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The role of interleukin receptors in brain cell signalling 

The University of Mancester 

Loan Nguyen Ph.D. 2010 

Abstract 
 

IL-1α and IL-1β are two IL-1 agonists which signals at the same receptor 
complex composed of IL-1R1/IL-1RAcP. However, IL-1α and IL-1β exert 
differential actions. A recent CNS-specific IL-1 receptor accessory protein, called 
IL-1RAcPb, has been characterised but its actions are unknown. In T cell line, 
over expression of IL-1RAcPb negatively regulate IL-1 action (Smith et al, 2009), 
but over-expression of IL-1RAcPb in HEK cell line induces IL-1 signaling (Lu et 
al, 2008). The role of IL-1RAcPb has not been studied in primary cells. The aim 
of this project was to investigate the role of IL-1RAcPb in IL-1-induced actions in 
neurones and glia, and to determine IL-1α and IL-1β differential actions in these 
two cell types. The role of IL-1RAcPb in IL-1-induced protein expression and 
IL-1α and IL-1β differential effects were investigated by treating WT and 
IL-1RAcPb-/- neurones and glia with IL-1α or IL-1β in the presence or absence of 
IL-1RA for 24 h followed by assessment of IL-6 induction by ELISA. The 
mechanism of IL-1RAcPb actions were studied by examining the effects of IL-1α 
or IL-1β on p38, ERK1/2 and Src kinase activation in neurones and glia by 
Western blot analysis. SB203580 (p38 inhibitor), UO126 (ERK1/2 inhibitor), and 
PP2 (Src kinase inhibitor) were used to determine the contribution of p38, 
ERK1/2 and Src kinase activation to IL-1-induced IL-6 synthesis in neuronal 
cultures.  

In WT neurones, IL-1α and IL-1β were equipotent at inducing IL-6 
synthesis and p38 activation, whilst both ligands failed to induce ERK1/2 or Src 
kinase activation. In IL-1RAcPb-/- neurones, IL-1α and IL-1β induced similar 
levels of IL-6, but IL-1β was more potent than IL-1α at inducing p38 activation. 
IL-1α-induced p38 activation was reduced in IL-1RAcPb-/- neurones compared to 
WT neurones. In contrast to WT neurones, ERK1/2 was activated in IL-1RAcPb-/- 

neurones in response to IL-1α, whilst Src kinase was not activated by IL-1α or 
IL-1β. IL-1-induced IL-6 synthesis was abolished by IL-1RA, SB203580, UO126 
and PP2. Interestingly PP2, a specific Src kinase inhibitor also partially inhibited 
basal ERK1/2 activity.  

In WT glial cells, IL-1α was more potent than IL-1β at inducing IL-6 
synthesis but both cytokines induced ERK1/2 activation with equal potency. In 
IL-1RAcPb-/- glia, IL-1α and IL-1β were equally potent at inducing IL-6 synthesis 
and ERK1/2 activation. However, IL-α-induced-IL-6 synthesis was reduced in 
IL-1RAcPb-/- glia compared to WT glia. In both WT and IL-1RAcPb-/- glia, IL-1α 
and IL-1β induced p38 activation but not Src kinase activation .  

In conclusion, this study showed that in neurones, IL-1RAcPb may 
contribute to IL-1α-induced p38 activation but negatively regulates IL-1-induced 
ERK1/2 activation, therefore IL-1RAcPb may have specific effects on different 
signalling pathways. The effect of IL-1RAcPb could also be cell specific, as 
IL-1RAcPb contributed to IL-1α-induced p38 signalling in neurones but IL-6 
production in glia. The role of IL-1RAcPb remains largely unknown and more 
investigations are required to elucidate its role in IL-1 signalling in the brain. 

. 
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1.1. Inflammation in the CNS 

Inflammation is a protective mechanism initiated by the host in response 

to noxious stimuli. It is typically characterised by pain, swelling, redness and 

increased temperature. Inflammation is a tightly orchestrated event involving 

many cell types and mediators. Macrophages and dendritic cells are amongst the 

first type of cells to be activated (for reviews see Lucas et al., 2006 and Perry et 

al., 1995). Activated cells release pro-inflammatory mediators including cytokines 

and chemokines to propagate inflammation. During inflammation, local blood 

vessels become compromised, resulting in leakage of plasma protein into the 

tissue, oedema and leukocyte invasion. Activated immune cells are central to 

inflammatory processes needed to remove pathogens, damaged cells, irritants or 

debris. Inflammation is an integral part of the healing process when regulated with 

timely precision, but it is not a feature of healthy tissue (for review see Allan and 

Rothwell, 2003).  

 

1.1.1. Does inflammation occur in the CNS? 

The brain was initially believed to be ‘immune privileged’ on three 

accounts. Firstly, it is isolated from the systemic immune system by the blood-

brain barrier (BBB) and was thought to be deprived of influence from the 

systemic immune system. Secondly, it was thought not to possess antigen 

presenting cells such as dendritic cells, B cells and macrophages. Thirdly, it was 

thought that brain cells lack antigen-presenting molecules such as major 

histocompatibility complex (MHC) class I and II and therefore cannot be 

recognised by antigen-specific T lymphocytes (for review see Neumann 2001). 

However, these views are now challenged. In normal conditions, the central 

nervous system (CNS) is immunologically silent and an immune response is 

actively suppressed. The immune cells of the brain are glial cells, in particular 

microglia, which are actively kept quiescent via local interactions with intact 

neurones. However, in the presence of neurotoxins or trauma, neuronal activity is 

disturbed, glial cells are activated by inflammatory mediators and an 

inflammatory response is initiated (for review see Neumann, 2001). Therefore this 

belief of ‘immune privilege’ is now radically changed, and it is now accepted that 
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the brain, like any other organ in the body, is capable of developing an 

inflammatory response. Hallmarks of CNS inflammation include oedema, glial 

cell activation, invasion of circulating immune cells, production of pro-

inflammatory mediators and a compromised BBB. But, unlike other organs within 

the body, the brain has limited capacity to regenerate. Consequently, CNS 

inflammation must be regulated with extra vigour as prolonged inflammation is 

harmful and can lead to chronic inflammatory CNS disease (for reviews see Allan 

and Rothwell, 2003; Neumann, 2001 and Rothwell et al., 1997). The role of 

inflammation in the CNS is unresolved. Despite overwhelming evidence for 

deleterious effects of inflammation, beneficial effects have also been described. 

Whether inflammation is friend or foe is a subject of intense research. It is 

postulated that inflammation could have a dual role in the CNS (for review see 

Hohlfeld et al., 2007), the fate of which could depend on the timing of activation. 

 

1.1.2. Acute inflammatory response in the CNS 

Acute brain injury refers to insults that result in a rapid loss of brain 

cells, often characteristic of conditions such as stroke, traumatic brain injuries and 

seizures. Ischaemic stroke is caused by a sudden occlusion of a cerebral artery, 

preventing blood flow and supply of oxygen and nutrients to a targeted brain area, 

leading to cerebral ischaemia. Cerebral ischaemia leads to a rapid depletion of 

energy stores, loss of ionic gradients, calcium influx, excitotoxic neurotransmitter 

release, and ultimately neuronal death and loss of associated neurological 

functions (for reviews see Muir et al., 2007; Graham and Hickey, 2002; Graham 

and Chen, 2001; Dirnagl et al., 1999 and Lee et al., 1999). In traumatic brain 

injury, brain damage is caused directly by a physical trauma, whilst in seizures it 

is caused by a transient wave of synchronous/excessive neuronal activity resulting 

in neuronal cell death. In all these cases, acute cell death is caused by necrosis, but 

delayed cell death is associated with the inflammatory response. Apoptotic cell 

death can also contribute to delayed brain injury, triggered or enhanced by 

neuroinflammatory processes. 
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1.1.3. Chronic inflammation of the CNS 

Multiple sclerosis (MS), Alzheimer’s disease (AD) and Parkinson’s 

disease (PD) are progressive neurodegenerative disorders with unknown 

aetiology. The symptoms of these diseases are diverse and progressive, increasing 

in severity with disease progression. MS is characterised by demyelination of 

neurones, which can lead to motor and cognitive defects (for reviews see 

Steinman, 2008; Delegge and Smoke, 2008; Allan and Rothwell, 2003). AD is 

characterised by a progressive loss of memory and inability to form new 

memories. Beta-amyloid plaques and neurofibrilliary tangles are hallmarks of AD 

(for review see Shaftel et al., 2008). Tremor, muscle rigidity and bradykinesia are 

overt symptoms of PD. These symptoms are due to the loss of dopaminergic 

neurones in the substantia nigra (for review see Schulz and Falkenburger, 2004). 

It is clear that these diseases can affect different brain regions and different 

populations of CNS cells, but are commonly associated with chronic 

inflammation of the CNS. The hallmarks of inflammation, such as activated 

microglia, MHC up-regulation, pro-inflammatory cytokine production and 

invasion of leukocytes, are all present in these neurological disorders. 

 

1.2. Cellular responses to CNS inflammation 

The major brain cell types that respond to inflammation are the 

microglia, neurones, and astrocytes. The role of oligodendrocytes in inflammation 

is less clear. The specialised endothelial cells of the BBB also play a key role in 

regulating CNS inflammation.  

 

1.2.1. Microglial response 

Microglia are the resident monocytes/macrophages of the brain, derived 

from bone marrow precursor cells that migrate into the brain during early 

development (for review see John et al., 2003). In the adult brain the microglial 

population is constantly renewed by a specific population of monocytes from the 

circulation (Mildner et al, 2007). However, local renewal of microglia cells from 

CNS resident cells has also been suggested (Ajami et al, 2007).  
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Resting microglia are exquisitely sensitive cells that rapidly responds to 

any changes in their environment. Microglia respond to changes in brain 

homeostasis by altering their morphology and begin to proliferate (Denes et al., 

2007 and for review see Perry, et al. 1995). Activated microglia assume 

phagocytic properties and antigen-presenting capacity through the expression of 

MHC molecules (for review see Kim and de Vellis, 2005). Consequently, 

invading leukocytes recognise antigenic material and trigger an immune response 

(for review see Neumann, 2001). Brain ischaemia, trauma or infection can all 

activate resting microglia to migrate to the site of injury or infection and produce 

pro-inflammatory cytokines, chemokines as well as mitogens (for review see Kim 

and de Vellis, 2005 and Kreutzberg, 1996). Nuclear transcription factor (NF-κB) 

and mitogen-activated protein kinase (MAPK) signalling are important in the 

activation and production of pro-inflammatory mediators in microglia (Kim et al,. 

2004; for review see Kreutzberg, 1996). The role of activated microglia in CNS 

inflammation is to scavenge any debris or dying cells within the vicinity of the 

injured tissue. However, sustained microglial activation can lead to chronic 

inflammation and neuronal dysfunction and death (for review see Vilhardt, 2005).  

Activated microglial cells also have beneficial properties as they can act 

as glutamate scavengers to remove excess glutamate from the extracellular 

vicinity to prevent excitotoxic cell death. Microglia can also produce neurotrophic 

factors including neurotrophins and growth factors (Imai, F. et al., 2007 and for 

review see Lai and Todd, 2006, and Kim and de Vellis, 2005) to support 

neurogenesis.  

 

1.2.2. Astrocytic response 

Astrocytes are the most abundant cell type in the human brain and have 

important roles in CNS development, energy metabolism, regulation of local 

cerebral blood flow, synaptic functions, maintenance of brain pH balance and 

establishment and maintenance of functional integrity of the BBB (for reviews see 

Sofroniew and Vinters, 2010 and Dong and Benveniste, 2001). Astrocytes are 

adaptive cells and become activated in response to any adverse changes in brain 

homeostasis. Activated astrocytes are hypertrophic, prolific and undergo altered 

gene expression, producing factors that can both contribute to or limit CNS injury 
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(for reviews see Liberto et al., 2004 and John et al., 2003). Mediated by NF-κB 

signalling, astrocytes are responsible for the production of a wide array of 

cytokines, chemokines and neurotrophic factors, as well as mediating the 

recruitment of leukocytes and neutrophils, contributing further to the 

inflammatory response (for reviews see Farina et al., 2007, Moynagh, 2005, and 

Dong and Benveniste, 2001). There are also suggestions that activated astrocytes 

may function as antigen-presenting cells that contribute to the resolution phase of 

inflammation (for review see Dong and Benveniste, 2001). Activated astrocytes 

also act as scavengers of excess glutamate and free radicals and produce growth 

factors to promote neurogenesis and restore CNS homeostasis (for reviews see 

Farina et al., 2007 and Liberto et al., 2004).  

 

1.2.3. Neuronal response 

Neurones are electrically excitable cells in the brain. These cells process 

and conduct information by sending electrical and chemical signals to 

neighbouring cells. Neurones are sensitive to infection and injury, but their 

sensitivity can vary in different brain regions, and different diseases can lead to 

selective and specific neuronal death. For example, PD affects neurones in the 

substantia nigra whilst Alzheimer’s disease affects cortical and subcortical 

neurones.  

Neuronal responses to inflammation are not fully characterised, however 

neurones in acute and chronic neuroinflammatory conditions display altered 

neurotrophin expression, neuronal calcium imbalance as well as protease 

activation and induction of many inflammatory mediators. The effects of these 

mediators on neuronal survival is unclear (for review see Neumar, 2000). NF-κB 

is activated in neurones after stroke, traumatic brain injury and epilepsy, and can 

influence the neurodegenerative process directly by altering neuronal gene 

expression. The role of NF-κB signalling in neuronal injury is complex, 

contributing prominently to neuronal survival but also neuronal death (for review 

see Mattson, 2005).  

The specific contribution of microglia and astrocytes to CNS 

inflammation and their effects on neuronal survival is still not fully resolved. It is 

clear that mediators released by microglia can activate astrocytes, and mediators 
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released by astrocytes can activate microglial cells. This bidirectional level of 

activation can result in a rapidly escalated and uncontrolled inflammatory event 

and neuronal death (Figure 1.1). The regulatory mechanisms required to inhibit 

inflammation are poorly understood. 
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Figure 1.1. The effects of inflammation on different CNS cell types. 

Inflammation activates microglial cells and astrocytes to release pro-inflammatory 
mediators as well as neurotrophic factors, which modulate inflammation itself. 
During inflammation, neurones release cytokines and neurotrophic factors to 
activate microglia and astrocytes to initiate an immune response.  
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1.2.4. Oligodendrocytes 

Oligodendrocytes are myelin-forming glial cells that are abundant in the 

brain. However, the effect of inflammation on oligodendricytes is not as 

extensively reported when compared to other glial cell types such as microglia or 

astrocytes. Oligodendrocyte demise is associated with neuro-inflammatory 

conditions such as MS, AD and stroke (for reviews see Roth et al. 2005; Cannella 

and Raine 2004; Dewar et al. 2003), indicating its vulnerability to inflammatory 

damage. Indeed oligodendrocytes express both chemokine and cytokine receptors 

(Omari et al, 2005; Cannella and Raine, 2004) and have been shown to be 

compromised by endotoxins such as lipopolysaccharide (LPS) (Yao et al, 2010; 

Pang et al, 2003) and pro-inflammatory cytokines (Bhat et al, 1999; Robbins et al, 

1987).  

 

1.2.5. The blood brain barrier and brain endothelial cells  

The blood brain barrier (BBB) is a functionally active barrier that 

regulates the migration of substances from the blood (circulation) to the brain to 

maintain brain homeostais. The BBB is a complex system of blood vessels formed 

by endothelial cells encapsulated by a layer of basal lamina, and supported by 

astrocytic cells. Endothelial cells in the BBB form tight junctions to regulate 

passage of substances across to the brain. During inflammation, the integrity of 

the BBB is compromised and becomes “leaky”, resulting in an influx of 

molecules that would have been otherwise restricted (for review see de Boer and 

Gaillard 2006 and de Vries et al. 1997). Endothelial cells of the BBB are sensitive 

to pro-inflammatory cytokines and chemokines, and respond to these proteins by 

the production of more chemokines, cytokines and adhesion molecules 

(Oynebraten et al, 2004; Stanimirovic et al, 1997). Adhesion proteins are key in 

the recruitment of leukocytes across the BBB contributing further to the 

inflammatory response (Van et al, 2003). 
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1.3. Mediators of CNS inflammation 

During CNS inflammation, the integrity of neurones is compromised, 

and glial cells are activated. Activated microglia release an array of chemokines 

including macrophage inflammatory proteins (MIP), microglia response factor-1 

(MRF-1), interleukin-8 (IL-8), monocyte chemotactic proteins (MCP) as well as 

prostaglandin E2 (PGE2), reactive oxygen species and mitogenic factors (for 

reviews see Kim and de Vellis 2005; John et al., 2003; Allan and Rothwell, 2003; 

Kreutzberg, 1996). Activated microglia are also a source of inflammatory 

cytokines including interleukin-1 (IL-1), interleukin-6 (IL-6) and tumour necrosis 

factor-α (TNF-α) (Pinteaux et al, 2002; Lee et al, 1993). The primary cytokine 

involved in the activation of astrocytes at the early stages of inflammation is IL-1 

(Lee et al, 1993). Activated astrocytes are also potent producers of chemokines 

including chemokines belonging to the CCL and CXCL family (CCL1, 2, 5 and 

CXCL10, 20, 12, 1, 2), IL-1, IL-6, TNF-α, (Lee et al, 1993) and matrix 

metalloproteinase-9 (pro-MMP9) (Thornton et al, 2007) (for reviews see Farina et 

al., 2007 and Dong and Benveniste, 2001). Neurones are the most vulnerable cells 

in the brain and their loss during neuroinflammation can lead to loss of function 

associated to that area of degeneration. Neurones are also producers of 

pro-inflammatory cytokines and neurotrophic factors (Tsakiri et al, 2008c; 

Isackson, 1995). The function of pro-inflammatory cytokines and chemokines is 

to activate neighbouring cells to amplify the local innate immune response as well 

as recruiting circulating immune cells to initiate the adaptive immune response. 

Cytokines can activate local microglia and astrocytes that produce chemokines, 

leading to leukocyte infiltration.  

In addition to the expression of this array of pro-inflammatory mediators, 

inflammation can also induce the expression and release of mediators important 

for promoting cell growth and repair. These mediators include neurotrophins, 

brain-derived neurotrophic factors (BDNF) and nerve growth factors (NGF), all of 

which are expressed by microglia, astrocytes and neurones (for reviews see Farina 

et al., 2007; Kim and de Vellis 2005; Isackson, 1995). The neuroprotective actions 

of microglia can also be attributed to their ability to produce IL-1 receptor 

antagonist (IL-1RA), which can down-regulate IL-1 actions on astrocytes 

(Pinteaux et al, 2006) (Figure 1.2).  
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Figure 1.2. Mediators expressed by different brain cell types during 

inflammation.  

Inflammation induces the activation of microglia and astrocytes to secrete 
pro-inflammatory cytokines, chemokines, neurotrophic factors and other 
mediators. Neurones also release neurotrophic factors and pro-inflammatory 
cytokines.Abbreviations: TNF, tumuor nercosis factor; IL-8, interleukin-8; IL-6, 
interleukin-6; IL-1, interleukin-1; IL-1RA, IL-1 receptor antagonist; PGE2, 
prostaglandin E2; BDNF, brain-derived neurotrophic factor; NGF, nerve growth 
factor; CCL1, 2, 5 and CXCL10, 20, 12, 1, 2, chemokines CCL and CXCL 
subclasses; MMP9, matrix metalloproteinase-9. 

 



Chapter 1________________________________________________Introduction 

 

 31

1.3.1. Cytokines and CNS inflammation 

Cytokines have dual roles in CNS inflammation - detrimental and 

beneficial. The pro-inflammatory role of some cytokines is well recognised, but 

the same cytokine can also exert anti-inflammatory effects. TNF-α, IL-6 and IL-1 

have been shown to exacerbate ischaemic damage and block neurogenesis, whilst 

inhibition of their expression significantly reduced brain damage and restored 

neurogenesis (Monje et al., 2003 and for reviews see Denes et al., 2009; Lai and 

Todd, 2006; Ekdahl et al., 2003; Kempermann and Neumann, 2003). The 

detrimental effects of IL-1 may be mediated in part by the induction of adhesion 

molecules such as intercellular adhesion molecule-1 (ICAM-1) and vascular cell 

adhesion molecule-1 (VCAM-1) by endothelial cells, leading to leukocyte 

recruitment into the brain (for review see Denes et al., 2009). Conversely, TNF-α, 

IL-6 and IL-1 is also neuroprotective in mouse neurones in vitro against 

N-methyl-D-aspartic acid (NMDA)-induced cell death (Carlson et al, 1999), 

whilst IL-6 is also neuroprotective in vivo after cerebral ischaemia in rats 

(Loddick et al, 1998). Additionally, IL-1 has been shown to enhance neurogenesis 

during differentiation of mesenchymal stem cells into neurones (Greco and 

Rameshwar, 2007).  

In summary, regulated inflammation is a beneficial process to the host 

but deregulated inflammation is detrimental. Inflammation is a complex and 

dynamic mechanism involving many interacting cytokines, chemokines and 

signalling pathways. Amongst the different inflammatory mediators known to 

regulate neuroinflammation, IL-1 is the primary mediator. However its 

mechanism of action is not fully investigated. Therefore it is important to 

characterise the effects of IL-1 on different CNS cell types and investigate its 

mechanism of action to prevent the deleterious effects of IL-1 after injury. 
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1.4. The interleukin-1 system 

There are currently eleven agonists in the IL-1 family including IL-1α, 

IL-1β, IL-1RA, IL-18, IL-33 and IL-1F5-10, and ten receptors including IL-1 type 

1 receptor (IL-1R1), IL-1 type 2 receptor (IL-1R2), IL-1 receptor accessory 

protein (IL-1RAcP), IL-18Rα, IL-18Rβ, IL-1 receptor-like 1 (ST2), IL-1 receptor-

like 2 (IL-1RL2), sinlge immunoglobulin IL-1 receptor-related moleculre 

(SIGIRR) and three immunoglobulin domain-containing IL-1 receptor-related 1 

and 2 (TIGIRR1 and 2) in the IL-1 family, however, not all the functions of these 

receptors and agonists have been defined. Activation of these receoptors by their 

respective agonists is associated with activation of the MAPK and NF-κB 

signalling (see section 1.5.1). However, not all IL-1 receptors are signalling 

receptors. IL-1R2 is a non-signalling receptor (see section 1.4.2) and SIGIRR and 

TIGIRR are orphaned receptors. The presence of orphaned receptors within the 

IL-1 family suggests that our current understanding of IL-1 actions is incomplete 

(Figure 1.3) (for reviews see Sims and Smith, 2010; Allan 2005).  
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Figure 1.3. The IL-1 family members. 

Schematic showing the association of different IL-1 ligands to their respective 
receptors. Of the eleven ligands, it is unknown which receptor(s) IL-1F7 and 
IL-1F10 are associated with. Actions of IL-1 agonists are regulated by IL-1RA, 
which blocks IL-1α and IL-1β, and IL-1F5, which regulates IL-1F6, IL-1F8 and 
IL-1F9. IL-1 actions are also regulated by IL-1R2 and SIGIRR. Abbreviations: 
IL-1R1, IL-1 type 1 receptor; IL-1R2, IL-1 type 2 receptor; IL-1RAcP, IL-1 
receptor accessory protein; IL-18Rα, IL-18 receptor α; IL-18Rβ, IL-18 receptor β; 
ST2, IL-1 receptor-like 1, IL-1RL2, IL-1 receptor-like 2; SIGIRR, sinlge 
immunoglobulin IL-1 receptor-related moleculre and TIGIRR1 and 2, three 
immunoglobulin domain-containing IL-1 receptor-related 1 and 2. Modified from 
Sims and Smith, 2010 and Allan et al, 2005.   
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1.4.1. IL-1α, IL-1β and IL-1RA 

The best characterised ligands of the IL-1 system are IL-1α, IL-1β and 

IL-1RA. IL-1α and IL-1β are agonists whereas IL-1RA is a competitive receptor 

antagonist. These ligands act by binding to IL-1R1 or IL-1R2. IL-1R1 is an active 

signalling receptor whilst IL-1R2 is a non-signalling decoy receptor. IL-1 

signalling is involved in normal growth and development, as well as normal 

physiological functions including sleep (Fang et al, 1998), appetite (Matsuki et al, 

2003), memory, and neuronal plasticity (Avital et al, 2003; Yirmiya et al, 2002). 

Disruption to IL-1 actions can result in an abnormal immune response. Arthritis 

(Pascual et al, 2005; Smeets et al, 2005), and atherosclerosis (Merhi-Soussi et al, 

2005b; Moyer et al, 1991) are peripheral conditions associated with inflammation 

and over-active IL-1 signalling. Centrally, unregulated IL-1 signalling is reported 

in stroke pathology, traumatic brain injuries and seizures. IL-1 is also reported to 

be pro-convulsive (Balosso et al, 2008) and contributes to the detrimental effects 

of seizures (Patel et al, 2003). Collectively these studies indicate that IL-1 is an 

important element in the inflammatory cascade, both peripherally and centrally. 

IL-1α and IL-1β are products of different genes, synthesised as large (31 

kDa) precursor molecules before being cleaved to form mature 17 kDa proteins. 

Pro-IL-1α is the precursor of IL-1α, and is cleaved by proteases called calpains. 

Both pro-IL-1α and IL-1α are biologically active and remain mainly localised in 

the cytosol and the nucleus (for reviews see Sims and Smith, 2010; Arend et al., 

2008; Laurincova, 2000; and Boraschi et al., 1996). Intracellularly, pro-IL-1α is 

reported to regulate cell migration (Merhi-Soussi et al, 2005a; McMahon et al, 

1997), proliferation (Kawaguchi et al, 2004; Maier et al, 1994) and gene 

expression in various cell lines via intranuclear actions (Kawaguchi et al, 2004; 

Werman et al, 2004) (for review see Luheshi et al. 2009). The function of 

intracellular mature IL-1α is less well understood. Mature IL-1α, either 

intracellular or as result of endocytotic internalisation of secreted IL-1α, is 

transported to the nucleus where it is suggested to bind to DNA and exert 

intranuclear actions (Luheshi et al, 2009; Weitzmann and Savage, 1992; Grenfell 

et al, 1989). The specific intranuclear actions of mature IL-1α are however 

unknown. 
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In contrast, pro-IL-1β is biologically inactive and must be cleaved by the 

protease caspase-1 in order to become an active mature protein. Responses 

induced by IL-1β are from the secreted mature form of IL-1β (for reviews see 

Luheshi et al. 2009a; Allan et al. 2005; Dinarello 1997). Caspase-1 shares 

significant sequence homology with the death protein CED-3 found in the 

apoptotic pathway of Caenorhabditis elegans (Thornberry et al, 1992). This 

analogy has led to the suggestion that caspase-1 as well as IL-1 could be 

contributing factors in programmed cell death. 

IL-1RA is a 17 kDa protein produced by the same cells that express 

IL-1α and IL-1β. There are three intracellular isoforms of IL-1RA (icIL-1RA 1, 2 

and 3) and one secreted isoform (IL-1RA) (Palin et al., 2001; Muzio et al., 1999 

and for reviews see Arend et al., 2008 and Arend and Guthridge, 2000). Both 

icIL-1RA and secreted IL-1RA are antagonists of IL-1-induced actions. Secreted 

IL-1RA is a competive inhibitor of secreted IL-1, acting at the IL-1R1 (Pinteaux 

et al, 2006), whereas icIL-1RA is antagonistic to pro-IL-1α actions (Merhi-Soussi 

et al, 2005a)  

 

1.4.2.  IL-1R1, IL-1R2 and IL-1RAcP 

There are two well characterised IL-1 receptors: IL-1R1 (80 kDa) and 

IL-1R2 (68 kDa). Structurally, IL-1R1 and IL-1R2 are very similar, containing a 

membrane-spanning region and three immunoglobulin–like domains in the 

extracellular part of the protein (for reviews see Smith, 2010; Arend, 2008; Boutin 

et al., 2003). However, IL-1R1 has an intracellular signalling region called the 

Toll/IL-1R (TIR) domain which is essential for signalling, but is absent in IL-1R2 

(McMahan et al, 1991). This explains why IL-1R1 is a signalling receptor, 

whereas IL-1R2 acts as a decoy receptor by scavenging excess IL-1 (Sims et al, 

1993). IL-1R2 can also regulate IL-1 functions by preventing the formation of the 

IL-1 signalling complex (Malinowsky et al, 1998; Lang et al, 1998). IL-1R1 is 

internalised after activation (Brissoni et al, 2006; Solari et al, 1994) or as a part of 

the receptor’s life cycle (Solari et al, 1994). Following endocytosis the receptor 

can be recycled (Solari et al, 1994), degraded or re-directed to other sites (Mizel et 

al, 1987). The half life of IL-1R1 is 11 h in the absence of IL-1 (Mizel et al, 

1987). The life cycle of IL-1R2 is not known.  
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IL-1R1 and IL-1R2 also exists in soluble forms (for review see Boutin et 

al, 2003), and both are capable of binding to IL-1α and IL-1β (Arend et al, 1994) 

to inhibt IL-1 actions (for review see Allan et al, 2005). The enzymes responsible 

for the cleavage of IL-1 receptors belong to the metalloprotease family, but the 

specific protease involved in this process is unknown (Elzinga et al, 2009) (Figure 

1.4). In addition to the receptor cleavage, soluble IL-1R2 can also be the result of 

alternative splicing of the IL-1R2 mRNA, making it an alternative splice variant 

of IL-1R2 (Liu et al, 1996). The intracellular domain of IL-1R1 and IL-1R2 can 

also be cleaved by γ-secretease into soluble intracellular fragments (Elzinga et al, 

2009; Kuhn et al, 2007). These receptor fragments have been shown to mediate 

specific IL-1-induced actions in human embryonic kidney cell lines, but this could 

also be a mechanism of regulating IL-1 actions by preventing the coupling of 

IL-1R1 and the IL-1 receptor accessory protein (IL-1RAcP) TIR domain (Elzinga 

et al, 2009) 

IL-1R1 alone cannot transduce signal, but requires association with the 

IL-1RAcP to recruit downstream adaptor molecules such as myeloid 

differentiation factor (88) (MyD88) and Toll-interacting protein (Tollip). This 

makes IL-1RAcP an essential secondary sub-unit crucial for IL-1 signalling 

(Cullinan et al, 1998; Wesche et al, 1997; Wesche et al, 1996). IL-1RAcP is 80 

kDa in size when fully glycosylated, and has significant structural and sequence 

homology with IL-1R1, with three extracellular immunoglobulin-like domains, a 

transmembrane region and an intracellular TIR domain. Interaction of IL-1RAcP 

with IL-1R1 increases IL-1R1 affinity for its agonist (Cullinan et al, 1998; 

Greenfeder et al, 1995). There are four splice variants of IL-1RAcP; a membrane-

bound IL-1RAcP, a soluble sIL-1RAcP (Jensen et al, 2000) a soluble sIL-1RAcPβ 

(Jensen and Whitehead, 2003), and a recently described splice variant called 

IL-1RAcPb (Smith et al, 2009; Lu et al, 2008) (See section 1.4.3 and Figure 1.5). 

The function of sIL-1RAcP is unclear but it has been proposed to be a competitive 

inhibitor of IL-1 actions by competing with membrane-bound IL-1RAcP for 

binding with IL-1R1, thus preventing the formation of the TIR domain 

heterodimer necessary for signalling (Jensen et al, 2000). sIL-1RAcP may also act 

as a powerful scavenger of released IL-1 (Smith et al, 2003). The opposing 

actions of IL-1RAcP and sIL-1RAcP on IL-1 signalling suggests that the 
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biological outcome of IL-1 actions may depend on which form of IL-1RAcP is 

predominantly expressed at the time of stimulation. 
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Figure 1.4. The IL-1 signalling system 

IL-1α and IL-1β are produced as precursor molecules and cleaved by calpains and 
caspase-1 respectively to form mature IL-1 proteins. These agonists, like IL-1RA, 
bind to the signalling complex (IL-1R1/IL-1RAcP) to exert their effects, whilst 
IL-1RA inhibits IL-1α and IL-1β actions. IL-1R2 is a decoy receptor that 
negatively regulates IL-1 actions by scavenging excess IL-1 or associating with 
IL-1RAcP to prevent the formation of the signalling heterodimer. IL-1R1, IL-1R2 
and IL-1RAcP also exist as soluble proteins. These soluble receptors function as 
modulators of IL-1 actions by scavenging excess IL-1 or recruiting IL-1RAcP to 
prevent the formation of the signalling complex. IL-1RAcPb is a recently 
described IL-1 receptor accessory protein. The function of this receptor is not 
fully characterised. 
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It is unclear how IL-1 interacts with the signalling complex, but previous 

reports have suggested that it is only IL-1R1 that binds to IL-1 (Wesche et al, 

1998), upon which a conformational change occurs in the IL-1R1 structure, which 

then reveals a docking site for IL-1RAcP and the formation of the signalling 

heterodimer (Greenfeder et al, 1995). IL-1RAcP is suggested to stabilise the 

binding of IL-1 to IL-1R1 (Wesche et al, 1998). How IL-1RAcP interacts with 

IL-1 and IL-1R1 is still unclear. Binding of IL-1RA to IL-1R1 fails to induce the 

required binding conformation of IL-1R1, therefore docking of IL-1RAcP is 

prevented and no signal can be transduced. Hence IL-1RA acts as an antagonist 

(Casadio et al, 2001).  
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Figure 1.5. Expression of exons in different isoforms of IL-1RAcP.  

Schematic showing the expression of different exons in different isoforms of 
IL-1RAcP. The signal peptide is encoded on exon 3 and the three extracellular 
immunoglobulins are encoded by exons 4-9/9b. The transmembrane region is 
encoded by exon 10 and the intracellular domain is encoded by exons 11-12/12b. 
Modified from Lu et al., 2008. 
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1.4.3. Interleukin-1 receptor accessory protein b (IL-1RAcPb) 

Recently, two independent research groups (Smith et al, 2009; Lu et al, 

2008) have identified an alternatively spliced isoform of IL-1RAcP in the human 

genome, named IL-1RAcP687 or IL-1RAcPb. As IL-1RAcPb will become the 

focus of this project, and since the two research groups presented opposing 

evidence for the function of IL-1RAcPb, this section will review both studies in 

some detail. 

Genomic comparisons of IL-1RAcP and IL-1RAcPb revealed that these 

proteins are encoded by two different splice variants of the exon 12 of the 

IL-1RAcP gene (Figure 1.6). Like IL-1R1 and IL-1RAcP, IL-1RAcPb has three 

immunoglobulin-like domains, a transmembrane region and an intracellular TIR 

domain, but it also has an additional chain of 140 amino acid; forming a ‘tail’ at 

the carboxyl terminus (Smith et al, 2009).  
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Figure 1.6. Schematic drawing of IL-1RAcP and IL-1RAcPb mRNA and 

their structural domains.  

IL-1RAcP contains exon 12 but IL-1RAcPb contains exon 12b, which codes for 
an additional poly amino acid tail. The black horizontal bar indicates the disrupted 
section in IL-1RAcP knock-out (-/-) modification and the green horizontal bar 
indicates the disrupted section in IL-1RAcPb-/- modification. Modified from 
Smith et al., 2009.  
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The search for the expression of IL-1RAcPb mRNA by real-time PCR in 

thirty one different human tissues, showed that the expression of IL-1RAcPb is 

restricted to the CNS, and was found predominantly in the whole brain, foetal 

brain, cerebellum and spinal cord (Smith et al, 2009). In the periphery, the only 

non-CNS tissue that expressed IL-1RAcPb mRNA are bronchial epithelial cells, 

however expression was only 3 % compared to whole brain IL-1RAcPb mRNA. It 

was also demonstrated that the pattern of expression of IL-1RAcPb in the brain 

followed the expression of neurone-specific microtubule-associated protein 2 

(MAP2) mRNA, indicating that it is neuronal specific. The expression of 

IL-1RAcPb and IL-1RAcP however, does not coincide as IL-1RAcP expression 

co-localised with the expression of astrocyte-specific glial fibrillary acidic protein 

(GFAP) mRNA (Smith et al, 2009). In mouse hippocampus, the expression of IL-

1RAcP is found in both neurones and astrocytes. 

In EL4.16a cells (a T-cell sub cell line) it was shown that transfected 

IL-1RAcP and IL-1RAcPb co-immunoprecipitates with native IL-1R1 in the 

presence of IL-1β (Smith et al, 2009). Co-immunoprecipitation of transfected 

IL-1R1, IL-1RAcP, and IL-1RAcPb in human kidney HEK293T cells was also 

observed (Lu et al, 2008). Studies of the functional expression of IL-1RAcPb in 

EL4.16a indicate that IL-1RAcPb could be a negative modulator of IL-1 

signalling in these cells. In cells transfected with IL-1RAcP gene, IL-1β induces 

the release of IL-2, IL-5 and IL-6. However, when cells are transfected to express 

IL-1RAcPb, these responses are abolished. It was demonstrated that IL-1RAcPb 

fails to recruit downstream signalling molecules of the IL-1 signalling cascade. 

IL-1RAcPb failed to activate MAPK such as p38, extracellular signal-regulated 

kinases (ERK1/2) and c-jun N-terminual kinases (JNK) when expressed in 

EL4.16a cells (Smith et al, 2009). This response was independent of the extra 140 

amino acid C-terminus tail on the TIR domain. These results suggest that IL-

1RAcPb may act similarly to that of the IL-1R2 decoy receptor. Despite having 

the intracellular TIR domain, IL-1RAcPb failed to transduce signal upon ligand 

binding.  

In contrast, HEK293T cells transfected with IL-1RAcPb, recruited 

molecules of the IL-1 signalling cascade including Tollip and MyD88, as shown 

by immunoprecipitation. This process occurs independently of IL-1R1 and IL-1 



Chapter 1________________________________________________Introduction 

 

 41

action (Lu et al, 2008). Co-transfection of cells with IL-1R1 and IL-1RAcPb 

could also induce NF-κB binding to deoxyribonucleic acid (DNA) in HEK293T 

cells. Increasing NF-κB binding were detected with increasing expression of IL-

1RAcPb (Lu et al, 2008). In a different set of experiments using human hepatoma 

HA22T/VGH cells, over-expression of IL-1RAcPb induced TNF-α and 

granulocyte macrophage-colony stimulating factor (GM-CSF) similarly to that of 

IL-1RAcP (Lu et al, 2008). Thus, in contrast to the findings of Smith et al. (2009), 

it was concluded that IL-1RAcPb is a mediator of IL-1 signalling. 

To gain a better knowledge of the function of IL-1RAcPb, Smith et al. 

(2009) focused on the action of this receptor in primary mice neuronal-glial cell 

cultures. However, in order to evaluate the specific contribution of IL-1RAcP and 

IL-1RAcPb to IL-1 signalling, these authors cultured neuronal-glial cell cultures 

from IL-1RAcP-/- mice followed by transfection of target receptors (IL-1RAcP or 

IL-1RAcPb) by lentivirus. Microarray analysis of IL-1RAcP-transfected primary 

neuronal-glial population demonstrated substantial overlap in gene expression 

with wild-type (WT) C57/BL6 neuronal-glia cells when treated with IL-1 (Smith 

et al, 2009). This indirectly inferred that the absence of IL-1RAcPb did not affect 

affect cells’ response to IL-1. However, when IL-1RAcP and IL-1RAcPb were 

co-transfected in IL-1RAcP-/- neuronal-glial cultures, the pattern of gene 

expression in response to IL-1 was different to that of IL-1RAcP transfection 

alone or WT cells, indicating that the presence of IL-1RAcPb may alter the the 

cells’ response to IL-1. IL-1 treatment of co-transfected cells lead to an increase in 

specific genes expression, as well as a decrease in the expression of other classes 

of genes, whilst the expression of many classes of genes also remained 

unchanged. From these data, Smith et al. (2009) concluded that “IL-1RAcPb may 

down-modulate some but not all IL-1RAcP dependent IL-1 responses.”  

In vivo, IL-1RAcPb deficiency in mice does not exacerbate experimental 

autoimmune encephalomyelitis, and similar disease progression was observed in 

WT and IL-1RAcPb-/- animals (Smith et al, 2009). However, IL-1RAcPb did exert 

neuroprotective effects against LPS-induced neurotoxicity. LPS did not induce 

significant demyelination or neuronal cell loss in WT or IL-1RAcP-/- animals, but 

both were prominent in IL-1RAcPb-/- animals (Smith et al, 2009). However, this is 

a complex approach to show that IL-1RAcPb negatively regulates IL-1 actions. 
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There are many sequences of events between the infusion of LPS, the induction of 

endogenous IL-1 and the neuroprotection observed in IL-1RAcPb-/- animals. A 

more direct approach is needed to define the precise role of IL-1RAcPb in vivo.  

These data provide the first insight into the structure and functions of 

IL-1RAcPb. However, these results must be interpreted with caution, as much of 

the data demonstrating negative/positive regulation of IL-1 action by IL-1RAcPb 

were derived from non-neuronal cell lines. Additionally, cultures used to 

investigate IL-1RAcPb activity in neurones contained 20-30% glial cells. The 

contribution of these cells to the microarray data could be significant and should 

be taken into account. The in vivo data from Smith et al. (2009) are inconclusive, 

which leaves open the question on the role of IL-1RAcPb in IL-1 signalling. 

Despite its expression being CNS-restricted and neuronal-specific, the functions 

of IL-1RAcPb in different CNS cells, including neurones, are unknown. Since the 

activity of IL-1R1 is dependent on the co-activation of IL-1RAcP, and that the 

expession of IL-1R1 and IL-1RAcP does not spatially coincide in different brain 

regions (see next section), it is important to characterise the function of 

IL-1RAcPb in these cells types to better understand the actions of IL-1 in the 

brain. 

 

1.4.4. Expression of interleukin-1 receptors in the brain 

There is controversy about the expression of IL-1R1, IL-1R2 and 

IL-1RAcP in different cell types and different brain regions, as the expression of 

these receptors does not always spatially coincide. The presence of IL-1RAcP in 

brain regions where IL-1R1 is absent may indicate independent function of 

IL-1RAcP or the presence of additional uncharacterised IL-1 receptors (for 

reviews see Boutin et al., 2003 and Touzani et al., 1999). 

IL-1 receptors are expressed in both glia and neurones, as both cell types 

express mRNA for these proteins (Andre et al, 2005a) and both cell types are 

responsive to IL-1β treatment (Lee et al, 1993). Expression of IL-1 receptors in 

neurones has been reported in the developing nervous system of several species 

including mice, rats and frogs (Davis et al, 2006; Friedman, 2001; Jelaso et al, 

1998), which suggests that IL-1R1 is expressed constitutively in neurones. 

However, the expression of IL-1R1 in neurones appears to be restricted to certain 
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brain regions, such as the hippocampus, the choroid plexus and ependymal 

epithelial cells lining the ventricles, as demonstrated in mice (French et al, 1999). 

Neurones cultured from mice cerebral cortex also express IL-1R1 and are 

responsive to IL-1α and IL-1β treatments (Tsakiri et al, 2008c). The cellular 

expression of IL-1 receptors is low, with only 50-200 receptors per cell; however 

this is sufficient for biological activity, as less than 10 occupied receptors are 

required for signal transduction to occur (for review see Dinarello, 1997). 

Numerous studies have reported the presence of IL-1 receptors in 

astrocytes (Lin et al, 2006; Moynagh, 2005; Dunn et al, 2002; da Cunha A. et al, 

1993), but the expression of IL-1R1 in microglia is controversial. There are 

opposing data on the expression of IL-1R1 in microglia. Studies on foetal human 

microglia have shown that IL-1R1 are present and that IL-1β treatment leads to 

further IL-1β, IL-6 and TNF-α production (Lee et al, 1993). Additionally, Andre 

et al. (2005), have shown IL-1R1 mRNA expression in mice microglia, and 

IL-1R1 is necessary for microglial activation in mice in vivo (Basu et al, 2002). 

IL-1α has also been shown to activate mouse microglia in culture by increasing 

the expression of receptors for antigens including CD4 and MCA-1 proteins (Yu 

et al, 1998). In contrast, there is also evidence indicating the absence of IL-1R1 in 

microglia. A radioligand binding assay on mouse primary glial cultures showed 

that IL-1 binds specifically to astrocytes but not microglia (Ban et al, 1993). This 

was later supported by a study reporting IL-1-induced astrocyte proliferation but 

not microglia proliferation in rat (Araujo and Cotman, 1995). More recently, 

Pinteaux et al. (2002) found very little evidence of constitutive expression of 

IL-1R1 mRNA in murine microglia, and microglial cells did not respond to IL-1β. 

However, there is evidence that stress induced by endotoxin (LPS) (Pinteaux et al, 

2002) or penetrating brain injury (Friedman, 2001) induces IL-1R1 expression in 

these cells.  

Literature on the expression of IL-1 receptors is biased towards IL-1R1 

expression, and much less is known about the expression of IL-1R2 in different 

cell types. More attention should be given to this receptor because, as a decoy 

receptor, IL-1R2 possess anti-inflammatory actions. IL-1R2 mRNA expression 

has been reported to be most abundant in mouse microglia (Pinteaux et al, 2002) 

and absent from rat neonatal astrocytes (Juric and Carman-Krzan, 2001). In the 
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adult mouse brain, IL-1R2 is expressed in neurones of the hypothalamus in the 

absence of IL-1R1 (French et al, 1999). These reports provide only a small insight 

into the expression of IL-1R2. More research is needed to correlate the actions of 

IL-1R2 in pathology and to identify therapeutic targets. 

 

1.4.5. Differences in IL-1α and IL-1β actions 

Secreted IL-1α and IL-1β act by binding to IL-1R1 on the plasma 

membrane, which leads to the recruitment of IL-1RAcP and the formation of a 

signalling dimer complex. Structurally, IL-1α, IL-1β and IL-1RA share a common 

tertiary structure and all bind to IL-1R1. However; this similarity is not reflected 

in their affinity for IL-1R1 and IL-1R2. IL-1α, IL-1β and IL-1RA display 

different affinities for IL-1R1 and IL-1R2, with higher affinity of IL-1α and 

IL-1RA for IL-1R1, and IL-1β for IL-1R2 (Burger et al, 1995). In contrast, Juric 

and Carman-Krzan (2001), reported that IL-β has a 5-fold stronger affinity for 

IL-1R1 than that of IL-1RA and 6-fold stronger than that of IL-1α. Others have 

shown that IL-1α and IL-1β can bind to a common receptor with similar affinity 

(Bird and Saklatvala, 1986). Inconsistencies between these data could result from 

differences in IL-1 preparation or in cell types investigated, ranging from human 

dermal fibroblasts and synovial cells (Burger et al, 1995), to porcine connective 

tissue (Bird and Saklatvala, 1986) to rat astrocytes (Juric and Carman-Krzan, 

2001). Additionally, there are multiple promoters regulating the expression of 

IL-1R1 (Ye et al, 1996) and these promoters display tissue-specific distribution 

(Chen et al, 2009). This observation suggests that the versatile nature of IL-1 

could depend on which promoter is active; some promoters may constitutively be 

active, which may account for the basal level of IL-1R1 expression (Ye et al, 

1993).  

The differences between IL-1α and IL-1β are not limited to their 

differences in binding affinity for IL-1R1. It has been shown that recombinant 

murine IL-1α and recombinant human IL-1α can bind to human endothelial cells 

with equal affinity but induced differential responses (Thieme et al, 1987). In 

human endothelial cells, recombinant human IL-1α was more potent at inducing 

lymphocyte adhesion compared to recombinant murine IL-1α. Similarly, IL-1α 

and IL-1β could bind to IL-1R1 with high affinity, but only IL-1β, and not IL-1α, 
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induced NGF and IL-6 release from rodent glial cells (Andre et al, 2005b; Juric 

and Carman-Krzan, 2001). Also, IL-1β, but not IL-1α, is a potent inducer of IL-6 

in neurones (Tsakiri et al, 2008c). In contrast, IL-1α is more effective than IL-1β 

in inducing substance P in cultured rat dorsal root ganglion (Skoff et al, 2009) and 

TNF-α in mouse epidermal cells (Beissert et al, 1998). IL-1α is also a potent 

inducer of prostaglandins in bovine endometrial endothelial and stromal cells, 

compared to IL-1β (Tanikawa et al, 2009). This indicates that it would be 

misleading to interpret the affinity of IL-1 for IL-1 receptors as potency, as strong 

ligand binding may not always translate to strong signal transduction.  

These differences between IL-1α and IL-1β actions could be related to 

the interaction of IL-1RAcP with the IL-1/IL-1R1 complex. Anti-peptide targeting 

the immunoglobulin domain III of the IL-1RAcP protein showed that IL-1β-

induced IL-6 in 3T3-L1 cells was inhibited by 70%, but that it affected IL-1α-

induced responses only marginally (Yoon and Dinarello, 2007). IL-1 interaction 

with IL-1RAcP could be important in IL-1-induced responses, as this co-receptor 

is responsible for recruiting downstream molecules in the IL-1 signalling cascade 

(Huang et al, 1997; Volpe et al, 1997) (see section 1.4.2). 

Current literature suggests that these differential effects of IL-1α and 

IL-1β may only occur in certain cell types. This indicates that there could be cell- 

specific expression of some components of the IL-1 signalling pathway (different 

expression of IL-1R1 or IL-1RAcP uncharacterised isoforms) or differential 

regulation of downstream signalling adaptor molecules recruitment by IL-1α and 

IL-1β. IL-1α and IL-1β administered by intraperitoneal injection in rats induced 

comparable effects on body temperature. However, when administered intra-

cerebrally, IL-1β was much more potent than IL-1α at inducing fever. In contrast, 

IL-1α is more effective at reducing social behaviour than IL-1β when 

administered intra-cerebrally (Anforth et al, 1998). This study suggests that CNS 

cells are unequally sensitive to IL-1α and IL-1β, as intracerebral but not 

intraperitoneal injection of IL-1 induced differential effects. Indeed IL-1α and IL-

1β have been shown to induce differential actions in mouse mixed glia (Andre et 

al, 2005b). These data suggest that the bioactivity of IL-1α and IL-1β could be 

cell type-dependent, tissue-dependent, species-dependent, and/or dependent on the 

end-point measured.  
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1.5. Interleukin-1-induced signalling 

1.5.1. Mitogen activated protein kinase (MAPK) and nuclear 

factor-kappa B (NF-κB) signalling pathways 

IL-1R1 is a membrane-bound receptor that has been shown to be 

recruited to membrane stuctures called lipid rafts upon ligand binding (Oakley et 

al, 2009; Blanco et al, 2008). Binding of IL-1 to IL-1R1 induced rapid 

phosphorylation of IL-1R1 (Gallis et al, 1989), followed by the association of 

IL-1R1 with IL-1RAcP (Cullinan et al, 1998). It is suggested that after the 

initiation of IL-1β-induced signalling, the ectodomain of IL-1R1 is cleaved by 

metalloproteases to form soluble IL-1R1 leaving the TIR domain attatched to the 

lipid rafts to be internalised by endocytosis to form caveolar vesicles (Elzinga et 

al, 2009) (Figure 1.7). However in a different model of IL-1R1 signalling, IL-1β 

triggers rapid endocytosis of full-length IL-1R1 (Oakley et al, 2009; Blanco et al, 

2008) (Figure 1.8).  

The heterodimeric association of the TIR domains of IL-1R1 and 

IL-1RAcP inside the cell allows recruitment of the adaptor molecule MyD88 

(Burns et al, 1998), IL-1 receptor associated kinases (IRAK-1, IRAK-2, and 

IRAK-4), and tollip (Elzinga et al, 2009). Tollip is important in the trafficking of 

IL-1R1 to endosomes and lysomes for degradation following activation (Brissoni 

et al, 2006). TNF receptor associated factor 6 (TRAF6) (Elzinga et al, 2009) and 

transforming growth factor β-activated kinase (TAK1) is also recruited to the 

caveolar signalling complex. It is reported that TRAF-6 induces ubiquitination of 

the IL-1R1 for subsequent proteolysis by γ-secretase (Twomey et al, 2009) that 

liberate soluble intracellular IL-1R1 fragments contributing to JNK 

phosphorylation and IL-6 production (Elzinga et al, 2009). TAK1 is important in 

the phosphorylation of NF-κB-inducing kinase to activate IκB kinase leading to 

NF-κB activation. IκBα is an inhibitory molecule that is bound to NF-κB in the 

cytoplasm, holding it in an inactive state. Phosphorylation of the IκBα releases 

NF-κB to migrate to the nucleus and initiate transcription of pro-inflammatory 

genes. TAK-1 can also activate the JNK, ERK1/2 and p38 signalling pathways 

(for reviews see Li and Qin 2005; Subramaniam et al., 2004; O'Neill and Greene, 

1998) (Figure 1.9).  
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Figure 1.7. Schematic diagram showing endocytosis and proteolysis of 

IL-1R1  

A. IL-1-bound IL-1R1 is translocated to lipid rafts in the plasma membrane and 
IL-1RAcP is recruited. Dimerisation of IL-1R1 and IL-1RAcP recruits adaptor 
molecules including MyD88, IRAK and tollip to the signalling complex. IL-1R1 
is then cleaved by metalloproteases to liberate soluble IL-1R1. B. IL-1RAcP 
dissociates from the signalling complex and the IL-1R1 TIR domain is taken into 
the cell by endocytosis by caveolar vesicles. TRAF-6 and TAK-1 is recruited to 
the TIR domain for ubiquitination of IL-1R1 and subsequent cleavage of the TIR 
region by γ-secretase. C. The generated soluble intracellular fragment then 
activates MAPK and NK-κB signalling cascades. Modified from Elzinga et al. 
2009. 
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Figure 1.8. Schematic diagram showing endocytosis of IL-1R1 and 

intracellular cleavage of the TIR domain 

A. IL-1-bound IL-1R1 is translocated to lipid rafts in the plasma membrane and 
IL-1RAcP is recruited. Dimerisation of IL-1R1 and IL-1RAcP recruits adaptor 
molecules including MyD88, IRAK and tollip to the signalling complex, after 
which IL-1RAcP dissociates. B. Full length IL-1R1 is taken into the cell by 
endocytosis in caveolar vesicles. TRAF-6 and TAK-1 is recruited IL-1R1 for 
ubiquitination and subsequent cleavage of the TIR region by γ-secretase. C. The 
generated soluble intracellular fragment then activates MAPK and NK-κB 
signalling cascades. D. IL-1R1 is trafficked to endosomes and lysomes for 
recycling or degradation. Modified from Elzinga et al. 2009; Brissoni et al. 2006. 
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Figure 1.9. IL-1-induced MAPK and NF-κB signalling pathways.  

Signalling pathways presented in this diagram are the best characterised pathways 
for IL-1 in different cell types. Binding of IL-1 to the IL-1R1/IL-1RAcP 
signalling complex recruits downstream signalling molecules including MyD88, 
IRAKs, TRAF-6 and TAK-1. TAK-1 phosphorylates NF-κB-inducing kinase, 
which in turns activates IκB kinase to phosphorylate IκBα and releases NF-κB to 
migrate into the nucleus to initiate gene transcription. TAK-1 can also activate 
MAPK kinase kinases (MAPKKK) leading to the activation of MAPK signalling 
pathways and production of pro-inflammatory mediators. 
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1.5.2. Sphingomyelinase and Src kinase signalling pathway 

The NF-κB/MAPK kinase signalling pathway is insufficient to explain 

rapid changes in ionic currents induced by IL-1β found in neuronal cells (Diem et 

al, 2003). However, a second signalling pathway has been postulated, where Src 

kinase could be a key effector molecule. This signalling pathway is initiated with 

the activation of the IL-1 signalling complex (IL-1R1/IL-1RAcP) by IL-1. These 

events trigger the activation of neutral sphingomyelinase (nSMase) (Nalivaeva et 

al, 2000), leading to the hydrolysis of sphingomyelin to soluble ceramide (Davis 

et al, 2006). Ceramide then acts as a signalling molecule to phosphorylate a proto-

oncogen tyrosine kinase (Src kinase). Activation of Src kinase leads to the 

activation of several ion channels including Na+, K+ and Ca++ channels (Tabarean 

et al, 2006; Desson and Ferguson, 2003; Ferri and Ferguson, 2003; Pita et al, 

1999) and phosphorylation of NMDA receptor channels (Tsakiri et al, 2008a; 

Viviani et al, 2003). This pathway is proposed to account for the rapid response of 

IL-1β found in febrile responses (Sanchez-Alavez et al, 2006) (Figure 1.10). 
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Figure 1.10. IL-1 and the Src kinase pathway.  

IL-1 can initiate the Src kinase pathway by activating sphingomyelinase to 
degrade sphingomyelin to ceramide. Ceramide then phosphorylates Src kinase, 
which in turn phosphorylates NMDA channels or modulates ionic currents across 
ion channels. This pathway is believed to be involved in the rapid actions of IL-1 
in neurones. 
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It is unclear how MAPK and Src kinase signalling pathways may 

contribute to IL-1-induced neuroinflammation. It is known that the IL-1-induced 

MAPK signalling pathway in glia leads to production of pro-inflammatory 

mediators (Andre et al, 2005a; Parker et al, 2002; Dunn et al, 2002). However, the 

role of IL-1-induced MAPK signalling in neurones is poorly understood. Src 

kinase activation in glial cells has been reported to be induced by cerebral 

ischaemia (Choi et al, 2005), but the role of IL-1 in Src kinase pathway activation 

in glial cells is unknown. Conversely, IL-1β has been shown to induce Src kinase 

activation in neurones, with subsequent IL-6 expression (Tsakiri et al, 2008a). 

However, the role of IL-1β-induced Src kinase in neuroinflammation is not clear. 

There are emerging data suggesting that Src kinase activation contributes to the 

detrimental effects of neuroinflammation (Hou et al, 2007; Lennmyr et al, 2004; 

Paul et al, 2001). The role of IL-1RAcPb in IL-1 signalling is unknown, and the 

contribution of IL-1RAcPb to CNS injuries also requires further investigation. 

 

1.6. Interleukin-1 and ischaemic damage  

1.6.1. IL-1R1-dependent damage 

The contribution of IL-1 to various neurological diseases is too wide to 

review extensively. For the purpose of this thesis, the role of IL-1 in cerebral 

ischaemia will be the main focus. There is now extensive evidence indicating the 

contribution of IL-1 to ischaemic damage in rodents. Transient middle cerebral 

artery occlusion (MCAo) in mice induces a 323% increase in IL-1β mRNA 

expression in the cortex after 24 h (Boutin et al, 2001). Increased IL-1β mRNA 

expression in rats after permanent MCAo has been reported to peak at an earlier 

time-point of 12 h (Wang et al, 1997; Liu et al, 1993), whilst IL-1β protein is 

significantly increased in the cerebral cortex of rats after permanent MCAo at 

various time points (Skifter et al, 2002; Legos et al, 2000; Liu et al, 1993). 

The role of IL-1α in cerebral ischaemia is poorly characterised. Cortical 

IL-1α mRNA expression in mice is unaffected after transient MCAo, but appears 

to be constitutively expressed (Boutin et al, 2001). This observation is in 

agreement with a previous study demonstrating that, in a model of permanent 

MCAo, expression of IL-1α protein does not change significantly compared to 
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sham-operated animals, but displays a trend towards an increase that reaches 

maximum level at day 3 post-surgery (Legos et al, 2000). Controversially, IL-1α 

mRNA expression is markedly increased in the cerebral cortex of mice subjected 

to hypoxia/ischaemia (Basu et al, 2005), or after LPS treatment of mouse primary 

microglia (Brough et al, 2002). These observations suggest that the induction of 

IL-1α expression could be dependent on the type of injury or stimulus.  

It is difficult to asses the regional and cellular changes in IL-1 expression 

after ischaemia, since ischaemia-induced brain damage is dynamic and 

progressive. The ischaemic core is established soon after insult, however the 

penumbral region is difficult to determine as this area of damage is constantly 

evolving. A recent study showed that transient MCAo induced IL-1β protein 

expression at 1 h after reperfusion in astrocytes and microglia in the core of the 

ischaemic region, which then spread to astrocytes and microglia in the penumbra 

by 2 h after reperfusion. At 22 h, IL-1 protein expression in penumbral astrocytes 

were no longer detected but IL-1 expression in the penumbral microglia remained 

strong (Amantea et al, 2010).  

Ischaemia-induced IL-1RA expression is delayed compared to IL-1β at 

both the mRNA and protein level. In rats, permanent MCAo induces an increase 

in IL-1RA mRNA expression that peaks at day 2 and expression is maintained 

until day 5 after permanent MCAo (Wang et al, 1997). In a different study, 

significant IL-1RA protein increase was detected at 12 h and peaked at day 5, 

compared to IL-1β, which peaked at day 3 (Legos et al, 2000).  

The induction of IL-1 mRNA and proteins by MCAo is not indicative of 

its contribution to ischaemia-induced brain damage. The functional assessment of 

IL-1 in ischaemia is ascertained by the use of transgenic mice as well as IL-1RA. 

Despite the lack of induction by MCAo, the potential contribution of IL-1α to 

ischaemia is revealed by the use of IL-1α
-/- mice. IL-1α-/- and IL-1β-/- mice 

subjected to transient MCAo have similar brain damage compared to WT mice, 

whilst mice deficient in both cytokines showed reduced damage by 70%, 

suggesting a relationship between IL-1α and IL-1β in ischaemia-induced brain 

damage, and the possibility of compensatory mechanisms being triggered (Boutin 

et al, 2001). Deleting the IL-1R1 gene in mice has also been shown to reduce total 

infarct volume induced by mild hypoxia/ischaemia by 60% (Basu et al, 2005) or 
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90 % (Lazovic et al, 2005), whereas deleting the IL-1RA gene (IL-1RN) in mice 

increases total infarct volume 3.6-fold following transient MCAo (Pinteaux et al, 

2006). Furthermore, over-expression of IL-1RA in mouse brain was shown to be 

neuroprotective after transient MCAo (Yang et al, 1999) and icv injection of anti-

rat IL-1RA antiserum into rat brain before permanent MCAo increases total 

infarct by 71% (Loddick et al, 1997). Additionally, exogenous IL-1RA has also 

been shown to be neuroprotective after MCAo in rodents (Clark et al, 2007; 

Stroemer and Rothwell, 1997), with improved functional outcome (Garcia et al, 

1995). Importantly, IL-1RA is neuroprotective in rats when administered 

subcutaneously (Greenhalgh et al, 2010). This indicates that IL-1RA could have 

therapeutic potential in a clinical setting.  

 

1.6.2. IL-1R1-independent damage 

The neuroprotective effects of IL-1RA in ischaemia-induced brain 

damage indicate that actions of IL-1α and IL-1β in ischaemia are mediated by 

IL-1R1. However, there is evidence indicating that IL-1β can exacerbate 

ischaemic damage independently of IL-1R1 signalling (Touzani et al, 2002). In a 

study on mice, transient MCAo induced almost identical extent of ischaemia-

induced damage in both WT and IL-1R1-/- mice, and icv injection of IL-1RA 

markedly reduced the ischaemic brain damage in WT mice but not in IL-1R1-/- 

mice. Additionally, icv injection of IL-1β worsened damage in WT and IL-1R1-/- 

mice, suggesting that IL-1β can act independently of IL-1R1 to exacerbate injury 

(Touzani et al, 2002). The authors suggested that there could be additional 

uncharacterised IL-1 receptors mediating IL-1β action, maybe a low affinity 

receptor, whose expression or response may be unmasked only in the absence of 

the high affinity IL-1R1. This hypothesis later gained support from in vitro 

experiments, showing that IL-1β changed the expression of over 400 genes in 

mice mixed glia cultured from IL-1R1-/- mice (Andre et al, 2005a).  

A second hypothesis is that IL-1R2 could associate with an unknown 

accessory protein to induce signal transduction. It is unclear if IL-1RAcPb could 

serve as this co-receptor. Supporting this hypothesis, the receptor IL-13Rα2 of the 

IL-13 system, which was once thought to be a decoy receptor, has been shown to 

be a functional signalling receptor (Fichtner-Feigl et al, 2006). Interestingly, the 
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IL-1 decoy receptor IL-1R2 has been suggested to be a critical component of the 

pro-IL-1α signalling complex in the nucleus (Kawaguchi et al, 2006). 

Additionally, it has been reported recently that IL-1RAcP could function as a 

co-receptor for IL-33 signalling (Lingel et al, 2009; Palmer et al, 2008), 

suggesting that it may posses the capacity to mediate signalling activity 

independently of IL-1R1. It is unclear which IL-1 receptor or co-receptor is 

involved in IL-1R1-independent signalling mechanisms, but it has been suggested 

to be independent of NF-κB and MAPKs pathways (Parker et al, 2002).  

 

1.7. IL-1-induced actions in CNS cells 

1.7.1. IL-1 actions on glia 

The actions of IL-1 on microglial cells are controversial, as the 

expression of IL-1R1 on this cell type is unclear. There are reports that IL-1 

induces IL-1, IL-6 and TNF whilst others have failed to show any IL-1-induced 

responses in microglia (Pinteaux et al, 2002; Lee et al, 1993). However, microglia 

are the main source of IL-1 in the CNS after injury (Lee et al, 1993). It was 

demonstrated that LPS induces IL-1β synthesis from human fetal migroglial cells 

in a concentration depedent manner. At their highest concentration of 10000 

ng/ml, LPS induced 500pg/ml of IL-1β, but failed to induce the same response in 

astrocytes. In contrast, IL-1β is a key activator of astrocytes (Herx and Yong, 

2001; Lee et al, 1993). Activated astrocytes produce a wide array of cytokines, 

chemokines and neurotrophic factors (see section 1.2.2 and 1.2.4) as well as 

cellular proliferation (da Cunha A. et al, 1993). It has been shown that IL-1-

induced activation of astrocytes during inflammation can lead to neuronal cell 

death. Whilst IL-1 is not directly toxic to rat cortical neurones (Carlson et al, 

1999), it can induce extensive neuronal death in the presence of astrocytes 

(Thornton et al, 2006). However, this effect may not always be true for different 

species. IL-1β failed to induce neuronal death in human foetal neuronal-glial 

cultures (Chao et al, 1995). The neurotoxic effect of IL-1β mediated by astrocytes 

is thought to be mediated by MMP9. Pro-MMP9 is released by astrocytes 

following IL-1β treatment (Thornton et al, 2007). Pro-MMP9 is non-toxic, but 

treatment with an MMP9 inhibitor reduces IL-1β-induced neurotoxicity by 93% 
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in vitro (Thornton et al, 2007). This suggests that pro-MMP9 released from 

astrocytes is cleaved to become active MMP9 before exerting its neurotoxic 

effects on neurones. IL-1β is also a potent inducer of MMP9 in human foetal 

neurones and contributes significantly to the brain damage seen in traumatic brain 

injury (Vecil et al, 2000).  

Similarly, IL-1β alone was not toxic to mouse or rats oligodendrocytes 

(Zhang et al, 2005; Takahashi et al, 2003), but when cultured in the presence of 

microglial cells or astrocytes, IL-1β induces apoptotic cell death of 

oligodendrocytes, mediated by glutamate (Takahashi et al, 2003). Astrocyte- and 

microglial-mediated oligodendrocyte cell death was also demonstrated following 

LPS treatment (Pang et al, 2000). Oligodendrocytes expresses both IL-1β and 

IL-1R1 (Deng et al, 2008; Vela et al, 2002), however IL-1-induced responses in 

oligodendrocytes are not as extensively reported compared to IL-1-induced 

responses in astrocytes. In rat primary oligodendrocytes, IL-1 activates p38 

signalling and inhibits growth factor-induced ERK1/2 phosphorylation as well as 

inhibiting growth factor-stimulated cellular proliferation (Vela et al, 2002). In 

oligodendrocyte cell lines, IL-1β treatment enhances the effect of TNF-γ-induced 

nitric oxide but the mechanism involved was not investigated (Bhat et al, 1999).  

IL-1β induces the p38, JNK, ERK1/2 and NF-κB signalling pathways in 

mixed glial cultures and astrocytes (Parker et al, 2002; Pinteaux et al, 2002; Dunn 

et al, 2002) which leads to an increase in pro-inflammatory cytokines and 

neuronal death (Xie et al, 2004). These observations strongly suggest that IL-1β 

neurotoxicity is mediated by activation of the MAPK signalling cascade 

(including ERK1/2, JNK, p38 and NF-κB) in glia. 

 

1.7.2. IL-1 actions on neurones 

Evidence for the activation of NF-κB/MAPK signalling pathways in 

neurones by IL-1α or IL-1β is controversial. p38 activation is induced by IL-1β in 

rat hippocampal neurones (Srinivasan et al, 2004). However, in another study, 

IL-1β completely failed to activate ERK1/2, JNK or p38 in mouse cortical 

neurones (Tsakiri et al, 2008a). A further study reported activation of the 

neuronal-specific JNK-3 in neurones (Kim et al, 2007). This leaves open the 

possibility that IL-1 induces MAPK signalling in these cells.  
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IL-1β has been reported to have both hyperpolarising and depolarising 

effects on neurones (Motoki et al, 2008; Davis et al, 2006; Tabarean et al, 2006; 

Desson and Ferguson, 2003; Ferri and Ferguson, 2003) depending on the 

population of neurones being stimulated. The concentration of IL-1β is also an 

important factor in IL-1-induced responses in neurones. Low concentrations of 

IL-1 (pM range) inhibit, whilst higher concentrations (nM range) activate 

neurones in the locus coerulus of rats (Figure 1.11). The effects of IL-1RA on 

IL-1-induced responses on neurones are equally controversial. In one study, 

IL-1RA blocked IL-1β-induced neuronal hyperpolarisation in murine anterior 

hypothalamic neurones in culture (Davis et al, 2006), but was ineffective in rat 

retinal ganglion cells (Diem et al, 2003). In contrast, IL-1RA blocked IL-1β-

induced neuronal depolarisation but not hyperpolarisation in vitro in rat 

subfornical organ neurones (Desson and Ferguson, 2003). Whilst both responses 

were abolished by IL-1RA (Borsody and Weiss, 2002). These inconsistencies 

suggest that the effects of IL-1RA on IL-1β-induced activity in neurones are not 

yet fully characterised or that some responses may be IL-1R1-independent.  
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Figure 1.11. The effects of IL-1 on different cell types in the CNS. 

The effects of IL-1 on microglial cells are controversial but these cells are 
recognised as major producers of IL-1. IL-1 is a potent activator of astrocytes 
resulting in NF-κB, p38, JNK and ERK1/2 activation, astrocyte proliferation and 
neuronal cell death. IL-1 activates p38 in oligodendrocytes but inhibits cell 
proliferation. IL-1 is not directly toxic to neurones but affects their electrical 
function, causing either hyperpolarisation or depolarisation. Abbreviations: NF-
κB, Nuclear factor-kappa B; p38, Mitogen activated protein p38; JNK, c-Jun N-
terminal kinase; ERK1/2, Extracellular signal-regulated kinase 1/2; Src kinase, 
Proto-oncogenic tyrosine kinase. 
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Critically, the signalling pathways mediating rapid responses to IL-1 are 

only partially characterised. The second signalling pathway involving the 

activation of nSMase/Src kinase (Davis et al, 2006; Nalivaeva et al, 2000) has 

been implicated in these fast IL-1-induced actions in neurones. This signalling 

pathway is activated in glial cells by ischaemia (Choi et al, 2005) but 

IL-1-induced Src kinase activation in glia has not been reported. The lack of 

knowledge on IL-1-induced Src kinase signalling in glia suggests that IL-1 may 

induce cell-specific signalling mechanisms in different cell types (Figure 1.12). 

Although there is evidence showing that Src kinase activation exacerbates 

ischaemic damage in rats and mice, and that inhibition of nSMase and Src kinase 

activity reduces infarct size (Ardizzone et al, 2007; Soeda et al, 2004; Paul et al, 

2001), the specific contribution of IL-1-induced neuronal nSMase/Src kinase 

pathway to neurotoxicity and inflammation is unknown. The effects of 

nSMase/Src activation on neuronal electrical activity suggest that it could be 

involved in the normal physiological function of neurones. 

It is difficult to assess the importance of each of these signalling 

pathways in physiological and pathophysiological states. What is clear is that 

NF-κB/MAPK and Src kinase signalling pathways are present in both glia and 

neurones, and although IL-1β may to activate cell-specific pathways, it is not 

clear which signalling pathways are activated in which cell type by IL-1. Whether 

these pathways are activated simultaneously and working in parallel, or whether 

they are co-ordinated during the inflammatory response also remains to be 

elucidated. The high potency of IL-1 and the many regulatory mechanisms 

involved to limit its activities suggest that these pathways are likely to be 

activated simultaneously and may act in parallel. 

So far the NF-κB/MAPK and Src kinase signalling have only been 

discussed in the context of IL-1, however these signalling cascades are not 

exclusive to IL-1 and can be activated by other ligands such as LPS, SB100, 

glutamate, beta-amyloid and ceramide (Davis et al, 2006; Chaparro-Huerta et al, 

2005; Kim et al, 2004; Xie et al, 2004). To investigate IL-1-induced cell-specific 

NF-κB/MAPK and Src kinase signalling, I have used IL-1RA to block any IL-1 

specific signalling.      
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It is important to identify which signalling pathway is activated in which 

specific cell type as this may provide specific targets for new pharmacological 

interventions. It is unclear whether IL-1RAcPb mediates any of these signalling 

pathways, therefore it is necessary to study the involvement of IL-1RAcPb in both 

MAPK signalling pathway and Src kinase signalling pathway to understand how 

it may influence the progression of different pathological conditions of the CNS. 

Investigating the role of IL-1RAcPb may provide new insights into IL-1 

signalling and also assist in the design of novel approaches for treatments of acute 

and chronic inflammatory diseases of the CNS. 
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Figure 1.12. IL-1β-induced signalling pathways.  

IL-1β-induced NF-κB/MAPK and Src kinase signalling pathways are present in 
the CNS. However, it is unclear whether the activation of these pathways is 
cell-specific. The contribution of these NF-κB/MAPK and Src kinase signalling to 
neuroinflammation is also unclear. Modified from Sanchez-Alavez et al. (2006). 
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1.8. Summary 

Brain damage and neurological deficits associated with acute conditions 

such as stroke and traumatic brain injury, as well as chronic neurodegenerative 

disorders such as multiple sclerosis and Alzheimer’s disease, are now recognised 

partly as a result of acute or chronic inflammation of the CNS. It is clear that glial 

cell activation and the subsequent release of pro-inflammatory cytokines are two 

key steps involved in the initiation and propagation of an inflammatory response 

in the CNS. IL-1 is a key cytokine contributing to the in inflammatory response, 

but it is unclear how IL-1 mediates the pathogenesis of many CNS diseases, 

acutely or chronically. IL-1 can induce an array of changes in a multitude of cell 

types, but the mechanism underlying IL-1-induced actions in different cell types 

remains to be fully characterised. 

IL-1α and IL-1β are the best characterised agonists of the IL-1 system. 

These agonists signal by binding to the IL-1R1/IL-1RAcP signalling complex to 

initiate a signalling cascade. However, IL-1α and IL-1β display differential 

effects, indicating that IL-1α and IL-1β are capable of recruiting different 

signalling elements downstream of the IL-1R1/IL-1RAcP complex. IL-1 

signalling pathways encompass NF-κB/MAPK activation and Src kinase 

activation. The IL-1 signalling system is indeed very complex. However, the 

identification of a new splice variant of IL-1RAcP called IL-1RAcPb may resolve 

some of the unanswered questions regarding IL-1 actions. This isoform may be 

specifically expressed in neurones, but it is unclear if this receptor could mediate 

the neuronal actions of IL-1. Further investigations are needed to elucidate the 

role of IL-1RAcPb in IL-1-induced MAPK signalling and IL-1-induced Src kinase 

activation. Clarifying the issues surrounding the function of IL-1RAcPb may 

provide novel targets for the therapeutic treatment of acute and chronic 

inflammatory diseases of the CNS. 
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1.9. Objectives 

It is well known that IL-1R1 and IL-1RAcP are crucial components in 

the IL-1-induced signalling. However, the involvement of IL-1RAcPb in IL-1-

induced MAPK signalling cascades or in the Src kinase pathway is completely 

unknown. The differential actions of IL-1α and IL-1β in neurones and glia are 

poorly understood. How IL-1RAcPb may contribute to these differences remains 

to be elucidated. The overall aim of this project was to investigate the role of 

IL-1RAcPb in IL-1α- and IL-1β-induced actions in neurones and glia. This was 

investigated by in vitro studies on the actions of IL-1α and IL-1β in glial and 

neuronal primary cell cultures from both WT and IL-1RAcPb-/- mice. There were 

three main objectives in this project: 

 

1. To determine the role of IL-1RAcPb in IL-1-induced actions in neuronal 

and glial cultures at a signalling and functional level. The composition of 

primary neuronal and glial cultures were first characterised and IL-1-

induced ERK1/2, p38 and Src kinase activation was assessed to 

determine the specific role for IL-1RAcPb. As IL-6 is induced by IL-1 in 

both neurones and glia, IL-6 was used as the end-point for the functional 

study of IL-1-induced actions in these cell types.  

2. To investigate the possible differential actions of IL-1α and IL-1β in 

neurones and glia and how IL-1RAcPb may modulate these responses. 

For this study. neuronal and glial (prepared from WT and IL-1RAcPb-/- 

mice) cultures were treated with identical concentrations (in biological 

activity, International Units) of recombinant rat IL-1α or IL-1β in the 

presence or absence of IL-1RA. 

3. To determine the contribution of MAPK and Src kinase signalling in 

IL-1-induced IL-6 release in neurones by pharmacological intervention. 

The ERK1/2 inhibitor UO126, MAPK p38 inhibitor SB 230508 and Src 

inhibitor PP2 (4 -amino-5- (4-chlorophenyl)-7-(t-butyl) pyrazolo[3,4-d]-

pyrimidine) were used to investigate the effects of specific inhibition of 

these signalling pathways on neuronal IL-6 production. 



 

 

2. Materials and methods 
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2.1. Introduction 

IL-1 can induce numerous responses in many different cell types. In 

order to study the specific effects of IL-1 on neurones and glia, these cells were 

isolated and their responses to IL-1 were investigated in vitro. 

 

2.2. Animals 

This study used WT C57/BL6 mice, IL-1RAcP-/- and IL-1RAPb-/- all 

backcrossed onto C57/BL6JOlaHsd background for 10-12 generations. In 

IL-1RAcPb-/-mice, only the exon 12b were deleted, however, in IL-1RAcP-/- mice, 

both exon 5 and 6 were disrupted in the IL-1RAcP gene therefore the function of 

IL-1RAcPb is also disrupted in IL-1RAcP-/- mice (Figure 1.6). Mice deficient in 

IL-1RAcP and IL-1RAcPb displayed normal growth and development, and 

fertility. There were no gross abnormalities in either mutant strains (Smith et al, 

2009; Cullinan et al, 1998). In IL-1RAcPb-/- and WT mice, staining for myelin 

(with Weil) and neuronal cell bodies (using Thionine Nissl) showed that neurones 

were morphologically similar in both strains (Smith et al, 2009). 

WT mice were supplied by Harlan Olac, UK, IL-1RAcP-/- and 

IL-1RAPb-/- were obtained from Dr John Sims (Amgen, USA). Animals were kept 

at 21ºC ± 1ºC, 55% ± 10% humidity and maintained in a 12 hour light-dark cycle 

with free access to food and water. All animals used in this study were sacrificed 

according to the Animals Scientific Procedures Act (UK) 1996. 

 

2.3. Primary cortical neuronal cell cultures 

Primary neuronal cell cultures were prepared from the brains of mouse 

embryos at 15-16 days of gestation. The pregnant mouse was euthanised by 

exposure to an increasing concentration of carbon dioxide (CO2) and dislocation 

of the neck. Cell culture was performed under sterile conditions in an airflow 

hood. Briefly, the embryos were removed from their embryonic sacs and then 

decapitated, and the head pinned onto a wax petri dish. A sagittal incision was 

made from the brain stem to the nose. The skin was then peeled and pinned back, 

the hindbrain was discarded and cortices were lifted out and submerged in pre-



Chapter 2________________________________________Materials and methods 

 

 66

warmed (37ºC) Starve medium (Table 7.1, Appendix I). Cortices were then 

incubated in dissociation medium (Table 7.2, Appendix I) on a shaker for 30 min 

at 60 rpm and 37ºC (Stuart orbital incubator S150) to gently dissociate the 

cortices. The active components of the dissociation are trypsin and 

deoxyribonuclease. Trypsin dissociates the cortices by proteolysis, however 

during the process necrotic cell death is inevitable and consequently, the release 

of DNA into the medium. The presence of deoxynuclease digests these free-

floating DNA to prevent cell clumping. The dissociation medium was then 

aspirated, and cortices were incubated in 2 ml ice-cold foetal calf serum (FCS) for 

5 sec at room temperature to block trypsin activity. Cortices were then washed 

four times with a wash medium (Table 7.3, Appendix I) and re-suspended in a 

seeding medium (Table 7.4, Appendix I). Cells were then fully dissociated by 

triturating through different size stripettes, and passed through a nylon mesh of 80 

µm pore size (John Stainer & Co, UK). Cells were then counted and seeded at a 

density of 6 x 105 cells/ml. Immediately before seeding, 20 µM of 5’-fluoro-2-

deoxyuridine (FUDR) was added to inhibit the growth of glial cells. Cells were 

then seeded onto poly-D-lysine (PDL)-coated (20 µg/ml) 12-well tissue culture 

plates. The cultures were grown in an incubator at 37ºC, in a humidified 

atmosphere (5% CO2, 95% air). After 4-5 days in vitro (DIV), the seeding 

medium was completely removed and replaced with a maintenance medium 

(Table 7.5, Appendix I), and 10 µM FUDR was added. At 8 DIV, half the 

medium was removed and replaced with fresh maintenance medium. The culture 

was used for experiments at 12 DIV. 

 

2.4. Primary mixed glial cell cultures 

Primary mixed glial cultures were prepared from the brains of 1-4 day 

old C57/BL6 mice. Cortices were removed in the same way as was done for 

neuronal cell cultures (see section 2.3) Cortices were collected and incubated in 

pre-warmed (37ºC) glial culture medium (Table 7.6, Appendix I). The meninges 

were removed by rolling the cortices and hind brain onto sterile filter papers. The 

brain tissue was then mechanically dissociated by triturating through different size 

stripettes. The cells were then centrifuged at 600g (Boeco, Germany, C-28) for 5 

min, and the medium aspirated. Cells were then re-suspended into fresh glial 
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culture medium (9 ml per pup). The cultures were grown in an incubator at 37ºC, 

in a humidified atmosphere (5% CO2, 95% air). After 4 DIV a complete medium 

change was carried out. Cells were maintained until reaching confluence with 

complete medium change every 4 DIV. Cells were used at approximately 16-21 

DIV. 

 

2.5. Immunocytochemistry 

Neuronal cultures are highly susceptible to glial contamination therefore 

it is critical to determine the extent of this contamination. The level of glial 

contamination in pure neuronal cultures was assessed by immunocytochemistry 

(ICC). It is essential to this project to experiment on genetically modified animals; 

however, it is unclear how genetic modification may affect neuronal and glial 

growth and differentiation and, consequently, the composition of primary cultures. 

It was necessary to characterise neuronal and glial cultures from both WT and 

knock-out (KO) animals. 

Cells used for ICC were cultured on PDL-coated glass coverslips. Cells 

were fixed with 4% paraformaldehyde and 4% sucrose for 15 min at room 

temperature, and permeabilised using 0.1% triton X-100 (prepared in phosphate 

buffered saline (PBS)) at room temperature for 10 min. Non-specific binding sites 

were blocked by incubating cultures in 10% FCS (diluted in PBS) at room 

temperature for 60 min. Cells were then washed six times with PBS and incubated 

with primary antibody as follows; Microglia and O2A progenitor cells were 

detected by biotinylated tomato lectin (diluted 1: 200 in 1% normal donkey serum 

in PBS, room temperature, 60 min) and anti-GT3 ganglioside antibody (A2B5, 

diluted 1:10 in 1% normal donkey serum in PBS) at room temperature for 60 min, 

respectively. Neurones and astrocytes were detected using anti-neuronal nuclei 

antibody (NeuN, diluted 1:500 in 1% normal donkey serum in PBS) at room 

temperature for 60 min, and Cy3-conjugated anti-GFAP (diluted 1:500 in 1% 

normal donkey serum in PBS) at room temperature for 60 min respectively. After 

incubation, cells were washed six times with PBS 

Cells incubated with NeuN and A2B5 antibodies were incubated with 

fluorescein isothiocyanate (FITC)-conjugated secondary anti-mouse antibody. 

(diluted 1:500 in 1% normal donkey serum in PBS) at room temperature for 60 
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min (Table 7.7, Appendix I). All cells were mounted onto glass slides using DAPI 

(4’,6-diamidino-2-phenylindole)-containing mounting medium (Vectashield, UK). 

Immunostaining was visualised using a fluorescent microscope and images were 

captured by a snapshot widefield confocal microscope (BX 51 Olympus 

fluorescence, Olympus, UK) and processed by the Meta Vue software (Nikon, 

UK). The proportion of each cell type was calculated by counting cells stained 

with specific markers and comparing it against the DAPI stained nuclei. This was 

repeated three times for each cell type. 

 

2.6. Reverse-transcriptase polymerase chain reaction. 

Reverse-transcriptase polymerase chain reaction (RT-PCR) was used to 

assess any differences in gene expression between cultures. It was essential to 

determine the expression of genes within these cultures to ensure that expression 

of IL-1RAcP and IL-RAcPb genes was absent in cells from KO animals. 

 

2.6.1. Ribonucleic acid extraction 

Total ribonucleic acid (RNA) isolation was prepared from WT and KO 

neurones and glia using Trizol Reagent and purified by several steps of washing 

and centrifugation. Culture medium was aspirated and the cells lysed with 500 µl 

Trizol Reagent per 1 ml of medium. To increase yield of RNA extraction, the 

bottom of each well was carefully scraped before being transferred to RNAse-free 

Eppendorf tubes. Two hundred microlitres of chloroform was then added to each 

tube, and the tubes were shaken vigorously for 30 sec. Immediately after, the 

samples were centrifuged at 12000 g for 15 min at 4°C (Boeco, Germany, 

M-240R). The aqueous phase containing RNAs was carefully collected and 

transferred into fresh RNAse free tubes containing 250 µl of isopropanol and 

tubes were stored overnight at -20°C (to allow RNA precipitation). The following 

day, the RNAs were collected by centrifugation at 12000 g for 15 min. The 

supernatants were discarded and the RNA pellets were washed with 1 ml 70% 

ethanol, followed by a brief vortexing. After washing, the RNAs were centrifuged 

at 7500 g for 10 min at 4°C, and then washed in 1 ml 100% ethanol, after which 

RNA pellets were left to air dry at room temperature for 10 to15 min. RNAs were 
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finally dissolved into 20 µl RNA-free water. The RNA concentration and purity 

was quantified by measuring the light absorbency of the RNA between 260 nm 

and 280 nm using a nanodrop 1000 spectrophotometer (Thermo Scientific) and 

the software ND-1000 V3.7.0. RNA has its maximum absorbance at 260 nm and 

any detection at 280 nm would indicate contaimination. Any residues of DNA, 

proteins or derivatives from tissue/cells or lysis buffer are detected as 

contaminants. The ratio of absorbance at 260 nm and 280 nm was used to assess 

the purity of the RNA preparation. An A260/A280 range of 1.8-2.0 was accepted 

as an indication of a pure RNA preparation.  

 

2.6.2. Reverse transcriptase 

For the reverse transcriptase step, it is required to have a minimum of 1 

µg of RNA in a total volume of 10 µl. The RNA was first purified by treatment 

with DNase 1 amplification grade to digest any single or double stranded DNAs. 

This was done following the manufacturer’s instructions. Briefly, 1 µg of RNA 

was incubated with a DNase mix (1 µl of 10 x DNase 1 reaction buffer, 1 µl 

DNase amplification grade 1 U/µl, and topped up to 10 µl with RNAse-free 

water) for 15 min at room temperature, after which the reaction was stopped by 

addition of 1 µl of 25 mM ethylenediaminetetraacetic acid (EDTA). RNAs were 

then incubated with 1µl of oligo dT at 70°C for 10 min, after which 9 µl of master 

mix (4 µl 5 x buffer, 2 µl dithiothreitol [DTT], 1 µl 2’-deoxynucleoside 5’ 

triphosphate [dNTPs], 1 µl Moloney murine leukaemia virus reverse transcriptase 

[MMLV] and 1 µl recombinant ribonuclease inhibitor [RNase out]) was added to 

the sample and heated for 1 h at 37°C. The reaction was stopped by heating at 

70°C for 15 min. 

 

2.6.3. Polymerase chain reaction 

For the polymerase chain reaction (PCR) step, 18 µl of PCR master mix 

(10 µl Biomix red, 0.4 µl forward primers [10 pM], 0.4 µl reverse primers [10 

pM] and 8.2 µl pure water) was added to 2 µl of prepared cDNA sample (100 ng 

of cDNA) to make a total reaction volume of 20 µl necessary for PCR. Samples 

were loaded in duplicate and the housekeeping gene glyceraldehyde 3-phosphate 
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dehydrogenase (GAPDH) was used as loading control. The primer sequence and 

PCR programmes used for IL-1RAcP, IL-1RAcPb and GAPDH mRNA 

amplification are listed in Table 7.9 (Appendix I) and Table 7.10 (Appendix I). 

PCR was performed using the Multi gene 2 thermal cycler (Labnet International 

Inc.). 

The cDNA was visualised on a 1.5 % 1 x TAE (tris-acetic buffer and 

ethylene-diamine-tetra-acetic acid) agorose gel by electrophoresis with 5 µl 

ethidium bromide per 100 ml agarose. To each 20 µl of sample, 5 µl of 5 x 

loading buffer was added and 20 µl of sample was loaded into each well. The gel 

was electrophorised at 100 V for 60 min and the image captured using a camera 

(ImageQuant 350, GE healthcare U.K). 

 

2.7. Cytokines 

Cultured neurones and glia were treated with recombinant rat IL-1α, 

IL-1β and recombinant human IL-1 receptor antagonist (IL-1RA), all from the 

National Institute for Biological Standards and Control (NIBSC, Potters Bar, UK). 

The bioactivity of IL-1α and IL-1β is 127 IU/µg and 317 IU/µg respectively; both 

with an endotoxin content of 0.3 fg/10 ng. IL-1α and IL-1β were used at 

bioactivity range of 0.03-30 IU/ml, diluted in vehicle (0.9 % saline, 0.1% w/v 

low-endotoxine bovine serum albumin [BSA]). IL-1RA was used at a 

concentration that was 1000 times greater than that of IL-1α and IL-1β (in 

vehicle) to ensure that all IL-1 activity is effectively blocked. 

 

2.8. Cell treatments 

To investigate the effect of IL-1 on IL-6 expression in neurones and glia, 

neuronal and glial cultures were treated with vehicle, IL-1α or IL-1β (0.03–30 

IU/ml) in the presence or absence of IL-1RA (5 min pre-treatment). The effects of 

the Src kinase inhibitor PP2 (Calbiochem, UK), ERK1/2 inhibitor UO126 

(Calbiochem, UK) and p38 inhibitor SB203580 (Calbiochem, UK) on IL-6 

expression were also studied in neurones. Cells were pre-incubated with the 

inhibitors (20 µM) for 15 min prior to the incubation with IL-1 (3 IU/ml). This 

concentration of UO126 and SB203580 is within the range routinely used by 
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different research groups on different CNS cells. Previous reports have used 

UO126 at 10 µM - 30 µM (Summers et al, 2010; Parker et al, 2002; Van Wagoner 

et al, 2000) and SB203580 at 10 µM - 50µM (Binshtok et al, 2008; Yan et al, 

2007; Moolwaney and Igwe, 2005; Kim et al, 2004; Xie et al, 2004). PP2 was 

previously used at 10 µM (Tsakiri et al, 2008c; Sanchez-Alavez et al, 2006; Sanna 

et al, 2000), however, for consistency PP2 was used at 20 µM for this study, two 

times the concentration of what has been used. Cells were incubated with IL-1 for 

24 h, after which medium was collected and cells lysed using 110 µl lysis buffer (



Chapter 2________________________________________Materials and methods 

 

 72

Table 7.11, Appendix I). Immediately before the addition of the lysis buffer to the 

cells, 100x protease inhibitor (Calbiochem, UK) and the protease inhibitor 

phenyl-methansulfonyl-fluoride (PMSF) were added to the lysis buffer, both at 10 

µl/ml. Lysates were collected and samples were analysed by sandwich enzyme-

linked immunosorbent assay (ELISA). 

The effect of IL-1 on ERK1/2, p38 and Src kinase phosphorylation in 

neurones and glia was studied by treating neuronal and glial cultures with vehicle, 

IL-1α or IL-1β (0.03-30 IU/ml) in the presence or absence of IL-1RA for 15 min 

and 30 min respectively. The medium were aspirated and cells lysed using lysis 

buffer or ERK1/2 lysis buffer (Table 7.14, Appendix I). Lysates were collected 

and analysed by ELISA or Western blot. The effects of PP2, UO126 and 

SB203580 on their respective signalling cascades were also tested in neurones by 

pre-incubating the cells with the inhibitors (20 µM) for 15 min prior to incubation 

with IL-1 (3 IU/ml). The medium were aspirated and cells lysed with 110 µl of 

lysis buffer. Each well was carefully scraped with a pipette. Two times sample 

buffer (Table 7.12, Appendix I) was added (v/v) to each well, and lysates were 

collected and heated at 95oC for 15 - 20 min, then the samples were analysed by 

Western blot. 

 

2.9. Western Blot 

Twenty microlitres of each sample was loaded and resolved (at 150 V) 

through a 10% sodium dodecyl sulphate (SDS)-polyacrylamide gel alongside 

precision blue molecular marker (Biorad, UK). Proteins were then transferred 

onto nitrocellulose membranes (Amersham, UK) by semi-dry transfer at 15 V for 

60 min. Non-specific binding sites were blocked by incubation in blocking buffer 

(10% fat-free dry milk in 0.1% Tween-PBS) for 60 min. Membranes were then 

washed six times with 0.1% Tween-PBS, and incubated overnight at 4ºC with the 

following primary antibodies: total or phosphorylated ERK1/2 (diluted 1:1000 in 

1% BSA in Tween-PBS), p38 (diluted 1:100 in 1% BSA in Tween-PBS), Src 

kinase (diluted 1:500 in 1% BSA in Tween-PBS), and MK2 (1:100 in 1% BSA in 

Tween-PBS) (all primary antibodies used for Western blotting were from New 

England Biolabs, UK). The membranes were then washed six times with Tween-

PBS and incubated with a secondary horseradish peroxidase (HRP)-conjugated 
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anti-rabbit antibody (DAKO, Denmark) (diluted 1:500 in 10% milk in Tween-

PBS) for 60 min at room temperature. Membranes that were probed with MK2 

were also incubated with HRP-conjugated anti β-actin antibody. The membranes 

were washed again six times with Tween-PBS and incubated with 

chemiluminescent substrate (Amersham, UK). Detection of the secondary 

antibody was done by exposing the membrane to a camera (ImageQuant 350, GE 

healthcare U.K). Data were analysed semi-quantitatively by ImageQuant TL 7.0 

image analysis software. 

 

2.10. ELISA 

IL-6 synthesis and release from neuronal and glial cells, and ERK1/2 

activation in glial cells, were measured by ELISA (R&D Systems, UK). The basic 

steps involved for each of these ELISAs were the same. The initial step involved 

coating of 96-well microtitre plates (Nunc-immuno, Maxisorp, Denmark) with a 

capture antibody at the concentration recommended by the manufacturer. The 

plates were sealed with a sheet of parafilm and incubated overnight at room 

temperature. The following day, the plates were washed four times with ELISA 

wash buffer (0.05 % Tween- PBS) and blot dried. The plates were then incubated 

with 1% BSA in PBS for 1 h at room temperature to block non-specific binding 

sites. The plates were then washed and dried as described previously, and the 

samples and standards loaded (50 µl/well). 

Samples used for IL-6 ELISA were loaded neat, whilst samples used for 

ERK1/2 ELISA were diluted 1:6 in diluent 8 (Table 7.14, Appendix I) before 

loading. The standards for both ELISAs were prepared according to 

manufacturer’s instructions and samples and standards were loaded in duplicates. 

Blank wells were filled with lysis buffer, or the appropriate medium. 

The plates were then incubated overnight at 4°C, after which they were 

washed four times with 0.05 % Tween-PBS and incubated with a biotinylated 

antibody (50 µl/well). The plates were incubated for 2 h at room temperature and 

washed four times as before. The plates were then incubated with HRP-

conjugated streptavidin (diluted 1:200 in 1 % BSA in PBS) for 20 min at room 

temperature. The plates were then washed as described previously, and the 

substrate (Substrate Reagent A containing hydrogen peroxide and Substrate 
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Reagent B containing 3,3’,5,5’ tetramethylbenzidine, added v/v) (BD Biosciences, 

UK) was added and incubated at room temperature for another 20 min. The 

reaction was stopped by adding 26 µl of 1 M H2SO4. The optical density of each 

well was measured at 450 nm using a spectrocolorimeter (Synergy HT multi-

detection microplate reader, Biotek instruments, UK). The amount of IL-6 

produced and the level of ERK1/2 activation was calculated using the software 

Graphpad prism 5.0. The blanks were subtracted from the optical readings of all 

the samples and standards. A standard curve was generated and the quantity of 

IL-6 and phosphorylated ERK1/2 was calculated from the curve. The detection 

limit for IL-6 ELISA in neuronal lysates and supernatant was 10 pg/ml, and 11 

pg/ml for glial supernatant. ERK1/2 data are expressed as fold increase compared 

to vehicle-treated cells as there was large variation in the basal expression of 

ERK1/2 in glial cells. 

  

2.11. Statistical analysis. 

Data are expressed as a mean ± standard deviation of at least three 

independent experiments. All data were analysed using Graphpad prism 5.0. All 

data were analysed using parametric tests as there is not an equivelant 

non-parametric test to the Two-way ANOVA. Comparisons between groups of 

data with one variable were analysed by one-way analysis of variance (ANOVA) 

followed by a Tukey multiple comparison test. When comparing data with two 

variables, two-way ANOVA and Bonferroni post hoc were used. Level of 

significance was accepted at P<0.05. 



 

 

3. The role of IL-1RAcPb in IL-1-induced IL-6 

expression in neurones and glia 
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3.1. Introduction 

IL-6 is a cytokine which is expressed in a wide variety of cells. The 

ubiquitous nature of IL-6 is important for its role in cell growth and differentiation 

(for review see Tamm, 1989). In the CNS, IL-6 is expressed by the same cell 

types that express IL-1 (neurones, microglia and astrocytes) (for reviews see Van 

Wagoner and Benveniste, 1999; Gadient and Otten, 1997). IL-1β is a powerful 

inducer of IL-6 synthesis in glial cells (Andre et al, 2005b; Parker et al, 2002; 

Molina-Holgado et al, 2000b; Lee et al, 1993) and neurones (Tsakiri et al, 2008c), 

indicating that, in the CNS, IL-6 could be a mediator of IL-1 actions. The overall 

aim of this chapter was to determine the role of IL-1RAcPb in IL-1-induced 

actions in neurones and glia, one of which is the induction of IL-6 production 

(Tsakiri et al, 2008c; Parker et al, 2002). We investigated the role of IL-1RAcPb 

in IL-1-induced IL-6 expression using primary neuronal and glial cultures 

prepared from WT and IL-1RAcPb-/- mice. Genetically modified animals have 

become a powerful tool in science. However, the use of such models may have 

some limitations. Altering the genetic composition of an organism may lead to 

unexpected phenotype or compensatory mechanisms. Thus it is critical to 

characterise the effects of the altered gene expression. IL-1RAcPb is reported to 

be primarily expressed in neurones (Smith et al, 2009) but this observation needs 

to be confirmed. It is unclear if IL-1RAcPb gene deletion disrupts the expression 

of IL-1RAcP which could lead to a misinterpretation of IL-1RAcPb function.  

The contribution of IL-1 to CNS diseases has been reviewed extensively, 

but the contribution of IL-6 in CNS disorders is controversial. Like IL-1, IL-6 

expression is low in the healthy brain, but is dramatically increased during CNS 

disorders and central inflammation (for reviews see Juttler et al, 2002; Van 

Wagoner and Benveniste, 1999). However, the precise role of IL-6 in 

neuroinflammation is unclear. Specifically, the role of IL-1RAcPb in the 

production of IL-6 is not known. IL-1RAcPb has been shown to down-regulate 

the expression of some genes (such as the activating transcription factor 3 gene 

(ATF3), CCAAT/enhancer-binding protein delta gene (CEBPD) and 

ceruloplasmin gene (CP) – a copper binding glycoprotein) in primary neurones 

(Smith et al, 2009) and mediates NF-κB  activation when over-expressed in HEK 
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cell lines (Lu et al, 2008), but its role in IL-1-induced IL-6 expression in neuronal 

and glial cells remains to be determined. 

 

3.2. Aims 

The aim of the first part of this study was to investigate the role of 

IL-1RAcPb in the cellular composition of neuronal and glial cell cultures, and to 

study the functional role of IL-1RAcPb on IL-1-induced IL-6. This aim is 

composed of two objectives: 

1. To investigate the role of IL-1RAcPb in IL-1-induced IL-6 production in 

neurones and glial cultures.  

2. To investigate the differential effects of IL-1α and IL-1β on IL-6 

production in neurones and glial cultures. 

 

3.3. Materials and methods 

To characterise the cellular composition of neuronal and glial cultures, 

cells were stained by immunocytochemistry using specific markers for neurones 

(NeuN), astrocytes (GFAP), microglia (tomato lectin) and O2A progenitor cells 

(A2B5) (see section 2.5 for full methods).  

To investigate the functional role of IL-1RAcPb in IL-1-induced IL-6 

production, WT and IL-1RAcPb-/- neurones and glial cultures were treated with 

vehicle, increasing concentrations of IL-1α (0.03-30 IU/ml) or IL-1β (0.03-30 

IU/ml) for 24 h, in the presence or absence of IL-1RA. The concentration of IL-1 

used for co-incubation of cells with IL-1RA was the optimal concentration for 

IL-1-induced IL-6, as reported previously for neurones (0.3 IU/ml) (Tsakiri et al, 

2008a) and glial cells (3 IU/ml) (Parker et al, 2002). Conditioned medium and cell 

lysates were collected an assayed for IL-6 levels using a mouse-specific IL-6 

sandwich ELISA (see sections 2.8 and 2.10 for full methods).  
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3.4. Results 

3.4.1. Characterisation of neuronal cultures 

Immunostaining showed that the cell somas of our cultured neurones 

were clustered together with long processes connecting each cluster. The neuronal 

cultures used in this project were composed of 98 ± 2 % neurones with 2 ± 2 % 

glial contamination. Glial cells found in neuronal cultures include the type 2 

astrocytes and microglia. The type 2 astrocytes were large and fibrous and the 

spread of one astrocyte could stretch across many neuronal cell bodies (Figure 

3.1A). The microglia found in neuronal cultures assumed their semi-activated 

phenotype typical of cultured microglia (Figure 3.1B). The microglial population 

in neuronal cultures was less than 1 %. The cellular compositions of WT and 

IL-1RAcPb-/- cultures were similar with no obvious differences.  
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Figure 3.1. The cellular composition of WT and IL-1RAcPb-/- neuronal 

primary cultures. 

Pure neuronal cultures from WT and IL-1RAcPb-/- mice at 12 days in vitro were 
double immunostained with NeuN, GFAP antibodies or tomato lectin, and were 
mounted using DAPI containing mounting medium. A. WT and IL-1RAcPb-/- 
neurones were identified as NeuN-positive cells (98 ± 2 % of the culture 
population) and astrocytes were identified by GFAP-positive cells (1-2 ± 2 % of 
the culture population). B. Single staining with tomato lectin showed that 
neuronal cultures from WT and IL-1RAcPb-/- mice also contained a small amount 
of microglial cells (less than 1 % of the culture population). 
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3.4.2. Characterisation of glial cultures 

In primary mixed glial cultures (Figure 3.2A), astrocytes dominated the 

culture composition (82 ± 3 %). Astrocyte cell bodies were irregular in shape but 

were packed together to form a monolayer of cells at the bottom of the culture 

plate when the cells were confluent. The microglia grew on top of this monolayer. 

Microglial cells in culture were rounded and amoeboid shaped, indicating that 

they were in a partially activated state (Figure 3.2B). Microglial cells formed 

approximately 18 ± 3 % of the culture population. No O2A progenitor cells were 

detected. The distribution of astrocytes and microglia in WT and IL-1RAcPb-/- 

cultures were similar, indicating that deleting the IL-1RAcPb gene had no effect 

on the composition of primary mixed glial cultures. 
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Figure 3.2. Cellular composition of WT and IL-1RAcPb-/- primary glial 

cultures 

A. Mixed glial cultures were double immunostained with tomato lectin and GFAP 
antibody and mounted using DAPI containing mounting medium. Microglial cells 
were identified as lectin-positive cells (18 ± 3 % of the culture population) and 
astrocytes as GFAP-positive cells (82 ± 3 % of the culture population). B. Higher 
magnification of images shown in A.  
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RT-PCR showed that IL-1RAcPb mRNA was expressed strongly in WT 

neurones and detected faintly in WT glia (Figure 3.3A). IL-1RAcPb mRNA 

expression was absent in IL-1RAcPb-/- neurones and glia. The house keeping gene 

GAPDH was used as a loading control. Quantification of IL-1RAcP mRNA 

expression in WT and IL-1RAcPb-/- neurones and glia showed that the level of 

IL-1RAcP mRNA expression in WT and IL-1RAcPb-/- glia was 98 % identical 

and 100 % identical in neurones (Figure 3.3B), indicating that IL-1RAcPb deletion 

did not affect IL-1RAcP mRNA expression in IL-1RAcPb-/- cells. 
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Figure 3.3. Expression of IL-1RAcPb and IL-1RAcP mRNAs in neurones 

and glia 

WT and IL-1RAcPb-/- mouse cortical neuronal and glial cultures were analysed by 
RT-PCR for expression of IL-1RAcP, IL-1RAcPb and GAPDH mRNAs. A. 
IL-1RAcPb and GAPDH mRNA expression in neurones and glia. B. IL-1RAcP 
and GAPDH mRNA expression in neurones and glia.  
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3.4.3. IL-1-induced IL-6 expression in neurones 

In WT neuronal cell lysates, IL-1α induced a minimum of 2-fold and a 

maximum of 6.5-fold increase in IL-6 expression compared to vehicle-treated 

cultures. IL-1-induced IL-6 expression in six independent cultures, but the 

magnitude was variable and statistical analysis revealed that only the highest 

concentration of IL-1α (30 IU/ml) induced a significant increase in IL-6 synthesis 

(46 ± 34 pg/ml) compared to vehicle treatment (10 ± 4 pg/ml) (Figure 3.4A). 

IL-1RA reduced IL-1α (0.3 IU/ml)-induced IL-6, however, as the level of IL-6 

induced by IL-1α at 0.3 IU was non-significant, the inhibitory effect of IL-1RA at 

this concentration was also non-significant. 

In contrast, IL-1β added at 0.3 IU/ml, 3 IU/ml or 30 IU/ml significantly 

induced IL-6 synthesis in neuronal cell lysates with a mean IL-6 expression of 32 

± 13 pg/ml, 35 ± 15 pg/ml and 34 ± 20 pg/ml respectively (Figure 3.4B). At the 

lowest concentration (0.03 IU/ml), IL-1β induced 25 ± 11 pg/ml of IL-6 

expression but this was non-significant compared to vehicle treatment (10 ± 4 

pg/ml). IL-1RA (1µg/ml) significantly inhibited IL-1β (0.3 IU/ml)-induced IL-6 

expression. IL-1β-induced IL-6 in the presence of IL-1RA (1µg/ml), or vehicle 

treatment were at the detection limit level of the assay (10 pg/ml). IL-1RA alone 

had no effect on IL-6 induction in WT or IL-1RAcPb-/- neurones (Figure 7.1, 

Appendix II) 

To quantify the differential effect of IL-1α and IL-1β on IL-6 expression 

in neurones, the level of IL-6 induced by these two cytokines was compared 

directly. In WT neuronal cell lysates, IL-1α and IL-1β induced IL-6 with similar 

potency. There was no significant difference between IL-1α- and IL-1β-induced 

IL-6 for any of the concentrations of IL-1 tested (Figure 3.5). 
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Figure 3.4. IL-1α- and IL-1β-induced IL-6 expression in WT neuronal cell 

lysates 

WT neurones were treated with vehicle, IL-1α (0.03-30 IU/ml) or IL-1β (0.03-30 
IU/ml) for 24 h in the presence or absence of IL-1RA (1 µg/ml). Lysates were 
collected and analysed for IL-6 by ELISA. A. IL-1α induced significant levels of 
IL-6 only at 30 IU/ml: n=6. B. IL-1β significantly induced IL-6 at 0.3-30 IU/ml 
but at not the lowest concentration of 0.03 IU/ml: n=7. IL-1RA co-incubated with 
IL-1β (0.3 IU/ml) abolished IL-1β-induced IL-6 expression. One-way ANOVA 
and Tukey’s multiple comparison tests.* P< 0.05, ** P< 0.01 IL-1 vs. vehicle. # 
P< 0.05 IL-1β (0.3 IU/ml) vs. IL-1RA co-incubation. Dashed line indicates the 
detection limit (10 pg/ml). 
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Figure 3.5. Comparison of IL-α- and IL-1β-induced IL-6 expression in WT 

neuronal cell lysates. 

Comparison of the level of IL-6 induced by vehicle, IL-1α (0.03-30 IU/ml), IL-1β 
(0.03-30 IU/ml), or IL-1RA (1 µg/ml) co-incubation showed that IL-1α and IL-1β 
induced similar levels of IL-6 expression in WT neurones. No significant 
difference between IL-1α- and IL-β-induced IL-6 was found for any 
concentrations of IL-1 tested. Two-way ANOVA and Bonferroni post hoc test. 
Dashed line indicates detection limit (10 pg/ml). 
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To investigate the possible role of IL-1RAcPb in IL-1α- and IL-1β-

induced IL-6, IL-1RAcPb-/- neurones were treated with IL-1α (0.03-30 IU/ml) or 

IL-1β (0.03-30 IU/ml) in the presence or absence of IL-1RA (1 µg/ml), and IL-6 

expression was measured in cell lysates and culture supernatants.  

In cell lysates of IL-1RAcPb-/- neurones, IL-1α (0.03-30 IU/ml) induced 

significant levels of IL-6 compared to vehicle treatment (Figure 3.6A). At 0.03 

IU/ml, 0.3 IU/ml, 3 IU/ml, and 30 IU/ml, IL-1α induced 27 ± 7 pg/ml, 30 ± 16 

pg/ml, 29 ± 12 pg/ml and 27 ± 8 pg/ml of IL-6 respectively. The lowest 

concentration of IL-1α (0.03 IU/ml) elicited maximum expression of IL-6. 

IL-1RA significantly blocked IL-1α (0.3 IU/ml)-induced IL-6. There was no 

significant difference in the levels of IL-6 expressed in the lysates of cells treated 

with increasing concentrations of IL-1α. 

In IL-1RAcPb-/- neurones, IL-6 induction was significantly induced by 3 

IU/ml of IL-1β (24 ± 9 pg/ml) and 30 IU/ml (25 ± 10 pg/ml) but not at the lower 

concentrations of 0.03 IU/ml (19 ± 11 pg/ml) or 0.3 IU/ml (20 ± 10 pg/ml) 

(Figure 3.6B). There was no significant difference in the potency of IL-1α and 

IL-1β at inducing IL-6 in IL-1RAcPb-/- neurones (Figure 3.7). 

To assess the role of IL-1RAcPb in IL-1α and IL-1β activity, IL-1α 

induced IL-6 synthesis in WT and IL-1RAcPb-/- neurones was compared directly 

(Figure 3.8). The same comparison was repeated for IL-1β (Figure 3.9). There 

was no significant difference in IL-1-induced IL-6 expression in WT compared to 

IL-1RAcPb-/- neurones. IL-1α induced IL-6 expression with equal potency in WT 

and IL-1RAcPb-/- neurones. This was also the case for IL-1β-induced IL-6 in WT 

and IL-1RAcPb-/- neurones.  
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Figure 3.6. IL-1α- and IL-1β-induced IL-6 expression in IL-1RAcPb-/- 

neuronal cell lysates 

IL-1RAcPb-/- neurones were treated with vehicle, IL-1α (0.03-30 IU/ml) or IL-1β 
(0.03-30 IU/ml) for 24 h in the presence or absence of IL-1RA (1 µg/ml). Lysates 
were collected and analysed for IL-6 by ELISA. IL-1α (0.03-30 IU/ml: n=6) (A) 
and IL-1β (3 and 30 IU/ml: n=6) (B) induced significant levels of IL-6 expression 
but at 0.03 and 0.3 IU/ml, IL-1β-induced IL-6 was non-significant compared to 
vehicle. IL-1RA (1µg/ml) co-incubation abolished IL-1 (0.3 IU/ml)-induced IL-6 
expression and vehicle induced minimal levels of IL-6. One-way ANOVA and 
Tukey’s multiple comparison tests. * P< 0.05, ** P< 0.01 IL-1 vs. vehicle. # P< 
0.05 IL-1α (0.3 IU/ml) vs. IL-1RA co-incubation. Dashed line indicates the 
detection limit (10 pg/ml). 
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Figure 3.7. Comparison of IL-α- and IL-1β-induced IL-6 expression in 

IL-1RAcPb -/- neuronal cell lysates. 

Comparison of the level of IL-6 induced by vehicle, IL-1α (0.03-30 IU/ml), IL-1β 
(0.03-30 IU/ml), or IL-1RA (1 µg/ml) co-incubation showed that IL-1α and IL-1β 
induced similar levels of IL-6 expression in IL-1RAcPb-/- neurones. No significant 
difference between IL-1α- and IL-β-induced IL-6 was found for any concentration 
of IL-1 tested. Two-way ANOVA and Bonferroni post hoc test. Dashed line 
indicates detection limit (10 pg/ml). 
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Figure 3.8. Comparison of IL-α-induced IL-6 expression in WT and 

IL-1RAcPb -/- neuronal cell lysates. 

Comparison of the level of IL-6 induced by vehicle, IL-1α (0.03-30 IU/ml) or 
IL-1RA (1 µg/ml) co-incubation showed that IL-1α induced similar levels of IL-6 
expression in WT and IL-1RAcPb-/- neurones. No significant difference was 
found between WT and IL-1RAcPb-/- neurones in IL-1α-induced IL-6 for any 
concentration of IL-1 tested. Two-way ANOVA and Bonferroni post hoc test. 
Dashed line indicates detection limit (10 pg/ml). 
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Figure 3.9. Comparison of IL-β-induced IL-6 expression in WT and 

IL-1RAcPb -/- neuronal cell lysates. 

Comparison of the level of IL-6 induced by vehicle, IL-1β (0.03-30 IU/ml) or 
IL-1RA (1 µg/ml) co-incubation showed that IL-1β induced similar levels of IL-6 
expression in WT and IL-1RAcPb-/- neurones. No significant difference was 
found between WT and IL-1RAcPb-/- neurones in IL-1β-induced IL-6 for any 
concentration of IL-1 tested. Two-way ANOVA and Bonferroni post hoc test. 
Dashed line indicates detection limit (10 pg/ml). 
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3.4.4. IL-1-induced IL-6 release from neurones 

In WT neurones, vehicle did not induce IL-6 release. In contrast IL-1α 

(0.03-30 IU/ml) strongly and significantly induced IL-6 release compared to 

vehicle treated cells (Figure 3.10A). The mean level of IL-6 release induced by 

0.03 IU/ml, 0.3 IU/ml, 3 IU/ml and 30 IU/ml were 90 ± 36 pg/ml, 94 ± 27 pg/ml, 

97 ± 42 pg/ml and 96 ± 36 pg/ml respectively. These data show that IL-1α-

induced IL-6 release was not dependent over the concentrations tested. IL-1α (0.3 

IU/ml)-induced IL-6 release was blocked in the presence of IL-1RA. 

IL-1β also significantly induced IL-6 release at 0.3 IU/ml, 3 IU/ml and 

30 IU/ml with a mean IL-6 release of 111 ± 53 pg/ml, 120 ± 60 pg/ml and 130 ± 

89 pg/ml respectively (Figure 3.10B). At 0.03 IU/ml, IL-1β induced a mean of 90 

± 50 pg/ml of IL-6 release, but this was not significantly different to vehicle-

treated cells. IL-1RA (1 µg/ml) significantly inhibited IL-1β (0.3 IU/ml)-induced 

IL-6 release. The expression of IL-6 induced by 0.3 IU/ml IL-1β in the presence 

of IL-1RA (1µg/ml), and vehicle-induced IL-6 release were below the detection 

limit.  

Comparing the effects of IL-1α- and IL-1β-induced IL-6 release in WT 

neurones showed that IL-1α and IL-1β induced IL-6 release with similar potency 

for all of the concentrations tested (Figure 3.11). 
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Figure 3.10. IL-1α- and IL-1β-induced IL-6 release in WT neuronal cultures 

WT neurones were treated with vehicle, IL-1α (0.03-30 IU/ml) or IL-1β (0.03-30 
IU/ml) for 24 h in the presence or absence of IL-1RA (1 µg/ml). Supernatants 
were collected and analysed for IL-6 by ELISA. IL-1α (0.03-30 IU/ml: n=7) (A) 
and IL-1β (0.3-30 IU/ml: n=8) (B) significantly induced IL-6 release compared to 
vehicle. These responses were blocked by co-incubation with IL-1RA (1 µg/ml). 
One-way ANOVA and Tukey’s multiple comparison tests. ** P< 0.01 and *** P< 
0.001 IL-1 vs. vehicle. ## P< 0.01 and ### P< 0.001 IL-1 (0.3 IU/ml) vs. IL-1RA 
co-incubation. Dashed line indicates the detection limit (10 pg/ml). 
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Figure 3.11. Comparison of IL-α- and IL-1β-induced IL-6 release in WT 

neuronal cultures. 

Comparison of the level of IL-6 induced by vehicle, IL-1α (0.03-30 IU/ml), IL-1β 
(0.03-30 IU/ml), or IL-1RA (1 µg/ml) co-incubation showed that IL-1α and IL-1β 
induced similar levels of IL-6 release in WT neurones. No significant difference 
between IL-1α- and IL-β-induced IL-6 release was found for any concentrations 
of IL-1 tested. Two-way ANOVA and Bonferroni post hoc test. Dashed line 
indicates detection limit (10 pg/ml). 
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In IL-1RAcPb-/- neurones, vehicle treatment did not induce IL-6 release. 

IL-1α induced significant IL-6 release at 0.3 IU/ml (97 ± 56 pg/ml), 3 IU/ml (92 ± 

48 pg/ml), and 30 IU/ml (96 ± 52 pg/ml), but not at the lower concentration of 

0.03 IU/ml (78 ± 60 pg/ml). IL-1α did not induce IL-6 release from IL-1RAcPb-/- 

neurones in a concentration-dependent manner (Figure 3.12A). IL-1RA (1 µg/ml) 

completely blocked IL-1α (0.3 IU/ml)-induced IL-6 release. 

All concentrations of IL-1β tested (0.03-30 IU/ml) caused significant 

IL-6 release. IL-1β at 0.03 IU/ml, 0.3 IU/ml, 3 IU/ml and 30 IU/ml induced 64 ± 

26 pg/ml, 70 ± 35 pg/ml, 96 ± 28 pg/ml and 90 ± 38 pg/ml of IL-6 respectively 

(Figure 3.12B). IL-1RA (1 µg/ml) completely blocked IL-1β (0.3 IU/ml)-induced 

IL-6 release. There was no significant difference in the potency of IL-1α and 

IL-1β at inducing IL-6 release in IL-1RAcPb-/- neurones (Figure 3.13). 

As in the cell lysates, there were no significant differences in IL-1-

induced IL-6 in WT compared to IL-1RAcP-/- neurones (Figure 3.14 and Figure 

3.15). 
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Figure 3.12. IL-1α- and IL-1β-induced IL-6 release in IL-1RAcPb-/- neuronal 

cultures 

IL-1RAcPb-/- neurones were treated with vehicle, IL-1α (0.03-30 IU/ml) or IL-1β 
(0.03-30 IU/ml) for 24 h in the presence or absence of IL-1RA (1 µg/ml). 
Supernatants were collected and analysed for IL-6 by ELISA. IL-1α (0.3-30 
IU/ml: n=7) (A) and IL-1β (0.03-30 IU/ml: n=7) (B) induced significant release of 
IL-6. IL-1RA (1 µg/ml) completely blocked IL-1α- and IL-1β-induced IL-6 
release. One-way ANOVA and Tukey’s multiple comparison tests. * P< 0.05, ** 
P< 0.01 and *** P< 0.001 IL-1 vs. vehicle. # P< 0.05 and ## P< 0.01 IL-1 (0.3 
IU/ml) vs. IL-1RA co-incubation. Dashed line indicates the detection limit (10 
pg/ml). 
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Figure 3.13. Comparison of IL-α- and IL-1β-induced IL-6 release in 

IL-1RAcPb -/- neuronal cultures. 

Comparison of the level of IL-6 induced by vehicle, IL-1α (0.03-30 IU/ml), IL-1β 
(0.03-30 IU/ml), or IL-1RA (1 µg/ml) co-incubation showed that IL-1α and IL-1β 
induced similar levels of IL-6 release in IL-1RAcPb-/- neurones. No significant 
difference between IL-1α- and IL-β-induced IL-6 release was found for any 
concentration of IL-1 tested. Two-way ANOVA and Bonferroni post hoc test. 
Dashed line indicates detection limit (10 pg/ml). 
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Figure 3.14. Comparison of IL-α- induced IL-6 release in WT and IL-

1RAcPb-/- neuronal cultures 

Comparison of the level of IL-6 induced by vehicle, IL-1α (0.03-30 IU/ml) or 
IL-1RA (1 µg/ml) co-incubation showed that IL-1α induced similar levels of IL-6 
release in WT and IL-1RAcPb-/- neurones. No significant difference was found 
between WT and IL-1RAcPb-/- neurones in IL-1α-induced IL-6 release for any 
concentration of IL-1 tested. Two-way ANOVA and Bonferroni post hoc test. 
Dashed line indicates detection limit (10 pg/ml). 
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IL-1ββββ induces IL-6 in neurones: WT vs. IL-1RAcPb -/-
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Figure 3.15. Comparison of IL-β-induced IL-6 release in WT and 

IL-1RAcPb -/- neuronal cultures 

Comparison of the level of IL-6 induced by vehicle, IL-1β (0.03-30 IU/ml) or 
IL-1RA (1 µg/ml) co-incubation showed that IL-1β induced similar levels of IL-6 
release in WT and IL-1RAcPb-/- neurones. No significant difference was found 
between WT and IL-1RAcPb-/- neurones in IL-1β-induced IL-6 release for any 
concentration of IL-1 tested. Two-way ANOVA and Bonferroni post hoc test. 
Dashed line indicates detection limit (10 pg/ml). 
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3.4.5. IL-1-induced IL-6 release from glial cells 

IL-1RAcPb expression in brain cells was found largely in neurones 

(Smith et al, 2009). However, glial cells in primary cultures also express this 

receptor, as detected by semi-quantitative RT-PCR (Figure 3.3). Although 

IL-1RAcPb mRNA expression in glial cells appear to be very low, its contribution 

to IL-1-induced actions in glial cells could be significant. To investigate the role 

of IL-1RAcPb in IL-1-induced actions in glial cells, primary glial cultures were 

treated with IL-1α (0.03-30 IU/ml), IL-1β (0.03-30 IU/ml) or LPS (1 µg/ml) for 

24 h in the presence or absence of IL-1RA (10 µg/ml). Conditioned medium were 

collected and analysed for IL-6 by ELISA. LPS was used as a positive control for 

IL-6 induction in both WT and IL-1RAcPb-/- glial cultures. LPS (1 µg/ml) 

induced 1458 ± 381 pg/ml of IL-6 in WT glia and 1969 ± 278 pg/ml of IL-6 in 

IL-1RAcPb-/- glia.  

In WT glial cultures, vehicle treatment induced no IL-6 release (13 ± 11 

pg/ml). In contrast, IL-1α potently induced IL-6 release compared to vehicle 

(Figure 3.16A). The mean level of IL-6 release induced by 0.03 IU/ml, 0.3 IU/ml, 

3 IU/ml and 30 IU/ml was 257 ± 149 pg/ml, 291 ± 83 pg/ml, 321 ± 23 pg/ml and 

398 ± 110 pg/ml respectively. IL-1α (3 IU/ml)-induced IL-6 release was 

completely blocked by co-incubation with IL-1RA (10 µg/ml).  

IL-1β potently induced IL-6 release from glial cultures. The level of IL-6 

release induced by IL-1β (0.03-30 IU/ml) was significantly greater than that 

induced by vehicle. However, increasing concentrations of IL-1β did not induce a 

concentration-dependant release of IL-6. IL-1β at 0.03 IU/ml, 0.3 IU/ml, 3 IU/ml 

and 30 IU/ml induced IL-6 release from glial cultures of 108 ± 51 pg/ml,           

179 ± 79 pg/ml, 194 ±72 pg/ml and 201 ± 76 pg/ml respectively (Figure 3.16B). 

Co-incubation with IL-1RA (10 µg/ml) completely blocked IL-1β (3 IU/ml)-

induced IL-6 release in glia. The release of IL-6 induced by IL-1β (3 IU/ml) in the 

presence of IL-1RA (10µg/ml) was below the detection limit.  

Comparing the effects of IL-1α- and IL-1β-induced IL-6 release from 

WT glial cultures showed that IL-1α induced IL-6 release with greater potency 

than IL-1β. This difference in IL-1 potency occurred at 0.03 IU/ml, 3 IU/ml and 

30 IU/ml. At 0.3 IU/ml, IL-1α induced more IL-6 release than IL-1β, although 

this was not significant (Figure 3.17). 
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Figure 3.16. IL-1α- and IL-1β-induced IL-6 in WT glial cultures 

WT glial cultures were treated with vehicle, IL-1α (0.03-30 IU/ml), IL-1β (0.03-
30 IU/ml) in the presence or absence of IL-1RA (10 µg/ml), or LPS (1µg/ml) for 
24 h. Supernatants were collected and analysed for IL-6 release by ELISA. IL-6 
detected in vehicle treated cells was low but IL-1α (0.3-30 IU/ml: n=5) (A) and 
IL-1β (0.3-30 IU/ml: n=6) (B) induced significant levels of IL-6 release compared 
to vehicle. Co-incubation with IL-1RA (10 µg/ml) blocked these responses. One-
way ANOVA and Tukey’s multiple comparison tests. * P< 0.05, ** P< 0.01 and 
*** P< 0.001 IL-1 vs. vehicle. # P< 0.05 and ### P< 0.001 IL-1 (0.3 IU/ml) vs. 
IL-1RA co-incubation. Dashed line indicates the detection limit (11 pg/ml). 
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Figure 3.17. Comparison of IL-1α- and IL-β-induced IL-6 release in WT glial 

cultures 

Comparison of the level of IL-6 induced by vehicle, IL-1α (0.03-30 IU/ml), IL-1β 
(0.03-30 IU/ml), or IL-1RA (10 µg/ml) co-incubation showed that IL-1α induced 
IL-6 release with greater potency than IL-1β (at 0.03, 3 and 30 IU/ml). At 0.3 
IU/ml, IL-1α and IL-1β induced IL-6 release with similar potency and no 
significant difference was detected between the two cytokines. Two-way ANOVA 
and Bonferroni post hoc test. * P< 0.05, ** P< 0.01 and *** P< 0.001 IL-1α vs. 
IL-1β. Dashed lines indicate the detection limit (11 pg/ml). 
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Vehicle treatment failed to release IL-6 from IL-1RAcPb-/- glial cultures, 

whilst IL-1α induced significant IL-6 release at the higher concentrations (0.3-30 

IU/ml). At 0.03 IU/ml, 0.3 IU/ml, 3 IU/ml, and 30 IU/ml, IL-1α induced 155 ± 

109 pg/ml, 209 ± 86 pg/ml, 199 ± 71 pg/ml and 221 ±100 pg/ml of IL-6 release 

respectively. Despite the high level of IL-6 release induced by IL-1α at 0.03 IU/ml 

(155 ± 109 pg/ml), this was not significantly different compared to vehicle 

treatment. (Figure 3.18A). IL-1RA (10 µg/ml) inhibited IL-1α (3 IU/ml)-induced 

IL-6, reducing it from 209 ± 86 pg/ml down to 15 ± 18 pg/ml.  

IL-1β-induced IL-6 release in IL-1RAcPb-/- glial cultures displayed a 

similar trend to that of IL-1α-induced IL-6 release in IL-1RAcPb-/- glial cultures. 

IL-6 release was significantly high for the higher concentrations of IL-1β (0.3-30 

IU/ml). The mean level of IL-6 release induced by increasing concentrations of 

IL-1β were 109 ± 40 pg/ml, 164 ± 56 pg/ml and 136 ± 52 pg/ml respectively 

(Figure 3.18B). Co-incubation with IL-1RA (10 µg/ml) blocked IL-1β (3 IU/ml)-

induced IL-6 release. Comparing the level of IL-1α- and IL-1β-induced IL-6 

release at each concentration (0.03-30 IU/ml) showed that the difference in 

potency between the two cytoknes, at the higher concentrations in WT glial 

cultures (Figure 3.17) were abrogated in IL-1RAcPb-/- glial cultures (Figure 3.19). 

IL-1α (30 IU/ml)-induced IL-6 release in IL-1RAcPb-/- glia was 

significantly reduced compared to WT cultures (Figure 3.20), but IL-1β-induced 

IL-6 release was not significantly different in WT and IL-1RAcPb-/- glial cultures 

(Figure 3.21). 
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Figure 3.18. IL-1α- and IL-1β-induced IL-6 release in IL-1RAcPb-/- glial 

cultures 

IL-1RAcPb-/- glial cultures were treated with vehicle, IL-1α (0.03-30 IU/ml), 
IL-1β (0.03-30 IU/ml) in the presence or absence of IL-1RA (10 µg/ml) or LPS 
for 24 h. Supernatants were collected and analysed for IL-6 release by ELISA. 
Vehicle-induced IL-6 was low, however, IL-1α (0.3-30 IU/ml: n=5) (A) and IL-1β 
(0.3-30 IU/ml: n=6) (B) induced significant levels of IL-6 but not at the lower 
concentration of 0.03 IU/ml. IL-1RA (10 µg/ml) co-incubation significantly 
inhibited these responses. One-way ANOVA and Tukey’s multiple comparison 
tests. * P< 0.05, ** P< 0.01 and *** P< 0.001 IL-1 vs. vehicle. # P< 0.05 and ### 
P< 0.001 IL-1 (0.3 IU/ml) vs. IL-1RA co-incubation. Dashed line indicates the 
detection limit (11 pg/ml) 
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Figure 3.19. Comparison of IL-α- and IL-1β-induced IL-6 release in 

IL-1RAcPb -/- glial cultures. 

Comparison of the level of IL-6 induced by vehicle, IL-1α (0.03-30 IU/ml), IL-1β 
(0.03-30 IU/ml), or IL-1RA (10 µg/ml) co-incubation showed that IL-1α and 
IL-1β induced similar levels of IL-6 release at higher concentrations (0.3-30 
IU/ml) in IL-1RAcPb-/- glia. At the lowest concentration (0.03 IU/ml), IL-1α was 
more potent than IL-1β. Two-way ANOVA and Bonferroni post hoc test.  
* P< 0.05 IL-1α vs. IL-1β. Dashed line indicates detection limit (11 pg/ml). 
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Figure 3.20. Comparison of IL-α-induced IL-6 release in WT and 

IL-1RAcPb -/- glial cultures 

Comparison of the level of IL-6 induced by vehicle, IL-1α (0.03-30 IU/ml) or 
IL-1RA (10 µg/ml) co-incubation showed that IL-1α induced similar levels of 
IL-6 release at lower concentrations (0.03-3 IU/ml) in WT and IL-1RAcPb-/- glia. 
At the highest concentration (30 IU/ml), IL-1α was more potent in the WT than 
IL-1RAcPb-/- glia. Two-way ANOVA and Bonferroni post hoc test. * P< 0.05 WT 
vs. 1RAcPb-/-. Dashed line indicates detection limit (11 pg/ml). 
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Figure 3.21. Comparison of IL-β-induced IL-6 in WT and IL-1RAcPb -/- glia 

Comparison the level of IL-6 induced by vehicle, IL-1β (0.03-30 IU/ml) or 
IL-1RA (10 µg/ml) co-incubation showed that IL-1β induced similar levels of 
IL-6 release at all concentrations (0.03-3 IU/ml) in WT and IL-1RAcPb-/- glia.. No 
significant difference in IL-6 release was found between WT and IL-1RAcPb-/- 
glial cultures in response to IL-1β (0.03-30 IU/ml). Two-way ANOVA and 
Bonferroni post hoc test. Dashed line indicates detection limit (11 pg/ml). 
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3.5. Discussion 

3.5.1. Cell culture characterisation 
Recently, a new isoform of IL-1RAcP called IL-1RAcPb has been 

identified but the function of this receptor is controversial (Smith et al, 2009; Lu 

et al, 2008). The aim of this project was to determine the role of IL-1RAcPb in 

IL-1-induced actions in neurones and glia. To achieve this aim, we have tested the 

effect of IL-1RAcPb deletion on IL-1-induced IL-6 in these cell types by using 

genetically modified animals. Previous studies have demonstrated that genetic 

manipulation of the IL-1 family (with the exception of IL-1RA) does not 

adversely affect normal growth and development, or fertility (Cullinan et al, 1998; 

Horai et al, 1998; Glaccum et al, 1997). This could be due to the fact that IL-1 

signalling is quiescent in the absence of infection or injury. Normal development 

in these transgenic animals suggests that IL-1 activity is not essential for 

development and can be compensated by other regulatory mechanisms. On 

contrary, IL-1RA-/- mice showed slow growth and smaller adult size (Horai et al, 

1998), indicating IL-1RA may have an active role in normal growth and 

development and that overactivation of IL-1 signalling is not beneficial. Here we 

investigated whether deletion of IL-1RAcPb has any effect on the cellular 

composition of glial and neuronal cultures to be used.  

Immunostaining of neuronal cultures from WT and IL-1RAcPb-/- animals 

showed that neurones from these two strains were morphologically similar. This is 

consistent with previous findings showing no significant difference in cellular 

morphology or composition between WT and IL-1R1-/- murine neurones (Tsakiri 

N, 2008). Phenotypically, both strains displayed clustering of neuronal cell bodies 

and a low level of glial contamination (2 ± 0.2 %) (Figure 3.1 and Figure 3.2). 

The formation of neuronal clusters is typical of neurones in culture supplemented 

with B27 (Chen et al, 2008), and the minor glial contamination is a feature of 

neuronal cultures supplemented with serum (Madarasz et al, 1991). Neuronal 

cultures grown in serum-free medium are reported to be pure and free from glial 

contamination (Tsakiri N, 2008).  

Glial cells cultured from WT and IL-1RAcPb-/- mice were also 

morphologically similar. Immunostaining revealed that glial cells cultured from 
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WT and IL-1RAcPb-/- animals were similar in their composition of astrocytes and 

microglial cells. In mixed glial cultures, astrocytes were the most abundant cell 

type with a population of 82 ± 3% of the total cell population. Microglial cells 

formed the remaining part of the total population (18 ± 3 %) (Figure 3.2). It is 

unclear why O2A progenitor cells, normally present in brain cell cultures, were 

absent from our neuronal and glial cultures. One possibility could be due to poor 

detection by the antibody, or to the fact that O2A have differentiated into type-2 

astrocytes (Noble, 1991) by 12 days in vitro and were detected as type 2 

astrocytes in neuronal cultures and could not be distinguished from ordinary 

astrocytes by GFAP staining in mixed glial cultures. O2A progenitor cells were 

probed using an A2B5 antibody previously proven to be effective by other 

members in our laboratory (Pinteaux et al, 2002) and other research groups (Brogi 

et al, 1997; Madarasz et al, 1991), indicating that the antibody is effective and 

specific.  

Examining the cellular specificity of IL-1RAcPb expression in CNS cells 

revealed that IL-1RAcPb is expressed by neurones preferentially and expressed 

weakly in glial cells (Figure 3.3). This is consistent with the report of Smith et al 

(2009). 

In summary, the cellular composition of neuronal and glial cell cultures 

from WT and IL-1RAcPb-/- animals were similar indicating that IL-1RAcPb does 

not contribute to the growth or development of neurones or glial cells in vitro. Our 

neuronal cultures were 98 % pure, and the cellular composition of our mixed glial 

cultures was 82 % astrocyte and 18 % microglia, making them valid models to 

investigate the effects of IL-1-induced actions in neurones and glial cells in vitro. 

 

3.5.2. IL-1-induced IL-6 in neurones 
In vivo, IL-6 protein expression is up-regulated in the cerebral cortex of 

rats after permanent MCAo (Legos et al, 2000). Transient MCAo in rats also 

induces up-regulation of cortical IL-6 mRNA expression (Ali et al, 2000) as well 

as IL-6 protein expression in microglia and neurones (Dihne et al, 2001; Block et 

al, 2000; Suzuki et al, 1999). IL-6 mRNA expression can also be detected in 

neurones of healthy rat brain by in situ hybridization (Gadient and Otten, 1994). 

In vitro, induction of IL-6 mRNA expression in rat primary cortical neurones was 
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stimulated by membrane depolarisation by forskolin (10 µM, 6 h) (Sallmann et al, 

2000). IL-6 mRNA expression was also induced by NMDA (50 µM, 1 h and 3 h) 

in mouse cortical neurones (Ali et al, 2000). Additionally, IL-6 mRNA expression 

and protein release is induced by IL-1 from rat hippocampal neuronal cell lines, 

H19-7/IGF-IR cells (Bergamaschi et al, 2006) and mouse cortical neurones 

(Tsakiri et al, 2008c; Ringheim et al, 1995). Collectively, these studies indicate 

that IL-6 is an inflammatory cytokine that is expressed by neurones and can be 

induced by IL-1 (amongst others) in vitro.  

To further characterise the role of IL-1RAcPb in IL-1α- and IL-1β-

induced actions in neurones and glia, we investigated the effects of IL-1α and 

IL-β on IL-6 synthesis in WT and IL-1RAcPb-/- neuronal and glial cultures. 

Additionally, we also investigated the effects of IL-1α and IL-1β on pentraxin-3 

(PTX3) production in neurones and glia to validate the IL-6 data. PTX3 is an 

acute phase protein which is induced in neurones and glial by seizure activities 

(Ravizza et al, 2001). IL-1β-induced PTX3 has been described previously in glial 

cells by Polentarutti et al (2000) (for review see Ortega-Hernandez et al, 2008). 

For this investigation, pure mouse cortical neuronal cultures were incubated with 

increasing concentration of IL-1α or IL-1β for 24 h, the suggested optimal time 

for IL-1-induced IL-6 in mouse cortical neurones (Ringheim et al, 1995) and IL-6 

expression and release were measured.  

This study demonstrated that IL-1β is a potent inducer of IL-6 in mouse 

cortical neurones as even the lowest concentration of IL-1 tested could induce 

significant IL-6 expression and release (Figure 3.4 and Figure 3.10). IL-1α also 

induced strong IL-6 production and release but large standard deviation within the 

lysates data prevented IL-1-induce IL-6 expression from reaching statistical 

significance (Figure 3.4) but IL-1-induced IL-6 release was potent (Figure 3.10), 

indicating IL-1α was also a potent inducer of IL-6 synthesis in neurones. A 

similar response was observed for PTX3 (Figure 7.2, Appendix III). Previous 

work by Tsakiri et al (2008c) also showed that low concentrations of IL-1β (0.03 

IU/ml) could also induce significant level of IL-6 synthesis in mouse cortical 

neurones. It is unclear from these data whether IL-1-induced IL-6 is and all-or-

nothing response as lower concentrations of IL-1 need to be tested. However, a 

previous study has shown that IL-1β induced IL-6 release from mouse cortical 
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neurones in a concentration-dependent manner ranging from 1 pM to 1 nM 

(Ringheim et al, 1995). Additionally, the present study demonstrated that IL-1-

induced p38 phosphorylation (see next chapter) was also concentration-

dependent, indicating that IL-1-induced IL-6 synthesis in neurones is graded.  

In WT neuronal cell lysates, IL-1β induced significant amount of IL-6 

except at the lowest concentration, but IL-1α induced significant level of IL-6 

expression only at the highest concentration (Figure 3.4). This could be due to 

large variance in the data for IL-1α-induced IL-6. IL-1β-induced IL-6 synthesis in 

mouse cortical neurones was demonstrated previously by Tsakiri et al (2008c), 

however, the induced IL-6 was stored, until cellular depolarisation which then 

induces the release of IL-6 from neurones (Tsakiri et al, 2008b). In this study, 

IL-1-induced IL-6 was constitutively released into the medium (Figure 3.10). It is 

unclear why in our study IL-1-induced IL-6 in cortical neurones were 

contitutively released but IL-1-induced IL-6 in mouse cortical neurones studied by 

Tsakiri et al (2008b) were stored. The cause of this difference could be due to the 

difference in strain of mouse used in the two studies. In our study, we cultured 

neurones from C57/BL6 mice whereas Tsakiri et al (2008b) used C57/BL6 x 

129sv mice, neurones from different strain may respond differently. Neurones 

used in our study could be partially depolarised in presence of IL-1 which could 

then lead to release of IL-1-induced IL-6. IL-1 is well documented to alter the 

neuronal electrical activities (Desson and Ferguson, 2003; Borsody and Weiss, 

2002). Cultured neurones from C57/BL6 x 129sv could be resistant to the subtle 

effects of IL-1 on neuronal electrical activities at the concentrations tested. The    

5 % plasma derived serum (PDS) in our culture medium compared to the serum 

free culture medium used by Tsakiri et al (2008b) may also contribute to this 

difference. The presence of serum introduced minor glial contamination which 

may alter the response of the co-habiting neurones.  

IL-1-induced IL-6 release from neurones in our study is consistent with 

the dogma that IL-6 is a secreted protein (reviewed by Heinrich et al, 1990). 

Release of IL-6 in response to IL-1 has been reported previously in mouse cortical 

neurones (Ringheim et al, 1995) and hippocampal neuronal cell lines 

(Bergamaschi et al, 2006).  
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There is increasing evidence indicating that IL-1α and IL-1β have 

differential effects in specific cell types. Most relevant are reports on IL-1α and 

IL-1β differential actions in mouse cortical neurones. A previous study from our 

group demonstrated IL-1β, but not IL-1α, induced IL-6 production in mouse 

cortical neurones (Tsakiri et al, 2008c). This differential effect of IL-1α and IL-1β 

was not reproduced in the current study. I found that IL-1α and IL-1β induced 

IL-6 expression and release with equal potency (Figure 3.5 and Figure 3.11). This 

could be due to the large standard deviation in the data caused by outliers; 

however the level of IL-1α- and IL-1β-induced IL-6 did cluster closely together 

(Figure 3.11) suggesting IL-1α and IL-1β possesed similar bioactivity and that the 

responses observed were not artefacts of large standard deviations. Additionally 

IL-1α and IL-1β also equipotent at inducing PTX3 release from WT neurones 

(Figure 7.3, Appendix III). The difference between Tsakiri et al. (2008c) and the 

current study could again be the result of different strain of mouse used and/or the 

difference in composition of the culture medium.  

 

3.5.3. The role IL-1RAcPb in IL-1-induced IL-6 in neurones  
The IL-1 receptor accessory protein is critical for IL-1 signalling and 

deleting IL-1RAcP from neurones caused complete inhibition of IL-1α- and 

IL-1β-induced IL-6 expression and release (Figure 7.6, Appendix IV). IL-1RAcPb 

is highly expressed in neurones (Figure 3.3), but its contribution to neuronal 

function is completely unknown. In the present study, IL-1 induced constitutive 

release of IL-6 (Figure 3.10 and Figure 3.12), and IL-1α and IL-1β were 

equipotent at inducing IL-6 expression and release in WT and IL-1RAcPb-/- 

neurones (Figure 3.11 and Figure 3.13). This suggests that IL-1RAcPb is not 

essential in IL-1-induced IL-6 in neurones, however, the role of IL-1RAcPb in 

IL-1-induced changes in neuronal electrical activities is unclear. 

The lack of effects of deleting IL-1RAcPb on IL-1-induced IL-6 in 

neurones is contrary to previous findings on the role of IL-1RAcPb when 

transfected in other cell types. In HEK293T cells, IL-1RAcPb was demonstrated 

to positively contribute to IL-1β signalling leading to the activation of NF-κB and 

induction of TNF-α and GM-CSF mRNA expression (Lu et al, 2008). However, 

IL-1RAcPb has also been suggested to be a negative modulator of IL-1β actions 
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in primary mouse cortical neurones. In IL-1RAcP-/- neurones, IL-1β treatment of 

neurones with IL-1RAcP reconstitution lead to expression of an array of gene that 

overlapped with WT neurones. However, incubating IL-1β with neurones which 

have had IL-1RAcP and IL-1RAcPb reconstitution (which should genetically 

resemble WT) resulted in down-regulation of certain gene expression (Smith et al, 

2009). The authors concluded that IL-1RAcPb could down-regulate some but not 

all IL-1RAcP-dependent IL-1 responses. In this study, we did not observe any 

regulatory action of IL-1RAcPb on IL-6 expression in neurones. However, there 

are many differences in experimental procedures between our study and Smith et 

al. (2009). Although both studies used the same strain of mouse cortical neurones 

(C57/BL6), Smith et al. (2009) studied the role of IL-1RAcPb in IL-1RAcP-/- 

neurones by gene transfection, whereas in this study, the role of IL-1RAcPb was 

investigated by studying the effects of IL-1RAcPb gene deletion. The culturing 

protocols of primary neurones were also different between the two studies. In 

Smith et al. (2009), primary neurones were cultured in serum-free medium, in the 

absence of any glial proliferation inhibitor, and the level of glial contamination 

ranged from 20-30 %. Primary neurones used in this study were cultured in 

medium containing 5 % PDS and a minimum of 5 % glial proliferation inhibitor 

(see section 2.3). Glial contamination was 2 %. The cellular composition of 

neuronal cultures between Smith et al. (2009) and the current study is clearly very 

different, specifically in the population of glial cells. The contribution of 20-30 % 

glial population could significantly affect neuronal response to IL-1. Additionally, 

Smith et al. (2009) did not study the role of IL-1RAcPb in protein expression but 

explored its role in the expression of different protein by microarray analysis. It is 

important to interpret this microarray data with caution, as gene transcription does 

not indicate gene translation into a protein. Some genes are transcribed but are 

degraded before they are translated. Therefore it is difficult to compare data from 

Smith et al. (2009) and the current study as the cellular composition of the 

neuronal cultures, and the variable measured are different.  

 

3.5.4. IL-1-induced IL-6 in glial cells 
IL-1RAcPb was expressed at low level in glial cells (Figure 3.3), but the 

significance of this expression is unknown. IL-1 signalling is highly proficient and 
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activation of only a few receptors within a cell is sufficient to induce a maximum 

response (for review see Dinarello, 1997). Therefore, how low level of 

IL-1RAcPb expression may affect IL-1-induced actions in glia is not known.  

This study demonstrated that IL-1α and IL-1β are potent activators of 

WT mouse mixed glia, leading to the production of IL-6 (Figure 3.16) and PTX3 

(Figure 7.4, Appendix III). IL-1α was more potent than IL-1β at inducing IL-6 

production from mixed glial cells at 0.03 IU/ml, 3 IU/ml) and 30 IU/ml (Figure 

3.17) and PTX3 at 0.3 IU/ml (Figure 7.5, Appendix III). This observation is not in 

agreement with previous observations which showed that IL-1β is more potent 

than IL-1α at inducing IL-6 from mouse mixed glia (Andre et al, 2005b). 

However, IL-1α has been shown to be more effective than IL-1β at inducing 

responses in various conditions; IL-1α is more potent than IL-1β in activating 

mouse brain endothelial cells (Thornton et al, 2010), inducing substance P from 

rat dorsal root ganglion (Skoff et al, 2009), TNF-α release from mouse epidermal 

cells (Beissert et al, 1998) and prostaglandins release from bovine endothelial 

cells (Tanikawa et al, 2009).  

 

3.5.5. The role of IL-1RAcPb in IL-1-induced IL-6 in glia 
In IL-1RAcPb-/- glial cells, IL-1α and IL-1β potently induced IL-6 

(Figure 3.18). Again IL-1α was more potent than IL-1β but only at 0.03 IU/ml 

(Figure 3.19). It appears that deleting IL-1RAcPb abrogated the differential 

effects between IL-1α and IL-1β seen in WT glial cultures treated with higher 

concentrations (3 IU/ml and 30 IU/ml) of the cytokines. In WT glia, IL-1α was 

more potent than IL-1β at inducing IL-6 suggesting that the presence of 

IL-1RAcPb may contribute to IL-1α-induced IL-6 in glia (Figure 3.20). This 

possible role of IL-1RAcPb in IL-1α signalling in glial cells is surprising as the 

expression of IL-1RAcPb mRNA in glia is marginal compared to IL-1RAcPb 

mRNA expression in neurones. However the large variance in our data could also 

introduce a false differential effect. What is clear is that IL-1RAcPb is not critical 

for IL-1-induced IL-6 in glial cells. 

In summary, IL-1α and IL-1β induced significant release of IL-6 (and 

PTX3) from mouse cortical neuronal cultures and mixed glial cultures after 24 h 

treatment. IL-1α and IL-1β induced IL-6 with equal potency in WT and 
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IL-1RAcPb-/- neurones and, IL-1RAcPb did not alter IL-1-induced IL-6 in 

neurones. In glial cells, IL-1α was more potent than IL-1β at inducing IL-6 (and 

PTX3), and IL-1RAcPb may contribute IL-1α-induced IL-6 production in glial 

cells. However, these responses were measured after 24 h of IL-1 treatment which 

may not apply to other time points. There could be possible protein degradation of 

IL-6 after 24 h when compared to earlier time points such as 7 h investigated by 

Tsakiri et al. 2008c. However, the level of IL-6 protein detected in the two studies 

were similar (100 – 150 pg/ml), indicating that IL-6 degradation was low between 

7 h and 24 h. A comparison between IL-1β-induced IL-6 in neurones at 7 h and   

24 h was also undertaken which revealed that there was no difference in the 

amount of IL-1-induced IL-6 at 7 h and 24 h (data not shown). 24 h exposure to 

IL-1α and IL-1β may also modulate the expression of different components of the 

IL-1 signalling complex (IL-1R1, IL-1RAcP and IL-1RAcPb) that may affect 

IL-1-induced responses. Supporting this notion, IL-1R1 have been shown to be 

upregulated in the rat hippocampus neurones and astrocytes following 4 h IL-1β 

treatment (Friedman, 2001). It would be necessary to perform an analysis of 

expression of the different IL-1 receptors to confirm their contribution to IL-1-

mediated responses. 

IL-6 is a cytokine amongst many mediators which are induced by IL-1 in 

neurones and glial cells. The lack of effect of IL-1RAcPb on IL-1-induced IL-6 in 

neurones implies a redundant role for IL-1RAcPb in IL-1-induced IL-6 production 

in neurones. However, IL-1RAcPb may affect IL-1-induced actions in neurones at 

a signalling level. IL-1 has been shown to induce trophic factors as well as 

neurotransitters release (Skoff et al, 2009; Cho et al, 2005; Feleder et al, 1998; 

Isackson, 1995) and IL-1RAcPb may have a role in these responses. Thus the 

following chapters will investigate a specific role for IL-1RAcPb in IL-1-induced 

activation of key signalling pathways in neurones and glial cells. 



 

 

4. The role of IL-1RAcPb in IL-1-induced 

signalling in neurones and glia 
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4.1. Introduction 

4.1.1 Mitogen-activated protein kinase signalling 

Mitogen-activated protein kinases (MAPK) and Src kinase are activated 

by phosphorylation of the enzyme to trigger distinct signalling pathways, both of 

which can be activated by IL-1. Extracellular signal-regulated kinases (ERK1 and 

ERK2) and p38 (p38α, p38β, p38γ and p38δ) are well characterised MAPK 

signalling elements. Activation of the MAPK signalling cascade follows a 

structured framework involving sequential activation of MAPK kinase kinase 

(MAPKKK), leading to MAPK kinase (MAPKK) activation and then activation 

of MAPK (ERK1/2, p38 and JNK) (Figure 1.9). The substrate for ERK1/2 and 

p38 are numerous and diverse to account for the many diverse responses 

attributed to MAPK signalling (for reviews see Roux and Blenis, 2004 and 

Johnson and Lapadat, 2002). Due to time limitations the effects of IL-1 on JNK 

signalling was not investigated in this study. However, IL-1-induced JNK 

phosphorylation has been reported in glial cells (Andre et al, 2005b; Parker et al, 

2002) but not neurones (Tsakiri et al, 2008a; Srinivasan et al, 2004). 

ERK1/2 and p38 are distributed in the cytoplasm in quiescent cells, 

whilst upon stimulation, they translocate into the nucleus to activate various 

transcription factors including cAMP response element-binding protein (CREB) 

c-Fos, c-jun and NF-κB. Activation of transcription factors can lead to enhanced 

stability of the transcription complex and activity (for reviews see Borders et al, 

2008, Rubinfeld and Seger, 2005, Roux and Blenis, 2004 Harper and LoGrasso, 

2001). p38α and p38β are the only two isoforms ubiquitously expressed in brain 

cells (for review see Harper and LoGrasso, 2001). Activation of p38 results in 

phosphorylation of MAPK activated protein kinase 2 and 3 (MK2 and MK3) and 

mitogen and stress-activated kinases (MSKs) well as transcription factors 

including ATF-1, Elk-1 and NF-κB. MK2 is an important element that promotes 

mRNA elongation and stabilisation. Therefore p38 activity could be important 

both for mRNA transcription as well as stability (for reviews see Borders et al, 

2008, Rubinfeld and Seger, 2005 and Harper and LoGrasso, 2001). 

IL-1β-induced ERK1/2 and p38 phosphorylation has been shown to both 

initiate and limit CNS inflammation. In neuroglioma and neuroblastoma cells, 
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IL-1β-induced PGE2 release is mediated by ERK1/2 and p38 signal transduction. 

p38 also mediates IL-1β-induced cytosolic phospholipase A2 (cPLA2) and 

cylcooxygenase-2 (COX-2) gene expression (Moolwaney and Igwe, 2005). 

However, p38 activation is also associated with anti-inflammatory functions, 

since it mediates the expression of the anti-inflammatory cytokine IL-10 (Kim et 

al, 2008). 

It is unclear how IL-1RAcPb may contribute to these signalling pathways 

or CNS inflammation. Investigating the role of IL-1RAcPb in ERK1/2 and p38 

signalling in brain cells may yield new insights into IL-1-induced actions. An 

improved understanding of IL-1 signalling could introduce greater flexibility 

when it comes to manipulating IL-1 signalling for therapeutic purposes. 

 

4.1.2 Src kinase signalling 

Src kinase is abundantly expressed in neural tissues (Cotton and Brugge, 

1983) and plays an important role in neuronal differentiation and development 

(Cartwright et al, 1987 and for review see Salter, and Kalia, 2004). There are in 

vitro evidence to suggest that Src kinase enhances NMDA receptor activity in rat 

neurones (Yu et al, 1997; Chen and Leonard, 1996) by association with the NR2A 

subunit of the NMDA receptor (Liu et al, 2001; Kohr and Seeburg, 1996). As 

synaptic strength (activity-dependent neuronal changes) is partly regulated by 

NMDA receptor activities, modulation of NMDA receptors by Src kinase could 

contribute to physiological plasticity and brain damage (for review see Salter and 

Kalia, 2004).  

Src kinase activation is induced by IL-1 and could also be involved in 

acute brain injury. Transient cerebral ischaemia in rats has been shown to induce 

Src kinase phosphorylation and NMDA receptor hyperphosphorylation (Takagi et 

al, 1999) and that NMDA receptor hyperactivity could be linked to IL-1β activity 

via Src kinase activation (Tsakiri et al, 2008a; Davis et al, 2006; Viviani et al, 

2003). The role of IL-1RAcPb on IL-1-induced Src kinase activation in neurones 

and glia is unknown, but could be important as IL-1RAcPb is highly expressed in 

the CNS (Smith et al, 2009). If IL-1RAcPb is actively involved in IL-1-induced 

Src kinase signalling (whether regulatory or mediatory) its property could be 

harnessed to target inflammation.  
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4.2. Aims 

To investigate the role of IL-1RAcPb in IL-1-induced signalling and the 

possible differential effects of IL-1α and IL-1β on signalling mechanisms. This 

part of the project is divided into two main objectives: 

1. To determine the role of IL-1RAcPb in IL-1-induced signalling pathways 

activation in neurones and glia. The effects of IL-1 on MAPK and Src 

kinase will by examined in both glial and neuronal cells. 

2. To investigate the differential effects of IL-1α- and IL-1β-induced 

MAPK and Src kinase activation in neurones and glia. 

 

4.3. Materials and methods 

For this study, WT and IL-1RAcPb-/- neuronal and glial cells were treated 

with vehicle or increasing concentrations of IL-1α or IL-1β (0.03-30 IU/ml) for 15 

min (neurones) or 30 min (glia), in the absence or presence of IL-1RA. In 

neurones, 1 µg/ml of IL-1RA was co-incubated with 1 ng/ml (0.3 IU/ml) of IL-1α 

or IL-1β, and in glial cells, 10 µg/ml of IL-1RA was co-incubated with 10 ng/ml 

(3 IU/ml) of IL-1α or IL-1β. Cell lysates were collected for analysis of p38, 

ERK1/2 and Src kinase activity by Western blot analysis or specific ELISA (see 

sections 2.8 and 2.10).  

 

4.4. Results 

4.4.1. IL-1-induced p38 MAPK signalling in neurones  

In WT neurones, vehicle induced weak or undetectable p38 activity 

(Figure 4.1A). Western blot analysis shows that IL-1α (0.03-30 IU/ml) induced a 

concentration-dependent activation of p38 (Figure 4.1B). At 0.03 IU/ml, IL-1α-

induced p38 activation was non-significant compared to vehicle treatment. 

However, at higher concentrations (0.3-30 IU/ml), IL-1α-induced p38 was 

significantly greater than vehicle treatment. The response was maximal at 3 IU/ml 

of IL-1α. IL-1α at concentrations of 0.3 IU/ml, 3 IU/ml or 30 IU/ml induced a 4.3, 

7.3 and 7.8 fold increase in p38 activity respectively. The presence of IL-1RA (1 
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µg/ml) decreased IL-1α-induced p38 activation but this was non-significant 

compared to IL-1α treatment (0.3 IU/ml) (Figure 4.1B). 

IL-1β (0.03-30 IU/ml) also induced a concentration-dependent activation 

of p38 in WT neurones; the concentration of 3 IU/ml IL-1β was optimal for p38 

activation. IL-1β at concentrations of 0.3 IU/ml, 3 IU/ml and 30 IU/ml, induced a 

4.4, 5.2, and 5.3 fold increase in p38 activation respectively. IL-1RA (1µg/ml) 

significantly inhibited this response (Figure 4.2A and Figure 4.2B). Comparison 

of IL-α- and IL-1β-induced p38 activation in WT neurones showed that these two 

cytokines were equally potent for p38 activation (Figure 4.3). 
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Figure 4.1. IL-1α-induced p38 activation in WT neurones 

WT neuronal cultures were treated with vehicle or IL-1α (0.03-30 IU/ml) for 15 
min in the presence or absence of IL-1RA (1 µg/ml). Lysates were collected and 
analysed for p38 activity by Western blot (A). B. ImageQuant analysis of blot 
showed that IL-1α induced p38 activation in a concentration-dependent manner 
(n=5). IL-1RA (1 µg/ml) co-incubation with IL-1α (0.3 IU/ml) reduced IL-1α-
induced p38 activation. One-way ANOVA and Tukey’s multiple comparison 
tests.* P< 0.05, *** P< 0.001 IL-1α vs. vehicle. 
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Figure 4.2. IL-1β-induced p38 activation in WT neurones 

WT neuronal cultures were treated with vehicle or IL-1β (0.03-30 IU/ml) for 15 
min in the presence or absence of IL-1RA (1 µg/ml). Lysates were collected and 
analysed for p38 activity by Western blot (A). B. ImageQuant analysis of blot 
showed that IL-1β induced p38 activation in a concentration-dependent manner 
(n=4). IL-1RA (1 µg/ml) co-incubation with IL-1β (0.3 IU/ml) significantly 
inhibited IL-1β-induced p38 activation. One-way ANOVA and Tukey’s multiple 
comparison tests.* P< 0.05, ** P< 0.01 IL-1β vs. vehicle. # P< 0.05 IL-1β (0.3 
IU/ml) vs. IL-1RA co-incubation. 
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Figure 4.3. Comparison of IL-α- and IL-1β-induced p38 activation in WT 

neurones. 

Comparison of the level of p38 activation induced by vehicle, IL-1α (0.03-30 
IU/ml), IL-1β (0.03-30 IU/ml), or IL-1RA (1 µg/ml) co-incubation showed that 
IL-1α and IL-1β induced similar levels of p38 activation in WT neurones. No 
significant difference between IL-1α- and IL-β-induced p38 activation was found 
for any concentrations of IL-1 tested. Two-way ANOVA and Bonferroni post hoc 
test.  
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In IL-1RAcPb-/- neurones, vehicle-induced p38 activity was weakly 

detected (Figure 4.4A). IL-1α (0.03-30 IU/ml) induced a concentration-dependent 

p38 activation. At 0.03 IU/ml, IL-1α-induced p38 was not significant compared to 

vehicle treatment. However, at higher concentrations (0.3-30 IU/ml), IL-1α-

induced p38 activation was significantly greater than vehicle treatment. The 

concentration response peaked at 3 IU/ml. 0.3 IU/ml, 3 IU/ml and 30 IU/ml of IL-

1α induced an average of 3.7, 4.5 and 3.9 fold increase in p38 activation which 

was significantly blocked by the presence of IL-1RA (1 µg/ml) (Figure 4.4B).  

IL-1β (0.03-30 IU/ml) also induced p38 activation in a concentration-

dependent manner that reached saturation at 3 IU/ml (Figure 4.5A and B). At    

0.3 IU/ml, 3 IU/ml and 30 IU/ml, IL-1β induced an average of 5.6, 7.5, and 7.8 

fold increase in p38 activation respectively. IL-1RA (1µg/ml) significantly 

inhibited this response. A comparison of IL-α- and IL-1β-induced p38 activity 

showed that IL-1α-induced p38 activity was significantly lower compared to 

IL-1β treatment in IL-1RAcPb-/- neurones (Figure 4.6). 

It is unclear if this difference in potency between IL-1α- and IL-1β-

induced p38 activation in IL-1RAcPb-/- neurones is due to suppression of IL-1α 

activity or potentiation of IL-1β action. To investigate this phenomenon, we 

compared the activity of IL-1α-induced p38 activity in WT and IL-1RAcPb-/- 

neurones and repeated the same comparison for IL-1β. This analysis revealed that 

IL-1α-induced p38 activation was significantly decreased in IL-1RAcPb-/- 

neurones compared to WT for the higher concentrations of IL-1α (3-30 IU/ml) 

(Figure 4.7). IL-1RAcPb deletion did not affect IL-1β activity (Figure 4.8). 
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Figure 4.4. IL-1α-induced p38 activation in IL-1RAcPb-/- neurones 

IL-1RAcPb-/- neuronal cultures were treated with vehicle or IL-1α (0.03-30 
IU/ml) for 15 min, in the presence or absence of IL-1RA (1 µg/ml). Lysates were 
collected and analysed for p38 activity by Western blot (A). B. ImageQuant 
analysis of blot showed that IL-1α induced p38 activation in a concentration-
dependent manner (n=6) IL-1RA (1 µg/ml) co-incubation with IL-1α (0.3 IU/ml) 
significantly reduced IL-1α-induced p38 activation. One-way ANOVA and 
Tukey’s multiple comparison tests. *** P< 0.001 IL-1α vs. vehicle and ## P< 
0.01 IL-1α (0.3 IU/ml) vs. IL-1RA co-incubation. 
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Figure 4.5. IL-1β-induced p38 activation in IL-1RAcPb-/- neurones 

IL-1RAcPb-/- neuronal cultures were treated with vehicle or IL-1β (0.03-30 IU/ml) 
for 15 min, in the presence or absence of IL-1RA (1 µg/ml). Lysates were 
collected and analysed for p38 activity by Western blot (A). B. ImageQuant 
analysis of blot showed that IL-1β induced p38 activation in a concentration-
dependent manner (n=7). IL-1RA (1 µg/ml) co-incubation with IL-1β (0.3 IU/ml) 
significantly inhibited IL-1β-induced p38 activation. One-way ANOVA and 
Tukey’s multiple comparison tests. *** P< 0.001 IL-1β vs. vehicle. ## P< 0.01 
IL-1β (0.3 IU/ml) vs. IL-1RA co-incubation. 
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Figure 4.6. Comparison of IL-α- and IL-1β-induced p38 activation in 

IL-1RAcPb -/- neurones. 

Comparison of the level of p38 activation by vehicle, IL-1α (0.03-30 IU/ml), 
IL-1β (0.03-30 IU/ml), or IL-1RA (1 µg/ml) co-incubation showed that IL-1α-
induced p38 activation was significantly less than IL-1β-induced p38 activation in 
IL-1RAcPb-/- neurones. This reduction in IL-1α-induced p38 activation was seen 
to all concentrations of IL-1 tested (0.03-30 IU/ml). * P< 0.05, ** P< 0.01 and 
*** P< 0.001 IL-1α vs. IL-1β. Two-way ANOVA and Bonferroni post hoc test. 
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Figure 4.7. Comparison of IL-α-induced p38 activation in WT and 

IL-1RAcPb -/- neurones 

Comparison of the level of p38 activation by vehicle, IL-1α (0.03-30 IU/ml) or 
IL-1RA (1 µg/ml) co-incubation showed that IL-1α-induced p38 activation was 
significantly less in IL-1RAcPb-/- neurones compared to WT neurones at higher 
concentrations (3-30 UI/ml). No significant difference was observed for the lower 
concentrations of IL-1α (0.03-0.3 IU/ml). * P< 0.05, ** P< 0.01 and *** P< 0.001 
WT vs. IL-1RAcPb-/- neurones. Two-way ANOVA and Bonferroni post hoc test. 
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Figure 4.8. Comparison of IL-β-induced p38 activation in WT and 

IL-1RAcPb -/- neurones 

Comparison of the level of p38 activation by vehicle, IL-1β (0.03-30 IU/ml) or 
IL-1RA (1 µg/ml) co-incubation showed that IL-1β-induced p38 activation in WT 
and IL-1RAcPb-/- neurones with equal potency. No significant difference was 
observed for the any of the concentrations of IL-1β tested. Two-way ANOVA and 
Bonferroni post hoc test. 
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4.4.2. The effects of IL-1 on ERK 1/2 signalling in neurones.  

The effect of IL-1β on ERK1/2 signalling was tested in neurones. 

Vehicle treated cells showed a high basal level of ERK1/2 activity and IL-1β 

treatment did not further induce ERK1/2 activation even at the highest 

concentration (30 IU/ml) (Figure 4.9A). Phosphorylation of the two isoforms of 

ERK (p42 and p44) remained constant in the presence of IL-1β (0.03-30 IU/ml). 

Co-incubation of IL-1β (0.3 IU/ml) and IL-1RA (1 µg/ml) had no effect on 

ERK1/2 phosphorylation. Levels of total (non-phosphorylated and 

phosphorylated) ERK1/2 were identical in all treatment groups, indicating that 

sample loading was constant. Semi-quantitative analyses of the blots confirmed 

that IL-1β did not activate ERK1/2 in WT neurones (Figure 4.9B). 
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Figure 4.9. The effects of IL-1β on ERK1/2 activation in WT neurones. 

WT neuronal cultures were treated with vehicle or IL-1β (0.03-30 IU/ml) for 15 
min, in the presence or absence of IL-1RA (1 µg/ml). Lysates were collected and 
analysed for ERK1/2 activity by Western blot (A). Blot shown is representative of 
3 independent experiments. B. ImageQuant analysis of blot showed that IL-1β did 
not activate ERK1/2 in WT neurones (n=3). IL-1RA (1 µg/ml) co-incubation with 
IL-1β (0.3 IU/ml) did not affect ERK1/2 activity. One-way ANOVA and Tukey’s 
multiple comparison test was used to compare IL-1β treated group against vehicle 
treatment. 
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4.4.3. The effects of IL-1 on Src kinase signalling in neurones. 

WT neurones treated with vehicle, IL-1α or IL-1β showed similar level 

of Src kinase activation (Figure 4.10). Co-incubation of IL-1RA (1 µg/ml) with 

IL-1 had no effect on Src kinase activation in neurones. .  

Similarly, Src kinase was not activated in IL-1RAcPb-/- neurones by 

IL-1α or IL-1β treatments (Figure 4.11).  
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Figure 4.10. The effects of IL-1α and IL-1β in Src kinase activity in WT 

neurones 

WT neuronal cultures were treated with vehicle, IL-1α (0.03-30 IU/ml) or IL-1β 
(0.03-30 IU/ml) for 15 min, in the presence or absence of IL-1RA (1 µg/ml). 
Lysates were collected and analysed for Src kinase activity by Western blot. IL-1α 
(A) or IL-1β (B) treatments failed to induce Src kinase activity in WT neurones. 
IL-1RA (1 µg/ml) co-incubation with IL-1 (0.3 IU/ml) did not affect Src kinase 
activation. Blots shown are representative of 5 independent experiments. Blots 
were not analysed as no induction of Src kinase phosphorylation by IL-1 was 
observed. 
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Figure 4.11. The effects of IL-1α and IL-1β in Src kinase activity in 

IL-1RAcPb -/- neurones 

IL-1RAcPb-/- neuronal cultures were treated with vehicle, IL-1α (0.03-30 IU/ml) 
or IL-1β (0.03-30 IU/ml) for 15 min in the presence or absence of IL-1RA (1 
µg/ml). Lysates were collected and analysed for Src kinase activity by Western 
blot. IL-1α (A) or IL-1β (B) treatments failed to induce Src kinase activity in 
IL-1RAcPb-/- neurones. IL-1RA (1 µg/ml) co-incubation with IL-1 (0.3 IU/ml) did 
not affect Src kinase activation. Blots shown are representative of 3 independent 
experiments Blots were not analysed as no induction of Src kinase 
phosphorylation by IL-1 was observed. 
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4.4.4. IL-1-induced p38 MAPK signalling in glia  

Western blot analysis showed that p38 was strongly induced by IL-1α 

and IL-1β in both WT (Figure 4.12) and IL-1RAcPb-/- glia (Figure 4.13). This 

response was specific to IL-1 as it was completely blocked by IL-1RA. However, 

due to undetected p38 activity in vehicle-treated cultures, it has not been possible 

to quantify the level of IL-α- or IL-1β-induced p38 in glia. 
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Figure 4.12. IL-1α- and IL-1β-induced p38 activation in WT glial cells 

WT glial cultures were treated with vehicle, IL-1α (0.03-30 IU/ml) or IL-1β (0.03-
30 IU/ml) for 30 min, in the presence or absence of IL-1RA (10 µg/ml). Lysates 
were collected and analysed for p38 activation by Western blot. IL-1α (A) and 
IL-1β (B) induced p38 activation at all concentrations tested (0.03-30 IU/ml). 
IL-1RA (1 µg/ml) co-incubation with IL-1α (3 IU/ml) or IL-1β (3 IU/ml) 
inhibited IL-1-induced p38 activation in WT glial cultures. Blot shown are 
representative of four independent experiments. 
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Figure 4.13 IL-1α- and IL-1β-induced p38 activation in IL-1RAcPb-/- glial 

cells 

IL-1RAcPb-/- glial cultures were treated with vehicle, IL-1α (0.03-30 IU/ml) or 
IL-1β (0.03-30 IU/ml) for 30 min, in the presence or absence of IL-1RA (10 
µg/ml). Lysates were collected and analysed for p38 activation by Western blot. 
IL-1α (A) and IL-1β (B) induced p38 activation at all concentrations tested (0.03-
30 IU/ml). IL-1RA (10 µg/ml) co-incubation with IL-1α or IL-1β inhibited IL-1-
induced p38 activation in IL-1RAcPb-/- glia. Blots shown in (A) are representative 
of 3 independent experiments and blots shown in (B) are representative of 2 
independent experiments. Blots were not quantified 
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4.4.5. IL-1-induced ERK1/2 signalling in glial cells 

In WT glial cultures, IL-1α (0.03-30 IU/ml) induced significant ERK1/2 

activation compared to vehicle treatment (Figure 4.14A). However, increasing 

concentrations of IL-1α did not induce increasing levels of ERK1/2 activation, 

and the lowest concentration of IL-1α (0.03 IU/ml) induced a near maximal 

response (two fold increase in ERK1/2 activation). 

IL-1β (0.3-30 IU/ml) induced ERK1/2 activation in a concentration-

dependent manner (Figure 4.14B). At 0.03 IU/ml of IL-1β, ERK1/2 activation 

was 1.5 fold higher compared to vehicle treatment, but this was not significant. At 

higher concentrations (0.3-30 IU/ml) IL-1β significantly induced ERK1/2 

activation compared to vehicle treatment. 3 IU/ml IL-1β induced optimal ERK1/2 

activation (2.3 fold increase compared to vehicle treatment) IL-1α- and IL-1β-

induced ERK1/2 activation were abolished by co-incubation with IL-1RA (10 

µg/ml).  

IL-1α- and IL-1β-induced ERK1/2 activity in WT glial cultures were 

then compared to determine possible differential effects of these two cytokines on 

the activation of the ERK1/2 signalling pathway in glia. This comparison revealed 

that IL-1α and IL-1β induced ERK1/2 activation in WT glia with similar potency 

(Figure 4.15). 
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Figure 4.14. IL-1α- and IL-1β-induced ERK1/2 activation in WT glial cells 

WT glial cultures were treated with vehicle, IL-1α (0.03-30 IU/ml) or IL-1β (0.03-
30 IU/ml) for 30 min in the presence or absence of IL-1RA (10 µg/ml). Cell 
lysates were collected and analysed for phosphorylated ERK1/2 by ELISA. IL-1α 
(A) and IL-1β (B) induced significant levels of phosphorylated ERK1/2 compared 
to vehicle treatment. IL-1α (n=9) induced ERK1/2 activation for all the 
concentrations of IL-1α tested (0.03-30 IU/ml). IL-1β (n=13) induced significant 
ERK1/2 activation at 0.3-30 IU/ml but not at the lower concentration of 0.03 
IU/ml. These responses were blocked by IL-1RA (10 µg/ml). One-way ANOVA 
and Tukey’s multiple comparison tests. *** P< 0.001 IL-1 vs. vehicle. ### P< 
0.001 IL-1β (0.3 IU/ml) vs. IL-1RA co-incubation.  
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Figure 4.15. Comparison of IL-1α- and IL-1β-induced ERK1/2 activation in 

WT glial cultures. 

Comparison of the level of ERK1/2 activation by vehicle, IL-1α (0.03-30 IU/ml), 
IL-1β (0.03-30 IU/ml), or IL-1RA (10 µg/ml) co-incubation showed that IL-1α 
and IL-1β induced similar levels of phosphorylated ERK1/2 for all treatment 
groups in WT glia. No significant difference between IL-1α- and IL-1β-induced 
ERK1/2 activation was found for any concentrations of IL-1 tested. Two-way 
ANOVA and Bonferroni post hoc test.  
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In IL-1RAcPb-/- glial cultures, IL-1α at 0.3 IU/ml and 30 IU/ml 

significantly induced ERK1/2 activation compared to vehicle treatment. However, 

at 0.03 IU/ml and 3 IU/ml, IL-1α induced ERK1/2 activation was not significantly 

different to vehicle-treated cultures. The concentration of IL-1α that induced 

maximal ERK1/2 activation in IL-1RAcPb-/- glial cultures was 0.3 IU/ml, which 

induced a 2.5 fold increase compared to vehicle treatment (Figure 4.16A).  

IL-1β induced ERK1/2 activation in a concentration-dependent manner 

in IL-1RAcPb-/- glial cultures (Figure 4.16B). At the lowest concentration (0.03 

IU/ml), IL-1β induced a slight but non-significant ERK1/2 activity compared to 

vehicle treatment. Increasing IL-1β concentrations induced increased ERK1/2 

activation, with a peak at 3 IU/ml (2.3 fold increase compared to vehicle). This 

response was inhibited by IL-1RA (10 µg/ml). IL-1α and IL-1β induced ERK1/2 

activation in IL-1RAcPb-/- glia with similar potency (Figure 4.17). IL-1α (Figure 

4.18) and IL-1β (Figure 4.19) induced ERK1/2 activation to a similar level in both 

WT and IL-1RAcPb-/- glial cultures. 
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Figure 4.16. IL-1α- and IL-1β-induced ERK1/2 activation in IL-1RAcPb-/- 

glial cells 

IL-1RAcPb-/- glial cultures were treated with vehicle, IL-1α (0.03-30 IU/ml) or 
IL-1β (0.03-30 IU/ml) for 30 min in the presence or absence of IL-1RA (10 
µg/ml). Cell lysates were collected and analysed for phosphorylated ERK1/2 by 
ELISA. IL-1α (A) and IL-1β (B) induced significant levels phosphorylated 
ERK1/2 compared to vehicle. IL-1α (n=5) induced ERK1/2 activation 
significantly at 0.3 and 30 IU/ml. IL-1β (n=5) induced significant level of 
phosphorylated ERK1/2 expression at higher concentrations (0.3-30 IU/ml) but 
not at the lower concentration of 0.03 IU/ml. IL-1β-induced ERK1/2 activation 
was blocked by IL-1RA (10 µg/ml). One-way ANOVA and Tukey’s multiple 
comparison tests. ** P< 0.01 and *** P< 0.001 IL-1 vs. vehicle. ### P< 0.001 
IL-1β (0.3 IU/ml) vs. IL-1RA co-incubation. 
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Figure 4.17. Comparison of IL-1α- and IL-1β-induced ERK1/2 activation in 

IL-1RAcPb -/- glial cells. 

Comparison of the level of ERK1/2 activation by vehicle, IL-1α (0.03-30 IU/ml), 
IL-1β (0.03-30 IU/ml) or IL-1RA (10 µg/ml) co-incubation showed that IL-1α and 
IL-1β induced similar levels of phosphorylated ERK1/2 for all treatment groups in 
IL-1RAcPb-/- glia. No significant difference between IL-1α- and IL-1β-induced 
ERK1/2 activation was found for any concentrations of IL-1 tested. Two-way 
ANOVA and Bonferroni post hoc test.  
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Figure 4.18. Comparison of IL-1α-induced ERK1/2 activation in WT and 

IL-1RAcPb -/- glial cells 

Comparison of the level of ERK1/2 activation by vehicle, IL-1α (0.03-30 IU/ml) 
or IL-1RA (10 µg/ml) co-incubation showed that IL-1α-induced ERK1/2 
activation in WT and IL-1RAcPb-/- glia with similar potency. No significant 
difference was observed for any of the concentrations of IL-1α tested. Two-way 
ANOVA and Bonferroni post hoc test. 
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Figure 4.19. Comparison of IL-1β-induced ERK1/2 activation in WT and 

IL-1RAcPb -/- glial cultures 

Comparison of the level of ERK1/2 activation by vehicle, IL-1β (0.03-30 IU/ml) 
or IL-1RA (10 µg/ml) co-incubation showed that IL-1β-induced ERK1/2 
activation in WT and IL-1RAcPb-/- glia with similar potency. No significant 
difference was observed for any of the concentrations of IL-1β tested. Two-way 
ANOVA and Bonferroni post hoc test. 
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4.4.6. The effects of IL-1 on Src kinase signalling in glia. 

In WT glia, vehicle treatment and IL-1 treatment induced similar levels 

of Src kinase phosphorylation (Figure 4.20). Co-incubation of IL-1RA (10 µg/ml) 

with IL-1 had no effect on Src kinase phosphorylation in glial cells. IL-1α and 

IL-1β also failed to induce Src kinase activation in IL-1RAcPb-/- glia (Figure 

4.21).  
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Figure 4.20. The effects of IL-1α and IL-1β on Src kinase activity in WT glial 

cells 

WT glial cultures were treated with vehicle, IL-1α (0.03-30 IU/ml) or IL-1β (0.03-
30 IU/ml) for 30 min, in the presence or absence of IL-1RA (10 µg/ml). Lysates 
were collected and analysed for Src kinase activity by Western blot. IL-1α (A) 
and IL-1β (B) treatments failed to induce Src kinase activity in WT glia. IL-1RA 
(10 µg/ml) co-incubation with IL-1 (3 IU/ml) did not affect Src kinase activation. 
Blot shown is from one experiment. 
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Figure 4.21. The effects of IL-1α and IL-1β on Src kinase activity in 

IL-1RAcPb -/- glial cells 

IL-1RAcPb-/- glial cultures were treated with vehicle, IL-1α (0.03-30 IU/ml) or 
IL-1β (0.03-30 IU/ml) for 30 min, in the presence or absence of IL-1RA (10 
µg/ml). Lysates were collected and analysed for Src kinase activity by Western 
blot. IL-1α (A) and IL-1β (B) treatments failed to induce Src kinase activity in 
IL-1RAcPb-/- glia. IL-1RA (10 µg/ml) co-incubation with IL-1 (3 IU/ml) did not 
affect Src kinase activation. Blot shown is from one experiment. 
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4.5. Discussion 

4.5.1. IL-1-induced p38 in neurones 

IL-1α and IL-1β are potent inducers of IL-6 in both neuronal and glial 

cultures (Tsakiri et al, 2008c; Parker et al, 2002 and see Chapter 3). In glial 

cultures IL-1RAcPb may contribute to IL-1α induced IL-6 release; however, in 

neuronal cultures IL-1RAcPb deletion did not affect IL-1α- or IL-1β-induced IL-6 

production (see Chapter 3). It is unclear how IL-1RAcPb may modulate signalling 

pathways leading to IL-6 synthesis in glial cells or if IL-1RAcPb affects specific 

signalling pathways in neurones. The aim of this chapter was to investigate the 

role of IL-1RAcPb in MAPK kinase and Src kinase signalling in neuronal and 

glial cells. 

In this study I have shown that IL-1α and IL-1β are potent activators of 

p38 MAPK in neuronal cells. IL-1α and IL-1β induced p38 activation similarly in 

a concentration-dependent manner (Figure 4.1 and Figure 4.2). Published studies 

on IL-1-induced p38 signalling in neurones are controversial, since some have 

reported IL-1-induced p38 activation, whilst others failed to demonstrate a 

response. Indeed, p38 activation by IL-1β has been reported previously in cultured 

rat hippocampal neurones (Srinivasan et al, 2004) and rat dorsal root ganglion 

neurones (Binshtok et al, 2008), as well rat cortical neurones (Griffin et al, 2006; 

Li et al, 2003). Conversely, IL-1β did not induce p38 activation in cultured mouse 

cortical neurones (Tsakiri et al, 2008a). These studies indicate that IL-1-induced 

p38 activation in neurones could be species dependent, strain dependent, or brain 

region specific. Neurones used in this study and those previously by Tsakiri et al 

(2008a) were mouse cortical neurones, however with the same concentration of 

IL-1β and duration of treatment (15 min), we detected IL-1-induced p38 

activation whilst Tsakiri et al (2008a) did not. It is unclear what is the cause of 

this discrepancy, but could be attributed to differences in mouse strain and 

culturing protocol. In this study C57/BL6 mice were used, and Tsakiri et al 

(2008a) used C57/BL6 x 129sv mice. The method in which cells were cultured in 

this study was distinctly different to Tsakiri et al. (2008a). The method used by 

Tsakiri et al. (2008a) involved trituration to homogenise the brain tissue, however, 

in our study, the brain tissue was first chemically dissociated by incubation in a 
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dissociation medium (Table 7.2, Appendix I) before being mechanically 

dissociated by trituration. Additionally, in our study, the neurones were 

maintained in medium that contained 5% PDS whereas Tsakiri et al (2008a) were 

grown in serum-free medium. These differences may affect the metabolic state of 

the neurones and their susceptibility to external stimulation.  

Activation of p38 signalling pathway has been shown to result in the 

production of proinflammatory mediators such as IL-1β, TNF-α and IL-6 

(Bergamaschi et al, 2006; Chaparro-Huerta et al, 2005; Kim et al, 2004), which 

may contribute to the damaging effects of inflammation. p38 is strongly activated 

after cerebral ischaemia in rats and is associated with neuronal death and 

functional deficit (Barone et al, 2001b). Therefore variations in p38 activation 

between species and brain tissue could account for the varied susceptibility of 

rodent species and brain regions to injury. 

Differential effects of IL-1α and IL-1β on IL-6 induction and synthesis in 

mouse cortical neurones and glial cells have been reported previously (Tsakiri et 

al, 2008c; Andre et al, 2005b). However, it is unclear what mechanisms are 

responsible for this differential effect. IL-1α and IL-1β have been shown to 

activate identical signalling pathways (p38, ERK1/2 and JNK) in primary mouse 

mixed glial cells. This was demonstrated for all of the concentrations of IL-1 

tested (0.3 IU/ml, 3 IU/ml, 30 IU/ml and150 IU/ml) and time points investigated 

(5 min, 15 min, 30 min and 60 min) (Andre et al, 2005b). In this study, IL-1α and 

IL-1β were equally potent at inducing p38 activation in WT mouse cortical 

neurones (Figure 4.3) at 15 min, which suggests that the differential action of IL-

1α- and IL-1β-induced IL-6 in neurones could not be associated with differences 

in IL-1α- or IL-1β-induced p38 activation. Differences in IL-1α and IL-1β-

induced p38 at other time points were not investigated and could potentially be of 

significant. 

The role of IL-1RAcPb in IL-1-induced p38 activation is completely 

unknown. The data presented here show that IL-1α and IL-1β were potent 

inducers of p38 activation in IL-1RAcPb-/- neurones (Figure 4.4 and Figure 4.5), 

indicating that IL-1 signalling in neurones is not mediated by IL-1RAcPb. 

Additionally, IL-1α induced p38 activation was reduced in IL-1RAcPb-/- neurones 

compared to IL-1β (Figure 4.6), indicating a modulatory effect of IL-1RAcPb on 
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IL-1 signalling. Specifically, IL-1RAcPb was shown to contribute to IL-1α-

induced p38 activation in neurones (Figure 4.7). IL-1RAcPb deletion had no 

effect on IL-1β-induced p38 activation in neurones (Figure 4.8). It is unclear how 

this differential effect of IL-1α- and IL-1β-induced p38 activation may affect the 

cellular response of neurones.  

 

4.5.2. The effects of IL-1 on ERK1/2 signalling in neurones 

ERK1/2 is activated by cerebral ischaemia and brain trauma in rats and is 

believed to be detrimental (Lu et al, 2005) but can also be neuroprotective (Irving 

et al, 2000; Kitagawa et al, 1999). It is unclear which mediators are involved in 

ERK1/2 activation in neurones in acute brain injury. Results from this study 

showed that in WT neurones, IL-1β failed to induce ERK1/2 activation (Figure 

4.9). This is consistent with previous data from our laboratory and other studies in 

which IL-1β failed to induce ERK1/2 activation in mouse and rat cortical 

neurones (Soiampornkul et al, 2008; Tong et al, 2008; Tsakiri et al, 2008a) and rat 

hippocampal neurones (Srinivasan et al, 2004). Interestingly, IL-1β reduces 

ERK1/2 activation induced by neurotrophic factors such as neurotrophin-3 and 

BDNF in rat cortical neurones, and associated with that, a reduction in neuronal 

cell survival (Soiampornkul et al, 2008; Tong et al, 2008). This supports the 

hypothesis that IL-1 actions are detrimental during neuroinflammation. These 

studies suggest that neurones are capable of ERK1/2 signalling, but, in vitro 

studies have failed to detect any IL-1β-induced ERK1/2 in neurones. This 

indicates that IL-1 may induce cell specific signalling. The effects of IL-1α on 

ERK1/2 activation was not investaged in this study based on the fact that there 

were no differences between IL-1α and IL-1β-induced IL-6, p38 or Src kinase 

activation (see next section) in neurones. However, this is not to conclude that 

there is no difference in the effects of IL-1α and IL-1β on ERK1/2 

phosphorylation in neurones. 

 

4.5.3. The effects of IL-1 on Src kinase signalling in neurones 

In the current study IL-1α and IL-1β failed to induce Src kinase 

activation in WT or IL-1RAcPb-/- neurones (Figure 4.10 and Figure 4.11). These 
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findings indicate that Src kinase does not mediate IL-1 actions on neurones. 

However, it was difficult to determine the effects of IL-1RAcPb on Src kinase 

activity in the absence of any Src kinase induction by IL-1α or IL-1β. In our 

study, basal Src kinase activity was high, as indicated by high Src kinase 

phosphorylation in the vehicle treated cells. In the presence of this high basal Src 

kinase activity, subtle IL-1-induced Src kinase phosphorylation maybe masked. 

Previous studies have demonstrated clear IL-1β-induced Src kinase activation (in 

the presence of high basal Src kinase phosphorylation) in mouse cortical and 

hypothalamic neurones (Tsakiri et al, 2008a; Davis et al, 2006) and rat 

hippocampal neurones (Viviani et al, 2003). IL-1-induced Src kinase activation in 

neurones occurs rapidly, as early a 2 min after IL-1β treatment and increases in a 

concentration-dependent manner (Davis et al, 2006). It is unclear what caused the 

discrepancy between these previous findings and the findings in the current study. 

One hypothesis is that these differences could be due to differences in species, 

strain of mouse, or population of neurones studied. In this study, we examined the 

effects of IL-1 on Src kinase activation in mouse cortical neurones. Tsakiri et al 

(2008a) also studied mouse cortical neurones, which eliminate differences in 

species and neuronal population as accountable for the differential results between 

the two studies. However the mouse strain used in this study was C57/BL6 and 

Tsakiri et al (2008a) used C57/BL7 x 129sv, which may account for the different 

results obtained between the two studies. The role of Src kinase activation in 

neuronal activity is unclear. Studies have shown that Src kinase activation 

contributes to IL-6 production in neurones (Tsakiri et al, 2008a) in vitro which 

may contribute to the inflammatory response in vivo.  

 

4.5.4. IL-1 induced p38 MAPK signalling in glial cells 

IL-1α and IL-1β strongly induced p38 activation in mouse mixed glia 

(Figure 4.12 and Figure 4.13). MAPK signalling is a recognised mechanism by 

which glial cells respond to external stimuli. Many previous studies have reported 

p38 activation in glial cells in both rats and mouse glial cultures by IL-1α and 

IL-1β (Andre et al, 2005b; Parker et al, 2002; Pinteaux et al, 2002; Dunn et al, 

2002). In these studies astrocytes are the main cell type activated by IL-1α and 

IL-1β leading to p38 activation. Significant p38 activation occurred as early as 5 
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min after incubation with IL-1α (Dunn et al, 2002) but optimum p38 activation 

occurred 30 min after IL-1 incubation (Andre et al, 2005b; Parker et al, 2002). 

This time frame of optimum p38 activation is also similar in neurones which 

occurred at 20 min after IL-1β incubation (Srinivasan et al, 2004). This suggests 

that the mechanism of p38 activation in glial cells and neurones could be similar. 

A time course investigation is important when investigating the effects of an 

uncharacterised compound or the response of an uncharacterised system. 

However, a time course was not conducted in the present study as the incubation 

period was the same as that reported to be optimum for IL-1-induced MAPK 

activation in glial cells (Andre et al, 2005). It was difficult to determine the level 

of IL-1α- and IL-1β- induced p38 activation in glial cultures as there was no 

detectable p38 activation in the vehicle-treated group. We could not present the 

data in absolute value because each blot had different exposure time and could not 

be directly compared. As it has not been possible to quantify the level of p38 

induced by IL-1, we could not determine the differential effects of IL-1α and IL-β 

or determine the role of IL-1RAcPb in IL-1-induced p38.  

To clarify the role of IL-1RAcPb in IL-1-induced signalling in glial cells, 

we investigated the effects of IL-1-induced ERK1/2 activation in WT and 

IL-1RAcPb-/- glial cultures. 

 

4.5.5. IL-1 induced ERK1/2 activation in glial cells 

IL-1α and IL-1β were potent inducers of ERK1/2 activation in glial cells 

(Figure 4.14). In WT glia, IL-1α and IL-1β induced ERK1/2 activation with equal 

potency (Figure 4.15). These findings are consistent with previous findings 

(Andre et al 2005). IL-1α and IL-1β induced strong ERK1/2 activation in 

IL-1RAcPb-/- glia, with significant induction occurring at low concentration with 

both forms of IL-1 (0.3 IU/ml) (Figure 4.16). IL-1α and IL-1β induced ERK1/2 

activation with similar potency in IL-1RAcPb-/- glia (Figure 4.17). There was also 

no significant difference between IL-1α-induced ERK1/2 activation in WT or 

IL-1RAcPb-/- glial cultures (Figure 4.18), or IL-1β-induced ERK1/2 activation in 

WT or IL-1RAcPb-/- glial cultures (Figure 4.19), which indicates that IL-1RAcPb 

does not regulate IL-1-induced ERK1/2 activation in glial cells. Data presented 

here suggest that the differential effect between WT and IL-1RAcPb-/- in IL-1α-
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induced IL-6 in glial cells (see Chapter 3) was not due to differences in ERK1/2 

activation. This suggests that the differential effect of IL-1α and IL-1β-induced 

IL-6 in glia could be due to other signalling mechanisms. I therefore investigated 

whether Src kinase signalling could contribute to the differential effect of IL-1α- 

and IL-1β-induced IL-6 synthesis in glial cultures.  

 

4.5.6. The effects of IL-1 on Src kinase signalling in glial cultures 

Src kinase is activated in hippocampal microglia by ischaemia (Choi et 

al, 2005) and spinal microglia after spinal nerve ligation (Katsura et al, 2006). 

However, the mediator which triggers Src kinase activation in glial cells is 

unclear. The results of the present study show that IL-1α and IL-1β failed to 

induce Src kinase activity in WT (Figure 4.20) or IL-1RAcPb-/- glial cells (Figure 

4.21). This indicates that IL-1 may not be the mediator which activates Src kinase 

in glial cells following ischaemia. However, this is an in vitro study, which may 

not represent true events in vivo. Additionally, in vivo studies on injury-induced 

Src kinase activation reported Src kinase activation to be specific to microglial 

cells (Katsura et al, 2006; Choi et al, 2005), but the major cell type in our mixed 

glial cultures were mainly astrocytes with microglial cells forming the minor cell 

population. The method of observation and analysis may also contribute to the 

differences in our results and the in vivo data. Here Western blotting was used to 

detect Src kinase activation which is only a semi-quantitative method and may not 

detect subtle or cell-specific changes in Src kinase activation in the minor 

microglial population in our mixed glial cultures. Both previous papers (Katsura 

et al, 2006; Choi et al, 2005) used immunohistochemistry to detect Src kinase 

activation in microglial cells after injury. It is unclear which mediators are 

involved in the activation of Src kinase in glial cells in vivo but there are no in 

vitro findings to suggest that it is IL-1. This indicates that Src kinase signalling is 

not responsible for the differential effects of IL-1α- or IL-1β- induced IL-6 in glial 

cells. 
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4.6. Summary. 

I investigated the effects of IL-1α and IL-1β-induced p38, ERK1/2 and 

Src kinase in neurones and glia, and my main findings are summarised in Table 

4.1. IL-1α and IL-1β are potent activators of p38 in neurones and glial cells. IL-1α 

and IL-1β-induced p38 activation with similar potency in WT neurones. However, 

in IL-1RAcPb-/- neurones, IL-1α-induced p38 was suppressed compared to WT 

neurones. IL-1β did not induce ERK activation in neurones but IL-1α and IL-1β 

were potent inducers of ERK1/2 activation in glial cells, both in WT glial and 

IL-1RAcPb-/- glial cultures, acting with equal potency in both strains. This 

indicates that IL-1RAcPb is not a modulator of IL-1-induced ERK1/2 activation 

in glial cells. Finally, IL-1α and IL-1β failed to induce Src kinase activation in 

both strains of neurones and glial cultures.  

 

 

 

Table 4.1. The effects of IL-1α and IL-1β on signalling mechanisms in 
neurones and glia.  

Key: +++, strongly induced; ++ moderately induced; 0, not induced; NS, not 
studied. 
 
 
 IL-1α IL-1β 

 p38 ERK1/2 Src 
kinase 

p38 ERK1/2 Src 
kinase 

WT neurone 

 

+++ NS 0 +++ 0 0 

IL-1RAcPb -/-

neurones  
++ NS 0 +++ 0 0 

WT glia 

 

+++ +++ 0 +++ +++ 0 

IL-1RAcPb -/- 

glia 

+++ +++ 0 +++ +++ 0 
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These data indicate that IL-1 may have specific actions on different brain 

cells by activating specific signalling pathways. Our study also suggests that 

IL-1RAcPb may contribute to the action of IL-1α on p38 activation in neurones. 

However, the significance of this finding in terms of neuronal response to stress 

would require further investigation. Activation of these signalling pathways is 

associated with IL-6 production but the contribution of each specific signalling 

pathway to IL-6 expression is unclear and would require further studies. The 

following chapter will focus on the effects of pharmacological intervention on 

p38, ERK1/2 and Src kinase signalling pathways on the cellular response of 

neurones and glia. Understanding the specific mechanisms involved in a cellular 

response is necessary for pharmacological development targeting specific 

diseases. 



 

 

5. Contribution of IL-1RAcPb and signalling 

pathways to IL-1-induced IL-6 production in 

neuronal cells 
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5.1. Introduction 

It was demonstrated in the previous chapters that IL-1α and IL-β are 

potent inducers of IL-6 expression and p38 signalling activation, and that 

IL-1RAcPb may contribute to IL-1α-induced p38 and IL-6 synthesis activation in 

neurones and glia respectively. However, as neurones are the predominant cell 

type that express IL-1RAcPb, IL-1-induced neuronal responses was the focus of 

this chapter. IL-1-induced p38 activation in neurones is consistent with previous 

data, however, there is no direct evidence linking IL-1-induced p38 activation in 

neurones and IL-6 production (Srinivasan et al, 2004). A recent paper 

demonstrated that IL-6 production in mouse cortical neurones is mediated by Src 

kinase activation (Tsakiri et al, 2008a). However, IL-1-induced Src kinase 

activation was not observed in the current study. The aim of the this part of the 

study was to determine the contribution of MAPK and Src kinase signalling 

pathways to IL-1-induced IL-6 synthesis in WT and IL-1RAcPb-/- neurones. Since 

IL-1α and IL-1β were equipotent at inducing IL-6 in both WT and IL-1RAcPb-/- 

neurones, but IL-1α-induced p38 phosphorylation was reduced in IL-1RAcPb-/- 

compared to WT neurones, it is important to investigate if compensatory 

mechanisms have been triggered. Despite the lack of detected ERK1/2 and Src 

kinase activation after IL-1 treatment, subtle, undetected enzyme activity may still 

occur, and could be compensatory in IL-1RAcPb-/- neurones. To exclude the 

contribution of these signalling pathways in IL-1-induced IL-6 synthesis, ERK1/2 

and Src kinase activity was blocked by pharmacological interventions. This 

chapter will also determine if identical signalling mechanisms are required for IL-

1-induced IL-6 in WT and IL-1RAcPb-/- neurones.  

MAPK including p38 and ERK1/2 signalling mechanisms, Src kinase 

signalling mechanism and IL-6 are all implicated in neuronal injury such as in 

response to cerebral ischaemia (see Chapter 1). However their specific 

contribution to ischaemia-induced brain damage is controversial; there is evidence 

suggesting that these mediators could be neuroprotective and/or neurotoxic after 

acute brain injury. IL-1 is induced by cerebral ischaemia (see Chapter 1), but the 

role of endogenous IL-1 during inflammation is unclear. Studies demonstrating 

the neuroprotective effect of IL-1RA indicate that ischaemia-induced endogenous 

IL-1 is detrimental and contributes to brain damage whereas inhibition of IL-1 
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signalling is protective (Vogt et al, 2008; Pinteaux et al, 2006; Loddick et al, 

1997; Stroemer and Rothwell, 1997; Relton and Rothwell, 1992). Furthermore, 

IL-1RA has entered into phase II of clinical trial against stroke (Emsley et al, 

2005). p38, ERK1/2 and Src kinase inhibitors are studied widely, targeting 

inflammation (Ardizzone et al, 2007; Hou et al, 2007; Lu et al, 2007; Katsura et 

al, 2006; Lu et al, 2005; Lennmyr et al, 2004; Wang et al, 2004; Legos et al, 2002; 

Legos et al, 2001; Barone et al, 2001b). There has been several clinical trials 

targeting ERK1/2 and p38 signalling for peripheral inflammation but as yet have 

not identified an effective or specific compound for human diseases (for reviews 

see Borders et al, 2008, Roux and Blenis 2004; Johnson and Lapadat. 2002).  

In vitro studies showed that application of exogenous IL-1 in glial 

cultures induces p38 and ERK1/2 activation leading to the expression of IL-6 

(Andre et al, 2005b; Parker et al, 2002). However, IL-1-induced neuronal 

responses are very different and are known to occur in the absence of MAPK 

signalling or IL-6 production (Davis et al, 2006; Desson and Ferguson, 2003; 

Borsody and Weiss, 2002). IL-1-induced IL-6 synthesis was demonstrated in 

neurones, but the effects of MAPK and Src kinase inhibitor on IL-1-induced IL-6 

in neurones is not fully characterised. For this study, we have investigated the 

effects of SB203580 (p38 inhibitor), UO126 (ERK1/2 inhibitor) and 4 -amino-5- 

(4-chlorophenyl)-7-(t-butyl) pyrazolo[3,4-d]-pyrimidine (PP2, Src kinase 

inhibitor) on IL-1-induced IL-6 synthesis and release in neurones. 

  

5.2. Aims 

The aims of this part of the study were: 

1. To determine the specific contribution of MAPK and Src kinase 

signalling in IL-1-induced IL-6 synthesis in neurones. The effect of 

ERK1/2 (UO126), p38 (SB203580) and Src kinase (PP2) inhibitors on 

IL-1-induced IL-6 in neurones was tested. 

2. To determine whether the signalling mechanisms described above also 

mediate IL-1-induced IL-6 synthesis in IL-1RAcPb-/- neurones using 

MAPK and Src kinase inhibition. 
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5.3. Material and methods 

WT and IL-1RAcPb-/- neurones were treated with vehicle, dimethyl 

sulfoxide (DMSO) (1 µl), IL-1α (3 IU/ml) or IL-1β (3 IU/ml) in the presence or 

absence of IL-1RA (10 µg/ml), UO126 (20 µM), SB203580 (20 µM), or PP2 (20 

µM). Neurones were pre-treated with IL-1RA for 5 min; and MAPK inhibitors 

and PP2 for 15 min, before co-incubation with IL-1α or IL-1β for 15 min (for 

signalling) or 24 h (for IL-6). Cell lysates and supernatants were collected and 

analysed for IL-6 expression by Western blot or ELISA (see section 2.10). Cell 

lysates were also collected and analysed for MAPK/Src kinase activity by 

Western blot (see section 2.9) to determine the specificity of the inhibitors used. 

 

5.4. Results 

5.4.1 The effects of MAPK and Src kinase inhibitors on IL-6 

production in neurones. 

In the cell lysates IL-1α induced a slight but non-significant increase in 

IL-6 synthesis compared to DMSO treatment alone (Figure 5.1A).  

The mean level of IL-6 release in culture supernatants induced by IL-1α 

was 139 ± 13 pg/ml (vs. 15 ± 3 pg/ml for DMSO), and this response was 

significantly reduced by co-incubation with the inhibitors. The percentages of 

IL-6 synthesis inhibition triggered by IL-1RA, UO126 and SB203580 were           

-80 %, -65 %, and -76 % respectively. The effect of PP2 on IL-1α-induced IL-6 

was not statistically analysed because data was from a single experiment (Figure 

5.1B). 
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Figure 5.1. Effect of UO126, SB203580 and PP2 on IL-1α-induced IL-6 

production in WT neuronal cells.  

WT neuronal cultures were treated with DMSO, and/or IL-1α (3 IU/ml) for 24 h 
in the presence or absence of IL-1RA (10 µg/ml), UO126 (20 µM), SB203580 (20 
µM) or PP2 (20 µM). Cell lysates (A) and supernatants (B) were collected and 
analysed for IL-6 expression by ELISA. IL-1α (n=3) induced significant levels of 
IL-6 release, and this response was markedly inhibited by co-incubation with 
IL-1RA, UO126 or SB203580. One way ANOVA and Tukey’s multiple 
comparison test. *** P< 0.001 DMSO + IL-1α (3 IU/ml) vs. inhibitors. ### P< 
0.01 DMSO + IL-1α (3 IU/ml) vs. DMSO alone. 
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IL-1β induced significant IL-6 expression (92 ± 33 pg/ml) compared to 

DMSO treatment (37 ± 4 pg/ml) (Figure 5.2A). IL-6 expression induced by IL-1β 

was significantly reduced in the presence of IL-1RA (-66 %) or SB203580           

(-63 %). UO126 and PP2 reduced IL-1β-induced IL-6 expression but it was non-

significant. 

IL-1β induced significant IL-6 release (140 ± 21 pg/ml) in the culture 

supernatants compared to DMSO treatment alone (56 ± 11 pg/ml) (Figure 5.2B). 

IL-1β-induced IL-6 release was inhibited by IL-1RA (-93 %), UO126 (-79 %), 

SB203580 (-79 %) and PP2 (-61 %)  
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Figure 5.2. Effect of UO126, SB203580 and PP2 on IL-1β-induced IL-6 

production from WT neuronal cells.  

WT neuronal cultures were treated with DMSO and/or IL-1β (3 IU/ml) for 24 h in 
the presence or absence of IL-1RA (10 µg/ml), UO126 (20 µM), SB203580 (20 
µM) or PP2 (20 µM). Cell lysates (A) and supernatants (B) were collected and 
analysed for IL-6 expression by ELISA. IL-1β (n=3) induced significant levels of 
IL-6 expression and release, and responses were abolished by co-incubation with 
IL-1RA, UO126, SB203580 or PP2. One way ANOVA and Tukey’s multiple 
comparison test. * P<0.05, ** P< 0.01, *** P< 0.001 DMSO + IL-1α (3 IU/ml) 
vs. inhibitors. # P<0.05, ### P< 0.01 DMSO + IL-1α (3 IU/ml) vs. DMSO alone. 
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DMSO-treated IL-1RAcPb-/- neurones showed low IL-6 expression and 

release (Figure 5.3A). IL-1α-treated neurones showed significant IL-6 induction 

compared to DMSO treatment alone. IL-1α induced 50 ±18 pg/ml of IL-6, which 

was inhibited by IL-1RA, UO126 and SB203580 by -79 %, -48 %, and -57 % 

respectively. PP2 did not significantly inhibit IL-1α-induced IL-6 expression in 

IL-1RAcPb-/- neurones. 

IL-1α induced an average of 97 ± 13 pg/ml of IL-6 release in the 

supernatants of IL-1RAcPb-/- neurones (Figure 5.3B). Co-incubation of IL-1α with 

IL-1RA, UO126, SB203580 or PP2 significantly inhibited IL-1 (3 IU/ml)-induced 

IL-6 by -79 %, -65 %, -76 % and -49 % respectively. 
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Figure 5.3. Effect of UO126, SB203580 and PP2 on IL-1α-induced IL-6 

production from IL-1RAcPb -/- neuronal cells.  

IL-1RAcPb-/- neuronal cultures were treated with DMSO and/or IL-1α (3 IU/ml) 
for 24 h in the presence or absence of IL-1RA (10 µg/ml), UO126 (20 µM), 
SB203580 (20 µM) or PP2 (20 µM). Cell lysates (A) and supernatants (B) were 
collected and analysed for IL-6 by ELISA. IL-1α (n=6) induced significant levels 
of IL-6 release and responses were inhibited by co-incubation with IL-1RA, 
UO126, SB203580 and PP2. One way ANOVA and Tukey’s multiple comparison 
test. ** P< 0.01, *** P< 0.001 DMSO + IL-1α (3 IU/ml) vs. inhibitors. ### P< 
0.01 DMSO + IL-1α (3 IU/ml) vs. DMSO alone. 
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IL-6 expression in IL-1β-treated IL-1RAcPb-/- neurones was significantly 

greater (74 ± 3 pg/ml) than that of DMSO-treated cells (26 ± 4 pg/ml) (Figure 

5.4A). IL-1β-induced IL-6 synthesis in IL-1RAcPb-/- neurones was significantly 

reduced in the presence of IL-1RA (-70 %), UO126 (-55 %), SB203580 (-67 %) 

and PP2 (-54 %). 

IL-1β treatment induced 135 ± 21 pg/ml IL-6 release in the culture 

supernatant compared to DMSO treatment alone (11 ± 3 pg/ml) (Figure 5.4B). 

This response was inhibited in the presence of IL-1RA, UO126, SB203580 and 

PP2 by -93 %, -79 %, -79 % and -61 % respectively. 
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Figure 5.4. Effect of UO126, SB203580 and PP2 on IL-1β-induced IL-6 

production from WT neuronal cells.  

WT neuronal cultures were treated with DMSO or IL-1β (3 IU/ml) for 24 h in the 
presence or absence of IL-1RA (10 µg/ml), UO126 (20 µM), SB203580 (20 µM) 
or PP2 (20 µM). Cell lysates (A) and supernatants (B) were collected and 
analysed for IL-6 by ELISA. IL-1β (n=3) induced significant levels of IL-6 
expression and release, and responses were inhibited by co-incubation with 
IL-1RA, UO126, SB203580 and PP2. One way ANOVA and Tukey’s multiple 
comparison test. * P<0.05, ** P< 0.01, *** P< 0.001 DMSO + IL-1α (3 IU/ml) 
vs. inhibitors. # P<0.05, ### P< 0.01 DMSO + IL-1α (3 IU/ml) vs. DMSO alone. 
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5.4.2 Mechanism of UO126, SB203580 and PP2 inhibition 

UO126, SB203580 and PP2 have all been shown to effectively inhibit 

IL-6 synthesis and release from neurones (Figure 5.1 to 5.4). However, the 

specificity of these inhibitors is unclear. ERK1/2 was not activated by IL-1β in 

WT neurones and Src kinase was not activated by IL-1α or IL-1β in WT or 

IL-1RAcPb-/- neurones (see Chapter 4). To investigate the mechanism of actions 

of the inhibitors used, cell lysates were collected from neurones treated with 

IL-1α, IL-1β with or without the inhibitors and assessed for MK2, Src kinase and 

ERK1/2 phosphorylation by Western blot. SB203580 is an inhibitor that blocks 

the phosphorylated form of p38 therefore to assess its specificity we measured the 

phosphorylation of MK2 a downstream signalling molecule activated by p38. 

In vehicle- or DMSO-treated WT neurones, MK2, Src kinase or ERK1/2 

were not induced. However, in the presence of IL-1α (Figure 5.5) or IL-1β (Figure 

5.6), MK2 was strongly phosphorylated, indicative of upstream p38 activation. 

This response was inhibited by co-incubation with IL-1RA. UO126 or PP2 co-

incubation with IL-1α or IL-1β did not affect p38 signalling, since IL-1α or IL-1β 

in the presence of UO126 or PP2 could still induce strong MK2 activation. 

SB203580 inhibited IL-1α- and IL-1β-induced p38 in neurones. Basal ERK1/2 

activation was high in DMSO-treated cells and IL-1α or IL-1β did not induce 

ERK1/2 phosphorylation. Basal ERK1/2 signalling in untreated and neurones 

treated with IL-1α or IL-1β were completely inhibited by UO126 and partially 

inhibited by PP2. SB203580 did not affect ERK1/2 activity in neurones. Finally 

IL-1α or IL-1β did not to induce Src kinase activation and, UO126, SB203580 

and PP2 had no effect on Src kinase phosphorylation.  
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Figure 5.5. The effects of UO126, SB203580 and PP2 on IL-1α-induced 

signalling in WT neuronal cells.  

WT neuronal cultures were treated with vehicle, DMSO and/or IL-1α (3 IU/ml) 
for 15 min in the presence or absence of IL-1RA (10 µg/ml), UO126 (20 µM), 
SB203580 (20 µM) or PP2 (20 µM). Cell lysates were collected and analysed for 
MK2, Src kinase and ERK1/2 phosphorylation by western blot. IL-1α induced 
MK2 phosphorylation but not Src kinase or ERK1/2 activation. SB203580 
specifically inhibited p38 activity, and UO126 blocked basal ERK1/2 activity. 
PP2 also partially inhibited basal ERK1/2 activation in WT neurones. Image is 
from a single experiment.  
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Figure 5.6. The effects of UO126, SB203580 and PP2 on IL-1β-induced 

signalling in WT neuronal cells.  

WT neuronal cultures were treated with vehicle, DMSO and/or IL-1α (3 IU/ml) 
for 15 min in the presence or absence of IL-1RA (10 µg/ml), UO126 (20 µM), 
SB203580 (20 µM) or PP2 (20 µM). Cell lysates were collected and analysed for 
MK2, Src kinase and ERK1/2 phosphoryaltion by Western blot analysis. IL-1β 
induced MK2 phosphorylation but not Src kinase or ERK1/2 activation. 
SB203580 specifically inhibited p38 activity and UO126 blocked basal ERK1/2 
activity WT neurones. Image is from a single experiment. 
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In IL-1RAcPb-/- neurones, vehicle or DMSO did not induce MK2, Src 

kinase or ERK1/2 phosphorylation (Figure 5.7), but IL-1α induced strong MK2 

phosphorylation, and this response was abolished by co-incubation with IL-1RA. 

SB203580, but not UO126 or PP2 co-incubation reduced IL-α-induced p38 

activation in IL-1RAcPb-/- neurones. IL-1α also induced ERK1/2 phosphorylation 

which was reduced by co-incubation with IL-1RA and completely abolished by 

UO126. SB203580 and PP2 did not inhibit IL-1α-induced ERK1/2 

phosphorylation in IL-1RAcPb-/- neurones. IL-1α did not induce Src kinase 

activation in IL-1RAcPb-/- neurones, therefore the effect of UO126, SB203580 

and PP2 on Src kinase phosphorylation could not be assessed.  
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Figure 5.7. The effects of UO126, SB203580 and PP2 on IL-1α-induced 

signalling in IL-1RAcPb-/- neuronal cells.  

IL-1RAcPb-/- neuronal cultures were treated with vehicle, DMSO and/or IL-1α (3 
IU/ml) for 15 min in the presence or absence of IL-1RA (10 µg/ml), UO126 (20 
µM), SB203580 (20 µM) or PP2 (20 µM). Cell lysates were collected and 
analysed for MK2, Src kinase and ERK1/2 phosphorylation by western blot. 
IL-1α induced MK2 and ERK1/2 phosphorylation but not Src activation. 
SB203580 specifically inhibited p38 activity and UO126 blocked basal ERK1/2 
activity in IL-1RAcPb-/- neurones. Image is from a single experiment. 
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In IL-1RAcPb-/- neurones IL-1β also induced MK2 phosphorylation 

compared to vehicle- or DMSO-treated neurones (Figure 5.8). This response was 

blocked by co-incubation with IL-1RA. SB203580, but not UO126 or PP2 

inhibited IL-β-induced p38 signalling in IL-1RAcPb-/- neurones. IL-1β induced 

strong ERK1/2 activation, but this response was not blocked by IL-1RA. 

Increased ERK1/2 activation was also detected in response to SB203580 alone or 

PP2 treatment alone, as well as IL-1β with SB203580 or PP2. Basal ERK1/2 

signalling in IL-1RAcPb-/- neurones were completely inhibited by UO126. 

Finally, basal Src kinase phosphorylation was low but IL-1β failed to induce Src 

kinase activation in IL-1RAcPb-/- neurones, therefore the effect of UO126, 

SB203580 and PP2 on Src kinase phosphorylation could not be assessed.  
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Figure 5.8. The effects of UO126, SB203580 and PP2 on IL-1β-induced 

signalling in IL-1RAcPb-/- neuronal cells.  

IL-1RAcPb-/- neuronal cultures were treated with vehicle, DMSO and/or IL-1β (3 
IU/ml) for 15 min in the presence or absence of IL-1RA (10 µg/ml), UO126 (20 
µM), SB203580 (20 µM) or PP2 (20 µM). Cell lysates were collected and 
analysed for MK2, Src kinase and ERK1/2 phosphorylation by Western blot 
analysis. IL-1β induced specific MK2 phosphorylation. ERK1/2 phosphorylation 
was also increased in response to IL-1β but this was not blocked by IL-1RA. 
SB203580 specifically inhibited p38 activity and UO126 blocked basal ERK1/2 
activity. Image is from a single experiment. 
 



Chapter 5________________________________IL-1RAcPb, signalling and IL-6 

 

 174

5.5. Discussion 

In the previous chapter (see Chapter 4) it was shown that IL-1α and 

IL-1β were potent inducers of p38 activation in WT and IL-1RAcPb-/- neurones. 

In this chapter it was confirmed that IL-1-induced p38 activation in neurones is 

the mechanism responsible for IL-1-induced IL-6 synthesis in neurones (see 

Chapter 3). 

IL-1α and IL-1β were potent activators of IL-6 production in WT and 

IL-1RAcPb-/- neurones. These responses were abolished in the presence of 

IL-1RA, SB203580, UO126 and PP2. The action of IL-1RA on IL-1-induced 

actions are well characterised, abrogating IL-1 signalling at the receptor level. 

However, the action of the other inhibitors is poorly understood. It is unclear how 

UO126 and PP2 could inhibit IL-1-induced IL-6 synthesis when IL-1 did not 

induce ERK1/2 or Src kinase activation (see Chapter 4). It was speculated that 

IL-1-induced ERK and Src activation could be too low to be detected by Western 

blot, or that activation of these signalling molecules could be very transient and 

was not detected at the time point investigated (15 min post IL-1 incubation) 

SB203580 is a specific p38 inhibitor which has been shown to inhibit 

IL-1-induced activity in human bronchial epithelial cells (Newton et al, 2000), 

astrocytes (Dunn et al, 2002), as well as IL-1α-induced IL-6 synthesis in a 

neuronal cell line (Bergamaschi et al, 2006). IL-1-induced p38 activation in 

neuronal cell line suggests that p38 could be a functional mechanism in which 

IL-1 induces IL-6 in neurones. Here we have shown that SB203580 is an effective 

inhibitor of IL-1α- and IL-1β-induced IL-6 in primary neurones (Figure 5.1). 

SB203580 inhibited IL-1-induced IL-6 in cell lysates and supernatants suggesting 

that p38 signalling is likely an active pathway in which IL-1 induces IL-6 

expression in neurones. In the present study SB203580 inhibited IL-1α- and 

IL-1β-induced p38 (as indicated by inhibition of MK2 phosphorylation), but did 

not affect ERK1/2 or Src kinase signalling (Figure 5.5 and Figure 5.6). This 

indicates that SB203580 is a p38 specific inhibitor. These data confirm that 

IL-1-induced p38 activation in neurones mediated IL-6 production.  

IL-1β is not directly toxic to neurones, however, activation of p38 could 

be involved in the priming of neurones to be more susceptible to damage induced 

by other proinflammatory mediators. Direct application of exogenous IL-1, LPS 
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or interferon-γ (IFN-γ) onto pure neuronal cultures has been shown to be non-

toxic to neurones in vitro. However, in the presence of glial cells, IL-1β (Thornton 

et al, 2006), LPS and IFN-γ could dose-dependently and and time-dependently 

induced neuronal death respectively (Xie et al, 2004). Pre-incubation of rat 

primary cortical neurones with IL-1β has also been shown to prime these cells to 

release soluble amyloid precursor protein-α (sAPPα) induced by nucleotide 

uridine3 triphosphate (UTP) (Kong et al, 2009). In the absence of IL-1β pre-

treatment, UTP did not induce sAPPα release from neurones. Additionally IL-1β 

has been shown to enhance susceptibility to hypothermia-induced seizures in rats 

(Fukuda et al, 2009). These studies highlight the importance of IL-1 regulation in 

the CNS as even subtle changes in IL-1 level may prime neurones to become 

more sensitive to mediators/toxins in the event of an injury. 

IL-1α- and IL-1β-induced IL-6 synthesis in IL-1RAcPb-/- neurones was 

not investigated previously by Lu et al (2008) or Smith et al (2009).Therefore the 

signalling mechanisms involved in IL-1-induced IL-6 in IL-1RAcPb-/- neurones 

completely unknown. In this study, SB203580 completely abolished IL-1α- and 

IL-1β-induced IL-6 synthesis in IL-1RAcPb-/- neurones (Figure 5.3 and Figure 

5.4) and p38 activation (Figure 5.7 and Figure 5.8). This indicates that IL-1RAcPb 

is not required for the recruitment of downstream signalling molecules to activate 

p38 signalling to mediate IL-6 synthesis, and that IL-1RAcPb is not essential for 

IL-1-induced p38 signalling and IL-6 synthesis. This is in contrast to Smith et al 

(2009), who reported IL-1RAcPb as a negative regulator of IL-1-induced p38 

activation in EL4 T-cell line. However, EL4 are T-cells which do not ordinary 

express IL-1RAcP, and over-expression of IL-1RAcP and IL-1RAcPb by 

transfection may alter cellular signalling mechanisms therefore biasing the result. 

In the current study, the role of IL-1RAcPb was studied in primary neurones that 

express IL-1R1, IL-1RAcP and IL-1RAcPb; therefore it is not surprising that 

these two studies produced opposing conclusions for the role of IL-1RAcPb in 

IL-1-induced signalling. Lu et al (2008) did not assess IL-1-induced p38 

signalling, however they demonstrated that IL-1RAcPb could mediate NF-κB 

activity when over-expressed in HEK cells. NF-κB and p38 signalling are two 

independent signalling pathways (Srinivasan et al, 2004; Dunn et al, 2002). Data 

in this study suggests that IL-1RAcPb may potentiate IL-1α-induced p38 in 
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neurones (see Chapter 4), but the role of IL-1RAcPb in modulating IL-1-induced 

NF-κB signalling in neurones remains to be investigated.  

IL-1-induced ERK1/2 activity has not been demonstrated previously in 

neurones, however it is an important mechanism for IL-1-induced actions in glial 

cells (Andre et al, 2005b; Parker et al, 2002; Molina-Holgado et al, 2000a). 

UO126 has been shown to be a specific ERK1/2 inhibitor in these cells. In this 

study UO126 was an effective inhibitor of IL-1-induced IL-6 synthesis in 

neurones suggesting that ERK1/2 signalling is involved in this response (Figure 

5.1 and Figure 5.2). UO126 inhibited IL-1-induced IL-6 expression in both cell 

lysates and supernatants suggesting that ERK1/2 involvement in IL-6 production 

is at the level of protein expression. It is unclear how UO126 inhibits IL-1-

induced IL-6 expression in neurones because ERK1/2 was not induced by IL-1β 

in WT neurones (see Chapter 4, Figure 4.9). Investigating the effects of UO126 on 

IL-1-induced ERK1/2 phosphorylation in neurones revealed that UO126 

abolished all basal ERK1/2 phosphorylation in neurones (Figure 5.5 and Figure 

5.6). The concentration of UO126 (20 µM) was higher than that used on 

astrocytes by Kim et al., (2004); Xie et al., (2004) and Parker et al., (2002) but the 

same as that used by Summers et al., (2010) and lower than that used by Van 

Wagoner et al., (2000) which indicates that the concentration of UO126 used in 

this study was in the accepted range for the specific inhibition of ERK1/2. The 

effect of different concentrations of UO126 on IL-1β-induced ERK1/2 in mixed 

glia was also performed and showed that there was no difference in activity 

between the 10 µM (the concentration most frequently used in previous literature) 

and 20 µM of UO126 (Figure 7.7, Appendix V). This finding indicates that 

although IL-1 did not induce ERK 1/2 activation in neurones, basal ERK1/2 

activity may be essential for IL-1-induced IL-6 synthesis in neurones. 

In IL-1RAcPb-/- neurones IL-1α and IL-1β induced ERK1/2 

phosphorylation (Figure 5.7 and Figure 5.8). These responses were abolished by 

UO126. This is in contrast to the response in WT neurones (Figure 5.5 and Figure 

5.6, and see section 4.4.2). These results suggest that IL-1RAcPb may suppress 

ERK1/2 activity in WT neurones and this inhibition was removed by the deletion 

of the IL-1RAcPb gene. This is consistent with previous findings by Smith et al 

(2009) who demonstrated that IL-1RAcPb is a negative regulator of IL-1β-
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induced ERK1/2 activation when over-expressed in EL4 T-cell line. However, it 

is difficult to relate the function of IL-1RAcPb in EL4 cells to primary neurones 

as these are two completely different cell types. Additionally, our data are only 

preliminary, from a single experiment, and IL-1RA inhibited IL-1α-induced 

ERK1/2 but not IL-1β-induced ERK1/2 phosphorylation. Further studies are 

required to confirm these findings. Interestingly, work from our group has also 

shown, in vivo, that IL-1α exacerbated kainate-induced seizures in IL-1RAcPb-/- 

mice but not in WT C57/BL6 mice (unpublished data), although the mechanisms 

involved were not investigated. In that study, IL-1β (10 min pre-treatment) 

decreased seizure onset time, and increased seizure duration and the number of 

ictal seizure episodes induced by kainite in C57/BL6 mice, but IL-1α (10 min pre-

treatment) had no effect. However, in IL-1RAcPb-/- mice, IL-1α (10 min pre-

treatment) decreased seizure onset time, increased seizure duration and the 

number of ictal seizure episodes. Taken together, these studies indicate that 

IL-1RAcPb down-regulated IL-1α-induced ERK1/2 activity resulting in inhibition 

of seizure activities in WT mice.  

In the present study, IL-1 did not induce Src kinase phosphorylation in 

neurones, however, a Src kinase specific inhibitor, PP2, blocked IL-1β-induced 

IL-6 production in neurones (Figure 5.2), which is consistent with previous 

findings from Tsakiri et al (2008a). Their study on mouse cortical neurones 

demonstrated that IL-1 induced strong Src kinase activation at an early time-point 

(5 min) and this response was blocked by IL-1RA and PP2. However, in this 

study, IL-1 did not induce Src kinase phosphorylation, and the relevance of IL-1-

induced IL-6 inhibition by PP2 is unclear. Data presented here also showed that 

PP2 reduced basal ERK1/2 phosphorylation in neurones (Figure 5.5), suggesting 

that there could be some cross-talk mechanisms between Src kinase signalling 

pathway and ERK1/2 signalling pathway. This could be the mechanism by which 

PP2 inhibits IL-1-induced IL-6 synthesis in this study, which emphasises the 

importance of basal ERK1/2 actions in neuronal responses to IL-1. There is 

evidence suggesting that Src kinase signalling may converge at ERK1/2 signalling 

pathway and that actions of these two pathways may be orchestrated together for 

specific responses. Spinal nerve ligation in rats induces Src kinase and ERK1/2 

activation in spinal microglial cells and both were inhibited by PP2 (Katsura et al, 
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2006). Additionally, in rat neural stem cells, carbachol induced the 

phosphorylation of Src kinase and ERK1/2 but both responses were abolished by 

PP1, another specific Src kinase inhibitor (Zhao et al, 2003). 

PP2 also inhibited IL-1-induced IL-6 synthesis in IL-1RAcPb-/- neurones 

(Figure 5.3 and Figure 5.4). The role of IL-1RAcPb in IL-1-induced Src kinase 

signalling is not clear as IL-1 did not induce Src kinase activation in this study 

(see Chapter 4). Our investigation into the action of PP2 on IL-1-induced 

signalling in IL-1RAcPb-/- neurones is inconclusive, as PP2 did not affect IL-1-

induced p38 or basal Src kinase activity. The action of PP2 on basal ERK1/2 

activity is unclear because basal ERK1/2 phosphorylation, reduced by PP2 was 

detected only in for IL-1α and not IL-1β (Figure 5.7 and Figure 5.8). As there was 

no difference between the action of SB203580 and UO126 in WT and 

IL-1RAcPb-/- neurones, it can only be assumed that PP2 inhibited IL-1-induced 

IL-6 synthesis in IL-1RAcPb-/- neurones by reducing the basal activity of ERK1/2, 

as this was also observed in WT neurones. However, this hypothesis was drawn 

from a single experiment and further analyses are required to test the hypothesis. 

In summary, IL-1α- and IL-1β-induced IL-6 synthesis in WT and 

IL-1RAcPb-/- neurones is mediated by p38 signalling and abolished by IL-1RA, 

SB203580, UO126 and PP2. These effects were observed in both cell lysates and 

supernatants, indicating that the signalling pathways are involved in the 

expression of IL-6. SB203580 inhibited IL-1-induced IL-6 synthesis by 

specifically blocking IL-1-induced p38 activation. UO126 inhibited IL-1-induced 

IL-6 synthesis by blocking basal ERK1/2 activity. Finally the inhibitory action of 

PP2 on IL-1-induced IL-6 synthesis may occur via decreased basal ERK1/2 

activation. These data indicate that p38 and ERK1/2 signalling pathways are 

essential in IL-1-induced IL-6 expression in neurones, but the role of Src kinase 

signalling in IL-1-induced IL-6 expression is unclear. The complete inhibition of 

IL-1-induced IL-6 expression in both WT and IL-1RAcPb-/- neurones by these 

inhibitors suggests that identical signalling pathways are activated in WT and 

IL-1RAcPb-/- neurones and that IL-1RAcPb is not essential to IL-1 signalling. 
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6.1 Summary 

The aim of this study was to determine the role of the newly 

characterised IL-1 accessory protein, called IL-1RAcPb, in the signalling 

mechanisms involved in IL-1 actions in neuronal and glial cells. IL-1RAcPb 

mRNA expression was strong in neuronal cultures when compared to glial 

cultures. IL-1RAcPb deletion did not alter the cellular composition of neuronal or 

glial cell cultures compared to WT cultures. This observation suggests that 

IL-1RAcPb does not affect neuronal or glial cell growth or differentiation. 

Additionally, IL-1RAcPb was not required for IL-1-induced IL-6 synthesis in 

neurones or glia and IL-1α and IL-1β were equipotent at inducing IL-6 in both 

WT and IL-1RAcPb-/- neurones. In WT glial cultures, IL-1α was more potent than 

IL-1β at inducing IL-6 synthesis, but both cytokines were equipotent in 

IL-1RAcPb-/- glia, which suggests that IL-1RAcPb may contribute to the action of 

IL-1α in WT glial cells, and thus to the differential actions of IL-1α and IL-1β in 

glial cells. Schematic diagrams summarising the affects of IL-1RAcPb on IL-1 

actions on neuronal and glial cells are represented in Figure 6.1and Figure 6.2. 

The contribution of IL-1RAcPb to IL-1-induced signalling pathways is 

unknown. Only p38 was activated by IL-1α and IL-1β in neurones, whilst ERK1/2 

and Src kinase activation was not detected (Figure 6.1). IL-1α and IL-1β-induced 

p38 phosphorylation with equal potency in WT neurones, but IL-1β was more 

potent than IL-1α at activating p38 in IL-1RAcPb-/- neurones. These findings 

suggest that IL-1RAcPb may contribute to IL-1α-induced p38 activation in WT 

neurones. IL-1α and IL-1β induced p38 and ERK1/2 activation in glial cells, 

whilst Src kinase activation was not detected. IL-1RAcPb did not affect IL-1α- or 

IL-1β-induced ERK1/2 signalling in glial cells but its contribution to IL-1-

induced p38 and Src kinase activation in glial cells remains unclear (Figure 6.2).  

Although IL-1α and IL-1β did not induce ERK1/2 and Src kinase 

activation in neurones, the use of UO126 (ERK1/2 inhibitor) and PP2 (Src kinase 

inhibitor) as well as SB203580 (p38 inhibitor) showed that p38, ERK1/2 and Src 

kinase signalling pathways are central to IL-1-induced IL-6 synthesis in neurones 

(Figure 6.1).  



Chapter 6______________________________General discussion and conclusion 

 

 181

PLASMA MEMBRANE

p38 p38 ERK1/2

SB203580

UO126

PP2

IL-1RAcPb

IL-1 α IL-1RAcP

IL-1R1

IL-6
IL-6

IL-6IL-6

IL-6
IL-6

WT cell IL-1RAcPb -/- cell

p38

IL-1 β

IL-6
IL-6

IL-6

WT cell

SB203580

UO126

PP2

Neuronal 
cell

 

Figure 6.1. The role of IL-1RAcPb in IL-1-induced actions in neuronal cells 

In WT neurones, IL-1α and IL-1β were equipotent at inducing IL-6 synthesis and 
p38 activation. However, in IL-1RAcPb-/- neurones, IL-1β was more potent than 
IL-1α at inducing p38 activation, this was caused by a diminished p38 activation 
induced by IL-1α in IL-1RAcPb-/- when compared to WT neurones. IL-1α and IL-
1β-induced IL-6 in IL-1RAcPb-/- neurones were comparable. These results 
indicate IL-1RAcPb contributed specifically to IL-1α-induced p38 activation but 
not IL-6 synthesis. ERK1/2 was not activated by IL-1β in WT neurones but was 
induced by IL-1α in IL-1RAcPb-/- neurones indicating that IL-1RAcPb may 
negatively regulate IL-1α-induced ERK1/2 activation in WT neurones. 
Additionally, Src kinase was not activated by IL-1α or IL-1β in WT or 
IL-1RAcPb-/- neurones, but, PP2, a Src kinase specific inhibitor abolished IL-1α- 
and IL-1β-induced IL-6 in neurones, indicating that Src kinase activity is involved 
in IL-1-induced IL-6 synthesis. SB203580 and UO126 also inhibited IL-1α- and 
IL-1β-induced IL-6 in neurones indicating that p38 and ERK1/2 are important 
signaling pathways mediating IL-1-induced IL-6 in neurones. These data suggests 
that IL-1RAcPb may modulate multiple signalling pathways in neurones, but the 
specific action of IL-1RAcPb (whether positively or negatively regulating IL-1 
action) may depend on the specific signaling pathway. 
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Figure 6.2. The role of IL-1RAcPb in IL-1-induced actions in glial cells 

In WT glia, IL-1α was more potent than IL-1β at inducing IL-6 synthesis. 
However, in IL-1RAcPb-/- glia, the two cytokines were equipotent because IL-1α 
induced IL-6 was reduced in IL-1RAcPb-/- glia compared to WT glia. These 
results indicate that IL-1RAcPb contributed specifically to IL-1α-induced IL-6 
synthesis in WT glia. The mechanism responsible for this differential effect is 
unknown because IL-1α and IL-1β induced ERK1/2 with similar strength in WT 
and IL-1RAcPb-/- glia. IL-1-induced p38 activation could not be quantified 
(indicated by broken line) and IL-1-induced Src kinase activation was not 
detected, therefore the contribution of these two signaling pathways in IL-1-
induced IL-6 in glial cells is not clear. 
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6.2 Experimental approaches 

The aim of an in vitro study is to investigate in vivo mechanisms in a 

restricted but more controlled environment. In vivo studies are often considered 

more valid since the mechanisms studied occurs in more physiological, spatial and 

temporal conditions that govern the response. However, it is difficult to study the 

contribution of a single cell type and/or specific molecular mechanisms in vivo. In 

vitro studies have the advantage that a specific response of interest can be studied 

in a single cell type population, in isolation, in the absence of other factors or 

contact with other cell types. By this method, the mechanisms, likely to be similar 

to those involved in vivo, can be identified in vitro. For example, in vivo studies 

have shown that cerebral ischaemia induces the activation of MAPK signalling 

(Skifter et al, 2002; Walton et al, 1998) and IL-1 expression (Boutin et al, 2001; 

Legos et al, 2000; Liu et al, 1993), and importantly, inhibition of these signalling 

pathways by IL-1RA (Emsley et al, 2005; Mulcahy et al, 2003; Yang et al, 1999; 

Yang et al, 1998; Stroemer and Rothwell, 1997; Betz et al, 1995; Relton and 

Rothwell, 1992), or specific inhibitors have been shown to be neuroprotective 

(Wang et al, 2004; Legos et al, 2001; Barone et al, 2001b). In vitro, MAPK 

activation in glial cells resulted in expression of proinflammatory cytokines such 

as IL-1, IL-6, PGE2 (Andre et al, 2005b; Kim et al, 2004; Parker et al, 2002) and 

these responses were blocked by IL-1RA or specific inhibitors. These studies 

suggest that cerebral ischaemia induces MAPK activation in glial cells leading to 

an increase in proinflammatory mediator expression to induce neuronal cell death. 

Glial–mediated neuronal cell death has been demonstrated previously in vitro 

(Thornton et al, 2006; Xie et al, 2004). However, some responses could be 

abrogated in the absence of different cell types, therefore a lack of response such 

as that observed for the effect of IL-1 on Src kinase activation in the current study 

should be interpreted with caution. 

Previous studies (Smith et al, 2009; Lu et al, 2008) have used cell lines to 

characterise the function of IL-1RAcPb. In this study the role of IL-1RAcPb in 

IL-1-induced actions was studied in primary neuronal and glial cultures, which is 

more physiologically relevant. The disadvantage of using a cell line is that the 

intracellular machinery in these cells is different to neurones and glia, therefore 

their responses to IL-1 could be modified. Additionally, both previous reports 
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investigated IL-1RAcPb action by gene transfection which could lead to many 

compensatory mechanisms being triggered, and over-expression of IL-1RAcPb 

could introduce bias into the IL-1 response. However using primary cell cultures 

also has its disadvantages. For instance, the influence of other cell types in the 

brain parenchyma on IL-1RAcPb-mediated IL-1 actions cannot be investigated, 

although neuronal and glial cells in cultures are morphologically and functionally 

similar to neurones and glia in vivo. Neurones in cultures are electrically excitable 

cells with the capacity to generate action potentials, form functional synapses and 

are capable of neurotransmitter expression such as substance P, and other proteins 

including L-1, IL-6 and NGF (Skoff et al, 2009; Tsakiri et al, 2008c; Carlson et al, 

1999; Freidin et al, 1992; Kriegstein and Dichter, 1984; Dichter et al, 1983; 

Kriegstein and Dichter, 1983; Dichter, 1978). Glial cells in cultures are partially 

activated but the level of activation is considered minimum given that the level of 

signalling and proinflammatory mediators synthesised in control cells are very 

low. In vivo, following injuries such as cerebral ischaemia, p38 MAPK signalling 

is activated in astrocytes and microglial cells, and activation of these signalling 

pathways is also evident in glial cells in vitro (de Souza et al, 2008; Andre et al, 

2005b). These studies indicate that neurones and glial cells in culture are valid 

systems to investigate the role of IL-1RAcPb in the mechanisms of IL-1 action in 

vivo. 

In this study, RT-PCR, ELISA and Western blotting were used as 

methods of analysis. Whilst ELISA is a quantitative measure, RT-PCR and 

Western blotting are semi-quantitative measures which may not be sensitive 

enough to detect subtle but physiologically relevant changes. This may give rise 

to false negative results. In this study, RT-PCR data indicated that IL-1RAcPb 

deletion did not affect the expression of IL-1RAcP mRNA in neurones and glia, 

however, this needs to be confirmed by quantitative PCR as subtle changes in 

IL-1RAcP mRNA consequent to IL-1RAcPb deletion may not be detected by 

semi-quantitative RT-PCR. Similarly, Western blotting analysis indicated that 

IL-1 did not induced ERK1/2 and Src kinase activation in neurones (see Chapter 

4), but this would need to be confirmed using quantitative analysis such as 

ELISA.  
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6.3 IL-1RAcPb expression in CNS cells. 

The expression of IL-1RAcPb was previously shown to be most 

abundant in the CNS, with expression greater than IL-1RAcP in the brain (Smith 

et al, 2009). RT-PCR revealed that IL-1RAcPb is expressed in both neuronal and 

mixed glial cultures prepared from mice embryos and neonatal mice respectively. 

However, the expression of IL-1RAcPb was strong in neuronal cells but weak in 

glial cells, which is consistent with previous findings (Smith et al, 2009). 

Expression of IL-1RAcPb during early stages of development suggests that this 

receptor could be expressed constitutively in the brain. This is consistent with 

reports that IL-1R1 are expressed constitutively in rat hippocampus and Xenopus 

laevis (Friedman, 2001; Jelaso et al, 1998). Early expression of IL-1R1 in 

Xenopus laevis in the midbrain and hindbrain was suggested to be involved in 

promoting neuronal survival during CNS development which suggests that 

IL-1RAcPb could also have a similar role. However, IL-1RAcPb deletion did not 

affect neuronal or glial cell growth or differentiation in vitro suggesting that 

IL-1RAcPb is not essential for normal growth and development of these cells in 

vitro. The role of IL-1RAcPb in neurones and glial cells development in vivo 

remains to be investigated as the presence of other cell types in the brain 

parenchyma or the support of a functioning extracellular matrix, absent in our in 

vitro model, could contribute to the potential function of IL-1RAcPb on brain 

development. 

The expression of IL-1RAcPb in specific glial sub-types is unclear. It is 

not known if the IL-1RAcPb mRNA expression in our mixed glial cultures (see 

section 3.4.3) was derived from the astrocytic population (82%), the microglial 

population (18%), or both. The expression of IL-1RAcPb in astrocytes may 

modulate IL-1 actions in these cells. However, the role of IL-1RAcPb expression 

in microglial cells is unknown since no IL-1 actions were detected in microglial 

cells (Pinteaux et al, 2002; Ban et al, 1993). To address this question, it would be 

necessary to study the expression of IL-1RAcPb in pure microglial or astrocytic 

cultures by PCR as there are currently no effective antibody against IL-1RAcPb to 

investigate this by double immunohistochemistry (IL-1RAcPb + GFAP, and 

IL-1RAcPb + tomato lectin) or Western blotting. The expression of IL-1RAcPb in 

specific cell types could be also determined by immunohistochemistry of 
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astrocytes or microglia combined with in situ hybridization for IL-1RAcPb. The 

expression of IL-1RAcPb in oligodendrocytes and O2A progenitor cells was not 

determined in this study. Immuno-staining of cells in culture did not reveal any 

progenitor cells, however, this could be due to poor antibody and their presence 

could still be there, as has been demonstrated previously for mouse mixed glial 

cultures (Parker et al, 2002). The low level of IL-1RAcPb expression in our glial 

cultures could come from uncharacterised O2A cells since these progenitor cells 

and neurones are derived from same neural precursor cell lineage. The expression 

of IL-1RAcPb by glial and progenitor cells may contribute to the acute and 

chronic inflammatory response of the CNS. Astrocytes and microglial are 

activated in response to acute brain damage (e.g. cerebral ischaemia) and in 

neurodegenerative diseases including Alzheimer’s disease and multiple sclerosis. 

However, the role of IL-1RAcPb in these conditions is completely unknown. 

 

6.4 The role of IL-1RAcPb in IL-1-induced IL-6 in 

neurones and glia 

In a previous study (Tsakiri et al, 2008c), IL-1α and IL-1β were 

demonstrated to differentially induce IL-6 in mouse cortical neurones, however 

this was not observed in the current study. Differences in mouse strain and 

culturing protocol have been speculated as possible causes to this discrepancy (see 

Chapter 3). As we observed neither an increase nor a decrease in IL-1 response in 

IL-1RAcPb-/- neuronal culture when compared to WT, we can conclude that 

IL-1RAcPb did not contribute significantly to IL-1α- or IL-1β-induced IL-6 

synthesis in neurones. However, neurones in vitro may lack cell-to-cell contacts 

or supporting factors from other cell types that could be essential for IL-1RAcPb 

functions. The effect of IL-1RAcPb on IL-1-induced neuronal IL-6 synthesis in 

vivo is not known. IL-6 was chosen as a read-out for IL-1 actions since it has been 

shown to be strongly induced by IL-1 in both neurones and glial cells (Tsakiri et 

al, 2008c; Parker et al, 2002). However, neurones also express other mediators 

including NGF, BDNF, substance P and neurotrophins (Skoff et al, 2009; 

Mattson, 2005; Isackson, 1995) which could be used as possible end-points to 

investigate the function of IL-1RAcPb. 
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IL-1-induced IL-6 is a mechanism involved in IL-1-induced fever (Chai 

et al, 1996; LeMay et al, 1990), however, this response involves the distal action 

of IL-1 and cross-talk between multiple brain regions (the hypothalamus and the 

pituitary which forms the hypothalamic-pituitary-adrenal axis), which could not 

be studied using cell culture. Distal action of IL-1 was demonstrated by the icv 

infusion of IL-1β and subsequent activation of NF-κB in subcortical brain regions 

such as the hypothalamus and amygdala (Konsman et al, 2000). It is unclear from 

the current study whether IL-1RAcPb could be involved in distal actions of IL-1 

such as fever (Sanchez-Alavez et al, 2006; Konsman et al, 2000; Anforth et al, 

1998). IL-6 is a potent pyrogen (Ulrich-Pur et al, 2000; Lenczowski et al, 1999; 

Sundgren-Andersson et al, 1998), IL-1RAcPb contributed to IL-1α-induced IL-6 

in glial cells suggests that IL-1RAcPb may affect IL-1-induced distal actions such 

as fever.  

IL-1RAcPb may contribute to IL-1α and IL-1β differential effects in glial 

cells by contributing preferentially to IL-1α-induced IL-6. Differential effects of 

IL-1α and IL-1β have been reported in vitro (Tsakiri et al, 2008c; Andre et al, 

2005b; Juric and Carman-Krzan, 2001) and in vivo (Dube et al, 2001; Lemke et al, 

1999; Beuscher et al, 1992). IL-1α and IL-1β are encoded by different genes, but 

act at the same complex receptor, IL-1R1/IL-1RAcP and contribute similarly to 

many biological responses, however, they display low sequence homology (27 %) 

(for review see Allan et al, 2005). The mechanism by which IL-1α or IL-1β 

interact with this signalling complex is not clear but the differential effects of 

IL-1α and IL-1β on IL-6 expression in glia suggests that IL-1α and IL-1β may 

bind to the signalling complex differently. Indeed, differential interaction between 

IL-1α and IL-1β to IL-1RAcP has been reported previously (Yoon and Dinarello, 

2007), and binding of IL-1α to the signalling complex may lead to the recruitment 

of IL-1RAcPb and/or other adapter molecules to regulate IL-1α signalling 

mechanisms. The specific effects of IL-1RAcPb on IL-1α activity suggest that 

IL-1α may have a higher affinity for IL-1RAcPb than IL-1β. It would be 

necessary to do cell binding assay and ligand displacement studies on IL-1α and 

IL-1β in WT and IL-1RAcPb-/- cells to confirm this. It is well documented that 

IL-1α and IL-1β display different affinity for IL-1R1 and IL-1R2, and these 

affinities could be species dependent, or strain or cell specific (see Chapter 1). 
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These contributory effects of IL-1RAcPb on IL-1α action may help to explain 

some of the differences between IL-1α and IL-1β actions in the CNS. 

 

6.5 The role of IL-1RAcPb in IL-1-induced signalling 

in neurones and glia  

Studying the role of IL-1RAcPb on IL-1-induced IL-6 synthesis in 

neurones did not reveal an active role for IL-1RAcPb in this response. However, 

IL-1RAcPb appeared to contribute to IL-1α-induced p38 activation in neurones 

which indicates that IL-1RAcPb could affect other neuronal response mediated by 

p38 signalling. Indeed, IL-1-induced activation of the p38 signalling pathway has 

been shown to induce IL-6 in neuronal cell line (Bergamaschi et al, 2006), as well 

as expression of other proinflammatory genes including cPLA2 and COX-2 gene 

in human neuroblastoma cells (Moolwaney and Igwe, 2005). In vivo, p38 is 

activated by cerebral ischaemia in rodents (Irving et al, 2000; Walton et al, 1998) 

and inhibiting p38 action is neuroprotective (Legos et al, 2001; Barone et al, 

2001a; Barone et al, 2001b). The role of IL-1RAcPb in these experimental 

settings is unknown, but it is possible that IL-1RAcPb may contribute to 

ischaemia-induced brain damage driven by IL-1 (see Chapter 1) by contributing to 

IL-1α actions.  

Conversely to p38 activation, IL-1β failed to induce ERK1/2 in WT 

neurones, but was activated by IL-1α in IL-1RAcPb-/- neurones. This suggests that 

IL-1RAcPb may have a negative regulatory role in IL-1α-induced ERK1/2 

activity in neurones. The significance of IL-1α-induced ERK1/2 activation in 

IL-1RAcPb-/- neurones is unclear. Preliminary data from our laboratory have 

shown that IL-1α mediates kainate-induced seizures and subsequent brain damage 

in IL-1RAcPb-/-, but not in WT mice (unpublished data), suggesting that 

IL-1RAcPb is effectively a negative modulator of IL-1α action. These data 

suggest that the mechanism of IL-1α-induced brain damage in kainate-induced 

seizures could be attributed to IL-1α-induced ERK1/2 signalling in IL-1RAcPb-/- 

neurones. 

Although IL-1β did not induce ERK1/2 activation in WT neurones, basal 

ERK1/2 activity was essential for IL-1-induced IL-6 synthesis in neurones 
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because in the absence of basal ERK1/2 phosphorylation, IL-1 did not induce IL-6 

(see Chapter 5). This indicates that IL-1-induced IL-6 expression requires 

activation of more than one signalling pathway. This is consistent with our 

understanding of the role of ERK1/2 and p38 in gene expression. Effectively, as 

activated ERK1/2 is involved in protein synthesis at a transcription level whereas 

MK2 is involved in protein synthesis at a translational level (see introduction to 

Chapter 4), inhibiting basal ERK1/2 activity could result in blockage of 

expression of downstream inflammatory mediators, and the activation of 

translational machinery is ineffective in the absence of transcription. 

IL-1-induced protein expression is associated with IL-1 slow responses 

such as IL-1-induced IL-6 and PGE2 during neuroinflammation. However, IL-1 is 

also associated with a rapid and transient response involving Src kinase activation 

and ion channel activation, resulting in changes in neuronal electrical properties 

(Tsakiri et al, 2008a; Davis et al, 2006; Sanchez-Alavez et al, 2006; Desson and 

Ferguson, 2003; Viviani et al, 2003; Borsody and Weiss, 2002), which is evident 

in seizures (Balosso et al, 2008). However, in this study, IL-α and IL-1β did not 

induce Src kinase activation in neurones or glia. The cause of this discrepancy 

could be related to the differences in species, strain of animals used, population of 

neurones studied and/or time-point investigated as well as limitations in the 

method of detection (see section 6.2). However, our chosen time-point was the 

suggested optimum time for IL-1-induced Src kinase in mouse cortical neurones 

(Tsakiri et al, 2008a). The role of IL-1RAcPb in IL-1-induced ionic channel 

activation was not investigated in this study, therefore remains a potential avenue 

for future investigations. Whole-cell patch-clamp recordings of WT and 

IL-1RAcPb-/- in response to IL-1 could be a potential technique to study the role 

of IL-1RAcPb in neuro-electrophysical responses.  

In glial cells, IL-1RAcPb did not contribute to IL-1-induced ERK1/2 

signalling, and its effect on p38 and Src kinase activation could not be 

determined. IL-1 has been demonstrated to induce NF-κB signalling in glial cells 

(Srinivasan et al, 2004) which could potentially be modulated by IL-1RAcPb. 

Indeed, knowing that activation of MAPK and NF-κB signalling pathways in glial 

cells leads to the production of proinflammatory mediators such as IL-1, IL-6, 

TNF and PGE2 (Andre et al, 2005b; Kim et al, 2004; Parker et al, 2002; Dunn et 
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al, 2002), modulation of these signalling pathways by IL-1RAcPb could indicate a 

potential role for IL-1RAcPb in the inflammatory response of the CNS. 

 

6.6 Conclusion 

This study showed that IL-1RAcPb modulates selectively the action of 

IL-1α in neurones and glial cells in vitro. More specifically, IL-1RAcPb 

contributed to IL-1α-induced p38 activation but negatively regulated ERK1/2 

activation in neurones. In glial cells, IL-1RAcPb contributed to IL-1α-induced 

IL-6 synthesis. These observations suggest that the action of IL-1RAcPb could 

affect multiple signalling cascades in parallel as well as being cell specific. 

IL-1RAcPb did not mediate IL-1β actions in neurones or glia, which suggests that 

IL-1RAcPb may modulate only some IL-1 responses (IL-1α-induced responses). 

However, further investigations are required to confirm these hypotheses.  
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6.7 Future directions 

The role of IL-1RAcPb could be further studied by investigating the 

contribution to other IL-1 actions, for example, expression of other mediators 

such as TNF-α, PGE2 or neurotrophic factors. IL-1-induced NF-κB signalling in 

neurones and glial could also be a potential avenue to further investigate the role 

of IL-1RAcPb in IL-1 actions. The effect of IL-1RAcPb on neuronal 

electrophysiological activity could also be investigated. IL-1 has been shown to 

affect different neuronal population differently including hyperpolarisation of 

mouse anterior hypothalamic neurones (Davis et al, 2006; Tabarean et al, 2006; 

Sanchez-Alavez et al, 2006), excitation of mouse cerebellar Purkinje cells 

(Motoki et al, 2008) and neurones in the paraventricular nucleus in rats (Ferri and 

Ferguson, 2003). Both IL-1β-induced hyperpolarisation and depolarisation were 

observed in rat subfornical organ neurones and locus coeruleus neurones (Desson 

and Ferguson, 2003; Borsody and Weiss, 2002). In mouse cortical neurones, IL-1-

induced IL-6 and Src kinase activation (Tsakiri et al, 2008a), and p38 activation in 

rat hippocampal neurones (Srinivasan et al, 2004). Therefore, the next step in 

understanding the role of IL-1RAcPb would be to investigate the function of this 

receptor (in electrophysiology and IL-1-induced signalling pathways) in different 

neuronal populations.  

In addition to the in vitro approach, the role of IL-1RAcPb in IL-1 

signalling can also be studied in vivo. IL-1RAcPb has been shown to be a negative 

regulator of IL-1α action in kainite-induced seizures (unpublished data). This 

indicates that IL-1RAcPb may act as a negative modulator of IL-1α but not IL-1β 

actions in neurones. IL-1 is a key cytokine in acute and chronic 

neuroinflammation indicating that the role of IL-1RAcPb in the CNS could be 

wide ranging and unknown. The role of IL-1RAcPb in stroke, brain trauma, PD or 

AD are potential avenues for future investigations. 

IL-1 actions independent of IL-1R1 has been shown both in vitro (Andre 

et al, 2006) and in vivo (Touzani et al, 2002), however, the role of IL-1RAcPb in 

these responses is unknown. One hypothesis is that IL-1RAcPb could be a 

co-receptor to an uncharacterised IL-1 receptor, which may contribute to IL-1-

induced IL-1R1 independent actions. This thesis has so far only focused on the 

role of IL-1RAcPb in IL-1-induced actions, however IL-1RAcPb may also have a 
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role in IL-18- or IL-33-induced actions as both these ligands require the 

association of an accessory protein to initiate signalling. Investigating the role of 

IL-1RAcPb independent of IL-1R1 and IL-1 could be a new chapter for the 

characterisation of IL-1RAcPb actions. 



 

 

7. Appendices 
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Appendix I. Recipes for medium and buffers and experimental 
reagents 
 

Table 7.1. Starve medium 

Reagents Quantity Source 

   

Dulbecco’s Modified Eagle’s 
Medium (DMEM) 

500 ml Sigma 

100 U/ml/ penicillin and 100 µg/ml 
streptomycin 

5 ml Sigma 

 

Table 7.2. Dissociation medium 

Reagents Quantity Source 

   

Starve medium 2 ml Table 7.1 

10 x trypsin 200µl Invitrogen 

Deoxyribonuclease 375 U/ml Sigma 

 

Table 7.3. Wash medium  

Reagents Quantity Source 

   

Dulbecco’s Modified Eagle’s 
Medium (DMEM) 

500 ml Sigma 

100 U/ml/ penicillin and 100 µg/ml 
streptomycin 

5 ml Sigma 

Foetal calf serum (FCS) 50 ml PAA Laboratories (UK) 
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Table 7.4. Seeding medium 

Reagents Quantity Source 

   

Neurobasal medium 500 ml Invitrogen 

B27 with antioxidants 10 ml Invitrogen 

Plasma derived serum (bovine) 25 ml First Link (UK) 

L-Glutamine 200mM (100x) 5 ml Invitrogen 

100 U/ml/ penicillin and 100 µg/ml 
streptomycin 

5 ml Sigma 

 

Table 7.5. Maintenance medium 

Reagents Quantity Source 

   

Neurobasal medium 500 ml Invitrogen 

B27 without antioxidants 10 ml Invitrogen 

Plasma derived serum (bovine) 25 ml First Link (UK) 

L-Glutamine 200mM (100X) 5 ml Invitrogen 

100 U/ml/ penicillin and 100 µg/ml 
streptomycin 

5 ml Sigma 

 

Table 7.6. Mixed glia culture medium 

Reagents Quantity Source 

   

Dulbecco’s Modified Eagle’s 
Medium (DMEM) 

500ml Sigma 

100 U/ml/ penicillin and 100µg/ml 
streptomycin 

5ml Sigma 

Foetal calf serum (FCS) 50 ml PAA Laboratories (UK) 
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Table 7.7. Antibodies used to characterise neuronal and glial cultures 

Reagents / antibody Dilution Source 

   

A2B5 

(anti-GT3 ganglioside)  

1:10 (2% Donkey serum 0.5% 
BSA in primary diluent - 
0.1% triton-X-100 in PBS 
with 1.5 mM sodium azide) 

Gift from Christine 
Pigott and Peter 
Andrews (Sheffield 
University, UK) 

Normal Donkey serum 2% (0.1% triton-X-100 in 
PBS with 1.5 mM sodium 
azide) 

Jackson 
Immunoresearch  

GFAP (anti-glial 
fibrillary acidic protein 
conjugated to Cy3) 

1:500 (2% Donkey serum 
0.5% BSA in primary diluent 
- 0.1% triton-X-100 in PBS 
with 1.5 mM sodium azide) 

Sigma 

Biotinylated tomatoe 
lectin  

1:200 (2% Donkey serum 
0.5% BSA in primary diluent 
- 0.1% triton-X-100 in PBS 
with 1.5 mM sodium azide) 

Sigma 

NeuN (Mouse anti-
neuronal nuclei)  

1:500 (2% Donkey serum 
0.5% BSA in primary diluent 
- 0.1% triton-X-100 in PBS 
with 1.5 mM sodium azide) 

Chemicon 
(Temecula, CA, 
USA) 

DAPI (4’,6-diamidino-
2-phenylindole, 
dihydrochoride) 

 Vector Laboratories 
(Burlington, CA, 
USA). 

 



________________________________________________________Appendices 

 

 197

Table 7.8. Reagents and their sources used for RT-PCR. 

Reagents Quantity Source 

   

Trizol reagent 500 µl/ml Invitrogen 

Chloroform  200 µl Fisher scientific 

Isopropanol 250 µl Fisher scientific 

Ethanol 1 ml Fisher scientific 

DNase 1 amplificatuion grade 1 µl Invitrogen 

Oligo (dT) primer 1 µl Invitrogen 

DTT 2 µl Invitrogen 

10 mM dNTPs 1 µl Invitrogen 

MMLV 1 µl Invitrogen 

RNase out 1 µl Invitrogen 

Biomix Red 1 µl Bioline 

Primers (10 pM) 0.4 µl Eurofins MWG operon 



________________________________________________________Appendices 

 

 198

 

Table 7.9. Primers used for genetic characterisation of culture 

Table 7.10. PCR programme for each gene 
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Table 7.11. Lysis buffer  

 

Table 7.12. 2 x Sample buffer (100ml) 

 

Table 7.13. Diluent 8 pH 7.2 – 7.4 (100ml) 

Reagents Quantity Source 

   

EDTA 0.045 g in 100 ml PBS Sigma 

Triton-X 100 500 µl Sigma 

Sodium fluoride 0.021 g Sigma 

Reagents Quantity Source 

   

50mM tris pH 7.5 1 ml Sigma 

NP40 100 µl Sigma 

0.5 M NaF 1 ml Sigma 

1M B-glycerophosphate 500 µl Sigma 

0.5 M Sodium orthovanadate 100 µl Sigma 

dH2O 7.2 ml  

100mM PMSF 10 µl/ml  Sigma 

Reagents Quantity Source 

   

1M Tris pH 6.8 5 ml Sigma 

10% SDS 20 ml Sigma 

Bromophenol blue 100 mg Sigma 

glycerol 10 ml Fisher Scientific. 

Dithiothreitol 10 ml or 1.5 g Sigma 

dH2O 55 ml or 65 ml if 
using 1.5 g DTT 
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Table 7.14. Diluent 6 ERK1/2 lysis buffer  pH 7.2 – 7.4 (100ml) 

Reagents Quantity Source 

   

EDTA 0.045 g in 100 ml 
PBS 

Sigma 

Triton-X 100 500 µl Sigma 

Sodium fluoride 0.021 g Sigma 

Urea (6 M) 36 g Sigma 

Sodium pyrophosphate (2.5 mM) 0.06 g Sigma 

Sodium orthovanadate (1 mM) 0.018 g Sigma 

100mM PMSF 10 µl/ml  Sigma 
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Appendix II. The effects of IL-1RA on neurones 
 
 

IL-1RA treated IL-1RAcPb -/- neurones
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Figure 7.1. The effects of IL-1RA on neurones. 

Neurones were treated with vehicle or IL-1RA (1µg/ml) for 24 h. Lysates were 
collected and analysed for IL-6 by ELISA. A. IL-1RA alone did not induce IL-6 
in WT (n=6) or B. IL-1RAcPb-/- (n=6) neurones. One-way ANOVA and Tukey 
post-hoc test. Dashed line indicates detection limit (10 pg/ml). 
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Appendix III. IL-1-induced pentraxin-3 release in neurones and 
glia 
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Figure 7.2. IL-1α- and IL-1β-induced PTX3 release in neuronal cultures. 

WT neurones were treated with vehicle, IL-1α (0.03-30 IU/ml) or IL-1β (0.03-30 
IU/ml) for 24 h in the absence or presence of IL-1RA (1µg/ml), IL-1RA alone or 
heat-treated IL-1α/IL-1β. Supernatants were collected and analysed for PTX3 by 
ELISA. IL-1α (0.03-30 IU/ml: n=3) (A) and IL-1β (0.3-30 IU/ml: n=3) (B) 
significantly induced PTX3 release compared to vehicle. These responses were 
blocked by co-incubation with IL-1RA. * P< 0.05, ** P< 0.01, *** P<0.001 IL-1 
vs. vehicle. ## P< 0.01, ### P<0.001 IL-1 (0.3 IU/ml) vs. ILRA co-incubation. One-
way ANOVA and Tukey post-hoc test. Dashed line indicates detection limit (274 
pg/ml). 
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Figure 7.3. Comparison of IL-1α- and IL-1β-induced PTX3 release in 

neuronal cultures. 

Comparison of the level of PTX3 induced by vehicle, IL-1α (0.03-30 IU/ml), IL-
1β (0.03-30 IU/ml), in the absence or presence of IL-1RA (1µg/ml), IL-1RA alone 
or heat-treated IL-1α/IL-1β showed that IL-1α and IL-1β induced similar levels of 
PTX3 release in WT neurones. No significant difference between IL-1α- and 
IL-β-induced PTX3 was found for any concentrations of IL-1 tested. Two-way 
ANOVA and Bonferroni post hoc test. Dashed line indicates detection limit (274 
pg/ml). 
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Figure 7.4. IL-1α- and IL-1β-induced PTX3 release in glial cultures. 

WT glia were treated with vehicle, IL-1α (0.03-30 IU/ml) or IL-1β (0.03-30 
IU/ml) for 24 h in the absence or presence of IL-1RA (1µg/ml), IL-1RA alone or 
heat-treated IL-1α/IL-1β. Supernatants were collected and analysed for PTX3 by 
ELISA. IL-1α (0.3-30 IU/ml: n=4) (A) and IL-1β (3-30 IU/ml: n=5) (B) 
significantly induced PTX3 release compared to vehicle. These responses were 
blocked by co-incubation with IL-1RA. ** P< 0.01, *** P<0.001 IL-1 vs. vehicle. 
## P< 0.01, ### P<0.001 IL-1 (0.3 IU/ml) vs. ILRA co-incubation. One-way 
ANOVA and Tukey post-hoc test. Dashed line indicates detection limit (90 
pg/ml). 
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Figure 7.5. Comparison of IL-1α- and IL-1β-induced PTX3 release in glial 

cultures. 

Comparison of the level of PTX3 induced by vehicle, IL-1α (0.03-30 IU/ml), IL-
1β (0.03-30 IU/ml), in the absence or presence of IL-1RA (1µg/ml), IL-1RA alone 
or heat-treated IL-1α/IL-1β showed that IL-1α was significantly more potent than 
IL-1β at inducing PTX3 in glia at 0.3 IU/ml. Two-way ANOVA and Bonferroni 
post hoc test. . ** P<0.01 IL-1α vs. IL-β. Dashed line indicates detection limit (90 
pg/ml). 
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Appendix IV. The effect of IL-1 on IL-6 expression in IL-1RAcP -/- 

neurones. 
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Figure 7.6. The effect of IL-1α- and IL-1β on IL-6 expression in IL-1RAcP-/- 

neuronal cultures 

IL-1RAcP-/- neurones were treated with vehicle, IL-1α (0.03-30 IU/ml) or IL-1β 
(0.03-30 IU/ml) for 24 h in the presence or absence of IL-1RA (1 µg/ml). 
Supernatants were collected and analysed for IL-6 by ELISA. IL-1α (A) and 
IL-1β (B) failed to induce IL-6 at any concentration of cytokine tested. One-way 
ANOVA and Tukey’s multiple comparison tests. Detection limit was 10 pg/ml. 
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Appendix IV. The effect of UO126 on IL-1β-induced ERK1/2 
phosphorylarion in mixed glial cells 
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Figure 7.7. The effect of UO126 on IL-1β-induced ERK1/2 phosphorylarion 

in mixed glial cells 

WT mixed glial cells were treated with vehicle, DMSO and/or IL-1β (3 IU/ml) for 
15 min in the presence or absence of IL-1RA (10 µg/ml) or increasing 
concentration of UO126. Cell lysates were collected and analysed for ERK1/2 
phosphorylation by Western blot analysis. IL-1β induced ERK1/2 activation that 
was blocked by IL-1RA and OU126 (1 µM-20 µM. UO126 inhibited both p42 
and p44 isoform of ERK activation and at higher concentrations,10 µM and 20 
µM, UO126 inhibited basal ERK1/2 activity. 
 



________________________________________________________Appendices 

 

 208

 

8. List of references  



____________________________________________________List of references 

 

 209

1.  Ajami B, Bennett JL, Krieger C, Tetzlaff W and Rossi FM . 2007. Local 
self-renewal can sustain CNS microglia maintenance and function 
throughout adult life. Nat Neurosci 10:1538-1543. 

2.  Ali C, Nicole O, Docagne F, Lesne S, MacKenzie ET, Nouvelot A, Buisson 
A and Vivien D. 2000. Ischemia-induced interleukin-6 as a potential 
endogenous neuroprotective cytokine against NMDA receptor-mediated 
excitotoxicity in the brain. J Cereb Blood Flow Metab 20:956-966. 

3.  Allan SM, Rothwell NJ. 2003. Inflammation in central nervous system 
injury. Philos Trans R Soc Lond B Biol Sci 358:1669-1677. 

4.  Allan SM, Tyrrell PJ and Rothwell NJ. 2005. Interleukin-1 and neuronal 
injury. Nat Rev Immunol 5:629-640. 

5.  Amantea D, Bagetta G, Tassorelli C, Mercuri NB and Corasaniti MT. 
2010. Identification of distinct cellular pools of interleukin-1beta during the 
evolution of the neuroinflammatory response induced by transient middle 
cerebral artery occlusion in the brain of rat. Brain Res 1313:259-269. 

6.  Andre R, Lerouet D, Kimber I, Pinteaux E and Rothwell NJ . 2005a. 
Regulation of expression of the novel IL-1 receptor family members in the 
mouse brain. J Neurochem 95:324-330. 

7.  Andre R, Moggs JG, Kimber I, Rothwell NJ and Pinteaux E. 2006. Gene 
regulation by IL-1beta independent of IL-1R1 in the mouse brain. Glia 
53:477-483. 

8.  Andre R, Pinteaux E, Kimber I and Rothwell NJ. 2005b. Differential 
actions of IL-1 alpha and IL-1 beta in glial cells share common IL-1 
signalling pathways. Neuroreport 16:153-157. 

9.  Anforth HR, Bluthe RM, Bristow A, Hopkins S, Lenczowski MJ, Luheshi 
G, Lundkvist J, Michaud B, Mistry Y, Van Dam AM, Zhen C, Dantzer R, 
Poole S, Rothwell NJ, Tilders FJ and Wollman EE. 1998. Biological 
activity and brain actions of recombinant rat interleukin-1alpha and 
interleukin-1beta. Eur Cytokine Netw 9:279-288. 

10.  Araujo DM, Cotman CW. 1995. Differential effects of interleukin-1 beta 
and interleukin-2 on glia and hippocampal neurons in culture. Int J Dev 
Neurosci 13:201-212. 

11.  Ardizzone TD, Zhan X, Ander BP and Sharp FR. 2007. SRC kinase 
inhibition improves acute outcomes after experimental intracerebral 
hemorrhage. Stroke 38:1621-1625. 

12.  Arend WP, Guthridge CJ. 2000. Biological role of interleukin 1 receptor 
antagonist isoforms. Ann Rheum Dis 59 Suppl 1:i60-i64. 

13.  Arend WP, Malyak M, Smith MF, Jr., Whisenand TD, Slack JL, Sims JE, 
Giri JG and Dower SK. 1994. Binding of IL-1 alpha, IL-1 beta, and IL-1 



____________________________________________________List of references 

 

 210

receptor antagonist by soluble IL-1 receptors and levels of soluble IL-1 
receptors in synovial fluids. J Immunol 153:4766-4774. 

14.  Arend WP, Palmer G and Gabay C. 2008. IL-1, IL-18, and IL-33 families 
of cytokines. Immunol Rev 223:20-38. 

15.  Avital A, Goshen I, Kamsler A, Segal M, Iverfeldt K, Richter-Levin G and 
Yirmiya R. 2003. Impaired interleukin-1 signaling is associated with deficits 
in hippocampal memory processes and neural plasticity. Hippocampus 
13:826-834. 

16.  Balosso S, Maroso M, Sanchez-Alavez M, Ravizza T, Frasca A, Bartfai T 
and Vezzani A. 2008. A novel non-transcriptional pathway mediates the 
proconvulsive effects of interleukin-1{beta}. Brain. 

17.  Ban EM, Sarlieve LL and Haour FG. 1993. Interleukin-1 binding sites on 
astrocytes. Neuroscience 52:725-733. 

18.  Barone FC, Irving EA, Ray AM, Lee JC, Kassis S, Kumar S, Badger AM, 
Legos JJ, Erhardt JA, Ohlstein EH, Hunter AJ, Harrison DC, Philpott K, 
Smith BR, Adams JL and Parsons AA. 2001a. Inhibition of p38 mitogen-
activated protein kinase provides neuroprotection in cerebral focal ischemia. 
Med Res Rev 21:129-145. 

19.  Barone FC, Irving EA, Ray AM, Lee JC, Kassis S, Kumar S, Badger AM, 
White RF, McVey MJ, Legos JJ, Erhardt JA, Nelson AH, Ohlstein EH, 
Hunter AJ, Ward K, Smith BR, Adams JL and Parsons AA. 2001b. SB 
239063, a second-generation p38 mitogen-activated protein kinase inhibitor, 
reduces brain injury and neurological deficits in cerebral focal ischemia. J 
Pharmacol Exp Ther 296:312-321. 

20.  Basu A, Krady JK, O'Malley M, Styren SD, DeKosky ST and Levison SW. 
2002. The type 1 interleukin-1 receptor is essential for the efficient 
activation of microglia and the induction of multiple proinflammatory 
mediators in response to brain injury. J Neurosci 22:6071-6082. 

21.  Basu A, Lazovic J, Krady JK, Mauger DT, Rothstein RP, Smith MB and 
Levison SW. 2005. Interleukin-1 and the interleukin-1 type 1 receptor are 
essential for the progressive neurodegeneration that ensues subsequent to a 
mild hypoxic/ischemic injury. J Cereb Blood Flow Metab 25:17-29. 

22.  Beissert S, Hosoi J, Stratigos A, Brissette J, Grabbe S, Schwarz T and 
Granstein RD. 1998. Differential regulation of epidermal cell tumor-antigen 
presentation by IL-1alpha and IL-1beta. J Invest Dermatol 111:609-615. 

23.  Bergamaschi A, Corsi M and Garnier MJ. 2006. Synergistic effects of 
cAMP-dependent signalling pathways and IL-1 on IL-6 production by H19-
7/IGF-IR neuronal cells. Cell Signal 18:1679-1684. 



____________________________________________________List of references 

 

 211

24.  Betz AL, Yang GY and Davidson BL. 1995. Attenuation of stroke size in 
rats using an adenoviral vector to induce overexpression of interleukin-1 
receptor antagonist in brain. J Cereb Blood Flow Metab 15:547-551. 

25.  Beuscher HU, Rausch UP, Otterness IG and Rollinghoff M . 1992. 
Transition from interleukin 1 beta (IL-1 beta) to IL-1 alpha production 
during maturation of inflammatory macrophages in vivo. J Exp Med 
175:1793-1797. 

26.  Bhat NR, Zhang P and Bhat AN. 1999. Cytokine induction of inducible 
nitric oxide synthase in an oligodendrocyte cell line: role of p38 mitogen-
activated protein kinase activation. J Neurochem 72:472-478. 

27.  Binshtok AM, Wang H, Zimmermann K, Amaya F, Vardeh D, Shi L, 
Brenner GJ, Ji RR, Bean BP, Woolf CJ and Samad TA. 2008. Nociceptors 
are interleukin-1beta sensors. J Neurosci 28:14062-14073. 

28.  Bird TA, Saklatvala J. 1986. Identification of a common class of high 
affinity receptors for both types of porcine interleukin-1 on connective tissue 
cells. Nature 324:263-266. 

29.  Blanco AM, Perez-Arago A, Fernandez-Lizarbe S and Guerri C. 2008. 
Ethanol mimics ligand-mediated activation and endocytosis of IL-1RI/TLR4 
receptors via lipid rafts caveolae in astroglial cells. J Neurochem 106:625-
639. 

30.  Block F, Peters M and Nolden-Koch M. 2000. Expression of IL-6 in the 
ischemic penumbra. Neuroreport 11:963-967. 

31.  Boraschi D, Bossu P, Macchia G, Ruggiero P and Tagliabue A. 1996. 
Structure-function relationship in the IL-1 family. Front Biosci 1:d270-
d308. 

32.  Borders AS, de AL, Van Eldik LJ and Watterson DM. 2008. The p38alpha 
mitogen-activated protein kinase as a central nervous system drug discovery 
target. BMC Neurosci 9 Suppl 2:S12. 

33.  Borsody MK, Weiss JM. 2002. Alteration of locus coeruleus neuronal 
activity by interleukin-1 and the involvement of endogenous corticotropin-
releasing hormone. Neuroimmunomodulation 10:101-121. 

34.  Boutin H, Kimber I, Rothwell NJ and Pinteaux E. 2003. The expanding 
interleukin-1 family and its receptors: do alternative IL-1 receptor/signaling 
pathways exist in the brain? Mol Neurobiol 27:239-248. 

35.  Boutin H, LeFeuvre RA, Horai R, Asano M, Iwakura Y and Rothwell NJ. 
2001. Role of IL-1alpha and IL-1beta in ischemic brain damage. J Neurosci 
21:5528-5534. 

36.  Brissoni B, Agostini L, Kropf M, Martinon F, Swoboda V, Lippens S, 
Everett H, Aebi N, Janssens S, Meylan E, Felberbaum-Corti M, Hirling 



____________________________________________________List of references 

 

 212

H, Gruenberg J, Tschopp J and Burns K. 2006. Intracellular trafficking of 
interleukin-1 receptor I requires Tollip. Curr Biol 16:2265-2270. 

37.  Brogi A, Strazza M, Melli M and Costantino-Ceccarini E. 1997. Induction 
of intracellular ceramide by interleukin-1 beta in oligodendrocytes. J Cell 
Biochem 66:532-541. 

38.  Brough D, Le Feuvre RA, Iwakura Y and Rothwell NJ. 2002. Purinergic 
(P2X7) receptor activation of microglia induces cell death via an 
interleukin-1-independent mechanism. Mol Cell Neurosci 19:272-280. 

39.  Burger D, Chicheportiche R, Giri JG and Dayer JM. 1995. The inhibitory 
activity of human interleukin-1 receptor antagonist is enhanced by type II 
interleukin-1 soluble receptor and hindered by type I interleukin-1 soluble 
receptor. J Clin Invest 96:38-41. 

40.  Burns K, Martinon F, Esslinger C, Pahl H, Schneider P, Bodmer JL, Di 
MF, French L and Tschopp J. 1998. MyD88, an adapter protein involved 
in interleukin-1 signaling. J Biol Chem 273:12203-12209. 

41.  Cannella B, Raine CS. 2004. Multiple sclerosis: cytokine receptors on 
oligodendrocytes predict innate regulation. Ann Neurol 55:46-57. 

42.  Carlson NG, Wieggel WA, Chen J, Bacchi A, Rogers SW and Gahring 
LC. 1999. Inflammatory cytokines IL-1 alpha, IL-1 beta, IL-6, and TNF-
alpha impart neuroprotection to an excitotoxin through distinct pathways. J 
Immunol 163:3963-3968. 

43.  Cartwright CA, Simantov R, Kaplan PL, Hunter T and Eckhart W. 1987. 
Alterations in pp60c-src accompany differentiation of neurons from rat 
embryo striatum. Mol Cell Biol 7:1830-1840. 

44.  Casadio R, Frigimelica E, Bossu P, Neumann D, Martin MU, Tagliabue A 
and Boraschi D. 2001. Model of interaction of the IL-1 receptor accessory 
protein IL-1RAcP with the IL-1beta/IL-1R(I) complex. FEBS Lett 499:65-
68. 

45.  Chai Z, Gatti S, Toniatti C, Poli V and Bartfai T. 1996. Interleukin (IL)-6 
gene expression in the central nervous system is necessary for fever 
response to lipopolysaccharide or IL-1 beta: a study on IL-6-deficient mice. 
J Exp Med 183:311-316. 

46.  Chao CC, Hu S, Ehrlich L and Peterson PK. 1995. Interleukin-1 and tumor 
necrosis factor-alpha synergistically mediate neurotoxicity: involvement of 
nitric oxide and of N-methyl-D-aspartate receptors. Brain Behav Immun 
9:355-365. 

47.  Chaparro-Huerta V, Rivera-Cervantes MC, Flores-Soto ME, Gomez-
Pinedo U and Beas-Zarate C. 2005. Proinflammatory cytokines and 
apoptosis following glutamate-induced excitotoxicity mediated by p38 
MAPK in the hippocampus of neonatal rats. J Neuroimmunol 165:53-62. 



____________________________________________________List of references 

 

 213

48.  Chen C, Leonard JP. 1996. Protein tyrosine kinase-mediated potentiation of 
currents from cloned NMDA receptors. J Neurochem 67:194-200. 

49.  Chen Q, Zhang H, Li Q, An Y, Herkenham M, Lai W, Popovich P, 
Agarwal S and Quan N. 2009. Three Promoters Regulate Tissue- and Cell 
Type-specific Expression of Murine Interleukin-1 Receptor Type I. J Biol 
Chem 284:8703-8713. 

50.  Chen Y, Stevens B, Chang J, Milbrandt J, Barres BA and Hell JW. 2008. 
NS21: re-defined and modified supplement B27 for neuronal cultures. J 
Neurosci Methods 171:239-247. 

51.  Cho KJ, Trzaska KA, Greco SJ, McArdle J, Wang FS, Ye JH and 
Rameshwar P. 2005. Neurons derived from human mesenchymal stem cells 
show synaptic transmission and can be induced to produce the 
neurotransmitter substance P by interleukin-1 alpha. Stem Cells 23:383-391. 

52.  Choi JS, Kim HY, Chung JW, Chun MH, Kim SY, Yoon SH and Lee MY. 
2005. Activation of Src tyrosine kinase in microglia in the rat hippocampus 
following transient forebrain ischemia. Neurosci Lett %20-27;380:1-5. 

53.  Clark SR, McMahon CJ, Gueorguieva I, Rowland M, Scarth S, Georgiou 
R, Tyrrell PJ, Hopkins SJ and Rothwell NJ. 2007. Interleukin-1 receptor 
antagonist penetrates human brain at experimentally therapeutic 
concentrations. J Cereb Blood Flow Metab .. 

54.  Cotton PC, Brugge JS. 1983. Neural tissues express high levels of the 
cellular src gene product pp60c-src. Mol Cell Biol 3:1157-1162. 

55.  Cullinan EB, Kwee L, Nunes P, Shuster DJ, Ju G, McIntyre KW, 
Chizzonite RA and Labow MA. 1998. IL-1 receptor accessory protein is an 
essential component of the IL-1 receptor. J Immunol 161:5614-5620. 

56.  da Cunha A., Jefferson JJ, Tyor WR, Glass JD, Jannotta FS and Vitkovic 
L. 1993. Control of astrocytosis by interleukin-1 and transforming growth 
factor-beta 1 in human brain. Brain Res 631:39-45. 

57.  Davis CN, Tabarean I, Gaidarova S, Behrens MM and Bartfai T. 2006. 
IL-1beta induces a MyD88-dependent and ceramide-mediated activation of 
Src in anterior hypothalamic neurons. J Neurochem 98:1379-1389. 

58.  de Boer AG, Gaillard PJ. 2006. Blood-brain barrier dysfunction and 
recovery. J Neural Transm 113:455-462. 

59.  de Souza DF, Leite MC, Quincozes-Santos A, Nardin P, Tortorelli LS, 
Rigo MM, Gottfried C, Leal RB and Goncalves CA. 2008. S100B secretion 
is stimulated by IL-1beta in glial cultures and hippocampal slices of rats: 
Likely involvement of MAPK pathway. J Neuroimmunol. 



____________________________________________________List of references 

 

 214

60.  de Vries HE, Kuiper J, de Boer AG, Van Berkel TJ and Breimer DD. 
1997. The blood-brain barrier in neuroinflammatory diseases. Pharmacol 
Rev 49:143-155. 

61.  Delegge MH, Smoke A. 2008. Neurodegeneration and inflammation. Nutr 
Clin Pract 23:35-41. 

62.  Denes A, Thornton P, Rothwell NJ and Allan SM. 2009. Inflammation and 
brain injury: Acute cerebral ischaemia, peripheral and central inflammation. 
Brain Behav Immun. 

63.  Denes A, Vidyasagar R, Feng J, Narvainen J, McColl BW, Kauppinen RA 
and Allan SM. 2007. Proliferating resident microglia after focal cerebral 
ischaemia in mice. J Cereb Blood Flow Metab. 

64.  Deng Y, Lu J, Sivakumar V, Ling EA and Kaur C. 2008. Amoeboid 
microglia in the periventricular white matter induce oligodendrocyte damage 
through expression of proinflammatory cytokines via MAP kinase signaling 
pathway in hypoxic neonatal rats. Brain Pathol 18:387-400. 

65.  Desson SE, Ferguson AV. 2003. Interleukin 1beta modulates rat subfornical 
organ neurons as a result of activation of a non-selective cationic 
conductance. J Physiol 550:113-122. 

66.  Dewar D, Underhill SM and Goldberg MP. 2003. Oligodendrocytes and 
ischemic brain injury. J Cereb Blood Flow Metab 23:263-274. 

67.  Dichter MA. 1978. Rat cortical neurons in cell culture: culture methods, cell 
morphology, electrophysiology, and synapse formation. Brain Res 149:279-
293. 

68.  Dichter MA, Lisak J and Biales B. 1983. Action potential mechanism of 
mammalian cortical neurons in cell culture. Brain Res 289:99-107. 

69.  Diem R, Hobom M, Grotsch P, Kramer B and Bahr M. 2003. Interleukin-1 
beta protects neurons via the interleukin-1 (IL-1) receptor-mediated Akt 
pathway and by IL-1 receptor-independent decrease of transmembrane 
currents in vivo. Mol Cell Neurosci 22:487-500. 

70.  Dihne M, Block F, Korr H and Topper R. 2001. Time course of glial 
proliferation and glial apoptosis following excitotoxic CNS injury. Brain 
Res 902:178-189. 

71.  Dinarello CA. 1997. Interleukin-1. Cytokine Growth Factor Rev 8:253-265. 

72.  Dirnagl U, Iadecola C and Moskowitz MA. 1999. Pathobiology of 
ischaemic stroke: an integrated view. Trends Neurosci 22:391-397. 

73.  Dong Y, Benveniste EN. 2001. Immune function of astrocytes. Glia 36:180-
190. 



____________________________________________________List of references 

 

 215

74.  Dube PH, Revell PA, Chaplin DD, Lorenz RG and Miller VL. 2001. A role 
for IL-1 alpha in inducing pathologic inflammation during bacterial 
infection. Proc Natl Acad Sci U S A 98:10880-10885. 

75.  Dunn SL, Young EA, Hall MD and McNulty S. 2002. Activation of 
astrocyte intracellular signaling pathways by interleukin-1 in rat primary 
striatal cultures. Glia 37:31-42. 

76.  Ekdahl CT, Claasen JH, Bonde S, Kokaia Z and Lindvall O. 2003. 
Inflammation is detrimental for neurogenesis in adult brain. Proc Natl Acad 
Sci U S A 100:13632-13637. 

77.  Elzinga BM, Twomey C, Powell JC, Harte F and McCarthy JV. 2009. 
Interleukin-1 receptor type 1 is a substrate for gamma-secretase-dependent 
regulated intramembrane proteolysis. J Biol Chem 284:1394-1409. 

78.  Emsley HC, Smith CJ, Georgiou RF, Vail A, Hopkins SJ, Rothwell NJ 
and Tyrrell PJ. 2005. A randomised phase II study of interleukin-1 receptor 
antagonist in acute stroke patients. J Neurol Neurosurg Psychiatry 76:1366-
1372. 

79.  Fang J, Wang Y and Krueger JM. 1998. Effects of interleukin-1 beta on 
sleep are mediated by the type I receptor. Am J Physiol 274:R655-R660. 

80.  Farina C, Aloisi F and Meinl E. 2007. Astrocytes are active players in 
cerebral innate immunity. Trends Immunol 28:138-145. 

81.  Feleder C, Refojo D, Nacht S and Moguilevsky JA. 1998. Interleukin-1 
stimulates hypothalamic inhibitory amino acid neurotransmitter release. 
Neuroimmunomodulation 5:1-4. 

82.  Ferri CC, Ferguson AV. 2003. Interleukin-1 beta depolarizes 
paraventricular nucleus parvocellular neurones. J Neuroendocrinol 15:126-
133. 

83.  Fichtner-Feigl S, Strober W, Kawakami K, Puri RK and Kitani A. 2006. 
IL-13 signaling through the IL-13alpha2 receptor is involved in induction of 
TGF-beta1 production and fibrosis. Nat Med 12:99-106. 

84.  Freidin M, Bennett MV and Kessler JA. 1992. Cultured sympathetic 
neurons synthesize and release the cytokine interleukin 1 beta. Proc Natl 
Acad Sci U S A 89:10440-10443. 

85.  French RA, VanHoy RW, Chizzonite R, Zachary JF, Dantzer R, Parnet P, 
Bluthe RM and Kelley KW. 1999. Expression and localization of p80 and 
p68 interleukin-1 receptor proteins in the brain of adult mice. J 
Neuroimmunol 93:194-202. 

86.  Friedman WJ. 2001. Cytokines regulate expression of the type 1 
interleukin-1 receptor in rat hippocampal neurons and glia. Exp Neurol 
168:23-31. 



____________________________________________________List of references 

 

 216

87.  Fukuda M, Suzuki Y, Ishizaki Y, Kira R, Kikuchi C, Watanabe S, Hino H, 
Morimoto T, Hara T and Ishii E. 2009. Interleukin-1beta enhances 
susceptibility to hyperthermia-induced seizures in developing rats. Seizure 
18:211-214. 

88.  Gadient RA, Otten U. 1994. Identification of interleukin-6 (IL-6)-expressing 
neurons in the cerebellum and hippocampus of normal adult rats. Neurosci 
Lett 182:243-246. 

89.  Gallis B, Prickett KS, Jackson J, Slack J, Schooley K, Sims JE and Dower 
SK. 1989. IL-1 induces rapid phosphorylation of the IL-1 receptor. J 
Immunol 143:3235-3240. 

90.  Garcia JH, Liu KF and Relton JK. 1995. Interleukin-1 receptor antagonist 
decreases the number of necrotic neurons in rats with middle cerebral artery 
occlusion. Am J Pathol 147:1477-1486. 

91.  Glaccum MB, Stocking KL, Charrier K, Smith JL, Willis CR, Maliszewski 
C, Livingston DJ, Peschon JJ and Morrissey PJ. 1997. Phenotypic and 
functional characterization of mice that lack the type I receptor for IL-1. J 
Immunol 159:3364-3371. 

92.  Graham SH, Chen J. 2001. Programmed cell death in cerebral ischemia. J 
Cereb Blood Flow Metab 21:99-109. 

93.  Graham SH, Hickey RW. 2002. Molecular pathophysiology of stroke. In: 
Davis KL, Charney D, Coyle TJ, Nemeroff C, editors. 
Neuropsychopharmacology: The fifth generation of progress. Lippincott 
Williams and Wilkins. p 1317-1326. 

94.  Greco SJ, Rameshwar P. 2007. Enhancing effect of IL-1alpha on 
neurogenesis from adult human mesenchymal stem cells: implication for 
inflammatory mediators in regenerative medicine. J Immunol 179:3342-
3350. 

95.  Greenfeder SA, Nunes P, Kwee L, Labow M, Chizzonite RA and Ju G. 
1995. Molecular cloning and characterization of a second subunit of the 
interleukin 1 receptor complex. J Biol Chem 270:13757-13765. 

96.  Greenhalgh AD, Galea J, Denes A, Tyrrell PJ and Rothwell NJ. 2010. 
Rapid brain penetration of interleukin-1 receptor antagonist in rat cerebral 
ischaemia: pharmacokinetics, distribution, protection. Br J Pharmacol 
160:153-159. 

97.  Grenfell S, Smithers N, Miller K and Solari R. 1989. Receptor-mediated 
endocytosis and nuclear transport of human interleukin 1 alpha. Biochem J 
264:813-822. 

98.  Griffin WS, Liu L, Li Y, Mrak RE and Barger SW. 2006. Interleukin-1 
mediates Alzheimer and Lewy body pathologies. J Neuroinflammation 
3:5.:5. 



____________________________________________________List of references 

 

 217

99.  Harper SJ, LoGrasso P. 2001. Signalling for survival and death in 
neurones: the role of stress-activated kinases, JNK and p38. Cell Signal 
13:299-310. 

100.  Heinrich PC, Castell JV and Andus T. 1990. Interleukin-6 and the acute 
phase response. Biochem J 265:621-636. 

101.  Herx LM, Yong VW. 2001. Interleukin-1 beta is required for the early 
evolution of reactive astrogliosis following CNS lesion. J Neuropathol Exp 
Neurol 60:961-971. 

102.  Hohlfeld R, Kerschensteiner M and Meinl E. 2007. Dual role of 
inflammation in CNS disease. Neurology 68:S58-S63. 

103.  Horai R, Asano M, Sudo K, Kanuka H, Suzuki M, Nishihara M, 
Takahashi M and Iwakura Y. 1998. Production of mice deficient in genes 
for interleukin (IL)-1alpha, IL-1beta, IL-1alpha/beta, and IL-1 receptor 
antagonist shows that IL-1beta is crucial in turpentine-induced fever 
development and glucocorticoid secretion. J Exp Med 187:1463-1475. 

104.  Hou XY, Liu Y and Zhang GY. 2007. PP2, a potent inhibitor of Src family 
kinases, protects against hippocampal CA1 pyramidal cell death after 
transient global brain ischemia. Neurosci Lett 420:235-239. 

105.  Huang J, Gao X, Li S and Cao Z. 1997. Recruitment of IRAK to the 
interleukin 1 receptor complex requires interleukin 1 receptor accessory 
protein. Proc Natl Acad Sci U S A 94:12829-12832. 

106.  Imai F, Suzuki H, Oda J, Ninomiya T, Ono K, Sano H and Sawada M. 
2007. Neuroprotective effect of exogenous microglia in global brain 
ischemia. J Cereb Blood Flow Metab 27:488-500. 

107.  Irving EA, Barone FC, Reith AD, Hadingham SJ and Parsons AA. 2000. 
Differential activation of MAPK/ERK and p38/SAPK in neurones and glia 
following focal cerebral ischaemia in the rat. Brain Res Mol Brain Res 
77:65-75. 

108.  Isackson PJ. 1995. Trophic factor response to neuronal stimuli or injury. 
Curr Opin Neurobiol 5:350-357. 

109.  Jelaso AM, Acevedo S, Dang T, Lepere A and Ide CF. 1998. Interleukin-
1beta and its type 1 receptor are expressed in developing neural circuits in 
the frog, Xenopus laevis. J Comp Neurol 394:242-251. 

110.  Jensen LE, Muzio M, Mantovani A and Whitehead AS. 2000. IL-1 
signaling cascade in liver cells and the involvement of a soluble form of the 
IL-1 receptor accessory protein. J Immunol 164:5277-5286. 

111.  Jensen LE, Whitehead AS. 2003. Expression of alternatively spliced 
interleukin-1 receptor accessory protein mRNAs is differentially regulated 
during inflammation and apoptosis. Cell Signal 15:793-802. 



____________________________________________________List of references 

 

 218

112.  John GR, Lee SC and Brosnan CF. 2003. Cytokines: powerful regulators 
of glial cell activation. Neuroscientist 9:10-22. 

113.  Johnson GL, Lapadat R. 2002. Mitogen-activated protein kinase pathways 
mediated by ERK, JNK, and p38 protein kinases. Science 298:1911-1912. 

114.  Juric DM, Carman-Krzan M. 2001. Interleukin-1 beta, but not IL-1 alpha, 
mediates nerve growth factor secretion from rat astrocytes via type I IL-1 
receptor. Int J Dev Neurosci 19:675-683. 

115.  Juttler E, Tarabin V and Schwaninger M. 2002. Interleukin-6 (IL-6): a 
possible neuromodulator induced by neuronal activity. Neuroscientist 8:268-
275. 

116.  Kalia LV, Gingrich JR and Salter MW. 2004. Src in synaptic transmission 
and plasticity. Oncogene 23:8007-8016. 

117.  Katsura H, Obata K, Mizushima T, Sakurai J, Kobayashi K, Yamanaka H, 
Dai Y, Fukuoka T, Sakagami M and Noguchi K. 2006. Activation of Src-
family kinases in spinal microglia contributes to mechanical hypersensitivity 
after nerve injury. J Neurosci 26:8680-8690. 

118.  Kawaguchi Y, McCarthy SA, Watkins SC and Wright TM. 2004. Autocrine 
activation by interleukin 1alpha induces the fibrogenic phenotype of 
systemic sclerosis fibroblasts. J Rheumatol 31:1946-1954. 

119.  Kawaguchi Y, Nishimagi E, Tochimoto A, Kawamoto M, Katsumata Y, 
Soejima M, Kanno T, Kamatani N and Hara M. 2006. Intracellular IL-
1alpha-binding proteins contribute to biological functions of endogenous IL-
1alpha in systemic sclerosis fibroblasts. Proc Natl Acad Sci U S A 
103:14501-14506. 

120.  Kempermann G, Neumann H. 2003. Neuroscience. Microglia: the enemy 
within? Science 302:1689-1690. 

121.  Kim C, Sano Y, Todorova K, Carlson BA, Arpa L, Celada A, Lawrence T, 
Otsu K, Brissette JL, Arthur JS and Park JM. 2008. The kinase p38 alpha 
serves cell type-specific inflammatory functions in skin injury and 
coordinates pro- and anti-inflammatory gene expression. Nat Immunol 
9:1019-1027. 

122.  Kim SH, Smith CJ and Van Eldik LJ. 2004. Importance of MAPK 
pathways for microglial pro-inflammatory cytokine IL-1 beta production. 
Neurobiol Aging 25:431-439. 

123.  Kim SU, de VJ. 2005. Microglia in health and disease. J Neurosci Res 
81:302-313. 

124.  Kim Y, Zhou P, Qian L, Chuang JZ, Lee J, Li C, Iadecola C, Nathan C 
and Ding A. 2007. MyD88-5 links mitochondria, microtubules, and JNK3 in 
neurons and regulates neuronal survival. J Exp Med 204:2063-2074. 



____________________________________________________List of references 

 

 219

125.  Kitagawa H, Warita H, Sasaki C, Zhang WR, Sakai K, Shiro Y, Mitsumoto 
Y, Mori T and Abe K. 1999. Immunoreactive Akt, PI3-K and ERK protein 
kinase expression in ischemic rat brain. Neurosci Lett 274:45-48. 

126.  Kohr G, Seeburg PH. 1996. Subtype-specific regulation of recombinant 
NMDA receptor-channels by protein tyrosine kinases of the src family. J 
Physiol 492 ( Pt 2):445-452. 

127.  Kong Q, Peterson TS, Baker O, Stanley E, Camden J, Seye CI, Erb L, 
Simonyi A, Wood WG, Sun GY and Weisman GA. 2009. Interleukin-1beta 
enhances nucleotide-induced and alpha-secretase-dependent amyloid 
precursor protein processing in rat primary cortical neurons via up-
regulation of the P2Y(2) receptor. J Neurochem 109:1300-1310. 

128.  Konsman JP, Tridon V and Dantzer R. 2000. Diffusion and action of 
intracerebroventricularly injected interleukin-1 in the CNS. Neuroscience 
101:957-967. 

129.  Kreutzberg GW. 1996. Microglia: a sensor for pathological events in the 
CNS. Trends Neurosci 19:312-318. 

130.  Kriegstein A, Dichter MA. 1984. Neuron generation in dissociated cell 
cultures from fetal rat cerebral cortex. Brain Res 295:184-189. 

131.  Kriegstein AR, Dichter MA. 1983. Morphological classification of rat 
cortical neurons in cell culture. J Neurosci 3:1634-1647. 

132.  Kuhn PH, Marjaux E, Imhof A, De SB, Haass C and Lichtenthaler SF. 
2007. Regulated intramembrane proteolysis of the interleukin-1 receptor II 
by alpha-, beta-, and gamma-secretase. J Biol Chem 282:11982-11995. 

133.  Lai AY, Todd KG. 2006. Microglia in cerebral ischemia: molecular actions 
and interactions. Can J Physiol Pharmacol 84:49-59. 

134.  Lang D, Knop J, Wesche H, Raffetseder U, Kurrle R, Boraschi D and 
Martin MU . 1998. The type II IL-1 receptor interacts with the IL-1 receptor 
accessory protein: a novel mechanism of regulation of IL-1 responsiveness. 
J Immunol 161:6871-6877. 

135.  Laurincova B. 2000. Interleukin-1 family: from genes to human disease. 
Acta Univ Palacki Olomuc Fac Med 143:19-29.:19-29. 

136.  Lazovic J, Basu A, Lin HW, Rothstein RP, Krady JK, Smith MB and 
Levison SW. 2005. Neuroinflammation and both cytotoxic and vasogenic 
edema are reduced in interleukin-1 type 1 receptor-deficient mice conferring 
neuroprotection. Stroke 36:2226-2231. 

137.  Lee JM, Zipfel GJ and Choi DW. 1999. The changing landscape of 
ischaemic brain injury mechanisms. Nature 399:A7-14. 



____________________________________________________List of references 

 

 220

138.  Lee SC, Liu W, Dickson DW, Brosnan CF and Berman JW. 1993. 
Cytokine production by human fetal microglia and astrocytes. Differential 
induction by lipopolysaccharide and IL-1 beta. J Immunol 150:2659-2667. 

139.  Legos JJ, Erhardt JA, White RF, Lenhard SC, Chandra S, Parsons AA, 
Tuma RF and Barone FC. 2001. SB 239063, a novel p38 inhibitor, 
attenuates early neuronal injury following ischemia. Brain Res 892:70-77. 

140.  Legos JJ, McLaughlin B, Skaper SD, Strijbos PJ, Parsons AA, Aizenman 
E, Herin GA, Barone FC and Erhardt JA. 2002. The selective p38 
inhibitor SB-239063 protects primary neurons from mild to moderate 
excitotoxic injury. Eur J Pharmacol 447:37-42. 

141.  Legos JJ, Whitmore RG, Erhardt JA, Parsons AA, Tuma RF and Barone 
FC. 2000. Quantitative changes in interleukin proteins following focal 
stroke in the rat. Neurosci Lett 282:189-192. 

142.  LeMay LG, Otterness IG, Vander AJ and Kluger MJ. 1990. In vivo 
evidence that the rise in plasma IL 6 following injection of a fever-inducing 
dose of LPS is mediated by IL 1 beta. Cytokine 2:199-204. 

143.  Lemke R, Hartlage-Rubsamen M and Schliebs R. 1999. Differential injury-
dependent glial expression of interleukins-1 alpha, beta, and interleukin-6 in 
rat brain. Glia 27:75-87. 

144.  Lenczowski MJ, Bluthe RM, Roth J, Rees GS, Rushforth DA, Van Dam 
AM, Tilders FJ, Dantzer R, Rothwell NJ and Luheshi GN. 1999. Central 
administration of rat IL-6 induces HPA activation and fever but not sickness 
behavior in rats. Am J Physiol 276:R652-R658. 

145.  Lennmyr F, Ericsson A, Gerwins P, Akterin S, Ahlstrom H and Terent A. 
2004. Src family kinase-inhibitor PP2 reduces focal ischemic brain injury. 
Acta Neurol Scand 110:175-179. 

146.  Li X, Qin J. 2005. Modulation of Toll-interleukin 1 receptor mediated 
signaling. J Mol Med 83:258-266. 

147.  Li Y, Liu L, Barger SW and Griffin WS. 2003. Interleukin-1 mediates 
pathological effects of microglia on tau phosphorylation and on 
synaptophysin synthesis in cortical neurons through a p38-MAPK pathway. 
J Neurosci 23:1605-1611. 

148.  Liberto CM, Albrecht PJ, Herx LM, Yong VW and Levison SW. 2004. Pro-
regenerative properties of cytokine-activated astrocytes. J Neurochem 
89:1092-1100. 

149.  Lin HW, Basu A, Druckman C, Cicchese M, Krady JK and Levison SW. 
2006. Astrogliosis is delayed in type 1 interleukin-1 receptor-null mice 
following a penetrating brain injury. J Neuroinflammation 3:15. 



____________________________________________________List of references 

 

 221

150.  Lingel A, Weiss TM, Niebuhr M, Pan B, Appleton BA, Wiesmann C, 
Bazan JF and Fairbrother WJ. 2009. Structure of IL-33 and its interaction 
with the ST2 and IL-1RAcP receptors--insight into heterotrimeric IL-1 
signaling complexes. Structure 17:1398-1410. 

151.  Liu C, Hart RP, Liu XJ, Clevenger W, Maki RA and De Souza EB. 1996. 
Cloning and characterization of an alternatively processed human type II 
interleukin-1 receptor mRNA. J Biol Chem 271:20965-20972. 

152.  Liu T, McDonnell PC, Young PR, White RF, Siren AL, Hallenbeck JM, 
Barone FC and Feurestein GZ. 1993. Interleukin-1 beta mRNA expression 
in ischemic rat cortex. Stroke 24:1746-1750. 

153.  Liu Y, Zhang G, Gao C and Hou X. 2001. NMDA receptor activation 
results in tyrosine phosphorylation of NMDA receptor subunit 2A(NR2A) 
and interaction of Pyk2 and Src with NR2A after transient cerebral ischemia 
and reperfusion. Brain Res 909:51-58. 

154.  Loddick SA, Turnbull AV and Rothwell NJ. 1998. Cerebral interleukin-6 is 
neuroprotective during permanent focal cerebral ischemia in the rat. J Cereb 
Blood Flow Metab 18:176-179. 

155.  Loddick SA, Wong ML, Bongiorno PB, Gold PW, Licinio J and Rothwell 
NJ. 1997. Endogenous interleukin-1 receptor antagonist is neuroprotective. 
Biochem Biophys Res Commun 234:211-215. 

156.  Lu HL, Yang CY, Chen HC, Hung CS, Chiang YC and Ting LP. 2008. A 
novel alternatively spliced interleukin-1 receptor accessory protein mIL-
1RAcP687. Mol Immunol 45:1374-1384. 

157.  Lu K, Cho CL, Liang CL, Chen SD, Liliang PC, Wang SY and Chen HJ. 
2007. Inhibition of the MEK/ERK pathway reduces microglial activation 
and interleukin-1-beta expression in spinal cord ischemia/reperfusion injury 
in rats. J Thorac Cardiovasc Surg 133:934-941. 

158.  Lu KT, Wang YW, Wo YY and Yang YL. 2005. Extracellular signal-
regulated kinase-mediated IL-1-induced cortical neuron damage during 
traumatic brain injury. Neurosci Lett 386:40-45. 

159.  Lucas SM, Rothwell NJ and Gibson RM. 2006. The role of inflammation in 
CNS injury and disease. Br J Pharmacol 147 Suppl 1:S232-S240. 

160.  Luheshi NM, Rothwell NJ and Brough D. 2009. Dual functionality of 
interleukin-1 family cytokines: implications for anti-interleukin-1 therapy. 
Br J Pharmacol 157:1318-1329. 

161.  Luheshi NM, Rothwell NJ and Brough D. 2009. The dynamics and 
mechanisms of interleukin-1alpha and beta nuclear import. Traffic 10:16-25. 



____________________________________________________List of references 

 

 222

162.  Madarasz E, Theodosis DT and Poulain DA. 1991. In vitro formation of 
type 2 astrocytes derived from postnatal rat hypothalamus or cerebral cortex. 
Neuroscience 43:211-221. 

163.  Maier JA, Statuto M and Ragnotti G. 1994. Endogenous interleukin 1 alpha 
must be transported to the nucleus to exert its activity in human endothelial 
cells. Mol Cell Biol 14:1845-1851. 

164.  Malinowsky D, Lundkvist J, Laye S and Bartfai T. 1998. Interleukin-1 
receptor accessory protein interacts with the type II interleukin-1 receptor. 
FEBS Lett 429:299-302. 

165.  Matsuki T, Horai R, Sudo K and Iwakura Y. 2003. IL-1 plays an important 
role in lipid metabolism by regulating insulin levels under physiological 
conditions. J Exp Med 198:877-888. 

166.  Mattson MP. 2005. NF-kappaB in the survival and plasticity of neurons. 
Neurochem Res 30:883-893. 

167.  McMahan CJ, Slack JL, Mosley B, Cosman D, Lupton SD, Brunton LL, 
Grubin CE, Wignall JM, Jenkins NA, Brannan CI and . 1991. A novel IL-
1 receptor, cloned from B cells by mammalian expression, is expressed in 
many cell types. EMBO J 10:2821-2832. 

168.  McMahon GA, Garfinkel S, Prudovsky I, Hu X and Maciag T. 1997. 
Intracellular precursor interleukin (IL)-1alpha, but not mature IL-1alpha, is 
able to regulate human endothelial cell migration in vitro. J Biol Chem 
272:28202-28205. 

169.  Merhi-Soussi F, Berti M, Wehrle-Haller B and Gabay C. 2005a. 
Intracellular interleukin-1 receptor antagonist type 1 antagonizes the 
stimulatory effect of interleukin-1 alpha precursor on cell motility. Cytokine 
32:163-170. 

170.  Merhi-Soussi F, Kwak BR, Magne D, Chadjichristos C, Berti M, Pelli G, 
James RW, Mach F and Gabay C. 2005b. Interleukin-1 plays a major role 
in vascular inflammation and atherosclerosis in male apolipoprotein E-
knockout mice. Cardiovasc Res 66:583-593. 

171.  Mildner A, Schmidt H, Nitsche M, Merkler D, Hanisch UK, Mack M, 
Heikenwalder M, Bruck W, Priller J and Prinz M. 2007. Microglia in the 
adult brain arise from Ly-6ChiCCR2+ monocytes only under defined host 
conditions. Nat Neurosci 10:1544-1553. 

172.  Mizel SB, Kilian PL, Lewis JC, Paganelli KA and Chizzonite RA. 1987. 
The interleukin 1 receptor. Dynamics of interleukin 1 binding and 
internalization in T cells and fibroblasts. J Immunol 138:2906-2912. 

173.  Molina-Holgado E, Ortiz S, Molina-Holgado F and Guaza C. 2000a. 
Induction of COX-2 and PGE(2) biosynthesis by IL-1beta is mediated by 



____________________________________________________List of references 

 

 223

PKC and mitogen-activated protein kinases in murine astrocytes. Br J 
Pharmacol 131:152-159. 

174.  Molina-Holgado F, Toulmond S and Rothwell NJ. 2000b. Involvement of 
interleukin-1 in glial responses to lipopolysaccharide: endogenous versus 
exogenous interleukin-1 actions. J Neuroimmunol 111:1-9. 

175.  Monje ML, Toda H and Palmer TD. 2003. Inflammatory blockade restores 
adult hippocampal neurogenesis. Science 302:1760-1765. 

176.  Moolwaney AS, Igwe OJ. 2005. Regulation of the cyclooxygenase-2 system 
by interleukin-1beta through mitogen-activated protein kinase signaling 
pathways: a comparative study of human neuroglioma and neuroblastoma 
cells. Brain Res Mol Brain Res 137:202-212. 

177.  Motoki K, Kishi H, Hori E, Tajiri K, Nishijo H and Muraguchi A. 2008. 
The direct excitatory effect of IL-1beta on cerebellar Purkinje cell. Biochem 
Biophys Res Commun. 

178.  Moyer CF, Sajuthi D, Tulli H and Williams JK. 1991. Synthesis of IL-1 
alpha and IL-1 beta by arterial cells in atherosclerosis. Am J Pathol 138:951-
960. 

179.  Moynagh PN. 2005. The interleukin-1 signalling pathway in astrocytes: a 
key contributor to inflammation in the brain. J Anat 207:265-269. 

180.  Muir KW, Tyrrell P, Sattar N and Warburton E. 2007. Inflammation and 
ischaemic stroke. Curr Opin Neurol 20:334-342. 

181.  Mulcahy NJ, Ross J, Rothwell NJ and Loddick SA. 2003. Delayed 
administration of interleukin-1 receptor antagonist protects against transient 
cerebral ischaemia in the rat. Br J Pharmacol 140:471-476. 

182.  Muzio M, Polentarutti N, Facchetti F, Peri G, Doni A, Sironi M, 
Transidico P, Salmona M, Introna M and Mantovani A. 1999. 
Characterization of type II intracellular IL-1 receptor antagonist (IL-1ra3): a 
depot IL-1ra. Eur J Immunol 29:781-788. 

183.  Nalivaeva NN, Rybakina EG, Pivanovich IY, Kozinets IA, Shanin SN and 
Bartfai T. 2000. Activation of neutral sphingomyelinase by IL-1beta 
requires the type 1 interleukin 1 receptor. Cytokine 12:229-232. 

184.  Neumann H. 2001. Control of glial immune function by neurons. Glia 
36:191-199. 

185.  Neumar RW. 2000. Molecular mechanisms of ischemic neuronal injury. 
Ann Emerg Med 36:483-506. 

186.  Newton R, Cambridge L, Hart LA, Stevens DA, Lindsay MA and Barnes 
PJ. 2000. The MAP kinase inhibitors, PD098059, UO126 and SB203580, 
inhibit IL-1beta-dependent PGE(2) release via mechanistically distinct 
processes. Br J Pharmacol 130:1353-1361. 



____________________________________________________List of references 

 

 224

187.  Noble M. 1991. Points of controversy in the O-2A lineage: clocks and type-
2 astrocytes. Glia 4:157-164. 

188.  O'Neill LA, Greene C. 1998. Signal transduction pathways activated by the 
IL-1 receptor family: ancient signaling machinery in mammals, insects, and 
plants. J Leukoc Biol 63:650-657. 

189.  Oakley FD, Smith RL and Engelhardt JF. 2009. Lipid rafts and caveolin-1 
coordinate interleukin-1beta (IL-1beta)-dependent activation of NFkappaB 
by controlling endocytosis of Nox2 and IL-1beta receptor 1 from the plasma 
membrane. J Biol Chem 284:33255-33264. 

190.  Omari KM, John GR, Sealfon SC and Raine CS. 2005. CXC chemokine 
receptors on human oligodendrocytes: implications for multiple sclerosis. 
Brain 128:1003-1015. 

191.  Ortega-Hernandez OD, Bassi N, Shoenfeld Y and Anaya JM. 2008. The 
Long Pentraxin 3 and Its Role in Autoimmunity. Semin Arthritis Rheum. 

192.  Oynebraten I, Bakke O, Brandtzaeg P, Johansen FE and Haraldsen G. 
2004. Rapid chemokine secretion from endothelial cells originates from 2 
distinct compartments. Blood 104:314-320. 

193.  Palin K, Pousset F, Verrier D, Dantzer R, Kelley K, Parnet P and Lestage 
J. 2001. Characterization of interleukin-1 receptor antagonist isoform 
expression in the brain of lipopolysaccharide-treated rats. Neuroscience 
103:161-169. 

194.  Palmer G, Lipsky BP, Smithgall MD, Meininger D, Siu S, Talabot-Ayer D, 
Gabay C and Smith DE. 2008. The IL-1 receptor accessory protein (AcP) is 
required for IL-33 signaling and soluble AcP enhances the ability of soluble 
ST2 to inhibit IL-33. Cytokine 42:358-364. 

195.  Pang Y, Cai Z and Rhodes PG. 2000. Effects of lipopolysaccharide on 
oligodendrocyte progenitor cells are mediated by astrocytes and microglia. J 
Neurosci Res 62:510-520. 

196.  Pang Y, Cai Z and Rhodes PG. 2003. Disturbance of oligodendrocyte 
development, hypomyelination and white matter injury in the neonatal rat 
brain after intracerebral injection of lipopolysaccharide. Brain Res Dev 
Brain Res 140:205-214. 

197.  Parker LC, Luheshi GN, Rothwell NJ and Pinteaux E. 2002. IL-1 beta 
signalling in glial cells in wildtype and IL-1RI deficient mice. Br J 
Pharmacol 136:312-320. 

198.  Pascual V, Allantaz F, Arce E, Punaro M and Banchereau J. 2005. Role 
of interleukin-1 (IL-1) in the pathogenesis of systemic onset juvenile 
idiopathic arthritis and clinical response to IL-1 blockade. J Exp Med 
201:1479-1486. 



____________________________________________________List of references 

 

 225

199.  Patel HC, Boutin H and Allan SM. 2003. Interleukin-1 in the brain: 
mechanisms of action in acute neurodegeneration. Ann N Y Acad Sci 992:39-
47.:39-47. 

200.  Paul R, Zhang ZG, Eliceiri BP, Jiang Q, Boccia AD, Zhang RL, Chopp M 
and Cheresh DA. 2001. Src deficiency or blockade of Src activity in mice 
provides cerebral protection following stroke. Nat Med 7:222-227. 

201.  Perry VH, Bell MD, Brown HC and Matyszak MK. 1995. Inflammation in 
the nervous system. Curr Opin Neurobiol 5:636-641. 

202.  Pinteaux E, Parker LC, Rothwell NJ and Luheshi GN. 2002. Expression 
of interleukin-1 receptors and their role in interleukin-1 actions in murine 
microglial cells. J Neurochem 83:754-763. 

203.  Pinteaux E, Rothwell NJ and Boutin H. 2006. Neuroprotective actions of 
endogenous interleukin-1 receptor antagonist (IL-1ra) are mediated by glia. 
Glia 53:551-556. 

204.  Pita I, Jelaso AM and Ide CF. 1999. IL-1beta increases intracellular 
calcium through an IL-1 type 1 receptor mediated mechanism in C6 
astrocytic cells. Int J Dev Neurosci 17:813-820. 

205.  Polentarutti N, Bottazzi B, Di SE, Blasi E, Agnello D, Ghezzi P, Introna 
M, Bartfai T, Richards G and Mantovani A. 2000. Inducible expression of 
the long pentraxin PTX3 in the central nervous system. J Neuroimmunol 
106:87-94. 

206.  Ravizza T, Moneta D, Bottazzi B, Peri G, Garlanda C, Hirsch E, Richards 
GJ, Mantovani A and Vezzani A. 2001. Dynamic induction of the long 
pentraxin PTX3 in the CNS after limbic seizures: evidence for a protective 
role in seizure-induced neurodegeneration. Neuroscience 105:43-53. 

207.  Relton JK, Rothwell NJ. 1992. Interleukin-1 receptor antagonist inhibits 
ischaemic and excitotoxic neuronal damage in the rat. Brain Res Bull 
29:243-246. 

208.  Ringheim GE, Burgher KL and Heroux JA. 1995. Interleukin-6 mRNA 
expression by cortical neurons in culture: evidence for neuronal sources of 
interleukin-6 production in the brain. J Neuroimmunol 63:113-123. 

209.  Robbins DS, Shirazi Y, Drysdale BE, Lieberman A, Shin HS and Shin 
ML . 1987. Production of cytotoxic factor for oligodendrocytes by stimulated 
astrocytes. J Immunol 139:2593-2597. 

210.  Roth AD, Ramirez G, Alarcon R and Von BR. 2005. Oligodendrocytes 
damage in Alzheimer's disease: beta amyloid toxicity and inflammation. 
Biol Res 38:381-387. 



____________________________________________________List of references 

 

 226

211.  Rothwell N, Allan S and Toulmond S. 1997. The role of interleukin 1 in 
acute neurodegeneration and stroke: pathophysiological and therapeutic 
implications. J Clin Invest 100:2648-2652. 

212.  Roux PP, Blenis J. 2004. ERK and p38 MAPK-activated protein kinases: a 
family of protein kinases with diverse biological functions. Microbiol Mol 
Biol Rev 68:320-344. 

213.  Rubinfeld H, Seger R. 2005. The ERK cascade: a prototype of MAPK 
signaling. Mol Biotechnol 31:151-174. 

214.  Sallmann S, Juttler E, Prinz S, Petersen N, Knopf U, Weiser T and 
Schwaninger M. 2000. Induction of interleukin-6 by depolarization of 
neurons. J Neurosci 20:8637-8642. 

215.  Salter MW, Kalia LV. 2004. Src kinases: a hub for NMDA receptor 
regulation. Nat Rev Neurosci 5:317-328. 

216.  Sanchez-Alavez M, Tabarean IV, Behrens MM and Bartfai T. 2006. 
Ceramide mediates the rapid phase of febrile response to IL-1beta. Proc 
Natl Acad Sci U S A 103:2904-2908. 

217.  Sanna PP, Berton F, Cammalleri M, Tallent MK, Siggins GR, Bloom FE 
and Francesconi W. 2000. A role for Src kinase in spontaneous 
epileptiform activity in the CA3 region of the hippocampus. Proc Natl Acad 
Sci U S A 97:8653-8657. 

218.  Schulz JB, Falkenburger BH. 2004. Neuronal pathology in Parkinson's 
disease. Cell Tissue Res 318:135-147. 

219.  Shaftel SS, Griffin WS and O'Banion MK. 2008. The role of interleukin-1 
in neuroinflammation and Alzheimer disease: an evolving perspective. J 
Neuroinflammation 5:7.:7. 

220.  Sims JE, Gayle MA, Slack JL, Alderson MR, Bird TA, Giri JG, Colotta F, 
Re F, Mantovani A, Shanebeck K and . 1993. Interleukin 1 signaling 
occurs exclusively via the type I receptor. Proc Natl Acad Sci U S A 
90:6155-6159. 

221.  Sims JE, Smith DE. 2010. The IL-1 family: regulators of immunity. Nat 
Rev Immunol 10:89-102. 

222.  Skifter DA, Allegrini PR, Wiessner C and Mir AK. 2002. Similar time-
course of interleukin-1 beta production and extracellular-signal-regulated 
kinase (ERK) activation in permanent focal brain ischemic injury. Metab 
Brain Dis 17:131-138. 

223.  Skoff AM, Zhao C and Adler JE. 2009. Interleukin-1alpha regulates 
substance P expression and release in adult sensory neurons. Exp Neurol 
217:395-400. 



____________________________________________________List of references 

 

 227

224.  Smeets RL, Joosten LA, Arntz OJ, Bennink MB, Takahashi N, Carlsen H, 
Martin MU, van den Berg WB and van de Loo FA. 2005. Soluble 
interleukin-1 receptor accessory protein ameliorates collagen-induced 
arthritis by a different mode of action from that of interleukin-1 receptor 
antagonist. Arthritis Rheum 52:2202-2211. 

225.  Smith DE, Hanna R, Della F, Moore H, Chen H, Farese AM, MacVittie 
TJ, Virca GD and Sims JE. 2003. The soluble form of IL-1 receptor 
accessory protein enhances the ability of soluble type II IL-1 receptor to 
inhibit IL-1 action. Immunity 18:87-96. 

226.  Smith DE, Lipsky BP, Russell C, Ketchem RR, Kirchner J, Hensley K, 
Huang Y, Friedman WJ, Boissonneault V, Plante MM, Rivest S and Sims 
JE. 2009. A central nervous system-restricted isoform of the interleukin-1 
receptor accessory protein modulates neuronal responses to interleukin-1. 
Immunity 30:817-831. 

227.  Soeda S, Tsuji Y, Ochiai T, Mishima K, Iwasaki K, Fujiwara M, 
Yokomatsu T, Murano T, Shibuya S and Shimeno H. 2004. Inhibition of 
sphingomyelinase activity helps to prevent neuron death caused by ischemic 
stress. Neurochem Int 45:619-626. 

228.  Sofroniew MV, Vinters HV. 2010. Astrocytes: biology and pathology. Acta 
Neuropathol 119:7-35. 

229.  Soiampornkul R, Tong L, Thangnipon W, Balazs R and Cotman CW. 
2008. Interleukin-1beta interferes with signal transduction induced by 
neurotrophin-3 in cortical neurons. Brain Res 1188:189-97. Epub;%2007 
Oct 26.:189-197. 

230.  Solari R, Smithers N, Kennard N, Ray K and Grenfell S. 1994. Receptor 
mediated endocytosis and intracellular fate of interleukin 1. Biochem 
Pharmacol 47:93-101. 

231.  Srinivasan D, Yen JH, Joseph DJ and Friedman W. 2004. Cell type-
specific interleukin-1beta signaling in the CNS. J Neurosci 24:6482-6488. 

232.  Stanimirovic D, Shapiro A, Wong J, Hutchison J and Durkin J . 1997. The 
induction of ICAM-1 in human cerebromicrovascular endothelial cells 
(HCEC) by ischemia-like conditions promotes enhanced neutrophil/HCEC 
adhesion. J Neuroimmunol 76:193-205. 

233.  Steinman L. 2008. Nuanced roles of cytokines in three major human brain 
disorders. J Clin Invest 118:3557-3563. 

234.  Stroemer RP, Rothwell NJ. 1997. Cortical protection by localized striatal 
injection of IL-1ra following cerebral ischemia in the rat. J Cereb Blood 
Flow Metab 17:597-604. 

235.  Subramaniam S, Stansberg C and Cunningham C. 2004. The interleukin 1 
receptor family. Dev Comp Immunol 28:415-428. 



____________________________________________________List of references 

 

 228

236.  Summers L, Kangwantas K, Nguyen L, Kielty C and Pinteaux E. 2010. 
Adhesion to the extracellular matrix is required for interleukin-1 beta actions 
leading to reactive phenotype in rat astrocytes. Mol Cell Neurosci. 

237.  Sundgren-Andersson AK, Ostlund P and Bartfai T. 1998. IL-6 is essential 
in TNF-alpha-induced fever. Am J Physiol 275:R2028-R2034. 

238.  Suzuki S, Tanaka K, Nogawa S, Nagata E, Ito D, Dembo T and Fukuuchi 
Y. 1999. Temporal profile and cellular localization of interleukin-6 protein 
after focal cerebral ischemia in rats. J Cereb Blood Flow Metab 19:1256-
1262. 

239.  Tabarean IV, Korn H and Bartfai T. 2006. Interleukin-1beta induces 
hyperpolarization and modulates synaptic inhibition in preoptic and anterior 
hypothalamic neurons. Neuroscience 141:1685-1695. 

240.  Takagi N, Cheung HH, Bissoon N, Teves L, Wallace MC and Gurd JW. 
1999. The effect of transient global ischemia on the interaction of Src and 
Fyn with the N-methyl-D-aspartate receptor and postsynaptic densities: 
possible involvement of Src homology 2 domains. J Cereb Blood Flow 
Metab 19:880-888. 

241.  Takahashi JL, Giuliani F, Power C, Imai Y and Yong VW. 2003. 
Interleukin-1beta promotes oligodendrocyte death through glutamate 
excitotoxicity. Ann Neurol 53:588-595. 

242.  Tamm I. 1989. IL-6. Current research and new questions. Ann N Y Acad Sci 
557:478-489. 

243.  Tanikawa M, Kim TS, Okuda K, Ryoo ZY, Park SB, Shin JH, Park CK 
and Lee DS. 2009. Cell-type specificity of interleukins 1alpha and 1beta on 
prostaglandin and plasminogen activator production in bovine endometrial 
cells. Anim Reprod Sci 114:32-42. 

244.  Thieme TR, Hefeneider SH, Wagner CR and Burger DR. 1987. 
Recombinant murine and human IL 1 alpha bind to human endothelial cells 
with an equal affinity, but have an unequal ability to induce endothelial cell 
adherence of lymphocytes. J Immunol 139:1173-1178. 

245.  Thornberry NA, Bull HG, Calaycay JR, Chapman KT, Howard AD, 
Kostura MJ, Miller DK, Molineaux SM, Weidner JR, Aunins J and . 1992. 
A novel heterodimeric cysteine protease is required for interleukin-1 beta 
processing in monocytes. Nature 356:768-774. 

246.  Thornton P, McColl BW, Greenhalgh A, Denes A, Allan SM and Rothwell 
NJ. 2010. Platelet interleukin-1alpha drives cerebrovascular inflammation. 
Blood 115:3632-3639. 

247.  Thornton P, Pinteaux E, Allan SM and Rothwell NJ. 2007. Matrix 
metalloproteinase-9 and urokinase plasminogen activator mediate 
interleukin-1-induced neurotoxicity. Mol Cell Neurosci. 



____________________________________________________List of references 

 

 229

248.  Thornton P, Pinteaux E, Gibson RM, Allan SM and Rothwell NJ. 2006. 
Interleukin-1-induced neurotoxicity is mediated by glia and requires caspase 
activation and free radical release. J Neurochem 98:258-266. 

249.  Tong L, Balazs R, Soiampornkul R, Thangnipon W and Cotman CW. 
2008. Interleukin-1 beta impairs brain derived neurotrophic factor-induced 
signal transduction. Neurobiol Aging 29:1380-1393. 

250.  Touzani O, Boutin H, Chuquet J and Rothwell N. 1999. Potential 
mechanisms of interleukin-1 involvement in cerebral ischaemia. J 
Neuroimmunol 100:203-215. 

251.  Touzani O, Boutin H, LeFeuvre R, Parker L, Miller A, Luheshi G and 
Rothwell N. 2002. Interleukin-1 influences ischemic brain damage in the 
mouse independently of the interleukin-1 type I receptor. J Neurosci 22:38-
43. 

252.  Tsakiri N. 2008. Identification of Interleukin-1 actions on neurones: 
characterisation of signalling pathways/ receptors. 

253.  Tsakiri N, Kimber I, Rothwell NJ and Pinteaux E. 2008a. Interleukin-1-
induced interleukin-6 synthesis is mediated by the neutral 
sphingomyelinase/Src kinase pathway in neurones. Br J Pharmacol 
153:775-783. 

254.  Tsakiri N, Kimber I, Rothwell NJ and Pinteaux E. 2008b. Mechanisms of 
interleukin-6 synthesis and release induced by interleukin-1 and cell 
depolarisation in neurones. Mol Cell Neurosci 37:110-118. 

255.  Tsakiri N, Kimber I, Rothwell NJ and Pinteaux E. 2008c. Differential 
effects of interleukin-1 alpha and beta on interleukin-6 and chemokine 
synthesis in neurones. Mol Cell Neurosci .. 

256.  Twomey C, Qian S and McCarthy JV. 2009. TRAF6 promotes 
ubiquitination and regulated intramembrane proteolysis of IL-1R1. Biochem 
Biophys Res Commun 381:418-423. 

257.  Ulrich-Pur H, Penz M, Fiebiger WC, Schull B, Kornek GV, Scheithauer 
W and Raderer M. 2000. Oxaliplatin-induced fever and release of IL-6. 
Oncology 59:187-189. 

258.  Van Wagoner NJ, Benveniste EN. 1999. Interleukin-6 expression and 
regulation in astrocytes. J Neuroimmunol 100:124-139. 

259.  Van Wagoner NJ, Choi C, Repovic P and Benveniste EN. 2000. 
Oncostatin M regulation of interleukin-6 expression in astrocytes: biphasic 
regulation involving the mitogen-activated protein kinases ERK1/2 and p38. 
J Neurochem 75:563-575. 

260.  Van WS, van den BN, van Buul JD, Mul FP, Lommerse I, Mous R, ten 
Klooster JP, Zwaginga JJ and Hordijk PL. 2003. VCAM-1-mediated Rac 



____________________________________________________List of references 

 

 230

signaling controls endothelial cell-cell contacts and leukocyte 
transmigration. Am J Physiol Cell Physiol 285:C343-C352. 

261.  Vecil GG, Larsen PH, Corley SM, Herx LM, Besson A, Goodyer CG and 
Yong VW. 2000. Interleukin-1 is a key regulator of matrix 
metalloproteinase-9 expression in human neurons in culture and following 
mouse brain trauma in vivo. J Neurosci Res 61:212-224. 

262.  Vela JM, Molina-Holgado E, revalo-Martin A, Almazan G and Guaza C. 
2002. Interleukin-1 regulates proliferation and differentiation of 
oligodendrocyte progenitor cells. Mol Cell Neurosci 20:489-502. 

263.  Vilhardt F . 2005. Microglia: phagocyte and glia cell. Int J Biochem Cell 
Biol 37:17-21. 

264.  Viviani B, Bartesaghi S, Gardoni F, Vezzani A, Behrens MM, Bartfai T, 
Binaglia M, Corsini E, Di LM, Galli CL and Marinovich M. 2003. 
Interleukin-1beta enhances NMDA receptor-mediated intracellular calcium 
increase through activation of the Src family of kinases. J Neurosci 23:8692-
8700. 

265.  Vogt C, Hailer NP, Ghadban C, Korf HW and Dehghani F. 2008. 
Successful inhibition of excitotoxic neuronal damage and microglial 
activation after delayed application of interleukin-1 receptor antagonist. J 
Neurosci Res 86:3314-3321. 

266.  Volpe F, Clatworthy J, Kaptein A, Maschera B, Griffin AM and Ray K. 
1997. The IL1 receptor accessory protein is responsible for the recruitment 
of the interleukin-1 receptor associated kinase to the IL1/IL1 receptor I 
complex. FEBS Lett 419:41-44. 

267.  Walton KM, DiRocco R, Bartlett BA, Koury E, Marcy VR, Jarvis B, 
Schaefer EM and Bhat RV. 1998. Activation of p38MAPK in microglia 
after ischemia. J Neurochem 70:1764-1767. 

268.  Wang X, Barone FC, Aiyar NV and Feuerstein GZ. 1997. Interleukin-1 
receptor and receptor antagonist gene expression after focal stroke in rats. 
Stroke 28:155-161. 

269.  Wang ZQ, Wu DC, Huang FP and Yang GY. 2004. Inhibition of 
MEK/ERK 1/2 pathway reduces pro-inflammatory cytokine interleukin-1 
expression in focal cerebral ischemia. Brain Res 996:55-66. 

270.  Weitzmann MN, Savage N. 1992. Nuclear internalisation and DNA binding 
activities of interleukin-1, interleukin-1 receptor and interleukin-1/receptor 
complexes. Biochem Biophys Res Commun 187:1166-1171. 

271.  Werman A, Werman-Venkert R, White R, Lee JK, Werman B, Krelin Y, 
Voronov E, Dinarello CA and Apte RN. 2004. The precursor form of IL-
1alpha is an intracrine proinflammatory activator of transcription. Proc Natl 
Acad Sci U S A 101:2434-2439. 



____________________________________________________List of references 

 

 231

272.  Wesche H, Korherr C, Kracht M, Falk W, Resch K and Martin MU . 1997. 
The interleukin-1 receptor accessory protein (IL-1RAcP) is essential for IL-
1-induced activation of interleukin-1 receptor-associated kinase (IRAK) and 
stress-activated protein kinases (SAP kinases). J Biol Chem 272:7727-7731. 

273.  Wesche H, Neumann D, Resch K and Martin MU. 1996. Co-expression of 
mRNA for type I and type II interleukin-1 receptors and the IL-1 receptor 
accessory protein correlates to IL-1 responsiveness. FEBS Lett 391:104-108. 

274.  Wesche H, Resch K and Martin MU. 1998. Effects of IL-1 receptor 
accessory protein on IL-1 binding. FEBS Lett 429:303-306. 

275.  Xie Z, Smith CJ and Van Eldik LJ. 2004. Activated glia induce neuron 
death via MAP kinase signaling pathways involving JNK and p38. Glia 
45:170-179. 

276.  Yan M, Xia C, Cheng C, Shao X, Niu S, Liu H and Shen A. 2007. The role 
of TNF-alpha and its receptors in the production of Src-suppressed C kinase 
substrate by rat primary type-2 astrocytes. Brain Res 1184:28-37. 
Epub;%2007 Oct 10.:28-37. 

277.  Yang GY, Liu XH, Kadoya C, Zhao YJ, Mao Y, Davidson BL and Betz AL. 
1998. Attenuation of ischemic inflammatory response in mouse brain using 
an adenoviral vector to induce overexpression of interleukin-1 receptor 
antagonist. J Cereb Blood Flow Metab 18:840-847. 

278.  Yang GY, Mao Y, Zhou LF, Ye W, Liu XH, Gong C and Lorris BA. 1999. 
Attenuation of temporary focal cerebral ischemic injury in the mouse 
following transfection with interleukin-1 receptor antagonist. Brain Res Mol 
Brain Res 72:129-137. 

279.  Yao S, Pandey P, Ljunggren-Rose A and Sriram S. 2010. LPS mediated 
injury to oligodendrocytes is mediated by the activation of nNOS: relevance 
to human demyelinating disease. Nitric Oxide 22:197-204. 

280.  Ye K, Dinarello CA and Clark BD. 1993. Identification of the promoter 
region of human interleukin 1 type I receptor gene: multiple initiation sites, 
high G+C content, and constitutive expression. Proc Natl Acad Sci U S A 
90:2295-2299. 

281.  Ye K, Vannier E, Clark BD, Sims JE and Dinarello CA. 1996. Three 
distinct promoters direct transcription of different 5' untranslated regions of 
the human interleukin 1 type I receptor: a possible mechanism for control of 
translation. Cytokine 8:421-429. 

282.  Yirmiya R, Winocur G and Goshen I. 2002. Brain interleukin-1 is involved 
in spatial memory and passive avoidance conditioning. Neurobiol Learn 
Mem 78:379-389. 



____________________________________________________List of references 

 

 232

283.  Yoon DY, Dinarello CA. 2007. Differential effects of anti-IL-1R accessory 
protein antibodies on IL-1alpha or IL-1beta-induced production of PGE(2) 
and IL-6 from 3T3-L1 cells. J Biochem Mol Biol 40:562-570. 

284.  Yu N, Zhang X, Magistretti PJ and Bloom FE. 1998. IL-1-alpha and TNF-
alpha differentially regulate CD4 and Mac-1 expression in mouse microglia. 
Neuroimmunomodulation 5:42-52. 

285.  Yu XM, Askalan R, Keil GJ and Salter MW. 1997. NMDA channel 
regulation by channel-associated protein tyrosine kinase Src. Science 
275:674-678. 

286.  Zhang X, Haaf M, Todorich B, Grosstephan E, Schieremberg H, 
Surguladze N and Connor JR. 2005. Cytokine toxicity to oligodendrocyte 
precursors is mediated by iron. Glia 52:199-208. 

287.  Zhao WQ, Alkon DL and Ma W. 2003. c-Src protein tyrosine kinase 
activity is required for muscarinic receptor-mediated DNA synthesis and 
neurogenesis via ERK1/2 and c-AMP-responsive element-binding protein 
signaling in neural precursor cells. J Neurosci Res 72:334-342. 

 
 


