglia (Liuzzi, et al, 

2004; Yin, et al, 2006). Notably, it has been suggested that MMP-9 may be responsible for 

BBB breakdown allowing for the excessive invasion o f immune cells into the CNS during 

inflammation (Lindberg et al, 2001; Heneka et al, 2006).

The expression o f MMPs is under strict control at the levels o f transcription, synthesis, 

activation, inhibition and glycosylation (Heneka et a l, 2006). In general, the selective 

inhibitor, tissue inhibitor o f metalloproteinases (TIM P)-l, is secreted in combination with 

MMPs. Notably, TIMP-1 is found to be highly expressed in activated astrocytes (Pagenstecher 

et a l, 1998). TIMP-1 is one member of a family of four proteins, namely TIMP-I t o -4, which 

have the capacity to bind MMPs in a 1:1 ratio (Pagenstecher et a l, 1998). Thus, the activity of 

MMPs involves a delicate balance between activation o f the enzyme and inhibition induced by 

TlMPs and as such any imbalance may lead to pathological events (Liuzzi et a l,  2004). In this 

regard, it is known that there is an imbalance in the expression of MMP/TIMP in rheumatoid 

arthritis and MS (Lindberg et a l, 2001). In addition, MMPs are suggested to play a role in 

Alzheimer’s disease since levels o f MMP-2 and MMP-9 have been shown to be elevated 

surrounding amyloid plaques in aged amyloid precursor protein/presenilin-1 mice. In further 

support o f this, levels of amyloid-P are shown to be significantly increased in the brains of 

mmp-2 and mmp-9 knock-out mice. Moreover, it has been shown that MMP-2 is capable of 

degrading amyloid-P extracted from Alzheimer’s disease brains and additionally it has been 

shown that the viral transfection o f TIMP-1 into astrocytic cultures inhibits their ability to 

degrade amyloid-P (Roher et a l,  1994; Yin et a l, 2006). Thus, these reports all suggest a role 

for MMPs in the clearance o f amyloid-p.

1.10 Pi-adrenoceptor agonists

The physiological activity o f P-adrenoceptor agonists is known to be dependent on their 

structure and activity at the receptor. Their activity is also found to be dependent on the rate of 

absorption, metabolism, elimination and distribution o f the drug to target tissues. In general, P- 

adrenoceptor agonists have a substituted six-membered aromatic ring, which is essential for
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their biological activity, with hydroxyl groups such as halogens, amines, hydroxymethyl 

groups or a various combination o f  these attached. As such, (3-adrenergic agonists fall into a 

number o f  categories dependent on their aromatic substitutions, namely phenols, resorcinols, 

catechols and saligenins, and it is these chemical substitutions which also determine the 

longevity o f  the compound (Smith, 1998). For instance, salbutamol is categorised as a 

saligenin. The therapeutic use o f  salbutamol is limited since it is rapidly deactivated by 

enzymes in the liver and intestine. In addition, due to its chemical substitutions, salbutamol is 

also known to have a low affinity for the P2 -adrenoceptor. P2 -adrenoceptor agonists can also 

be categorised into those which directly activate the receptor (salbutamol), those which are 

taken into a membrane depot (formoterol) and those which can bind to an auxiliary binding 

site that is receptor dependent (salmeterol) (Johnson, 2001). It is suggested that rather than 

inducing a conformational change in the receptor p-adrenoceptor agonists stabilise it in its 

active form with GTP bound. On the contrary, P-adrenoceptor antagonists are thought to bind 

with high affinity to a low-energy inactivated form o f  the receptor and thus shift the 

equilibrium away from the activated form. As such, it appears that P-adrenoceptor agonists 

and antagonists are not competitive in the classical sense o f  the meaning since they do not 

bind to the same region on the receptor.

The selective P2 -adrenoceptor agonist clenbuterol was specifically designed to resist rapid 

degradation and elimination by enzymes active toward the aromatic hydroxyl groups. The 

aromatic ring o f  clenbuterol is substituted with dichloroaniline (see Fig. 1.14) and it is for this 

reason that clenbuterol appears more lipophilic than other P-agonists since dichloroaniline is 

shown to have a high log P value. However, this has also been suggested to be the reason why 

clenbuterol passes readily into adipose tissue. Clenbuterol is a long-acting P-agonist with a 

reported half-life o f  approximately 30 hours in rats. Owing to its long half-life, it has been 

shown clinically that for continued therapy clenbuterol need only be administered twice daily 

whereas other P-agonists require administration up to 3-12 times daily (see Smith, 1998). 

Clenbuterol is metabolized by N-dealkylation, N-oxidation and sulphate conjugation. Its 

primary metabolite is 4-N-HydroxyIamine which is found primarily in the urine (Zalko et a l, 

1998). In rats dosed with clenbuterol, 60% o f  the drug is found to be excreted in the urine after 

8 days whilst the remaining 20% is excreted in the faeces (Zalko et a l, 1998).
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OH

Figure 1.14: Structure o f Clenbuterol

(From: www.medicinescomplete.com)

The administration o f clenbuterol has been shown to be protective in many different disease 

states. In this regard, clenbuterol has been shown to be protective in models o f myocardium 

ischemia/reperfusion injury, ischemia and amyotrophic lateral sclerosis (Semkova et a i ,  1996; 

Culmsee et al., 1999; Zhu et a l ,  1999; Zhu et a i ,  2001; Junker et a l ,  2002; Teng et al., 2006; 

Liu et a i ,  2008). Furthermore, clenbuterol enhances production o f the N-methyl-D-aspartate 

(NMDA) antagonist kynurenic acid in vitro', an endogenous compound known to have 

neuroprotective and anti-convulsant properties (Luchowska et al., 2008). In addition, it has 

been shown that clenbuterol increases the expression o f NGF, bFGF-2, TGF-Pi following 

focal ishaemia (Culmsee et al., 1999b). In light of this, since neurotrophins do not cross the 

BBB their induction by pharmacological stimulation o f P2-adrenoceptors might overcome the 

difficulty in using them as treatment for neurodegenerative diseases. Moreover, recent studies 

have also shown that clenbuterol can modulate central expression o f members of the IL-I and 

IL-10 families (McNamee, 2008) and thus may represent a new therapy for the treatment of 

neuroinflammatory disease. See Table 1.2 below for a list o f p-adrenoceptor agonists and 

antagonists used in this thesis outlining their half-life and receptor affinity.
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Name Classification Half-Life

(t'/O

Kd

(nM)

Reference

Salbutamol Agonist at P2-adrenoceptor 1.5-2hr 320 Martin et al., 1971; 

Liang & Mills, 2001

Clenbuterol Agonist at Pi-adrenoceptor 30 hr 14 Smith, 1998;

Liang & Mills, 2001

Formoterol Agonist at Pz-adrenoceptor 1.7 hr 74 Sasaki et al., 1982; 

Johnson, 1998

Metoprolol Antagonist at p,-adrenoceptor 37 min 55 Belpaire 1990; 

Baker, 2005

ICI 118,551 Antagonist at Pz-adrenoceptor 20min 0.66 O ’Donnell & W anstall, 1980 

Moresco et at., 2000

Table 1.2: p-adrenoceptor agonists and antagonists 

1.11 Objective

The overall objective o f this project was to examine the therapeutic potential o f targeting glial 

P2 -adrenoceptors for the treatment o f neuroinflammation. As discussed earlier, P2 - 

adrenoceptors have been shown to be absent from astrocytes in the CNS o f people suffering 

from MS (De Keyser et a l, 1999; Zeinstra et a i, 2000), a disease associated with 

neuroinflammation. Therefore, the ability o f an inflammatory stimulus to alter the expression 

and function o f P2 -adrenoceptors on glial cells in vitro was examined here in an attempt to 

examine the impact o f inflammation on P2 -adrenoceptor expression and function (Chapter 3). 

An inflammatory stimulus in the form o f LPS + IFN-y was used for in vitro studies as it 

replicates, to some extent, the inflammatory environment seen in the MS brain. Furthermore, 

the impact o f a systemic inflammatory challenge on central P2 -adrenoceptor expression and 

function was examined in vivo to determine if effects observed in in vitro studies translate to 

the in vivo situation where cells are in their natural environment (Chapter 4). In addition, the 

work presented here examined the ability o f selective stimulation of central P2 -adrenoceptors 

to regulate an immune response o f the CNS in vivo using the selective P2 -adrenoceptor agonist
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clenbuterol under basal conditions using both acute (Chapter 5) and chronic (Chapter 7) 

treatments and in acute LPS-induced neuroinflammatory conditions (Chapter 5). In addition 

the peripheral effects o f  clenbuterol were examined (Chapter 6) in a bid to further elucidate its 

suitability as a therapeutic treatment. Thus, specific experiments focused on:

1) The impact o f  inflammation on the expression and function o f  glial P2 -adrenoceptors 

both in vitro and in vivo.

2) The ability o f  direct stimulation o f  central P2 -adrenoceptors with clenbuterol to alter 

the expression o f  pro- and anti-inflammatory cytokines in vivo.

3) Determining the lowest dose at which clenbuterol can induce an immune response 

within the CNS and examining the ability o f  this low-dose clenbuterol to impact on 

LPS-induced inflammation.

4) Determining the receptor subtype responsible for the clenbuterol-induced immune 

response within the CNS.

5) Assessing the neuroinflammatory profile and the peripheral effects induced by 

clenbuterol in comparison to LPS, specifically effects on locomotor activity, heart rate, 

body-temperature, body-weight and food-motivated behaviour.

6) Assessing the ability o f  chronic stimulation o f  central P2 -adrenoceptors with 

clenbuterol to continue to induce an immune response and to alter amyloid load in the 

CNS.
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2.1 M aterials 

Anim als

W istar rats (1-3 days old)

Sprague-D aw ley Rats 

Laboratory  Rat D iet

Cell Culture M aterials

A crodisc syringe filter (0 .2 |im )

Biocidal ZF ™

25cm  Cell scrapers 

Cell strainers (40)o,M)

C overslips (P lastic; 13 m m )

D isposable sterile scalpels

D ulbecco’s m odified eagles m ed iu m :F -l2  (D M E M ) 

D ulbecco’s phosphate buffered saline (PB S) (lO X ) 

Fetal C a lf  Serum  (FC S)

H aem ocytom eter

Penicillin-streptom ycin

Plastic syringe (Im l, 20m l, 50m l)

Poly-L -lysine 

Serological p ipette (25m l)

Sterile 24-w ell plates 

Sterile C om bitips p lus (Im l)

Sterile C om bitips p lus (2.5m l)

Sterile falcon tubes (15m l)

Sterile falcon tubes (50m l)

Sterile m icro tubes (2m l)

Sterile petri dishes 

Sterile transfer p ipettes 

T25cm^ Flasks

B ioresources, T C D  

H arlan, U K 

Red M ills, Ireland

Pall C orporation , Ireland 

W A K -C hem ie M edical 

G m bH , G erm any 

Sarstedt, Ireland 

BD Falcon, U K 

Sarstedt, Ireland 

Sw ann-M orton  Ltd., UK 

Invitrogen, USA 

S igm a-A ldrich , Ireland 

Invitrogen, U SA  

VW R in ternational, Ireland 

Invitrogen, USA 

BD, UK

Sigm a-A ldrich , Ireland 

Sarstedt, Ireland 

Sarstedt, Ireland 

Eppendorf, USA 

Eppendorf, U SA 

Sarstedt, Ireland 

Sarstedt, Ireland 

Sarstedt, Ireland 

Sarstedt, Ireland 

Sarstedt, Ireland 

Sarstedt, Ireland
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T75cm^ Flasks Sarstedt, Ireland

Trypan Blue S igm a-Aldrich, Ireland

Trypsin-ED TA  Sigm a-Aldrich, Ireland

A ssay  K its

Bicinchonic acid (B C A ) protein assay Pierce, USA

cA M P  Biotrak Enzym eim m unoassay  kit A m ersham  Biosciences,

UK

MSD® 96-well M ULTI-SPOT® H um an/R oden t (4G8)

A beta Triplex Ultra-Sensitive Assay M esoScale , U SA

Pinpoint Cell Surface Protein isolation kit Pierce, USA

Rat In ter leukin-1 p  ( I L - lp )  ELISA kit (D uoset) R & D  systems, UK

Rat T N F -a  ELISA kit (Opt EIA set) BD Biosciences, UK

E x p e r im e n ta l  T r e a tm e n t s

3-isobutyryI- l-m ethylxanth ine Sigma-Aldrich, Ireland

Clenbuterol Sigma-Aldrich, Ireland

D exam ethasone H ydrochloride Sigma-Aldrich, Ireland

Forskolin Sigm a-Aldrich, Ireland

G ranulocyte m acrophage colony stimulating-factor (G M -CSF) R & D  Systems, UK

ICI 118,551 Tocris B ioscience, UK

Interferon-y (IFN-y) R & D  Systems, UK

Lipopolysaccharide (LPS) Sigma-Aldrich, Ireland

M acrophage co lony-stim ulating factor (M -C SF) R & D  Systems, UK

M etoprolol Sigma-Aldrich, Ireland

Resazurin Sigma-Aldrich, Ireland

Salbutamol Sigma-Aldrich, Ireland

G e n e ra l  L a b o r a t o r y  C h em ica ls

2-propanol

Acrylam ide

A m m onium  persulfate (APS)

Sigma-Aldrich, Ireland 

Sigma-Aldrich, Ireland 

Sigma-Aldrich, Ireland
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P-M ercaptoethanol

Betadine

B icin ch on in ic  acid (B C A ) protein kit 

B ov in e serum album in 96%  (B S A )

B rom opiienol blue  

C h em ilu m in escen ce H yperfilm  

C L -X posure x-ray film  

D iethyl Pyrocarbonate (D E PC )

D im ethyl S u lfox id e

D isodium  hydrogen orthophosphate (N a 2H P0 4 ) 

D L -D ithiothreitol (D T T )

E thylenediam inetetra acetic  acid (E D T A )

G lycerol

G lycine

H ydrochloric acid (H C l)

Industrial m ethylated spirits

Ketam ine

M ethanol

N -( 1 -naphthyl)-ethylenediam ine d ihydrochloride  

N ,N ,N  ’ ,N  ’ -T  etram ethy lethy lene-d iam ine (T E M E D ) 

3 ,3 ’,5 ,5 ’,-T etram ethyl-benzid ine (T M B )

N ’ N ’ B is A crylam ide  

N orm al goat serum

N P -40  ([O cty]p h en oxy)p o lyeth oxyeth an ol)

O rthophosphoric acid  

Phosphatase inhibitor cockta il I &  II 

Potassium  chloride (K C l)

Potassium  dihydrogen orthophosphate (KH2PO4) 

Protease inhibitor cocktail 

R estore stripping solution  

Sodium  bicarbonate (N aH C O s)

S igm a-A ld rich , Ireland 

M edlock  M edical Ltd., U K  

Pierce, U S A  

S igm a-A ldrich , Ireland 

S igm a-A ldrich , Ireland 

A m ersham , U K  

Pierce, U S A  

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

V W R  Int., Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

V W R  Int., Ireland 

L ennox, Ireland 

B ioresources, T C D  

L ennox, Ireland 

Sigm a-A ldrich , Ireland 

S igm a-A ldrich , Ireland 

D akocytom ation , Ireland 

Sigm a-A ldrich , Ireland 

V ector, UK  

U S B  corporation,

G erm any  

V W R  Int., Ireland 

Sigm a-A ldrich , Ireland 

M erck, UK  

V W R  Int., Ireland 

Sigm a-A ldrich , Ireland 

P ierce, U S A  

V W R  Int., Ireland
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Sodium  carbonate (N a 2C 0 3 )

Sodium  chloride (NaCI)

Sodium  d od ecy l sulfate (S D S ) 99%

Sodium  hydrogen carbonate 

Sodium  hydroxide (N aO H )

Sodium  nitrite (N a N 0 2 )

Sodium  phosphate d ibasic (N aH P 0 4 )

Sodium  phosphate m onobasic  m onohydrate (N aH 2P0 4 )

Sucrose

Sulphanilam ide

Sulphuric acid (H2SO4) 98%

Triton X -1 0 0  

T rizm a-B ase  

Tris-HCI 

T w een 20  

X yzalin e

General Laboratory Wares

50m l y e llo w  capped tubs

F96 M axisorp im m unoplates for ELISA

Filter paper

Laboratory roll-parafilm  

M icrotest 9 6 -w e ll flat bottom ed plates  

M icrotubes (0 .5m l)

M icrotubes (L 5 m l)

Pipette tips 

Plastic syringe (1m l)

P lastic transfer pipettes

Molecular Reagents

lOX T B E  buffer

9 6 -w ell optical reaction plates

V W R  Int., Ireland 

V W R  Int., Ireland 

Sigm a-A ldrich , Ireland 

V W R  Int., Ireland 

S igm a-A ldrich , Ireland 

S igm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

V W R  Int., Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

B ioresources, T C D

Sarstedt, Ireland 

N unc, U SA  

W hatman, U S A  

V W R  Int., Ireland 

Sarstedt, Ireland 

Sarstedt, Ireland 

Sarstedt, Ireland 

Sarstedt, Ireland 

B D , UK  

Sarstedt, Ireland

Invitrogen, U S A  

A pplied  B io sy stem s, U K
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Absolute ethanol 

Agarose

Biosphere filter tips (1000, 200 and lOOfil) 

Diethyl pyrocarbonate 

Ethidium bromide 

High capacity cDNA archive kit 

Loading dye (6X)

Molecular grade water 

Optical adhesive covers 

PCR tubes 

RNase away 

RNA later 

RNase Zap wipes

RNase-free 1.5ml and 2ml microfuge tubes 

RNase-free H2 O 

TaqMan gene expression assays 

TaqMan universal PCR master mix 

Total RNA isolation kit

Western Blotting Reagents and Antibodies

Anti-mouse IgG

Anti-Rabbit IgG

anti-P-actin antibody

P2 -adrenoceptor antibody

Broad range molecular weight marker

CL-Xposure X-ray film

GFAP antibody

JNK antibody

Monoclonal anti-P-actin antibody 

Nitrocellulose membrane 

p38 antibody

Sigma-Aldrich, Ireland 

Sigma-Aldrich, Ireland 

Sarstedt, Ireland 

Sigma-Aldrich, Ireland 

Sigma-Aldrich, Ireland 

Applied Biosystems, UK 

Promega, UK 

Sigma-Aldrich, Ireland 

Applied Biosystems, UK 

Sarstedt, Ireland 

Invitrogen, USA 

Ambion, UK 

Ambion, UK 

Ambion, UK 

Sigma-Aldrich, Ireland 

Applied Biosystems, UK 

Applied Biosystems, UK 

Macherey-Nagel GmbH & 

Co., Germany

Sigma-Aldrich, Ireland 

Amersham, UK 

Santa-Cruz Inc., USA 

Santa Cruz Inc., USA 

BioRad, USA 

Pierce, USA 

Sigma-Aldrich, Ireland 

Cell Signalling, USA 

Sigma-Aldrich, Ireland 

Sigma-Aldrich, Ireland 

Cell Signalling, USA
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p42/44 (ERK ) antibody 

Phospho-JN K  antibody 

Phospho-p38 antibody 

Phospho-p42/44 (ERK ) antibody 

Phospho-STAT-3 Antibody 

Polyvinylidene (PV D F)

R estore™  Western Blot stripping buffer 

SOCS3 antibody 

STAT-3 A ntibody

Supersignal® West Dura extended substrate solution

Cell Signalling, USA 

Cell Signalling, USA 

Cell Signalling, U SA 

Cell Signalling, U SA 

Cell Signalling, USA 

Millipore, Ireland 

Pierce, U SA  

Santa Cruz, USA 

Cell Signalling, USA 

Pierce, U SA
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Methods

2.2 In vitro studies 

2.2.1 Aseptic technique

All cell culture work, including the preparation o f  cell culture reagents, was carried out in a 

laminar flow-hood (Hera safe, category 2) and aseptic technique was utilised throughout. The 

use o f  the laminar flow-hood ensures that cells only come in contact with filtered air and is 

necessary to ensure that cells do not become contam inated with air-borne pathogens from the 

normal atmosphere. To ensure that the flow-hood remained sterile the interior was sprayed 

with 70% ethanol (EtOH) (30% double distilled water (d.d.H 20) + 70% EtOH v/v) both prior 

to and following use. Any items taken into the hood were lightly sprayed with 70% EtOH 

beforehand to prevent the introduction o f  any pathogens into the working area o f  the flow- 

hood. Other aseptic techniques included the use o f  sterile disposable plasticware and any 

glassware or d.d.H 20 used for culture work was sterilised prior to use by autoclaving at I2 I°C  

for 2 hours (hr). Dissection equipm ent was sterilised by soaking overnight in 70% EtOH 

followed by baking at 180°C for a minimum o f  2 hr to remove any pathogens. The hood 

surface was also exposed to ultraviolet (UV) light for a minimum o f  30 m inutes (min) after 

use. Disposable powder-free latex gloves were worn throughout all culture work and changed 

frequently. Gloves were sprayed lightly with 70% EtOH before use in the flow-hood. Cells 

were maintained in a Nuaire incubator at 37°C, 95% oxygen (O 2 ), 5% carbon dioxide (CO 2 ) 

and any items placed in the incubator were lightly sprayed with 70% EtOH to prevent 

pathogenic contam ination. Both the incubator and lam inar flow-hood were cleaned regularly 

with Biocidal followed by 70% EtOH to m aintain a sterile, pathogen-free environment. 

It is necessary to maintain a sterile environm ent for culture work and to utilise aseptic 

techniques throughout in order to m aintain an environm ent free from fungi, bacteria or viruses 

which can interfere with normal cellular functions or cause cell death.
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2.2.2 Preparation o f culture media and test compounds

Culture Media: Using a 0.2 micrometre (|im) syringe filter and a 50 millilitre (ml) syringe 

50ml (10%) o f  Fetal Calf Serum (FCS) and 5ml (1%) o f  Penicillin-streptomycin were filter- 

sterilised into a 500ml bottle o f  Dulbecco’s modified eagle’s medium:F12 (DMEM:F12) to 

give complete DMEM:F12 (cDMEM). This cDM EM  was used for the preparation o f  all glial 

cultures.

Phosphate Buffered Saline (PBS): 5ml o f  Dulbecco’s sterile lOx PBS (100 millimolar (mM) 

NaCl, 80mM N a2HP0 4 , 20mM N aH 2P0 4 ) was added to 45ml o f  d.d.H20 to yield a Ix 

working concentration o f  PBS.

Macrophage-colony stimulating factor (M-CSF): 25 |0.g M-CSF was reconstituted by adding 

1ml 0.1% bovine serum albumin (BSA) in PBS to yield a stock solution o f  25(j,g/ml. The stock 

solution was aliquoted into 50)j.l aliquots and stored at -20°C. Prior to use the stock solution 

was diluted to a working concentration in pre-warmed cDMEM.

Granulocyte macrophage-colony stimulating factor (GM-CSF): 50|ag/ml GM-CSF was 

reconstituted in I ml 0.1% BSA in PBS to yield a stock solution o f  50(j,g/ml. This stock 

solution was aliquoted into 20(il aliquots and stored at -20°C. Prior to use the stock solution 

was diluted to a working concentration in pre-warmed cDMEM.

Lipopolysaccharide (LPS): 25 mg LPS {Escherichia coli serotype 0 1 1 1:B4] was dissolved in 

1ml d.d.H20. The solution was mixed using a vortex and when fully dissolved 500)j.l o f  this 

25mg/ml solution was added to 62ml o f  cDM EM  (1:125 dilution) to yield a 200|j.g/ml stock 

solution which was then filter-sterilised using a 0.2(xm syringe filter. This stock solution was 

aliquoted into 1ml aliquots and stored at -20°C. Prior to use the stock solution was diluted to a 

working concentration in pre-warmed cDMEM.

Interferon-gamma (IFN-y): A stock solution o f  100)ag/ml was prepared by dissolving lOOfig 

IFN-y in 1ml PBS, ImM dithiothreitol (DTT), 0.1% BSA. The solution was mixed using a 

vortex until fully dissolved. This stock solution was then aliquoted into 20|j,l aliquots and
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stored at -20°C. Prior to use the stock solution was diluted to a working concentration in pre

warmed cDMEM.

Salhutamol: A 50 (xM stock solution was prepared by dissolving 25mg (Formula weight 

(F.W.) 288.7g) salhutamol in 1.732ml d.d.H20 and the solution was mixed using a vortex until 

fully dissolved. This stock solution was then aliquoted into 50|il aliquots and stored at -20°C. 

Prior to use the stock solution was diluted to a working concentration in pre-warmed cDMEM.

Forskolin: A lOOmM stock solution was prepared by dissolving 0 .0 4 lg  (F.W. 410.5g) 

forskolin in 1ml Dimethyl Sulfoxide (DMSO) and the solution was mixed using a vortex until 

fully dissolved. This stock solution was then aliquoted into 25|il aliquots and stored at -20°C. 

Prior to use the stock solution was diluted to a working concentration in pre-warmed cDMEM.

Dexamethasone: A stock solution o f  5.35 x lO'^M concentration o f  dexamethasone was 

prepared (F.W. 392.47g) in cDMEM and the solution was mixed using a vortex until fully 

dissolved. This stock solution was then aliquoted into I ml aliquots and stored at -20°C. Prior 

to use I ml o f  the stock was added to 4.35ml cDMEM to yield a ImM solution. This ImM 

solution was then diluted to a working concentration in pre-warmed cDMEM.

3-Isobutyl-1-methylxanthine (IBMX): A 44.99)j,M stock solution o f  IBMX (F.W. 222.25g) was 

prepared by adding lOmg IBMX to 1ml d.d.H20 with 0.2% DMSO and the stock solution was 

warmed, sonicated and vortexed until fully dissolved. This stock solution was then aliquoted 

into lOul aliquots and stored at -20°C. Prior to use the stock solution was diluted to a working 

concentration in pre-warmed cDMEM.

2.2.3 Preparation of cell culture plates

25mg Poly-L-lysine was reconstituted in 5ml sterile d.d.H20. The solution was vortexed to 

ensure thorough mixing and then was subsequently added to a further 20ml d.d.H2 0  to yield a 

final stock concentration o f  I mg/ml. The stock solution was then filter-sterilised through a 

0.2|j,m syringe filter using a 25ml syringe and aliquoted into 1ml aliquots and stored at -20°C 

until required. To prepare plates for cell culture a 1ml aliquot o f  Poly-L-lysine was added to
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24ml d.d.H20. The solution was vortexed to ensure thorough mixing and the wells were 

coated by adding 75|il o f  solution to the centre o f  each o f  the wells o f  a 24-well plate. The 

plates were transferred to the incubator for 1 hr and were subsequently removed back into the 

laminar flow-hood where the Poly-L-lysine was removed. To ensure the plates were fully dry 

prior to use they were left in the laminar flow-hood overnight.

2.2.4 Preparation o f primary mixed glial cultures

Primary mixed glial cultures were prepared from 1-3 day old neonatal male W istar rats 

[Bioresources Unit, Trinity College]. As stated previously, all cell culture preparations were 

carried out utilising aseptic conditions. Briefly, the neonates were taken into the flow-hood 

and decapitated using a large, sharp scissors. Using a smaller scissors an incision was made 

into the skin down the midline and the skin was pulled back to reveal the skull. Using the 

smaller scissors incisions were made along each side o f  the skull at the level o f  the ears and 

the skull cap was removed to expose the brain. Using a straight forceps meninges were 

removed and the cortical tissue was subsequently removed by pinching it out using a curved 

forceps. The tissue was placed in a few drops o f  sterile Ix PBS in a Petri-dish. Any remaining 

m eninges or adherent blood-vessels were subsequently removed. The tissue was cross

chopped using a sterile scalpel and then transferred to a 15ml Falcon tube containing 2ml o f 

pre-warmed cDM EM  per animal used. The tube was placed in a humidified incubator (95% 

O 2 , 5% CO 2) and incubated at 37°C for 20 min. Subsequently, the hom ogenate was gently 

triturated several tim es using a pasteur pipette until all visible clumps were removed. The 

suspension was then passed through a 40^m  nylon cell strainer into a sterile 50ml Falcon tube. 

This solution was centrifuged at 2,000 x rotations per minute (rpm) for 3 min at 20°C. The 

tube was returned to the flow-hood and the supernatant was gently aspirated. The cell pellet 

was re-suspended in 7.5ml cDM EM  by trituration using a pasteur pipette. At this stage a cell 

count was performed by adding 10)o.l cell suspension to 30|o,l sterile Ix PBS and 10)o.l Trypan 

Blue in a 1ml microtube. The solution was vortexed and allowed to sit for 30 seconds (sec) 

and then lOjil was placed under a glass m icroscope coverslip on a haemocytometer. The cell 

number was counted and calculated using 40x m agnification on a light m icroscope [Nikon 

Eclipse E200]. Cell counts usually averaged 2 x 1 0 ^  cells/ml.
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50|^1 o f  the cell suspension was placed into the centre o f  each well o f  a 24-well tissue culture 

plate which had previously been coated with Poly-L-lysine as described in 2.2.3. The plates 

were then placed in the incubator where cells were allowed to adhere to the wells for a 

minimum o f  2 hr. Plates were subsequently removed back into the flow-hood where each well 

was flooded with 300fxl cDM EM .

For the biotinylation assay in 2.2.8 cells were cultured in T75cm flasks. Briefly, cells were 

prepared as described above and 800|il o f  the re-suspended cell solution was placed in the 

centre o f  the flasks at a plating density o f  2.16 x 10^ cells/flask. The flasks were swirled gently 

to spread the solution over the base and were immediately placed into the incubator where the 

cells were allowed to adhere for a minimum o f  2 hr prior to flooding with 19.2ml cDM EM  per 

flask.

Culture media was replaced every 3-4 days and cells were treated on days 10-14 or when 

confluent.

2.2.5 Preparation of enriched microglial and astrocytic cultures

Enriched cultures o f prim ary microglia and astrocytes were prepared as in 2.2.4 above with 

the following adaptations:

The cell pellet was re-suspended in cDM EM  to give a final cell count o f  2 x 10  ̂ cells/ml and
■y

2ml o f  this cell suspension was added per T25cm flask. The flasks were placed in the 

incubator where the cells were allowed to adhere for a minimum o f  2 hr prior to flooding with 

8ml cDM EM . Flasks were incubated in a humidified incubator (95% 02, 5% C02) and 

incubated at 37°C for 24 hr. M edia was replaced 24 hr after the cells were plated to remove 

any cellular debris. 8ml cDM EM  supplemented with the growth factors GM -CSF (20 

nanogram (ng)/ml) and M -CSF (5ng/ml) was added to each o f  the flasks. Cells were cultured 

for 7 days after which tim e the media was once again replaced with cDM EM  supplemented 

with GM -CSF and M -CSF. On day 9-10 a layer o f  microglia loosely adheres to a m onolayer 

o f astrocytes and at this point the cells were split. The necks o f  the flasks were wrapped in 

parafilm and the flasks were placed on an orbital shaker at 110 x rpm for 2 hr at room
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tem perature to dissociate the microglia into solution. The flasks were subsequently taken back 

into the flow-hood and tapped approxim ately 30 times to dissociate any rem aining microglia. 

The supernatant was poured into a 50ml Falcon tube and centrifuged at 2000 x rpm for 5 min 

at 20°C. The supernatant was aspirated and the pellet was re-suspended in 1ml cDM EM . At 

this stage a cell count was performed as described in 2.2.4 and the cell suspension was 

adjusted to give a final cell density o f  1.5 x 10  ̂cells/ml. 50|o.l o f  the cell suspension was added 

to each well o f  a 24-well plate previously coated with Poly-L-lysine as described in 2.2.3. 

Plates were placed in the incubator where cells were allowed to adhere for a m inimum o f  2 hr 

prior to flooding with 300)o.l cDM EM . M icroglia were maintained in an incubator for up to 3 

days prior to treatment.

Astrocytes were isolated by adding I ml Trypsin-ethylenediam inetetraacetic acid (EDTA) to 

the flasks which were then were placed back into the incubator for 15 min. The flasks were 

subsequently removed back into the flow-hood where they were gently tapped to remove any 

adherent astrocytes with continual viewing under 40x magnification using a light microscope 

until all cells had detached. The cell suspension was poured into a 50ml Falcon tube and the 

solution was centrifuged at 2000 x rpm for 3 min at 20°C. The supernatant was gently 

aspirated and the cell pellet was re-suspended in 1ml cDM EM . A cell count was carried out as 

described in 2.2.4 and the cell suspension was adjusted to yield a final cell density o f  1.5 x 10  ̂

cells/ml. 50(il o f  the cell suspension was added to the centre o f  each o f  the wells o f  a 24-well 

tissue culture plate which had previously been coated with Poly-L-lysine as described in 2.2.3. 

Plates were placed back in the incubator where cells were allowed to adhere for a minimum o f  

2 hr prior to flooding with 300|j,l o f  cDM EM . Astrocytes were maintained in an incubator for 

up to 3 days prior to treatment.

2.2.6 Harvesting cell free supernatants for cytokine ELISAs

Following treatm ent and the requisite incubation time, 24-well plates were removed from the 

incubator and supernatants were harvested and pooled according to the treatm ent plan into 

1.5ml m icrotube (i.e. supernatants from wells that received the same treatment were pooled 

into the same microtube). M icrotubes were kept on ice prior to being centrifuged at 13,000 x 

rpm for 3 min at 4°C to pellet any cell debris. The supernatant was aliquoted into fresh
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m icrotubes (2-3 aliquots per sample) and the aliquots were frozen and stored at -80°C until 

required for cytokine analysis.

2.2.7 H arvesting glial cells for cAM P assay

Following treatm ent and the requisite incubation tim e the supernatant was aspirated from the 

wells o f  a 24-well plate and 200)xl/well o f  diluted lysis reagent IB (0.25%  solution o f 

Dodecyltrim ethylam m onium  Bromide in 0.05M  Acetate buffer, pH 5.8) from the cAM P 

Biotrak Enzym eim m unoassay (EIA) System kit [Amersham Biosciences] was added. Plates 

were agitated on ice on a gyrorocker for 10 min. W ells were then scraped using a lOOOfil 

pipette tip to detach adherent cells and the lysate was transferred to a 1.5ml m icrotube pooling 

wells which had received the same treatment. The pipette tip was changed between treatm ent 

groups to prevent cross-contam ination o f  samples. Samples were placed on ice and analysed 

immediately for cAM P as described in 2.4.6.

2.2.8 H arvesting glial cells for biotinylation assay

Following treatm ent and the requisite incubation time the supernatant was aspirated from the 

T75cm^ flasks and cells were washed twice with 8ml ice-cold PBS. A Pinpoint Cell Surface 

Protein Isolation kit [Pierce] was used for biotinylation o f  samples. Briefly, 10ml Sulfo-NHS- 

SS-Biotin (supplied) was added per flask and the cells were agitated at 4°C on a gyrorocker 

for 30 min. 500nl o f  quenching solution (supplied) was added per flask to stop the reaction 

and the flasks were gently tipped back and forth to ensure even coverage o f  the cells. The cells 

were gently scraped into solution using a 25cm cell scraper and transferred to a sterile 15ml 

Falcon tube. Each flask was rinsed with a 2.5ml volume o f  Tris-Buffered Saline (TBS) and the 

rinse volume was added to the 15ml tube. The tubes were centrifuged at 500 x g for 3 min at 

4°C. The supernatant was discarded and 125|al o f  Lysis Buffer (supplied) containing a 1:100 

dilution o f  protease inhibitors was added to the cell pellet and the cells were re-suspended into 

solution by pipetting. Biotinylation o f  samples was carried out as in 2.4.7.
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2.2.9 H arvesting glial cells for m RNA analysis

Following treatm ent and the requisite incubation tim e the supernatant was aspirated from the 

wells and 100|o.l RA l lysis buffer [supplied in Total RNA isolation kit, M achery Nagel GmbH 

& Co.] containing 1% P-mercaptoethanol was pipetted directly into each o f  the wells. Cells 

were scraped using a 1000^1 filtered pipette tip to remove adherent cells. The lysate was 

transferred to an RNase-free 2ml m icrotube pooling wells which had received the same 

treatment. The pipette tip was changed between treatm ent groups to prevent cross 

contam ination. RNA was then extracted from the samples as described in 2.4.10. If RNA 

extraction did not take place immediately after harvesting the samples were frozen at -80°C in 

RA l lysis buffer containing 1% P-mercaptoethanol. Subsequently, samples were allowed to 

defrost slowly at room tem perature prior to extraction.

2.3 In vivo studies 

2.3.1 Anim al husbandry

Male Sprague-Dawley rats were obtained from Harlan Laboratories, UK (weight on arrival: 

~200g). Rats were housed three per cage in hard-bottomed polypropylene cages with wood 

shavings as bedding. Rats were maintained under standard laboratory conditions in an ambient 

tem perature o f  22 ± 2°C and lighting was controlled on a 12 hour light-dark cycle (lights on; 

08:00 hours, lights off: 20:00 hours). Anim als had free access to food and water and were fed 

a standard laboratory diet [Red Mills, Ireland]. The experimental procedures employed were 

in com pliance with the European Council Directive (86/609/EEC).

2.3.2 In vivo drug adm inistration

All animals were handled daily for at least four days prior to drug administration to alleviate 

any stress caused by experimental handling or injection.
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Study 1: 4hr/24 hr LPS  + 4hr Clenbuterol Study

Rats were administered an intraperitoneal (i.p.) injection o f  either a control o f  0.89%  (w/v) 

saline (0.045g NaCl/50m l d.d.H 20) or LPS (250|ig/m l). A num ber o f  rats were placed back in 

their home cage for 4 hr prior to sacrifice. 24 hr post-LPS adm inistration rats were 

adm inistered an i.p. injection o f  either 0.89%  (w/v) saline or clenbuterol (0.5mg/kg) and were 

placed back in their home cage. Rats were then sacrificed 4 hr post-injection, (see Fig. 4.1, 

Chapter 4 for study design)

Study 2: Clenbuterol dose-response study

Rats were administered an i.p. injection o f  either a control o f  0.89%  (w/v) saline or 

clenbuterol (0.03, 0.1, 0.3m g/kg). Rats were placed in locomotor activity cages for 15 min 2 hr 

post-injection to monitor activity prior to being returned to their home cages. Rats were then 

sacrificed 4 hr post-injection.

Study 3: Clenbuterol low dose-response study

Rats were administered an i.p. injection o f  either a control o f  0.89%  (w/v) saline or 

clenbuterol (0.003, 0.01, 0.03m g/kg). Rats were placed in locomotor activity cages for 15 min 

2 hr post-injection to monitor activity prior to being returned to their home-cages. Rats were 

then sacrificed 4 hr post-injection.

Study 4: LPS + low-dose clenbuterol study

Rats were administered an i.p. injection o f  either a control o f  0.89%  (w/v) saline or 

clenbuterol (0.03mg/kg). Rats were then immediately administered an i.p. injection o f  either 

control or LPS (250)ig/kg). Rats were placed in locomotor activity cages for 15 min 2 hr post

injection to m onitor activity prior to being returned to their home cages. Rats were sacrificed 4 

hr post-injection.

Study 5: Clenbuterol + selective pi-adrenoceptor antagonist metoprolol or selective P2- 

adrenoceptor antagonist I C I 118,551

Rats were administered an i.p. injection o f  either a control o f  0.89%  (w/v) saline, the selective 

P2-adrenoceptor antagonist ICI 118,551 (lOmg/kg) or the selective Pi-adrenoceptor antagonist 

metoprolol (lOmg/kg), all containing 0.2%  (v/v) Tween-20, 30 min prior to the i.p.
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adm inistration o f  either 0.89%  (w /v ) saline or clenbuterol (0 .05m g/k g). Rats w ere p laced in 

locom otor activ ity  ca g es for 15 m in 2 hr post-in jection  to m onitor activ ity  prior to being  

returned to their hom e cages. Rats w ere sacrificed  4 hr post-injection .

Study 6: Telemetry study - comparison between IP S  & clenbuterol

Rats w hich  had p reviously  been im planted w ith radiotelem etry d ev ices (see  2 .3 .4 .1 )  w ere  

adm inistered a subcutaneous (s .c .)  injection o f  either a control o f  0 .89%  (w /v ) saline, 

clenbuterol (0 .0 5 m g /k g ) or LPS (250|o.g/kg). Heart rate, body tem perature and locom otor  

activ ity  o f  rats w ere m onitored at 10 min intervals for 24  hr using PDT 4000H R  E-m itters and 

the W indow s PC -based acquisition  system  V ita lV iew ™  [M ini-M itter, U SA ].

Study 1: Telemetry study - clenbuterol +  selective Pi-adrenoceptor antagonist m etoprolol or 

selective P2 -adrenoceptor antagonist IC l 118,551

Rats w hich  had previously  been im planted w ith radiotelem etry d ev ices (see  2 .3 .4 .1) w ere  

adm inistered an s.c . injection o f  either a control o f  0 .89%  (w /v ) saline, the se lec tiv e  P2- 

adrenoceptor antagonist ICI 118,551 (lO m g/k g) or the se lec tiv e  Pi-adrenoceptor antagonist 

m etoprolol (lO m g/k g), all containing 0.2%  (v /v ) T w een -2 0 , 30  min prior to the s.c. 

adm inistration o f  either 0 .89%  (w /v ) saline or clenbuterol (0 .0 5 m g /k g ). Heart rate o f  rats w as  

m onitored at 10 min intervals for 2 4  hr using PD T 4000H R  E-m itters and the W indow s PC- 

based acquisition  system  V ita lV iew ™  [M ini-M itter, U S A ].

Study 8: Telemetry study  -  clenbuterol +  selective Pi-adrenoceptor antagonist metoprolol or 

selective P2 -adrenoceptor antagonist ICI 118,551

Rats w hich had previously  been im planted w ith  radiotelem etry d ev ices (see  2.3 .4 .1  b elow )  

w ere adm inistered an s.c . injection o f  either a control o f  0 .89%  (w /v ) saline or clenbuterol 

(0 .0 0 3 , 0 .0 1 , 0 .03m g/k g). Heart rate o f  rats w as m onitored at 10 min intervals for 24  hr using  

PD T  4 0 00H R  E-m itters and the W indow s PC -based acquisition  system  V ita lV iew ™  [M ini- 

M itter, U S A ].
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Study 9: Chronic clenbuterol study

Rats were administered an i.p. injection o f  either a control o f  0.89%  (w/v) saline or 

clenbuterol (0.03mg/kg) twice daily (morning & evening) for 14 days. The final injection was 

adm inistered 4 hr prior to sacrifice.

2.3.3 Harvesting tissue for post-mortem analysis

Imm ediately following sacrifice o f  rats brains were removed from the skull and dissected by 

hand on a Petri-dish containing dry-ice. Portions o f  cortex for protein analysis were placed in 

a 1.5ml m icrotube and snap-frozen on dry ice prior to storage at -80°C. Portions o f  cortex, 

hippocam pus and hypothalamus for mRNA analysis were transferred to an RNase/DNase-free 

1.5ml m icrotube containing 500(j,l RNA later solution. Samples for RNA analysis were 

subsequently stored at 4°C for up to two weeks prior to being transferred from the RNA later 

solution to fresh RNase/DNase-free microtubes and stored at -80°C.

2.3.4 Telemetry

2.3.4.1 Surgical procedure

Rats (~250-300g) were anaesthetised with ketamine (lOOmg/ml) and xylazine (lOmg/ml). Rats 

were secured to a heated sterile surgical surface with adhesive tape. The ventral surface o f  the 

abdomen and the thorax to the area o f  the axilla slightly cranial on the right side was shaved 

and the shaved area was swabbed with Betadine. A 2cm m idline abdominal incision was made 

into the skin I cm below the diaphragm. The abdomen was opened by m aking a 2cm incision 

along the linea abla. The body o f  the E-mitter was slipped into the abdominal cavity along the 

sagittal plane and dorsal to the digestive organs with both leads situated in the direction o f  the 

head o f  the animal. The abdominal cavity was gently massaged to allow internal organs to 

settle. The heart leads were then gently threaded through two small holes in the abdominal 

wall made to the right and left o f  the incision. The negative lead was attached using a trochar 

and sleeve and the lead was passed under the skin to an incision made near the clavicle and 

left to rest on the pectoralis superficialis. The positive lead was passed under the skin to an 

incision made to the left o f  the xiphoid process, cranial to the last rib and left to rest on the
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posterior pectoralis superficialis. Steel ferrules were placed over the leads and subsequently 

crim ped into tabs which detect the heart signal. Leads were secured by suturing into the chest 

muscles. The surgical procedure was finished by closing the abdominal opening. Anim als 

were then returned to their home-cages and allowed to recover for 10-14 days.

2.3.4.2 Heart rate monitoring

Heart rate is monitored from voltage created by the R-wave o f  the QRS complex which 

triggers a pulse which can be detected by the ER-4000 energizer/receiver. The Vitalview™  

system then computes heart rate from the pulses corresponding to the R-waves which is then 

reported by the system as beats per minute (BPM ) value.

2.3.4.3 Temperature monitoring

Tem perature is monitored from signals sent from the transponder to the receiver as a set o f  

pulses whose frequency is dependent on temperature. The receiver converts this pulse 

frequency into a serial bit stream that can be read by the computer. Calibration values are 

provided by the manufacturer (normally over the range 32-42°C) which are entered into the 

software system prior to data collection. These calibration values are then used to convert 

transponder frequency values to °C which is reported by the system to an accuracy o f  0.1°C.

2.3.4.4 Activity monitoring

Activity is m onitored by the system as a measurement o f  changes in signal strength between 

the transponder and the receiver. The system interprets this as an indication that the 

transponder has moved and thus scores it as an activity count. The system is capable o f  

recording one count per second. However, these counts can only be regarded as a qualitative 

m easure o f  m ovem ent since they give no quantification o f the m agnitude or direction o f  

m ovem ent o f  the animal. Behaviours measured primarily include exploratory behaviour and 

ambulation since the transponder is implanted in the peritoneal cavity and thus finer 

m ovem ents such as feeding and grooming will not be registered as activity.
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2.3.5 Other measurements for in vivo studies

2.3.5.1 Body-weight measurements

Rats were weighed using a three-point balance prior to injection. Rats were then subsequently 

re-weighed 24 hr post-injection in order to calculate changes in body weight measured in 

grams.

2.3.5.2 Food intake

Rat chow pellets were weighed using a three-point balance prior to injection o f rats. Rat chow 

pellets were subsequently re-weighed 24 hr post-injection in order to calculate food intake 

measured in grams.

2.3.5.3 Water intake

Water bottles were weighed using a three-point balance prior to injection o f rats. Water bottles 

were subsequently re-weighed 24 hr post-injection in order to calculate water intake measured 

in grams which was then subsequently converted to ml (Ig  = I ml).

2.3.5.4 Locomotor activity cages

2 hours post-injection, animals were removed from their home cage and placed individually 

into activity monitor cages (32cm x 20cm x 18 cm; length x width x height) which were 

connected to an AM105I data logger [Benwick Electronics]. Each activity monitor cage is 

equipped with 2 sets o f horizontal infrared beams, positioned at 3cm and 15cm above the base 

o f the cage. Both sets o f beams consist o f a 12 beam by 7 beam matrix, forming a grid o f 66 x 

2.54cm cells within the cage. Activity is recorded as the number o f times a beam changes 

from unbroken to broken and is split into static or mobile activity. An animal is considered 

mobile if its central position changes by more than 2 grids (5.08cm^). Rearing is recorded by 

the upper set of infrared beams. Active time is also logged, an animal is considered inactive if
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no beam  has been broken for 5 seconds. L ocom otor activity  m easures w ere recorded at 1 min 

intervals for 15m in, fo llow ing w hich tim e the an im als w ere returned to  their hom e cage.

2.3.6 Preparation of tissue samples for western immunoblotting

A pproxim ately  30m g cortex  tissue w as cross-chopped and placed in a 1,5ml m icrotube on ice. 

10 volum es Lysis B uffer (50m M  Tris-H CI, pH 8; 150mM  N aC l; 1% 

([O cty]phenoxy)polyethoxyethanol (N P-40)) con tain ing  1% protease and phosphatase 

inhibitors w as added per sam ple. Sam ples w ere sonicated  on ice at 5 m icrons for 5 sec using a 

Soniprep 150 [Sanyo], Sam ples w ere then centrifuged at 15,000 x rpm at 4°C for 30 m in. The 

supernatant w as transferred  to  a fresh 1.5ml m icrotube and the pellet w as stored at -80°C. A 

1:5 d ilu tion o f  the supernatant w as prepared and a protein assay w as carried ou t as in section 

2.4.5. Protein concentrations o f  sam ples w ere adjusted  to 4 .5m g/m l. Sam ples w ere aliquoted 

into 25|j.l aliquots and stored at -80°C until use for sodium  dodecyl sulphate po lyacrylam ide 

gel electrophoresis (SD S-PA G E ) and w estern  im m unoblo tting  as described in section 2.4.9.

2.3.7 Preparation of tissue samples for mRNA analysis

A polytron blade [K inem atica] and forceps w ere rinsed before use with R N ase aw ay follow ed 

by d iethy lpyrocarbonate (D E PC ) H 2 O to prevent RNA degradation. A pproxim ately  25m g o f  

tissue w as cross-chopped  using a sterile scalpel and added to 350)xl R A l buffer [supplied in 

Total RN A isolation kit, M achery N agel G m bH  &  Co.] contain ing  1% p-m ercaptoethanol in a 

round-bottom ed m icrotube. Sam ples w ere hom ogenised for approxim ately  30 sec w ith the 

polytron. T he scalpel and polytron b lade w ere rinsed betw een sam ples using D EPC  H 2 O to 

prevent cross-contam ination  o f  sam ples. RNA  isolation w as carried out as in section 2.4.10.

2.3.8 Preparation of tissue for MSD Multi-spot biomarker detection

A pproxim ately  20m g o f  tissue w as cross-chopped and hom ogenised in a 2m l round-bottom ed 

m icrotube using a  polytron [K inem atica] in 10 volum es (w /v) Lysis B uffer (50m M  NaCI pH 

10, 1% SDS) con tain ing  1% protease and phosphatase inhibitors. Sam ples w ere spun at 21,500 

X gravity  (g) for 40 m in at 4°C. T he supernatan t w as transferred  to a new  1.5ml m icrotube and
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a protein assay was carried out as in 2.4.5. Protein was equalised to a concentration o f 

2.8mg/ml and 10% (v/v) o f  neutralising buffer (0.5M Tris-HCl, pH 6.8) was added to each 

sample. Samples were aliquoted into 20)xl aliquots and stored at -80°C until required.

2.4 Analytical techniques

2.4.1 Cell viability assay - alamar blue assay

A 440|liM solution o f  alamar blue dye was prepared by dissolving 25m g Resazurin (F.W. 

251.17g) in 226.214m l d.d.H20. The dye was added to the wells o f  a 24-well culture plate at 

10% v/v ratio with treatments. A set o f  wells containing m edia only (no cells) and another set 

containing cells but no treatm ents (control) were included in the experimental design.

Following treatm ent plates were placed in the incubator for 24 hr after which time the

supernatant was rem oved from the wells and placed directly into wells o f  a 96-well flat 

bottomed plate. The absorbance was then read at 600nm using a microtitre plate reader [Bio- 

Tek Instruments Inc.].

Percentage viability o f cells was assessed using the following equation:

% Viability = ((Am - As) / (Am - Ac)) * 100

where Am = average absorbance o f  wells containing media only,

Ac = average absorbance o f  wells containing cells without treatm ents 

As = absorbance o f  a particular sample.

2.4.2 Analysis of nitrite concentrations (Greiss assay)

The production o f  nitrite by glial cultures was measured using a Greiss assay. Nitric oxide is 

an unstable compound which is rapidly broken down into two stable and non-volatile 

substrates, nitrite and nitrate, and so since nitric oxide cannot be m easured directly the Greiss 

assay is a way o f  determ ining its production in cells in an indirect manner. A stock l8m M  

solution o f  sodium nitrite (NaN02) was prepared by dissolving 62mg o f  N aN 02 in 50ml 

d.d.H20. Standards ranging from O^M to l80^iM were prepared by carrying out dilutions o f
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the NaN 02 stock solution in cDM EM . Samples were centrifuged at 13,000 x rpm at 4°C for 1 

min to pellet any cellular debris. 100^1 o f  each o f  the standards and samples was plated out 

onto a 96-well plate in duplicate. 50|al o f  Greiss Reagent I (1% Sulphanilam ide in 85% 

orthophosphoric acid) was added to each well and the plate was incubated at room 

tem perature for 10 min. 50|il o f  Greiss Reagent II (0.1% N -(l-naphthyl-ethylenediam ine 

dihydrochloride)) was then added to each well and the plate was incubated at room 

tem perature for a further 10 min. The absorbance was read at 450 nanometres (nm) using a 

microtitre plate reader [Bio-Tek Instruments Inc.]. A standard curve was constructed and total 

nitrite concentration for each o f the samples was calculated by comparison against the 

standard curve.

2.4.3 Analysis of TNF-a concentrations by ELISA

TN F-a w as measured using a TN F-a ELISA kit [BD Biosciences] according to the 

m anufacturer’s instructions. Briefly, a 96-well NUNC F96 M AXISORP-imm uno plate was 

coated with 100|il o f  capture antibody (1:250 dilution o f  TN F-a coating antibody in O.IM 

sodium carbonate, pH9.5) and incubated overnight at 4°C. The coating antibody was aspirated 

and wells were washed four times with 400|al wash buffer (PBS, pH 7.3, containing 0.05% 

Tween-20) using a plate washer [TECAN]. Any excess wash buffer rem aining in the wells 

was removed by blotting the plate dry on a paper towel. Plates were blocked at room 

tem perature for 1 hr using 200|jl assay diluent (PBS containing 10% FCS) per well. Plates 

were washed as before and blotted dry. A 1:82.5 dilution o f  the stock standard o f 165ng/ml 

was carried out in order to obtain a 2000pg/ml top standard. A series o f  2-fold serial dilutions 

o f  the standards was carried out to yield an eight point standard curve ranging from Opg/ml to 

2000pg/ml. The limit o f detection for this kit is 15pg/ml. 100|il o f  each o f  the samples and 

standards was loaded onto the plate in duplicate. The plate was covered and incubated at room 

tem perature for 2 hr. The samples and standards were aspirated and the plate was washed as 

before. 100^1 o f  detection antibody (1:250 dilution o f  biotinylated anti-rat TN F-a antibody in 

O.IM sodium carbonate, pH 9.5) was added per well and the plate was covered and incubated 

at room tem perature for 1 hr. The detection antibody was aspirated and the plate was washed 

as before. 100|il o f  Streptavidin-HRP Enzyme Reagent (1:250 dilution in O.IM sodium 

carbonate, pH 9.5) was added to each o f the wells and the plate was covered and incubated at
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room temperature for 30 min. The Streptavidin-HRP enzym e reagent w as aspirated and lOOul 

o f  3 ,3 ’,5 ,5 ’-tetramethylbenzidine (TM B) substrate solution was carefully added to each w ell. 

The plate was covered and incubated at room temperature for approximately 30 min until the 

colorim etric reaction reached saturation at which time 50^1 o f  IM  sulphuric acid (H2SO4) was 

carefully added to each well to stop the reaction. The plate was gently tapped to ensure 

thorough m ixing and the absorbance was read at 450/630nm  using a microtitre plate reader 

[B io-Tek Instruments Inc.]. A standard curve w as constructed by plotting the standards against 

the absorbance obtained and the unknown concentration o f  TN F-a in the sam ples was 

determined by comparison against the standard curve. Results obtained were expressed as 

pg/ml o f  supernatant.

2.4.4 Analysis of IL-ip concentrations by ELISA

IL-ip concentrations were measured using an IL-ip ELISA kit [DuoSet, RnD System s] 

according to the manufacturer’s instructions. Briefly, a 96-w ell N U N C  F96 M AXISORP- 

immunoplate was coated with lOOfxl o f  capture antibody (144)xg/ml stock solution o f  anti-rat 

IL-ip diluted to 0.8^g/m l working concentration in PBS) and incubated overnight at room 

temperature. The capture antibody was aspirated and w ells were washed four tim es with 300 |il 

wash buffer (PBS, pH7.3 containing 0.05%  Tween-20). Any excess wash buffer remaining in 

the w ells w as removed by blotting the plate dry on a paper tow el. The plate was blocked by 

adding 300^1 block buffer (PBS containing 1% BSA , 5% sucrose) per well and then incubated 

at room temperature for 1 hr. The plate was washed as before and blotted dry. A  top standard 

o f  2000pg/m l was prepared from a stock standard o f  lOOng/ml. A series o f  2-fold serial 

dilutions w as carried out to obtain an eight point standard curve ranging from Opg/ml to 

2000pg/m l. lOO îl o f  each o f  the samples and standards was loaded onto the plate in duplicate 

and the plate w as covered and incubated at room temperature for 2 hr. The samples and 

standards were aspirated and the plate was washed as before. 100(il o f  detection antibody 

(63|xg/ml biotinylated anti-rat IL- ip antibody diluted to a working concentration o f  350ng/m l 

in PBS containing 1% B SA ) was added per w ell and the plate was covered and incubated at 

room temperature for 2 hr. The plate was washed as before and lOOfil o f  Streptavidin-HRP  

Enzyme Reagent (1:200 dilution in PBS containing 1% B SA ) w as added to each o f  the w ells  

and the plate was covered and incubated at room temperature for 20 min. The Streptavidin-
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HRP enzyme reagent was aspirated and the plate was washed as before. lOOfal o f TMB 

substrate solution was carefully added to each well. The plate was covered and incubated at 

room temperature for approximately 30 min until colorimetric saturation was reached at which 

point the reaction was stopped by the careful addition o f 50|il IM H2SO4 to each o f the wells. 

The plate was gently tapped to ensure thorough mixing and the absorbance was read at 

450/630nm using a microtitre plate reader [Bio-Tek Instruments Inc.]. A standard curve was 

constructed by plotting standards against absorbance and the unknown concentration o f lL-1 p 

in the samples was determined by comparison against the standard curve. Results were 

expressed as pg/ml o f supernatant.

2.4.5 Bicinchonic acid (BCA) protein assay

Protein concentrations were determined using the BCA protein assay kit [Pierce] as per the 

manufacturer’s instructions. Briefly, a stock solution o f BSA o f 20mg/10ml d.d.H20 was 

prepared. A working solution o f 2000|j,g/ml was prepared and a series of dilutions was carried 

out to give standards with a final BSA protein concentration o f 0, 25, 125, 250, 500, 750, 

1000, 1500 and 2000[j,g/ml. 25^1 o f each o f the standards and samples was pipetted into the 

wells o f a 96-well plate in duplicate. A BCA working solution was prepared by adding 50 

parts BCA Reagent A to 1 part BCA Reagent B (supplied). The solution was vortexed and 

200|j1 o f this working reagent was carefully added to each o f the wells. The 96-well plate was 

covered and incubated at 37°C for 30 min. The absorbance was read at 595nm using a 

microtitre plate reader [Bio-Tek Instruments Inc.]. A standard curve was constructed by 

plotting the standards against the absorbance obtained and the unknown concentration o f each 

o f the samples was determined by comparison against the standard curve. Results were 

expressed as |xg/ml.

2.4.6 cAMP Assay

Intracellular cAMP was measured using a cAMP Biotrak Enzymeimmunoassay system 

[Amersham Biosciences] immediately following the harvesting of cells as described in 2.2.7. 

Briefly, a standard curve ranging from 0 to 3200 femtomole (fmol) was constructed by 

carrying out serial 1:2 dilutions o f the standards. IOO|il o f lysis reagent IB (0.25%
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D odecy letrim ethy lam m onium  B rom ide solution) and 100|il o f  lysis reagent 2B (supplied) 

w ere  pipetted  into the non-specific  b ind ing  (N SB ) w ell. 100^1 o f  lysis reagen t IB  w as pipetted  

into the zero standard  w ell. 1 0 0 |al o f  each o f  the standards w as plated out in duplicate  and 

lOOfil o f  each o f  the sam ples w as p lated  out individually . 100|il o f  anti-cA M P serum  was 

added  to  all w ells except the b lank  and N SB  w ells. T he p late w as covered  and incubated at 

4°C for 2 hr. 50^1 o f  cA M P -perox idase  conjugate (in 0 .05M  acetate buffer, pH 5.8; 0 .02%  

(w /v) B SA ) w as added to  each o f  the w ells. The plate w as covered and incubated at 4°C for 1 

hr. T he so lution w as aspirated  and w ells w ere w ashed four tim es w ith 400^1 assay w ash buffer 

(0 .0  IM  Phosphate buffer, pH 7.5; 0 .05%  (w /v) T w een-20) using a p late w asher [TEC A N ] and 

the p late w as blotted dry on a paper tow el. 150^1 TM B  substrate w as added to  each w ell. The 

plate w as covered and incubated at room  tem peratu re for 15 m in afte r w hich  tim e the co lour 

reaction w as stopped by addition  o f  50 |il IM  H 2 SO 4  stop solution. T he absorbance w as read at 

450nm  using a m icro titre p late reader [B io-Tek Instrum ents Inc.], A standard curve w as 

constructed  and levels o f  cA M P expressed in the sam ples w ere determ ined  by com parison 

aga inst the standard  curve and later plotted as fm o l/|ig  protein.

2.4.7 Biotinylation assay

T he b io tinylation assay w as carried  out using a P inpoint Cell Surface Protein isolation kit 

[P ierce] accord ing  to the m anu fac tu rer’s instructions. B riefly, fo llow ing  harvesting  o f  lysates 

as described  in 2 .2 .8  the suspension  w as subsequently  transferred  to  a 1.5ml m icrotube. C ells 

w ere d isrupted by sonicating  on ice using five 1 sec bursts at 5 m icrons using  a Soniprep 150 

[Sanyo]. T he sam ples w ere incubated on ice for 30 m in w ith sam ples being vortexed for 5 sec 

every  5 m in. A dditional sonications w ere carried  out every  10 m in to  im prove solubility . 

Sam ples w ere centrifuged at 10,000 x g for 2 m in at 4°C. T he supernatan t w as then transferred  

to a new  1.5ml m icrotube. 125|al o f  Im m obilized N eutrA vid in  Gel (supplied) w as added to  a 

spin colum n. C olum ns w ere centrifuged  at 1,000 x g for 1 m in at 4°C and the flow -through 

w as d iscarded . 125^1 o f  w ash buffer w as added to the gel. T he co lum n w as cen trifuged  at 

1,000 X g for I m in at 4°C and the flow -through w as discarded (repeated tw ice). T he cell 

supernatan t was added to the gel and colum ns w ere incubated at room  tem peratu re for 1 hr on 

a gyrorocker. C olum ns w ere cen trifuged  at 1,000 x g for 1 m in, the flow -through was 

discarded and 125nl o f  w ash buffer (contain ing  1 %  protease inh ibitors) w as added to  the
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column. The columns were centrifuged at 1,000 x g for 1 min and the flow-through was 

discarded (repeated three times). lOOfjl o f  sample buffer (62.5mM  Tris-HCI, pH 6 .8 ; 1% (w/v) 

SDS; 10% (v/v) glycerol) containing IM  DTT was added to the gel and colum ns were 

incubated at room tem perature for 1 hr on a gyrorocker after which time the column was 

placed in a new collection tube. The column was centrifuged at 1,000 x g for 2 min. 15|il o f  

lOx Bromophenol Blue was added to the eluate and the eluate was aliquoted into 50|il aliquots 

and stored at -20°C until required for analysis using SDS-PAGE and western imm unoblotting 

as described in 2.4.9.

2.4.8 MSD® 96-well MULTI-SPOT® Human/Rodent (4G8) Abeta Triplex Ultra-Sensitive 

Assay

Amyloid-P concentrations were measured using an MSD® 96-well MULTI-SPOT® 

Human/Rodent (4G8) Abeta Triplex Ultra-Sensitive Assay kit [M esoScale Discovery] as per 

the m anufacturer’s instructions. Briefly, 150|xl o f  Blocker A solution (supplied) was added to 

each well o f  the 96-well plate and the plate was covered and incubated at room temperature 

for 1 hr. Standards for amyloid-Pi.38, am yloid-Pi.4 0 , am yloid-Pi . 4 2  were prepared immediately 

before use to prevent aggregation o f  peptides by adding the correct volume o f  DM SO as 

indicated on each o f  the vials to yield a 0.1 mg/ml stock solution. The peptide solutions were 

gently vortexed to ensure they were fully dissolved. A lO^ig/ml stock was prepared for each o f 

the peptides by adding lOfxl o f  the 0.1 mg/ml stocks to 90(j,l o f  1% Blocker A solution. A 

0. l)ag/ml stock o f  each peptide was prepared by adding 5|xl o f  the lO^g/ml solution to 495jj,l 

o f  1% Blocker A solution. The highest standard was prepared by adding 80|il o f  the 0.1|xg/ml 

am yloid-Pi.4 o peptide solution and 24fo.l each o f  the O.lfig/ml amyloid-Pi.38 and am ylo id -pM 2 

peptide solutions to 672|j.l o f  1% Blocker A solution. Subsequent standards were prepared by 

carrying out 3-fold serial dilutions to yield a standard curve with concentrations ranging from 

0 to 3,000pg/ml for amyloid-Pi-3 gand am yloid-Pi . 4 2  and from 0 to 10,000pg/ml for amyloid-Pi_ 

4 0 . A 1:40 dilution o f  samples was carried out in Lysis Buffer containing 1% protease and 

phosphatase inhibitors (as in 2.3.8). The blocker solution was aspirated and the plate was 

washed x 4 using 400)j,l/well o f  Ix Tris wash buffer (supplied). 25)xl o f  the detection antibody 

solution (3ml per plate: 60(j,l 50x SULFO-TAG 4G8 detection antibody, 30|j,l lOOx Blocker G 

solution, 2910)j.l 1% Blocker A solution) was added to each well and 25)al o f  standards or
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samples were im m ediately added to each well. The plate was covered and incubated at room 

tem perature for 2 hr. The solution was aspirated and the plate was washed x 4 using 

400jJ,l/well Ix Tris wash buffer. Exactly I50)j,l/well 2x MSD read buffer T (supplied) was 

added to each well and the plate was read within 30 min on the sector imager. A BCA protein 

assay was again carried out on the diluted samples and am yloid-p concentrations were 

expressed as pg/mg o f  protein.

2.4.9 Sodiuin Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and 

Western Immunoblotting

2.4.9.1 SDS-PAGE

Samples to be analysed using western imm unoblotting were added in a 1:1 v/v ratio to 5x 

Laemmli sample buffer (0.5M  Tris-HCl, pH 6.8; 10% (w/v) sodium dodecyl sulphate; 10% 

(v/v) glycerol; 5% (v/v) P-mercaptoethanol; 0.05%  (w/v) bromophenol blue) and were boiled 

for 10 min at 100°C prior to loading on gels for SDS-PAGE. Electrophoresis was carried out 

using SD S-polyacrylam ide gels (7.5%, 10% or 15% separating gel: 4%  stacking gel). Briefly, 

gels were prepared by pouring the separating gels between two glass plates held firmly 

together with a casting frame [BioRad]. A layer o f  isopropanol was poured onto the gel to 

prevent evaporation. The separating gel was allowed to set for a minimum o f  30 min after 

which tim e the isopropanol was poured o ff  and the gel was rinsed with d.d.H20. Subsequently, 

the stacking gel was poured between the two glass plates and a 10-well comb was placed in 

the gel to allow wells to form. Once the gels were set they were placed in an electrode 

assem bly and clamped in place. The assem bly was then placed into a gel rig [BioRad Mini- 

PROTEAN 3]. The m iddle cham ber and bottom o f  the gel rig were filled with Ix electrode 

running buffer (125mM  Tris-base, pH 8.3; 960mM  glycine; 0.5%  SDS). The combs were 

removed from the gels and 10|j,l o f  sam ple was loaded per well with the exception o f  

biotinylated samples where 30^1 o f  sample was loaded per well. 10|il Broadrange M olecular 

M arker [BioRad] was loaded onto gels alongside samples. Proteins were separated by 

applying a constant current o f  33 milliamps (mA) per gel for 20-60 min or until the blue dye 

o f  the sample buffer had run to the bottom o f the gel.
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2.4.9.2 Semi-dry transfer

Proteins were transferred to nitrocellulose or polyvinylidene fluoride (PVDF) membranes 

using a semi-dry blotter at a constant current o f  225mA for 90 min. Briefly, following 

electrophoresis gels were removed from the glass plates and placed on a layer o f  nitrocellulose 

or PVDF. PVDF requires activation in methanol for 15 sec followed by soaking in M illi-Q 

water [Millipore] prior to use. 2 pieces o f  filter paper were soaked in anode buffer I (0.3M 

Tris, 10% m ethanol), 1 piece o f  filter paper was soaked in anode buffer II (25mM Tris, 10% 

methanol) and 3 pieces o f  filter paper were soaked in cathode buffer (25mM Tris, 40mM 

glycine, 10% methanol) for 30 sec. A sandwich o f the filter paper, nitrocellulose/PVDF 

membranes and gel was prepared as outlined in Figure 2.1. Briefly, filter paper soaked in 

anode buffer I was placed on the anode (+) plate o f  the semi-dry transfer unit and filter paper 

soaked in anode buffer II was placed on top. The nitrocellulose/PVDF membrane was placed 

on top o f  this layer o f  filter paper, followed by the gel. Finally, filter paper soaked in cathode 

buffer was placed on top and any bubbles which had formed between the layers were carefully 

eliminated by rolling a pasteur pipette over the sandwich. The cathode (-) plate was placed 

onto the unit. Proteins migrate from the cathode end o f  the unit to the anode end. In this way 

protein samples were transferred onto nitrocellulose/PVDF membranes for 1.5 hr at 55mA.

Cathode Plate

M embrane

Anode II 
Filter Paper

3
3 Cathode 

Filter Paper

Gel

Anode I 
Filter Paper

Anode Plate

Figure 2.1: Diagram of sandwich preparation for semi-dry transfer
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2.4.9.3 W estern im m unoblotting

Membranes were blocked using 20ml o f 5% BSA in TBS-Tween20 (TBS-T) for 1 hr. The 

membrane was washed 4 x 10 min in 20ml PBS-T. The membrane was incubated with the 

primary antibody at the appropriate dilution (Table 2.1) in 10ml o f 1% BSA in TBS-T 

overnight at 4°C. Membranes were washed 4 x 10 min in 20ml PBS-T. The secondary 

antibody was applied to the membrane at the appropriate dilution (Table 2.1) in 10ml 2% BSA 

in TBS-T and incubated for 1 hr at room temperature. The membrane was washed 4 x 1 0  min 

in 20ml PBS-T. Blots were exposed to Supersignal West Dura enhanced chemiluminescence 

[Pierce] for 1 min or Immobilon Western HRP substrate [Millipore] for 5 min and developed 

using an automated developer [Agfa C P I000]. Blots were stripped using Re-Store Western 

Blot Stripping Buffer [Pierce] prior to re-probing. Protein bands were quantified using an 

MCID analysis system [Imaging Research Inc.].

T arget S epara ting  
Eel (% )

M .W t.
(kDa)

P rim ary  A ntibody 
Cone.

S econdary A ntibody 
Cone.

P2-adrenoceptor 10% 65 1:200
[Santa Cruz;SC-570]

1:500 Anti-Rabbit 
[ Amersham :N A934]

GFAP 10% 50 1:1000
[ Sigma: G3893]

1:10,000 Anti-Mouse 
[Sigma: A8924]

Phospho-ST AT-3 7.5% 75 1:1000
[Cell Signalling: 9131s]

1:10,000 Anti-Rabbit 
[Amersham: NA934]

STAT-3 7.5% 75 1:1000
[Cell Signalling: 9132]

1:10,000 Anti-Rabbit 
[Amersham:NA934]

S0CS3 12.5% 30 1:1000
[Santa-Cruz: SC-9023]

1:10,000 Anti-Rabbit 
[Amersham: NA934]

Phospho-ERK 10% 4 2 & 4 4 1:1000
[Cell Signalling: 9101s]

1:10,000 Anti-Rabbit 
[Amersham:NA934]

ERK 10% 4 2 & 4 4 1:1000
[Cell Signalling: 9102]

1:10,000 Anti-Rabbit 
[Amersham :N A934]

Phospho-JNK 10% 4 6 & 5 4 1:1000
[Cell Signalling: 9251s]

1:10,000 Anti-Rabbit 
[Amersham:NA934]

JNK 10% 4 6 & 5 4 1:1000
[Cell Signalling: 9252]

1:10,000 Anti-Rabbit 
[Amersham:NA934]

Phospho-p38 10% 40 1:1000
[Cell Signalling]

1:10,000 Anti-Rabbit 
[Amersham :NA934]

p38 10% 40 1:1000
[Cell Signalling:9212]

1:10,000 Anti-Rabbit 
[Amersham:NA934]

P-actin - 43 1:1000
[Sigma: A5441]

1:10,000 Anti-Mouse 
[Sigma: A8924]

P-actin - 43 1:400
[Santa-Cruz: SC-8432]

1:500 Anti-Mouse 
[Sigma:A8924]

Table 2.1: Antibody dilutions for western im m unoblotting
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2.4.10 Analysis of mRNA expression

All surfaces were cleaned using RNase Zap wipes [Ambion Inc.] prior to carrying out RNA 

work to eliminate RNases and prevent RNA degradation. Biosphere Filter Tips [Sarstedt] were 

used for all RNA work.

2.4.10.1 RNA extraction

A Nucleospin RNA II Total RNA isolation kit [Machery-Nagel GmbH & Co.] was used to 

extract RNA as per the m anufacturer’s protocol. Cells or tissue were prepared for RNA 

extraction as desribed in 2.2.9 and 2.3.7 respectively. The sample was added to a Nucleospin 

Filter unit and filtered by centrifugation at 13,000 x rpm for 1 min. The Nucleospin Filter unit 

was discarded and 350|j,I 70% EtOH was added to the sample. The sample and EtOH were 

mixed by triturating ~8 times. Each sample was transferred to a Nucleospin RNA II column 

placed in a 2ml centrifuge tube. The RNA was bound to the m em brane by centrifugation at 

13000 X rpm for 30 sec. The column was placed in a new collecting tube and 350)il o f  

membrane desalting buffer was added to the column which was subsequently centrifuged at 

13000 X rpm for I min to dry the membrane. Any DNA present was digested by adding a 

preparation o f  rDNase and rDNase reaction buffer (supplied). Briefly, 10|al rDNase was added 

to 90|il DNase reaction buffer and 95|xl o f this reaction mixture was pipetted directly onto the 

centre o f  the silica membrane o f  the column. The columns were then incubated at room 

tem perature for 15 min. To inactivate the rDNase 200(il o f  RA2 buffer was added to the 

column which was then centrifuged at 13000 x rpm for 30 sec. The colum n was place in a new 

collecting tube and 600fil o f  RA3 buffer was added to the column and the column was 

centrifuged at 13000 x rpm for 30 sec. The flow-through was discarded and 250)j,l RA3 buffer 

was added to the column which was centrifuged at 13000 x rpm for 2 min in order to 

completely dry the membrane. The column was placed in a 1.5ml nuclease-free microtube 

(supplied) and 60)j,l o f  RNase-free water was added to the column. The column was 

centrifuged at 13000 x rpm for I min to elute highly pure RNA. RNA was subsequently stored 

at -80°C for later qualification, quantification and reverse transcription.
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2.4.10.2 Analysis of RNA integrity

T he integrity  o f  the  R N A  sam ples w as evaluated by separating  the R N A  on a 1% agarose gel. 

1.3g o f  agarose pow der w as d isso lved  fully in TB E  (l.O M  Tris, 0 .9M  B oric acid, O.OIM 

E D T A ) by heating  in a m icrow ave for approxim ately  2 m in in a glass vessel. T he solution w as 

allow ed to  cool to  a tem peratu re  at w hich the con tainer could  be handled  prior to the addition 

o f  1.3)j,l e th id ium  brom ide. The solution w as gently  sw irled  to  ensure thorough m ixing and 

poured onto  a sealed agarose  gel tray. A  com b w as added to allow  for the form ation o f  loading 

w ells and any bubbles in the gel w ere rem oved using a p ipette tip to ensure correct running  o f  

the sam ples. T he gel w as allow ed to set for 30 min and the tray w as transferred  to  a gel tank  

and covered w ith Ix  T B E  running  buffer. 3fj.l o f  R N A  w as m ixed w ith 2 |il R N ase-free H 2 O 

and Ifil o f  loading dye. T he sam ples w ere vortexed to  ensure thorough m ixing  and 4)0,1 o f  th is 

solu tion w as loaded to  the gel. R N A  w as separated by running it at 90 volts for 1-1.5 hr or 

until the front dye had reached the end o f  the gel. T he gel rig  w as d isconnected  from  the 

pow er source and the gel w as taken to  a UV  transillum inato r for RNA visualisation. O nly 

RN A w hich d isplayed both an 18s and 28s ribosom al band w ere used for PCR as these 

indicate that the RN A is com pletely  intact and has not been degraded.

28s

18s

Figure 2.2: Representative picture of intact RNA displaying ribosomal 18s and 28s bands

2.4.10.3 Spectophotometric quantification of RNA

A N anoD rop  w as used to  carry ou t spectrophotom etric  quantifica tion  o f  R N A . Briefly, l(xl o f  

R N ase-free H 2 O w as added  to the pedestal o f  the N anoD rop  to  in itialise it. T his H 2 O w as 

w iped o f f  using tissue paper and a further l|xl o f  H 2 O w as used to  b lank  the instrum ent and 

th is w as again w iped aw ay using tissue paper. Subsequently , the R N A  sam ples w ere flicked 

gently  to ensure thorough m ixing  and l |i l  o f  each o f  the sam ples in turn w as pipetted  onto  the
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pedestal and the concentration  w as determ ined in ng/|xl. T he pedestal w as cleaned betw een 

sam ples using tissue paper and a fresh IO|j,l filtered p ipette tip w as used for each sam ple to  

prevent cross-contam ination  o f  sam ples. The ratio  betw een the A 260 and A 280 readings w as 

used to  determ ine the purity  o f  the R N A , w here a ratio o f  2 show s pure RN A. T he R N A  w as 

equalised using R N ase-free H 2 O as a diluent. R N A  from cells w as equalised  to  lOng/^l and 

that from  tissue w as equalised  to  60ng/|o,l. E qualised sam ples w ere then aliquoted  into 2 0 |il 

aliquo ts and stored at -20°C until required.

2.4.10.4 cDNA synthesis

A high-capacity  cD N A  arch ive kit [A pplied  B iosystem s] w as used to reverse transcribe R N A  

sam ples ex tracted  using the total RNA isolation kit [M achery-N agel G m bH  & Co.], B riefly, 

10-20(j,l o f  RN A w as m ixed in a 1:1 ratio  w ith a 2x M aster M ix in a m icrotube. T he M aster 

M ix w as prepared as follow s: 1:5 d ilu tion  o f  lOx R everse T ranscrip tion  B uffer, 1:12.5 d ilu tion  

o f  25x dN T Ps, 1:5 d ilu tion o f  lOx R andom  Prim ers, 1:10 dilu tion o f  M ultiscribe R everse 

T ranscrip tase, 1:2.381 dilu tion o f  R N A se/D N ase-free H 2 O. The sam ples w ere vortexed and 

centrifuged  using a m in i-cen trifuge and subsequently  placed in a T herm ocycler [PTC -200, MJ 

R esearch]. T he sam ples w ere incubated at 25°C  for 10 min follow ed by incubation at 37°C  for 

2 hr. F inally  cD N A  w as stored at -20°C  for further use in PCR analysis.

2.4.10.5 M uti-target (M ultiplex) quantitative Real Tim e-PCR (RT-PCR)

G ene expression  was assessed using Taqm an gene expression assays con tain ing  specific target 

prim ers and FA M -labelled  M GB target probes (T able 2.2) [A pplied B iosystem s], p-actin  gene 

expression  w as used to  norm alise gene expression  betw een sam ples and w as quantified  using 

a P-actin endogenous control gene expression  assay con tain ing  specific prim ers and a V IC - 

labelled M G B  probe for ra t P-actin (T able 2 .2) [A pplied B iosystem s].

B riefly, for cell sam ples a 1:5 d ilu tion  o f  cD N A  w as carried out in R N ase/D N ase-free w ater 

and for tissue sam ples a 1:4 d ilu tion  o f  cD N A  w as carried ou t in R N ase/D N ase-free water. 

S ince each sam ple acts as its ow n control 10|al o f  each o f  the sam ples w as plated out singly 

onto  a 96-w ell optical reaction p late [A pplied B iosystem s]. A T aqm an M aster M ix containing
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12.5(il Taqm an Universal PCR M aster Mix, 1.25^1 o f  P-actin prim er/probe and 1.25|j,l target 

prim er/probe was added to each well. Electronic pipettes (EDP3 20-200^1, 2-20|il and 10- 

lOO^il) were used to ensure pipetting accuracy. The plate was covered with an optical adhesive 

cover [Applied Biosystems] and centrifuged at 800 x rpm for 20 sec. The reaction was run in 

an Applied Biosystem s 7300 real-time PCR machine using the following programme: 90°C 

for 10 min, 90°C for 15 sec for 40 cycles and then 60°C for 1 min for 40 cycles. The data was 

analysed using Applied Biosystems relative quantification software.
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Target Primer Code
ADAM-10 Rn01530753 m l
ADAM-17 Rn00571880 m l

Adrbl (Beta-adrenoceptor 1) Rn00824536 s i
Adrb2 (Beta-adrenoceptor 2) Rn00560650 s i

Aqer (RAGE) Rn00584249 m l
APP (amyloid precursor protein) Rn00570673 m l

3-actin (VIC/MGB pi) 4352340E
BAG El Rn00569988 m l
C D llb Rn00709342 m l
CD40 Rn01423583 m l
CD68 Rn01495634_ql
CD86 Rn00571654 m l

COX-II Rn00568225 m l
CSF-1 (M-CSF) Rn00576849 m l

CSF-rl (M-CSF receptor) Rn01491957 m l
FGF-2 Rn00570809 m l
GDNF Rn00755092 m l
GFAP Rn00566603 m l

ICAM-1 Rn00564227 m l
IDE (Insulysin) Rn00565839 m l

IFN-y Rn00594078 m l
IGF-1 Rn00710306 m l
IkBa Rn01473658 q l

IL-1 receptor antagonist Rn00573488 m l
IL-1 Type I Receptor Rn00565482 m l
IL-1 Type II Receptor Rn00588589 m l

IL-10 Rn00563409 m l
IL-18 RN00824548 m l

IL-lalpha Rn00566700 m l
IL-1beta Rn00580432 m l

IL-33 Rn01759837 m l
IL-6 Rn00561420 m l

IP-10 Rn00594648 m l
MME (Neprilysin) Rn00561572 m l

MMP-2 Rn01538177 m l
MMP-9 Rn00579162 m l
NGF-3 Rn01533872 m l

N0S2 (iNOS) Rn00561646 m l
PSENl (presenilin-1) Rn00569763 m l
PSEN2 (presenilin-2) Rn00579412 m l

RANTES Rn00579590 m l
Scarbl Rn00580588 m l
S0CS3 Rn00585674 s i

TGF-beta 1 Rn00572010 m l
TIMP-1 Rn00587558 m l
TLR-2 Rn02133647 s i

TNF-alpha Rn93699017 m l
Table 2.2: List of primers/probes for PCR
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2.4.10.6 Real Time-PCR analysis

The AACT method [Applied Biosystems RQ software, Applied Biosystem s, UK] was used to 

assess gene expression for all real-tim e PCR analysis. This method is used to assess relative 

gene expression by com paring gene expression o f  treated/experim ental samples to a normal or 

untreated sample (control), rather than quantifying the exact copy num ber o f  the target gene. 

In this m anner the fold-difference (increase or decrease) can be assessed between treated and 

control samples. The fold-difference is assessed using the cycle tim e (CT) difference between 

samples. Briefly, 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. 

Thus, samples with low CT readings demonstrate high fluorescence, indicating greater 

am plification and hence, greater gene expression. When a PCR is 100% efficient a one-cycle 

difference between samples means a 2-fold difference in copy num ber (2 ), similarly a 5-cycle 

difference is a 32-fold difference (2^).

To m easure this fold-difference relative to control, the CT o f  the endogenous control (P-actin) 

is subtracted from the CT o f  the target gene for each sample, thus accounting for any 

difference in cDNA quantity that may exist. This normalised CT value is called the (ACT). 

The CT difference (ACT) o f the control is subtracted from itself to give 0, and subtracted from 

all other samples, this is the AACT value. The AACT (cycle difference corrected for P-actin) 

is then converted into a fold-difference. As a one-cycle difference corresponds to a two-fold 

increase or decrease relative to control, 2 to the power o f  the -AACT (difference in control and 

sample CT corrected for actin) gives the fold-difference in gene expression between the 

control and treated samples. The control sample always has a AACT value o f  0, thus 0'^ gives 

a 2 o f  1, against which all other sam ples are referenced.

2.5 Statistical analysis

All data was analysed using the statistical analysis package GB-STAT [Dynamic 

M icrosystems Inc.]. Statistical com parisons were performed using either a Student’s M est or a 

one or two-way analysis o f  variance (ANO VA ) as indicated in the experimental sections. If
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significant changes were observed following ANOVA the data was further analysed using 

either a Dunnett’s Procedure or Student Newman-Keuls post hoc test as appropriate. A p value 

less than 0.05 was deemed statistically significant. Results are expressed as means with 

standard error o f the mean (SEM) or mean percentage control with SEM.
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3.1 Introduction

Noradrenaline is widely regarded as an endogenous anti-inflammatory and neurotrophic 

neurotransmitter within the CNS and dysregulation o f the noradrenergic system has been 

proposed to be a contributing factor in a number o f neurodegenerative diseases including MS, 

Alzheimer’s Disease, Parkinson’s Disease, Huntington’s Disease and HIV related dementia, 

amongst others (Feinstein et al,  2002; Marien et al,  2004). These diseases are generally 

characterized by an unresolved inflammatory response with chronic activation o f microglia 

and astrocytes within the CNS (Marien et al, 2004). Chronic glial activation may have 

detrimental consequences for neurons since it can result in the overproduction or sustained 

production o f potentially neurotoxic molecules such as NO, ROS and the pro-inflammatory 

cytokines TNF-a and IL-ip (Xie et al,  2004). For this reason noradrenergic regulation of 

neuroinflammation has been the subject o f much research over the past number of years. As 

such, it is now widely accepted that the anti-inflammatory and neurotrophic effects of 

noradrenaline within the CNS are mediated primarily through its actions at p2 -adrenoceptors 

(De Keyser et al,  1999; Mori et al., 2002; Zeinstra et al,  2002). In this regard, stimulation of 

P2 -adrenoceptors using selective P2 -adrenoceptor agonists has been shown to activate 

astrocytes and induce the expression o f the neurotrophins NGF, bFGF-2 and TGF-pi 

(Nakamura et al, 1998; Culmsee et al,  1999 a,b; Zhu et al,  2001). Furthermore, studies have 

also shown that noradrenaline can suppress the proliferation o f microglial cells and alter the 

function o f macrophages and mononuclear phagocytes and it has also been shown to suppress 

the expression o f inflammatory genes such as those o f iNOS, IL-ip and TNF-a in microglia, 

astrocytes and brain endothelial cells in vitro (Feinstein et al,  2002; Mori et al,  2002). 

Notably, in EAE, a rodent model o f MS, chemical sympathectomy which reduces endogenous 

levels of noradrenaline and cAMP in the brain, is found to worsen disease symptoms whereas 

P2 -adrenoceptor agonists can suppress symptoms (Giorelli et al,  2004).

Intriguingly, it has been observed that P2 -adrenoceptors are absent from astrocytes in both 

normal appearing white matter and astrogliotic plaques in the white matter o f patients 

suffering from MS, but are present on tissue from control individuals suffering from other 

neuroinflammatory conditions (De Keyser et al,  1999; Zeinstra et al,  2000). Such a 

phenomenon suggests an inability for endogenous noradrenaline to elicit its anti-inflammatory
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effects in the CNS thus leading to the neuroinflammation that is characteristically observed in 

MS. Previous studies have reported that pro-inflammatory cytokines can impact on the 

expression and function o f P2 -adrenoceptors expressed on human airway smooth muscle 

(HASM) cells and rat lung membranes (Moore et a l, 1999; Mak et a l, 2002). With this in 

mind, the following studies were undertaken in an attempt to elucidate a link between 

inflammation and the absence o f P2 -adrenoceptor expression on astrocytes observed in the MS 

brain. Furthermore, studies have shown that the synthetic glucocorticoid dexamethasone can 

influence the expression and function o f the p2 -adrenceptor under both basal (Dangel et al., 

1996) and inflammatory conditions (Moore et al., 1999; Mak et al, 2002). Thus, since 

glucocorticoids have shown therapeutic efficacy in EAE (Tsutsui et al, 2008) and as they are 

also commonly used in the treatment o f MS (Brusaferri et al, 2000) the impact of 

dexamethasone on P2 -adrenoceptor expression in mixed glia in vitro under both basal and 

inflammatory conditions was also examined here.

As such the objectives o f the following studies were:

1) To determine the anti-inflammatory and neurotrophic actions o f noradrenaline and 

selective p2 -adrenoceptor agonists (salbutamol and formoterol) in primary mixed glial 

cultures in the presence o f the endotoxin LPS.

2) To determine whether incubation with a combined treatment o f LPS + IFN-y induces 

a pro-inflammatory response in primary mixed glial cultures and to determine the 

impact o f this treatment regimen on cell viability.

3) To determine the impact o f LPS + IFN-y on intracellular cAMP accumulation in 

response to the selective P2 -adrenoceptor agonist salbutamol and its impact on the cell 

surface and mRNA expression o f the P2 -adrenoceptor in primary mixed glial cultures.

4) To examine the ability o f LPS and IFN-y both alone and in combination to induce a 

pro-inflammatory response and to examine their impact on the expression and 

responsiveness o f the P2 -adrenoceptor in primary mixed glial cultures.
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5) To exam ine the ab ility  o f  LPS + IFN-y to induce a p ro-inflam m atory  response in 

enriched cu ltures o f  astrocy tes and m icroglia and to determ ine the im pact on P2- 

ad renocep to r m R N A  expression  in these cultures.

6) To determ ine w hether pre-treatm ent w ith the g lucocortico id  dexam ethasone, a drug 

com m only  used in the treatm ent o f  M S, can inhibit the attenuation  o f  P2 -adrenoceptor 

expression induced by trea tm ent w ith LPS + IFN-y in prim ary m ixed glial cultures.
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3.2 Methods

3.2.1 Subjects and drug treatments

Primary mixed glial cultures and enriched cultures o f microglia and astrocytes were prepared 

and maintained in cDMEM for 10-14 days as previously described in the methods section 

(Chapter 2). LPS (lOOng/ml), IFN-y (20ng/ml), salbutamol (0.1, 1 &  5|nM), noradrenaline 

(5fj,M), formoterol (5fj,M), forskolin (lO jiM ), IBM X (lOOjiM) and dexamethasone (0.01 &  

IjtiM) were dissolved and administered to glial cultures as described in the methods section 

(Section 2.2, Chapter 2).

3.2.2 Experimental Procedure

The design for this set o f experiments was as set out in Figures 3.1 to 3.6 below. Treatment o f 

glial cultures was carried out as previously outlined in the methods (Section 2.2, Chapter 2). 

Harvesting o f supernatants and cell lysates for analyses and the techniques o f RNA extraction, 

cDNA synthesis, RT-PCR, alamar blue assay, IL - ip  &  TNF-a ELlSAs, Greiss assay, cAMP 

assay, biotinylation assay and western immunoblotting used in these studies were outlined 

previously in the methods section (Section 2.2 &  2.4, Chapter 2)..

Experimental endpoint (24 hr);
•  Anti-inflammatory effects of 

p2-adrenoceptor agonists 
(impact on TNF-a 
concentrations)

• Neurotrophic effects of P2- 
adrenoceptor agonists 
(GDNF, NGPP, IGF-1, TGFPi, 
FGF-2 mRNA expression)

Figure 3.1: Experimental design for study examining the ability of noradrenaline and selective 

P2-adrenoceptor agonists to exert anti-inflammatory and neurotrophic effects in glia

T reatment
1) Control (cDMEM)
2) LPS(100ng/ml)

I
Mixed glial

\
2hr pre-treatment
1) Control (cDMEM)
2) Noradrenaline (S^M)
3) Salbutamol (5^M)
4) Formoterol (5uM)

24 hours
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T reatm ent
1) C ontrol (cDUEM)
2) LPS (100ng/ml) + IFN-y (20ng/ml)

\ 24 hours

Mixed glial

Experim ental en dpo in t (24 hr):
• Inflam m atory effec ts of LPS 

+ IFN-y in mixed glia 
(P roduction  of IL-1P, TNF-a, 
NO)

• Im pact of LPS + IFN-y on 
cell viability
(Alam ar Blue a ssay )

Figure 3.2: Experimental design for determining the ability of LPS + IFN-y to induce a pro- 

inflammatory response in glia and to examine its impact on cell viability

P ost-trea tm en t (20min)
1) C ontrol (cDMEM)
2) Salbutam ol (0.1 o r  1^M) 
or
1) C ontrol (cDMEM)
2) Forskolin  (100^M)

24 hours i
Mixed gliat

T reatm ent
1) C ontrol (cDMEM)
2) LPS (100ng/ml) + IFN-y (20ng/ml)

Experim ental en dpo in t (24 hr);
• Im pact of LPS + IFN-y on P2 - 

ad ren o cep to r 
re sp o n s iv e n e s s  in vitro: 
(-cAMP accum ulation  
following p2 -ad renocep to r 
stim ulation  w/ith sa lbu tam ol 
-cAMP accum ulation  
following adeny la te  cyc lase  
stim ulation  with forskolin  )

• Im pact of LPS + IFN-y 
trea tm en t on P2 - 
ad ren o cep to r mRNA & cell 
su rface  ex p ression

Figure 3.3: Experimental design for determining the impact of LPS + IFN-y on P2-adrenoceptor 

expression and responsiveness in glia
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Mixed glial T

Post-treatm ent (20min)
1) C ontrol (cDMEM)
2) S albutam ol (1^M)

24 hou rs 1
Treatment
1) C ontrol (cDMEM)
2) LPS(100ng/m l)
3) IFN-y (20ng/ml)
4) LPS (100ng/ml) + IFN-y (20ng/ml)

Experimental endpoint (24 hr):
• Inflammatory effects of LPS, 

IFN-y or the combination of 
LPS + IFN-y (IL-1P, TNF-a, 
NO)

• cAMP accumulation 
following P2 -adrenoceptor 
stimulation with salbutamol

• ^ 2 -adrenoceptor mRNA 
exoression

F igure  3.4: Experimental design for determining the impact of LPS, IFN-y and the combination 

of LPS + IFN-y on P2 -adrenoceptor expression and responsiveness in glia

Enriched
microglial/
astrocytic
cultures

24 hours

T
Treatment
1) C ontrol (cDMEM)
2) LPS (100ng/ml) + IFN-y (20ng/ml)

Experimental endpoint (24 hr):
• Inflammatory effec ts  of 

LPS, IFN-y o r the 
com bination  of LPS + IFN- 
Y(IL-1P, TNF-a, NO)

• P2 -ad renocep to r mRNA 
expression

F igure  3.5: Experimental design for determining the impact of LPS + IFN-y on P2 -adrenoceptor 

expression in enriched microglial and astrocytic cultures

Pre-treatment (1hr)
1) C ontrol (cDMEM)
2) D exam ethasone (0.1 o r IpM)

1
Mixed glia

24 hou rs

\
T reatment
1) C ontrol (cDMEM)
2) LPS (100ng/ml) + IFN-y (20ng/ml)

Experimental endpoint (24 hr);
• Anti-inflam m atory effects 

of d ex am eth sao n e  (TNF-a, 
NO)

• P2 -ad renocep to r mRNA 
exp ression

F igure  3.6: Experimental design for determining the ability of pre-treatm ent with 

dexamethasone to attenuate the effect of LPS + IFN-y on P2 -adrenoceptor expression in glia
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3.3 Treatm ent o f primary mixed giial cultures with noradrenaline or the P2-adrenoceptor  

agonists salbutam ol and form oterol significantly attenuates production o f TN F-a and 

increases expression o f the neurotrophin G DNF in response to LPS

As previously mentioned a vast array o f literature has suggested that noradrenaline elicits its 

anti-inflammatory and neurotrophic effects via stimulation o f the p2 -adrenoceptor on glial 

cells within the CNS. Therefore, the purpose o f the following study was to determine if pre

treatment o f primary mixed glial cultures with noradrenaline or the selective P2 -adrenoceptor 

agonists salbutamol or formoterol could impact on the production o f the pro-inflammatory 

cytokine TNF-a or on expression o f the neurotrophins GDNF, NGF-p, TGF-pi, FGF-2 or 

insulin-like growth factor (IG F-1).

Noradrenaline, salbutamol and formoterol reduce the LPS-induced production o f  TNF-a: 

Treatment o f primary mixed glial cultures with LPS (lOOng/ml) significantly increased the 

production of TNF-a (P<0.01) compared to unstimulated counterparts over a 24 hr period as 

assessed by ELISA. Pre-treatment o f cultures for 2 hr with noradrenaline (5fj,M), salbutamol 

(SfilVI) or formoterol (5fiM) prior to exposure to LPS significantly reduced the production of 

TNF-a compared to control counterparts (P<0.01). [Figure 3.3.1 a, Newman-Keuls, «=5-6].

Salbutamol and formoterol augment the LPS-induced expression o f  GDNF: Treatment of 

primary mixed glial cultures with LPS (lOOng/ml) did not alter the mRNA expression o f 

GDNF compared to unstimulated counterparts over a 24 hr period as assessed by RT-PCR. 

However, pre-treatment o f cultures for 2 hr with salbutamol (5fj,M) or formoterol (5|j.M) prior 

to exposure to LPS significantly increased the mRNA expression o f GDNF compared to 

control counterparts (P<0.01). Whilst, pre-treatment o f cultures with noradrenaline (5|xM) was 

also shown to increase LPS-induced GDNF expression this did not reach statistical 

significance. [Figure 3.3.1 b, Newman-Keuls, «=5-6].

Formoterol augments LPS-induced expression o f  NGFp: Treatment o f primary mixed glial 

cultures with LPS (lOOng/ml) significantly increased the mRNA expression ofN G Fp (P<0.01) 

compared to unstimulated counterparts over a 24 hr period as assessed by RT-PCR. Pre

treatment o f cultures for 2 hr with formoterol (5^M) prior to exposure to LPS augmented the
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LPS-induced expression o f NGPp compared to control counterparts (P<0.01). However, pre

treatment o f cultures with noradrenaline (5|aM) or salbutamol (5(xM) had no significant effect 

on NGpp expression. [Figure 3.3.1 c, Newman-Keuls, «=5-6].

Neither noradrenaline, salbutamol nor form oterol altered LPS-induced reduction o f  IGF-1: 

Treatment o f primary mixed glial cultures with LPS (lOOng/ml) significantly reduced the 

mRNA expression o f lGF-1 (P<0.01) compared to unstimulated counterparts over a 24 hr 

period as assessed by RT-PCR. Pre-treatment o f cultures for 2 hr with noradrenaline (5|xM), 

salbutamol (5fj,M) or formoterol (5^M) had no effect on the LPS-induced reduction o f IGF-1 

expression. [Figure 3.3.2 a, Newman-Keuls, «=5-6].

Neither noradrenaline, salhutamol nor formoterol altered expression ofTGF-fii: Treatment of 

primary mixed glial cultures with LPS (lOOng/ml) did not alter the mRNA expression o f TGF- 

Pi compared to unstimulated counterparts over a 24 hr period as assessed by RT-PCR. Pre

treatment o f cultures for 2 hr with noradrenaline (5(iM), salbutamol (5fxM) or formoterol 

(5fiM) had no effect on TGF-Pi expression. [Figure 3.3.2 b, Newman-Keuls, «=5-6].

Neither noradrenaline, salhutamol nor form oterol altered expression o f  FGF-2: Treatment of 

primary mixed glial cultures with LPS (lOOng/ml) did not alter the mRNA expression o f FGF- 

2 compared to unstimulated counterparts over a 24 hr period as assessed by RT-PCR. Pre

treatment of cultures for 2 hr with noradrenaline (5|o,M), salbutamol (5|xM) or formoterol 

(5p.M) had no effect on FGF-2 expression. [Figure 3.3.2 c, Newman-Keuls, «=5-6].
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Figure 3.3.1: Noradrenaline and Pz-adrenoceptor agonists decrease TNF-a production and 

selectively increase GDNF and NGF-p expression

Primary mixed glial cultures were treated for 2 hr with either control (cDMEM), noradrenaline (S^M), 

salbutamol (5|iM) or formoterol (5|iM) followed by treatment with either control or LPS (lOOng/ml) and were 

subsequently incubated for 24 hr. (a) A two-way ANOVA revealed a significant interactive effect o f treatment on 

the production o f TNF-a [F(34O)=4.07, P=0.0I29]. (b) A two-way ANOVA revealed a significant interactive 

effect o f treatment on GDNF mRNA expression [F ( 3  3g)=4.69, P=0.007], (c) A two-way ANOVA revealed a 

significant effect o f treatment with P2 -agonists [F (3 40)=5.83, P=0.0021] and LPS treatment [F(i 40)=125.8I, 

P<0.0001] on NGF(3 mRNA expression. Data are expressed as means with standard error o f the mean («=5-6). 

*P<0.05, **P<O.OI versus control/unstimulated counterparts, +P<0.05, ++P<0.01 versus LPS control counterpart 

(Newman-Reuls).
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Figure 3.3.2: Noradrenaline and P2-adrenoceptor agonists have no effect on IGF-1, TGF-Pi, 

FGF-2 or expression

Primary mixed g lia l cultures were treated fo r 2 hr w ith either control (cDM EM ), noradrenaline (SfiM), 

salbutamol (5 [iM ) or formoterol (5(iM ) followed by treatment w ith either control or LPS (lOOng/ml) and were 

subsequently incubated fo r 24 hr. (a) A  two-way A N O V A  revealed a significant effect o f  LPS on IGF-1 m RNA 

expression [F(| 40)=177.88, P<O.OOOI]. (b) A two-way A N O V A  revealed a significant effect o f  LPS on TGpPi 

mRNA expression [F(i 40)=15.94, P=0.0003]. (c) A  two-way A N O V A  revealed a significant effect o f  LPS on 

FGF-2 m RNA expression [F(i 4Q)=9.86, P=0.0032]. Data are expressed as means w ith standard error o f  the mean 

(«=6). **P<O.OI versus control/unstimulated counterparts (Newman-Keuls).
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3.4 Treatm ent with LPS + IFN-y increases production o f nitric oxide and the pro- 

inflam m atory cytokines IL -ip  and TN F-a in primary mixed glial cultures without 

affecting cell viability

The following studies were carried out to verify that a combined treatment o f LPS + IFN-y 

induces the production o f pro-inflammatory cytokines, namely TNF-a and IL-ip, and nitrite, 

as an indirect measure o f NO production, in primary mixed glial cultures. Additionally, the 

viability o f glial cultures following stimulation with LPS + IFN-y was assessed to ensure that 

this treatment regimen did not instigate a toxic effect on cells.

LPS  + IFN-y induces production o f  TNF-a: A combined treatment o f LPS (lOOng/ml) + IFN-y 

(20ng/ml) significantly increased TNF-a concentrations (P<0.0001) in primary mixed glial 

cultures compared to unstimulated counterparts after 24 hr as assessed by ELISA. [Figure

3.4.1 a. Student’s /-test, «=8].

LPS + IFN-y induces production o flL -lfi:  A combined treatment o f LPS (lOOng/ml) + IFN-y 

(20ng/ml) significantly increased IL-ip concentrations (P<0.0001) in primary mixed glial 

cultures compared to unstimulated counterparts after 24 hr as assessed by ELISA. [Figure

3.4.1 b. Student’s /-test, «=8].

LPS + IFN-y induces the production o f  nitrite: A combined treatment o f LPS (lOOng/ml) + 

IFN-y (20ng/ml) significantly increased nitrite concentrations (P<0.0001) in primary mixed 

glial cultures compared to unstimulated counterparts after 24 hr as assessed by Greiss assay. 

[Figure 3.4.1 c. Student’s /-test, «=8].

LPS + IFN-y has no effect on cell viability: A combined treatment o f LPS (lOOng/ml) + IFN-y 

(20ng/ml) had no effect on the viability o f cells in primary mixed glial cultures compared to 

unstimulated counterparts after 24 hr as assessed by alamar blue assay. [Figure 3.4.2, 

Student’s /-test, «=I2].
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Figure 3.4.1: Treatment with LPS + IFN-y significantly increases the production of TNF-a, IL-ip  

and nitric oxide in primary mixed glial cultures after 24 hr

Primary mixed glial cultures were incubated with either control (cDM EM ) or a combined treatment o f  LPS 

(lOOng/ml) + IFN-y (20ng/ml) for 24 hr. (a) A Student’s Mest revealed a significant effect o f  LPS + IFN-y on the 

production o f  TNF-a (P<0.001) compared to control/unstimulated counterparts, (b) A Student’s f-test revealed a 

significant effect o f  LPS + IFN-y on the production o f  IL -ip  (P<0.001) compared to control/unstimulated 

counterparts, (c) A Student’s /-test revealed a significant effect o f  LPS + IFN-y on the production o f  nitrite 

(P<0.05) compared to control/unstimulated counterparts. Data are expressed as means with standard error o f  the 

mean («=8). *P<0.05, ***P<0.001 versus control/unstimulated counterparts (Student’s /-test).
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Figure 3.4.2: Treatment with LPS + IFN-y does not affect viability of primary mixed glial 

cultures after 24 hr

Primary mixed glial cultures were incubated with either control (cDMEM) or a combined treatment o f  LPS 

(lOOng/ml) - I -  IFN-y (20ng/ml) in combination with 10% (v/v) resazurin dye for 24 hr. A Student’s /-test revealed 

no significant effect o f  LPS -i- IFN-y on the viability o f  primary mixed glial cultures compared to 

control/unstimulated counterparts after 24 hr. Data are expressed as means with standard error o f  the mean 

(«= 12).
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3.5  T reatm ent w ith  L PS + IFN -y suppresses accum ulation  o f  intracellu lar cA M P  in 

prim ary m ixed glial cu ltures in response to the selective P2-ad renocep tor agon ist  

sa lbutam ol

The p2 -adrenoceptor has been shown to be absent from astrocytes in MS brain, a disease 

associated with neuroinflammation and glial activation (De Keyser et a l ,  1999). It has been 

well established that stimulation o f P2 -adrenoceptors leads to an increase in the concentrations 

o f intracellular cAMP (Rosenberg & Li, 1995; Mak et a l,  2000). Thus, the following studies 

were carried out to assess the impact o f treatment with an inflammatory stimulus o f LPS + 

IFN-y on the accumulation o f intracellular cAMP in response to the selective P2 -adrenoceptor 

agonist salbutamol in order to determine if this treatment regimen can impact on the 

responsiveness o f the P2 -adrenoceptor. In addition, the specificity o f any effect induced by 

LPS + IFN-y on the P2 -adrenoceptor was assessed in this study by measuring cAMP 

accumulation in response to forskolin, a direct activator o f adenylate cyclase. All cAMP 

analyses were carried out in the presence o f 3-isobutyl-1-methylxanthine (IBMX), a non

specific phosphodiesterase inhibitor, in order to prevent cAMP degradation following drug 

treatments.

Treatment with LPS + IFN-y reduces accumulation o f  intracellular cAMP in response to 

stimulation with the P2-adrenoceptor agonist salbutamol: Treatment o f primary mixed glial 

cultures with the P2 -adrenoceptor agonist salbutamol (0.1 or IfxM) for 20 min, in the presence 

o f the phosphodiesterase inhibitor IBMX (100|o,M), significantly increased the accumulation 

o f intracellular cAMP in a dose-dependent manner (P<0.01) compared to unstimulated control 

counterparts. In contrast, when cultures were exposed to LPS (lOOng/ml) + IFN-y (20ng/ml) 

for 24 hr prior to treatment with salbutamol, in the presence o f IBMX, there was a blunted 

increase in the accumulation o f intracellular cAMP in response to salbutamol (P<0.01). 

[Figure 3.5.1, Newman-Keuls, n= l\.

Treatment with LPS + IFN-y did not alter accumulation o f  intracellular cAMP in response to 

stimulation o f  adenylate cyclase with forskolin: Treatment o f primary mixed glial cultures 

with the adenylate cyclase activator forskolin (10)iM) for 20 min, in the presence o f the 

phosphodiesterase inhibitor IBMX (100|xM), significantly increased the accumulation of
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intracellular cAM P (P<0.01) compared to unstim ulated control counterparts. Notably, when 

cultures were exposed to LPS (lOOng/ml) + IFN-y (20ng/m l) for 24 hr prior to treatm ent with 

forskolin, in the presence o f  IBMX, there was no effect on the accum ulation o f  intracellular 

cAM P in response to forskolin compared to control counterparts. [Figure 3.5.2, Newman- 

Keuls, «=6].
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Figure 3.5.1: Treatm ent with LPS + IFN-y suppresses accum ulation o f  intracellular cA M P in 

response to stim ulation o f  the P2 -adrenoceptor with the P2 -adrenoceptor agonist salbutam ol

Prim ary m ixed glial cultures w ere incubated w ith either control (cD M E M ) o r a com bined treatm ent o f  LPS 

(lOOng/ml) + IFN-y (20ng/m l) for 24 hr follow ed by subsequent incubation w ith e ither contro l or salbutam ol 

(O .ljiM  or l|j,M ) in the presence o f  IBM X  (lOOuM ) for 20 m in. A tw o-w ay A N O V A  revealed  a significant 

interactive effect o f  LPS + IFN-y and salbutam ol on the accum ulation o f  in tracellu lar cA M P [F(2,36)=5.73, 

P=0.0069], D ata are expressed as m eans w ith standard error o f  the m ean («=7). **P<0.01, *P<0.05 versus 

contro l/unstim ulated  counterparts, ++P<0.01 versus control counterparts (N ew m an-K euls).
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Figure 3.5.2: Treatment with LPS + IFN-y does not affect accumulation of intracellular cAMP in 

response to the adenylate cyclase activator forskolin

Primary mixed glial cultures were incubated with either control (cDMEM) or a combined treatment o f  LPS 

(lOOng/ml) + IFN-y (20ng/ml) for 24 hr followed by subsequent incubation with either control or forskolin 

(lOuM ) in the presence o f  IBMX (lOOuM) for 20 min. A two-way ANOVA revealed a significant effect o f 

treatment with forskolin on the accumulation o f  intracellular cAM P [F(| 2opl2.4, P=0.0021]. Data are expressed 

as means with standard error o f  the mean {n-6).  *P<0.05 versus control/unstimulated counterparts (Newman- 

Keuls).
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3.6 Treatm ent with LPS + IFN-y decreases cell surface and mRNA expression of the P2- 

adrenoceptor

The results o f the previous study reveal that there is impaired responsiveness o f the P2 - 

adrenoceptor to the P2 -adrenoceptor agonist salbutamol following treatment of mixed glial 

cultures with LPS + IFN-y. This effect is demonstrated to be due to a direct impact on the P2 - 

adrenoceptor itself since there was no effect on intracellular cAMP accumulation in response 

to direct stimulation o f adenylate cyclase. It has previously been shown that impaired 

accumulation o f intracellular cAMP following exposure to IL-ip is associated with a 

reduction in the density o f P^-adrenoceptors in lung membranes (Mak et a l ,  2002). Therefore 

it was hypothesized that reduced expression o f the P2 -adrenoceptor at the cell surface might 

account for the impaired accumulation of intracellular cAMP observed in primary mixed glial 

cells following exposure to LPS + IFN-y in this study. It was also hypothesised that there may 

also be a reduction in the expression o f P2 -adrenoceptor at the mRNA level which could in 

turn lead to reduced receptor density at the cell surface. Therefore, the cell surface and mRNA 

expression o f the P2 -adrenoceptor was examined here in response to LPS + IFN-y.

Treatment with LPS  + IFN-y reduces the cell surface expression o f  the P2 -adrenoceptor: 

Treatment o f primary mixed glial cultures with LPS + IFN-y significantly reduced (P<0.05) 

the expression o f the P2 -adrenoceptor at the level o f the cell surface compared to control 

counterparts 24 hr post-treatment as determined by biotinylation assay. [Figure 3.6.1 a,b. 

Student’s /-test, «=3].

Treatment with LPS + IFN-y reduces the mRNA expression o f  the p 2 -adrenoceptor: Treatment 

o f primary mixed glial cultures with LPS + IFN-y significantly reduced (P<0.01) the mRNA 

expression of the P2 -adrenoceptor as compared to control counterparts 24 hr post-treatment as 

assessed using RT-PCR. [Figure 3.6.2, Student’s Mest, «=8].
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Figure 3.6.1: Treatment with LPS + IFN-y reduces cell surface expression o f the P2-adrenoceptor

Primary mixed glial cultures were incubated with either control (cDM EM ) or a combined treatment o f  LPS 

(lOOng/ml) + IFN-y (20ng/ml) for 24 hr. (a) Sample immunoblot representative o f  three independent experiments 

depicting decreased P2 *adrenoceptor expression on the cell surface o f  primary mixed glial cultures following 24 

hr incubation with LPS + IFN-y. (b) Graph representing optical density o f immunoblot bands corrected for 

protein content o f  cell lysates. A Student’s /-test revealed a significant effect o f  LPS + IFN-y on the cell surface 

expression o f  the P2 -adrenoceptor. Data are expressed as means with standard error o f  the mean («=3). *P<0.05 

versus control/unstim ulated counterparts (Student’s /-test).
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Figure 3.6.2: Treatment with LPS + IFN-y reduces mRNA expression of the P2-adrenoceptor

Primary m ixed  glial cultures w ere incubated w ith  either control (cD M E M ) or a com bined treatm ent o f  LPS  

(lO O ng/m l) + IFN-y (20 n g /m l) for 24  hr. A  Student’s /-test revealed a sign ificant e ffec t o f  LPS +  IFN-y on P2- 

adrenoceptor m R N A  expression  (P<O.OI) com pared to  unstim ulated control counterparts. Data are expressed  as 

m ean percentage control w ith standard error o f  the m ean (« = 8 ). **P<O.OI versus control/unstim ulated  

counterpart (S tu dent’s /-test).
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3.7 Both LPS and IFN-y alone decrease expression and responsiveness o f the P2- 

adrenoceptor but it is the com bination o f LPS + IFN-y that has the most profound effect

The results from the previous studies show that treatment o f primary mixed glial cultures with 

LPS + IFN-y reduces the responsiveness o f the P2"3drenoceptor to stimulation with salbutamol 

and decreases both the cell surface and mRNA expression o f the receptor. Thus, the following 

studies were undertaken to determine whether it is LPS or IFN-y that is the primary mediator 

o f these effects. In addition, the production o f the pro-inflammatory mediators IL-ip, TNF-a 

and nitric oxide in mixed glial cultures was determined in response to LPS and IFN-y both 

alone and in combination.

TNF-a production is increased by LPS and the combination o f  LPS + IFN-y: Treatment of 

primary mixed glial cultures with LPS (lOOng/ml) alone significantly increased TNF-a 

production (P<0.01) while treatment with IFN-y (20ng/ml) alone did not alter TNF-a 

production compared to unstimulated control counterparts as assessed using ELISA. However, 

when cultures were exposed to a combined treatment o f LPS + IFN-y the presence o f IFN-y 

augmented the LPS-induced increase in TNF-a production (P<0.01). [Figure 3.7.1 a, 

Newman-Keuls, n=6],

IL -ip  production is increased by LPS: Treatment o f primary mixed glial cultures with IFN-y 

(20ng/ml) alone or a combined treatment o f LPS (lOOng/ml) + IFN-y (20ng/ml) failed to alter 

IL -lp production compared to unstimulated control counterparts as assessed using ELISA. 

However, treatment o f cultures with LPS alone significantly increased IL -ip production 

(P<0.01). [Figure 3.7.1 b, Newman-Keuls, «=6].

Nitric oxide production is increased by LPS and the combination o f  LPS + IFN-y: Treatment 

o f primary mixed glial cultures with LPS (lOOng/ml) alone significantly increased the 

production o f nitrite (P<0.01) while IFN-y (20ng/ml) alone failed to alter nitrite production 

compared to unstimulated control counterparts as assessed by Greiss assay. However, when 

glial cultures were exposed to a combined treatment o f LPS + IFN-y the presence o f IFN-y 

augmented the LPS-induced production o f nitrite (P<0.01). [Figure 3.7.1 c, Newman-Keuls, 

« = 6].
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The combination o f  LPS + IFN-y has the most profound effect on fii-adrenoceptor mRNA 

expression: Treatment of primary mixed glial cultures with both LPS and IFN-y alone 

significantly decreased the mRNA expression o f the Pi-adrenoceptor (P<0.01), however, it 

was the combined treatment o f LPS + IFN-y that had the most profound effect on P2 - 

adrenoceptor mRNA expression (P<0.01) compared to unstimulated control counterparts as 

assessed using RT-PCR. [Figure 3.7.2 a, Newman-Keuls, 77= 8 ].

The combination o f  LPS  + IFN-y has the most profound effect on P2-adrenoceptor 

responsiveness: Stimulation of Pi-adrenoceptors with the P2 -adrenoceptor agonist salbutamol 

(l|xM) for 20 min significantly increased the accumulation o f intracellular cAMP (P<O.OI) in 

primary mixed glial cultures. Exposure o f glial cultures to LPS (lOOng/ml) and IFN-y 

(20ng/ml) alone 24 hr prior to stimulation with salbutamol reduced the responsiveness o f the 

P2 -adrenoceptor, although these failed to attain significance. However, exposure o f glial 

cultures to a combined treatment o f LPS + IFN-y 24 hr prior to stimulation with salbutamol 

significantly reduced the accumulation o f intracellular cAMP (P<0.05). [Figure 3.7.2 b, 

Newman-Keuls, «=4].
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Figure 3.7.1: Effect of LPS and IFN-y alone and in combination on TNF-a, IL-1|3 and nitric oxide 

production

Primary mixed glial cultures were incubated with either control (cDMEM), LPS (lOOng/ml), IFN-y (20ng/ml) or 

a combined treatment o f  LPS (lOOng/ml) + IFN-y (20ng/ml) for 24 hr. a) A one-way ANOVA revealed a 

significant effect o f  treatment on TNF-a production [F(j ,g)=38.65, P<0.0001] compared to unstimulated control 

counterparts, (b) A one-way ANOVA revealed a significant effect o f  treatment on IL-ip production 

[F( 3  |8 )= 2 4 .6 I, P<0.000I] compared to unstimulated control counterparts, (c) A one-way ANOVA revealed a 

significant effect o f treatment on nitrite production [F( 3  2o)=24.02, P<0.0001] compared to unstimulated control 

counterparts. Data are expressed as means with standard error o f  the mean (n=6). **P<O.OI versus 

control/unstimulated counterparts (Newman-Keuls).
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Figure 3.7.2: The combination of LPS + IFN-y has the most profound effect on P2-adrenoceptor 

mRNA expression and responsiveness

Primary mixed glial cultures were incubated with either control (cDMEM), LPS (lOOng/ml), IFN-y (20ng/ml) or 

a combined treatment o f  LPS (lOOng/ml) + IFN-y (20ng/ml) for 24 hr. (a) A one-way ANOVA revealed a 

significant effect o f  treatment on P2 -adrenoceptor mRNA expression [F( 3  3i)=40.65, P<0.0001] compared to 

unstimulated control counterparts. Data are expressed as means % control with standard error o f  the mean (n=8). 

b) Following treatment with inflammatory stimuli for 24 hr primary mixed glial cultures were subsequently 

incubated with either control or salbutamol ( l|iM ) in the presence o f  IBMX for 20 min. A two-way ANOVA 

revealed a significant effect o f  treatment with inflammatory stimuli and salbutamol on the accum ulation o f  

intracellular cAMP [F ( 3  24>=3.29, P=0.0381]. Data are expressed as means with standard error o f  the mean («=4). 

**P<0.01 ,*P<0.05 versus control/unstimulated counterparts, +P<0.05 versus salbutamol control (Newman- 

Keuls).
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3.8 Treatm ent with LPS + IFN-y reduces mRNA expression o f the P2-adrenoceptor in 

enriched cultures o f both microglia and astrocytes

The previous studies examined the effect o f an inflammatory stimulus on the P2 -adrenoceptor 

in primary mixed glial cultures, however the P2 -adrenoceptor has been shown to be missing 

merely from astrocytes in MS brain (De Keyser et a i, 1999, Zeinstra et a i, 2002). Thus, the 

following studies were undertaken to examine the impact o f LPS + IFN-y on P2 -adrenoceptor 

mRNA expression in enriched cultures o f both microglia and astrocytes to determine the 

primary cell type effected in these studies. In addition, the primary cell type responsible for 

the production o f the inflammatory mediators TNF-a, IL-ip and nitric oxide was also 

examined.

Treatment with LPS  + IFN-y induces the production o f  TNF-a in both microglia and  

astrocytes: Treatment o f enriched cultures o f microglia and astrocytes with LPS + IFN-y 

significantly increased the production o f TNF-a in both microglia (P<0.01) and astrocytes 

(P<0.0l) compared to unstimulated control counterparts as assessed by ELiSA. [Figure 3.8.1 

a. Student’s /-test, «=6].

Treatment with LPS  + IFN-y induces the production o f  IL -ip  in microglia hut not astrocytes: 

Treatment of enriched cultures o f microglia and astrocytes with LPS + IFN-y significantly 

increased the production o f IL -ip in microglia (P<0.05) but the presence o f IL-ip was 

undetectable in astrocytes either under basal conditions or following treatment with LPS + 

IFN-y compared to unstimulated control counterparts as assessed by ELISA. [Figure 3.8.1 b. 

Student’s /-test, «=6].

Treatment with LPS + IFN-y induces the production o f  nitric oxide in both microglia and  

astrocytes: Treatment o f enriched cultures o f microglia and astrocytes with LPS + IFN-y 

significantly increased the production o f nitrite both microglia (P<0.001) and astrocytes 

(P<0.001) compared to unstimulated control counterparts as assessed by Greiss assay. [Figure 

3.8.1 c, Student’s /-test, «=6].

Treatment with LPS + IFN-y reduced 2-adrenoceptor mRNA expression in both microglia 

and astrocytes: Treatment o f enriched cultures o f microglia and astrocytes with LPS + IFN-y 

significantly reduced P2 -adrenoceptor mRNA expression in both microglia (P<0.01) and
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astrocytes (P<0.01) compared to unstimulated control counterparts as assessed by RT-PCR. 

[Figure 3.8.2, Student’s /-test, «=6],
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Figure 3.8.1: LPS + IFN-y induces the production of IL-ip in enriched microglial cultures and 

the production of TNF-a and nitrite in enriched cultures o f both astrocytes and microglia

Enriched cultures o f  astrocytes or microglia were incubated with either control (cDMEM) or a combined 

treatm ent o f  LPS (lOOng/ml) + IFN-y (20ng/ml) for 24 hr. (a) A Student’s r-test revealed a significant effect o f 

LPS + IFN-y on TNF-a production in both microglia (P<O.OI) and astrocytes (P<O.OI) compared to unstimulated 

control counterparts, (b) A Student’s Mest revealed a significant effect o f  LPS + IFN-y on IL -ip  production in 

m icroglia (P<0.05) but not astrocytes compared to unstimulated control counterparts, (c) A Student’s Mest 

revealed a significant effect o f LPS + IFN-y on the nitrite production in both microglia (P<0.001) and astrocytes 

(P<O.OOI) compared to unstimulated control counterparts. Data are expressed as means with standard error o f  the 

mean («=6). ***P<O.OOI, **P<0.01, *P<0.05 versus control counterpart (Student’s Mest).
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Figure 3.8.2: LPS + IFN-y attenuates p2-adrenoceptor mRNA expression in enriched cultures of 

both microglia and astrocytes

Enriched cultures o f astrocytes or microglia were incubated with either control (cDMEM) or a combined 

treatment o f  LPS (lOOng/ml) + IFN-y (20ng/ml) for 24 hr. A Student’s Mest revealed a significant effect o f  LPS 

+ IFN-y on p2-adrenoceptor mRNA expression in both microglia (P<0.001) and astrocytes (P<0.01) compared to 

unstimulated control counterparts. Data are expressed as mean percentage control with standard error o f  the mean 

(n=6). ***P<0.001, **P<O.OI versus control counterparts (Student’s Mest).
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3.9 Dexamethasone dose dependently inhibits the attenuation of Pi-adrenoceptor mRNA 

expression induced by treatment with LPS + IFN-y in primary mixed glial cultures

Glucocorticoids are commonly used in the treatment o f inflammatory diseases since one of 

their predominant mechanisms o f action is to switch off genes encoding pro-inflammatory 

cytokines, chemokines and adhesion molecules (Barnes, 2006). In addition, previous studies 

have shown that the synthetic glucocorticoid dexamethasone (Dex) is effective in the 

treatment of both EAE and MS (Brusaferri et a l, 2000; Tsutsui et a l, 2008). Furthermore, it 

has been shown that dexamethasone can influence the expression and function o f the P2 - 

adrenoceptor under both basal (Dangel et al., 1996) and inflammatory conditions (Moore et 

al., 1999; Mak et al., 2002). Therefore, the purpose o f this study was to determine if the 

attenuation o f P2 -adrenoceptor mRNA expression induced by LPS + IFN-y could be inhibited 

by pre-treatment with dexamethasone.

Dexamethasone attenuates the LPS + IFN-y-induced production o f  TNF-a: Treatment of 

primary mixed glial cultures with LPS + IFN-y significantly increased the production o f TNF- 

a  (P<0.01) compared to unstimulated control counterparts after 24 hr as assessed by ELISA. 

Pre-treatment with dexamethasone (0.01, l)iM) significantly attenuated the LPS + IFN-y- 

induced production o f TNF-a (P<0.01). [Figure 3.9.1 a, Newman-Keuls, «=6].

Dexamethasone attenuates the LPS + IFN-y-induced production o f  nitric oxide: Treatment of 

primary mixed glial cultures with LPS + IFN-y significantly increased nitrite concentrations 

(P<0.01) compared to unstimulated control counterparts after 24 hr as assessed by Greiss 

assay. Pre-treatment with dexamethasone (0.01, ljj.M) significantly attenuated the production 

o f LPS + IFN-y-induced nitrite (P<0.01). In addition, l|xM dexamethasone significantly 

reduced basal concentrations o f nitrite (P<0.05). [Figure 3.9.1 b, Newman-Keuls, «=6].

Dexamethasone dose-dependently inhibits LPS  + IFN-y-induced attenuation o f  P2- 

adrenoceptor mRNA expression: Treatment o f primary mixed glial cultures with LPS + IFN-y 

significantly reduced P2 -adrenoceptor mRNA expression (P<0.05) compared to unstimulated 

control counterparts as assessed by RT-PCR. However, pre-treatment o f cultures with 

dexamethasone (0.01, IfxM) dose-dependently inhibited the LPS + IFN-y-induced attenuation 

o f P2 -adrenoceptor mRNA expression (P<0.01). Furthermore, treatment with dexamethasone
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significantly increased P2-adrenoceptor mRNA in its own right (P<0.01). [Figure 3.9.2, 

Newman-Keuls, «=6].
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Figure 3.9.1: The glucocorticoid dexamethasone suppresses LPS + IFN-y-induced production of  

TNF-a and nitric oxide

Primary mixed glial cultures were incubated with either control (cDMEM) or dexamethasone (0.01 or l|xM) 

for 1 hr followed by subsequent incubation with either control or a combined treatment o f  LPS (lOOng/ml) + 

IFN-y (20ng/ml) for 24 hr. (a) A two-way ANOVA revealed a significant interactive effect o f  dexamethasone and 

LPS + IFN-y treatment on the production o f  TNF-a [F(2,30)=13.62, P<0.0001]. (b) A two-way ANOVA revealed a 

significant interactive effect o f  dexamethasone and LPS + IFN-y treatment on the production o f  nitrite 

[F(2,30)=5.77, P=0.0076]. Data are expressed as means with standard error o f  the mean (n=6). **P<0.01, *P<0.05 

versus control/unstimulated counterpart, ++P<O.OI versus control counterpart (Newman-Keuls).
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Figure 3.9.2: The glucocorticoid dexam ethasone prevents LPS + IFN-y-induced attenuation o f  P2- 

adrenoceptor m RNA expression

Primary m ixed  g lia l cultures w ere incubated w ith either control (cD M E M ) or dexam eth ason e (0.01 |iM  or l |iM )  

for 1 hr fo llo w ed  by subsequent incubation w ith either control or a com bined  treatm ent o f  LPS (lO O ng/m l) +  

IFN-y (2 0 n g /m l) for 24  hr. A tw o -w a y  A N O V A  revealed a sign ifican t interactive e ffec t o f  dexam ethasone and 

LPS +IFN-Y treatm ent on (32-adrenoceptor m R N A  expression  [F(2,29)=4.32, P = 0 .0 2 2 8 ], In addition, a tw o -w a y  

A N O V A  revealed  a sign ifican t e ffec t o f  dexam ethasone treatm ent alone on P2-adrenoceptor m R N A  expression  

[F(2,29)=40.31, P < 0 .0 0 0 I]. Data are expressed  as m ean percentage control w ith  standard error o f  the m ean (n=6). 

** P < 0 .0 1 , *P < 0.05  versus control/unstim ulated  counterpart, ++P <0.01 versus control counterpart (N ew m an -  

K euls).
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3.10 Discussion

There is compelling evidence to suggest that the neurotransmitter noradrenaline acts as an 

endogenous immunomodulatory agent exerting its anti-inflammatory and neurotrophic effects 

through activation o f P2 -adrenoceptors which are found predominantly on astrocytes and 

microglia within the CNS (De Keyser et a l, 1999, Zeinstra et a l, 2002). However, since it has 

been observed that P2 -adrenoceptors are absent from astrocytes in the white matter o f patients 

suffering from MS, an autoimmune disease characterized by glial activation, 

neuroinflammation and neurodegeneration, the primary objective o f this study was to 

determine whether exposure o f primary mixed glial cultures in vitro to an inflammatory 

stimulus o f LPS + IFN-y can impact upon the responsiveness or expression o f glial P2 - 

adrenoceptors. For the purposes o f these studies primary mixed glial cultures were employed 

following a protocol which yields cultures consisting o f approximately 70% astrocytes:30% 

microglia (O'Sullivan et al., 2009), a ratio similar to that found in vivo. In addition, the 

inflammatory stimulus o f a combined treatment of LPS + IFN-y results in cells being exposed 

to the T-cell (Thl) cytokine IFN-y in addition to the LPS-induced production of the pro- 

inflammatory cytokines IL-ip, TNF-a and members o f the IL-12 superfamily (IL-12, IL-23, 

IL-27), all o f which have all been found to be present in lesions in the MS brain (Pouly & 

Antel 1999; Martino et al., 2002).

3.10.1 Selective P2-adrenoceptor agonists exerts anti-inflam m atory and neurotrophic  

actions in glial cells following exposure to the endotoxin LPS

The results presented here demonstrate that pre-treatment o f primary mixed glial cultures with 

noradrenaline or the selective P2 -adrenoceptor agonists salbutamol or formoterol significantly 

attenuates the LPS-induced production o f TNF-a. This is in line with the literature since it has 

previously been shown that stimulation o f P-adrenoceptors with the non-selective P- 

adrenoceptor agonist isoproterenol can reduce the LPS-induced increase in TNF-a expression 

in vivo (Elenkov et al., 1995). Furthermore, isoproterenol has been demonstrated to inhibit the 

LPS-induced activity o f the TNF-a promoter when administered to astrocytic cultures, an 

effect shown to be specific to the P2 -adrenoceptor since the selective P2 -adrenoceptor 

antagonist ICI 118,551 blocked the effects o f isoproterenol while the selective Pi-adrenoceptor 

antagonist atenolol had no impact (Nakamura et al., 1998).
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The results presented here also show that administration o f LPS to primary mixed glial 

cultures has no effect on the expression o f the neurotrophin GDNF, however, when cultures 

were pre-treated with either salbutamol or formoterol, both selective (32-adrenoceptor agonists, 

there was a synergistic effect between LPS and the agonist resulting in an upregulation of 

GDNF expression. The literature shows that GDNF plays an important role in development 

and its expression is essential for neuronal survival in the LC-hippocampal pathway, since 

GDNF knock-out animals have noradrenergic neurons which are reduced in size and number 

compared to their wild-type counterparts (Quintero et al., 2004). In contrast to the 

observations on GDNF, administration o f LPS to primary mixed glial cultures induced a 

robust increase in the expression o f the NGFp, an effect that was significantly augmented by 

pre-treatment o f cells with the selective P2 -adrenoceptor agonist formoterol. In contrast pre

treatment o f cells with noradrenaline had no effect on either GDNF or NGFp expression. A 

previous report from Zafra et a l, (1992) demonstrated increased expression o f NGFp in 

astrocytes in vitro in response to the pro-inflammatory cytokine IL-ip, however, while 

exposure o f astrocytes to noradrenaline was found to induce NGF expression, this was found 

to be dependent on culture conditions (Zafra et al., 1992). Notably, reports in the literature 

have shown that salbutamol is incapable o f inducing the expression o f NGF mRNA in 

astrocytes. It is suggested that this is due to the lack o f a catechol ring in its structure thus 

implying that the expression o f NGF may be due to a mechanism other than stimulation of 

adrenoceptors (Furukawa et a l ,  1989).

While the induction o f the neurotrophin TGFPi by LPS has also been shown occur in vivo, an 

effect found to be protective against the excitotoxic injury induced by kainic acid (Boche et 

a l,  2003), the results presented here demonstrate that administration o f LPS to primary mixed 

glial cells failed to induce expression o f the TGFPi Furthermore, pre-treatment o f cultures 

with noradrenaline, salbutamol or formoterol did not impact on the expression o f TGFPi. This 

is noteworthy since in addition to the important roles TGFpi plays in tissue repair, 

inflammation, cell adhesion, growth and differentiation (Boche et al., 2003) it has also been 

shown to modulate the density and function o f P2 -adrenoceptors and can additionally cause 

alterations in the activity o f adenylate cyclase (Mak et al., 2000). The results presented here 

also demonstrate that administration o f LPS to primary mixed glial cultures failed to induce 

the expression o f FGF-2. Pre-treatment with noreadrenaline, salbutamol or formoterol did not 

impact on the expression o f FGF-2. This is in contrast to in vivo studies which have found that
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stimulation o f P2 -adrenoceptors induces the expression o f FGF-2, a neurotrophin known to 

play an important role in neuronal maintenance and repair (Follesa & Mocchetti, 1993; Riva et 

al., 1998). Surprisingly, the results from the current study also demonstrate that LPS decreases 

the expression o f IGF-1 in mixed glial cultures. lGF-1 is known to be essential for proper 

development o f the CNS and is an important stimulator o f myelin synthesis (Chesik et al., 

2007). However, while activation o f the P2 -adrenoceptor plays an important role in regulation 

o f the IGF system and can suppress the proliferation o f astrocytes induced by IGF-1, IGF-1 

can in turn induce phosphorylation o f the P2 -adrenoceptor thereby blocking its activation 

(Chesik et al., 2007). Nonetheless, the results presented here show that pre-treatment of 

cultures with noradrenaline, salbutamol or formoterol fails to impact on the LPS-induced 

reduction in IGF-1 expression. Ultimately, the anti-inflammatory and neurotrophic effects of 

P2 -adrenoceptor stimulation demonstrated in the current study appears to occur due to 

attenuation o f LPS-induced TNF-a production and selective upregulation o f GDNF and NGF- 

p expression.

3.10.2 Induction o f  inflam matory m ediators in glia

In order to verify that a treatment regimen o f LPS + IFN-y induces an inflammatory response 

in mixed glial cultures in vitro the production o f the pro-inflammatory mediators TNF-a, IL- 

ip  and nitric oxide were assessed. Evidently the concentrations o f LPS + IFN-y (lOOng/ml and 

20ng/ml respectively) employed in this study were found to evoke a vigorous inflammatory 

response. In this regard, LPS + IFN-y generated a significant increase in concentrations o f the 

pro-inflammatory cytokine TNF-a. In situ TNF-a forms part o f the primary inflammatory 

response and is known to be produced by activated macrophages in response to injury or 

invading pathogens. The production o f TNF-a is essential for the initiation of a complete 

inflammatory response as its production triggers the release o f IL-1, NO and ROS by other 

cells, all o f which play an important role in inflammation (Tracey, 2002). Previous studies 

have shown that in vitro astrocytes do not produce TNF-a, however, upon stimulation with 

LPS astrocytes produce TNF-a in a dose-dependent manner (Chung & Benveniste, 1990). The 

results presented here also demonstrate a sizeable increase in concentrations o f IL-1 p in mixed 

glial cultures in response to LPS + IFN-y. This is in line with previous reports since it has been
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demonstrated that exposure o f microglia to the same dose of lOOng/ml LPS in vitro induces 

the expression of IL-ip and iNOS after 24 hr (Xie et a l, 2004). In line with previous reports 

which have shown that stimulation o f isolated microglia with LPS results in increased 

production o f nitrite in comparison to unstimulated cells (Mori et al. 2002), the results 

presented here demonstrate that LPS + IFN-y induces a significant increase in nitric oxide 

production in mixed glial cultures. It is well established that, when activated, microglia 

produce the free radical NO, synthesized by iNOS from the conversion o f L-arginine to L- 

citrulline (Dello Russo et a l,  2004; Pannu & Singh, 2006). Thus, NO production gives a good 

indication o f glial activation in response to an inflammatory stimulus.

Significantly the concentrations o f LPS + IFN-y employed in this study were found to have no 

effect on glial viability. This was assessed using an alamar blue assay which is based on the 

principal that viable cells convert resazurin to resorufm resulting in a colorometric change. 

This finding is critical since any effects on the P2 *adrenoceptor induced by treatment with LPS 

+ IFN-y cannot therefore by attributed to a reduction in cell number or viability in these 

cultures.

3.10.3  R egulation  o f  P2-ad renocep tor responsiveness by an in flam m atory  stim u lus

Given that in vitro glial cells were capable o f generating an inflammatory response to 

treatment with LPS + IFN-y and the fact that inflammation is said to play a critical role in the 

pathology o f many neurodegenerative disorders the primary goal of this study was to 

determine the effect of LPS + IFN-y on glial P2 -adrenoceptor expression and function. 

Stimulation o f P2 -adrenoceptors with the endogenous agonist noradrenaline is known to lead 

to an increase in the production o f intracellular cAMP in co-cultures o f astrocytes and neurons 

(Rosenberg & Li, 1995). In addition, previous work has shown that incubation o f rabbit 

tracheal smooth muscle segments with IL-Ip and TNF-a results in hyporesponsiveness P2 - 

adrenoceptors to stimulation with the P-agonist isoproterenol (Hakonarson et al., 1996). 

Impaired responsiveness to P-agonists has also been found following exposure o f HASM cells 

to IL -ip (Moore et a l ,  1999 a). In line with this, the results presented here demonstrate that 

exposure to salbutamol, a selective P2 -adrenoceptor agonist, significantly increases the 

production o f intracellular cAMP in mixed glial cultures in a dose-dependent manner. 

However, when glia were previously exposed to LPS + IFN-y the ability o f salbutamol to
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increase intracellular cAMP was greatly diminished compared to control counterparts. It is 

important to note that the reduction in intracellular cAMP cannot be attributed to accelerated 

degradation o f cAMP in these cultures since cAMP accumulation was measured in the 

presence o f the phosphodiesterase inhibitor IBMX in a bid to slow cAMP degradation and 

thus eliminate any such possibility.

LPS + IFN-y failed to have any effect on the accumulation o f intracellular cAMP in response 

to forskolin, a direct activator o f adenylate cyclase. Thus, it can be said that the reduction in 

cAMP accumulation in response to salbutamol induced by LPS + IFN-y is an event specific to 

the P2 -adrenoceptor itself and not due to an effect on intracellular signalling events. This is in 

line with previous work in HASM cells where the accumulation o f cAMP following treatment 

with forskolin was no different in cells pre-treated with an inflammatory stimulus o f IL-ip 

compared to controls showing that inflammatory regulation o f the P2 -adrenoceptor is 

independent o f effects on the adenylate cyclase system (Moore et a l ,  1999 a). Thus, the 

decrease in intracellular cAMP accumulation observed in this study following LPS + IFN-y 

treatment is suggestive o f  receptor internalization or decreased transcription o f receptor 

protein.

3.10.4 Treatm ent with LPS + IFN-y reduces the expression o f the P2-adrenoceptor at 

both the cell surface and m RNA levels

In view of the fact that treatment with LPS + IFN-y decreases p2 -adrenoceptor responsiveness 

in mixed glial cultures it was important to determine if decreased receptor responsiveness was 

due to internalization o f the receptor and a reduction in receptor density at the level o f the cell 

surface. Notably, it was found that there is a significant decrease (~50%) in the density o f p2 - 

adrenoceptors present at the cell surface level following treatment with LPS + IFN-y. This 

may explain the decrease in intracellular cAMP accumulation since stimulation o f the receptor 

and uncoupling o f the G a subunit from its G-protein is required for cleavage o f ATP by the 

enzyme adenylate cyclase in order to produce cAMP (Johnson, 1998). As such a decrease in 

receptor number at the cell surface would result in fewer binding sites for the agonist and 

therefore reduce the ability o f the agonist to generate a suitable response. These findings 

reflect the observations o f Mak et al. (2002) who showed that following the treatment o f rats
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with IL -ip the density o f P2 -adrenoceptor expressed in lung membranes was reduced and this 

was found to be associated with impaired cAMP accumulation following stimulation with the 

P-agonist isoproterenol. Decreased cell surface expression o f the p2 -adrenoceptor following 

exposure to LPS + IFN-y may be due to recruitment o f GRKs and P-arrestins to the receptor. 

GRKs are phosphoproteins responsible for the phosphorylation o f GPCRs at their serine and 

threonine residues when the receptor is agonist-bound (Pitcher et a l, 1999) while P-arrestins 

are versatile adapter proteins essential for the internalization and desensitization of the P2 - 

adrenoceptor (Luttrell & Lefkowitz, 2002). However, attempts to co-immunoprecipitate the 

P2 -adrenoceptor in the current study failed (data not shown) therefore the events mediating 

reduced P2 -adrenoceptor expression at the cell surface still warrants further investigation.

Investigating p2 -adrenoceptor hyporesponsiveness and the reduction in P2 -adrenoceptor cell 

surface expression further it was deemed necessary to examine whether these events were 

merely attributable to a reduction in receptor expression at the protein level or whether these 

results could additionally be attributed to a decrease in the expression o f the receptor at the 

mRNA level. Using quantitative RT-PCR it was shown that there is approximately a 50% 

reduction in P2 -adrenoceptor mRNA expression following the incubation o f cultures with LPS 

+ IFN-y versus those levels seen in unstimulated cultures. This effect on the mRNA 

expression o f the receptor is noteworthy since a decline in transcription may lead to decreased 

translation o f P2 -adrenoceptor protein, an effect which would in turn lead to a reduction in the 

expression o f the receptor at the cell surface. Previous reports have suggested that down- 

regulation o f P2 -adrenoceptor mRNA expression occurs due to the up-regulation o f a 35kDa 

protein, the so-called P-adrenergic receptor mRNA binding protein (P-ARB), which binds to 

AU-rich sequences and ultimately destabilizes P2 -adrenoceptor mRNA (Port et al., 1992). 

However, the mechanisms involved in down-regulation o f P2 -adrenoceptor mRNA expression 

induced by treatment with LPS + IFN-y were beyond the scope o f the current study.

3.10.5 Com bination o f  LPS + IFN-y has most profound effect on P2-adrenoceptor 

expression and responsiveness

It has previously been demonstrated that administration o f LPS in vitro induces the expression 

o f IL -ip and iNOS in microglia and NO in J774 murine macrophages. However, when IFN-y
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was given in combination with LPS a synergistic effect between LPS and IFN-y was found 

which resulted in a more robust response (Korhonen, 2002; Xie, 2004). In addition, it has also 

been found that astrocytes express TNF-a in response to treatment with LPS but do not 

express TNF-a in response to IFN-y. However, treatment with LPS and IFN-y in combination 

induces a synergistic effect on the production o f TNF-a owing to a priming effect o f IFN-y on 

astrocytes (Chung et al., 1991). Therefore, the induction o f inflammatory mediators in 

response to LPS, IFN-y and the combined treatment o f LPS + IFN-y was examined in the 

current study in primary mixed glial cultures. In line with the previous reports, treatment of 

glial cultures with LPS induced a robust increase in the production o f TNF-a, IL -ip and nitric 

oxide, while treatment with IFN-y failed to stimulate the production o f any o f these. However, 

when IFN-y was administered to cultures in combination with LPS it enhanced the LPS 

mediated production o f nitric oxide but not TNF-a or IL-ip. The priming effect o f IFN-y on 

the induction o f pro-inflammatory mediators is a well known phenomenon. While its 

mechanisms are still under investigation a number of possibilities have been proposed. In this 

regard, it has been shown that the administration o f IFN-y alone has no effect on the 

production o f lL-6 or TNF-a in human gingival fibroblasts, however, administration of IFN-y 

augments the LPS-induced expression o f these cytokines, an effect found to occur due to an 

IFN-y-induced increase in CD14 and MyD88 expression (Mochizuki et a l ,  2004). In addition, 

it has also been suggested that the priming effect o f IFN-y on monocytes occurs due to a 

mechanism at the mRNA level since primed monocytes transcribe TNF-a mRNA at a faster 

rate than their unprimed counterparts, an event found to correlate to an increase in NFkB 

activation (Hayes et a l ,  1995).

Given that the earlier studies illustrate that treatment o f glial cultures with LPS + IFN-y 

induces hyporesponsivenness o f the P2 -adrenoceptor to stimulation with salbutamol and 

reduces the cell surface and mRNA expression by approximately 50% it was deemed 

necessary to establish whether LPS or IFN-y was the primary mediator in these events. As 

such it was found that incubation o f cultures with either LPS or IFN-y alone significantly 

reduced the mRNA expression o f the P2 -adrenoceptor, however, treatment with LPS + IFN-y 

in combination had the most profound effect. Furthermore, such effects o f inflammatory 

mediators on mRNA expression were found to translate to the reduced responsiveness o f the 

receptor to stimulation with salbutamol. In this regard, while both LPS and IFN-y alone were
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shown to suppress intracellular cAMP accumulation in their own right, it was the combined 

treatment that has most powerful effect. For this reason, the remaining studies utilized the 

combined treatment o f LPS + IFN-y.

3,10.6 Treatm ent with LPS + IFN-y attenuates P2-adrenoceptor expression in enriched  

cultures o f astrocytes and microglia

In view o f the fact that the P2 -adrenoceptor was found to be absent merely from astrocytes in 

the CNS o f MS patients (De Keyser et al., 1999; Zeinstra et a l,  2002) and since for the 

previous studies mixed glial preparations were used it was deemed necessary to determine if 

treatment with the inflammatory regimen employed in this study was regulating the expression 

o f the P2 -adrenoceptor purely in astrocytes or if this phenomenon might occur in microglia as 

well. Furthermore, the primary cell type involved in the production o f inflammatory mediators 

induced by the treatment regimen o f LPS + IFN-y in vitro was also examined here.

Accordingly, the results presented here demonstrate that both microglia and astrocytes 

produce nitric oxide in response to treatment with LPS + IFN-y, however, microglia by far had 

the most vigorous response. Microglia were shown to express basal levels o f IL -ip and this 

was shown to be enhanced following treatment with LPS + IFN-y. In contrast, IL -ip  was 

undetectable in astrocytes either under basal conditions or following incubation with LPS + 

IFN-y. There is much controversy about the production o f IL -ip by astrocytes, however, the 

results observed in this study might be accounted for by a report by Pearson et a l, (1999) who 

showed that IL-ip is predominantly expressed by microglia in vivo and enhanced production 

occurs rapidly and within 1-4 hours o f glutamate-induced excitotoxicity. However, astrocytes 

were found to have a more delayed response which was shown to occur 2-7 days post-lesion, 

an event which might implicate microglia in the induction o f IL-ip production by astrocytes. 

In the present study TNF-a was found to be produced by both microglia and astrocytes, albeit 

to a lesser extent in astrocytes. In vitro investigations have shown that astrocytes produce 

TTMF-a in response to LPS + IFN-y (Chung & Benveniste, 1990; Chung et a l ,  1991), however, 

since the concentration obtained in the current study from the astrocytes is lower than that 

from the microglia this may also implicate the necessity for the presence o f microglia for the 

induction o f astrocytic TNF-a.
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Surprisingly, when enriched cultures o f astrocytes and microglia were utilised a reduction in 

the expression o f p2 -adrenoceptor mRNA was observed in both cell types. Furthermore, while 

P2 -adrenoceptor expression was reduced by approximately 50% in astrocytes, similar to that 

seen in mixed glial cultures, expression in microglia was reduced to a slightly greater degree 

o f approximately 60%. Although the P^-adrenoceptor was demonstrated to be absent from 

astrocytes in CNS o f MS patients its expression was found to be unaffected on neurons in 

lesions examined (De Keyser et a l,  2004a). However, expression o f p2 -adrenoceptors on 

microglia has not been examined since microglia are not found to be present within the lesions 

in MS (Zeinstra et a l,  2002) and so loss o f the receptor on these cells could also influence 

inflammation within the CNS.

There has been much controversy over the expression o f TLR-4 on glial cells. Since LPS 

binds to and elicits its effects through TLR-4, which was recently shown by to be present 

foremost on microglia within the CNS with only low levels expressed on astrocytes (Akundi 

et a l,  2005; Jack et al., 2005a), it was deemed necessary to employ mixed glial cultures for 

further studies in order to elicit the full inflammatory effects o f LPS + IFN-y treatment on 

astrocytes. Moreover, since P2 -adrenoceptor downregulation was shown to occur in both 

microglia and astrocytes in response to LPS + IFN-y it was additionally resolved to continue 

to utilize mixed glial cultures since this culture condition best reflects the in vivo environment 

o f these cells.

3.10.7 Dexam ethasone inhibits the LPS + IFN-y induced suppression o f p2-adrenoceptor 

m RNA expression

The results presented here reveal that pre-treatment of glial cultures with the synthetic 

glucocorticoid dexamethasone inhibits the LPS + IFN-y induced production o f nitric oxide and 

TNF-a from mixed glial cultures in a dose-dependent fashion. This is in contrast to the work 

o f Korhonen et a l, (2002) who showed that a one hour pre-treatment o f murine J774 

macrophages with dexamethasone inhibited the LPS-induced production o f iNOS and NO also 

in a dose dependent fashion (O.l-IO^M) but had no effect when cells were treated with a 

combination o f LPS + IFN-y. These authors suggested that iNOS mRNA was more stable
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when cells were treated with combination o f LPS + IFN-y and that iNOS induction by LPS + 

IFN-y was not a GRE mediated event and thus, could not be regulated by dexamethasone. In 

spite o f this, dexamethasone has been shown to destabilize iNOS mRNA in LPS treated cells 

through a mechanism requiring de novo protein synthesis. Thus, the differences between the 

results o f this study and that o f Korhonen et al, could possibly be accounted for by 

differences in cell type used. The iNOS promoter contains a number of transcription factor 

binding sites and as such differences in its regulation may be observed depending on species, 

stimulus and cell type examined (Kozuka et a l, 2007). In line with the inhibition o f TNF-a 

production induced by pre-treatment with dexamethasone observed here, previous reports 

have shown that the LPS-induced expression o f TNF-a in human fetal astrocytes was inhibited 

by co-treatment with dexamethasone with similar findings having additionally been reported 

in monocytes/macrophages (Velasco et a l, 1991).

Significantly, the results presented here show that pre-treatment o f primary glial cultures with 

dexamethasone prevents the LPS + IFN-y-induced downregulation o f P2 -adrenoceptor mRNA 

expression in a dose dependent manner. Interestingly, treatment with dexamethasone was also 

shown to augment basal levels o f P2 -adrenoceptor mRNA expression. GREs are present in the 

promoter regions o f the P-adrenoceptor and as such glucocorticoids have been demonstrated to 

up-regulate P-adrenergic gene expression with the greatest effect on the P2 -adrenoceptor since 

this has been shown to have the most GRE in its promoter region (Xu, 2001). In line with this, 

a GRE at position -379 to -365 in the 5’ flanking region o f the rat Po-adrenoceptor has been 

found to mediate the gene transcription induced by glucocorticoids in HepG2 cells (Cornett et 

a l, 1998). In addition, the glucocorticoid dexamethasone has previously been shown to 

increase the expression o f the P2 -adrenoceptor various cells and tissues types including that o f 

the human lung, the H9c2 rat heart cell-line, hamster smooth muscle cells and DDTl MF-2 

hamster vas deferens cells ( Collins et a l,  1988; Hadcock et a l, 1989; Mak et a l, 1995; 

Dangel et a l, 1996). Furthermore, in line with the results presented here, previous reports 

have also shown that treatment with dexamethasone prevents the IL-1 P-induced decrease in 

P2 -adrenoceptor responsiveness in HASM cells (Moore et a l, 1999a). The process by which 

glucocorticoids regulate P2 -adrenoceptors is known as heterologous regulation, a process 

whereby hormones or drugs which are not specific ligands for adrenergic receptors can 

regulate receptor responsiveness (Collins et a l,  1988)
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While pre-treatment with dexamethasone was shown to inhibit the LPS + IFN-y-induced 

decrease in P2-adrenoceptor mRNA expression it remains to be determined if this effect 

translates to restoration o f receptor function in response to the P2-adrenoceptor agonist 

salbutamol.

3.10.8 Summary

Overall, the results from the current study demonstrate that stimulation o f the P2-adrenoceptor 

on glial cells in the presence o f an inflammatory stimulus (LPS) suppresses production o f pro- 

inflammatory cytokines and induces the expression o f neurotrophins in vitro, thus reinforcing 

previous reports on the neuroprotective properties o f activation o f glial P2-adrenoceptors. 

However, the results from the current study also demonstrate that exposure o f glial cells in 

vitro to an inflammatory stimulus o f LPS + IFN-y significantly reduces the expression and 

responsiveness o f the P2-adrenoceptor. Thus, were such an event to occur in vivo it would 

significantly impede the ability o f endogenous noradrenaline or exogenously administered P2- 

adrenoceptor agonists to elicit anti-inflammatory and neurotrophic effects. Significantly, pre

treatment o f glial cultures with the glucocorticoid dexamethasone inhibited this LPS + IFN-y- 

induced reduction in P2-adrenoceptor expression, however, it remains to be determined 

whether this effect also translates to the restoration o f responsiveness o f the P2-adrenoceptor. 

Surprisingly, treatment of glial cultures with dexamethasone was also found to increase the 

expression o f the Pa-adrenoceptor under basal conditions, an event which might account for its 

therapeutic efficacy in the treatment o f neuroinflammatory disease states. Ultimately, these 

results point to the P2-adrenoceptor as a promising therapeutic target for the treatment of 

neuroinflammatory and neurodegenerative diseases.
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Figure 3.7: Schematic representation o f in vitro results

Stim ulation  o f  P2-adrenoceptors w ith e ither noradrenaline or selective P2-adrenoceptor agonists activates 

adenylate cyclase and induces the accum ulation  o f  in tracellu lar cA M P resulting in anti-inflam m atory  and 

neurotrophic effects in prim ary m ixed glial cu ltures (1). E xposure to  an inflam m atory  stim ulus o f  LPS + IFN-y 

dow nregulates the cell surface and m RN A  expression  o f  the p2-adrenoceptor in glia (2). In addition , exposure to  

LPS + IFN-y im pairs the accum ulation  o f  in tracellu lar cA M P follow ing stim ulation o f  the P2-adrenoceptor. 

D ow nregulation  o f  P2-adrenoceptor expression at the cell surface level m ay be due to  th e  recruitm ent o f  G RK  and 

P-arrestin to  the receptor (3). P re-treatm ent w ith the synthetic glucocorticoid dexam ethasone attenuates the 

im pact o f  LPS + IFN-y on P2-adrenoceptor m R N A  expression (4). T he ability o f  dexam ethasone to  restore cell 

surface expression  and responsiveness o f  the P2-adrenoceptor fo llow ing exposure to  LPS + IFN-y rem ains to  be 

established.
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4.1 Introduction

As discussed in the previous chapter deficiencies in the noradrenergic system have been 

implicated in the progression o f many neurodegenerative disorders including MS, Alzheimer’s 

Disease, Huntington’s Disease and Parkinson’s Disease, to name but a few (Feinstein et a l,  

2002; Hertz et al., 2004; Marien et a l,  2004). The findings from the preceding chapter show 

that exposure o f primary mixed glial cultures in vitro to an inflammatory stimulus o f LPS + 

IFN-y downregulates the expression and responsiveness o f the P2 -adrenoceptor, an event 

which could hinder the neuroprotective effects o f endogenous noradrenaline within the CNS. 

The use o f an in vitro system is convenient for examining the molecular mechanisms involved 

in such a phenomenon. However, it is also necessary to extrapolate these results to an in vivo 

model whereby the effect o f inflammation on glial P2 -adrenoceptor expression and function 

can be examined where the cells are in their natural environment under the influence o f factors 

released from the other cells that constitute the CNS, namely neurons and oligodendrocytes. 

Therefore, the following studies were undertaken to examine the expression and function of 

central P2 -adrenoceptors in rats in vivo following a systemic inflammatory challenge with 

LPS.

LPS has been reported to provoke an acute phase response and induce activation o f the HPA- 

axis cauing a robust increase in the expression o f pro-inflammatory mediators within the CNS 

(Beishuizen & Thijs, 2003). A number o f pathways have been described by which peripherally 

administered LPS might bring about such a response within the CNS. The stimulation o f 

primary afferent nerves such as the vagus nerve which can directly relay signals to the CNS is 

one such pathway, the so called neural pathway. Another is the humoral pathway whereby 

LPS can bind to TLRs on cells in the CVOs and choroid plexus instigating an immune 

response within the CNS due to the peripheral release o f pro-inflammatory cytokines which 

can then enter the brain by volume diffusion. Another suggestion is that cytokines can enter 

the CNS from the periphery by binding to saturable cytokine transporters at the BBB. In 

addition it has also been proposed that peripherally circulating IL-1 elicits a response in the 

brain by binding to IL-1 receptors on perivascular macrophages and endothelial cells on brain 

venules inducing the local production of PGE2 within the CNS (Dantzer et a l ,  2008; Tizard, 

2008). Regardless o f the pathway involved, systemic administration o f LPS has been 

previously demonstrated to induce IL-ip expression in the brain in a temporal and spatial
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manner, an effect which subsides after 24 hr (Quan et a l, 1998a). Furthermore, the dose of 

LPS employed in the present study (250|a.g/kg;i.p.) has previously been established to induce 

sickness behaviour in rats and trigger a robust increase in the expression o f the pro- 

inflammatory mediators IL-lp, TNF-a, IFN-y and iNOS in the CNS several hours after 

administration (Konsman et a l, 1999; Connor et a l,  2008; O'Sullivan et a l, 2009). Thus, 

according to these previous reports the cytokine profile induced in the CNS by systemic LPS 

administration is reflective of that induced by the treatment regimen o f LPS + IFN-y employed 

in the previous in vitro model.

Central P2 -adrenoceptors represent a promising therapeutic target for the treatment of 

neuroinflammatory disease. In this regard, previous work from this laboratory has shown that 

stimulation o f central P2 -adrenoceptors by peripheral administration o f the brain penetrable P2- 

adrenoceptor agonist clenbuterol activates glia and upregulates the expression o f the anti

inflammatory mediators IL-10 and S0CS3 and in addition increases the expression of IL-lra 

and the IL-1 Type II receptor, negative regulators o f the IL-I signalling system, under non

inflammatory conditions. Such effects were shown to occur in a temporal manner and all were 

due to actions on P-adrenoceptors since they could be blocked by administration o f the non- 

selective P-adrenoceptor antagonist propranolol (McNamee, 2008). Thus, in vivo stimulation 

o f central Pi-adenoceptors with clenbuterol 24 hr post-LPS challenge was examined to assess 

the impact o f LPS on central P2 -adrenoceptors responsiveness in this study.

Therefore, the aims o f the present study were as follows:

1) To confirm the ability o f LPS (250fi,g/kg;i.p.) to increase expression o f the pro- 

inflammatory mediators IL-ip, TNF-a, iNOS and IFN-y in rat CNS 4 hr post

challenge.

2) To examine the impact o f systemic LPS administration on the body-weight o f rats over 

a 24 hr period as a marker o f the response of the animal to LPS.

3) To determine the impact o f systemic LPS administration on the mRNA expression of 

the P2 -adrenoceptor in rat CNS 4 hr and 1 day post-challenge.
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4) To determ ine the im pact o f  system ic LPS adm inistration  on the responsiveness o f  the 

P2 -adrenoceptor in rat C N S 1 day post-cha llenge by assessing  responsiveness to the 

brain penetrable P2 -adrenocep to r agon ist c lenbuterol.
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4.2 Methods

4.2.1 Subjects and drug treatments

Male Sprague-Dawley rats (320-400g) were housed 4 per cage under a 12 hr light-dark cycle 

(lights on 08:00) in a temperature-controlled room (22 ± 2 °C) with food and water available 

ad libitum for the duration o f the experiment as outlined in the methods (Section 2.3, Chapter 

2). LPS and clenbuterol were dissolved in 0.89% (w/v) saline and were administered i.p. at 

doses of 250|xg/kg and 0.5mg/kg respectively. Control animals were administered an i.p. 

injection o f 0.89% (w/v) saline alone.

4.2.2 Experimental Procedure

The design for this set o f experiments was as set out in Figure 4.1 below. Briefly, rats were 

injected on day 1 with either control (0.89% (w/v) saline) or LPS (250|xg/kg) i.p. and rats were 

sacrificed 4 hr (day 1) or 28 hr (day 2) post-injection. On day 2 rats were injected with either 

control or clenbuterol (0.5mg/kg) i.p. 24 hr post-LPS injection and rats were sacrificed 4 hr 

post-clenbuterol injection.

Day 1
R ats sacrificed  4hr p o st 
LPS/Saline trea tm en t

Day 2 (24hr later)
R ats in jected  i.p with
1. Saline or
2. C lenbuterol (O.Smg/kg)

i \
Adult Male 
Sprague-D aw ley 
R ats (320-400g) r T

Day 1
R ats in jected  i.p with
1. Saline o r
2. LPS (250|jg/kg)

Day 2
R ats sacrificed  4hr p o st 
C lenbuterol/Saline trea tm en t

Experim ental endpo in ts;
4hr
• Inflamm atory M ediators 

(IL-ip, TNF-a, iNOS, IFN-y)
• P2 -ad renocep to r 

expression

1 Day
• Body W eight
• P2 -ad renocep to r 

exp ression
• Glial activation

(GFAR, CD11b expression)

•  Cytokines
(IL-1ra, IL-1RII, IL-1P, lL-10, 
S0CS3 expression)

Figure 4.1: Experimental design for examination of the impact of a systemic LPS 

challenge on the expression and responsiveness of central Pz-adrenoceptors
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Ultimately this study yields 6 treatm ent groups as outlined in table 4.1 below. Cortical and 

hippocampal brain regions were analyzed for the mRNA expression o f  the pro-inflamm atory 

mediators IL -ip , TN F-a, iNOS and IFN-y from tissue harvested 4 hr post-LPS challenge. P2 - 

adrenoceptor mRNA expression was analyzed in cortex and hippocam pus 4 and 28 hr post- 

LPS challenge. In addition, to determine responsiveness o f  central p2 -adrenoceptors to 

clenbuterol 1 day post-LPS challenge mRNA expression o f  CD I lb , GFAP, IL -ip , IL -Ira, IL- 

1 Type II receptor, lL-10 and S0C S3 was assessed. Preparation o f  tissue and RT-PCR were 

carried out as outlined in the m ethods section (Section 2.3 & 2.4, Chapter 2).

G ro u p T rea tm en t T im epo in t fo r sacrifice

1 Control 4 hr post-challenge

2 LPS 4 hr post-challenge

3 Control + Control 28 hr post-challenge

4 Control + Clenbuterol 28 hr post-challenge

5 LPS + Control 28 hr post-challenge

6 LPS + Clenbuterol 28 hr post-challenge

T able  4.1: T re a tm e n t g roups fo r s tudy  exam in ing  the  im pact o f a system ic L PS  challenge 

on the  expression an d  responsiveness o f ce n tra l P2 -ad ren o cep to rs
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4.3 Systemic LPS administration induces the production o f pro-inflammatory mediators 

in rat CNS 4 hr post-challenge and reduces body-weight of rats 24 hr post-challenge

As previously discussed systemic administration o f LPS is known to induce the expression o f 

pro-inflammatory cytokines in the rat CNS. Therefore, the purpose o f the following study was 

to confirm the ability o f systemic LPS administration, at this dose (250|xg/kg) and route o f 

administration (i.p.), to elicit a similar inflammatory profile in the CNS to that used in the 

mixed glial cultures in the previous chapter. The expression o f cytokines in the CNS was 

measured at a time-point o f 4 hr post-LPS administration since previous reports from this 

laboratory have demonstrated a significant increase in the expression of the pro-inflammatory 

mediators iNOS, IL-ip, IFN-y and TNF-a in the CNS at this time-point (Connor et a l ,  2008; 

O'Sullivan et al., 2009). In addition this time-point was chosen since, as already mentioned, 

the effect o f systemic LPS on the expression o f pro-inflammatory cytokines in the CNS is 

shown to dissipate by 24 hr (Quan et al., 1998a; Connor et al., 2008). Furthermore, 

systemically administered LPS is known to cause a reduction in appetite and body-weight o f 

animals (Kent et al., 1996; Laye et al., 2000). Therefore, body-weights o f rats were measured 

before and 24 hr after systemic LPS administration in this study as a measure o f the response 

o f the animal to LPS.

LPS induces TNF-a expression: Systemic administration o f LPS (250|ig/kg;i.p) significantly 

increased TNF-a mRNA expression in rat cortex (P<0.05) and hippocampus (P<0.01) 4 hr 

post-injection compared to saline controls. [Figure 4.3.1 a. Student’s Mest, «=3-7],

LPS induces IL -ip  expression: Systemic administration o f LPS (250|j,g/kg;i.p) significantly 

increased IL-ip mRNA expression in rat cortex (P<0.01) and hippocampus (P<0.001) 4 hr 

post-injection compared to saline controls. [Figure 4.3.1 b. Student’s /-test, n= 3-6].

LPS induces LFN-y expression: Systemic administration o f LPS (250|j,g/kg;i.p) significantly 

increased IFN-y mRNA expression in rat cortex (P<0.01) but not hippocampus 4 hr post

injection compared to saline controls. [Figure 4.3.1 c. Student’s /-test, «=4-5].
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LPS induces iNOS mRNA expression: Systemic administration o f LPS (250jj.g/kg;i.p) 

significantly increased iNOS mRNA expression in rat cortex (P<0.001) and hippocampus 

(P<0.001) 4 hr post-injection compared to saline controls. [Figure 4.3.1 d, Student’s Mest, 

«=3-6],

Body-weight: Systemic administration of LPS (250|j,g/kg;i.p.) caused a robust reduction in the 

body-weight o f rats (P<0.0001) 24 hr post-injection compared to saline controls, indicative o f 

a response to endotoxin. [Figure 4.3.2, Student’s /-test, «=i0-12].
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Figure 4.3.1: Systemic LPS administration induces a pro-inflammatory response in rat cortex 

and hippocampus 4 hr post-challenge

LPS (250|ig/kg) or control (0.89% (w/v) saline) were administered i.p. and rats were sacrificed 4 hr post

challenge. a) A Student’s Mest revealed a significant effect o f  LPS on TNF-a mRNA expression in rat cortex 

(P<0.05) and hippocampus (P<0.01) compared to saline controls, (b) A Student’s Mest revealed a significant 

effect o f  LPS on IL -ip  mRNA expression in rat cortex (P<0.01) and hippocampus (P<0.001) compared to saline 

controls, (c) A Student’s /-test revealed a significant effect o f  LPS on IFN-y mRNA expression in rat cortex 

(P<0.01) but not hippocampus compared to saline controls, (d) A Student’s Mest revealed a significant effect o f 

LPS on iNOS mRNA expression in rat cortex (P<0.001) and hippocampus (P<0.001) compared to saline 

controls. Data are expressed as means with standard error o f  the mean (n=3-l). *** P<0.001, **P<0.01, *P<0.05 

versus saline control counterparts (Student’s Mest).
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Figure 4.3.2: Systemic LPS administration reduces body-weight of rats over a 24 hr period

LPS (250|ig/kg) or control (0.89% (w/v) saline) were administered i.p. to rats and body-weights were measured 

prior to and 24 hr post-challenge. A Student’s /-test revealed a significant effect o f  LPS on body-weight o f  rats 

(P<0.001) compared to saline controls. Data are expressed as means with standard error o f  the mean («=10-12). 

♦ ♦+p<0 001 versus saline control counterpart (Student’s Mest).
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4.4 System ic LPS adm inistration does not impact on P2-adrenoceptor mRNA expression 

in rat CNS

The results from the previous chapter show that treatment o f glial cells in vitro with LPS + 

IFN-y results in reduced P2-adrenoceptor expression and responsiveness after 24 hr. It has 

been well established that P2 -adrenoceptors are expressed in the rat brain under normal 

conditions (Salm & McCarthy, 1989). In addition, previous studies have shown that P2- 

adrenoceptors are primarily expressed on glia, principally astrocytes, in the rat CNS (Salm & 

McCarthy, 1989; Mantyh et a l,  1995) and that their expression becomes significantly 

increased following experimentally induced neuronal injury (Mantyh et a l ,  1995). Since P2- 

adrenoceptors have been shown to be absent from astrocytes in an in vivo situation in the CNS 

of patients suffering from MS (De Keyser et a l ,  1999), the purpose o f the current study was to 

determine if a peripheral inflammatory challenge, similar to that induced by a single bacterial 

infection in humans, could impact upon the expression or responsiveness o f central P2- 

adrenoceptors in vivo where glia are in their natural environment. For the purposes o f this 

study P2 -adrenoceptor mRNA expression was measured at timepoint o f 4 hr, since expression 

o f the pro-inflammatory mediators IL-ip, IFN-y, TNF-a and iNOS was found to be increased 

in the CNS at this timepoint following LPS challenge. Expression o f the receptor was also 

examined 1 day post-LPS challenge to keep in line with the timepoint used in the in vitro 

studies in chapter 3.

ji2-adrenoceptor mRNA expression: Systemic administration o f LPS (250|xg/kg;i.p) had no 

effect on P2 -adrenoceptor mRNA expression in rat cortex or hippocampus 4 hr or 1 day post

challenge compared to saline controls. [Figure 4.4.1 a,b, Student’s /-test, n=4-9].
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Figure 4.4.1: Systemic LPS administration does not alter P2-adrenoceptor mRNA expression in 

rat cortex or hippocampus 4 hr or 1 day post-challenge

LPS (250|ig/kg) or control (0.89% (w/v) saline) were administered i.p. and rats were sacrificed 4 hr or 28 hr post- 

challenge. (a) A Student’s Mest revealed no significant effect of LPS on p2 -adrenoceptor mRNA expression in rat 

cortex or hippocampus 4 hr post-challenge, (b) A Student’s /-test revealed no effect of LPS on P2 -adrenoceptor 

mRNA expression in rat cortex or hippocampus 1 day post-challenge. Data are expressed as means with standard 

error o f the mean (n=4-9).
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4.5 Im pact o f  system ic L PS adm inistration  on P i-adrenoceptor function  in rat C N S in 

response to the brain penetrable selective P2-ad renocep tor agon ist clenbuterol

In contrast to the in vitro studies in the previous chapter, the results presented here 

demonstrate that systemic LPS administration does not impact on P2 -adrenoceptor mRNA 

expression in the rat CNS in vivo. However, this does not rule out the possibility that systemic 

LPS administration could impact on the P2 -adrenoceptor at a functional level. In the in vitro 

experiments P2 -adrenoceptor function was assessed by examining intracellular cAMP 

accumulation in response to stimulation with the P2 -adrenoceptor agonist salbutamol 

following LPS + IFN-y treatment. Thus, in a similar manner responsiveness o f central P2 - 

adrenoceptors following systemic LPS administration was assessed in vivo using the long- 

acting brain penetrable P2 -adrenoceptor agonist clenbuterol. The activation o f astrocytes and 

expression of anti-inflammatory mediators in the CNS in response to clenbuterol was chosen 

as the experimental endpoint since, as previously discussed, stimulation o f central p2 - 

adrenoceptors with clenbuterol has already been demonstrated to induce these effects under 

non-inflammatory conditions at a 4 hr timepoint (McNamee, 2008).

GFAP mRNA expression: Clenbuterol (0.5mg/kg;i.p.) significantly increased GFAP mRNA 

expression in cortex (P<0.05) but not hippocampus compared to saline controls 4 hr post

administration, indicative o f astrocytic activation in the cortex. Exposure to LPS 

(250|j,g/kg;i.p.) 24 hr prior to clenbuterol challenge did not impact upon the ability of 

clenbuterol to increase GFAP expression in cortex (P<0.01) or hippocampus (P<0.05). [Figure 

4.5.1 a, Newman-Keuls, «=4-6].

CDI I b  mRNA expression: Clenbuterol (0.5mg/kg;i.p.) significantly increased CDl lb mRNA 

expression in hippocampus (P<0.05) but not cortex compared to saline controls 4 hr post

administration, indicative o f microglial activation in the hippocampus. Exposure to LPS 

(250p.g/kg;i.p.) 24 hr prior to clenbuterol challenge did not impact on CDl lb expression in the 

cortex, neither did it impact on the ability o f clenbuterol to increase CDl lb expression in 

hippocampus (P<0.05). [Figure 4.5.1 b, Newman-Keuls, «=4-6].

lL-10 mRNA expression: Clenbuterol (0.5mg/kg;i.p.) significantly increased IL-IO mRNA 

expression in cortex (P<0.05) but not hippocampus compared to saline controls 4 hr post-
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administration. Exposure to LPS (250|ag/kg;i.p.) 24 hr prior to clenbuterol challenge did not 

impact upon the ability o f clenbuterol to increase IL-IO expression in cortex (P<0.05) or 

hippocampus (P<0.05). [Figure 4.5.2 a, Newman-Keuls, «=4-6].

S0C S3 mRNA expression: Clenbuterol (0.5mg/kg;i.p.) significantly increased S0CS3 mRNA 

expression in cortex (P<0.01) and hippocampus (P<0.01) compared to saline controls 4 hr 

post-administration. Exposure to LPS (250|j.g/kg:i.p.) 24 hr prior to clenbuterol challenge did 

not impact on the ability o f clenbuterol to induce S0CS3 expression in cortex (P<0.01) or 

hippocampus (P<0.01). [Figure 4.5.2 b, Newman-Keuls, «=4-6].

lL-1 Type II receptor mRNA expression: Clenbuterol (0.5mg/kg;i.p.) significantly increased 

IL-1 Type II receptor mRNA expression in cortex (P<0.01) and hippocampus (P<0.01) 

compared to saline controls 4 hr post-administration. Exposure to LPS (250|j.g/kg;i.p.) 24 hr 

prior to clenbuterol challenge did not impact on the ability o f clenbuterol to induce IL-I Type 

II receptor expression in cortex (P<0.01) or hippocampus (P<0.01). [Figure 4.5.3 a, Newman- 

Keuls, n=4-6].

IL-lra  mRNA expression: Clenbuterol (0.5mg/kg;i.p.) significantly increased IL-lra mRNA 

expression in cortex (P<O.OI) and hippocampus (P<0.01) compared to saline controls 4 hr 

post-administration. Exposure to LPS (250|ig/kg;i.p.) 24 hr prior to clenbuterol challenge did 

not impact on the ability of clenbuterol to induce IL-lra expression in cortex (P<0.01) or 

hippocampus (P<0.01). [Figure 4.5.3 b, Newman-Keuls, «=4-6].

IL-Ifi mRNA expression: Clenbuterol (0.5mg/kg;i.p.) significantly increased IL -ip mRNA 

expression in cortex (P<0.05) and hippocampus (P<0.01) compared to saline controls 4 hr 

post-administration. Exposure to LPS (250|j,g/kg;i.p.) 24 hr prior to clenbuterol challenge 

augmented the clenbuterol-induced increase in IL-1 (3 expression in cortex (P<0.01) and 

hippocampus (P<0.01). [Figure 4.5.3, Newman-Keuls, «=4-6].
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Figure 4.5.1: Systemic LPS administration does not impact on P2-adrenoceptor responsiveness to 

clenbuterol as indicated by increased GFAP and C D l l b  mRNA expression

LPS (250ng/kg) or control (0.89%  (w/v) saline) were administered i.p. to rats followed 24 hr later by 

administration o f  either clenbuterol (0.5mg/kg) or control (0.89% (w/v) saline) and rats were sacrificed 4 hr post- 

clenbuterol challenge, a) A two-way ANOVA revealed a significant effect o f  clenbuterol on GFAP mRNA 

expression in cortex [F(| |8)=33.I4, P<0.0001] and hippocampus [F(i |8)=20.68, P=0.0002]. b) A two-way 

ANOVA revealed a significant effect o f  clenbuterol on GDI lb  mRNA expression in hippocampus [F(i i8)=l 8.76, 

P=0.0004] but not cortex. Data are expressed as means with standard error o f  the mean («=4-6). **P<O.OI, 

*P<0.05 versus saline control, ++P<O.OI versus clenbuterol control (Newman-Keuls).
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Figure 4.5.2: Systemic LPS administration does not impact on p2*adrenoceptor responsiveness to 

clenbuterol as indicated by increased IL-10 and SOCS3 mRNA expression

LPS (250|ig/kg) or control (0.89%  (w/v) saline) were administered i.p. to rats followed 24 hr later with 

administration o f  either clenbuterol (0.5mg/kg) or control (0.89% (w/v) saline) and rats were sacrificed 4 hr post- 

clenbuterol challenge, a) A two-way ANOVA revealed a significant effect o f  clenbuterol on IL-10 mRNA 

expression in cortex [F(| i8)=20.8, P<0.0002] and hippocampus [F(i |7)=14.16, P=0.0016]. b) A two-way ANOVA 

revealed a significant effect o f  clenbuterol on SOCS3 mRNA expression in cortex [F(| ig)=215.61, P<0.0001] and 

hippocampus [F(i |8)=80.89, P<0.0001]. Data are expressed as means with standard error o f  the mean (n=4-6). 

**P<0.01, *P<0.05 versus saline control (Newman-Keuls).
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Figure 4.5.3: Systemic LPS administration does not impact on P2-adrenoceptor responsiveness to 

clenbuterol as indicated by increased IL-IR(II) and IL-lra mRNA expression

LPS (250|ig/kg) or control (0.89%  (w/v) saline) were administered i.p. to rats followed 24 hr later with 

administration o f  either clenbuterol (0.5mg/kg) or control (0.89% (w/v) saline) and rats were sacrificed 4 hr post- 

clenbuterol challenge, a) A two-way ANOVA revealed a significant effect o f  clenbuterol on IL-1 Type II 

receptor mRNA expression in cortex [F(ij8)=466.22, P<0.0001] and hippocampus [F(| i8)=403.3l, P<O.OOOI]. b) 

A two-way ANOVA revealed a significant effect o f  clenbuterol on IL -lra mRNA expression in cortex 

[F(i,i8p46.93, P<0.0001] and hippocampus [F(i i8)=l 16.22, P<0.0001], Data are expressed as means with 

standard error o f  the mean (n=4-6). **P<0.01 versus saline control (Newman-Keuls).
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Figure 4.5.4: Systemic LPS administration enhanced clenbuterol-induced IL-ip expression

LPS (250|ig/kg) or control (0.89% (w/v) saline) were administered i.p. to rats followed 24 hr later with 

administration o f  either clenbuterol (0.5mg/kg) or control (0.89% (w/v) saline) and rats were sacrificed 4 hr post- 

clenbuterol challenge. A two-way ANOVA revealed a significant interactive effect between LPS and clenbuterol 

treatm ent on IL -ip  mRNA expression in cortex [F(| |g )= n .89, P=0.0029] and hippocampus [F(i |8)=14.63, 

P=0.0012]. Data are expressed as means with standard error o f  the mean («=4-6). **P<0.01, ’•'P<G.05 versus 

saline control, ++P<0.01 versus clenbuterol control (Newman-Keuls).
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4.6 Discussion

4.6.1 Systemic LPS administration induces body-weight loss in rats and a pro- 

inflammatory profile in the CNS

It is well established that administration o f endotoxin in the form o f LPS perturbs the 

homeostasis o f animals owing to the activation o f the HPA-axis inducing fever, increased 

sleep, anorexia and a reduction in body-weight (Dantzer et al., 2008; Tizard, 2008). Such 

events are suggested to be mediated primarily by the release o f the major pro-inflammatory 

cytokines IL-1 and TNF-a from activated macrophages in the periphery (Beishuizen & Thijs, 

2003). In this regard, it is well established that IL-ip and TNF-a act on the hypothalamus to 

provoke alterations in the normal homeostatic functions o f the animal, termed an acute phase 

response (Beishuizen & Thijs, 2003; Tizard, 2008). The results presented in this study reveal 

that a single systemic injection of LPS induces a robust increase in the expression o f the pro- 

inflammatory mediators IL-1 (3, TNF-a, iNOS and IFN-y in rat cortex and hippocampus 4 hr 

post-injection. This is in line with previous reports from this laboratory which show that a 

single systemic injection of LPS at the same dose o f 250|j,g/kg;i.p. induces a robust increase in 

TTMF-a, IL-ip, IFN-y and iNOS in rat cortex 4 hr post-administration (Connor et al., 2008; 

O'Sullivan el al., 2009). In addition, the pro-inflammatory mediators induced by systemic LPS 

administration in this study in vivo is qualitatively similar to that used to stimulate glial cells 

in vitro in the previous chapter. Since a systemic challenge with LPS induced the expression 

o f IFN-y in the brain it was not necessary to co-administer IFN-y with LPS as for the in vitro 

study.

The results observed here show that in line with the increase in cortical and hippocampal 

cytokine expression, systemic LPS administration induced a significant reduction in body- 

weight o f rats over a 24 hr period. Previous reports have indicated that peripheral or central 

administration of IL -ip induces anorexia in rats, an event suggested to be mediated by the 

actions o f IL-ip in the ventromedial and lateral hypothalamus (Kent et al., 1996). 

Furthermore, this dose o f LPS (250|iig/kg;i.p.) has already been shown by other groups to 

induce a similar decrease in the body-weight o f rats 6 hr post-injection, an effect proposed to 

occur due to an increase in the mobilization o f energy stocks which is necessary to mount a
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febrile response in a bid to return normal homeostatic function (Konsman et a l ,  2008). Thus, 

the results presented here show that the route o f administration and dose used in the current 

study induces a robust LPS effect in the animals.

4.6.2 Systemic LPS administration does not impact on P2-adrenoceptor mRNA 

expression in CNS

Despite the fact that a robust increase in expression o f the pro-inflammatory mediators IL-ip, 

TNF-a, IFN-y and iNOS was observed following systemic LPS administration, no change in 

P2 -adrenoceptor mRNA expression was observed 4 hr or 1 day post-LPS challenge in either 

cortex or hippocampus. This is in contrast to the reduced P2 -adrenoceptor mRNA expression 

observed in glial cultures in response to a similar inflammatory profile in the previous chapter 

(Chapter 3). However, while this study demonstrates no change in the mRNA expression of 

the P2 -adrenoceptor it does not rule out the possibility that LPS may be impacting on the 

protein expression o f the receptor nor does it rule out the possibility that LPS may affect 

downstream accumulation o f cAMP in response to stimulation o f central P2 -adrenoceptors as 

was observed in the in vitro study. Thus, further studies are required to address these issues in 

order to fully assess the impact o f LPS on P2 -adrenoceptor expression and function in vivo. In 

addition, while this study revealed no change in total P2 -adrenoceptor mRNA expression in rat 

CNS the impact o f LPS on receptor expression in individual cell types, principally astrocytes 

and microglia, has not been examined. Thus, this is another issue which warrants further 

investigation. Ultimately, these results demonstrate that while in vitro cultures o f primary 

mixed glia are useful for determining the molecular mechanisms by which an inflammatory 

challenge can regulate P2 -adrenoceptor expression and function the results obtained from in 

vitro models cannot always be extrapolated to the in vivo situation where glia are under the 

influence of other cells o f the CNS such as neurons and oligodendrocytes. Furthermore, the 

LPS-induced activation o f  the HPA-axis acts to initiate a negative feed-back system through 

the release o f glucocorticoids (Beishuizen & Thijs, 2003). Thus, by binding to GREs on P2 - 

adrenoceptors glucocorticoids produced in response to LPS could prevent the down-regulation 

o f P2 -adrenoceptor expression in a similar manner to that o f the synthetic glucocorticoid 

dexamethasone in the in vitro model. It has been suggested previously that a hyporeactive 

HPA-axis may play a role in inflammatory diseases (Beishuizen & Thijs, 2003). Significantly,

-  163  -



Chapter 4: Results

the progression o f EAE has been shown to be associated with desensitization o f the HPA-axis 

(Stefferl et a l, 1999) and Lewis rats, which express low basal levels o f corticosterone, are 

found to be more susceptible to EAE than Brown Norway or Dark Agouti rats, which express 

higher basal levels o f corticosterone (Stefferl et a l,  1999). In addition, repeated administration 

o f LPS causes desensitization o f the HPA-axis due to inhibition by glucocorticoids at the 

pituitary level (Stefferl et a l, 1999; Beishuizen & Thijs, 2003). Therefore, the role o f the 

HPA-axis in the regulation of P2 -adrenoceptor expression is a matter which warrants further 

investigation.

4.6.3 System ic LPS adm inistration does not impact on responsiveness o f central p2 - 

adrenoceptors to the selective P2 -adrenoceptor agonist clenbuterol

Since a systemic inflammatory challenge with LPS was found to have no effect on the 

expression o f the P2 -adrenoceptor in either cortex or hippocampus it was deemed necessary to 

examine the possibility that inflammation may reduce P2 -adrenoceptor responsiveness in vivo. 

As previously described, this study was carried out in a similar manner to the in vitro studies 

whereby responsiveness o f central P2 -adrenoceptors was examined by stimulation with the 

brain penetrable selective P2 -adfenoceptor agonist clenbuterol. It has previously been shown 

that clenbuterol increases concentrations of intracellular cAMP in a dose-dependent fashion in 

cortical slices from rat brain, an effect shown to be specific to stimulation o f the Po- 

adrenoceptor since the accumulation o f intracellular cAMP was significantly blunted in the 

presence o f the P2 -adrenceptor antagonist ICl 118,551 but was unaffected by the Pi- 

adrenoceptor antagonist ICl 89,406 (Ordway et al., 1987). It is well established that 

stimulation o f central P2 -adrenoceptors with clenbuterol is neuroprotective (Semkova et al., 

1996; Culmsee et a l, 1999b; Zhu et a l, 1999; Zhu et a l, 2001; Junker et al, 2002; Teng et 

al, 2006). In this regard, clenbuterol has previously been shown to upregulate the expression 

o f the growth factor TGF-Pi and provide protection to neurons in a model o f transient 

forebrain ischemia (Zhu et a l, 2001). In addition, clenbuterol is shown to be protective in a 

murine model o f amyotrophic lateral sclerosis by inducing a delay in disease onset (Teng et 

a l,  2006). Furthermore, clenbuterol has been shown to be neuroprotective in a model o f focal 

cerebral ischemia owing to stimulation o f P2 -adrenoceptors and the activation of astrocytes 

(Junker et a l, 2002).
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In light o f this, the results presented here demonstrate that peripheral administration of 

clenbuterol (0.5mg/kg;i.p.) induced a significant increase in GFAP mRNA expression in rat 

cortex 4 hr post-injection, indicative o f astrocytic activation. This induction was shown to be 

unimpeded by prior exposure to LPS. Significantly, prior exposure to LPS was found to 

augment the clenbuterol-induced increase in GFAP expression in the cortex. In contrast, 

clenbuterol did not induce GFAP expression in rat hippocampus, however, when clenbuterol 

was administered to rats which had been previously exposed to LPS a significant increase in 

GFAP expression was observed. It is already recognized that p-adrenoceptors are responsible 

for astrocytic activation. In this regard, treatment with L-propranolol, a non-selective P- 

adrenoceptor antagonist, in a model o f motor neuron degeneration was shown to reduce 

astrocytic hypertrophy and decrease the expression o f GFAP (Sutin & Griffith, 1993). 

Furthermore, it is has also been shown that incubation o f astrocytes in vitro with the P- 

adrenergic agonist (+)-isoproterenol induces rapid changes in astrocytic morphology, an event 

mediated by increased accumulation o f intracellular cAMP (Shain et a i ,  1987). Moreover, the 

clenbuterol-induced activation o f astrocytes observed here is significant since it has previously 

been shown that clenbuterol conveys neuroprotection following permanent occlusion of the 

middle cerebral artery, an effect mediated by the global activation o f astrocytes and the 

induction o f the neurotrophins NGF and bFGF (Culmsee et a l ,  I999a,b). The difference in 

astrocytic activation found in cortex and hippocampus in this study might be accounted for by 

a recent study by Guo et a l, (2007) who showed that almost all o f the P2 -adrenoceptors 

expressed in rat hippocampus are located on neurons with very little expression on glia 

staining positive for GFAP. However, while GFAP was found to be significantly increased at 

the mRNA level it is not known if this is due to an increase in the total number of astrocytes in 

the brain or simply due to a change in the activation state and morphology o f already existing 

astrocytes. This is important to note since previous studies have shown that stimulation o f p* 

adrenoceptors results in a change in the morphology o f astrocytes from an epithelial-like to a 

stellate morphology, most likely due to cAMP-dependent phosphorylation o f GFAP (Shain et 

a l, 1987). Therefore, further investigations will be necessary in order to determine the impact 

o f clenbuterol on astrocytes fully, for example though the use o f immunohistochemistry.

The results o f the present study demonstrate that stimulation o f central p2 -adrenoceptors with 

clenbuterol has no effect on the expression o f CDl Ib, a marker o f microglial activation, in rat
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cortex. In contrast, clenbuterol significantly increased the expression o f CDI l b  in the 

hippocampus o f both naTve rats and rats that were previously exposed to LPS. It has been 

established that microglia express the P2 -adrenceptor in vitro and these receptors have been 

shown to be functional since stimulation with the selective Pa-adrenoceptor agonist terbutaline 

results in a significant increase in concentrations o f intracellular cAMP (Mori et a i ,  2002). 

However, the results presented here are in contrast to those o f Fujita et a l, (1998) who showed 

that stimulation o f microglial p2 -adrenoceptors in vitro with P-agonists increases intracellular 

cAMP concentrations resulting in suppression o f microglial proliferation. Then again, less 

attention has been paid to the activation o f microglia by P2 -adrenoceptor agonists in the 

hippocampus in vivo and as such the data presented here may represent heterogeneity amongst 

microglia and the expression of neurotransmitter receptors on these cells within the CNS.

Previous work from this laboratory has shown that peripheral administration o f clenbuterol 

(0.5mg/kg) induces an anti-inflammatory cytokine profile in rat cortex and hippocampus. As 

such, clenbuterol has been demonstrated to upregulate the expression of the anti-inflammatory 

cytokine lL-10 and its downstream signalling molecule S0CS3 in a temporal manner in rat 

CNS under non-inflammatory conditions (McNamee, 2008). In line with these observations 

the results shown here demonstrate that administration o f clenbuterol to naTve rats induces the 

mRNA expression o f lL-10 and S0CS3 in rat cortex and hippocampus. Reassuringly, 

exposure to LPS 24 hr prior to clenbuterol administration had no impact on the ability of 

clenbuterol to induce the expression o f these molecules. This suggests that prior exposure to 

systemic LPS did not impede responsiveness o f the Pa-adrenoceptor to stimulation with 

clenbuterol. These results are significant since previous reports have indicated that IL-10 can 

have neuroprotective effects. In vitro administration o f IL-10 suppresses expression o f the pro- 

inflammatory cytokines IL -la, IL-ip, IL-6 and TNF-a induced by amyloid-P and LPS in a 

time and dose-dependent manner (Szczepanik et al., 2001). In vivo, peripheral administration 

o f IL-10 has been shown to exert anti-inflammatory effects and thus improve conditions such 

as autoimmune encephalomyelitis, pneumococcal mengitis and LPS-induced inflammation 

(Kastin et a l ,  2003). In addition, IL-10 has been shown to improve neurological recovery and 

significantly decrease levels of TNF-a and IL-ip following traumatic brain injury in rats 

(Knoblach et al., 1999). Moreover, in a rat model o f EAE, intrathecal administration o f IL-10 

gene therapy, in the form o f a plasmid construct coding for rat IL-10 (pDNA-IL-IO'''^^^) has

-  166 -



Chapter 4: Results

been shown to reverse the behavioural symptoms and histopathological changes associated 

with the disease (Sloane et al., 2009). IL-10 is known to be constitutively expressed in the 

normal human brain (Szczepanik et al., 2001), however, while IL-10 is found to be relatively 

stable in blood and brain and is capable o f crossing the BBB intact it does not cross the BBB 

by a saturable transport system and therefore its entry into the CNS is slow and limited (Kastin 

et al., 2003). Thus, whilst IL-10 can elicit anti-inflammatory effects, high circulating levels of 

IL-10 need to be induced in order for systemic administration o f IL-10 to have effects in the 

CNS (Cua et al., 2001). Therefore, pharmacological enhancement o f IL-10 in the brain 

through stimulation o f P2 -adrenoceptors with agonists such as clenbuterol may offer a new 

therapeutic target for the treatment o f neuroinflammatory diseases.

Cytokine signalling is generally transient in nature. Accordingly SOCS proteins are known to 

control cytokine signalling and as such are involved in limiting the innate immune response. 

SOCS proteins were the first known inducible feedback inhibitors o f cytokine signalling and 

have been shown to inhibit JAK activity and MAPK activation. While SOCS proteins are 

expressed at low constitutive levels in cells they can be rapidly upregulated upon cytokine 

stimulation since they bear the properties o f immediate early genes and are mainly regulated at 

the transcriptional level (Dalpke et al., 2008). Previous studies from this laboratory have 

shown that SOCS3 expression is increased following stimulation o f central p2 -adrenoceptors 

with clenbuterol (McNamee, 2008). In line with this, the results presented here show that 

S0CS3 expression is induced by clenbuterol in the cortex and hippocampus o f naive animals 

4 hr post-injection. Significantly, prior exposure to LPS 24 hr does not impede the ability of 

clenbuterol to upregulate the expression o f this molecule. S0CS3 expression is critical since 

its deletion has been found to be lethal to the developing embryo due to defects in placental 

development (Dalpke et a l ,  2008). Furthermore, knock-out o f S0CS3 in a model o f acute 

inflammatory arthritis resulted in exacerbated inflammation, splenomegaly and increased 

numbers o f neutrophils in the synovium, blood, spleen and bone-marrow. Knock-out of 

S0CS3 was also found to result in hyperactivation o f T lymphocytes and increased antigen 

presentation suggesting that S0CS3 is a negative regulator o f CD4+ T lymphocyte activation 

(Wong et al., 2006). Therefore, upregulation o f S0CS3 expression in the CNS by therapeutic 

targeting o f the P2 -adrenoceptor could have important consequences for the treatment of 

inflammatory diseases.
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In addition to the increased expression o f  lL-10 and S0C S3 clenbuterol has previously been 

shown to regulate the IL-1 system under non-inflammatory conditions through the induction 

o f  1L-I(3 and the upregulation o f  negative regulators o f  the IL-1 signalling system, IL-lra  and 

the IL-1 Type II receptor. More importantly, clenbuterol has been demonstrated to have no 

effect on the expression o f  IL-1 Type I receptor or the IL-1 accessory protein, both o f  which 

are essential for IL-1 signalling (McNamee, 2008). The results presented here demonstrate 

that stimulation o f  central p2-adrenoceptors increases the mRNA expression o f  IL-Ira and IL- 

I Type II receptor in rat cortex and hippocampus 4 hr post-administration. Yet again, prior 

exposure to LPS does not impact on the expression o f  these molecules in response to 

clenbuterol. IL-lra, a naturally occurring inhibitor o f  the IL-1 signalling system, is known to 

compete with IL-1 for binding sites on IL-I receptors, however, IL -lra  is incapable o f  

initiating a signalling cascade since it is unable to link the subunits o f  the receptor necessary 

for signalling (Cannon, 2000). The increased expression o f  IL-lra  shown here is noteworthy 

since the literature shows that IL-lra  is neuroprotective since it reduces glial activation, 

inhibits neutrophil infiltration into the CNS, reduces ischaemic brain injury, improves 

neurological function following injury and can inhibit symptoms o f  EAE (Martin & Near, 

1995; Rothwell & Luheshi, 2000). The IL-1 type II receptor is another known negative 

regulator o f  IL-1 signalling. Found expressed on the cell surface, the IL-1 Type II receptor 

acts as a decoy receptor capable o f  binding IL-1 thus preventing access o f  the ligand to the 

functional IL-1 Type I receptor (Allan, 2000). However, in contrast to the IL-1 Type I receptor 

the IL-1 Type II receptor lacks the capacity to induce intracellular signalling (Docagne et a l, 

2005). While the IL-1 Type II receptor is not constitutively expressed in the CNS, 

microinjection o f  IL -ip  into the rat brain has been shown to induce the expression o f  IL-1 

Type II receptor in the microvasculature and infiltrating neutrophils (Docagne et a l ,  2005). 

Thus, the upregulation o f  IL-lra and IL-1 Type II receptor expression by clenbuterol may 

have beneficial consequences for neuroinfiammatory conditions.

Again in line with previous studies from this laboratory, clenbuterol was found to upregulate 

the expression o f  IL -ip  in naive rats, a cytokine typically considered to be pro-infiammatory 

in nature. IL -ip  is known to induce a pro-inflammatory phenotype when it engages with the 

IL-1 Type I receptor on the surface o f  cells, triggering the activation o f  downstream MAPKs 

such as p38, ERKI/2  and JNK (Rothwell & Luheshi, 2000) and transcription factors such as
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NFkB (Bowie & O'Neill, 2000). lL-1 expression has been found to be rapidly induced in rats 

under ischaemic, hypoxic or excitotoxic conditions leading to neuronal loss, however, 

injection o f IL-I into the brain o f naive rats under non-inflammatory conditions does not 

contribute to neuronal injury (Rothwell & Luheshi, 2000). In vitro studies have previously 

shown that stimulation o f microglia but not astrocytes with the p-agonist isoproterenol or with 

the cAMP analogue dibutyryl cAMP (db-cAMP) induces a robust increase in the mRNA 

expression o f IL-ip, an effect dependent on P-adrenoceptor signalling since it was prevented 

by pre-treatment with the non-selective P-adrenoceptor antagonist propranolol (Tomozawa et 

a l ,  1995). In spite o f this, the principal cell type responsible for the induction o f IL-ip by 

clenbuterol has not been elucidated in the present study. However, previous studies have 

indicated that clenbuterol-induced lL-1 expression co-localises with astrocytes as opposed to 

microglia (Tanvaneer, 2008). Notably, while clenbuterol has been shown to increase the 

expression o f IL-ip in the rat brain and induce activation o f ERKI/2 and NFkB it fails to 

activate the pro-apoptotic MAPKs, JNK or p38 (Heffernan, 2009). Therefore, the increased 

expression o f IL-Ip in the CNS could have beneficial consequences. Significantly, the results 

presented here demonstrate that when rats were exposed to LPS prior to administration of 

clenbuterol it augmented the clenbuterol-induced increase in GFAP and IL-ip expression. 

Thus, in line with previous reports (Sparkman & Johnson, 2008; Sloane et a l,  2009), it 

appears that exposure to LPS may prime the CNS resulting in a more robust immune response 

upon clenbuterol administration. However, in contrast to previous reports on priming o f 

microglia, the results presented here suggest that exposure to LPS induces a more robust 

immune response to clenbuterol through priming effects on astrocytes.

4.6.4 Summary

The results presented in this chapter reveal that while a single systemic administration o f LPS 

reduces body-weight o f rats and induces a robust increase in the expression of the pro- 

inflammatory mediators IL-ip, TNF-a, iNOS and IFN-y in the CNS it does not impact on the 

expression or responsiveness o f central P2 -adrenoceptors. However, the current study 

employed only a single dose o f LPS. It is possible that the glucocorticoid surge which occurs 

following systemic LPS administration may lead to an inability o f LPS to impact on P2 - 

adrenoceptor expression in a similar manner to that shown with LPS + IFN-y in the presence
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o f  dexamethasone in glial cells in vitro. Therefore, administration o f  higher doses o f  LPS or 

repeated administration o f  LPS should also be investigated to determine if  they have any 

effect on the expression or function o f  the P2 -adrenoceptor in vivo since repeated 

administration o f  LPS can lead to desensitization o f  the HPA-axis and reduced glucocorticoid 

production. In spite o f  this, the results presented here demonstrate that in vitro findings do not 

always extrapolate to the in vivo situation and therefore it is necessary to employ both 

experimental methods for studies involving physiological responses. Overall however, the 

current results point to the P2 -adrenoceptor as a promising therapeutic target for the treatment 

o f  neuroinflammation since its stimulation induces the expression o f  the anti-inflammatory 

mediators IL-IO, S0C S3, IL-Ira and the IL-1 Type II receptor both under basal conditions and 

following systemic LPS administration. However, clenbuterol was also shown to induce 

elevated expression o f  C D l l b  and GFAP, markers o f  glial activation, and furthermore 

increased the expression o f  the pro-inflammatory cytokine IL-ip. While the activation o f  glia 

can be advantageous since these cells are involved in the clearance o f  debris and restoring 

homeostasis, it can also lead to gliosis and may even contribute to neurodegeneration. 

Furthermore, the beneficial versus harmful effects o f  IL- ip are concentration dependent. 

Therefore, the impact o f  clenbuterol-induced elevations in IL- ip concentrations on the CNS, 

in particular in neuroinflammatory situations, warrants further investigation. Thus, while 

clenbuterol induces a profound anti-inflammatory profile further evaluation is necessary to 

determine if the increased expression o f  glial activation markers and IL- ip leads to a 

beneficial effect or whether these effects are a potentially detrimental side-effect o f  the drug.
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C ienbu tero i
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Figure 4.2: Schem atic representation o f results from in vivo study

Stimulation o f  central P2 -adrenoceptors with the selective P2 -adrenoceptor agonist cienbuteroi in vivo induces 

astrocytic activation and the expression o f  IL-10, SOCS3, IL -lra , IL-1 Type II receptor and IL -ip  in rat cortex 

and hippocampus (I) . Exposure to a systemic inflammatory challenge o f  LPS does not impact on the expression 

o f  central P2 -adrenoceptors nor does it impact on responsiveness o f  p^-adrenoceptors since it does not impede the 

ability o f cienbuteroi to induce astrocytic activation or the expression o f  IL-10, IL-lra, IL-I Type II receptor or 

IL-I P (2).

4.7 General overview o f in vitro and in vivo studies: inflam m ation impacts on P2- 

adrenoceptor expression and function in vitro but not in vivo

The results presented in Chapter 3 demonstrate that an inflammatory challenge with LPS + 

IFN-y down-regulates both the expression and function o f P2-adrenoceptors on glial cells in 

vitro. In this regard, it was found that an inflammatory challenge down-regulates the 

expression o f the Pi-adrenoceptor at both the cell surface (protein) and mRNA levels. 

Furthermore, the accumulation o f intracellular cAMP in response to stimulation o f glial P2 - 

adrenoceptors with a P2 -adrenoceptor agonist, i.e. salbutamol, is blunted following exposure of 

glia to an inflammatory challenge o f LPS + IFN-y. Significantly, the impact o f LPS + IFN-y 

on the mRNA expression o f the P2 -adrenoceptor was shown to be reversible and could be 

attenuated by prior exposure o f glia to the synthetic glucocorticoid dexamethasone.
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In contrast, the results presented in the current chapter demonstrate that when a systemic 

inflammatory challenge o f LPS is administered to rats in vivo it induces a pro-inflammatory 

profile in the CNS which is qualitatively similar to that used in the in vitro model but it does 

not impact on the mRNA expression o f central P2 -adrenoceptors. Furthermore, LPS did not 

impact on the responsiveness o f central P2 -adrenoceptors to stimulation with the selective p2 - 

adrenoceptor agonist clenbuterol since, in line with previous reports (McNamee, 2008) 

clenbuterol induced the expression o f GFAP, IL-lra, IL-1 Type II receptor, IL-10 and S0CS3 

both under basal conditions and following prior exposure o f rats to LPS. Furthermore, it 

appears that a prior inflammatory challenge might even prime the CNS to yield a more robust 

increase in astrocytic activation and IL-ip expression, whether this is a beneficial or 

detrimental effect remains to be determined. In contrast to the in vitro studies however, the 

results from the in vivo study did not examine the expression o f the P2 -adrenoceptor on 

individual cell types nor did it examine downstream signalling or the production o f cAMP in 

response to stimulation o f P2 -adrenoceptors with clenbuterol. Thus, it is possible that LPS may 

still impact on either the protein expression of the P2 -adrenoceptor or its downstream 

signalling pathways.

The synthetic glucocorticoid dexamethasone was shown to attenuate the impact o f LPS + IFN- 

y on glial P2 -adrenoceptor expression in vitro. Since no impact o f LPS on glial P2 - 

adrenoceptors was observed in vivo it is likely that the release o f endogenous glucocorticoids 

induced by systemic LPS administration may prevent the down-regulation o f the P2 - 

adrenoceptor in a similar manner to that witnessed with dexamethasone in vitro. Since it has 

been reported that the HPA-axis is dysfunctional in many neuroinflammatory disease states 

including MS (Stefferl et a l, 1999; Beishuizen & Thijs, 2003; Heesen et a l, 2007) 

dysregulation o f endogenous glucocorticoid actions might account for the absence o f P2 - 

adrenceptors observed on astrocytes in the MS brain. Furthermore, the ability o f synthetic 

glucocorticoids to regulate the expression o f P2 -adrenoceptors both under basal and 

inflammatory conditions may account for their therapeutic efficacy in such conditions.

Overall, the results presented here demonstrate that stimulation o f central P2 -adrenoceptors 

may represent a suitable therapeutic target for the treatment of neuroinflammation since 

neither their expression nor responsiveness appears to be affected by an inflammatory
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challenge in vivo. Notably, the results presented here also demonstrate that findings from in 

vitro studies do not always translate to a similar finding in vivo. Therefore, caution must be 

warranted when drawing conclusions from work carried out in vitro and attempts should be 

made to replicate any significant findings in in vivo models also.
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5.1 Introduction

The previous chapter investigated the impact o f systemic inflammation on p2 -adrenoceptor 

expression and function in vivo and thus the possibility o f exploiting the P2 -adrenoceptor as a 

therapeutic target for the treatment o f neuroinflammatory disease. Since the results presented 

in the earlier chapter show that a systemic inflammatory challenge has no apparent impact on 

the (52-adrenoceptor in vivo the following studies were undertaken to elucidate the ability o f an 

acute treatment with the brain penetrable selective P2 -adrenoceptor agonist clenbuterol to 

regulate glial activation and the induction o f pro- and anti-inflammatory mediators under both 

basal and inflammatory conditions.

A vast amount o f literature indicates that therapeutic stimulation o f central P2 -adrenoceptors 

can elicit neuroprotection following insult to the CNS. In this regard, the P2 -adrenoceptor 

agonist clenbuterol has previously been shown to reduce the infarct volume and increase 

neuronal viability following middle cerebral artery occlusion and focal cerebral ischaemia 

(Junker et a l,  2002). Additionally, clenbuterol induces the expression of the neurotrophins 

NGF, bFGF and TGPPi and astrocytic activation following ischaemia (Semkova et a l ,  1996; 

Culmsee et al., 1999). In vitro studies have also demonstrated the neuroprotective potential of 

clenbuterol since it has been shown to enhance the production o f the endogenous NMDA 

receptor antagonist kynurenic acid in glial cultures (Luchowska et al., 2008). Furthermore, 

administration o f clenbuterol can delay the onset o f disease in a mouse model o f amyotrophic 

lateral sclerosis (Teng et a l ,  2006). In line with these reports, the results from the previous 

chapter (Chapter 4) and those from previous studies carried out in this laboratory have shown 

that a dose o f 0.5mg/kg clenbuterol can activate astrocytes and increase the expression o f the 

anti-inflammatory mediators IL-IO, S0CS3, IL-I Type II receptor and IL-lra in the CNS 

(McNamee, 2008). Surprisingly, this dose o f clenbuterol was also found to induce the 

expression of the prototypical pro-inflammatory cytokine IL -ip (Chapter 4 this thesis; 

McNamee, 2008). It has previously been suggested that stimulation o f facilitatory P2 - 

adrenoceptors on noradrenergic neurons can induce the release o f noradrenaline (Murugaiah & 

O'Donnell, 1995) which may then subsequently act on post-synaptic Pi-adrenergic receptors. 

Since previous reports have also demonstrated that administration o f the P-adrenergic agonist 

isoproterenol to microglia in vitro induces the expression o f IL -ip (Tomozawa et a l,  1995) it 

was speculated that a dose o f clenbuterol such as that employed previously might be acting to
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increase IL -ip expression through stimulation o f Pi-adrenoceptors on microglia in addition to 

effects on the P2-adrenoceptor. Further to this, previous reports have also suggested that higher 

doses o f clenbuterol may suppress its neuroprotective effects due to a reduction in mean 

arterial blood pressure and increased levels o f glucose in the blood stream which ultimately 

lead to decreased tissue pH (Culmsee et a l, 1999). Additionally, the dose o f clenbuterol 

shown to induce an acute immune response in the CNS previously (Chapter 4 this thesis; 

McNamee, 2008) was much higher (~17 times) than that used in humans whereby doses o f 20- 

40|xg are therapeutically efficacious in the treatment o f asthma and are generally administered 

over prolonged periods up to twice or three times daily (Kamburoff & Prime 1977; Wheatley, 

1982; Hida et al, 1985; Sorau et a l, 2007). Therefore, the main purpose o f the following 

studies was to elucidate the lowest dose at which clenbuterol can induce an immune response 

in the CNS following an acute challenge in rats. Furthermore, the ability o f  clenbuterol to 

elicit protection against the inflammation induced by co-administration o f LPS given 

systemically was also examined.

Clenbuterol has previously been shown to increase IL-ip expression in the CNS (Chapter 4 

this thesis; McNamee, 2008), a pro-inflammatory cytokine known to play a role in the reduced 

locomotor activity and social exploration associated with classical endotoxin-induced sickness 

behaviour (Bluthe et a l,  2000; Wieczorek & Dunn, 2006). Thus, the impact o f acute 

clenbuterol administration on locomotor activity o f rats was also examined here.

Therefore, the aims o f these studies were as follows:

1) To determine the impact o f peripheral clenbuterol administration on the locomotor 

activity o f rats 2 hr post-injection using doses ranging from 0.003-0.3mg/kg.

2) To determine the lowest dose at which clenbuterol induces an immune response in the 

rat CNS following peripheral challenge 4 hr post-injection using doses ranging from 

0.003-0.3mg/kg.

3) To determine if co-administration o f a low dose o f clenbuterol can impact upon the 

inflammatory profile induced in rat CNS by systemic LPS administration.
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4) To determ ine w hether the Pi- or P2 -adrenocep to r subtype is responsib le  for the 

c lenbu tero l-induced  changes in im m une m ediators in the rat C N S and locom otor 

activ ity  by p re-trea tm ent o f  rats w ith the selective P i-adrenocep to r an tagonist 

m etoprolol o r the selective P2 -adrenocep to r an tagonist ICl 118,551.

-  1 7 9 -



Chapter 5: Results

5.2 Methods

5.2.1 Subjects and drug treatments

Male Sprague-Dawley rats (280-3 lOg) were housed 3 per cage under a 12 hr light-dark cycle 

(lights on 08:00) in a temperature-controlled room (22 ± 2 °C) with food and water available 

ad libitum for the duration o f the experiment. Clenbuterol and LPS were dissolved in 0.89% 

(w/v) saline as described in the methods (Section 2.3, Chapter 2) and were administered i.p. at 

doses o f 0.003, 0.01, 0.03, 0.1 or 0.3mg/kg and 250|ag/kg respectively. Metoprolol and ICI 

118,551 were dissolved in 0.89% (w/v) saline with 0.2% (v/v) Tween-20 and were both 

administered i.p. at a dose o f lOmg/kg. Control rats were administered an i.p. injection of 

0.89% (w/v) saline alone.

5.2.2 Experimental Procedure

The design for this set o f experiments was as set out in Figures 5.1 to 5.3 below. Locomotor 

activity was monitored by placing animals in locomotor activity cages for 15 min 2 hr post

injection prior to returning the animal to its home-cage for a further 2 hr before sacrifice at 4 

hr post-injection as previously outlined in the methods section (Section 2.3, Chapter 2). 

Preparation o f tissue for cDNA synthesis and RT-PCR were carried out as outlined in the 

methods section (Section 2.3 & 2.4, Chapter 2).

2 H ours post-trea tm en t 
Locomotor Activity 
monitored for 15 minutes

Adult Male 
Sprague-D aw ley 
R ats (320-400g)

Experim ental endpo in ts: 
2 hou rs
• L ocom otor Activity

4 H ours

t ►t •  Cytokines 
(IL-1ra, IL-1RII, IL-1p, IL- 
10, S0CS3 expression)

Rats injected i.p with
1. Saline or
2. Clenbuterol (0.003, 0.01, 0.03, 0.1 or 
0.3mg/kg)

4 H ours post-trea tm en t 
Rats sacrificed

Figure 5.1: Experimental design to determine dose-dependent effects of clenbuterol

-  1 8 0 -



Chapter 5: Results

2 Hours post-treatment 
Locomotor Activity 
monitored for 15 minutes

I
Adult Male 
Sprague-Dawley 
Rats (320-400g) 1 1

Rats injected i.p witti
1. Saline or
2. LPS (250Mg/kg)

4 Hours post-treatment 
Rats sacrificed

Experimental endpoints:
2 hours
• Locomotor Activity

4 Hours

• Cytokines
(IL-1ra, IL-1RII, IL-1P, IL-10, 
SOCS3, IL-6, TNF-a, iNOS, 
CD40, ICAM-1, IP-10 & 
RANTES expression)

& immediately thereafter

Rats injected i.p with
1. Saline o_r
2. Clenbuterol (0.03mg/kg)

Figure 5.2: Experimental design to determine impact of low-dose clenbuterol on LPS- 

induced neuroinflammation

2 Hours post-treatment 
Locomotor Activity 
monitored for 15 minutes

IAdult Male 
Sprague-Dawley 
Rats (320-400g)

Rats injected i.p with
1. Saline
2. Metoprolol (lOmg/kg)
3. ICI 118,551 (lOmg/kg)

t
Rats injected i.p with
1. Saline
2. Clenbuterol (0.5mg/kg)

— ►

I
4 Hours post-treatment 
Rats sacrificed

Experimental endpoints: 
2 hours
• Locomotor Activity

4 Hours

• Cytokines
(IL-Ira, IL-1RII, IL-ip, 
INOS)

Figure 5.3: Experimental design to determine p-adrenoceptor subtype responsible for 

inducing central effects of clenbuterol
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5.3 Effect o f varying doses o f the P2-adrenoceptor agonist clenbuterol on cytokine  

expression in rat CNS

As previously discussed a vast range o f doses at which clenbuterol can elicit neuroprotective 

effects in the CNS have been described in the literature (Du Yan et a l,  1997; Culmsee et a l,  

1999; Zhu et a l ,  1999; Zhu et a l ,  2001; Junker et al., 2002). Furthermore, the results from the 

previous chapter and those from previous studies from this laboratory demonstrate that in 

addition to the activation o f glia and induction o f anti-inflammatory cytokines, the high dose 

o f clenbuterol (0.5mg/kg;i.p.) employed also increases expression o f the pro-inflammatory 

cytokine IL-ip in rat CNS (Chapter 4 this thesis; McNamee, 2008). Thus, the aim o f the 

following study was to determine if increased expression o f anti-inflammatory mediators and 

the increase in IL-ip expression induced by peripheral administration o f clenbuterol is dose- 

dependent and whether the increase in IL-ip and anti-inflammatory cytokine expression could 

be dissociated. In addition, since clenbuterol was found to increase the expression o f IL-ip in 

the CNS, a cytokine associated with the reduced locomotor activity and social exploration 

associated with classical sickness behaviour (Bluthe et al., 2000; Wieczorek & Dunn, 2006), 

the impact o f clenbuterol on the locomotor activity o f rats was examined. Thus, the overall 

aim o f the following study was to determine the lowest dose at which clenbuterol can elicit an 

immune response in rat CNS and to determine if this corresponds with changes in the 

locomotor activity o f rats.

IL -ip  mRNA expression: Clenbuterol (0.03, 0.1 or 0.3mg/kg;i.p.) induced a significant dose- 

dependent increase in I L - i p  mRNA expression in cortex (P<0.05, P<0.01), hippocampus 

(P<0.01) and hypothalamus (P<0.01) compared to saline controls 4 hr post-injection. At lower 

concentrations (0.003, 0.01, 0.03mg/kg;i.p.) clenbuterol significantly increased I L - i p  mRNA 

expression at the higher dose o f 0.03mg/kg in cortex (P<0.01), hippocampus (P<0.01) and 

hypothalamus (P<0.01) compared to saline controls. However, clenbuterol had no effect on 

I L - i p  expression at the lower doses o f 0.003mg/kg and 0.01 mg/kg. [Figure 5.3.1 a,b,c, 

Dunnett’s Procedure, «=4-9].

IL-1 Type II mRNA expression: Clenbuterol (0.03, 0.1 or 0.3mg/kg;i.p.) induced a significant 

dose-dependent increase in IL-1 Type 11 receptor mRNA expression in cortex (P<0.05,
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P<0.01), hippocampus (P<0.01) and hypothalamus (P<0.01) compared to saline controls 4 hr 

post-injection. At lower concentrations (0.003, 0.01, 0.03mg/kg;i.p.) clenbuterol significantly 

increased IL-1 Type II receptor mRNA expression at the higher dose o f 0.03mg/kg in cortex 

(P<0.01), hippocampus (P<0.01) and hypothalamus (P<0.01) compared to saline controls. 

However, clenbuterol had no effect on IL-1 Type II receptor expression at the lower doses of 

0.003mg/kg and 0.01 mg/kg. [Figure 5.3.2 a,b,c, Dunnett’s Procedure, /7=4-9].

IL -lra  mRNA expression: Clenbuterol (0.03, 0 .1 or 0.3mg/kg;i.p.) induced a significant dose- 

dependent increase in IL-Ira mRNA expression in cortex (P<0.01), hippocampus (P<0.01) 

and hypothalamus (P<0.01) compared to saline controls 4 hr post-injection. At lower 

concentrations (0.003, 0.01, 0.03mg/kg;i.p.) clenbuterol significantly increased IL-lra mRNA 

expression at the higher dose o f 0.03mg/kg in cortex (P<0.05) while doses o f 0.01 mg/kg and 

0.03mg/kg induced a significant increase in IL-lra mRNA expression in hippocampus 

(P<O.OI) and hypothalamus (P<0.05, P<0.01 respectively) compared to saline controls. 

However, clenbuterol had no effect on IL-lra expression at the lower dose o f 0.003mg/kg. 

[Figure 5.3.3 a,b,c, Dunnett’s Procedure, n=4-9].

iNOS mRNA expression: Clenbuterol (0.03, 0.1 or 0.3mg/kg;i.p.) induced a significant dose- 

dependent increase in iNOS mRNA expression in cortex (P<0.0l) and hypothalamus (P<0.01) 

compared to saline controls 4 hr post-injection. While a similar trend was shown in the 

hippocampus for this dose-range these results did not reach significance. At lower 

concentrations (0.003, 0.01, 0.03mg/kg;i.p.) clenbuterol significantly increased iNOS mRNA 

expression at doses o f 0.01 and 0.03mg/kg in cortex (P<0.05, P<0.01 respectively) and in 

hippocampus (P<0.05) and hypothalamus (P<0.05) at a dose o f 0.03mg/kg compared to saline 

controls. However, clenbuterol had no effect on iNOS expression at the lower dose of 

0.003mg/kg [Figure 5.3.4 a,b,c, Dunnett’s Procedure, «=4-9].

Locomotor Activity: Clenbuterol (0.03, 0.1 or 0.3mg/kg;i.p.) induced a significant dose- 

dependent decrease in the total time rats were active in the locomotor activity cages (P<0.01) 

compared to saline controls 2 hr post-injection. In addition, clenbuterol induced a significant 

dose-dependent decrease in the rearing totals (P<0.01), mobile totals (P<0.01) and static totals 

(P<0.05, P<0.01) o f rats 2 hr post-administration. At a dose o f 0.03mg/kg clenbuterol caused a 

significant decrease (P<0.01) in the time rats were active in the locomotor activity cages

- 183 -



Chapter 5: Results

compared to saline controls and, in addition, caused a significant decrease in the rearing totals 

(P<O.OI), mobile totals (P<0.01) and static totals (P<0.01) o f  rats. In contrast, the lower doses 

o f  0.003m g/kg and 0.01 mg/kg had no effect on any o f  the param eters o f  locomotor activity 

measured. [Figure 5.3.5 a,b,c,d, Dunnett’s Procedure, «=6].
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Figure 5.3.1: Clenbuterol dose-dependently increases IL-lp mRNA expression in rat CNS

C lenbuterol (0 .0 0 3 , 0 .0 1 , 0 .0 3 , 0.1 or 0.3 m g /k g ) or control (0 .89%  (w /v ) sa line) w ere  adm inistered i.p . and rats 

w ere sacrificed  4  hr p ost-in jection . A  o n e-w a y  A N O V A  revealed  a sign ifican t e ffec t o f  clenbuterol treatm ent on  

IL -ip  m R N A  expression  in a) cortex i) [F ( 3  ig)= 12 .43 , P = 0 .0 0 0 1 ], ii) [F ( 3  i9 )=S .l 1, P = 0 .0 0 1 1], b) hippocam pus i) 

[F ( 3  |8)=53.62, P < 0 .0 0 0 1 ], ii) [F ( 3  2o p 9 .4 2 , P = 0 .0 0 0 4 ] and c) hypothalam us i) [F(3 19)=18 .53 , P < 0 .0 0 0 1 ], ii) 

[F ( 3  2 0 )= 12 .83 , P < 0 .0 0 0 1 ]. D ata are expressed  as m eans w ith  standard error o f  the m ean (« = 4 -9 ) . ** P < 0 .0 1 , 

* P < 0 .05  versus sa line control (D u n n ett’s Procedure).
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Figure 5.3.2: Clenbuterol dose-dependently increases IL-1 Type II receptor mRNA expression in 

rat CNS

C lenbuterol (0 .0 0 3 , 0 .0 1 , 0 .0 3 , 0.1 or 0.3 m g/k g) or control (0 .89%  (w /v ) sa line) w ere adm inistered i.p. and rats 

w ere sacrificed  4  hr post-in jection . A  one-w ay  A N O V A  revealed  a sign ifican t effect o f  clenbuterol treatm ent on  

IL-1 T ype II receptor m R N A  expression  in a) cortex  i) [F(3_|9)=17.17, P < 0 .0 0 0 1 ], ii) [F(3j9)=17.03, P < 0 .0 0 0 1 ], b) 

hippocam pus i) [F(3 19)=34.96, P < 0 .0 0 0 1 ], ii) [F ( 3  i8 )= l2 3 .3 7 , P < 0 .0001] and c) hypothalam us i) [F(3 17)=28.68, 

P < 0 .0 0 0 1 ], ii) [F ( 3  20)=40.65, P < 0 .0 0 0 1 ]. Data are expressed  as m eans w ith  standard error o f  the m ean (n = 4 -9 ). 

* * P < 0 .0 1 , *P <0.05  versus sa line control (D u nn ett’s Procedure).
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Figure 5.3.3: Cienbuterol dose-dependently increases IL-lra mRNA expression in rat CNS

Cienbuterol (0 .003, 0.01, 0.03, 0.1 or 0.3 mg/kg) or control (0.89%  (w /v) saline) were administered i.p. and rats 

were sacrificed 4 hr post-injection. A one-w ay A NO VA  revealed a significant effect o f  cienbuterol treatment on 

IL-lra m RNA expression in a) cortex i) [F(3,9)=3.27 P=0.044], ii) [F(3 20)=6.47, P=0.0031], b) hippocampus i) 

[F (3 ,i8 )= 3 1 .4 7 , P<0.0001], ii) [F (3 ,20 )= 8 .35 , P=0.0008] and c) hypothalamus i) [P (3 1 9 )= 7 .3 8 , P=0.0018], ii) 

[F (3 .2 0 )= 2 4 .8 7 , P<0.0001]. Data are expressed as means with standard error o f  the mean (n=4-9) .  **P<0.01 saline 

control (Dunnett’s Procedure).
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Figure 5.3.4: Clenbuterol dose-dependently increases iNOS mRNA expression in rat CNS

C lenbuterol (0 .0 3 , 0.1 or 0.3 m g/kg) or control (0 .89%  (w /v ) sa line) w ere adm inistered i.p. and rats w ere  

sacrificed  4  hr post-in jection . A  one-w ay A N O V A  revealed a sign ifican t e ffec t o f  clenbuterol treatm ent on iN O S  

m R N A  expression  in a) cortex i) [F ( 3  i8)=7.7S, P = 0 .0 0 1 5 ], ii) [F ( 3  2 o p  19.75, P < 0 .0 0 0 1 ], b) h ippocam pus i) 

[F ( 3  i9)=3.69, P = 0 .03], ii) [F(3 14)=2.96, P =0 .07] and c) hypothalam us i) [F(3 16)=3.84, P = 0 .03], ii) [F (3^ op l0 .34 , 

P = 0 .0 0 0 3 ]. Data are expressed  as m eans w ith  standard error o f  the m ean (« = 5 -7 ) . **P < 0 .0 1 , *P <0.05 versus 

saline control (D unnett’s Procedure).
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Figure 5.3.5: Clenbuterol dose-dependently reduces locomotor activity of rats 2 hr post-injection

C lenbuterol (0 .003, 0.01, 0.03, 0.1 o r 0.3 m g/kg) o r control (0 .89%  (w /v) saline) w ere adm inistered  i.p. and the 

locom otor activity o f  rats w as m onitored for 15 m in 2 hr post-in jection . A one-w ay A N O V A  revealed  a 

sign ifican t effect o f  clenbuterol treatm ent on a) active tim e i) [F(3 19)=44.55, P<0.0001], ii) [F ( 3  2o)=53.71, 

P<0.0001], b) rearing total i) [F^ 1 9 )= 20.09, P<0.0001], ii) [F ( 3  2 o>=5 7 .2 2 , P<0.0001], c) m obile total i) 

[F ( 3  i9)=15.1, P<0.0001], ii) [F ( 3  2 0 )=l 15.82, P<0.0001] and d) static total i) [F(3 19)=16.46, P<0.0001], ii) 

[F ( 3  2 0 )=9 .0 2 , P=0.0006]. D ata are expressed as m eans w ith standard error o f  the m ean (« = 6 ). **P<0.01, *P<0.05 

versus saline control (D unnett’s Procedure).
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5.4 Effect o f low-dose clenbuterol on LPS-induced inflammatory mediators in rat CNS

The results from the previous study revealed that the lowest dose at which clenbuterol elicits a 

full immune response in rat CNS was 0.03mg/kg. This dose is therapeutically relevant since a 

dose o f 10-20|j.g (0.01-0.02mg) is used orally in humans for bronchodilation (Smith, 1998). 

Therefore, the aim o f the following study was to determine if this low-dose of clenbuterol 

could impact on the inflammation induced in the CNS in response to co-administered LPS 

given systemically. For the purposes o f these studies only effects in the cortex were examined 

since the response induced in both the cortex and hippocampus has been found to be similar in 

the previous studies.

IL -ip  mRNA expression: Clenbuterol (0.03mg/kg;i.p.) significantly increased IL-ip mRNA 

expression in cortex (P<0.01) compared to saline controls 4 hr post-injection. LPS 

(250|iig/kg;i.p.) did not significantly impact on the expression o f IL-ip alone, however, when 

co-administered with clenbuterol a significant increase in IL-ip expression was observed 

(P<O.OI). [Figure 5.4.1 a, Newman-Keuls, «=6-8].

IL-1 Type II receptor mRNA expression: Clenbuterol (0.03mg/kg;i.p.) significantly increased 

IL-I Type II receptor mRNA expression in cortex (P<0.01) compared to saline controls 4 hr 

post-injection. LPS (250fj,g/kg;i.p.) did not significantly impact on the expression o f lL-1 Type 

II receptor alone but when co-administered with clenbuterol a significant increase in lL-1 

Type II receptor expression was observed (P<0.01). [Figure 5.4.1 b, Newman-Keuls, «=6-8].

IL-lra mRNA expression: Clenbuterol (0.03mg/kg;i.p.) significantly increased IL-lra mRNA 

expression in cortex (P<0.05) compared to saline controls 4 hr post-injection. LPS 

(250|Lig/kg;i.p.) significantly increased IL-lra expression alone (P<0.05) but there was no 

significant effect observed when co-administered with clenbuterol. [Figure 5.4.1 c, Newman- 

Keuls, «=6-8].

IL-6 mRNA expression: Clenbuterol (0.03mg/kg;i.p.) had no significant effect on lL-6 mRNA 

expression in rat cortex compared to saline controls 4 hr post-injection. LPS (250|j,g/kg;i.p.) 

significantly increased lL-6 expression (P<0.01) and when co-administered with clenbuterol a
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significant attenuation o f LPS-induced lL-6 expression was observed (P<0.05). [Figure 5.4.2 

a, Newman-Keuls, «=6-8].

TNF-a mRNA expression: Clenbuterol (0.03mg/k.g;i.p.) had no significant effect on TNF-a 

mRNA expression in cortex compared to saline controls 4 hr post-injection. LPS

(250|^g/kg;i.p.) significantly increased TNF-a expression (P<O.OI) and when co-administered 

with clenbuterol TNF-a was no longer increased relative to the clenbuterol control group. 

[Figure 5.4.2 b, Newman-Keuls, «=6-8].

iNOS mRNA expression: Clenbuterol (0.03mg/kg;i.p.) had no significant effect on iNOS 

mRNA expression in cortex compared to saline controls 4 hr post-injection. LPS

(250|i,g/kg;i.p.) significantly increased iNOS expression (P<0.01) and when co-administered 

with clenbuterol a significant attenuation o f LPS-induced iNOS expression was observed 

(P<0.05). [Figure 5.4.2 c, Newman-Keuls, «=6-8].

IL-10 mRNA expression: Clenbuterol (0.03mg/kg;i.p.) significantly increased IL-IO mRNA 

expression in cortex (P<0.05) compared to saline controls 4 hr post-injection. LPS

(250|xg/kg;i.p.) did not significantly impact on the expression o f lL-10 either alone or when

co-administered with clenbuterol. [Figure 5.4.3 a, Newman-Keuls, «=6-9].

SOCS3 mRNA expression: Clenbuterol (0.03mg/kg;i.p.) significantly increased S0CS3 

mRNA expression in cortex (P<0.01) compared to saline controls 4 hr post-injection. LPS 

(250|ig/kg;i.p.) significantly increased the expression o f S0CS3 both alone (P<0.05) and when 

co-administered with clenbuterol (P<0.01). [Figure 5.4.3 b, Newman-Keuls, «=6-8].

CD40 mRNA expression: Clenbuterol (0.03mg/kg;i.p.) had no significant effect on CD40 

mRNA expression in cortex compared to saline controls 4 hr post-injection. LPS

(250|j,g/kg;i.p.) significantly increased CD40 expression (P<0.01) and when co-administered 

with clenbuterol a significant attenuation o f LPS-induced CD40 expression was observed 

(P<0.01). [Figure 5.4.4 a, Newman-Keuls, «=6-8].

ICAM-1 mRNA expression: Clenbuterol (0.03mg/kg;i.p.) had no significant effect on ICAM-I 

mRNA expression in cortex compared to saline controls 4 hr post-injection. LPS

(250|ig/kg;i.p.) significantly increased ICAM-1 expression (P<0.01) and when co-
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administered with clenbuterol a significant attenuation o f LPS-induced ICAM-1 expression 

was observed (P<0.05). [Figure 5.4.4 b, Newman-Keuls, «=6-8].

IP-10 mRNA expression: Clenbuterol (0.03mg/kg;i.p.) had no significant effect on lP-10 

mRNA expression in cortex compared to saline controls 4 hr post-injection. LPS 

(250|xg/kg;i.p.) significantly increased IP-10 expression (P<0.05) and when co-administered 

with clenbuterol a significant attenuation o f LPS-induced IP-10 expression was observed 

(P<0.05). [Figure 5.4.4 c, Newman-Keuls, «=6-8].

RANTES mRNA expression: Clenbuterol (0.03mg/kg;i.p.) had no significant effect on 

RANTES mRNA expression in cortex compared to saline controls 4 hr post-injection. LPS 

(250|j,g/kg;i.p.) significantly increased RANTES expression (P<0.05) and when co

administered with clenbuterol RANTES was no longer increased relative to the clenbuterol 

control group. [Figure 5.4.4 d, Newman-Keuls, «=6-8].

Locomotor activity: Clenbuterol (0.03mg/kg;i.p.) or LPS (250|J,g/kg;i.p.) either alone or in 

combination significantly decreased the time rats were active in the locomotor activity cages 

(P<0.01) compared to saline controls measured 2 hr post-injection. In addition, clenbuterol 

and LPS both alone and in combination significantly decreased the rearing totals (P<0.0l), 

mobile totals (P<0.01) and static totals (P<0.01) o f rats. [Figure 5.4.5 a,b,c,d Dunnett’s 

Procedure, «=6].
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Figure 5.4.1: Low dose clenbuterol increases IL -ip  and IL-1 Type II receptor mRNA expression 

under basal conditions and following systemic LPS administration in rat cortex

Clenbuterol (0.03mg/kg) or control (0.89% (w/v) saline) were administered i.p. to rats followed by concurrent i.p. 

administration o f  LPS (250(ig/kg) or control (0.89% (w/v) saline), a) A two-way ANOVA revealed a significant 

effect o f  clenbuterol + LPS treatment on IL -ip  mRNA expression [F(i 22)=6.1, P=0.02]. b) A two-way ANOVA 

revealed a significant effect o f  clenbuterol treatment on IL-1 Type II receptor mRNA expression [F(i_23)=45.26, 

P<0.0001]. c) A two-way ANOVA revealed no significant effect o f  clenbuterol treatment on IL -lra mRNA 

expression. Data are expressed as means with standard error o f  the mean («=6-9). **P<0.01, *P<0.05 versus 

saline control, ++P<0.01 versus LPS control counterpart (Newman-K.euls).
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Figure 5.4.2: Low dose clenbuterol suppresses IL-6, TNF-a and iNOS mRNA expression induced 

by systemic LPS administration in rat cortex

Clenbuterol (0.03mg/kg) or control (0.89% (w/v) saline) were administered i.p. to rats followed by concurrent i.p. 

administration o f  LPS (250[xg/kg) or control (0.89%  (w/v) saline), a) A two-way ANOVA revealed a significant 

effect o f  clenbuterol and LPS treatment on IL-6 mRNA expression [F(| 2i )=6.4,  P=0.02 & F(i 2 i ) = l 5 . 1 3 ,  P=0.0008 

respectively], b) A two-way ANOVA revealed a significant effect o f  clenbuterol + LPS treatment on TNF-a 

mRNA expression [F(, 23>=7.26,  P=0.01]. c) A two-way ANOVA revealed a significant effect o f  clenbuterol + 

LPS treatment on iNOS mRNA expression [F(i_23)=4.25, P=0.05]. Data are expressed as means with standard 

error o f  the mean («=6-9). **P<O.OI versus saline control, ++P<0.01 versus LPS control counterpart (Newman- 

Keuls).
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Figure 5.4.3: Low dose clenbuterol increases IL-10 and SOCS3 mRNA expression under basal 

conditions and following systemic LPS administration in rat cortex

Clenbuterol (0.03mg/kg) or control (0.89%  (w/v) saline) were administered i.p. to rats followed by concurrent i.p. 

administration o f  LPS (250ng/kg) or control (0.89% (w/v) saline), a) A two-way ANOVA revealed a significant 

effect o f  clenbuterol treatment on IL-10 mRNA expression [F(| 23)=11.18, P=0.003]. b) A two-way ANOVA 

revealed a significant effect o f  LPS treatment on SOCS3 mRNA expression [F(| 2j)=8, P<0.01]. Data are 

expressed as means with standard error o f  the mean («= 6-8). **P<0.01, *P<0.05 versus saline control (Newman- 

Keuls).
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Figure 5.4.4: Low dose clenbuterol suppresses CD40, ICAM-1, IP-10 and RANTES mRNA 

expression induced by systemic LPS administration in rat cortex

Clenbuterol (0.03mg/kg) or control (0.89% (w/v) saline) were administered i.p. to rats followed by concurrent i.p. 

administration o f  LPS (250ng/kg) or control (0.89% (w/v) saline), a) A two-way ANOVA revealed a significant 

effect o f  clenbuterol + LPS treatment on CD40 mRNA expression [F(| 22)=5.1, P=0.03]. b) A two-way ANOVA 

revealed a significant effect o f  clenbuterol + LPS treatment on ICAM-1 mRNA expression [F(, 20)=7.75, P=0.01]. 

c) A two-way ANOVA revealed a significant effect o f  clenbuterol + LPS treatment on IP -10 mRNA expression 

[F(i |7)=4.56, P=0.05]. d) A two-way ANOVA revealed a significant effect o f  clenbuterol treatment on RANTES 

mRNA expression [F(i n)=4.68, P=0.05]. Data are expressed as means with standard error o f the mean («=6-8). 

**P<0.01, *P<0.05 versus saline control, ++P<0.01, +P<0.05 versus LPS control counterpart (Newman-Keuls).

-  1 9 6 -



Chapter 5: Results

a) Active Time b) Rearing Total

900

800

700

600

I  500  

P 400  

300  

200  

100  

0

■  C o ntro l 
IZ) C len b u te ro l

1400

1200

1000
i2

EI
400

200

0

■  C o n tro l 
D  C len b u te ro l

Control LPS Contro l LPS

c) Mobile Total d) Static Total

1400

1200

1000
i2
I  800
EI

400

200

0

1000 -
H  C o n tro l H  C o n tro l
LJ C len b u te ro l 900 - LJ C len b u te ro l

800 -

700
IS
I  600  

I  500  

^ 400

300  

200 

100 

0
Control LPS Contro l LPS

Figure 5.4.5: Both low-dose clenbuterol and LPS reduce the locomotor activity of rats alone and 

in combination 2 hr post-injection

Clenbuterol (0.03mg/kg) or control (0.89% (w /v) saline) were administered i.p. to rats followed by concurrent i.p. 

administration o f LPS (250|xg/kg) or control (0.89% (w /v) saline), a) A  two-way A N O V A  revealed a significant 

effect o f  clenbuterol + LPS treatment on active time [F(, 23>=21.2, P=0.0001]. b) A  two-way A N O V A  revealed a 

significant effect o f  clenbuterol + LPS treatment on rearing total [F(| 23)=15.14, P=0.0007]. c) A  two-way 

A N O V A  revealed a significant effect o f  clenbuterol + LPS treatment on mobile total [F(i 23)=20.7, P=0.0001]. d) 

A  two-way A N O V A  revealed a significant effect o f  clenbuterol + LPS treatment on static total [F(| 23)=I4.13, 

P=0.00l]. Data are expressed as means w ith standard error o f  the mean («=6-9). **P<0.01 versus saline control 

(Newman-Keuls).
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5.5 An investigation into the P-adrenoceptor subtype responsible for mediating the 

effects of clenbuterol in rat CNS

Studies have shown that in vitro the neuroprotective effects of clenbuterol can be achieved 

through stimulation o f either pi- or P2 -adrenoceptors, however, in vivo the effects have been 

found to be mediated through stimulation o f P2 -adrenoceptors (Junker et a l ,  2002). 

Additionally, reports have also implied that stimulation o f facilitatory pre-synaptic P2 - 

adrenoceptors can induce a positive-feedback mechanism resulting in the release o f 

noradrenaline from noradrenergic terminals which can then act on post-synaptic pi- 

adrenoceptors within the CNS (Murugaiah & O'Donnell, 1995; Zhang et a l,  2005). Therefore, 

the aim o f the following study was to determine if the Pi- or P2 -adrenoceptor subtype is 

responsible for the induction o f GFAP, IL-ip, IL-Ira, IL-1 Type II receptor and iNOS mRNA 

expression by clenbuterol in rat CNS.

GFAP mRNA expression: Clenbuterol (0.5mg/kg;i.p.) significantly increased GFAP mRNA 

expression in cortex (P<0.01), hippocampus (P<0.01) and hypothalamus (P<O.OI) compared 

to saline controls 4 hr post-injection. Pre-treatment with the P2 -adrenoceptor antagonist ICl

118.551 (10mg/kg;i.p.) 30 min prior to clenbuterol significantly attenuated the clenbuterol- 

induced increase in GFAP expression in cortex (P<0.01), hippocampus (P<O.OI) and 

hypothalamus (P<0.05). In contrast, pre-treatment with the Pi-adrenoceptor antagonist 

metoprolol (10mg/kg;i.p.) 30 min prior to clenbuterol had no effect on clenbuterol-induced 

GFAP expression. [Figure 5.5.1 a, b, c, Newman-Keuls, «=5-6].

IL -ip  mRNA expression: Clenbuterol (0.5mg/kg;i.p.) significantly increased IL-ip mRNA 

expression in cortex (P<0.01), hippocampus (P<0.01) and hypothalamus (P<0.01) compared 

to saline controls 4 hr post-injection. Pre-treatment with the P2 -adrenoceptor antagonist ICI

118.551 (10mg/kg;i.p.) 30 min prior to clenbuterol had no significant effect on the 

clenbuterol-induced increase in IL-ip expression in cortex but significantly attenuated IL-ip 

expression in hippocampus (P<0.01) and hypothalamus (P<0.05). In contrast, pre-treatment 

with the Pi-adrenoceptor antagonist metoprolol (IOmg/kg;i.p.) 30 min prior to clenbuterol had 

no effect on the clenbuterol-induced increase in IL-ip expression. [Figure 5.5.2 a, b, c, 

Newman-Keuls, «=5-6].
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IL-I Type II receptor mRNA expression: Clenbuterol (0.5mg/kg;i.p.) significantly increased 

lL-1 Type II receptor mRNA expression in cortex (P<O.OI), hippocampus (?<0.01) and 

hypothalamus (P<O.OI) compared to saline controls 4 hr post-injection. Pre-treatment with the 

P2 -adrenoceptor antagonist ICI 118,551 (IOmg/kg;i.p.) 30 min prior to clenbuterol 

significantly attenuated the clenbuterol-induced increase in IL-I Type II receptor expression in 

cortex (P<0.01), hippocampus (P<0.01) and hypothalamus (P<0.01). In contrast, pre-treatment 

with the Pi-adrenoceptor antagonist metoprolol (10mg/kg;i.p.) 30 min prior to clenbuterol had 

no effect on the clenbuterol-induced increase in IL-1 Type II receptor expression. [Figure 

5.5.3 a, b, c, Newman-Keuls, «=5-6].

IL -lra  mRNA expression: Clenbuterol (0.5mg/kg;i.p.) significantly increased IL-lra mRNA 

expression in cortex (P<0.05), hippocampus (P<0.01) and hypothalamus (P<0.0l) compared 

to saline controls 4 hr post-injection. Pre-treatment with the P2 -adrenoceptor antagonist ICI

118.551 (10mg/kg;i.p.) 30 min prior to clenbuterol attenuated the clenbuterol-induced increase 

in IL-lra expression in cortex (P<0.05), hippocampus (P<0.0l) and hypothalamus (P<O.OI). In 

contrast, pre-treatment with the Pi-adrenoceptor antagonist metoprolol (10mg/kg;i.p.) 30 min 

prior to clenbuterol had no effect on the clenbuterol-induced increase in IL-lra expression in 

hippocampus or hypothalamus but induced a significant increase in IL-lra expression in 

cortex (P<0.05) compared to clenbuterol controls. [Figure 5.5.4 a, b, c, Newman-Keuls, «=5- 

6].

iNOS mRNA expression: Clenbuterol (0.5mg/kg;i.p.) significantly increased iNOS mRNA 

expression in cortex (P<O.OI), hippocampus (P<0.01) and hypothalamus (P<0.05) compared 

to saline controls 4 hr post-injection. Pre-treatment with the P2 -adrenoceptor antagonist ICI

118.551 (IOmg/kg;i.p.) 30 min prior to clenbuterol significantly attenuated the clenbuterol- 

induced increase in iNOS expression in cortex (P<0.01), hippocampus (P<0.01) and 

hypothalamus (P<0.01). In contrast, pre-treatment with the Pi-adrenoceptor antagonist 

metoprolol (10mg/kg;i.p.) 30 min prior to clenbuterol had no effect on the clenbuterol-induced 

increase in iNOS expression. [Figure 5.5.5 a, b, c, Newman-Keuls, «=5-6].

Locomotor activity: Clenbuterol (0.5mg/kg;i.p.) significantly decreased the time rats were 

active in the locomotor activity cages (P<0.0l) compared to saline controls measured 2 hr
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post- in jec tion . In add it ion ,  c len b u te ro l  s ig n if ican t ly  d ec reased  the  rea r ing  to ta ls  (P < 0 .0 1 ) ,  

m o b ile  to ta ls  (P < 0 .0 1 )  and  s ta tic  to ta ls  (P<O.OI) o f  rats. P re - trea tm en t w ith  th e  P2- 

ad re n o c e p to r  a n tag o n is t  ICl 118,551 (1 0 m g /k g ; i .p . )  30 m in  p r io r  to  c lenbu te ro l  s ign if ican tly  

inh ib ited  the  c len b u te ro l- in d u ced  d e c re a se  in a c t iv e  t im e  (P < 0 .01 ) ,  re a r in g  to ta ls  (P< 0 .01) ,  

m o b ile  to ta ls  (P < 0 .0 1 )  and  s ta tic  to ta ls  (P < 0 .01 ) .  In con tras t ,  p re - t rea tm en t  w ith  th e  Pi- 

ad re n o c e p to r  an tag o n is t  m eto p ro lo l  (1 0 m g /k g ; i .p . )  30  m in  p r io r  to  c lenbu tero l  had no  e f fec t  on 

th e  c len b u te ro l- in d u ced  dec rease  in ac t iv e  t im e ,  rea r ing  to ta ls ,  m o b ile  to ta ls  o r  s ta tic  totals. 

[F igure  5 .5 .6  a ,b ,c ,d  D u n n e t t ’s P ro ced u re ,  « = 5 -6 ] .
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Figure 5.5.1: Clenbuterol-induced increase in GFAP mRNA expression is mediated by P2- 

adrenoceptors in rat CNS

M etoprolol (lO m g/kg), ICI 118, 551 (lO m g/kg) or control (0 .89%  (w /v ) sa line) w ere adm inistered i.p. 30  min 

prior to i.p. adm inistration o f  cienbuterol (0 .5 m g /k g ) or control (0 .89%  (w /v ) sa line) and rats w ere sacrificed  4  hr 

post-clenbuterol injection. A  o n e-w ay  A N O V A  revealed  a sign ifican t e ffec t o f  treatm ent on G FA P  m R N A  

expression  in a) cortex [Fp ,9 )=9 .9 3 , P = 0 .0 0 0 4 ], b) h ippocam pus [F(3 1 9 )= 12 .95, P < 0 .0001] and c) hypothalam us 

[F ( 3  1 9 ) =10.51 P = 0 .0 0 0 3 ]. Data are expressed  as m eans w ith  standard error o f  the m ean (« = 5 -6 ) . **P <0.01 versus 

sa line control, ++ P <0.01 versus cienbuterol control counterparts (N ew m an -K eu ls).
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Figure 5.5.2: Clenbuterol-induced increase in IL -ip  mRNA expression is partially mediated by 

P2-adrenoceptors in rat CNS

M etoprolol (lO m g/k g), ICI 118, 551 (lO m g/kg) or control (0 .89%  (w /v ) sa line) w ere adm inistered i.p. 30  m in  

prior to i.p. adm inistration o f  clenbuterol (0 .5 m g /k g ) or control (0 .89%  (w /v ) sa line) and rats w ere sacrificed  4  hr 

post-clenbuterol injection . A  o n e-w ay  A N O V A  revealed  a sign ifican t e ffec t o f  treatm ent on IL -ip  m R N A  

expression  in a) cortex [F(3 19)=13.63, P < 0 .0 0 0 1 ], b) hippocam pus [F(3 19)=13.52, P < 0 .0001] and c) hypothalam us 

[F (3 ,1 9 )  = 2 9 .1 8 , P < 0 .0 0 0 1 ]. Data are expressed  as m eans w ith standard error o f  the m ean (« = 5 -6 ) . **P <0.01  versus 

sa line  control, + + P < 0 .0 1 , + P < 0 .0 5  versus clenbuterol control counterparts (N ew m an -K eu ls).
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Figure 5.5.3: Clenbuterol-induced increase in IL-1 Type II mRNA expression is mediated by P2- 

adrenoceptors in rat CNS

M etoprolol (lO m g/k g), ICI 118, 551 (lO m g/k g) or control (0 .89%  (w /v ) sa line) w ere adm inistered i.p. 3 0  min 

prior to i.p. adm inistration o f  clenbuterol (0 .5 m g /k g ) or control (0 .89%  (w /v ) sa line) and rats w ere sacrificed  4  hr 

post-clenbuterol injection . A  one-w ay A N O V A  revealed  a sign ifican t e ffec t o f  treatm ent on lL-1 T ype II receptor  

m R N A  expression  in a) cortex [F ( 3  i9j=40.96, P < 0 .0 0 0 1 ], b) hippocam pus [F(3 19)=35.76, P < 0 .0 0 0 1 ] and c) 

hypothalam us [Fjj 1 9 )= 148.53, P < 0 .0 0 0 1 ]. Data are expressed  as m eans w ith standard error o f  the m ean (« = 5 -6 ) .  

**P <0.01  versus sa lin e  control, ++ P <0.01 versus clenbuterol control counterparts (N ew m an -K eu ls).
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Figure 5.5.4: Clenbuterol-induced increase in IL -lra mRNA expression is mediated by P2- 

adrenoceptors in rat CNS

Metoprolol (lOmg/kg), ICI 118, 551 (lOmg/kg) or control (0.89% (w/v) saline) were administered i.p. 30 min 

prior to i.p. administration o f  clenbuterol (0.5mg/kg) or control (0.89% (w/v) saline) and rats were sacrificed 4 hr 

post-clenbuterol injection. A one-way ANOVA revealed a significant effect o f  treatment on IL -lra  mRNA 

expression in a) cortex [F^ iq)=13.7, P<0.0001], b) hippocampus [Fjj |9)=12.65, P<0.0001] and c) hypothalamus 

[ F ( 3 ,1 9 )  =44.55, P<0.0001], Data are expressed as means with standard error o f  the mean (n=5-6). **P<0.01 versus 

saline control, ++P<0.01, +P<0.05 versus clenbuterol control counterparts (Newman-Keuls).
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Figure 5.5.5: Clenbuterol-induced increase in iNOS mRNA expression is mediated by P2- 

adrenoceptors in rat CNS

M etoprolol (lO m g/k g), ICI 118, 551 (lO m g/k g) or control (0 .89%  (w /v ) sa line) w ere adm inistered i.p. 30  min 

prior to i.p. adm inistration o f  cienbuterol (0 .5 m g /k g ) or control (0 .89%  (w /v ) sa line) and rats w ere sacrificed  4  hr 

post-clenbuterol injection . A  one-w ay  A N O V A  revealed  a sign ifican t e ffec t o f  treatm ent on iN O S m R N A  

expression  in a) cortex [F(3 j9 )= 16 .81 , P < 0 .0 0 0 1 ], b) hippocam pus [F ( 3  |9)=10, P = 0 .0004] and c) hypothalam us  

[F(3,19)=7 .65 , P = 0 .0 0 I5 ], Data are expressed  as m eans w ith standard error o f  the m ean (n = 5 -6 ). ** P < 0 .0 1 ,  

*P < 0 .05  versus sa line control, ++ P <0.01 versus cienbuterol control counterparts (N ew m an -K eu ls).
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Figure 5.5.6: C lenbuterol-induced reduction in locom otor activity in rats is mediated by p2- 

adrenoceptors

M etoprolol (lO m g/kg), ICI 118, 551 (lO m g/kg) or control (0 .89%  (w /v ) sa line) w ere adm inistered i.p. 30  min 

prior to i.p. adm inistration o f  clenbuterol (0 .5 m g /k g ) or control (0 .89%  (w /v ) sa line) and locom otor activ ity  o f  

rats w as m onitored for 15 m in 2  hr post-clenbuterol injection. A  one-w ay A N O V A  revealed  a sign ifican t e ffe c t o f  

treatm ent on a) active tim e [F ( 3  20)=68.12, P < 0 .0 0 0 1 ], b) rearing total [F ( 3  2 o p 4 1 .27, P < 0 .0 0 0 1 ], c) m ob ile  total 

[F ( 3  20)=78.87, P < 0 .0001] and d) static total [F ( 3  2o p 2 3 .1 6 , P < 0 .0 0 0 1 ]. Data are expressed  as m eans w ith standard 

error o f  the m ean (n=6).  **P < 0 .0 1 , *P < 0.05  versus sa line control, ++ P <0.01 versus clenbuterol control 

counterparts (N ew m an -K eu ls).
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5.6 Discussion

5.6.1 Effects of clenbuterol in the CNS are dose-dependent

Clenbuterol has previously been shown to have a high affinity for P-adrenoceptors both in 

vitro and in vivo since it induces a significant displacement o f the radioactively labeled p-
I

adrenergic antagonist (-)-[ IJiodopindolol. In addition, clenbuterol is known to be highly 

lipophilic and thus when administered peripherally it been shown to be capable o f binding to 

central P2 -adrenoceptors with a high affinity (Conway et al., 1987). Thus, peripherally 

administered clenbuterol has the capacity to provoke a response within the CNS through 

activation o f central P-adrenoceptors. In line with this, the results from the previous chapter 

(Chapter 4) and those from previous studies in this laboratory (McNamee, 2008) demonstrate 

that clenbuterol can activate astrocytes and invoke actions on the immune processes o f the 

CNS.

Previous studies report that peripheral administration o f the selective P2 -adrenoceptor agonists 

clenbuterol and formoterol increase the expression o f IL-ip, IL-lra and the IL-I Type II 

receptor in rat cortex and hippocampus (McNamee, 2008). Furthermore, the results in the 

previous chapter demonstrate that clenbuterol can increase IL-ip, IL-lra and lL-1 Type II 

receptor expression under basal conditions and following systemic LPS administration. Thus, 

in keeping with this, the current study demonstrates that acute clenbuterol administration dose- 

dependently regulates members o f the IL-1 family. Clenbuterol is found to significantly 

increase the mRNA expression o f IL-ip, IL-lra and IL-I Type II receptor in rat cortex, 

hippocampus and hypothalamus in a dose-dependent manner. As discussed previously the 

increased expression o f the IL-I Type II receptor and IL-lra are noteworthy since both are 

negative regulators o f the lL-1 signalling system. Notably, the two lower doses o f 0.003mg/kg 

and O.Olmg/kg clenbuterol did not impact on the expression o f IL -ip or IL-I Type II receptor 

in rat CNS while the very lowest dose o f 0.003mg/kg showed no effect on IL-lra expression. 

It is hypothesized that these lower doses o f clenbuterol do not cross the BBB at concentrations 

capable o f inducing an immune response within the CNS but instead are rapidly metabolized 

by the liver and excreted as previously described by Zalko et a l, (1998).

Since previous studies have shown that acute administration o f clenbuterol has no effect on the 

expression o f the IL-1 Type I receptor or IL-1 accessory protein in rat CNS, both of which are
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imperative for lL-1 signalling (McNamee, 2008), the expression o f iNOS was evaluated as a 

down-stream measure o f lL-1 signalling. Clenbuterol induced a dose-dependent increase in the 

expression o f iNOS in rat cortex, hippocampus and hypothalamus following an acute 

challenge with clenbuterol. The lowest dose o f 0.003mg/kg once again showed no effect. This 

increase in iNOS expression is to some extent in line with previous reports which have 

suggested that catecholamines can dose-dependently enhance the expression of iNOS in LPS- 

stimulated macrophages, an effect shown to be mediated by activation o f the P2-adrenoceptor 

(Chi et a l,  2003; Lin et a l ,  2005). However, there are conflicting reports in the literature 

about the effects o f P-adrenergic stimulation on the activity o f iNOS since it has also been 

demonstrated that the administration o f noradrenaline or P-adrenergic agonists can suppress 

the LPS-induced increase in iNOS and the production o f nitrite (Mori et a l,  2002; O'Sullivan 

et al., 2009). Thus iNOS, and ultimately NO production, appears to have a dichotomous role 

in the CNS. As such, iNOS activity results in the expression o f NO which on the one hand can 

have beneficial effects for the host since it helps to eliminate bacteria, viruses and tumour 

cells. On the other hand, when the activity o f iNOS is sustained over long periods o f time it 

becomes deleterious to the host resulting in the pathogenesis o f diseases such as rheumatoid 

arthritis, septic shock and within the CNS it can induce damage to oligodendrocytes, 

demyelination and axonal damage (Galea & Feinstein, 1999; De Keyser et al., 2004).

A vast array o f literature has shown that the central expression o f IL-ip, in particular that in 

the hypothalamus, is associated with reduced locomotor activity and social exploration in 

animals (Wieczorak & Dunn, 2006; Bluthe et al., 2000). As already discussed, the results 

presented here demonstrate that an acute clenbuterol challenge provokes a dose-dependent 

increase in the expression o f IL-ip in all brain regions examined at the higher doses employed 

(0.03-0.3mg/kg). In addition, an acute challenge with clenbuterol was found to cause a dose- 

dependent decrease in the total activity o f the rats when placed in a novel locomotor cage. 

Additionally, the other parameters o f locomotor activity, namely static, mobile and rearing 

totals, were all significantly reduced at doses ranging from 0.03mg/kg to 0.3mg/kg 2 hr post- 

clenbuterol administration. Notably, the two lowest doses o f 0.003mg/kg & 0.01 mg/kg 

clenbuterol did not impact on the locomotor activity of rats. Thus it might be hypothesized that 

the increase in IL-ip expression and is responsible for the reduction in locomotor activity 

since the lowest doses o f clenbuterol (0.003 & 0.01 mg/kg) did not induce IL-lp expression
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nor did they impact on locomotor activity. However, the relationship between the clenbuterol- 

induced increase in IL-lp expression and reduction in locomotor activity remains to be

determined by further studies in IL-I Type 1 receptor knock-out mice.

5.6.2 LPS-induced inflatntnation can be attenuated by co-administration of low-dose 

clenbuterol in rat CNS

The results discussed above demonstrate that the lowest dose at which clenbuterol induces a 

consistent immune response in the CNS is 0.03mg/kg. As previously mentioned, this dose is 

similar to that used therapeutically in humans (10-20)j,g) for bronchodilation (Smith, 1998). 

Thus, since the effects o f clenbuterol were evaluated in naive rats until this point it was 

deemed necessary to examine the impact o f this dose o f clenbuterol on the neuroinflammation 

induced by systemic LPS administration. As discussed in the previous chapter, systemic LPS 

administration induces a robust increase in the expression o f pro-inflammatory cytokines and 

chemokines in rat CNS (Konsman et al., 1999; O'Sullivan et al., 2009).

Clenbuterol was found to significantly increase the expression o f IL-I 0 and SOCS3 both in the

presence and absence o f LPS. Moreover, in line with the previous studies, low-dose 

clenbuterol significantly increased the expression o f IL-ip, lL-1 Type 11 receptor and IL-lra 

under basal conditions. In the presence o f LPS clenbuterol was still found to notably increase 

the expression o f IL -ip and IL-I Type II receptor, however, IL-lra expression did not 

significantly increase above basal levels. With regard to the expression o f IL-ip the results 

presented here are somewhat in contrast to those presented in Chapter 4 where clenbuterol was 

administered 24 hr post-LPS treatment. From that study it appears that prior exposure to LPS 

may prime the CNS to produce a more robust increase in clenbuterol-induced IL-ip 

expression. However, the results from the present study suggest that when both agents are co

administered the presence of LPS may impede the ability o f clenbuterol to induce IL-ip 

expression.

Promisingly, the current study reveals that low-dose clenbuterol can attenuate the pro- 

inflammatory profile induced by systemic LPS administration when both drugs were given 

concurrently. In this regard, clenbuterol significantly reduced the LPS-induced mRNA
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expression o f the pro-inflammatory mediators IL-6 and iNOS and reduced the mRNA 

expression o f the pro-inflammatory cytokine TNF-a. The impact o f clenbuterol on LPS- 

induced TNF-a expression is in line with the result presented in the in vitro studies (Chapter 3) 

where it was found that pre-treatment o f primary mixed glial cultures with noradrenaline or 

the selective P2 -adrenergic agonists salbutamol or formoterol suppressed the expression of 

LPS-induced TNF-a. The attenuation o f LPS-induced TNF-a expression by administration of 

selective P-adrenergic agonists has been widely reported by other groups. As such, previous 

studies have demonstrated that treatment with P-adrenergic agonists attenuates the LPS- 

induced increase in TNF-a, an effect shown to be mediated primarily by Pa-adrenoceptor 

stimulation (Elenkov et a l ,  1995; Kuroki et a l ,  2004). In addition one group also reported that 

increasing the amount o f noradrenaline available in the synapse, through the use o f selective 

a 2 -adrenergic agonists, blunted the expression o f TNF-a elicited by LPS administration 

(Elenkov et a l ,  1995). Furthermore, the effect o f isoproterenol on LPS-induced TNF-a and 

IL-6 expression in vitro was shown to be due to P-adrenergic regulation of the promoter 

activity o f TNF-a and IL-6 (Nakamura e /a /., 1998).

Notably co-administration o f clenbuterol with LPS was found to reduce the LPS-induced 

expression o f the co-stimulatory molecules CD40, the integrin ICAM-1 and the chemokines 

IP-10 and RANTES in rat cortex. This is noteworthy since integrins are known to play a 

crucial role in leukocyte extravasation and the activation and proliferation of T-cells in the 

CNS and not surprisingly they are found to be overexpressed in inflammatory diseases o f the 

CNS such as MS and AlDS-related dementia and EAE (Ballestas & Benveniste, 1997; 

Campbell et al., 2002). It has previously been shown that administration o f db-cAMP, 

noradrenaline or forskolin do not induce the expression o f lCAM-1 in astrocytes in vitro, 

however, when these agents were administered to cells which were subsequently exposed to 

TNF-a or IL -ip a significant increase in ICAM-I was observed at both the mRNA and protein 

levels, an event mediated by the induction o f intracellular cAMP (Ballestas & Benveniste, 

1997). Additionally, p2 -adrenoceptor agonists, salbutamol and terbutaline, have been shown to 

inhibit the expression o f the co-stimulatory molecules ICAM-1 and CD40 in monocytes, an 

effect again found to be mediated by the p2 -adrenoceptor (Kuroki et a l ,  2004). Significantly, 

reports have also suggested that enhanced intracellular cAMP accumulation and the increased 

expression o f IL-10 which ensues suppresses ICAM-1 expression in astrocytes (Ballestas &
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Benveniste, 1997). Encouragingly the impact o f clenbuterol on LPS-induced 

neuroinflammation in rat CNS reflects that o f previous work from this laboratory which 

demonstrated that in vitro administration o f noradrenaline reduces the LPS-induced expression 

o f chemokines in glia and increasing the availability o f noradrenaline in the synapse in vivo 

through the use o f noradrenaline reuptake inhibitors or a 2 -adrenoceptor antagonists suppresses 

the LPS-induced expression o f chemokines and co-stimulatory molecules in the CNS 

(O’Sullivan, 2007).

The results o f this study also demonstrate that both clenbuterol and LPS reduce locomotor 

activity of rats to a similar extent. In this regard both clenbuterol and LPS reduced the total 

activity o f rats in all parameters measured to approximately the same degree when rats were 

placed in novel locomotor activity cages. Notably, no synergistic effect was observed on 

locomotor activity when LPS and clenbuterol were co-administered.

5.6 .3  E ffects o f  clen b uterol are m ediated  via stim ulation  o f  P2-ad renocep tors in rat C N S

The results presented so far have shown that peripheral administration o f clenbuterol elicits an 

immune response in a dose-dependent manner in the rat CNS and when co-administered with 

LPS clenbuterol has the ability to reduce the LPS-induced expression o f pro-inflammatory 

mediators. The effects o f clenbuterol on astrocytic activation and cytokine expression have 

previously been shown to occur due to stimulation o f P-adrenergic receptors since the effects 

could be blocked by administration of the non-selective P-adrenergic antagonist propranolol 

(McNamee, 2008). However, this previous study did not delineate between effects induced by 

the varying subtypes o f P-adrenoceptor present in the brain, specifically whether the effects o f 

clenbuterol were elicited by the Pi- or Pa-adrenoceptor subtypes. Therefore, the present study 

aimed to determine whether the Pi- or Pi-adrenoceptor subtype is primarily responsible for the 

effects o f clenbuterol through the use o f the selective Pi-adrenoceptor antagonist metoprolol 

and the selective P2 -adrenoceptor antagonists ICI 118,551.

The results presented here reveal that the increase in GFAP mRNA expression and hence 

astrocytic activation observed following peripheral clenbuterol administration is mediated by 

stimulation P2 -adrenoceptors since the P2 -adrenoceptor antagonist ICI 118,551 impeded the
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expression o f GFAP in rat cortex, iiippocampus and hypothalamus. In contrast, the Pi- 

adrenoceptor antagonist metoprolol did not impact on GFAP expression in any o f the regions 

examined. These results are in line with previous in vitro studies which report that clenbuterol 

induces changes in astrocytic morphology through a P2 -adrenoceptor mediated pathway 

(Junker et a l ,  2002).

In addition, the results presented here show that the clenbuterol-induced increase in IL-ip, IL- 

Ira and the IL-1 Type II receptor expression is mediated by P2 -adrenoceptors since expression 

could be blocked by ICI 118,551 but not metoprolol. However, clenbuterol-induced IL-ip 

expression was not found to be significantly altered by ICI 118,551 or metoprolol in the 

cortex. Since previous studies have shown that propranolol can block clenbuterol-induced IL- 

IP expression (McNamee, 2008) it might be suggested that an interplay between actions both 

P-adrenoceptor subtypes is responsible for the clenbuterol-induced increase in IL-lp 

expression in the cortex. Surprisingly, blockade o f Pi-adrenoceptors with metoprolol 

augmented the clenbuterol-induced increase in IL-lra in the cortex. Furthermore, the results 

show that the clenbuterol-induced increase in iNOS expression is mediated by the P2 - 

adrenoceptor since administration o f ICI 118,551 but not metoprolol blocked its expression.

In addition to the role in mediating the effects o f clenbuterol on immune processes in the CNS 

the results presented here imply that activation o f P2 -adrenoceptors is responsible for the 

clenbuterol-induced reduction in locomotor activity o f rats. In line with the earlier studies 

peripheral administration o f clenbuterol induced a significant reduction in all parameters of 

locomotor activity measured. However, pre-treatment o f rats with P2 -adrenoceptor antagonist 

ICI 118,551 prior to clenbuterol blocked the effects on locomotor activity and thus the activity 

o f these rats was shown to be similar to that o f the controls. However, pre-treatment with the 

Pi-adrenoceptor antagonist metoprolol was found to have no impact on the clenbuterol- 

induced reduction in locomotor activity.

Overall, these results are not surprising since P2 -adrenoceptors are known to be responsible for 

the increase in intracellular cAMP accumulation observed in the rat CNS in response to 

clenbuterol (Ordway et a l ,  1987). Furthermore, the neuroprotective effects o f clenbuterol
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have already been shown in the literature to be mediated by the P2 -adrenoceptor (Junker et al., 

2002; Culmsee et al., 2007).

5.6.4 Summary

In conclusion, the results presented here show that peripheral administration o f  clenbuterol 

induces a dose-dependent increase in the expression o f  cytokines in rat CNS with similar 

effects being observed in all three brain regions examined, namely the cortex, hippocampus 

and hypothalamus. Not surprisingly, in line with previous reports, these effects were found to 

be largely mediated via stimulation o f  central P2 -adrenoceptors and not (31-adrenoceptors. 

Furthermore, the lowest dose at which clenbuterol was shown to induce a consistent immune 

response in the CNS was a dose o f  0.03mg/kg;i.p., a dose which is similar to that used 

therapeutically in humans. In addition administration o f  this low-dose o f  clenbuterol was 

demonstrated to elicit anti-inflammatory effects in rat cortex following systemic 

administration o f  the endotoxin LPS. In spite o f  the grand anti-inflammatory profile induced 

by clenbuterol it was also shown to induce a significant increase in IL- ip expression in the 

CNS, an effect which corresponds with reduced locomotor activity o f  rats. Thus, for this 

reason the peripheral effects o f  clenbuterol warrant further investigation as shall be discussed 

in the following chapter (Chapter 6).
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Chapter 6
Examination o f the peripheral effects o f  

clenbuterol in rats; comparison with LPS





Chapter 6: Results

6.1 Introduction

The results from the previous chapter demonstrate that acute administration o f  clenbuterol 

increases the expression o f  IL-ip in the rat CNS, an effect found to correspond with a decrease 

in locomotor activity. lL-1 is a potent neuromodulator which has been consistently shown to 

play a role in the behavioural response o f  animals to injury or infection, a response which has 

come to be known as sickness behaviour. First classified by Benjamin Hart in 1988 sickness 

behaviour is the stereotypical response to injury or infection and occurs due to alterations in 

the normal homeostasis o f  an animal. This highly adaptive motivational state is classically 

associated with fever, hypophagia, hypersomnia, cachexia, hyperalgesia and anhedonia; 

behavioural alterations which are found to be associated with the increased actions o f  

cytokines on the brain, in particular that o f  IL-ip, TNF-a and lL-6 (see Hart, 1988; Dantzer, 

2001; Dantzer et a l, 2008). In line with this, the systemic administration o f  the endotoxin LPS 

is known to initiate an acute phase response triggering the release o f  lL-1, TNF-a and lL-6 

from peripheral macrophages, an event which culminates in the induction o f  behavioural 

depression which aims to restore homeostasis in the animal (Beishuizen & Thijs, 2003). The 

aforementioned cytokines (IL-lp, TNF-a & lL-6) are known to be pyrogenic in nature and 

have been suggested to play a role in the febrile response through their actions at receptors in 

the CNS, in particular those within the hypothalamus, resulting in a decreased firing-rate o f  

warm-sensitive neurons and a concomitant increase in the firing rate o f  cold-sensitive neurons 

(Rothwell & Luheshi, 2000; Tizard, 2008). Furthermore, the LPS-induced expression o f  IL- 

ip, TNF-a and IL-6 in the hypothalamus has been shown to be associated with a reduction in 

food-motivated behaviour (Laye et al., 2000).

The increased expression and release o f  prostaglandins, in particular prostaglandin E2 , has also 

been found to play a role in the behavioural response to endotoxin. Prostaglandins are 

produced from the actions o f  enzymes known as prostaglandin synthases. In this regard, the 

prostaglandin synthase COX-II converts arachidonic acid to prostaglandin E2 . While COX-II 

is found to be constitutively expressed in the CNS its expression is rapidly upregulated in 

response to LPS administration (Cao et al., 1995; Quan et al., 1998). Moreover, COX-II has 

also been shown to mediate in part the febrile response since the rise in core body-temperature 

observed following peripheral administration o f  LPS or IL-I can be blocked by the
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administration o f selective COX-11 inhibitors (Cao et a i, 1995; Wieczorek & Dunn, 2006). 

Thus the following studies were undertaken in order to determine if administration of 

clenbuterol induces a neuroinflammatory response similar to that induced by systemic 

administration o f the endotoxin LPS and to assess further its impact on the behaviour o f rats.

p-adrenoceptors are found to be widely expressed in the periphery. The pi-adrenoceptor 

subtype is known to predominate in the cardiac system and outnumbers the P2 -adrenoceptor by 

approximately 4:1 in the ventricles and 2:1 in the atria (Wallukat, 2002; Brodde et a l, 2006). 

Stimulation o f cardiac P-adrenoceptors regulates heart rate by increasing the contractility and 

accelerating the relaxation o f the heart, an effect found to be dependent on G j  coupling (Xiang 

& Kobilka, 2003; Zheng et a l, 2004). As clenbuterol is known to act on P2 -adrenoceptors, the 

capacity o f clenbuterol to alter heart rate was examined in the following studies, since it is 

possible that a non-specific stress response induced by clenbuterol may account for its ability 

to reduce locomotor activity. LPS was used as a comparator since its administration has been 

previously demonstrated to increase heart rate, an effect brought about by increases in plasma 

concentrations of noradrenaline and adrenaline (Zhou & Jones, 1993).

The technique employed for the purposes o f these studies was that o f telemetry which utilizes 

PDT 4000HR E-Mitters (Mini Mitter, OR, USA) in order to acquire data for heart rate, core 

body-temperature and locomotor activity. This system utilizes battery-free radiotelemetry 

devices which are implanted into the peritoneal cavity o f the rat. The technique allows for 

measurement o f behavioural and physiological responses in rats and curtails a need for human 

contact therefore minimizing stress to the animal. In addition, this method also allows for 

concurrent measurement o f both physiological and behavioural responses in the animal 

without distortion to any o f the parameters under investigation (Harkin et a l, 2002).

Thus, the objectives o f the following studies were to:

1) Compare the effect o f LPS and clenbuterol on the mRNA expression o f pro- 

inflammatory cytokines and COX-II in rat hypothalamus.
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2) Compare the effect o f LPS and clenbuterol on food intake, water consumption, body- 

weight, locomotor activity, body-temperature and heart rate in rats.

3) Determine the ability o f the Pi-adrenoceptor antagonist metoprolol and the P2- 

adrenceptor antagonist ICI 118,551 to block the effects o f clenbuterol on food intake, 

water consumption and heart rate in rats.

4) Determine the impact o f a low dose o f clenbuterol (0.03mg/kg) on heart rate in rats in 

a bid to dissociate the negative effect o f clenbuterol on heart rate from the beneficial 

effects induced by clenbuterol observed in the CNS.
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6.2 Methods

6.2.1 Subjects and drug treatments

Male Sprague-Dawley rats (340-400g) were singly housed under a 12 hr light-dark cycle 

(lights on 08:00) in a temperature-controlled room (22 ± 2 °C) with food and water available 

ad libitum for the duration o f the experiment. Rats were implanted with HR E-Mitters as 

outlined in the methods section (Section 2.3, Chapter 2). Clenbuterol and LPS were dissolved 

in 0.89% (w/v) saline and were administered i.p. or s.c. at doses o f 0.003, 0.01, 0.03 or 

0.5mg/kg and 250|^g/kg respectively. Metoprolol and ICI 118,551 were dissolved in 0.89% 

(w/v) saline with 0.2% (v/v) Tween-20 and were administered s.c. at a dose o f lOmg/kg. 

Control rats received an injection o f 0.89% (w/v) saline alone.

6.2.2 Experimental Procedure

The design for this set o f experiments was as outlined in Figures 6.1 to 6.3 below. Food, water 

and body-weights were measured as outlined in the methods section (Section 2.3, Chapter 2). 

Heart rate, core body-temperature and locomotor activity were measured and analysed using 

the VitalView™ system as outlined under the telemetry section o f the methods section 

(Section 2.3, Chapter 2). Rats were allowed at least one week o f wash-out prior to additional 

challenge. Preparation o f tissue for cDNA synthesis and RT-PCR was carried out as outlined 

in the methods section (Section 2.3 & 2.4, Chapter 2).

24 Hours
Adult Male 
Sprague-Dawley 
Rats (340-400g)t 4 Hours t

Rats injected i.p with
1. Saline
2. LPS (250Mg/l<g)
3. Clenbuterol (0.5mg/kg)

Subset of rats 
sacrificed 4hr 
post- treatm ent

Experimental endpoints;
• Expression of Inflammatory 

Mediators
(IL-1P, TNF-a, IL-6, COX-II) after 4 

hr

• M easurement of locomotor 
activity, body-temperature & heart 
rate over 24 hr

• M easurement of food & water 
intake & body-weight of rats 24 hr 
post-challenge

Figure 6.1: Experimental design for comparing the neuroinflammatory & peripheral 

effects of clenbuterol to those induced by LPS
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Adult Male  
Sprague-Dawley 
Rats (340-400g)

30 minute pre-treatment Rats injected s.c. with
Rats injected s.c. with 1. Saline
1. Saline 2. Clenbuteroi (O.Smg/kg)
2. Metoproloi (10mg/kg)
3. iCI 118,551 (lOmg/kg)

Figure 6.2: Experimental design for determining P-adrenoceptor subtype responsible for 

inducing the effect of clenbuteroi on food-motivated behaviour and heart rate

24 Hours Experimental endpoints:
•  Measurement of Food & Water 

Intake

Measurement of Heart Rate

24 Hou rs
I Exoerimental endooint:

Sprague-Dawley * Measurement of Heart Rate

Rats (340-400g) t
Rats injected s.c. with
1. Saline
2. Clenbuteroi (0.03mg/kg)

Figure 6.3: Experimental design for determining the impact of low-dose clenbuteroi on 

heart rate
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6.3 Effect of Clenbuterol and LPS on the induction of a pro-inflammatory response in 

rat hypothalamus 4 hr post-administration

As already discussed, “classical sickness behaviour” is associated with the actions o f the 

cytokines IL-ip, TNF-a, IL-6 and the prostaglandin synthase COX-II in the brain which can 

provoke alterations in normal homeostasis (Dantzer, 2001; Dantzer et a l, 2008). Thus, the aim 

o f the following study was to compare the ability o f clenbuterol and the classical inflammagen 

LPS to induce the expression o f IL-lp, TNF-a, IL-6 and COX-II in the rat hypothalamus. In 

addition, since the results o f the previous chapter revealed that both LPS and clenbuterol 

reduce the locomotor activity o f rats, the physiological mechanisms responsible for this, 

namely effects on feeding, body-weight, cardiac function and body-temperature, were 

examined in greater detail in this study, as these are all known to be implicated in the 

behavioural response to endotoxin and IL-ip (Zhou & Jones, 1993; Porter et a l ,  1998; Tizard, 

2008)

IL -ip  mRNA expression: Systemic LPS administration (250(ig/kg;i.p.) significantly increased 

IL-Ip mRNA expression (~9-fold; P<0.05, Student’s /-test) in hypothalamus compared to 

saline controls 4 hr post-injection. However, administration o f clenbuterol (0.5mg/kg;i.p.) 

induced a more robust increase in IL -ip mRNA expression (~25-fold; P<O.OI) than LPS. 

[Figure 6.3.1 a, Newman-Keuls, «=6-7].

TNF-a mRNA expression: Systemic LPS administration (250|xg/kg;i.p.) induced a robust 

increase in TNF-a mRNA expression (~4-fold; P<0.01) in hypothalamus compared to saline 

controls 4 hr post-injection. In contrast, clenbuterol (0.5mg/kg;i.p.) failed to alter TNF-a 

mRNA expression. [Figure 6.3.1 b, Newman-Keuls, «=6-7].

IL-6 mRNA expression: Systemic LPS administration (250fj,g/kg;i.p.) induced a robust 

increase in IL-6 mRNA expression (~6-fold; P<0.0l) in hypothalamus compared to saline 

controls 4 hr post-injection. In contrast, clenbuterol (0.5mg/kg;i.p.) failed to alter IL-6 mRNA 

expression. [Figure 6.3.1 c, Newman-Keuls, «=6-7].
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COX-11 mRNA expression: Systemic LPS administration o f LPS (250|j,g/kg:i.p.) induced a 

robust increase in COX-II mRNA expression (~6-fold; P<0.01) in hypothalamus compared to 

saline controls 4 hr post-injection. In contrast, clenbuterol (0.5mg/kg;i.p.) failed to alter COX- 

11 mRNA expression. [Figure 6.3.1 d, Newman-Keuls, /7=6-7].

6.3.2 Comparison of the impact of clenbuterol and LPS on heart rate, body temperature 

and behaviour in rats

Food intake: Systemic LPS administration (250|j,g/kg;s.c.) significantly reduced food intake 

(P<0.01) o f rats compared to saline controls over a 24 hr period. Comparably, clenbuterol 

(0.5mg/kg;s.c.) also significantly reduced food intake o f rats compared to saline controls 

(P<0.01) and compared to the LPS group (P<0.01). [Figure 6.3.2 a, Newman-Keuls, n=6\.

Water intake: Systemic LPS administration (250|j,g/kg;s.c.) significantly reduced water intake 

(P<0.05) o f rats compared to saline controls over a 24 hr period. Comparably, clenbuterol 

(0.5mg/kg;s.c.) also significantly reduced water intake (P<0.01) o f rats compared to saline 

controls. [Figure 6.3.2 b, Newman-Keuls, «=6].

Body-weight: Systemic LPS administration (250p.g/kg;s.c.) significantly reduced body-weight 

(P<0.01) o f rats compared to saline controls over a 24 hr period. In contrast, clenbuterol 

(0.5mg/kg;s.c.) did not significantly alter the body-weight o f rats compared to saline controls. 

[Figure 6.3.2 c, Newman-Keuls, «=6],

Locomotor activity: Systemic LPS administration (250|xg/kg;s.c.) reduced the locomotor 

activity o f rats, an effect which persisted for approximately 12 hr post-injection. When 

locomotor activity was pooled for the 12 hr lights-out period LPS significantly reduced 

locomotor activity (P<0.01) compared to saline controls. Similarly, administration of 

clenbuterol (0.5mg/kg;s.c.) reduced locomotor activity, an effect which persisted for 

approximately 12 hr post-injection. When locomotor activity was pooled for the 12 hr lights- 

out period clenbuterol significantly reduced locomotor activity (P<0.01) compared to saline 

controls. [Figure 6.3.3 a, b, Newman-Keuls, «=6].
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Body-temperature: Systemic LPS administration (250^g/kg;s.c.) induced a febrile response in 

rats which persisted for approximately 10 hr post-injection. When temperature data was 

pooled for the 12 hr lights-out period, LPS was shown to significantly increase body- 

temperature (P<0.01) compared to saline controls. In contrast, administration o f clenbuterol 

(0.5mg/kg;s.c.) reduced body-temperature which persisted for approximately 11 hr post

injection. When temperature data was pooled for the 12 hr lights-out period, clenbuterol 

significantly decreased body-temperature (P<0.01) compared to saline controls. [Figure 6.3.4 

a, b, Newman-Keuls, «=6].

Heart rate: Systemic LPS administration (250(j,g/kg;s.c.) increased the heart rate o f rats, an 

effect which persisted for approximately 24 hr post-injection. When the heart rate data was 

pooled for the 12 hr lights-out period LPS significantly increased heart rate (P<0.01) 

compared to saline controls. Similarly, administration of clenbuterol (0.5mg/kg;s.c.) also 

increased the heart rate, an effect which again persisted for approximately 24 hr post-injection, 

however this was found to be o f a much greater magnitude than that observed for LPS. When 

the heart rate data was pooled for the 12 hr lights-out period clenbuterol significantly 

increased heart rate compared to saline controls (P<0.01) and also compared to the LPS group 

(P<0.01). When the heart rate data was pooled for the 12 hr lights-on period clenbuterol 

significantly increased heart rate compared to saline controls (P<0.01) and also compared to 

the LPS group (P<0.01). [Figure 6.3.5 a, b, Newman-Keuls, «=6].
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Figure 6.3.1: Systemic LPS administration induces IL -ip, TNF-a, IL-6 and COX-II mRNA 

expression while clenbuterol selectively induces IL -ip  mRNA expression in rat hypothalamus

C lenbuterol (0 .5 m g /k g ), LPS (2 5 0 (ig /k g ) or control (0 .89%  (w /v ) sa line) w ere adm inistered i.p. and rats w ere  

su bseq uently  sacrificed  4  hr post-in jection , a) A on e-w a y  A N O V A  revealed a sign ifican t e ffec t  o f  treatm ent on  

IL -ip  m R N A  expression  [F (2 j7 p l2 .7 9 , P < 0 .0 0 0 4 ]. b) A  o n e-w a y  A N O V A  revealed a sign ifican t e ffec t o f  

treatm ent on T N F -a  m R N A  expression  [F(2 j 7 )=l 1 .54, P < 0 .0 0 0 7 ]. c) A o n e-w ay  A N O V A  revealed  a sign ifican t 

e ffe c t o f  treatm ent on IL-6 m R N A  expression  [F(2j7)=7.95, P < 0 .0 0 3 6 ]. d) A  o n e-w ay  A N O V A  revealed  a 

sig n ifican t e ffec t o f  treatm ent on C O X -II m R N A  expression  [F(2j7)=33.72, P < 0 .0 0 0 1 ]. Data are expressed  as 

m eans w ith  standard error o f  the m ean (« = 6 -7 ) . **P <0.01 versus sa line control, ++P<Q.01 versus L PS group  

(N ew m an -K eu ls).

In order to  exam in e the induction o f  IL -lp  expression  by LPS, the control and LPS groups w ere iso la ted  and 

analysed  usin g  a S tudent’s /-test. T his w as necessary sin ce  the robust clenbutcrol-induced increase in IL- i p  

exp ression  precluded the detection  o f  d ifferences betw een  the control and LPS groups.
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Figure 6.3.2: Systemic administration of LPS or cienbuterol reduces food and water intake and 

induces weight-loss in rats

Cienbuterol (0.5mg/kg), LPS (250ng/kg) or control (0.89% (w/v) saline) were administered s.c. to rats and food 

intake, water intake and body-weight were measured over a 24 hr period, a) A one-way ANOVA revealed a 

significant effect o f  treatment on food intake [F(2_)5)=5I.36, P<0.0001]. b) A one-way ANOVA revealed a

significant effect o f  treatment on water intake [F(2,i5)=9.79, P=0.00I9]. c) A one-way ANOVA revealed a

significant effect o f  treatment on body-weight [F(2,i5)=7.58, P=0.0053]. Data are expressed as means with

standard error o f  the mean (n=6).  **P<0.01, *P<0.05 versus saline control, ++P<0.01 versus LPS group

(Newman-Keuls).
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Figure 6.3.3: Systemic administration of LPS or clenbuterol reduces the locomotor activity of 

rats

Clenbuterol (0.5mg/kg), LPS (250ng/kg) or control (0.89%  (w/v) saline) were administered s.c. to rats, a) Both 

clenbuterol and LPS reduce locomotor activity over a 24 hr period, b) A one-way ANOVA revealed a significant 

effect o f  treatment on locomotor activity [F(2,72)=20.56, P<0.0001] during the 12 hr lights-out period. Data are 

expressed as means with standard error o f  the mean («=6). **P<0.01 versus saline control (Newman-Keuls).

- 2 2 7  -



Chapter 6: Results

a)

40 -I
^  C ontrol 
•  C len b u tero  

A  L P S

Lights On

INJECTIO

0 )  38 -

I ■ I ■ I ■ I ■ I ' T  ■ " T " i ■' 1 n ' " I ' " I "  I *“ 1 '  I '  I ' I '  I '  I '  I '  I ' I ' I ' I '  I

7p m  9pm  11p m  1am  3 a m  Sam  7 a m  9 a m  1 1 a m  1pm  3pm  5p m  7p m

Time

b) 40

O' 39

38

37

36

35

H  C o n tro l  
I I  C la n b u ta r o i  
0 L P S

L igh ts O ut

Figure 6.3.4: Systemic administration of LPS increases body-temperature o f rats while 

clenbuterol reduces body-temperature o f rats

Clenbuterol (0 .5 m g /k g ), LPS (2 5 0 (ig /k g ) or control (0 .8 9 %  (w /v ) sa line) w ere adm inistered s.c . to rats, a) LPS  

increases body-tem perature w h ile  clenbuterol decreases body-tem perature over a 24  hr period b) A  one-w ay  

A N O V A  revealed a sign ifican t e ffec t o f  treatm ent on body-tem perature [F(2 ,?2 p  107 .03 , P < 0 .0 0 0 1 ] during the 12 

hr lights-out period. Data are expressed  as m eans w ith standard error o f  the m ean (« = 6 ) . **P <0.01  versus saline  

control, ++P <0.01 versus LPS group (N ew m an -K eu ls).
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Figure 6.3.5: Systemic administration of LPS or clenbuterol increases heart rate of rats

Clenbuterol (0.5mg/kg), LPS (250ng/kg) or control (0.89%  (w/v) saline) were administered s.c. to rats, a) Both 

clenbuterol and LPS increase heart rate over a 24 hr period, b) A one-way ANOVA revealed a significant effect 

o f  treatment on heart rate [F(2,72)=I00.6I, P<O.OOOI] during the 12 hr lights-out period, c) A one-way ANOVA 

revealed a significant effect o f treatment on heart rate [F(2,63)=492.I2, P<O.OOOI]. Data are expressed as means 

with standard error o f  the mean («=6). **P<O.OI versus saline control, ++P<O.OI versus LPS group (Newman- 

Keuls).
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6.4 Exam ination o f the ability o f the selective Pi-antagonist metoprolol and P2-antagonist 

ICI 118,551 to block the peripheral effects o f  clenbuterol

The results from the previous study demonstrate that clenbuterol induces a profound increase 

in heart rate in comparison to that induced by LPS. Therefore, since the Pi-adrenoceptor is the 

primary subtype responsible for cardiac function it was suspected that the clenbuterol-induced 

tachycardia could be due to activation o f Pi-adrenoceptors secondary to the release o f 

noradrenaline induced by stimulation o f facilitatory pre-synaptic P2 -adrenoceptors (Murugaiah 

& O'Donnell, 1995). Therefore, the following study was undertaken in order to determine 

whether the clenbuterol-induced increase in heart rate was mediated via actions at pi- or P2 - 

adrenoceptors. In order to dissociate between such actions the selective pi-adrenoceptor 

antagonist metoprolol or the selective P2 -adrenoceptor antagonist ICI 118,551 were 

administered to rats 30 min prior to clenbuterol and the impact on food and water intake and 

heart rate was measured over a 24 hr period. Since clenbuterol did not significantly alter body- 

weight in the previous study it was not analysed here.

6.4.1 Impact o f m etoprolol and ICI 118,551 on clenbuterol-induced reduction in food and 

water intake and increase in heart rate

Food Intake: Clenbuterol (0.5mg/kg;s.c.) significantly reduced food intake (P<0.01) compared 

to saline controls over a 24 hr period. Administration o f metoprolol (IOmg/kg;s.c.) 30 min 

prior to clenbuterol induced a modest yet significant attenuation o f the clenbuterol-induced 

decrease in food intake (P<0.05). However, a significant reduction in food intake was still 

shown in comparison to saline controls (P<0.01). In contrast, administration of ICI 118,551 

(I0mg/kg;s.c.) 30 min prior to clenbuterol completely blocked the clenbuterol-induced 

reduction in food intake (P<0.01). [Figure 6.4.1 a, Newman-Keuls, «=6].

Water Intake: Clenbuterol (0.5mg/kg;s.c.) significantly reduced water consumption (P<0.05) 

compared to saline controls over a 24 hr period. Administration of metoprolol (10mg/kg;s.c.) 

30 min prior to clenbuterol did not significantly alter the clenbuterol-induced reduction in 

water consumption. In contrast, administration o f ICI 118,551 (10mg/kg;s.c.) 30 min prior to
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clenbuterol significantly blocked the clenbuterol-induced reduction in water consumption 

(P<0.01). [Figure 6.4.1 b, Newman-Keuls, «=6].

Heart rate: Clenbuterol (0.5mg/kg;s.c.) induced tachycardia in rats, an effect which persisted 

for 24 hr post-injection. When heart rate data was pooled for the 12 hr lights-out period 

clenbuterol significantly increased heart rate (P<0.01) compared to saline controls. 

Administration o f metoprolol (10mg/kg;s.c.) 30 min prior to clenbuterol attenuated 

clenbuterol-induced tachycardia, an effect which lasted approximately 5 hr before wearing o ff 

When heart rate data was pooled for the 12 hr lights-out period metoprolol induced a modest 

yet significant reduction in clenbuterol-induced tachycardia (P<0.01). Comparably, 

administration o f ICl 118,551 (10mg/kg;s.c.) 30 min prior to clenbuterol attenuated 

clenbuterol-induced tachycardia, an effect which persisted for 24 hr. When heart rate data was 

pooled for the 12 hr lights-out period ICl 118,551 significantly reduced clenbuterol-induced 

tachycardia (P<0.01). Notably, during the 12 hr lights-on period ICl 118,551 induced a 

profound reduction in the clenbuterol-induced tachycardia (P<0.01). [Figure 6.4.2 a, b, c, 

Newman-Keuls, «=6].

-231  -



Chapter 6: Results

a) Food Intake 50

40

30

20

10

■  C o n t r o l ' * '  C o n t r o l  
Q c o n t r o l  + C l e n b u t e r o l  
^ M e t o p r o l o l  + C l e n b u t e r o l  

^ I C M 1 8 , 5 5 1  C l e n b u t e r o l

m
**
T 8

b) W ater Intake
50 1

40 -
E
Of

JC
(Q 30 -
C

«
IS 20 -
3

10 -

0 -

■  C o n t r o l  C o n t r o l  
O C o n t r o l  *■ C l e n b u t e r o l  
Q M e t o p r o l o l +  C l e n b u t e r o l  

^ i C I  1 1 8 , 5 5 1  C l e n b u t e r o l

Figure 6.4.1: A dm inistration o f the Pi-adrenoceptor antagonist m etoprolol attenuates the 

clenbuterol-induced reduction in food intake w hile the p2-^drenoceptor antagonist ICI 118, 551 

com pletely blocks the clenbuterol-induced reduction in food and w ater intake

M etoprolol (lO m g/kg), ICI 1 18,551 (lO m g/kg) or control (0 .89%  (w /v ) sa line) w ere adm inistered s.c. to  rats 30  

m in prior to  s.c  adm inistration o f  clenbuterol (0 .5 m g /k g ) or control (0 .89%  (w /v ) sa line), a) A  o n e-w ay  A N O V A  

revealed  a sign ifican t e ffect o f  treatm ent on food  intake [F ( 3  20)=7.31, P < 0 .0 0 1 7]. b) A  o n e-w ay  A N O V A  revealed  

a sign ifican t e ffec t o f  treatm ent on water intake [F ( 3  20)=57.47, P < 0 .0001]. Data are expressed  as m eans w ith  

standard error o f  the m ean (« = 6 ) . **P < 0 .0 1 , *P <0.01 versus sa line control, + + P < 0 .0 1 , + P < 0 .0 5  versus 

clenbuterol control (N ew m an -K eu ls).
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F ig u re  6 .4 .2 : A dm inistration o f the Pi-adrenoceptor antagonist m etoprolol or the P2- 

adrenoceptor antagonist ICI 118,551 attenuates the clenbuterol-induced tachycardia

Metoprolol (lO m g/kg), ICI 118,551 (lOm g/kg) or control (0.89%  (w /v) saline) were administered s.c. to rats 30  

min prior to s.c. administration o f  clenbuterol (0.5m g/kg) or control (0.89%  (w /v) saline), a) Clenbuterol 

increased heart rate over a 24 hr period. Pre-treatment with metoprolol or ICI 118,551 attenuated the clenbuterol- 

induced increase in heart rate, b) A one-way A N O V A  revealed a significant effect o f  treatment on heart rate 

[F(3,96)=41.6, P<0.0001] during the 12 hr lights-out period, c) A one-w ay A N O V A  revealed a significant effect o f  

treatment on heart rate [F(3 g8)=230.98, P<0.0001] during the 12 hr lights-on period. Data are expressed as means 

with standard error o f  the mean (n=6).  **P<0.01 versus saline control, ++P<0.01 versus clenbuterol control 

(Newm an-Keuls).
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6.5 Examination of the impact of a low dose of clenbuterol on heart rate of rats

Results from the previous chapter demonstrated that 0.03mg/kg clenbuterol is the lowest dose 

capable o f impacting on inflammatory processes in the rat CNS in the presence and absence of 

LPS. Thus, in light o f the results reported here so far, the following study was undertaken to 

examine the impact o f this low dose o f clenbuterol (0.03mg/kg) on the heart rate o f rats since 

this was the dose chosen to be used for a chronic study, the results for which are presented in 

the following chapter (Chapter 7).

Heart rate: Administration o f low dose clenbuterol (0.03mg/kg; s.c.) increased the heart rate 

o f rats, an effect which persisted for approximately 10 hr before returning to baseline. When 

heart rate data was pooled for the 12 hr lights-out period clenbuterol significantly increased 

heart rate (P<0.01) compared to saline controls. When the heart rate data was pooled for the 

12 hr lights-on period, clenbuterol had no significant effect compared to saline controls. 

[Figure 6.5.1 a, b. Student’s /-test, «=5-6].
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Figure 6.5.1: Administration of a low-dose o f clenbuterol induces a transient increase in the 

heart rate of rats

Clenbuterol (0.03mg/kg) or control (0.89% (w/v) saline) were administered s.c. to rats, a) Low dose clenbuterol 

(0.03mg/kg) transiently increased the heart rate over a 24 hr period, b) A Student’s Mest revealed a significant 

effect o f  treatment on heart rate (P<0.0001) during the 12 hr lights-out period, c) A Student’s t-test revealed no 

significant effect o f  treatment on heart rate. Data are expressed as means with standard error o f  the mean («=6). 

***p<o 01 versus saline control (Student’s Mest).
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6.6 Discussion

6.6.1 Clenbuterol selectively induces the expression of IL-lp in the hypothalamus and 

does not induce classical sickness behaviour in rats

The resuhs presented here demonstrate that systemic LPS administration induces a robust 

increase in the mRNA expression of TNF-a, IL-6, COX-II and to a lesser extent IL-ip in rat 

hypothalamus. In contrast, clenbuterol was found to selectively increase the expression o f IL- 

ip  and did not impact on TNF-a, IL-6 or COX-II expression. Notably, the ability o f 

clenbuterol to induce IL-lp expression was shown to be much more powerful than that o f 

LPS. These findings are noteworthy since a classical neuroinflammatory response and the 

concomitant behavioural response associated with it are generally accepted to be mediated by 

the induction and combined actions o f the pro-inflammatory and pyrogenic mediators IL-ip, 

TNF-a, IL-6 and COX-II in the CNS (Beishuizen & Thijs, 2003; Blatteis et a l,  2005; Dantzer 

et al., 2008; Tizard, 2008).

Both LPS and clenbuterol were demonstrated to significantly impact on the food-motviated 

behaviour o f rats since the food and water intake o f rats was reduced over the 24 hr period 

post-injection. Significantly, the decrease in food and water intake induced by clenbuterol was 

shown to be much more profound than that induced by LPS. Both LPS and clenbuterol caused 

a reduction in body-weight o f rats. However, in spite o f the fact that the clenbuterol group 

were found to eat and drink far less than the LPS group, they did not display the same degree 

o f weight-loss. It is well established that peripheral administration o f either LPS or IL-ip 

induces hypophagia and a reduction in body-weight in rats, an effect suggested to be mediated 

through humoral pathways since neither vagal nor non-vagal afferent nerves from the upper 

gut have been shown to be involved (Porter et a l,  1998; Wieczorek & Dunn, 2006). The 

reduction in body-weight induced by clenbuterol is in contrast to previous reports which 

demonstrated that clenbuterol increases body-weight, however, increased body-weight is 

generally reported following chronic administration o f clenbuterol (Huang et al., 2000; Patiyal 

& Sharma, 2007). Notably, one study did report that while chronic administration of 

clenbuterol did not effect total body-weight o f  animals it did appear to induce a mild stress 

response since the thymus o f the clenbuterol group was significantly reduced in size compared
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to control animals (Shirato et a l ,  2007). Thus, it is possible that a stress response may be 

responsible for the reduction in body-weight occurring here.

Further to this, in line with the results presented in the previous chapter, both clenbuterol and 

LPS significantly reduced the locomotor activity o f rats over a 24 hr period. When locomotor 

activity was pooled for the lights-out period, the time at which rats are most active, the activity 

o f the rats which received either clenbuterol or LPS was significantly less than that o f the 

control group. Notably, clenbuterol was found to have a more profound impact on locomotor 

activity than LPS. It has previously been shown that peripheral injection o f 1L-I[3 results in 

prolonged increases in brain noradrenaline, an effect demonstrated to reduce the locomotor 

activity o f rats (Wieczorek & Dunn, 2006). Thus, it seems plausible that the impact of 

clenbuterol on locomotor activity may be linked to the increased expression o f IL -ip in the 

hypothalamus. However, it must also be noted that previous studies have shown that the 

clenbuterol-induced reduction in locomotor activity can be attenuated by administration of 

hydrophilic non-selective P-adrenoceptor antagonists, which are incapable o f crossing the 

BBB. This indicates that the effects o f clenbuterol on locomotor activity may be mediated by 

peripheral and not central mechanisms (Geyer & Frampton, 1988; O'Donnell, 1993). 

Therefore, the mechanisms mediating the clenbuterol-induced reduction in locomotor activity 

observed in the present study is a matter which warrants further investigation.

Systemic LPS administration was shown in the current study to induce a febrile response in 

rats, an event which a classically linked to sickness behaviour. The “central thermostat” 

regulates body-temperature by means o f neurons located in the medial and lateral parts of the 

pre-optic nucleus, the anterior hypothalamus and regions o f the septum and acts to maintain 

core body-temperature over a narrow range regardless o f fluctuations in the ambient 

temperature (Tizard, 2008). However, it is known that cytokines and prostaglandins have the 

capacity to induce fever by acting on receptors in these areas causing a reduction in the firing 

rate of warm-sensitive neurons with the effect o f increasing heat production and reducing heat 

loss. Thus, it is suggested that sick animals seek warmer environments and display reduced 

activity in order to minimize heat loss (Tizard, 2008). Furthermore, the febrile response plays 

an important role in sickness behaviour since it lowers the threshold required for the 

production o f inflammatory mediators, thus aiding the elimination of pathogens (Tizard,
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2008). In light o f this, the LPS-induced reduction in body-weight o f rats in the current study 

might be accounted for by the necessity for increased mobilization o f energy stores required 

for the initiation o f a febrile response (Konsman et a l,  2008). However, in contrast to LPS- 

induced fever, clenbuterol induced a mild hypothermic reaction in rats. It is known that 

clenbuterol can cause widespread vasodilation in both animals and humans (Daubert et a l, 

2007). Thus, given that the predominant subtype o f receptor present in the vasculature is the 

P2 -adrenoceptor, whose role is to induce relaxation of smooth muscle through increased 

concentrations o f intracellular cAMP (Werstiuk & Lee, 2000), widespread vasodilation might 

account for the reduction in body-temperature observed in this study.

The results presented here show that LPS significantly increases the heart rate o f rats, an effect 

which was found to persist for up to 18 hr. This corresponds with reports from the literature 

since it has been demonstrated that the administration o f endotoxin increases plasma 

noradrenaline and adrenaline concentrations which in turn bring about a decrease in mean 

blood pressure and an increase in heart rate (Zhou & Jones, 1993). Comparably, clenbuterol 

also increased the heart rate o f rats, however, this increase was o f a much greater magnitude 

than that induced by LPS. As already discussed in section 6.1, the Pi-adrenoceptor is the pre

dominant subtype expressed in the heart, where it outnumbers the P2 -adrenoceptor by 

approximately 70%:30% in the atria and 80%:20% in the ventricles (Wallukat, 2002; Brodde 

et al., 2006). It has previously been reported that clenbuterol can induce changes in heart rate 

both in vitro and in vivo (Hoey et a l ,  1995; Mazzanti et a l ,  2007) and while it has been found 

that clenbuterol acts principally on P2 -adrenoceptors it has been suggested that the clenbuterol- 

induced increase in heart rate occurs due to an interplay between both Pi- and P2 -adrenoceptor 

subtypes (Mazzanti et a l ,  2007). Thus, it might be hypothesized that the profound tachycardia 

induced by clenbuterol occurs owing to hypotension evoked by stimulation o f vascular p2 - 

adrenoceptors. This in turn could result in a baroreceptor reflex response which could provoke 

the release o f noradrenaline via facilitatory P2 -adrenoceptors which can then act on cardiac Pi- 

adrenoceptors to influence heart rate.
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6.6.2 Impact of metoprolol and ICI 118,551 on clenbuterol-induced reduction in food and 

water intake and increase in heart rate

In order to determine if stimulation o f Pi- or p2 -adrenoceptors was responsible for the 

profound tachycardia induced by clenbuterol, rats were administered either the Pi- 

adrenoceptor antagonist metoprolol or the P2 -adrenoceptor antagonist ICI 118,551 prior to 

clenbuterol. The results demonstrate that metoprolol caused a slight attenuation in clenbuterol- 

induced tachycardia, however, its effects were found to be short-lived, wearing off after 

approximately 5 hr. In contrast, ICI 118,551 induced a much greater and persistent attenuation 

o f clenbuterol-induced tachycardia. These findings reflect previous in vitro studies in which 

clenbuterol was found to induce a dose-dependent increase in heart rate in isolated guinea-pig 

atria, an effect which could be antagonized by ICI 118,551 but to a significantly lesser extent 

by the Pi-adrenoceptor antagonist atenolol (Mazzanti et a l ,  2007), thus implying that the P2 - 

adrenoceptor is responsible for the clenbuterol-induced increase in heart rate. Similarly, a 

study by Hoey et a l, (1995) showed that the effect o f clenbuterol on heart rate in vivo could 

be completely reversed by administration o f ICI 118,551 but was only reduced by 

approximately 50% when the Pi-adrenceptor antagonist CYP207I2A was administered. 

Notably, when the results from the present study were pooled for the 12 hr lights-out period, it 

was found that ICI 118, 551 did not fully block the clenbuterol-induced tachycardia and 

surprisingly the magnitude of attenuation induced by both ICI 118, 551 and metoprolol were 

found to be similar. However, ICI 118,551 had a much more profound effect than metoprolol 

during the lights-on period. Thus, it seems likely that an interplay between actions at both Pi- 

and P2 -adrenoceptors is responsible for the clenbuterol-induced tachycardia observed here.

The clenbuterol-induced reduction in food and water intake was found to be mediated by the 

activation o f P2 -adrenoceptors since the effects were completely blocked when rats were pre

treated with ICI 118,551 while pre-treatment with metoprolol had only a modest effect. The 

effect o f metoprolol is unlikely biologically relevant since these rats were still shown to eat 

significantly less than either the control or ICI 118,551 + clenbuterol groups. Additionally, 

metoprolol did not impact on the clenbuterol-induced reduction in water consumption. Thus, it 

is likely that the clenbuterol-induced increase in heart rate may provoke a non-specific stress
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response, resulting in reduced food and water intake, since blocking the profound clenbuterol- 

induced tachycardia with ICI 118,551 also reverses effects on feeding.

6.6.3 Examination of the impact of low dose of clenbuterol on heart rate o f rats

Since the lowest dose o f clenbuterol capable o f impacting on immune processes in the CNS 

was 0.03mg/kg, this dose was chosen to be used for a chronic study to determine if such 

effects persist over time. However, in light o f the results presented in this chapter it was 

deemed necessary to determine the impact o f this dose on heart rate, since this dose was 

shown to induce an increase in IL-1 expression in the CNS and a decrease in locomotor 

activity in the previous chapter (Chapter 5). While the results presented here demonstrate that 

this low-dose of clenbuterol increases heart rate, its effects are transient and persist for 

approximately 10 hr before returning to baseline. This is significant since clenbuterol toxicity 

in humans is known to lead to symptoms including headache, dizziness, nervousness, 

peripheral vasodilation, hypothermia and tachycardia. However, this dose o f 0.03mg/kg is 

found to be in line with that already used therapeutically in humans (Daubert et a l ,  2007) and 

therefore, since its peripheral effects are minimal, might represent a promising therapy for the 

treatment of neuroinflammatory conditions. Notably, it has been reported that clenbuterol 

causes an increase in blood flow and heart rate during the initial days o f treatment however, 

these effects are found to subside with continued treatment (Hoey et al., 1995).

6.6.4 Summary

Te results presented here demonstrate that LPS causes classical neuroinflammatory and 

behavioural response characterized by an increase in the expression o f IL-1 P, TTMF-a, IL-6 and 

COX-II in the hypothalamus which is accompanied by fever, increased heart rate, hypophagia, 

cachexia, and reduced locomotor activity. In contrast, clenbuterol selectively induces the 

expression o f IL-ip in the hypothalamus. Furthermore, it appears that the impact of 

clenbuterol on behaviour might be accounted for by the induction of a stress response caused 

by its profound effects on heart rate, since the reduction in food and water intake were found 

to be reversed when the clenbuterol-induced tachycardia was attenuated with ICI 181,551. In 

light o f this, in order for clenbuterol to be used therapeutically for the treatment of
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neuroinflamm atory disease further studies will be necessary to attem pt to dissociate the 

beneficial effects o f activation o f  central P2-adrenoceptors from the negative effects peripheral 

effects.
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Chapter 7: Results

7.1 Introduction

The results from the previous chapters demonstrate that acute treatment with clenbuterol 

activates central P2-adrenoceptors and elicits anti-inflammatory actions under both basal and 

inflammatory conditions in the CNS. However, since neuroinflammatory disease states are 

chronic in nature and require ongoing administration o f therapeutics, the following study was 

undertaken to determine if the impact o f clenbuterol on immune processes in the CNS would 

persist over time, in this instance for the duration o f a chronic study 14 day study. A dose o f 

0.03mg/kg was chosen for the purposes o f this study since this was found to be the lowest 

dose capable o f impacting on immune processes in the CNS (Chapter 5) and was also found to 

have minimum peripheral effects (Chapter 6). Notably, it has previously been shown that 

chronic administration o f low-dose clenbuterol does not impact on the density o f P2 - 

adrenoceptors in cortex or hippocampus (Dooley et a l, 1983). In addition, as previously 

mentioned, this dose is also comparable to that already used therapeutically in humans. 

Furthermore, doses in this range have been shown to be well tolerated in humans over roughly 

the same period of time (Kamburoff & Prime, 1977) and additionally over a more prolonged 

periods in a clinical trial for the treatment o f amyotrophic lateral sclerosis (Sorau et a l, 2007).

An interesting finding from the acute studies was the selective increase in the expression of 

IL-ip induced by clenbuterol in the CNS. This was surprising since IL-1 is, in the main, 

considered to be the prototypic pro-inflammatory cytokine and is known to play a major role 

in the inflammatory response. While low levels o f IL-I are constitutively expressed in the 

brain, its expression can be rapidly increased in response to injury (Rothwell & Luheshi, 2000; 

Shaftel et a l, 2008). Furthermore, elevated IL-1 expression has been detected in the brains of 

patients with neuroinflammatory diseases such as MS, Alzheimer’s disease and HIV dementia 

(Shaftel et a l, 2008) and for this reason, increased IL-I has been classically considered to 

induce detrimental effects in the CNS. In spite o f this, IL-1 is also found to elicit beneficial 

effects in the brain since it has been shown to play an important role in memory consolidation 

(Shaftel et a l,  2008) and sleep (Rothwell & Luheshi, 2000). IL-1 itself is not directly 

neurotoxic since administration o f lL-1 in vitro does not affect neuronal viability and injection 

of IL-1 into the brain is shown to have no effect under basal conditions, however, IL-1 is 

known to exacerbate the damage caused to the CNS by other means (Grundy et a l, 1999;
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Rothwell & Luheshi, 2000; Shaftel et a l, 2008). Significantly, new reports are coming to the 

fore which challenge ideas about the role this prototypical pro-inflammatory cytokine plays in 

disease. Notably, with respect to Alzheimer’s disease recent studies have proposed that both 

IL-la and IL-ip can decrease concentrations o f amyloid-P (Bandyopadhyay et a l, 2006; 

Tachida et a l, 2008). In light o f this, since clenbuterol is found to induce a robust increase in 

the expression o f IL-ip in rat CNS, the impact o f chronic clenbuterol treatment on amyloid-P 

concentrations was examined in the present study. Concentrations of amyloid-P in the normal 

brain are generally found to be in the range o f 200-1 OOGpM with amyloid-Pi.42 concentrations 

being closer to the lower end o f the range while amyloid-Pi.40 concentrations are found at the 

upper end o f the range (Best et a l, 2005; Garcia-Osta & Alberini, 2009). While these 

concentrations are low in comparison to those found in transgenic rat models o f Alzheimer’s 

disease where concentrations o f amyloid-P are generally found to be in the nanomolar range 

(Flood et al., 2009), studies have evaluated the possibility o f detecting changes in endogenous 

levels o f amyloid-P following treatment (Best et a l, 2005).

Thus, the aims o f this study were as follows:

1) To determine if chronic clenbuterol treatment alters the expression o f the P-adrenergic 

receptors.

2) To determine the impact that chronic clenbuterol treatment has on glial activation.

3) To determine the ability o f chronic clenbuterol treatment to activate the IL-1 system 

and induce expression of the anti-inflammatory cytokine IL-IO.

4) To determine the signalling pathways activated by chronic clenbuterol treatment.

5) To determine whether chronic clenbuterol treatment can impact on levels o f amyloid- 

PMoand amyloid-Pi.42.
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6) To determine the impact o f  chronic cienbuterol on APP processing pathways and its 

impact on the expression o f  m olecules involved in amyloid-P phagocytosis and 

degradation.
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7.2 Methods

7.2.1 Subjects & Drug Treatments

Male Sprague-Dawley rats (200-250g) were housed 3 per cage under a 12 hr light-dark cycle 

(lights on 08:00) in a temperature-controlled room (22 ± 2 °C) with food and water available 

ad libitum for the duration of the experiment as described in the methods section (Section 2.3, 

Chapter 2). Clenbuterol was dissolved in 0.89% (w/v) saline and was administered i.p. at a 

dose o f 0.03mg/kg twice daily. Control rats received an i.p. injection o f 0.89% (w/v) saline 

alone.

7.2.2 Experimental Procedure

The design for this experiment was as set out in Figure 7.1 below. RT-PCR, western 

immunoblotting and MSD® Multi-spot biomarker detection procedures were carried out as 

outlined in the methods section (Section 2.3 & 2.4, Chapter 2).

14 Days
A dult IVIale 
Sprague-D aw ley  
Rats (200-250g) 
(«= 8  per group) t \

R ats in jected  bidaily i.p with
1. Saline or
2. C lenbuterol (0.03mg/kg)

R ats sacrificed  4 h r p o s t final 
C lenbuterol/Saline trea tm en t

E xperim ental endpoints:
•  Pi-, P2-adren oceptor expression

• G lial activation
(G FA P, GDI 1 b, M H C class II,
C D 6 8 , C D 40, C D 8 6  expression)

•  E xpression o f  inflam m atory  
m ediators
(IL-la, IL-ip, IL-lra, IL-IRI, IL-IRII, 
IL-18, IL-33, TNF-a, IL-6, IFN-y, iNOS, 
IL-10, S0CS3)

•  A ctivation o f  signalling  pathw ays
(IkBo expression; E R K I/2 , JN K , p38 
& STAT-3 phosphory lation)

•  A m yloid-p P rocessing
-C oncentrations o f  A p i . 4 0  & A Pi .4 2  

-E xpression o f  A PP, a-, P- & 7 - 
secretases
-E xpression o f  A p scavenger 
receptors (S carb-1 , T LR -2 & R AG E) 
-E xpression o f  AP degrading 
enzym es (ID E, neprilysin , M M P-2, 
M M P-9, T lM P-1)
-E xpression o f  M -C SF & M -CSF 
receptor

Figure 7.1: Experimental design for assessing impact of chronic clenbuterol treatment on 

immune processes and amyloid-P processing within the CNS
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7.3 Chronic clenbuterol treatm ent does not influence the mRNA expression o f either the 

Pi- or P2-adrenoceptor in the CNS

Previous reports have shown that chronic administration o f clenbuterol has minimal effects on 

the density o f P2 -adrenoceptors in cortex and hippocampus (Dooley et a i, 1983). Thus, the 

aim o f this study was to verify that chronic administration o f a dose o f clenbuterol of 

0.03mg/kg;bid over a 14 day period does not impact on the expression o f central Pi- or P2 - 

adrenoceptors.

P-adrenoceptors: Chronic administration o f clenbuterol (0.03mg/kg;i.p.;bid) did not alter the 

mRNA expression o f either the Pi-adrenoceptor or the P2 -adrenoceptor in cortex or 

hippocampus compared to saline controls [Figure 7.3.1 a, b, «=8]
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a) C o rtex

b) H ip p o c a m p u s

■  C ontro l 
I  I  CI«nbut«rol

H I
Pi-AR Pj-AR

■  co n tro l 
I  I  C lanbutero l

H I
Pi-AR Pj-AR

Figure 7.3.1: C hronic clenbuterol treatm ent has no effect on the m RNA expression o f  either the 

Pi-adrenoceptor or the P2-adrenoceptor in cortex or hippocam pus

C lenbuterol (0 .03m g/kg) or control (0 .89%  (w /v) saline) w ere adm inistered  i.p. to  rats b i-daily  for tw o w eeks. A 

S tudent’s M est revealed no significant effect o f  treatm ent on the m RN A  expression  o f  e ither the P i-adrenoceptor 

or P2-adrenoceptor in cortex  or hippocam pus. D ata are expressed as m eans w ith standard error o f  the m ean («= 8).
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7.4 Chronic clenbuterol treatm ent induces glial activation in the CNS

Owing to the fact that chronic clenbuterol treatment did not alter the expression o f  central P- 

adrenoceptors and since the results from the acute studies reveal that clenbuterol induces glial 

activation, the ability o f  chronic clenbuterol administration to activate glia was examined here. 

In addition, to further characterize the influence o f  clenbuterol on glial activation and as such 

their capacity to act as antigen presenting cells, expression o f  MHC class II, CD68 and the co

stimulatory molecules CD40 and CD86 (B7-2) were also examined.

GFAP and C D llb :  Chronic administration o f  clenbuterol (0.03mg/kg; i.p.; bid) significantly 

increased the mRNA expression o f  CDl lb in hippocampus (P<0.05) but not cortex compared 

to saline controls. Furthermore, clenbuterol significantly increased the mRNA expression o f  

GFAP in both cortex (P<0.05) and hippocampus (P<0.05). In addition, increased protein 

expression o f  GFAP was observed in the cortex o f  clenbuterol-treated rats compared to saline 

controls. [Figure 7.4.2 a,b,c. Student’s /-test, «=8].

MHC class II, CD68 and the co-stimulatory molecules: Chronic administration o f  clenbuterol 

(0.03mg/kg; i.p.; bid) significantly increased the mRNA expression o f  MHC class II in cortex 

(P<0.001) and hippocampus (P<0.01) compared to saline controls. In addition clenbuterol 

significantly increased the mRNA expression o f  CD86 in cortex (P<0.001) and hippocampus 

(P<0.05). In contrast, clenbuterol did not alter the mRNA expression o f  CD40 or CD68 in 

either cortex or hippocampus. [Figure 7.4.3 a,b, «=7-8].
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a) Cortex

3 -

■  Control

O  Clenbuterol

M il
C D 11b GFA P

b) Hippocampus
■  Control
I I Clenbuterol

mrm
C D 11b G FA P

c) Cortical G FAP protein
GFAP 
50 kDa

P-actin 
40 kDa

Control Clenbuterol

Figure 7.4.2: Chronic clenbuterol treatment increases GFAP mRNA expression in cortex and 

hippocampus, GFAP protein expression in cortex and C D llb  mRNA expression in hippocampus

Clenbuterol (0.03mg/kg) or control (0.89% (w/v) saline) were administered i.p. to rats bi-daily for two weeks. A 

Student’s Mest revealed a significant effect o f treatment on the mRNA expression o f GFAP in cortex (a; P<0.01) 

and hippocampus (b: P<O.OI). A Student’s ?-test revealed a significant effect o f treatment on the mRNA 

expression o f C D llb  in hippocampus (b: P<0.05) but not cortex, c) Sample immunoblot depicting increased 

cortical GFAP protein expression induced by clenbuterol representative o f 8 independent experiments. Data are 

expressed as means with standard error o f the mean («=7-8). **P<0.01, *P<0.05 versus saline control (Student’s 

/-test).
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a) Cortex

0  - I

■  Control 
□  Clenbuterol

CD40 CD86 MHC II CD68

b) H ippocam pus

2 -

1 -

■  Control
O  Clenbuterol

CD40 CD86 MHC II CD68

Figure 7.4.3: Chronic clenbuterol treatment increases CD86 and MHC class II mRNA expression 

but does not alter CD40 or CD68 expression in cortex and hippocampus

Clenbuterol (0.03mg/kg) or control (0.89%  (w/v) saline) were administered i.p. to rats bi-daily for two weeks. A 

Student’s M est revealed no significant effect o f  treatment on the mRNA expression o f  CD40 or CD68 in cortex 

or hippocampus. A Student’s Mest revealed a significant effect o f  treatment on the mRNA expression o f  CD86 

mRNA expression in cortex (a: P<O.OOI) and hippocampus (b; P<0.05). A Student’s /-test revealed a significant 

effect o f  treatment on the mRNA expression o f  MHC class II in cortex (a: P<0.001) and hippocampus (b: 

P<O.OI). Data are expressed as means with standard error o f  the mean («=7-8). ***P<O.OOI, **P<O.OI, *P<0.05 

versus saline control (Student’s /-test).
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7.5 Chronic clenbuterol treatment selectively activates the IL-1 system in cortex and 

hippocampus

The results from the previous chapters demonstrate that acute administration o f clenbuterol 

increases the mRNA expression o f the anti-inflammatory mediators IL-lra and IL-1 Type II 

receptor, both negative regulators o f the IL-I signalling system, in addition to the anti

inflammatory cytokine IL-10 and its downstream signalling molecule S0CS3. Surprisingly, 

acute administration o f clenbuterol was also found to selectively increase the expression o f the 

cytokine IL -ip in the absence o f an effect on the expression o f other pro-inflammatory 

mediators. Therefore, the aim of the following study was to determine if the acute effects o f 

clenbuterol on the IL-I and IL-10 systems persist for the duration o f  a chronic 14 day 

treatment regimen. Additionally, the impact o f chronic clenbuterol treatment on the expression 

o f the pro-inflammatory cytokines TNF-a, IL-6 and IFN-y was also examined. The expression 

o f IkBo was assessed as a marker o f NFkB activation since acute studies have shown that 

iKBa is transiently expressed in response to clenbuterol (Heffernan, 2009). Moreover, since 

acute clenbuterol treatment has been demonstrated to induce phosphorylation of ERK but not 

JNK or p38 (Heffernan, 2009), the signalling pathways activated by chronic clenbuterol 

treatment were investigated here.

IL-1 system: Chronic administration o f  clenbuterol (0.03mg/kg; i.p., bid) significantly 

increased the mRNA expression o f IL-ip and IL-I Type II receptor in cortex (P<0.00l) and 

hippocampus (P<O.OOI) compared to saline controls. In addition, clenbuterol significantly 

increased the expression o f the IL-lra in both cortex (P<O.OI) and hippocampus (P<O.OOI). 

Furthermore, clenbuterol significantly increased the expression o f IL -la  and IL-18 in cortex 

(P<O.OI) and hippocampus (P<0.05, P<0.01 respectively). In contrast, clenbuterol did not alter 

on the expression o f the IL-1 Type I receptor or IL-33. [Figures 7.5.1, 7.5.2, 7.5.3, Student’s t- 

test, «=7-8].

Other pro-inflammatory mediators: Chronic administration o f clenbuterol (0.03mg/kg; i.p., 

bid) significantly increased the mRNA expression o f TNF-a in hippocampus (P<0.05) but not 

cortex compared to saline controls. In contrast, clenbuterol did not alter the expression o f lL-6, 

IFN-y or iNOS in either cortex or hippocampus. [Figure 7.5.4 a,b. Student’s Mest, «=8].
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IL-10 system: Chronic administration o f clenbuterol (0.03mg/kg; i.p., bid) had no significant 

effect on the mRNA expression of IL-10 in cortex or hippocampus compared to saline 

controls. In contrast, clenbuterol significantly increased the mRNA expression o f S0CS3 in 

cortex (P<O.OOI) and hippocampus (P<0.001). In addition, clenbuterol increased S0CS3 and 

phosphorylated STAT-3 protein in cortex. [Figure 7.5.5 a,b,c,d. Student’s /-test, o=5-8].

Signalling pathways: Chronic administration o f clenbuterol (0.03mg/kg; i.p., bid) did not alter 

the mRNA expression of Ik B o  in either cortex or hippocampus compared to saline controls. 

Clenbuterol induced phosphorylation o f ERKI/2 protein but not JNK or p38. [Figure 7.5.6 

a,b,c,d, «=4-8].
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a) C ortex

1 0  -1
H  C ontro l 
I  1  C len b u tero l
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10 n
H  C ontro l 
I  I C lenbu td ro l

2
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2  -

IL-1P I L - I r a

Figure 7.5.1: Chronic clenbuterol treatment increases IL-ip and IL-lra mRNA expression in 

cortex and hippocampus

Clenbuterol (0.03mg/kg) or control (0.89% (w/v) saline) were administered i.p. to rats bi-daily for two-weeks. A 

Student’s f-test revealed a significant effect o f  treatment on the mRNA expression o f  IL -ip  in cortex (a: P<0.001) 

and hippocampus (b: P<0.001). A Student’s Mest revealed a significant effect o f  treatment on the mRNA 

expression o f IL -lra in cortex (a: P<0.01) and hippocampus (b: P<0.001). Data are expressed as means with 

standard error o f the mean («=7-8). ***P<0.001, **P<0.01 versus saline control (Student’s Mest).
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a) Cortex
60 H  C ontro l 

I  lc i« n b u tT O l
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b) Hippocam pus

60

50

40

30

20

10
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Figure 7.5.2: Chronic cienbuterol treatment increases IL-1 Type II receptor but not IL-1 Type I 

receptor mRNA expression in cortex and hippocampus

Cienbuterol (0.03mg/kg) or control (0.89%  (w/v) saline) were administered i.p. to rats bi-daily for two-weeks. A 

Student’s Mest revealed no significant effect o f  treatment on the mRNA expression o f  lL-1 Type I receptor in 

cortex or hippocampus. A Student’s Mest revealed a significant effect o f  treatment on the mRNA expression o f 

IL-1 Type II receptor in cortex (a: P<0.001) and hippocampus (b: P<0.001) compared to saline controls. Data are 

expressed as means with standard error o f  the mean («=7-8). ***P<0.001 versus saline control (Student’s Mest).
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a) C ortex

b) H ippocam pus

I

Control 
□  C lenbuterol

IL-1a IL-18 IL-33

Control 
□  C lenbuterol

IL-1a IL-18 IL-33

Figure 7.5.3: Chronic clenbuterol treatment increases IL-la and IL-18 but not IL-33 mRNA 

expression in cortex and hippocampus

Clenbuterol (0.03mg/kg) or control (0.89% (w/v) saline) were administered i.p. to rats bi-daily for two-weeks. A 

Student’s /-test revealed a significant effect o f  treatment on the mRNA expression o f  IL -la  in cortex (a; P<0.01) 

and hippocampus (b: P<0.05). A Student’s Mest revealed a significant effect o f  treatment on the mRNA 

expression o f  IL-18 in cortex (a: P<0.01) and hippocampus (b: P<0.01). A Student’s Mest revealed no significant 

effect o f  treatm ent on the mRNA expression o f  IL-33 in cortex or hippocampus. Data are expressed as means 

with standard error o f  the mean («=7-8). **P<O.OI, *P<0.05 versus saline control (Student’s /-test).
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b) Hippocampus
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Figure 7.5.4: Chronic clenbuterol treatment does not induce a classical inflammatory response in 

cortex or hippocampus

Clenbuterol (0.03mg/kg) or control (0.89% (w/v) saline) were administered i.p. to rats bi-daily for two-weeks. A 

Student’ s Mest revealed a significant effect o f treatment on the mRNA expression o f TNF-a in hippocampus (b: 

P<0.05) but not cortex. A Student’s /-test revealed no significant effect o f treatment on the mRNA expression o f 

IL-6, IFN-y or iNOS in cortex or hippocampus. Data are expressed as means with standard error o f the mean 

(m=8). *P<0.05 versus saline control (Student’s /-test).
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Figure 7.5.5: Chronic clenbuterol treatment increases IL-10 and SOCS3 mRNA expression in 

cortex and hippocampus and increases SOCS3 and phospho-STAT-3 protein in the cortex

C lenbuterol (0 .03m g/kg) o r control (0 .89%  (w /v) saline) w ere adm inistered i.p. to rats bi-daily  for tw o-w eeks. A 

S tudent’s M est revealed  no significant effect o f  treatm ent on the m R N A  expression o f  IL-10 in cortex or 

h ippocam pus. A S tudent’s M est revealed a  significant effect o f  treatm ent on the m R N A  expression o f  SOCS3 in 

cortex  (a: P<0.001) and hippocam pus (b: P<0.001). c) Sam ple im m unoblot depicting  increased cortical SO CS3 

protein induced by clenbuterol representative o f  4 independent experim ents, d) Sam ple im m unoblot depicting 

increased cortical STAT-3 phosphorylation  induced by clenbuterol representative o f  7 independent experim ents. 

D ata are expressed as m eans w ith standard error o f  the m ean (n=5-S).  ***P<0.001 versus saline control 

(S tudent’s M est).
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Figure 7.5.6: Chronic treatment with clenbuterol increases the phosphorylation of ERKl/2 but 

not JNK or p38 in cortex

Clenbuterol (0.03mg/kg) or control (0.89%  (w/v) saline) w ere administered i.p. to rats bi-daily for two-weeks, a) 

A Student’s Mest revealed no significant effect o f  treatm ent on the mRNA expression o f  IkBo in cortex or 

hippocampus compared to saline controls, b) Sample immunobiot depicting chronic clenbuterol-induced 

phosphorylation o f  E R K l/2  in cortex representative o f  4 independent experiments, c) Sample immunobiot 

demonstrating that chronic clenbuterol treatment does not induce phosphorylation o f  JNK in cortex representative 

o f 6 independent experiments, d) Sample immunobiot dem onstrating that chronic clenbuterol treatment does not 

induce phosphorylation o f  p38 in cortex representative o f  8 independent experiments. Data are expressed as 

means with standard error o f  the mean («=8).
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7.6 Chronic clenbuterol treatment reduces amyloid-P concentrations in cortex and 

hippocampus

The results presented so far have shown that, similar to the acute studies, chronic treatment 

with clenbuterol selectively increases members o f the IL-1 family in the CNS, namely IL-lp, 

IL -la  and IL-18. Previous studies have indicated that IL-I is capable o f  reducing 

concentrations of amyloid-pi^o and amyloid-Pi.4 2  (Bandyopadhyay et a l ,  2006; Tachida et al., 

2008) therefore, the current study examined the ability o f clenbuterol to reduce amyloid-P 

concentrations in the naive rat brain.

APP is a Type I membrane-spanning protein which is subject to sequential cleavage by either 

a-secretase or P-secretase on its N-terminal domain (see Chapter 1, Fig. 1.13). Cleavage by a- 

secretase directs APP processing down the non-amyloidogenic pathway to yield soluble APPa 

and a membrane bound CTF-a. CTFa can then undergo further cleavage by e-secretase and y- 

secretase to produce a p3 fragment and an AlCD. In contrast, P-secretase cleavage o f APP 

directs APP processing down the amyloidogenic pathway to produce soluble APPp and 

membrane bound CTFp. CTFp can then undergo further processing by e-secretase and y- 

secretase to yield amyloid-P peptides and AlCD (McLoughlin & Miller, 2008). Therefore, this 

study also examined the impact o f clenbuterol on the expression o f molecules involved in 

amyloid-P synthesis and clearance.

Amyloid-Pi.40 & amyloid-/] 1.42 concentrations: Chronic administration o f clenbuterol 

(0.03mg/kg; i.p., bid) significantly reduced concentrations o f amyloid-pi.4 0  in cortex (P<0.05) 

and hippocampus (P<0.001) compared to saline controls. In addition, clenbuterol significantly 

reduced concentrations o f amyloid-Pi.4 2  in cortex (P<0.05) and hippocampus (P<0.05). 

[Figure 7.6.1 a,b. Student’s /-test, «= 8 ].

APP & secretases: Chronic administration o f clenbuterol (0.03mg/kg; i.p., bid) did not alter 

the mRNA expression o f APP, ADAM-10, ADAM-17 or presenilin-l in cortex or 

hippocampus compared to saline controls. Clenbuterol significantly increased the mRNA 

expression o f BACE-1 (P<0.01) and presenilin-2 (P<O.OI) in hippocampus but not cortex. 

[Figure 7.6.2 a,b, «= 6 -8 ].
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Amyloid-P scavenger receptors: Chronic administration o f clenbuterol (0.03mg/kg; i.p., bid) 

did not alter the mRNA expression o f the scavenger receptors Scarb-1 or TLR-2 in cortex or 

hippocampus compared to saline controls. In contrast, clenbuterol significantly decreased the 

mRNA expression o f RAGE in cortex (P<0.01) and hippocampus (P<0.05). [Figure 7.6.3 a,b, 

« = 6-8],

M-CSF & M-CSF receptor: Chronic administration o f clenbuterol (0.03mg/kg; i.p., bid) 

significantly increased the mRNA expression o f M-CSF in cortex (P<0.001) and hippocampus 

(P<0.05) compared to saline controls. Clenbuterol also significantly increased the mRNA 

expression o f the M-CSF receptor in cortex (P<0.05) and hippocampus (P<0.05). [Figure 7.6.4 

a,b. Student’s /-test, «=6-8].

Amyloid-f^ degrading Enzymes: Chronic administration o f clenbuterol (0.03mg/kg; i.p., bid) 

did not alter the mRNA expression of IDE or MMP-9 in cortex or hippocampus compared to 

saline controls. Clenbuterol significantly increased the mRNA expression o f neprilysin in 

cortex (P<0.05) but significantly decreased the expression o f neprilysin in hippocampus 

(P<0.01). In contrast, clenbuterol significantly increased the mRNA expression o f MMP-2 in 

cortex (P<0.001) and hippocampus (P<0.05) and TIMP-I in cortex (P<0.01) and hippocampus 

(P<0.01). [Figure 7.6.5 a,b, «=6-8].
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Figure 7.6.1: Chronic clenbuterol treatment reduces amyloid-Pi.40 and amyloid-Pi.42

concentrations in cortex and hippocampus

Clenbuterol (0.03mg/kg) or control (0.89% (w /v) saline) were administered i.p. to rats bi-daily fo r two-weeks. A 

Student’ s Mest revealed a significant effect o f  treatment on a m y lo id - p i .4 0  concentrations in cortex (a: P<0.05) 

and hippocampus (b; P<0.001). A  Student’ s /-test revealed a significant effect o f  treatment on amyloid-p | ^ 2  

concentrations in cortex (a: P<0.05) and hippocampus (b: P<0.05). Data are expressed as means w ith standard 

error o f  the mean («=8). ***P<0.001, *P<0.05 versus saline control (Student’ s /-test).
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Figure 7.6.2: Chronic clenbuterol treatment largely fails to alter the expression of molecules 

involved in amyloid-P synthesis in cortex and hippocampus

Clenbuterol (0.03mg/kg) or control (0.89% (w/v) saline) were administered i.p. to rats bi-daily for two-weeks. A 

Student’s Mest revealed a significant effect o f treatment on the mRNA expression o f BACE (b: P<0.01) and 

Presenilin-2 (b: P<0.01) in hippocampus but not cortex. A Student’ s f-test revealed no significant effect o f 

treatment on the mRNA expression o f APP, ADAM-10, ADAM-17 or Presenilin-1 in cortex or hippocampus. 

Data are expressed as means with standard error o f the mean («=6-8). **P<0.G1 versus saline control (Student’ s 

/-test).
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Figure 7.6.3: Chronic clenbuterol treatment reduces RAGE mRNA expression but fails to alter 

the expression o f other amyloid-p scavenger receptors in cortex and hippocampus

Clenbuterol (0.03mg/kg) or control (0.89% (w/v) saline) were administered i.p. to rats bi-daily for two-weeks. A 

Student’s Mest revealed no significant effect o f  treatm ent on the mRNA expression o f  Scarb-I or TLR-2 in 

cortex or hippocampus. A Student’s Mest revealed a significant effect o f  treatment on the mRNA expression o f 

RAGE in cortex (a: P<O.OI) and hippocampus (b: P<0.05). Data are expressed as means with standard error of 

the mean (n=6-8). **P<O.OI, *P<0.05 versus saline control (Student’s Mest).
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Figure 7.6.4: Chronic clenbuterol treatment increases M-CSF and M-CSF receptor mRNA 

expression in cortex and hippocampus

Clenbuterol (0.03mg/kg) or control (0.89% (w/v) saline) were administered i.p. to rats bi-daily for two-weeks. A 

Student’s /-test revealed a significant effect o f  treatment on the mRNA expression o f  M-CSF in cortex (a; 

P<O.OOI) and hippocampus (b: P<0.05). A Student’s /-test revealed a significant effect o f  treatment on the 

mRNA expression o f  M-CSF receptor in cortex (a: P<0.05) and hippocampus (b: P<0.05). Data are expressed as 

means with standard error o f  the mean («=6-8). ***P<0.001, *P<0.05 versus saline control (Student’s /-test).
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Figure 7.6.5: C hronic clenbuterol treatm ent increases M M P-2 & TIM P-1 m RNA expression but 

largely fails to alter the expression o f other am yloid-p degrading enzym es in cortex and 

hippocam pus

Clenbuterol (0.03mg/kg) or control (0.89% (w/v) saline) were administered i.p. to rats bi-daily for two-weeks. A 

Student’s Mest revealed a significant effect o f  treatment on the mRNA expression o f  MMP-2 in cortex (a: 

P<0.001) and hippocampus (b: P<0.05) and TlMP-1 in cortex (a: P<O.OI) and hippocampus (b: P<0.01). A 

Student’s Mest revealed a significant effect o f  treatment on the mRNA expression o f neprilysin in cortex (a: 

P<0.05) and hippocampus (b: P<O.OI) compared to saline controls. A Student’s /-test revealed no significant 

effect o f  treatment on the mRNA expression o f  IDE or MMP-9 in cortex or hippocampus. Data are expressed as 

means with standard error o f  the mean (w=6-8). ***P<0.001, ’•'*P<O.OI, *P<0.05 versus saline control (Student’s 

/-test).
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1.1 Discussion

7.7.1 Chronic treatment with clenbuterol has no impact on the expression of P- 

adrenoceptors in cortex or hippocampus

The results presented here demonstrate that repeated administration o f low-dose clenbuterol 

(0.03mg/kg; i.p.) for 14 days does not impact on the mRNA expression o f either the pi- or P2- 

adrenoceptor in cortex or hippocampus. Previous studies have shown that repeated 

administration o f clenbuterol can down-regulate the density o f P2 -adrenoceptors in the 

cerebellum (Ordway et a l,  1987; Vos et al., 1987). Significantly however, it has also been 

shown that the repeated administration o f low-dose clenbuterol has little impact on the density 

o f P2 -adrenoceptors in cortex or hippocampus (Dooley et a l, 1983; O'Donnell & Frazer, 

1985). Thus, since chronic administration o f clenbuterol was shown here to have no effect on 

the mRNA expression o f P-adrenoceptors in the CNS its ability to induce glial activation was 

examined.

7.7.2 Chronic clenbuterol treatment induces glial activation in cortex and hippocampus

In line with the acute studies, the results presented here demonstrate that chronic treatment 

with clenbuterol induces a robust increase in astrocytic activation in both cortex and 

hippocampus, as indicated by increased GFAP expression. In contrast, clenbuterol was found 

to cause a modest yet significant increase in the expression o f GDI lb, a marker o f microglial 

activation, only in the hippocampus. This is notable since astrocytic activation is said to 

convey neuroprotection whilst microglial activation may have detrimental consequences for 

the CNS. Furthermore, as previously discussed, these results imply heterogeneity between 

populations o f microglial cells. Since both microglia and astrocytes are capable o f acting as 

antigen-presenting cells within the CNS markers for this were also examined, namely MHC 

class II and the co-stimulatory molecules CD40 and CD86. While microglia constitutively 

express MHC class 11 and CD86 in vivo the astrocytic expression o f these molecules is limited 

(De Keyser et a l,  2004b). MHC class 11 is known to engage with T-cell receptors to initiate 

their activation, however, the expression and engagement o f the co-stimulatory molecules 

CD40, CD80 and CD86 is required in order to provoke a full T-cell response (O'Keefe et al., 

2002). Surprisingly, the results presented here show that chronic administration o f clenbuterol
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increases the expression o f MHC class II and CD86 in both cortex and hippocampus but does 

not alter the expression o f CD40. These results are o f note since previous studies have shown 

that microglia which express increased MHC class II and CD86 display the ramified 

morphology o f resting microglia but are capable o f phagocytosing myelin without destructive 

consequences and as such have been proposed to convey a protective effect within the CNS 

(Bechmann et a l, 2001). However, the expression o f CD68, a marker o f microglial lysosomal 

activity (Ulvestad et a l, 1994; Malm et al., 2008), was found to be unchanged here.

7.7.2 Chronic treatment with clenbuterol activates the IL-1 system and induces 

phosphorylation of ERK l/2 in rat CNS

As discussed in the previous chapters, stimulation o f central P2 -adrenoceptors following acute 

treatment with clenbuterol increases the mRNA expression o f IL-1(3, IL-Ira, IL-1 Type II 

receptor in the CNS. Significantly these effects were found to persist with chronic clenbuterol 

administration. In contrast, clenbuterol did not alter the expression of IL-33 which is a novel 

member o f the IL-1 family known to be in involved in type 2 immunity owing to its induction 

o f IL-6 and IL-13 expression and actions on mast cells and Th2 -polarized CD4^ T-cells 

(Hudson et al., 2008). Furthermore, chronic clenbuterol administration did not alter the 

expression o f the IL-1 Type I receptor which is in line with previous reports from acute 

studies with clenbuterol (McNamee, 2008). Remarkably, increased expression o f two other 

members o f the IL-1 family, namely IL-1 a  and IL-18, was also observed in the current study. 

Previous reports have shown that lL-18 expression is upregulated in peripheral blood 

mononuclear cells (PBMCs) in response to stimulation o f Pi-adrenoceptors, however, this 

effect was found to occur in addition to increases in TNF-a and IFN-y expression (Takahashi 

et a l,  2004). In contrast, the effects o f clenbuterol on members of the IL-1 family were shown 

here to occur in the absence o f a classical inflammatory response since, with the exception o f 

increased TNF-a expression in the hippocampus, clenbuterol did not impact on the expression 

o f the pro-inflammatory mediators IL-6, TNF-a, IFN-y or iNOS. Notably these findings are 

reflective o f previous work which demonstrated that stimulation of microglial p-adrenoceptors 

increases the mRNA expression o f IL -ip but not IL-6 or TNF-a in vitro (Tanaka et a l,  2002). 

It has also been reported that noradrenaline and the P2 -adrenoceptor agonist terbutaline can 

increase intracellular cAMP concentrations in microglia which in turn is shown to suppress the
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mRNA expression o f IL-6 and TNF-a, however, the authors did not report on effects on IL-1P 

(Mori et a l ,  2002).

P-adrenergic agonists are suggested to exert their anti-inflammatory effects by suppressing the 

activation and subsequent translocation o f NFkB to the nucleus (Farmer & Pugin, 2000). In 

this regard, it has been found that noradrenaline increases levels o f Ik B u , an inhibitor o f 

NFkB, in neurons which correlated with suppression o f iNOS expression (Madrigal et a l ,  

2006). In line with this previous studies have reported that the expression o f iKBa, is increased 

in response to stimulation o f central P2-adrenoceptors following acute clenbuterol 

administration, however this effect was shown to be transient in nature (Heffernan, 2009). 

However, the results presented here demonstrate that chronic treatment with clenbuterol does 

not impact on the expression o f Ik B o . It has also previously been demonstrated that acute 

clenbuterol treatment induces phosphorylation of ERKI/2 but not p38 or JNK (Heffernan, 

2009). Similarly, chronic clenbuterol treatment induced the phosphorylation o f ERKl/2 in the 

cortex but did not induce p38 or JNK. This is noteworthy since it has previously been shown 

that noradrenaline is capable o f inducing ERKI/2 phosphorylation in vitro, an event which 

was found to be mediated through actions at P-adrenoceptors and was shown to result in the 

increased expression o f IL-1 ra and IL-1 Type II receptor (McNamee et a l,  2009). This finding 

is also notable since the induction o f ERK l/2 is found to be involved the production of 

neurotrophins and the survival o f certain cell types, for example dopaminergic neurons 

(Troadec et al., 2002). Furthermore, previous reports have also suggested that IL -ip is capable 

o f stimulating the phosphorylation o f ERKl/2 in human pulmonary epithelial cells (Lin et al., 

2005a), which is notable given the clenbuterol-induced increase in IL -ip expression observed 

here. In contrast however, phosphorylation o f JNK and NFkB was also reported in that study 

(Lin et al., 2005a). As already mentioned, clenbuterol does not induce the phosphorylation o f 

either JNK or p38 which is significant since p38 and JNK are known to control the 

recruitment o f leukocytes and the transcription o f pro-inflammatory cytokines during the 

inflammatory process as well as playing an essential role in apoptosis (Ono & Han, 2000; Lin 

et al., 2005a). Notably, neuronal death has been found to occur due to glia-induced activation 

o f p38 and JNK pathways but not ERKl/2 (Xie et a l ,  2004).
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7.7.3 Chronic treatment with clenbuterol activates IL-10 signalling and its downstream  

mediator SOCS3

The results from this study show that chronic administration o f clenbuterol induces a modest 

increase in the mRNA expression o f the anti-inflammatory cytokine IL-10. Notably, 

clenbuterol was found to induce the phosphorylation o f the IL-10 signalling molecule STAT-3 

and the mRNA and protein expression o f the downstream mediator of IL-10 signalling 

S0CS3. This finding is significant since it has been demonstrated that IL-10 is capable o f 

suppressing pro-inflammatory cytokine expression in response to amyloid-P and LPS in vitro 

(Szczepanik et a i, 2001). Moreover, these findings also support reports which demonstrate 

that IL-10 induces phosphorylation of STAT-3, an event which was shown to be critical for 

the induction o f S0CS3 (Qin et a i, 2006). Notably, it has been demonstrated that S0CS3 can 

positively regulate the ERK signalling pathway and inhibit NFkB activation (Qin et a l, 2007). 

The results presented here are in line with previous studies which reported that stimulation of 

P2 -adrenoceptors either with selective Pi-adrenoceptor agonists or by enhancing noradrenergic 

tone results in increased expression of IL-10 and its downstream mediator S0CS3 in the CNS 

o f rats under basal conditions. However, it has been suggested that the increase in S0CS3 

expression induced by P2 -adrenoceptor activation may be independent o f IL-10 signalling 

since STAT-3 phosphorylation was maximal at 4 hr but IL-10 and SOCS3 display a similar 

temporal pattern with maximal increases at 4-8 hr (McNamee, 2008). In this regard, it has also 

been reported that STAT-3 phosphorylation can occur in response to IL-ip expression, an 

event shown to be mediated by an interplay between p38 and ERK l/2 signalling pathways 

(Ng et a i,  2001; Tanabe et a l,  2009). This is noteworthy given the increase in IL-ip 

expression and STAT-3 phosphorylation found following chronic clenbuterol treatment in this 

study. Thus, the increase in STAT-3 phosphorylation and S0CS3 expression observed here 

may be dependent on IL-I as opposed to IL-10 expression. On the whole, pharmacological 

increases in IL-10 and S0CS3 by means o f stimulation o f central p2 -adrenoceptors may have 

beneficial consequences for the treatment o f neuroinflammatory disease.
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1.1 A  Chronic treatment with clenbuterol reduces amyloid-P concentrations in rat CNS

The results presented here demonstrate that selective stimulation o f central P2 -adrenoceptors 

with clenbuterol over a 14 day period reduces concentrations o f amyloid-Pi.4 0  and amyloid-Pi. 

4 2  in both cortex and hippocampus. This is significant since dysregulation o f the noradrenergic 

system is a well known feature o f Alzheimer’s disease (Heneka et a i, 2002; Marien et a l, 

2004). In this regard, previous studies have shown that selective destruction o f Locus 

Coeruleus neurons with the neurotoxin N-(2-chloroethyl)-N-ethyl-2 (DSP-4) potentiates the 

amyloid-P-induced expression o f iNOS, IL-ip, and IL-6; effects which were shown to be 

attenuated when animals were administered noradrenaline or the non-selective P-adrenoceptor 

agonist isoproterenol (Heneka et a l, 2002). However, in contrast to the results presented here 

are the findings from a recent study which implied that stimulation o f  central P2-adrenoceptors 

with clenbuterol results in internalization o f the receptor and translocation o f y-secretase to 

late endosomes in the CNS of both naive rats and APPswe/PSI AE9 double transgenic mice; 

an effect which resulted in increased processing o f APP and increased amyloid-P 

accumulation in the transgenic mice. However, such effects were shown to be independent of 

P2 -adrenoceptor signalling since neither forskolin nor db-cAMP were found to impact on y- 

secretase activity and mutations in the P2 -adrenoceptor did not to abolish the effects o f agonist 

stimulation (Ni et a l, 2006). Notably, the dose o f clenbuterol used in that study was 0.5mg/kg, 

a dose roughly 17 times higher than that employed here and a much higher dose than could be 

used therapeutically in humans. Thus, while those authors suggested that y-secretase 

associates with the P2-adrenoceptor during endocytosis, the use o f low-dose clenbuterol 

appears to avoid downregulation o f the p2 -adrenoceptor in this study. Thus clenbuterol is 

demonstrated to yield beneficial effects in the present study owing to effects on P2 - 

adrenoceptor signalling pathways. However, the therapeutic use o f clenbuterol in humans still 

warrants caution since a recent study has shown that two polymorphisms in the gene for the 

P2-adrenoceptor (G lyl6A rg & Gln27Glu) increase the risk for Late Onset Alzheimer’s 

disease, due to increased receptor responsiveness to endogenous noradrenaline resulting in 

enhanced y-secretase activity and increased amyloid accumulation (Yu et a l,  2008).

it was hypothesized that the reduction in amyloid-Pi^o and amyloid-PM 2 concentrations 

demonstrated here might occur as a result o f the selective upregulation o f members o f the IL-I
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family by clenbuterol, since this effect is shown to occur in the absence o f a “classical immune 

response”. Incidentally, it has previously been shown that IL-ip can increase the a-secretase 

mediated cleavage o f APP leading to increased concentrations o f soluble APPa and C83 and 

decreased APPp, amyloid-Pi.4 0  and amyloid-Pi-42 concentrations owing to reduced P-secretase 

cleavage of APP. This effect was suggested to occur due to the selective upregulation o f a 

disintegrin and metalloproteinase (ADAM)-17 (TACE) expression by IL -ip  since no effects 

on ADAM-9, ADAM-10 or BACEI were observed (Tachida et a l, 2008). In addition, IL -la  

has also been found to reduce concentrations o f amyloid-pi.4 0  and amyloid-pi.4 2  in vitro in a 

U373 astrocytoma cell line both intra- and extracellularly This effect was linked to an 

increase in the mRNA and protein levels o f ADAM -10 and ADAM -17, with a corresponding 

increase in a-secretase and soluble APPa. Notably, the actions o f IL -la  was found to involve 

activation o f ERK, p38 and PI3K signalling pathways but not JNK (Bandyopadhyay et a l, 

2006). In contrast, while chronic clenbuterol treatment is shown to reduce concentrations of 

amyloid-p in the current study it did not influence the expression o f either ADAM -10 or 

ADAM-17 at the mRNA level. However, this does not completely rule out any effects of 

clenbuterol on the enzymatic activity o f either ADAM -10 or ADAM -17 since this is a matter 

which still warrants further investigation. Overall however, it seems unlikely that clenbuterol 

reduces concentrations o f amyloid-P due to an effect on APP processing since it was found 

that clenbuterol did not alter the expression o f APP itself or presenilin-1, presenilin-2 or P- 

secretase in the cortex, however, clenbuterol was found to increase expression o f P-secretase 

and presenilin-2 in the hippocampus. Notably, previous studies have demonstrated that the y- 

secretase cleavage o f APP is dependent on activation o f a JNK-dependent MAPK pathway 

(Liao et a l, 2004; Lee & Das, 2008). However, it was found that clenbuterol did not alter 

levels o f JNK in the current study.

Another hypothesis regarding the development o f Alzheimer’s disease suggests that it may 

result from downregulation o f amyloid-P scavenger receptors and degrading enzymes in the 

CNS. In this regard, microglia isolated from the brains o f aged PS I-APP transgenic mice are 

found to have a two to fivefold decrease in the expression o f the scavenger receptors SRA and 

RAGE. A decrease in the expression o f the degrading enzymes insulysin, neprilysin and 

MMP-9 was also found (Hickman et a l,  2008). Incidentally, a deficiency in TLR-2 expression 

results in the increased accumulation o f amyloid-Pi.4 2 , an effect found to correlate with
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deficiencies in spatial and contextual memory (Richard et a l,  2008). In spite of this, the 

results presented here demonstrate that clenbuterol largely fails to alter the expression o f the 

amyloid-P scavenger receptors Scarb-1 or TLR-2. Surprisingly, clenbuterol did significantly 

reduce the mRNA expression o f RAGE. RAGE is a multiligand cell surface receptor whose 

engagement can result in sustained cellular activation through the induction o f pro- 

inflammatory signalling pathways via NFkB activation and the stimulation o f nicotinamide 

adenine dinucleotide (NADH) oxidase activity, ultimately leading to tissue destruction due to 

the production o f free radicals and oxidative stress (Maccioni et a l ,  2001; Bierhaus et a i,  

2005). Furthermore, the results presented here are noteworthy since binding o f amyloid-P to 

RAGE on the surface o f neurons has been shown to be neurotoxic (Du Yan et a l,  1997). In 

addition, it has been demonstrated that RAGE is capable of transporting amyloid-P into the 

brain at concentrations known to play a role in the pathophysiology o f Alzheimer’s disease 

(Maccioni et a l , 2001).

Reports from the literature demonstrate that microglia are capable o f phagocytosing fibrillar 

and soluble amyloid-P in vitro, an event that is homogenous over the entire population o f 

microglia. However, while phagocytosis o f amyloid-P does not impact on microglial viability, 

they are found to slowly re-release intact fibrillar amyloid-p. Thus, while internalization o f 

soluble amyloid-p is known to be non-saturable it appears that microglia are incapable o f 

degrading amyloid-p. This is in contrast to reports on macrophages which are found to be 

capable o f phagocytosing and degrading amyloid-P in vitro (Chung et a l,  1999; Majumdar et 

a l,  2007). The inability o f microglia to degrade amyloid-P is surprising since microglia are 

derived from macrophage lineage and therefore it would be expected that these cell types 

would play a similar role in the clearance of extracellular debris. Significantly, it has been 

found that when microglial lysosomes are acidified, by treatment with M-CSF or through the 

activation o f PKA by forskolin, the ability o f microglia to degrade fibrillar amyloid-P is 

recovered (Majumdar et a l,  2007). A study by Kawata et al, (2005) showed that animals with 

the osteopetrosis mutation (op/op) have a reduced number o f macrophages, possess no 

systemic M-CSF and have reduced numbers o f microglia in their cortices. Furthermore, these 

animals display an increased number o f amyloid-P plaques in their cerebral cortices. Notably, 

injection o f M-CSF was found to reduce levels o f amyloid-P deposits. Furthermore, microglia 

were found to have enhanced survival rates in the presence o f toxic levels o f amyloid-P when
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exposed to M-CSF (Du Yan et a l, 1997). Notably, the results presented here demonstrate that 

chronic clenbuterol treatment increases the expression o f M-CSF and the M-CSF receptor, an 

effect which might be speculated to account for the reduced concentrations o f amyloid-P 

observed herein. However, as discussed earlier the expression o f CD68, a marker o f microglial 

lysosomal activity, was unaltered by treatment with clenbuterol.

The findings from this study also show that treatment with clenbuterol increases the mRNA 

expression o f MMP-2 in rat cortex and hippocampus. This is a noteworthy finding since it has 

previously been shown that MMP-2 (gelatinase A), an extracellular Zn-metalloproteinase, is 

capable o f cleaving amyloid-Pi.4 0  and amyloid-Pi.4 2  in vitro by hydrolysis at the Lys 16-Leu 17, 

Leu34-Met35 and Met35-Val36 peptide bonds (Roher et al., 1994; Filiz et a l, 2008). In 

addition, MMP-2 has also been found to be capable o f degrading insoluble amyloid-p 40-42 

residues long purified from Alzheimer’s disease brains, an event again shown to occur through 

cleavage at Lys 16-Leu 17, Leu34-Met35 and Met35-Val36 peptide bonds (Roher et a l, 1994). 

In contrast, MMP-9 (gelatinase B), which has also been found to cleave amyloid-P at Lys 16- 

Leu 17, Ala30-lle31, Leu34-Met35 and Gly 37-Gly38 peptide bonds (Filiz et a l, 2008), was 

not induced by clenbuterol. However, it appears that, while MMP-2 is capable o f 

enzymatically degrading soluble monomers o f amyloid-P, it is incapable o f degrading the 

aggregated peptide (Roher et a l, 1994). Thus, the ability o f clenbuterol-induced MMP-2 to 

clear amyloid-P warrants further investigation, since the results shown here only reveal 

increased expression o f this molecule at the mRNA level and did not investigate if such MMP- 

2 was functional. This will be important to evaluate since the expression of the endogenous 

inhibitor o f MMPs TlMP-1 was also found to be significantly increased in response to 

clenbuterol. However, this increased TlMP-1 expression might be beneficial as it might act to 

prevent excessive activation of MMP-2. Furthermore it has been noted that TlMPs also have 

the capacity to act as growth factors (Pagenstecher et a l, 1998).

7.7.5 Summary

Overall the results presented here show that chronic administration of low-dose clenbuterol 

does not impact on the mRNA expression o f either the Pi- or P2 -adrenoceptor in rat CNS. In 

addition, chronic treatment with clenbuterol was shown to induce glial activation and
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selectively increase the expression o f  the lL-1 system, in the absence o f  a classical 

inflammatory response. Furthermore, clenbuterol was demonstrated to induce activation o f  the 

ERKl/2 signalling pathway, while having no impact on NFkB activation or that o f  the pro- 

apoptotic MAPKs p38 or JNK. In addition, clenbuterol increased the expression o f  IL-10 and 

induced activation o f  its signalling molecule STAT-3 and down-stream mediator S0C S3. 

However, the activation o f STAT-3 might also be accounted for by increased IL-I expression 

since the literature demonstrates that IL-1 is capable o f  inducing STAT-3 phosphorylation. 

Significantly, chronic administration o f  clenbuterol reduced concentrations o f  amyloid-Pi.4 0  

and amyloid-(3|.42 in rat cortex and hippocampus. This effect is suggested to occur owing to 

increased degradation o f  amyloid-p since no effect on APP processing was observed. In this 

regard, the reduction in amyloid-P concentrations was found to correspond with a significant 

increase in the mRNA expression o f  the amyloid-P degrading enzyme MMP-2. In addition, 

clenbuterol was found to increase the expression o f  the cytokine M-CSF and its receptor, 

which has the capacity to acidify lysosomes thus inducing the phagocytosis and degradation of  

amyloid-p. Notably, clenbuterol was also shown to decrease the expression o f  RAGE, a 

scavenger receptor which implicated in amyloid-P neurotoxicity. Overall, the findings from 

this study suggest that activation o f  central Pa-adrenoceptors could represent a new therapeutic 

target for the treatment o f  Alzheimer’s disease and other neuroinflammatory conditions.
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Chapter 8: Concluding Remarks

8.1 An inflammatory challenge downregulates Pi-adrenoceptor expression and function 

in vitro but not in vivo

The results reported in this thesis have revealed a number o f significant findings regarding the 

regulation and function o f P2-adrenoceptors on glial cells. The findings from the in vitro 

studies demonstrate that stimulation o f P2-adrenoceptors on glial cells, either with 

noradrenaline or selective P2-adrenoceptor agonists, can elicit anti-inflammatory and 

neurotrophic actions in response to the inflammagen LPS. However, it was also found that an 

inflammatory stimulus of LPS + IFN-y can down-regulate expression o f the P2-adrenoceptor at 

the both the mRNA and cell surface levels. In addition, it was found that LPS + IFN-y reduces 

the accumulation o f intracellular cAMP in response to stimulation o f the p2-adrenoceptor with 

the P2-agonist salbutamol. This was found to be mediated by direct actions on the receptor 

itself and was not due to any effects on adenylate cyclase, since no effect was found in 

response to direct activation o f adenylate cyclase by forskolin. These findings are noteworthy 

since the P2-adrenoceptor has been shown to be absent from astrocytes in the brains o f people 

from MS (De Keyser et a i ,  2004), an effect which could impede the neuroprotective effects of 

endogenous noradrenaline by disrupting the anti-inflammatory and neurotrophic actions of 

this neurotransmitter. Moreover, MS is characterized by an unresolved inflammatory response, 

thus the findings presented here suggest that neuroinflammation may contribute to the absence 

of the P2-adrenoceptor observed in MS. Notably, while the P2-adrenoceptor has been found to 

be absent from astrocytes in MS brain, its expression on microglia has not been examined. 

However, the results presented here demonstrate that an inflammatory challenge can reduce 

P2-adrenoceptor expression on both astrocytes and microglia. Significantly, the findings from 

this study also demonstrate that the synthetic glucocorticoid dexamethasone inhibits the LPS + 

IFN-y-induced downregulation o f P2-adrenoceptor expression. This is noteworthy since 

glucocorticoids are widely used for the treatment of neuroinflammatory disease (Barnes, 

2006). Furthermore, it was demonstrated that dexamethasone can also increase basal levels of 

P2-adrenoceptor expression in its own right, an effect which might account for its therapeutic 

efficacy in MS. However, it remains to be determined whether the dexamethasone-induced 

inhibition of P2-adrenoceptor downregulation translates to restoration o f receptor 

responsiveness to agonist stimulation.
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In contrast, when LPS was given systemically to rats it was found to have no impact on the 

expression o f central P2 -adrenoceptors in an in vivo situation. Furthermore, LPS did not impact 

on the function o f central P2 -adrenoceptors since, in line with previous reports (McNamee, 

2008), the expression o f the anti-inflammatory mediators IL-lra, IL-1 Type II receptor, IL-10 

and S0CS3 were all induced in response to stimulation o f P2 -adrenoceptors with clenbuterol 

and these effects were not impeded by prior exposure to LPS. Thus, these studies demonstrate 

that while in vitro models are useful for examining molecular mechanisms involved in 

physiological processes in detail, the results do not always extrapolate to an in vivo model, 

where cells are in their normal environment and are under the influence o f other factors. It is 

possible that in the in vivo model used here, the systemic administration o f LPS induces a 

glucocorticoid surge owing its well established action on the HPA-axis and that, in a similar 

manner to the effect o f dexamethasone on Pa-adrenoceptors in vitro, this inhibits the ability o f 

LPS to downregulate the P2 -adrenoceptor in vivo. It is reported that the HPA-axis is 

dysfunctional in many neuroinflammatory disease states (Stefferl et a l,  1999; Beishuizen & 

Thijs, 2003; Heesen et a l ,  2007), thus this may account for the absence o f p2 -adrenoceptors 

observed on astrocytes in MS brain. Furthermore, the glial cultures used for the in vitro studies 

presented here were prepared from neonatal rat brain, however the in vivo results were 

obtained from studies carried out on adult rats. The purpose o f preparing cells cultures from 

neonatal rats is owed to the fact that they are easier to culture and maintain than adult cells. 

However, it is possible that the P2 -adrenoceptor is more susceptible to downregulation by an 

inflammatory stimulus at early stages o f development. More likely is the matter that glia 

grown in vitro, in the absence o f neurons, display altered receptor expression, potentially 

rendering the P2 -adrenoceptor more susceptible to downregulation in vitro (Hertz et al., 2004).

Surprisingly it appears that in vivo, prior exposure to LPS may increase the sensitivity of 

central P2 -adrenoceptors to subsequent stimulation with clenbuterol. As such, the results 

presented here demonstrate that clenbuterol induces the expression o f IL -ip under basal 

conditions, however, when animals were exposed to LPS prior to clenbuterol administration, 

there was a synergistic effect between LPS and clenbuterol on IL-1 p. In a similar manner, it 

was shown that clenbuterol induces astrocytic activation under basal conditions, as indicated 

by increased GFAP expression, and again when animals were exposed to LPS prior to 

clenbuterol a synergistic effect on astrocytic activation was observed. Thus, it appears that
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exposure to LPS may “prime” cells o f the CNS, primarily astrocytes, resulting in an 

exaggerated response to later immune stimulation. “Priming” is a phenomenon well 

documented in the literature and most commonly associated with microglia. Recent literature 

has suggested that the aged brain is in a constant state o f inflammation and that a subset of 

microglia are in a persistent “primed” state. Exposure of such “primed” microglia to a 

subsequent immune stimulus has been found to result in an exaggerated inflammatory 

response (Dilger & Johnson, 2008; Sparkman & Johnson, 2008). In contrast, the “priming” 

effect that is demonstrated here is shown to be specific to effects on astrocytes and the IL-I 

system, as it is not seen with any o f the other molecules examined. In support o f this, it has 

previously been shown that clenbuterol-induced IL-1 co-localises with astrocytes (Tanveneer, 

2008). Whether this effect is beneficial or detrimental remains to be fully determined. Overall, 

while inflammation is normally a beneficial response for the host, where prior exposure to 

inflammation occurs it can have detrimental consequences for the brain.

8.2 Clenbuterol stimulates central p2-adrenoceptors and elicits anti-inflammatory effects 

in the CNS

The findings presented here reveal that peripheral administration o f the p2-adrenoceptor 

agonist clenbuterol can elicit anti-inflammatory effects in the CNS. As such, the results 

indicate that clenbuterol induces the expression o f the anti-inflammatory cytokine IL-10 and 

its downstream signalling molecule S0CS3, an event likely mediated through the 

phosphorylation and translocation o f STAT-3 to the nucleus. These findings are significant 

since lL-10 is found to have beneficial actions in neuroinflammatory disease states (see Kastin 

et a i,  2003; Sloane et a l, 2009). Moreover, IL-10 is known to have neuroprotective effects 

since it has been shown that blockade o f IL-10 results in exacerbated neuronal cell death in 

response to LPS (Park et a l, 2007). In addition, studies have also shown that IL-10 can 

prevent glutamate induced cell-death and can regulate apoptosis (Bachis et a l, 2001; Boyd et 

a l, 2003). However, in spite o f its beneficial effects in the CNS, peripherally administered IL- 

10 is limited in its ability to cross the BBB. Thus, pharmacological enhancement o f its 

expression by the stimulation o f central Pi-adrenoceptors, such as through the peripheral 

administration o f clenbuterol, may represent a new therapeutic target for the treatment of 

neuroinflammatory and neurodegenerative disease. In further support o f this, low-dose
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clenbuterol was shown to elicit anti-inflammatory actions in the CNS by suppressing the LPS- 

induced expression o f pro-inflammatory cytokines, chemokines and adhesion molecules, 

reinforcing the idea that clenbuterol may be beneficial for the treatment o f neuroinflammation.

Significantly the results presented here demonstrate that peripheral administration o f 

clenbuterol can regulate the central lL-1 system. In this regard, increased expression o f the 

endogenous antagonist o f the lL-1 system, IL-lra, and the decoy receptor for IL-1 signalling, 

IL-I Type II receptor, were both found to be increased by clenbuterol in a dose-dependent 

manner. Surprisingly, clenbuterol also selectively increased the expression o f IL-ip, IL -la  and 

IL-18, in the absence o f an effect on other pro-inflammatory mediators. This regulation o f the 

lL-1 family was found to be dependent on actions of clenbuterol at P2-adrenoceptors, as 

opposed to Pi-adrenoceptors, since the increase in expression could be blocked by ICl 118,551 

but not metoprolol. These findings are noteworthy since it is known that while IL-1 is 

generally regarded as the prototypical pro-inflammatory cytokine, its expression in the 

absence o f other inflammatory mediators does not contribute to neurotoxicity (Rothwell & 

Luheshi, 2000). Furthermore, it has been shown that the expression of IL-1 is essential for the 

induction o f certain growth factors and that lL-1-deficient mice display impaired 

remyelination (Nguyen et a l,  2002). In addition, the importance o f IL-1 expression in the 

CNS is reinforced by the finding that chronic blockade of IL-I signalling by overexpression of 

IL-Ira results in atrophy o f the brain (Oprica et al., 2007). Recent reports have also suggested 

that IL-I can clear amyloid-P through actions on APP processing mechanisms (Tachida et al., 

2008; Bandyopadhyay et al., 2006). Thus, the selective upregulation o f lL-1 expression by 

clenbuterol may have beneficial consequences for the CNS, but this remains to be determined.

The findings from these studies also demonstrate that clenbuterol induces a profound decrease 

in the locomotor activity o f rats, an effect which was initially suspected to be a consequence of 

the increased expression o f IL-ip in the brain. However, when the peripheral effects of 

clenbuterol were examined in closer detail it was found that clenbuterol does not induce 

classical sickness behaviour when compared with the endotoxin LPS. Instead, it appears more 

likely that clenbuterol induces a stress response, owing to its profound effects on heart rate, 

and that this is responsible for the clenbuterol-induced reduction in food and water 

consumption and locomotor activity. While ICI 118,551 was found to block the negative
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peripheral effects o f clenbuterol, it also blocks the effects o f clenbuterol on immune processes 

in the CNS. Thus, further studies will be necessary to attempt to dissociate the peripheral and 

central effects of clenbuterol in order for it to be used therapeutically for the treatment of 

neuroinflammation. Encouragingly reports have already suggested that the peripheral effects 

of clenbuterol subside with repeated administration (Hoey et a i ,  1995).

8.3 Chronic stim ulation o f central P2-adrenoceptors reduces am yloid load in the CNS

Results from this thesis also demonstrate that chronic administration o f clenbuterol activates 

astrocytes and reduces concentrations of amyloid-Pi.4 0  and amyloid-Pi.42  in the CNS. This 

reduction in amyloid was initially hypothesized to occur due to the selective upregulation of 

IL-1 by clenbuterol since previous reports have shown that IL-1 is capable o f directing 

amyloid processing down the non-amyloidogenic pathway leading to reduced concentrations 

of amyloid-P (Bandyopadhyay et a l ,  2006; Tachida et a l ,  2008). However, it appears more 

likely that the reduction in amyloid induced by clenbuterol occurs due to enhanced 

degradation o f amyloid-P as opposed to any effects on APP processing since clenbuterol 

largely failed to alter the expression of the secretases responsible for amyloid production. 

Instead it appears that the reduction in amyloid-P occurs due to astrocytic activation induced 

by clenbuterol and the enhanced expression o f the amyloid-P degrading enzyme MMP-2. In 

this regard, the ability o f MMP-2 to degrade amyloid-P has been well established in the 

literature (Roher et al., 1994; Yin et al., 2006). In further support o f this idea is a recent report 

which found that reduced levels of MMP-2 in the CSF o f Alzheimer’s patients correlates with 

low levels o f amyloid-P concentrations in the CSF, an effect which may increase the 

accumulation o f amyloid plaques in the CNS (Mlekusch et al., 2009). In addition, the results 

presented here demonstrate that clenbuterol increases the expression o f the cytokine M-CSF, 

which might act to acidify glial lysosomes and thus aid to increase degradation of 

phagocytosed amyloid-p as has previously been alluded to in the literature (Kawata et a i,  

2005; Majumdar et a l ,  2007; Filiz et al., 2008). Significantly, clenbuterol was also found to 

reduce the expression o f RAGE, a receptor which has been implicated in mediating amyloid- 

induced neurotoxicity and transporting amyloid into the brain at concentrations known to play 

a role in the pathophysiology o f Alzheimer’s disease (Du Yan et al., 1997; Maccioni et al., 

2001; Bierhaus et a l ,  2005).
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A lzheim er’s disease is currently the main cause o f dementia in the world and is said to be the 

fourth m ajor cause o f  death following cancer, heart disease and stroke (M accioni et a l ,  2009). 

The WHO report for 2009 indicates that there are 18 million people currently suffering from 

A lzheim er’s disease worldwide and this is predicted to double to 34 million by the year 2025 

(http://ww w.searo.w ho.int). All in all A lzheim er’s disease is a devastatingly debilitating 

disease which still evades medical treatm ent. While the results o f the present study are in 

contrast to those o f  Ni et a l,  (2006) who showed that administration o f clenbuterol can 

increase amyloid load in the CNS due to endocytosis o f  y-secretase complex with the P2 - 

adrenoceptor, the dose employed in that study was approximately 17 tim es that used in the 

present study, and a much higher dose than could be used therapeutically in humans. In 

addition, the effects o f  clenbuterol reported in that study were also shown to occur in the 

absence o f P2 -adrenoceptor signalling, thus stimulation o f  P2 -adrenoceptors and their 

downstream signalling pathways may hold potential in aiding clearance o f  amyloid-P and thus 

be beneficial for the treatm ent o f  A lzheim er’s disease. However, caution must be taken with 

this since, while clenbuterol is found to elicit beneficial effects in the CNS, the profound 

peripheral effects induced by the drug still warrant further investigation in order to determine 

the m echanism s by which they occur and by which they can be overcome.

8.4 Conclusion

Overall the findings presented here are consistent with the literature and demonstrate that 

stimulation o f  P2 -adrenoceptors on glial cells elicits anti-inflam matory and neurotrophic 

effects both in vitro and in vivo. W hile anti-inflam m atory cytokines and neurotrophins can 

have beneficial actions in the CNS, their therapeutic use is limited owing to the restricted 

ability o f  such m olecules to cross the BBB. Significantly, despite the fact that inflammation 

was found to reduce the expression and responsiveness o f  glial P2 -adrenoceptors in vitro, no 

such effect was found in vivo. Therefore, stim ulation o f  central glial p2 -adrenoceptors and 

activation o f  their downstream signalling pathways holds promise as a new therapeutic 

strategy for the treatm ent o f  neuroinflam m atory disease.
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Chapter 9: Future Directions

9.1 Future Directions

The findings presented in this thesis have yielded a number o f important leads for future

research as outlined below:

9.1.1 In Vitro Studies

1) First and foremost it remains to be determined if the effects o f dexamethasone also 

translate to restoration o f p2 -adrenoceptor protein expression at the cell surface level 

and, most importantly, restoration o f receptor responsiveness to stimulation with 

agonists.

2) The signalling mechanisms involved in the down-regulation o f P2 -adrenoceptor should 

be examined, in particular effects o f NFkB, p38, JNK, ERKl/2 and STAT-1 inhibitors 

either alone or in combination should be examined since all o f these pathways may be 

activated by treatment with LPS + IFN-y. Furthermore, the impact o f COX-II 

inhibitors on the expression o f the P2 -adenoceptor should also be examined since it has 

been demonstrated in the literature that the COX-II inhibitors indomethacin and NS- 

398 can inhibit IL-1 P-induced P2 -adrenoceptor downregulation in HASM cells.

3) The mechanisms by which P2 -adrenoceptor downregulation occurs should be examined 

further. Specifically, co-immunoprecipitation studies should be carried out to examine 

the involvement o f GRKs and P-arrestins. In addition, the involvement o f P-ARB 

should be examined since an increase in P-ARB expression has been shown in the 

literature to correlate with downregulation o f P2 -adrenoceptor expression. In addition, 

it has also been shown that P-ARB expression can be reduced by dexamethasone 

resulting in increased P2 -adrenoceptor expression.

9.1.2 In Vivo Studies

1) It was demonstrated here that systemic LPS administration does not impact on the 

expression or function o f central P2 -adrenoceptors in vivo, however, future studies 

should examine the expression and function o f central P2 -adrenoceptors in chronic 

inflammatory conditions, for example in an EAE model.
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2) Owing to the discrepancy between the in vitro and in vivo data it is plausible that the 

glucocorticoid surge which occurs following administration o f LPS in vivo could 

prevent the reduction in p2 -adrenoceptor expression in a similar manner to that 

observed with dexamethasone in vitro. Thus, the effects o f blocking glucocorticoid 

release in vivo using selective glucocorticoid antagonists should be investigated to 

determine if this would induce P2-adrenoceptor downregulation in response to LPS 

treatment.

3) The role o f IL-1 in clenbuterol-induced neuroprotection should be investigated further 

in IL-IRI knock-out mice. In particular, the literature suggests that the increases in IL- 

10 may be dependent on IL-l-induced STAT-3 phosphorylation, therefore this 

warrants investigation.

4) The potential neuroprotective effects o f stimulation o f the Pi-adrenoceptor with the P2 - 

agonist clenbuterol in vivo should be investigated further. In this regard, the impact of 

clenbuterol on chronic neuroinflammation should be examined, such as in EAE and 

models o f Alzheimer’s disease. In addition, the involvement o f clenbuterol-induced 

MMP-2 in the clearance of amyloid-P should be investigated further both in vitro and 

additionally in vivo in MMP-2 knock-out mice.

5) Further studies will also be necessary to determine if the negative peripheral effects o f 

clenbuterol can be dissociated from the beneficial effects observed in the CNS. In this 

regard, the use o f hydrophilic P-adrenoceptor antagonists which are incapable o f 

crossing the BBB should be investigated. In addition, to determine if the clenbuterol- 

induced decrease in locomotor activity is mediated by the increased expression o f IL-1 

in the brain the behavioral effects o f clenbuterol should be examined in IL-IRI knock

out mice. Further studies should also investigate the peripheral effects o f chronic 

clenbuterol treatment to determine if the negative effects observed in the acute studies 

subside with time, and in order to establish whether clenbuterol represents a potential 

therapy for the treatment o f neuroinflammatory disease.
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