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Abstract

The role of interleukin receptors in brain cell sigralling

The University of Mancester
Loan Nguyen Ph.D. 2010
Abstract

IL-1a and IL-18 are two IL-1 agonists which signals at the sanceptor
complex composed of IL-1R1/IL-1IRAcP. However, lh-land IL-13 exert
differential actions. A recent CNS-specific IL-Iceptor accessory protein, called
IL-1RACPDb, has been characterised but its actisasuaknown. In T cell line,
over expression of IL-1RAcPb negatively regulatellaction (Smith et al, 2009),
but over-expression of IL-1RAcPb in HEK cell lineduces IL-1 signaling (Lu et
al, 2008). The role of IL-1RAcPb has not been stddn primary cells. The aim
of this project was to investigate the role of IRAcPb in IL-1-induced actions in
neurones and glia, and to determine tLdnd IL-18 differential actions in these
two cell types. The role of IL-IRAcCPb in IL-1-inded protein expression and
IL-1a and IL-13 differential effects were investigated by treatigT and
IL-1RACPb” neurones and glia with ILelor IL-1p in the presence or absence of
IL-1RA for 24 h followed by assessment of IL-6 imtion by ELISA. The
mechanism of IL-1RAcPb actions were studied by ararg the effects of IL-d
or IL-1B on p38, ERK1/2 and Src kinase activation in neesoand glia by
Western blot analysis. SB203580 (p38 inhibitor),126 (ERK1/2 inhibitor), and
PP2 (Src kinase inhibitor) were used to determime ¢ontribution of p38,
ERK1/2 and Src kinase activation to IL-1-induced6llsynthesis in neuronal
cultures.

In WT neurones, IL-& and IL-13 were equipotent at inducing IL-6
synthesis and p38 activation, whilst both liganaitetl to induce ERK1/2 or Src
kinase activation. In IL-1RAcPb neurones, IL-& and IL-18 induced similar
levels of IL-6, but IL-B was more potent than ILelat inducing p38 activation.
IL-1a-induced p38 activation was reduced in IL-1RAER®BUrones compared to
WT neurones. In contrast to WT neurones, ERK1/2 activated in IL-1RACPbH
neurones in response to lle;lwhilst Src kinase was not activated by ld.-ar
IL-1B. IL-1-induced IL-6 synthesis was abolished by RA, SB203580, UO126
and PP2. Interestingly PP2, a specific Src kinakéitor also partially inhibited
basal ERK1/2 activity.

In WT glial cells, IL-Tn was more potent than IL31at inducing IL-6
synthesis but both cytokines induced ERK1/2 adtwatvith equal potency. In
IL-1RACPb” glia, IL-1a and IL-13 were equally potent at inducing IL-6 synthesis
and ERK1/2 activation. However, ld-induced-IL-6 synthesis was reduced in
IL-1RACPb” glia compared to WT glia. In both WT and IL-1RA&PYlia, IL-10
and IL-1B induced p38 activation but not Src kinase actorati

In conclusion, this study showed that in neuronéslRAcPb may
contribute to IL-hi-induced p38 activation but negatively regulatesl dinduced
ERK1/2 activation, therefore IL-1RAcPb may have e effects on different
signalling pathways. The effect of IL-1RAcPb cowdtso be cell specific, as
IL-1RACPb contributed to IL-d-induced p38 signalling in neurones but IL-6
production in glia. The role of IL-1RAcPb remairegdely unknown and more
investigations are required to elucidate its raléL+1 signalling in the brain.
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Chapter 1 Introduction

1.1. Inflammation in the CNS

Inflammation is a protective mechanism initiatedtbg host in response
to noxious stimuli. It is typically characterised pain, swelling, redness and
increased temperature. Inflammation is a tightlghestrated event involving
many cell types and mediators. Macrophages andritiencells are amongst the
first type of cells to be activated (for reviewse daicas et al., 2006 and Perry et
al., 1995). Activated cells release pro-inflammugtorediators including cytokines
and chemokines to propagate inflammation. Duringammation, local blood
vessels become compromised, resulting in leakagplagma protein into the
tissue, oedema and leukocyte invasion. Activatethume cells are central to
inflammatory processes needed to remove pathogansaged cells, irritants or
debris. Inflammation is an integral part of thellmpprocess when regulated with
timely precision, but it is not a feature of hegltissue (for review see Allan and
Rothwell, 2003).

1.1.1. Does inflammation occur in the CNS?

The brain was initially believed to be ‘immune pleged’ on three
accounts. Firstly, it is isolated from the systenmunune system by the blood-
brain barrier (BBB) and was thought to be deprivadinfluence from the
systemic immune system. Secondly, it was thought tnopossess antigen
presenting cells such as dendritic cells, B celld mmacrophages. Thirdly, it was
thought that brain cells lack antigen-presentingletues such as major
histocompatibility complex (MHC) class | and Il arttierefore cannot be
recognised by antigen-specific T lymphocytes (feview see Neumann 2001).
However, these views are now challenged. In norowaiditions, the central
nervous system (CNS) is immunologically silent aard immune response is
actively suppressed. The immune cells of the baae glial cells, in particular
microglia, which are actively kept quiescent viadb interactions with intact
neurones. However, in the presence of neurotoxitisaama, neuronal activity is
disturbed, glial cells are activated by inflammgtomediators and an
inflammatory response is initiated (for review $é&mumann, 2001). Therefore this

belief of ‘immune privilege’ is now radically chaed, and it is now accepted that
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the brain, like any other organ in the body, is atde of developing an
inflammatory response. Hallmarks of CNS inflammatioclude oedema, glial
cell activation, invasion of circulating immune Isel production of pro-
inflammatory mediators and a compromised BBB. Batike other organs within
the body, the brain has limited capacity to regatger Consequently, CNS
inflammation must be regulated with extra vigourpasionged inflammation is
harmful and can lead to chronic inflammatory CNSedse (for reviews see Allan
and Rothwell, 2003; Neumann, 2001 and Rothwelllgt1®97). The role of
inflammation in the CNS is unresolved. Despite ateiming evidence for
deleterious effects of inflammation, beneficialeets have also been described.
Whether inflammation is friend or foe is a subj@ftintense research. It is
postulated that inflammation could have a dual iol¢ghe CNS (for review see

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

1.1.2. Acute inflammatory response in the CNS

Acute brain injury refers to insults that resultanrapid loss of brain
cells, often characteristic of conditions suchtask®, traumatic brain injuries and
seizures. Ischaemic stroke is caused by a sudddusamn of a cerebral artery,
preventing blood flow and supply of oxygen and reuits to a targeted brain area,
leading to cerebral ischaemia. Cerebral ischaesadd to a rapid depletion of
energy stores, loss of ionic gradients, calciuntuigfexcitotoxic neurotransmitter
release, and ultimately neuronal death and lossassfociated neurological
functions (for reviews see Muir et al., 2007; Grahand Hickey, 2002; Graham
and Chen, 2001; Dirnagl et al., 1999 and Lee ¢t18199). In traumatic brain
injury, brain damage is caused directly by a phatsiauma, whilst in seizures it
is caused by a transient wave of synchronous/eixeessuronal activity resulting
in neuronal cell death. In all these cases, aaltaleath is caused by necrosis, but
delayed cell death is associated with the inflanonyatesponse. Apoptotic cell
death can also contribute to delayed brain injuriggered or enhanced by

neuroinflammatory processes.
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1.1.3. Chronic inflammation of the CNS

Multiple sclerosis (MS), Alzheimer's disease (ADhda Parkinson’s
disease (PD) are progressive neurodegenerativerddiso with unknown
aetiology. The symptoms of these diseases aresdi\aerd progressive, increasing
in severity with disease progression. MS is char&s#d by demyelination of
neurones, which can lead to motor and cognitiveeasf (for reviews see
Steinman, 2008; Delegge and Smoke, 2008; Allan Rothwell, 2003). AD is
characterised by a progressive loss of memory avability to form new
memories. Beta-amyloid plaques and neurofibrilli@ygles are hallmarks of AD
(for review see Shatftel et al., 2008). Tremor, nrusigidity and bradykinesia are
overt symptoms of PD. These symptoms are due tdode of dopaminergic
neurones in theubstantia nigra (for review see Schulz and Falkenburger, 2004).
It is clear that these diseases can affect diffel#ain regions and different
populations of CNS cells, but are commonly assediatwith chronic
inflammation of the CNS. The hallmarks of inflamimat such as activated
microglia, MHC up-regulation, pro-inflammatory ckine production and

invasion of leukocytes, are all present in theseaiegical disorders.

1.2. Cellular responses to CNS inflammation

The major brain cell types that respond to inflarhoma are the
microglia, neurones, and astrocytes. The roleigbdendrocytes in inflammation
is less clear. The specialised endothelial cellthefBBB also play a key role in

regulating CNS inflammation.

1.2.1. Microglial response

Microglia are the resident monocytes/macrophagewetrain, derived
from bone marrow precursor cells that migrate ithe brain during early
development (for review see John et al., 2003th&nadult brain the microglial
population is constantly renewed by a specific pajon of monocytes from the
circulation (Mildner et al, 2007). However, locanewal of microglia cells from
CNS resident cells has also been suggested (Ajaahi 2007).
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Resting microglia are exquisitely sensitive celiattrapidly responds to
any changes in their environment. Microglia respdiod changes in brain
homeostasis by altering their morphology and bégiproliferate (Denes et al.,
2007 and for review see Perry, et al. 1995). At#islamicroglia assume
phagocytic properties and antigen-presenting cap#tiough the expression of
MHC molecules (for review see Kim and de Vellis,08D Consequently,
invading leukocytes recognise antigenic material @migger an immune response
(for review see Neumann, 2001). Brain ischaem@nra or infection can all
activate resting microglia to migrate to the sitengury or infection and produce
pro-inflammatory cytokines, chemokines as well a®gens (for review see Kim
and de Vellis, 2005 and Kreutzberg, 1996). Nucteamscription factor (NkeB)
and mitogen-activated protein kinase (MAPK) signagllare important in the
activation and production of pro-inflammatory medria in microglia (Kim et al,.
2004; for review see Kreutzberg, 1996). The roladivated microglia in CNS
inflammation is to scavenge any debris or dyindsceifithin the vicinity of the
injured tissue. However, sustained microglial ation can lead to chronic
inflammation and neuronal dysfunction and deathr@oiew see Vilhardt, 2005).

Activated microglial cells also have beneficial pecties as they can act
as glutamate scavengers to remove excess glutafraate the extracellular
vicinity to prevent excitotoxic cell death. Micraglcan also produce neurotrophic
factors including neurotrophins and growth fact@msai, F. et al., 2007 and for
review see Lai and Todd, 2006, and Kim and de ¥eld005) to support

neurogenesis.

1.2.2. Astrocytic response

Astrocytes are the most abundant cell type in thmdn brain and have
important roles in CNS development, energy metabuliregulation of local
cerebral blood flow, synaptic functions, mainterearmd brain pH balance and
establishment and maintenance of functional intggfithe BBB (for reviews see
Sofroniew and Vinters, 2010 and Dong and Benven®®®1). Astrocytes are
adaptive cells and become activated in respons@yaadverse changes in brain
homeostasis. Activated astrocytes are hypertrogiraific and undergo altered
gene expression, producing factors that can batkribate to or limit CNS injury
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(for reviews see Liberto et al., 2004 and Johnl.e2@03). Mediated by NkB
signalling, astrocytes are responsible for the pectidn of a wide array of
cytokines, chemokines and neurotrophic factors,wedl as mediating the
recruitment of leukocytes and neutrophils, contiig further to the
inflammatory response (for reviews see Farina 2807, Moynagh, 2005, and
Dong and Benveniste, 2001). There are also suggssthat activated astrocytes
may function as antigen-presenting cells that doutie to the resolution phase of
inflammation (for review see Dong and Benvenis@)1). Activated astrocytes
also act as scavengers of excess glutamate andaftexals and produce growth
factors to promote neurogenesis and restore CNSbstasis (for reviews see
Farina et al., 2007 and Liberto et al., 2004).

1.2.3. Neuronal response

Neurones are electrically excitable cells in thaitor These cells process
and conduct information by sending electrical anklensical signals to
neighbouring cells. Neurones are sensitive to trdacand injury, but their
sensitivity can vary in different brain regionsdadgifferent diseases can lead to
selective and specific neuronal death. For exan®il2,affects neurones in the
substantia nigra whilst Alzheimer’'s disease affects cortical andocartical
neurones.

Neuronal responses to inflammation are not fullgrelterised, however
neurones in acute and chronic neuroinflammatoryditimms display altered
neurotrophin expression, neuronal calcium imbalamse well as protease
activation and induction of many inflammatory media. The effects of these
mediators on neuronal survival is unclear (for egvisee Neumar, 2000). NéB
is activated in neurones after stroke, traumatirbmjury and epilepsy, and can
influence the neurodegenerative process directly aligring neuronal gene
expression. The role of N&B signalling in neuronal injury is complex,
contributing prominently to neuronal survival big@aneuronal death (for review
see Mattson, 2005).

The specific contribution of microglia and astrast to CNS
inflammation and their effects on neuronal survigastill not fully resolved. It is
clear that mediators released by microglia carvaigiastrocytes, and mediators
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released by astrocytes can activate microglialscdlhis bidirectional level of
activation can result in a rapidly escalated andouatrolled inflammatory event
and neuronal death (Figure 1.1). The regulatoryhaeisms required to inhibit

inflammation are poorly understood.

Neurone

Electrically excitable cells. Activate
microglia and astrocytes, neuronal repair

Mediators released:

Cytokines,

neurotrophic factors
ICroglia .
9 Mediators released:

CNS immune cells. Gain
antigen presenting
capacity, phagocytic,
scavengers of debris, dead
cells and excess glutamate,
activate astrocytes, recruit
leukocytes, promote
neuronal repair.

Cytokines, chemokines,
neurotrophic factors,
mitogens, prostaglandins,
reactive oxygen species

Mediators released: \
Cytokines, chemokines,

neurotrophic factors,

mitogens,

prostaglandins, reactive

oxygen species

Activate microglia, scavengers of
excess glutamate, recruit leukocytes
promote neuronal repair

Figure 1.1. The effects of inflammation on differenCNS cell types.

Inflammation activates microglial cells and astiesyto release pro-inflammatory
mediators as well as neurotrophic factors, whichdutate inflammation itself.

During inflammation, neurones release cytokines aedrotrophic factors to
activate microglia and astrocytes to initiate aminme response.
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1.2.4. Oligodendrocytes

Oligodendrocytes are myelin-forming glial cellsttla@ae abundant in the
brain. However, the effect of inflammation on oligmdricytes is not as
extensively reported when compared to other gkdlltgpes such as microglia or
astrocytes. Oligodendrocyte demise is associateth weuro-inflammatory
conditions such as MS, AD and stroke (for reviees Roth et al. 2005; Cannella
and Raine 2004; Dewar et al. 2003), indicatingvitkerability to inflammatory
damage. Indeed oligodendrocytes express both cheeakd cytokine receptors
(Omari et al, 2005; Cannella and Raine, 2004) aadehbeen shown to be
compromised by endotoxins such as lipopolysaccegfi#S) (Yao et al, 2010;
Pang et al, 2003) and pro-inflammatory cytokinelaBet 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 iaet barrier that
regulates the migration of substances from thedl@oculation) to the brain to
maintain brain homeostais. The BBB is a complexesyf blood vessels formed
by endothelial cells encapsulated by a layer ofbksnina, and supported by
astrocytic cells. Endothelial cells in the BBB fortight junctions to regulate
passage of substances across to the brain. Durilagnimation, the integrity of
the BBB is compromised and becomes “leaky”, resgltin an influx of
molecules that would have been otherwise restrifftadreview see de Boer and
Gaillard 2006 and de Vries et al. 1997). Endothelds of the BBB are sensitive
to pro-inflammatory cytokines and chemokines, agpond to these proteins by
the production of more chemokines, cytokines anchesidn molecules
(Oynebraten et al, 2004; Stanimirovic et al, 199%hesion proteins are key in
the recruitment of leukocytes across the BBB cbotmg 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 neuronisscompromised,
and glial cells are activated. Activated microgkdease an array of chemokines
including macrophage inflammatory proteins (MIP)croglia response factor-1
(MRF-1), interleukin-8 (IL-8), monocyte chemotacpooteins (MCP) as well as
prostaglandin E2 (PGE reactive oxygen species and mitogenic factoos (f
reviews see Kim and de Vellis 2005; John et al032®llan and Rothwell, 2003;
Kreutzberg, 1996). Activated microglia are also @urse of inflammatory
cytokines including interleukin-1 (IL-1), interleuk6 (IL-6) and tumour necrosis
factoro (TNF-o) (Pinteaux et al, 2002; Lee et al, 1993). The pryncytokine
involved in the activation of astrocytes at thdyatages of inflammation is IL-1
(Lee et al, 1993). Activated astrocytes are alseermioproducers of chemokines
including chemokines belonging to the CCL and CX@iily (CCL1, 2, 5 and
CXCL10, 20, 12, 1, 2), IL-1, IL-6, TNle; (Lee et al, 1993) and matrix
metalloproteinase-9 (pro-MMP9) (Thornton et al, 2D@or reviews see Farina et
al., 2007 and Dong and Benveniste, 2001). Neurareethe most vulnerable cells
in the brain and their loss during neuroinflammatéan lead to loss of function
associated to that area of degeneration. Neuromes ako producers of
pro-inflammatory cytokines and neurotrophic factdmésakiri et al, 2008c;
Isackson, 1995). The function of pro-inflammatoggokines and chemokines is
to activate neighbouring cells to amplify the lotzalate immune response as well
as recruiting circulating immune cells to initidtee adaptive immune response.
Cytokines can activate local microglia and astresythat produce chemokines,
leading to leukocyte infiltration.

In addition to the expression of this array of prlammatory mediators,
inflammation can also induce the expression anebsel of mediators important
for promoting cell growth and repair. These medmtmclude neurotrophins,
brain-derived neurotrophic factors (BDNF) and neguvewth factors (NGF), all of
which are expressed by microglia, astrocytes andomes (for reviews see Farina
et al., 2007; Kim and de Vellis 2005; Isackson,3)99he neuroprotective actions
of microglia can also be attributed to their apilip produce IL-1 receptor
antagonist (IL-1RA), which can down-regulate IL-XTtians on astrocytes
(Pinteaux et al, 2006) (Figure 1.2).
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Figure 1.2. Mediators expressed by different braircell types during

inflammation.

Inflammation induces the activation of microgliadamstrocytes to secrete
pro-inflammatory cytokines, chemokines, neurotrophfactors and other
mediators. Neurones also release neurotrophic rlacdnd pro-inflammatory
cytokines.Abbreviations: TNF, tumuor nercosis facta-8, interleukin-8; IL-6,

interleukin-6; IL-1, interleukin-1; IL-1RA, IL-1 meptor antagonist; PGE

prostaglandin E2; BDNF, brain-derived neurotropfaictor; NGF, nerve growth
factor; CCL1, 2, 5 and CXCL10, 20, 12, 1, 2, chemek CCL and CXCL

subclasses; MMP9, matrix metalloproteinase-9.
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1.3.1. Cytokines and CNS inflammation

Cytokines have dual roles in CNS inflammation - ride¢ntal and
beneficial. The pro-inflammatory role of some cytws is well recognised, but
the same cytokine can also exert anti-inflammasdfgcts. TNFe, IL-6 and IL-1
have been shown to exacerbate ischaemic damagaa@tdneurogenesis, whilst
inhibition of their expression significantly redutérain damage and restored
neurogenesis (Monje et al., 2003 and for revievesBenes et al., 2009; Lai and
Todd, 2006; Ekdahl et al.,, 2003; Kempermann and nigwn, 2003). The
detrimental effects of IL-1 may be mediated in gartthe induction of adhesion
molecules such as intercellular adhesion molecul€>AM-1) and vascular cell
adhesion molecule-1 (VCAM-1) by endothelial cellsading to leukocyte
recruitment into the brain (for review see Deneal€2009). Conversely, TNé&-
IL-6 and IL-1 is also neuroprotective in mouse &@s in vitro against
N-methyl-D-aspartic acid (NMDA)-induced cell deafarlson et al, 1999),
whilst IL-6 is also neuroprotectivén vivo after cerebral ischaemia in rats
(Loddick et al, 1998). Additionally, IL-1 has beshown to enhance neurogenesis
during differentiation of mesenchymal stem cellsoimeurones (Greco and
Rameshwar, 2007).

In summary, regulated inflammation is a benefigiedcess to the host
but deregulated inflammation is detrimental. Inflaation is a complex and
dynamic mechanism involving many interacting cyt@d, chemokines and
signalling pathways. Amongst the different inflantorg mediators known to
regulate neuroinflammation, IL-1 is the primary na¢dr. However its
mechanism of action is not fully investigated. Tfere it is important to
characterise the effects of IL-1 on different CNSI ¢ypes and investigate its
mechanism of action to prevent the deleteriouscesfef IL-1 after injury.
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1.4. The interleukin-1 system

There are currently eleven agonists in the IL-1ikanmcluding IL-1a,
IL-1B, IL-1RA, IL-18, IL-33 and IL-1F5-10, and ten redeps including IL-1 type
1 receptor (IL-1R1), IL-1 type 2 receptor (IL-1R2),-1 receptor accessory
protein (IL-1RAcP), IL-18R, IL-18Rg, IL-1 receptor-like 1 (ST2), IL-1 receptor-
like 2 (IL-1RL2), sinlge immunoglobulin IL-1 receptrelated moleculre
(SIGIRR) and three immunoglobulin domain-containihgl receptor-related 1
and 2 (TIGIRR1 and 2) in the IL-1 family, howevaagt all the functions of these
receptors and agonists have been defined. Activatidhese receoptors by their
respective agonists is associated with activatibonthe MAPK and NF«B
signalling (see section 1.5.1). However, not alllllreceptors are signalling
receptors. IL-1R2 is a non-signalling receptor (seetion 1.4.2) and SIGIRR and
TIGIRR are orphaned receptors. The presence ofaogth receptors within the
IL-1 family suggests that our current understandhdf_-1 actions is incomplete
(Figure 1.3) (for reviews see Sims and Smith, 2@&l@&n 2005).
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Figure 1.3. The IL-1 family members.

Schematic showing the association of different Ilighnds to their respective
receptors. Of the eleven ligands, it is unknown awhreceptor(s) IL-1F7 and
IL-1F10 are associated with. Actions of IL-1 agasiare regulated by IL-1RA,
which blocks IL-b and IL-18, and IL-1F5, which regulates IL-1F6, IL-1F8 and
IL-1F9. IL-1 actions are also regulated by IL-1R&aSIGIRR. Abbreviations:
IL-1R1, IL-1 type 1 receptor; IL-1R2, IL-1 type 2aeptor; IL-1RAcP, IL-1
receptor accessory protein; IL-18RL-18 receptor; IL-18Rp, IL-18 receptoi;
ST2, IL-1 receptor-like 1, IL-1RL2, IL-1 receptaké 2; SIGIRR, sinlge
immunoglobulin IL-1 receptor-related moleculre amtiGIRR1 and 2, three
immunoglobulin domain-containing IL-1 receptor-teld 1 and 2. Modified from
Sims and Smith, 2010 and Allan et al, 2005.
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1.4.1. IL-1a, IL-14 and IL-1RA

The best characterised ligands of the IL-1 systesnlla-1a, IL-1p and
IL-1RA. IL-1a and IL-13 are agonists whereas IL-1RA is a competitive remep
antagonist. These ligands act by binding to IL-IR1L-1R2. IL-1R1 is an active
signalling receptor whilst IL-1R2 is a non-signadfi decoy receptor. IL-1
signalling is involved in normal growth and develmgnt, as well as normal
physiological functions including sleep (Fang etl#98), appetite (Matsuki et al,
2003), memory, and neuronal plasticity (Avital £t2003; Yirmiya et al, 2002).
Disruption to IL-1 actions can result in an abnadrimamune response. Arthritis
(Pascual et al, 2005; Smeets et al, 2005), andastlerosis (Merhi-Soussi et al,
2005b; Moyer et al, 1991) are peripheral conditiassociated with inflammation
and over-active IL-1 signalling. Centrally, unregigld I1L-1 signalling is reported
in stroke pathology, traumatic brain injuries aegzsres. IL-1 is also reported to
be pro-convulsive (Balosso et al, 2008) and coutedé to the detrimental effects
of seizures (Patel et al, 2003). Collectively thesalies indicate that IL-1 is an
important element in the inflammatory cascade, Ipettipherally and centrally.

IL-1a and IL-1B are products of different genes, synthesisedrge Ig81
kDa) precursor molecules before being cleaved ta fmature 17 kDa proteins.
Pro-IL-1a is the precursor of ILd, and is cleaved by proteases called calpains.
Both pro-IL-1o and IL-1o. are biologically active and remain mainly locatise
the cytosol and the nucleus (for reviews see Sinas&mith, 2010; Arend et al.,
2008; Laurincova, 2000; and Boraschi et al., 199@&yacellularly, pro-IL-L is
reported to regulate cell migration (Merhi-Soussiak 2005a; McMahon et al,
1997), proliferation (Kawaguchi et al, 2004; Maiet al, 1994) and gene
expression in various cell lines via intranucleeatiams (Kawaguchi et al, 2004;
Werman et al, 2004) (for review see Luheshi et28l09). The function of
intracellular mature IL-d is less well understood. Mature Ill1 either
intracellular or as result of endocytotic intersation of secreted ILel is
transported to the nucleus where it is suggestethind to DNA and exert
intranuclear actions (Luheshi et al, 2009; Weitzmand Savage, 1992; Grenfell
et al, 1989). The specific intranuclear actionsnaditure IL-n are however

unknown.
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In contrast, pro-IL-f is biologically inactive and must be cleaved by th
protease caspase-1 in order to become an activarengarotein. Responses
induced by IL-B are from the secreted mature form of Ik-Eor reviews see
Luheshi et al. 2009a; Allan et al. 2005; Dinarell897). Caspase-1 shares
significant sequence homology with the death pmot€ED-3 found in the
apoptotic pathway ofCaenorhabditis elegans (Thornberry et al, 1992). This
analogy has led to the suggestion that caspase-WeHdsas IL-1 could be
contributing factors in programmed cell death.

IL-1RA is a 17 kDa protein produced by the samdsctiat express
IL-1a and IL-18. There are three intracellular isoforms of IL-1R&IL-1RA 1, 2
and 3) and one secreted isoform (IL-1RA) (Palimlet2001 Muzio et al.,1999
and for reviews see Arend et al., 2008 and Arerdl @athridge, 2000). Both
iclL-1RA and secreted IL-1RA are antagonists oflHiaduced actions. Secreted
IL-1RA is a competive inhibitor of secreted IL-Ictimg at the IL-1R1 (Pinteaux
et al, 2006), whereas iclL-1RA is antagonistic to-fiL.-1a actions (Merhi-Soussi
et al, 2005a)

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

There are two well characterised IL-1 receptorsliR1 (80 kDa) and
IL-1R2 (68 kDa). Structurally, IL-1R1 and IL-1R2eavery similar, containing a
membrane-spanning region and three immunoglobuke—domains in the
extracellular part of the protein (for reviews &mith, 2010; Arend, 2008; Boutin
et al., 2003). However, IL-1R1 has an intracellidagnalling region called the
Toll/IL-1R (TIR) domain which is essential for sigling, but is absent in IL-1R2
(McMahan et al, 1991). This explains why IL-1R1 assignalling receptor,
whereas IL-1R2 acts as a decoy receptor by scawgrayicess IL-1 (Sims et al,
1993). IL-1R2 can also regulate IL-1 functions gyenting the formation of the
IL-1 signalling complex (Malinowsky et al, 1998; ng et al, 1998). IL-1R1 is
internalised after activation (Brissoni et al, 2086lari et al, 1994) or as a part of
the receptor’s life cycle (Solari et al, 1994). IBuoling endocytosis the receptor
can be recycled (Solari et al, 1994), degrade@-alinected to other sites (Mizel et
al, 1987). The half life of IL-1R1 is 11 h in thésence 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 (fewview see Boutin et
al, 2003), and both are capable of binding to dLahd IL-13 (Arend et al, 1994)
to inhibt IL-1 actions (for review see Allan et @005). The enzymes responsible
for the cleavage of IL-1 receptors belong to theathgprotease family, but the
specific protease involved in this process is unkm@Elzinga et al, 2009) (Figure
1.4). In addition to the receptor cleavage, solubi&¢R2 can also be the result of
alternative splicing of the IL-1R2 mRNA, makingaih alternative splice variant
of IL-1R2 (Liu et al, 1996). The intracellular domaf IL-1R1 and IL-1R2 can
also be cleaved by-secretease into soluble intracellular fragmentzitga et al,
2009; Kuhn et al, 2007). These receptor fragmeat® lbeen shown to mediate
specific IL-1-induced actions in human embryonidrigy cell lines, but this could
also be a mechanism of regulating IL-1 actions bgventing the coupling of
IL-1R1 and the IL-1 receptor accessory protein XRAcP) TIR domain (Elzinga
et al, 2009)

IL-1R1 alone cannot transduce signal, but requassociation with the
IL-1IRACP to recruit downstream adaptor moleculeschsuas myeloid
differentiation factor (88) (MyD88) and Toll-intesing protein (Tollip). This
makes IL-1RAcP an essential secondary sub-unitiardor IL-1 signalling
(Cullinan et al, 1998; Wesche et al, 1997; Wesdhal,e1996). IL-1RACP is 80
kDa in size when fully glycosylated, and has siigaifit structural and sequence
homology with IL-1R1, with three extracellular immaglobulin-like domains, a
transmembrane region and an intracellular TIR damiaiteraction of IL-1RAcP
with IL-1R1 increases IL-1R1 affinity for its agati (Cullinan et al, 1998;
Greenfeder et al, 1995). There are four spliceavasi of IL-1RACP; a membrane-
bound IL-1RACP, a soluble sIL-1RAcP (Jensen e2@00) a soluble sIL-1RAGP
(Jensen and Whitehead, 2003), and a recently Bescisplice variant called
IL-1RACPb (Smith et al, 2009; Lu et al, 2008) (Seetion 1.4.3 and Figure 1.5).
The function of sIL-1RACP is unclear but it has @eoposed to be a competitive
inhibitor of IL-1 actions by competing with membesbound IL-1RAcP for
binding with IL-1R1, thus preventing the formatioof the TIR domain
heterodimer necessary for signalling (Jensen &0&I0). sIL-1RAcP may also act
as a powerful scavenger of released IL-1 (Smithalet2003). The opposing
actions of IL-1RAcP and slIL-1RAcP on IL-1 signaflinsuggests that the
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biological outcome of IL-1 actions may depend onchhform of IL-1RACP is

predominantly expressed at the time of stimulation.

sIL-1RAcP

o
NoCo=

Caspase 1

Calpains

IL-1RACP

IL-1RACPDb

Figure 1.4. The IL-1 signalling system

IL-1a and IL-13 are produced as precursor molecules and cleavedlpgins and
caspase-1 respectively to form mature IL-1 proteliese agonists, like IL-1RA,
bind to the signalling complex (IL-1R1/IL-1RAcP) txert their effects, whilst
IL-1RA inhibits IL-1a and IL-13 actions. IL-1R2 is a decoy receptor that
negatively regulates IL-1 actions by scavengingesgclL-1 or associating with
IL-1RACP to prevent the formation of the signallingterodimer. IL-1R1, IL-1R2
and IL-1RACP also exist as soluble proteins. Thadable receptors function as
modulators of IL-1 actions by scavenging exces4 kbr recruiting IL-1RACP to
prevent the formation of the signalling complex.-IRAcPb is a recently
described IL-1 receptor accessory protein. The tfancof this receptor is not
fully characterised.
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It is unclear how IL-1 interacts with the signafjicomplex, but previous
reports have suggested that it is only IL-1R1 thiatls to IL-1 (Wesche et al,
1998), upon which a conformational change occutbenlL-1R1 structure, which
then reveals a docking site for IL-1IRAcP and themation of the signalling
heterodimer (Greenfeder et al, 1995). IL-1RACP uggested to stabilise the
binding of IL-1 to IL-1R1 (Wesche et al, 1998). Hdlw+1RACP interacts with
IL-1 and IL-1R1 is still unclear. Binding of IL-1R£0 IL-1R1 fails to induce the
required binding conformation of IL-1R1, therefodecking of IL-1RACP is
prevented and no signal can be transduced. Henr@®M_acts as an antagonist
(Casadio et al, 2001).

Transmembrane
Signal peptide domain

‘ Immunoglobulin ‘ Intracellular
extracellular domain domain

exon (1] (2| (3]|(a] (5] (o) (7] (8] (o) (on)] (o)) (1) (22) (a2s

T e o eV e 8 e B B 1 B R
Larackb ~CHIOHOH OO O - O— O o—
e e e e

si-1race b THOHOHOH OO O—— OO —

Figure 1.5. Expression of exons in different isofons of IL-1RACP.

Schematic showing the expression of different exionslifferent isoforms of
IL-1RACP. The signal peptide is encoded on exom@ the three extracellular
immunoglobulins are encoded by exons 4-9/9b. Thastnembrane region is
encoded by exon 10 and the intracellular domaended 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-1RRb)

Recently, two independent research groups (Smitd, &£009; Lu et al,
2008) have identified an alternatively spliced aaf of IL-1RACP in the human
genome, named IL-1RAcP687 or IL-1RAcPb. As IL-1RAcRill become the
focus of this project, and since the two researcbugs presented opposing
evidence for the function of IL-1RAcPD, this sentiwill review both studies in
some detail.

Genomic comparisons of IL-1IRAcP and IL-1RAcPb réseahat these
proteins are encoded by two different splice vdsaof the exon 12 of the
IL-1RACP gene (Figure 1.6). Like IL-1R1 and IL-1RACcP, IL-1BRb has three
immunoglobulin-like domains, a transmembrane regiad an intracellular TIR
domain, but it also has an additional chain of adtino acid; forming a ‘tail’ at

the carboxyl terminus (Smith et al, 2009).

]
Exon 12 Exon 12b

l IL-1RACP

IL-1RACP

IL-1RACPDb

Extracellular domain 1 Intracellular domain

IL-1RACPDb

Transmembrane region

Figure 1.6. Schematic drawing of IL-1RAcP and IL-1RAcPb mRNA and
their structural domains.

IL-1RACP contains exon 12 but IL-1RAcPb contain@mexX.2b, which codes for
an additional poly amino acid tail. The black hontal bar indicates the disrupted
section in IL-1RAcP knock-out™) modification and the green horizontal bar
indicates the disrupted section in IL-1RA&Pmnodification. Modified from
Smith et al., 2009.
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The search for the expression of IL-1IRAcPb mRNAdsl-time PCR in
thirty one different human tissues, showed thatekgression of IL-1RAcPb is
restricted to the CNS, and was found predominaintlyhe whole brain, foetal
brain, cerebellum and spinal cord (Smith et al, 30 the periphery, the only
non-CNS tissue that expressed IL-1IRAcPb mRNA aoadirial epithelial cells,
however expression was only 3 % compared to whale bL-1RAcPb mRNA. It
was also demonstrated that the pattern of expresdidL-1RAcPb in the brain
followed the expression of neurone-specific micbole-associated protein 2
(MAP2) mRNA, indicating that it is neuronal specifiThe expression of
IL-1RACPb and IL-1RAcP however, does not coincidella 1RACP expression
co-localised with the expression of astrocyte-dpegiial fibrillary acidic protein
(GFAP) mRNA (Smith et al, 2009). In mouse hippocas)ahe expression of IL-
1RACP is found in both neurones and astrocytes.

In EL4.16a cells (a T-cell sub cell line) it wasosm that transfected
IL-1RACP and IL-1RAcPb co-immunoprecipitates witlatime IL-1R1 in the
presence of IL§ (Smith et al, 2009). Co-immunoprecipitation ofnséected
IL-1R1, IL-1RAcP, and IL-1RAcPb in human kidney HE®3T cells was also
observed (Lu et al, 2008). Studies of the functi@gression of IL-1RAcPb in
EL4.16a indicate that IL-1RAcPb could be a negativedulator of IL-1
signalling in these cells. In cells transfectedhwit-1RACP gene, IL-PB induces
the release of IL-2, IL-5 and IL-6. However, whegilg are transfected to express
IL-1RACPD, these responses are abolished. It wasodstrated that IL-1RAcPb
fails to recruit downstream signalling moleculestioé IL-1 signalling cascade.
IL-1RACPbD failed to activate MAPK such as p38, ex#llular signal-regulated
kinases (ERK1/2) and c-jun N-terminual kinases (JNMhen expressed in
EL4.16a cells (Smith et al, 2009). This responss wdependent of the extra 140
amino acid C-terminus tail on the TIR domain. Thessults suggest that IL-
1RAcPb may act similarly to that of the IL-1R2 dgaeceptor. Despite having
the intracellular TIR domain, IL-1RAcPb failed tansduce signal upon ligand
binding.

In contrast, HEK293T cells transfected with IL-1RAx recruited
molecules of the IL-1 signalling cascade includirglip and MyD88, as shown

by immunoprecipitation. This process occurs indepatly of IL-1R1 and IL-1
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action (Lu et al, 2008). Co-transfection of cellghwlL-1R1 and IL-1RAcPb
could also induce NikB binding to deoxyribonucleic acid (DNA) in HEK293T
cells. Increasing NikB binding were detected with increasing expressibi.-
1RACPDb (Lu et al, 2008). In a different set of expents using human hepatoma
HA22T/VGH cells, over-expression of IL-1RAcPb inédc TNFe and
granulocyte macrophage-colony stimulating factoM(GSF) similarly to that of
IL-1RACP (Lu et al, 2008). Thus, in contrast to fimelings of Smith et al. (2009),
it was concluded that IL-1RAcPb is a mediator ofllisignalling.

To gain a better knowledge of the function of ILAd®b, Smith et al.
(2009) focused on the action of this receptor impry mice neuronal-glial cell
cultures. However, in order to evaluate the speciintribution of IL-1RAcP and
IL-1RACPD to IL-1 signalling, these authors culdineeuronal-glial cell cultures
from IL-1RAcP’” mice followed by transfection of target receptdtsXRACP or
IL-1RACPD) by lentivirus. Microarray analysis of-LRAcP-transfected primary
neuronal-glial population demonstrated substartgiarlap in gene expression
with wild-type (WT) C57/BL6 neuronal-glia cells whereated with IL-1 (Smith
et al, 2009). This indirectly inferred that the aibse of IL-1IRAcPb did not affect
affect cells’ response to IL-1. However, when ILAdG® and IL-1RAcPb were
co-transfected in IL-IRACP neuronal-glial cultures, the pattern of gene
expression in response to IL-1 was different ta thialL-1RACP transfection
alone or WT cells, indicating that the presencdLetRAcPb may alter the the
cells’ response to IL-1. IL-1 treatment of co-triatsed cells lead to an increase in
specific genes expression, as well as a decreabe iexpression of other classes
of genes, whilst the expression of many classesgaies also remained
unchanged. From these data, Smith et al. (2009)lwded that “IL-1RAcPb may
down-modulate some but not all IL-1RAcP dependkrit tesponses.”

In vivo, IL-1RACPb deficiency in mice does not exacerlsatperimental
autoimmune encephalomyelitis, and similar diseasgrpssion was observed in
WT and IL-1RAcPH animals (Smith et al, 2009). However, IL-1RAcPY dkert
neuroprotective effects against LPS-induced neuicity. LPS did not induce
significant demyelination or neuronal cell losSMT or IL-1RAcP” animals, but
both were prominent in IL-1IRAcPbanimals (Smith et al, 2009). However, this is
a complex approach to show that IL-IRAcPb negativegulates IL-1 actions.
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There are many sequences of events between treanfaf LPS, the induction of
endogenous IL-1 and the neuroprotection observeld-tRAcPE™ animals. A
more direct approach is needed to define the mreois of IL-IRAcPLn vivo.
These data provide the first insight into the streee and functions of
IL-1RAcPb. However, these results must be integaretith caution, as much of
the data demonstrating negative/positive regulatibh-1 action by IL-1RAcPb
were derived from non-neuronal cell lines. Addiabty, cultures used to
investigate IL-1RAcPb activity in neurones contain20-30% glial cells. The
contribution of these cells to the microarray deatald be significant and should
be taken into account. Thie vivo data from Smith et al. (2009) are inconclusive,
which leaves open the question on the role of 11A&Rb in IL-1 signalling.
Despite its expression being CNS-restricted andamalspecific, the functions
of IL-1RACPD in different CNS cells, including nemes, are unknown. Since the
activity of IL-1R1 is dependent on the co-activatiof IL-1RAcP, and that the
expession of IL-1R1 and IL-1RACcP does not spatiatiincide in different brain
regions (see next section), it is important to abtarise the function of
IL-1RACPD in these cells types to better understte 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;1Rt1R2 and
IL-1RACP in different cell types and different hmaiegions, as the expression of
these receptors does not always spatially coinditie. presence of IL-1RACP in
brain regions where IL-1R1 is absent may indicatdependent function of
IL-1IRAcCP or the presence of additional uncharaséeti IL-1 receptors (for
reviews see Boutin et al., 2003 and Touzani efLl@BY).

IL-1 receptors are expressed in both glia and mesoas both cell types
express mMRNA for these proteins (Andre et al, 2Dp@sal both cell types are
responsive to IL-f treatment (Lee et al, 1993). Expression of IL-&¢epdors in
neurones has been reported in the developing nersyatem of several species
including mice, rats and frogs (Davis et al, 20B6edman, 2001; Jelaso et al,
1998), which suggests that IL-1R1 is expressed titatigely in neurones.

However, the expression of IL-1R1 in neurones apgptabe restricted to certain
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brain regions, such as the hippocampus, the chgotesus and ependymal
epithelial cells lining the ventricles, as demoatgd in mice (French et al, 1999).
Neurones cultured from mice cerebral cortex alspress IL-1R1 and are
responsive to IL-¢ and IL-13 treatments (Tsakiri et al, 2008c). The cellular
expression of IL-1 receptors is low, with only 5002receptors per cell; however
this is sufficient for biological activity, as lesean 10 occupied receptors are
required for signal transduction to occur (for eavisee Dinarello, 1997).

Numerous studies have reported the presence of teekptors in
astrocytes (Lin et al, 2006; Moynagh, 2005; Dunalef002; da Cunha A. et al,
1993), but the expression of IL-1R1 in microglia dsntroversial. There are
opposing data on the expression of IL-1R1 in mikaogtudies on foetal human
microglia have shown that IL-1R1 are present arad tb-1f treatment leads to
further IL-18, IL-6 and TNFe production (Lee et al, 1993). Additionally, Andre
et al. (2005), have shown IL-1R1 mRNA expressionmite microglia, and
IL-1R1 is necessary for microglial activation inamin vivo (Basu et al, 2002).
IL-1a has also been shown to activate mouse microgl@uiture by increasing
the expression of receptors for antigens includdiy} and MCA-1 proteins (Yu
et al, 1998). In contrast, there is also evidende&ating the absence of IL-1R1 in
microglia. A radioligand binding assay on mousenaniy glial cultures showed
that IL-1 binds specifically to astrocytes but nutroglia (Ban et al, 1993). This
was later supported by a study reporting IL-1-iretb@strocyte proliferation but
not microglia proliferation in rat (Araujo and Caam 1995). More recently,
Pinteaux et al. (2002) found very little evidendeconstitutive expression of
IL-1R1 mRNA in murine microglia, and microglial ¢2did not respond to ILAL
However, there is evidence that stress inducechbdgtexin (LPS) (Pinteaux et al,
2002) or penetrating brain injury (Friedman, 20biuces IL-1R1 expression in
these cells.

Literature on the expression of IL-1 receptorsiased towards IL-1R1
expression, and much less is known about the esipresf IL-1R2 in different
cell types. More attention should be given to tl@septor because, as a decoy
receptor, IL-1R2 possess anti-inflammatory actidhslR2 mRNA expression
has been reported to be most abundant in mousegh&i(Pinteaux et al, 2002)

and absent from rat neonatal astrocytes (JuricGarthan-Krzan, 2001). In the
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adult mouse brain, IL-1R2 is expressed in neuraiethe hypothalamus in the
absence of IL-1R1 (French et al, 1999). These tegovide only a small insight
into the expression of IL-1R2. More research isdeeleto correlate the actions of
IL-1R2 in pathology and to identify therapeuticgets.

1.4.5. Differences in IL-1a and IL-1f actions

Secreted IL-& and IL-13 act by binding to IL-1R1 on the plasma
membrane, which leads to the recruitment of IL-1RAand the formation of a
signalling dimer complex. Structurally, ILelIL-1p and IL-1RA share a common
tertiary structure and all bind to IL-1R1. Howevéris similarity is not reflected
in their affinity for IL-1R1 and IL-1R2. IL-&, IL-13 and IL-1RA display
different affinities for IL-1R1 and IL-1R2, with gher affinity of IL-lo and
IL-1RA for IL-1R1, and IL-B for IL-1R2 (Burger et al, 1995). In contrast, duri
and Carman-Krzan (2001), reported thatpllbas a 5-fold stronger affinity for
IL-1R1 than that of IL-1RA and 6-fold stronger thtdrat of IL-1lo. Others have
shown that IL-& and IL-13 can bind to a common receptor with similar affinit
(Bird and Saklatvala, 1986). Inconsistencies betwtbese data could result from
differences in IL-1 preparation or in cell typewestigated, ranging from human
dermal fibroblasts and synovial cells (Burger ¢t1#95), to porcine connective
tissue (Bird and Saklatvala, 1986) to rat astrayt®uric and Carman-Krzan,
2001). Additionally, there are multiple promoteegulating the expression of
IL-1R1 (Ye et al, 1996) and these promoters dispisgue-specific distribution
(Chen et al, 2009). This observation suggests ttiatversatile nature of IL-1
could depend on which promoter is active; some pters may constitutively be
active, which may account for the basal level ofIR1 expression (Ye et al,
1993).

The differences between Ileland IL-13 are not limited to their
differences in binding affinity for IL-1R1. It haseen shown that recombinant
murine IL-lo. and recombinant human IleIcan bind to human endothelial cells
with equal affinity but induced differential resg@s (Thieme et al, 1987). In
human endothelial cells, recombinant human dLwlas more potent at inducing
lymphocyte adhesion compared to recombinant mutirka. Similarly, IL-1a
and IL-18 could bind to IL-1R1 with high affinity, but onlj.-18, and not IL-1i,
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induced NGF and IL-6 release from rodent glial céAndre et al, 2005b; Juric
and Carman-Krzan, 2001). Also, II3;1but not IL-X, is a potent inducer of IL-6
in neurones (Tsakiri et al, 2008c). In contrastliLis more effective than ILfL

in inducing substance P in cultured rat dorsal gaotglion (Skoff et al, 2009) and
TNF-a in mouse epidermal cells (Beissert et al, 199B)1d is also a potent
inducer of prostaglandins in bovine endometrial athelial and stromal cells,
compared to IL-@ (Tanikawa et al, 2009). This indicates that it Vdole
misleading to interpret the affinity of IL-1 for il receptors as potency, as strong
ligand binding may not always translate to stroiggal transduction.

These differences between lk-hnd IL-13 actions could be related to
the interaction of IL-1RAcP with the IL-1/IL-1R1 owplex. Anti-peptide targeting
the immunoglobulin domain 11l of the IL-1RAcP proteshowed that IL-f-
induced IL-6 in 3T3-L1 cells was inhibited by 70%uyt that it affected IL-d-
induced responses only marginally (Yoon and Dimar&l007). IL-1 interaction
with IL-1RACP could be important in IL-1-inducedsponses, as this co-receptor
is responsible for recruiting downstream molecutethe IL-1 signalling cascade
(Huang et al, 1997; Volpe et al, 1997) (see sedidiR).

Current literature suggests that these differergiéécts of IL-Tn and
IL-1B8 may only occur in certain cell types. This indesathat there could be cell-
specific expression of some components of the Highalling pathway (different
expression of IL-1R1 or IL-1RAcP uncharacterisedfasms) or differential
regulation of downstream signalling adaptor molesutecruitment by IL-d and
IL-1B. IL-1a and IL-13 administered by intraperitoneal injection in ratduced
comparable effects on body temperature. Howeverenwadministered intra-
cerebrally, IL-B was much more potent than Il At inducing fever. In contrast,
IL-1a is more effective at reducing social behaviour nthi-1 when
administered intra-cerebrally (Anforth et al, 1998his study suggests that CNS
cells are unequally sensitive to lleeland IL-13, as intracerebral but not
intraperitoneal injection of IL-1 induced differeadteffects. Indeed IL-d and IL-
1B have been shown to induce differential actionmouse mixed glia (Andre et
al, 2005b). These data suggest that the bioactofitif.-10. and IL-13 could be
cell type-dependent, tissue-dependent, speciesadept 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#B) signalling pathways

IL-1R1 is a membrane-bound receptor that has bdwwrs to be
recruited to membrane stuctures called lipid rafien ligand binding (Oakley et
al, 2009; Blanco et al, 2008). Binding of IL-1 td-1R1 induced rapid
phosphorylation of IL-1R1 (Gallis et al, 1989), ltaled by the association of
IL-1R1 with IL-1RAcP (Cullinan et al, 1998). It isuggested that after the
initiation of IL-1B-induced signalling, the ectodomain of IL-1R1 igaled by
metalloproteases to form soluble IL-1R1 leaving The domain attatched to the
lipid rafts to be internalised by endocytosis tariocaveolar vesicles (Elzinga et
al, 2009) (Figure 1.7). However in a different miodeIL-1R1 signalling, IL-B
triggers rapid endocytosis of full-length IL-1R1gKdey et al, 2009; Blanco et al,
2008) (Figure 1.8).

The heterodimeric association of the TIR domainsIlbfiR1 and
IL-1RACP inside the cell allows recruitment of tlaeaptor molecule MyD88
(Burns et al, 1998), IL-1 receptor associated lesaRAK-1, IRAK-2, and
IRAK-4), and tollip (Elzinga et al, 2009). Tollig important in the trafficking of
IL-1R1 to endosomes and lysomes for degradatidovimhg activation (Brissoni
et al, 2006). TNF receptor associated factor 6 (FRAElzinga et al, 2009) and
transforming growth factof-activated kinase (TAK1) is also recruited to the
caveolar signalling complex. It is reported thatAFR6 induces ubiquitination of
the IL-1R1 for subsequent proteolysis pgecretase (Twomey et al, 2009) that
liberate soluble intracellular IL-1R1 fragments tdiuting to JNK
phosphorylation and IL-6 production (Elzinga et2009). TAKL1 is important in
the phosphorylation of NkB-inducing kinase to activateB kinase leading to
NF-xB activation. kBa is an inhibitory molecule that is bound to MB-in the
cytoplasm, holding it in an inactive state. Phospladion of the kBa releases
NF-xB to migrate to the nucleus and initiate transaiptof pro-inflammatory
genes. TAK-1 can also activate the JNK, ERK1/2 pB8 signalling pathways
(for reviews see Li and Qin 2005; Subramaniam .28l04; O'Neill and Greene,
1998) (Figure 1.9).
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Figure 1.7. Schematic diagram showing endocytosis@ proteolysis of
IL-1R1

A. IL-1-bound IL-1R1 is translocated to lipid rafts the plasma membrane and
IL-1RACP is recruited. Dimerisation of IL-1R1 ant-1RACcCP recruits adaptor
molecules including MyD88, IRAK and tollip to thegealling complex. IL-1R1

is then cleaved by metalloproteases to liberatebdel IL-1R1. B. IL-1RACP
dissociates from the signalling complex and thdRt TIR domain is taken into
the cell by endocytosis by caveolar vesicles. TRRA&Ad TAK-1 is recruited to
the TIR domain for ubiquitination of IL-1R1 and sdéguent cleavage of the TIR
region by y-secretaseC. The generated soluble intracellular fragment then
activates MAPK and NKeB signalling cascades. Modified from Elzinga et al.
2009.
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Figure 1.8. Schematic diagram showing endocytosi$ ib-1R1 and

intracellular cleavage of the TIR domain

A. IL-1-bound IL-1R1 is translocated to lipid rafts the plasma membrane and
IL-1RACP is recruited. Dimerisation of IL-1R1 ant-1RAcP recruits adaptor
molecules including MyD88, IRAK and tollip to thegealling complex, after
which IL-1RAcP dissociatesB. Full length IL-1R1 is taken into the cell by
endocytosis in caveolar vesicles. TRAF-6 and TAkslrecruited IL-1R1 for
ubiquitination and subsequent cleavage of the Eigton byy-secretaseC. The
generated soluble intracellular fragment then atty MAPK and NkeB
signalling cascadesD. IL-1R1 is trafficked to endosomes and lysomes for
recycling or degradation. Modified from Elzingaagt2009; Brissoni et al. 2006.

48



Chapter 1 Introduction

IL-1RACP IL-1R1

IL-1a/B

Extracellular

MyD 88

IRAK-1

TAK-1
TRAE-6 Cytosol
¥ "~
NF-kB Inducing Kinase MAPKKKs
kB Kinase (IKKB) / ‘ \
‘ MKK3/6  MEK1/2 MKK4/7
NF-kB/ I[kBa —— |kBa P38  ERK1  JNK

S :
NF-kB C-JunP / Nucleus
f—
o |rempen

Proinflammatory mediators: IL-1, IL-6, TNF- a, PGE,

Figure 1.9. IL-1-induced MAPK and NF«B signalling pathways.

Signalling pathways presented in this diagram laeebest characterised pathways
for IL-1 in different cell types. Binding of IL-1ot the IL-1R1/IL-1RAcP
signalling complex recruits downstream signallinglecules including MyD88,
IRAKs, TRAF-6 and TAK-1. TAK-1 phosphorylates NéB-inducing kinase,
which in turns activatexB kinase to phosphorylateéBa and releases N&B to
migrate into the nucleus to initiate gene transmip TAK-1 can also activate
MAPK kinase kinases (MAPKKK) leading to the actieat of MAPK signalling
pathways and production of pro-inflammatory medito
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1.5.2. Sphingomyelinase and Src kinase signalling pathway

The NFxB/MAPK kinase signalling pathway is insufficient &xplain
rapid changes in ionic currents induced by fLf@aund in neuronal cells (Diem et
al, 2003). However, a second signalling pathwaybeen postulated, where Src
kinase could be a key effector molecule. This digrtapathway is initiated with
the activation of the IL-1 signalling complex (IIR1/IL-1RACP) by IL-1. These
events trigger the activation of neutral sphingolingse (nSMase) (Nalivaeva et
al, 2000), leading to the hydrolysis of sphingonryéb soluble ceramide (Davis
et al, 2006). Ceramide then acts as a signallinigente to phosphorylate a proto-
oncogen tyrosine kinase (Src kinase). Activation St kinase leads to the
activation of several ion channels including’N&" and C&" channels (Tabarean
et al, 2006; Desson and Ferguson, 2003; Ferri arduBon, 2003; Pita et al,
1999) and phosphorylation of NMDA receptor chann@lsakiri et al, 2008a;
Viviani et al, 2003). This pathway is proposed ¢ocaunt for the rapid response of
IL-18 found in febrile responses (Sanchez-Alavez 2@06) (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 activatsphingomyelinase to
degrade sphingomyelin to ceramide. Ceramide thersgitorylates Src kinase,
which in turn phosphorylates NMDA channels or madies ionic currents across
ion channels. This pathway is believed to be inedlin the rapid actions of IL-1
in neurones.
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It is unclear how MAPK and Src kinase signallingthveays may
contribute to IL-1-induced neuroinflammation. Itkeown that the IL-1-induced
MAPK signalling pathway in glia leads to productiai pro-inflammatory
mediators (Andre et al, 2005a; Parker et al, 200&1n et al, 2002). However, the
role of IL-1-induced MAPK signalling in neurones orly understood. Src
kinase activation in glial cells has been reportedbe induced by cerebral
ischaemia (Choi et al, 2005), but the role of liriSrc kinase pathway activation
in glial cells is unknown. Conversely, IlBhas been shown to induce Src kinase
activation in neurones, with subsequent IL-6 exgoes (Tsakiri et al, 2008a).
However, the role of IL-i-induced Src kinase in neuroinflammation is notcle
There are emerging data suggesting that Src kiaetpeation contributes to the
detrimental effects of neuroinflammation (Hou et2007; Lennmyr et al, 2004;
Paul et al, 2001). The role of IL-1RAcPb in IL-Isalling is unknown, and the
contribution of IL-1IRAcPb to CNS injuries also rees further investigation.

1.6. Interleukin-1 and ischaemic damage

1.6.1. IL-1R1-dependent damage

The contribution of IL-1 to various neurologicakdases is too wide to
review extensively. For the purpose of this thetig, role of IL-1 in cerebral
ischaemia will be the main focus. There is now esit& evidence indicating the
contribution of IL-1 to ischaemic damage in rodenteansient middle cerebral
artery occlusion (MCAO0) in mice induces a 323% @age in IL-B mRNA
expression in the cortex after 24 h (Boutin et2801). Increased ILfLMRNA
expression in rats after permanent MCAo has beported to peak at an earlier
time-point of 12 h (Wang et al, 1997; Liu et al,989, whilst IL-13 protein is
significantly increased in the cerebral cortex afsrafter permanent MCAo at
various time points (Skifter et al, 2002; Legosle000; Liu et al, 1993).

The role of IL-k in cerebral ischaemia is poorly characterisedtiCar
IL-1a mMRNA expression in mice is unaffected after transMCAo0, but appears
to be constitutively expressed (Boutin et al, 200Ihis observation is in
agreement with a previous study demonstrating tinag model of permanent

MCAo, expression of IL-d protein does not change significantly compared to
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sham-operated animals, but displays a trend towardsncrease that reaches
maximum level at day 3 post-surgery (Legos et @)(). Controversially, IL-d
MRNA expression is markedly increased in the catetortex of mice subjected
to hypoxia/ischaemia (Basu et al, 2005), or afteElireatment of mouse primary
microglia (Brough et al, 2002). These observatisnggest that the induction of
IL-1a expression could be dependent on the type ofyirgustimulus.

It is difficult to asses the regional and celluthanges in IL-1 expression
after ischaemia, since ischaemia-induced brain dam& dynamic and
progressive. The ischaemic core is established sdt@m insult, however the
penumbral region is difficult to determine as thi®a of damage is constantly
evolving. A recent study showed that transient MCiaduced IL-PB protein
expression at 1 h after reperfusion in astrocytek raicroglia in the core of the
ischaemic region, which then spread to astrocytesnaicroglia in the penumbra
by 2 h after reperfusion. At 22 h, IL-1 protein eagsion in penumbral astrocytes
were no longer detected but IL-1 expression inpixeumbral microglia remained
strong (Amantea et al, 2010).

Ischaemia-induced IL-1RA expression is delayed canegb to IL-PB at
both the mRNA and protein level. In rats, permard@fAo induces an increase
in IL-1IRA mRNA expression that peaks at day 2 argression is maintained
until day 5 after permanent MCAo (Wang et al, 199n) a different study,
significant IL-1RA protein increase was detectedlath and peaked at day 5,
compared to IL-f, which peaked at day 3 (Legos et al, 2000).

The induction of IL-1 mMRNA and proteins by MCAonst indicative of
its contribution to ischaemia-induced brain damade functional assessment of
IL-1 in ischaemia is ascertained by the use ofsganic mice as well as IL-1RA.
Despite the lack of induction by MCAo, the potehtantribution of IL-In to
ischaemia is revealed by the use of t’lmice. IL-lo” and IL-18" mice
subjected to transient MCAo have similar brain dgenaompared to WT mice,
whilst mice deficient in both cytokines showed reeldl damage by 70%,
suggesting a relationship between ki-and IL-13 in ischaemia-induced brain
damage, and the possibility of compensatory meshanbeing triggered (Boutin
et al, 2001). Deleting thi.-1R1 gene in mice has also been shown to reduce total

infarct volume induced by mild hypoxia/ischaemia@ffo (Basu et al, 2005) or
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90 % (Lazovic et al, 2005), whereas deleting thdRA gene (L-1RN) in mice
increases total infarct volume 3.6-fold followingutsient MCAo (Pinteaux et al,
2006). Furthermore, over-expression of IL-1RA inus® brain was shown to be
neuroprotective after transient MCAo (Yang et &899) andicv injection of anti-
rat IL-1RA antiserum into rat brain before perman&hiCAo increases total
infarct by 71% (Loddick et al, 1997). Additionallgxogenous IL-1RA has also
been shown to be neuroprotective after MCAo in ntslgClark et al, 2007;
Stroemer and Rothwell, 1997), with improved funegéiboutcome (Garcia et al,
1995). Importantly, IL-1RA is neuroprotective intsawhen administered
subcutaneously (Greenhalgh et al, 2010). This atde&cthat IL-1RA could have

therapeutic potential in a clinical setting.

1.6.2. IL-1R1-independent damage

The neuroprotective effects of IL-1RA in ischaenmduced brain
damage indicate that actions of Ih-And IL-18 in ischaemia are mediated by
IL-1R1. However, there is evidence indicating thatlp can exacerbate
ischaemic damage independently of IL-1R1 signal(ihguzani et al, 2002). In a
study on mice, transient MCAo0 induced almost id=aitiextent of ischaemia-
induced damage in both WT and IL-TRInice, andicv injection of IL-1RA
markedly reduced the ischaemic brain damage in Vit raut not in IL-1RT
mice. Additionally,icv injection of IL-13 worsened damage in WT and IL-1R1
mice, suggesting that ILBlcan act independently of IL-1R1 to exacerbaterynju
(Touzani et al, 2002). The authors suggested thetet could be additional
uncharacterised IL-1 receptors mediating [L-action, maybe a low affinity
receptor, whose expression or response may be kethasly in the absence of
the high affinity IL-1R1. This hypothesis later gad support fromin vitro
experiments, showing that ILBlchanged the expression of over 400 genes in
mice mixed glia cultured from IL-1R1mice (Andre et al, 2005a).

A second hypothesis is that IL-1R2 could assocwtd an unknown
accessory protein to induce signal transductiois itnclear if IL-1IRAcPb could
serve as this co-receptor. Supporting this hypadhése receptor IL-13& of the
IL-13 system, which was once thought to be a deeogptor, has been shown to

be a functional signalling receptor (Fichtner-Feaglal, 2006). Interestingly, the
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IL-1 decoy receptor IL-1R2 has been suggested ta beatical component of the
pro-IL-1o.  signalling complex in the nucleus (Kawaguchi et @006).
Additionally, it has been reported recently thatllRACP could function as a
co-receptor for IL-33 signalling (Lingel et al, ZD0Palmer et al, 2008),
suggesting that it may posses the capacity to reedsignalling activity
independently of IL-1R1. It is unclear which IL-Eceptor or co-receptor is
involved in IL-1R1-independent signalling mecharssinut it has been suggested
to be independent of NkB and MAPKSs 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 conteosial, as the
expression of IL-1R1 on this cell type is uncle@here are reports that IL-1
induces IL-1, IL-6 and TNF whilst others have fdil® show any IL-1-induced
responses in microglia (Pinteaux et al, 2002; ltesd,€1993). However, microglia
are the main source of IL-1 in the CNS after injybee et al, 1993). It was
demonstrated that LPS induces Ig-dynthesis from human fetal migroglial cells
in a concentration depedent manner. At their higltescentration of 10000
ng/ml, LPS induced 500pg/ml of ILB1 but failed to induce the same response in
astrocytes. In contrast, ILBlis a key activator of astrocytes (Herx and Yong,
2001; Lee et al, 1993). Activated astrocytes predacvide array of cytokines,
chemokines and neurotrophic factors (see secti@r? land 1.2.4) as well as
cellular proliferation (da Cunha A. et al, 1993).hlas been shown that IL-1-
induced activation of astrocytes during inflammatican lead to neuronal cell
death. Whilst IL-1 is not directly toxic to rat ¢imal neurones (Carlson et al,
1999), it can induce extensive neuronal death m phesence of astrocytes
(Thornton et al, 2006). However, this effect may alvays be true for different
species. IL-p failed to induce neuronal death in human foetalroeal-glial
cultures (Chao et al, 1995). The neurotoxic eftédt-1p mediated by astrocytes
is thought to be mediated by MMP9. Pro-MMP9 is askrl by astrocytes
following IL-1p treatment (Thornton et al, 2007). Pro-MMP9 is naxie, but
treatment with an MMP9 inhibitor reduces IB-induced neurotoxicity by 93%
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in vitro (Thornton et al, 2007). This suggests that pro-MMleased from
astrocytes is cleaved to become active MMP9 bexerting its neurotoxic
effects on neurones. ILBlis also a potent inducer of MMP9 in human foetal
neurones and contributes significantly to the bdamage seen in traumatic brain
injury (Vecil et al, 2000).

Similarly, IL-18 alone was not toxic to mouse or rats oligodendexy
(Zhang et al, 2005; Takahashi et al, 2003), butnvtidtured in the presence of
microglial cells or astrocytes, ILB1 induces apoptotic cell death of
oligodendrocytes, mediated by glutamate (Takahaishl, 2003). Astrocyte- and
microglial-mediated oligodendrocyte cell death va#so demonstrated following
LPS treatment (Pang et al, 2000). Oligodendrocgigwesses both ILfland
IL-1R1 (Deng et al, 2008; Vela et al, 2002), howelte1l-induced responses in
oligodendrocytes are not as extensively reportethpewed to IL-1-induced
responses in astrocytes. In rat primary oligodenyss, IL-1 activates p38
signalling and inhibits growth factor-induced ERRJhosphorylation as well as
inhibiting growth factor-stimulated cellular pradifation (Vela et al, 2002). In
oligodendrocyte cell lines, ILAltreatment enhances the effect of TNRduced
nitric oxide but the mechanism involved was noestigated (Bhat et al, 1999).

IL-1B induces the p38, JNK, ERK1/2 and MB-signalling pathways in
mixed glial cultures and astrocytes (Parker e2@2; Pinteaux et al, 2002; Dunn
et al, 2002) which leads to an increase in pramfhatory cytokines and
neuronal death (Xie et al, 2004). These observatgirongly suggest that IL31
neurotoxicity is mediated by activation of the MAPKgnalling cascade
(including ERK1/2, JNK, p38 and N&B) in glia.

1.7.2. IL-1 actions on neurones

Evidence for the activation of NEB/MAPK signalling pathways in
neurones by IL-d& or IL-1pB is controversial. p38 activation is induced bylit.in
rat hippocampal neurones (Srinivasan et al, 20BdWwever, in another study,
IL-18 completely failed to activate ERK1/2, JNK or p38 mouse cortical
neurones (Tsakiri et al, 2008a). A further studporéed activation of the
neuronal-specific JNK-3 in neurones (Kim et al, 200This leaves open the

possibility that IL-1 induces MAPK signalling indke cells.
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IL-1B8 has been reported to have both hyperpolarisingdameblarising
effects on neurones (Motoki et al, 2008; DavislgeR@06; Tabarean et al, 2006;
Desson and Ferguson, 2003; Ferri and Ferguson,)206B8ending on the
population of neurones being stimulated. The comagan of IL-13 is also an
important factor in IL-1-induced responses in nee Low concentrations of
IL-1 (pM range) inhibit, whilst higher concentrat® (nM range) activate
neurones in théocus coerulus of rats (Figure 1.11). The effects of IL-1RA on
IL-1-induced responses on neurones are equallyraamsial. In one study,
IL-1RA blocked IL-13-induced neuronal hyperpolarisation in murine aater
hypothalamic neurones in culture (Davis et al, 3006t was ineffective in rat
retinal ganglion cells (Diem et al, 2003). In cast; IL-1RA blocked IL-B-
induced neuronal depolarisation but not hyperpsddion in vitro in rat
subfornical organ neurones (Desson and Fergusd@3)2Whilst both responses
were abolished by IL-1RA (Borsody and Weiss, 200M)ese inconsistencies
suggest that the effects of IL-1RA on IB-induced activity in neurones are not

yet fully characterised or that some responseshedy-1R1-independent.
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Figure 1.11. The effects of IL-1 on different celtypes in the CNS.

The effects of IL-1 on microglial cells are contessial but these cells are
recognised as major producers of IL-1. IL-1 is depb activator of astrocytes
resulting in NFkB, p38, JNK and ERK1/2 activation, astrocyte pesttion and
neuronal cell death. IL-1 activates p38 in oligadiecytes but inhibits cell
proliferation. IL-1 is not directly toxic to neurea but affects their electrical
function, causing either hyperpolarisation or dapehtion. Abbreviations: NF-
kB, Nuclear factor-kappa B; p38, Mitogen activatedt@in p38; JNK, c-Jun N-
terminal kinase; ERK1/2, Extracellular signal-reged kinase 1/2; Src kinase,
Proto-oncogenic tyrosine kinase.
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Critically, the signalling pathways mediating rapesponses to IL-1 are
only partially characterised. The second signallipgthway involving the
activation of nSMase/Src kinase (Davis et al, 20Qétivaeva et al, 2000) has
been implicated in these fast IL-1-induced actionsieurones. This signalling
pathway is activated in glial cells by ischaemiahdC et al, 2005) but
IL-1-induced Src kinase activation in glia has mheten reported. The lack of
knowledge on IL-1-induced Src kinase signallingglia suggests that IL-1 may
induce cell-specific signalling mechanisms in diiat cell types (Figure 1.12).
Although there is evidence showing that Src kinastivation exacerbates
ischaemic damage in rats and mice, and that intwbaf nSMase and Src kinase
activity reduces infarct size (Ardizzone et al, 208o0eda et al, 2004; Paul et al,
2001), the specific contribution of IL-1-inducedunenal nSMase/Src kinase
pathway to neurotoxicity and inflammation is unkmowThe effects of
nSMase/Src activation on neuronal electrical astiguggest that it could be
involved in the normal physiological function ofurenes.

It is difficult to assess the importance of each thése signalling
pathways in physiological and pathophysiologicatedt. What is clear is that
NF-«B/MAPK and Src kinase signalling pathways are pmese both glia and
neurones, and although Il3Imay to activate cell-specific pathways, it is not
clear which signalling pathways are activated inchitell type by IL-1. Whether
these pathways are activated simultaneously an#limgpin parallel, or whether
they are co-ordinated during the inflammatory reseo also remains to be
elucidated. The high potency of IL-1 and the maegutatory mechanisms
involved to limit its activities suggest that thepathways are likely to be
activated simultaneously and may act in parallel.

So far the NReB/MAPK and Src kinase signalling have only been
discussed in the context of IL-1, however thesenalgng cascades are not
exclusive to IL-1 and can be activated by othearigs such as LPS, SB100,
glutamate, beta-amyloid and ceramide (Davis eR@D6; Chaparro-Huerta et al,
2005; Kim et al, 2004; Xie et al, 2004). To invgate IL-1-induced cell-specific
NF-«B/MAPK and Src kinase signalling, | have used ILALR block any IL-1

specific signalling.
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It is important to identify which signalling pathw#s activated in which
specific cell type as this may provide specificgeds for new pharmacological
interventions. It is unclear whether IL-1RAcPb nads any of these signalling
pathways, therefore it is necessary to study thelwvement of IL-1RAcPDb in both
MAPK signalling pathway and Src kinase signallirgghpvay to understand how
it may influence the progression of different pabigical conditions of the CNS.
Investigating the role of IL-1RAcPb may provide neawsights into IL-1
signalling and also assist in the design of noppraaches for treatments of acute
and chronic inflammatory diseases of the CNS.
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Figure 1.12. IL-1B-induced signalling pathways.

IL-1B-induced NF«B/MAPK and Src kinase signalling pathways are prese
the CNS. However, it is unclear whether the adivatof these pathways is
cell-specific. The contribution of these MB/MAPK and Src kinase signalling to
neuroinflammation is also unclear. Modified frormElaez-Alavez et al. (2006).
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1.8. Summary

Brain damage and neurological deficits associatiéd acute conditions
such as stroke and traumatic brain injury, as aslichronic neurodegenerative
disorders such as multiple sclerosis and Alzheisndisease, are now recognised
partly as a result of acute or chronic inflammatidrthe CNS. It is clear that glial
cell activation and the subsequent release of iftamnmatory cytokines are two
key steps involved in the initiation and propagated an inflammatory response
in the CNS. IL-1 is a key cytokine contributingttee in inflammatory response,
but it is unclear how IL-1 mediates the pathogenedi many CNS diseases,
acutely or chronically. IL-1 can induce an arraychanges in a multitude of cell
types, but the mechanism underlying IL-1-inducetioas in different cell types
remains to be fully characterised.

IL-1a and IL-13 are the best characterised agonists of the ILstegy.
These agonists signal by binding to the IL-1R1/RALP signalling complex to
initiate a signalling cascade. However, li-Bnd IL-13 display differential
effects, indicating that IL4d and IL-13 are capable of recruiting different
signalling elements downstream of the IL-1R1/IL-1¢6®A complex. IL-1
signalling pathways encompass NBMAPK activation and Src kinase
activation. The IL-1 signalling system is indeedywe&omplex. However, the
identification of a new splice variant of IL-1RA@Rlled IL-1RAcPb may resolve
some of the unanswered questions regarding IL-ibrect This isoform may be
specifically expressed in neurones, but it is uanclethis receptor could mediate
the neuronal actions of IL-1. Further investigasicare needed to elucidate the
role of IL-1RAcPbD in IL-1-induced MAPK signallingnd IL-1-induced Src kinase
activation. Clarifying the issues surrounding thendtion of IL-1RAcPb may
provide novel targets for the therapeutic treatmeftacute 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 cracticomponents in
the IL-1-induced signalling. However, the involvamef IL-1RAcPb in IL-1-
induced MAPK signalling cascades or in the Src &naathway is completely
unknown. The differential actions of ILeland IL-13 in neurones and glia are
poorly understood. How IL-1RAcPb may contributethiese differences remains
to be elucidated. The overall aim of this proje@swo investigate the role of
IL-1RACPDb in IL-1o- and IL-1B-induced actions in neurones and glia. This was
investigated byin vitro studies on the actions of Ileland IL-13 in glial and
neuronal primary cell cultures from both WT andlIRAcPE™ mice. There were

three main objectives in this project:

1. To determine the role of IL-1RAcPbD in IL-1-inducadtions in neuronal
and glial cultures at a signalling and functiorealdl. The composition of
primary neuronal and glial cultures were first cwaerised and IL-1-
induced ERK1/2, p38 and Src kinase activation wasessed to
determine the specific role for IL-1RAcPb. As ILis6induced by IL-1 in
both neurones and glia, IL-6 was used as the emd-fur the functional
study of IL-1-induced actions in these cell types.

2. To investigate the possible differential actionslioflo and IL-18 in
neurones and glia and how IL-1RAcPb may modula¢sdiresponses.
For this study. neuronal and glial (prepared frorf Whd IL-1RACPB
mice) cultures were treated with identical concaidns (in biological
activity, International Units) of recombinant rdt-1a or IL-1B in the
presence or absence of IL-1RA.

3. To determine the contribution of MAPK and Src kimasignalling in
IL-1-induced IL-6 release in neurones by pharmagick intervention.
The ERK1/2 inhibitor UO126, MAPK p38 inhibitor SBB@508 and Src
inhibitor PP2 (4 -amino-5- (4-chlorophenyl)-#kutyl) pyrazolo[3,4d]-
pyrimidine) were used to investigate the effectsmécific inhibition of

these signalling pathways on neuronal IL-6 proaurcti
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2.1. Introduction

IL-1 can induce numerous responses in many diffecetl types. In
order to study the specific effects of IL-1 on renes and glia, these cells were
isolated and their responses to IL-1 were invetga vitro.

2.2. Animals

This study used WT C57/BL6 mice, IL-1RAtRand IL-1RAPH all
backcrossed onto C57/BL6JOlaHsd background for ZL0gknerations. In
IL-1RAcPb’ mice, only the exon 12b were deleted, however_ihRAcP’ mice,
both exon 5 and 6 were disrupted in thelRAcP gene therefore the function of
IL-1RACPb is also disrupted in IL-IRA&Pmice (Figure 1.6). Mice deficient in
IL-1RAcP and IL-1RAcPb displayed normal growth addvelopment, and
fertility. There were no gross abnormalities irheit mutant strains (Smith et al,
2009; Cullinan et al, 1998). In IL-1RAcPand WTmice, staining for myelin
(with Weil) and neuronal cell bodies (using ThiomiNissl) showed that neurones
were morphologically similar in both strains (Sméthal, 2009).

WT mice were supplied by Harlan Olac, UK, IL-1RA¢Pand
IL-1RAPbL” were obtained from Dr John Sims (Amgen, USA). Aalsnwere kept
at 21°C + 1°C, 55% + 10% humidity and maintained b2 hour light-dark cycle
with free access to food and water. All animalsdusethis study were sacrificed
according to the Animals Scientific Procedures @A) 1996.

2.3. Primary cortical neuronal cell cultures

Primary neuronal cell cultures were prepared frbm lbrains of mouse
embryos at 15-16 days of gestation. The pregnanismavas euthanised by
exposure to an increasing concentration of carboxide (CQ) and dislocation
of the neck. Cell culture was performed under lgtezonditions in an airflow
hood. Briefly, the embryos were removed from thainbryonic sacs and then
decapitated, and the head pinned onto a wax petii & sagittal incision was
made from the brain stem to the nose. The skinthas peeled and pinned back,
the hindbrain was discarded and cortices weredliiet and submerged in pre-
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warmed (37°C) Starve medium (Table 7.1, AppendixQprtices were then
incubated in dissociation medium (Table 7.2, Appemdon a shaker for 30 min
at 60 rpm and 37°C (Stuart orbital incubator Sl&D)gently dissociate the
cortices. The active components of the dissociatiare trypsin and
deoxyribonuclease. Trypsin dissociates the cortibgsproteolysis, however
during the process necrotic cell death is inevitadohd consequently, the release
of DNA into the medium. The presence of deoxynuwssedigests these free-
floating DNA to prevent cell clumping. The dissdma medium was then
aspirated, and cortices were incubated in 2 mtald-foetal calf serum (FCS) for
5 sec at room temperature to block trypsin activitprtices were then washed
four times with a wash medium (Table 7.3, Appenkiiiand re-suspended in a
seeding medium (Table 7.4, Appendix I). Cells wtren fully dissociated by
triturating through different size stripettes, gra$sed through a nylon mesh of 80
um pore size (John Stainer & Co, UK). Cells werentheunted and seeded at a
density of 6 x 10cells/ml. Immediately before seeding, g™ of 5'-fluoro-2-
deoxyuridine (FUDR) was added to inhibit the growfhglial cells. Cells were
then seeded onto poly-D-lysine (PDL)-coated (20mljgA2-well tissue culture
plates. The cultures were grown in an incubator3&C, in a humidified
atmosphere (5% CO 95% air). After 4-5 days in vitro (DIV), the seéeg
medium was completely removed and replaced with aantenance medium
(Table 7.5, Appendix 1), and 1AM FUDR was added. At 8 DIV, half the
medium was removed and replaced with fresh mainmmanedium. The culture

was used for experiments at 12 DIV.

2.4. Primary mixed glial cell cultures

Primary mixed glial cultures were prepared from bnains of 1-4 day
old C57/BL6 mice. Cortices were removed in the samag as was done for
neuronal cell cultures (see section 2.3) Corticegevcollected and incubated in
pre-warmed (37°C) glial culture medium (Table Afpendix I). The meninges
were removed by rolling the cortices and hind biaito sterile filter papers. The
brain tissue was then mechanically dissociatedityrating through different size
stripettes. The cells were then centrifuged at 6@upeco, Germany, C-28) for 5

min, and the medium aspirated. Cells were thenuspended into fresh glial
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culture medium (9 ml per pup). The cultures wemagr in an incubator at 37°C,
in a humidified atmosphere (5% @®5% air). After 4 DIV a complete medium
change was carried out. Cells were maintained we#thing confluence with
complete medium change every 4 DIV. Cells were wseapproximately 16-21
DIV.

2.5. Immunocytochemistry

Neuronal cultures are highly susceptible to gl@ahtamination therefore
it is critical to determine the extent of this camination. The level of glial
contamination in pure neuronal cultures was asdesgammunocytochemistry
(ICC). It is essential to this project to experirhen genetically modified animals;
however, it is unclear how genetic modification nmeffect neuronal and glial
growth and differentiation and, consequently, theposition of primary cultures.
It was necessary to characterise neuronal and glidires from both WT and
knock-out (KO) animals.

Cells used for ICC were cultured on PDL-coated glesverslips. Cells
were fixed with 4% paraformaldehyde and 4% sucrmsel5 min at room
temperature, and permeabilised using 0.1% tritohOB-(prepared in phosphate
buffered saline (PBS)) at room temperature for 1. idon-specific binding sites
were blocked by incubating cultures in 10% FCSu¢ddl in PBS) at room
temperature for 60 min. Cells were then washedisigs with PBS and incubated
with primary antibody as follows; Microglia and,® progenitor cells were
detected by biotinylated tomato lectin (diluted2@0 in 1% normal donkey serum
in PBS, room temperature, 60 min) and anti-GT3 gasige antibody (ABs,
diluted 1:10 in 1% normal donkey serum in PBS)oaim temperature for 60 min,
respectively. Neurones and astrocytes were detewed) anti-neuronal nuclei
antibody (NeuN, diluted 1:500 in 1% normal donkeyusn in PBS) at room
temperature for 60 min, and Cy3-conjugated anti-8F@Aliluted 1:500 in 1%
normal donkey serum in PBS) at room temperatur&®min respectively. After
incubation, cells were washed six times with PBS

Cells incubated with NeuN and;Bs antibodies were incubated with
fluorescein isothiocyanate (FITC)-conjugated seemypdanti-mouse antibody.
(diluted 1:500 in 1% normal donkey serum in PBS)cam temperature for 60
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min (Table 7.7, Appendix 1). All cells were mountento glass slides using DAPI
(4’,6-diamidino-2-phenylindole)-containing mountingedium (Vectashield, UK).
Immunostaining was visualised using a fluoresceistascope and images were
captured by a snapshot widefield confocal microscdBX 51 Olympus
fluorescence, Olympus, UK) and processed by theaM&te software (Nikon,
UK). The proportion of each cell type was calculat®y counting cells stained
with specific markers and comparing it against@#eéP| stained nuclei. This was

repeated three times for each cell type.

2.6. Reverse-transcriptase polymerase chain reaction.

Reverse-transcriptase polymerase chain reactionRB@R) was used to
assess any differences in gene expression betwdemes. It was essential to
determine the expression of genes within thesei@dtto ensure that expression

of IL-1RAcP andIL-RAcPb genes was absent in cells from KO animals.

2.6.1. Ribonucleic acid extraction

Total ribonucleic acid (RNA) isolation was prepafedm WT and KO
neurones and glia using Trizol Reagent and purifigéeveral steps of washing
and centrifugation. Culture medium was aspiratedi the cells lysed with 500 pl
Trizol Reagent per 1 ml of medium. To increasedyief RNA extraction, the
bottom of each well was carefully scraped befoiedé&ansferred to RNAse-free
Eppendorf tubes. Two hundred microlitres of chlorof was then added to each
tube, and the tubes were shaken vigorously for 0 Bnmediately after, the
samples were centrifuged at 12000 g for 15 min ‘@ {4Boeco, Germany,
M-240R). The aqueous phase containing RNAs wasfudgrecollected and
transferred into fresh RNAse free tubes contaird@ ul of isopropanol and
tubes were stored overnight at -20°C (to allow RptAcipitation). The following
day, the RNAs were collected by centrifugation @00 g for 15 min. The
supernatants were discarded and the RNA pellete washed with 1 ml 70%
ethanol, followed by a brief vortexing. After wasyj the RNAs were centrifuged
at 7500 g for 10 min at 4°C, and then washed inl 100% ethanol, after which

RNA pellets were left to air dry at room temperattor 10 tol5 min. RNAs were
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finally dissolved into 20 pl RNA-free water. The RNoncentration and purity
was quantified by measuring the light absorbencyhef RNA between 260 nm
and 280 nm using a nanodrop 1000 spectrophotoniEiermo Scientific) and
the software ND-1000 V3.7.0. RNA has its maximumsabance at 260 nm and
any detection at 280 nm would indicate contaimoratiAny residues of DNA,
proteins or derivatives from tissue/cells or lydmffer are detected as
contaminants. The ratio of absorbance at 260 nm283dnm was used to assess
the purity of the RNA preparation. An A260/A280 ganof 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 requiodaave a minimum of 1
g of RNA in a total volume of 10 pl. The RNA wassf purified by treatment
with DNase 1 amplification grade to digest any kngr double stranded DNAs.
This was done following the manufacturer’'s instimcs. Briefly, 1 pug of RNA
was incubated with a DNase mix (1 pul of 10 x DNaseeaction buffer, 1 pl
DNase amplification grade 1 U/ul, and topped upl@ pl with RNAse-free
water) for 15 min at room temperature, after whicé reaction was stopped by
addition of 1 ul of 25 mM ethylenediaminetetraaceicid (EDTA). RNAs were
then incubated with 1ul of oligo dT at 70°C for hin, after which 9 ul of master
mix (4 pl 5 x buffer, 2 pl dithiothreitol [DTT], Jul 2’-deoxynucleoside 5’
triphosphate [dNTPs], 1 ul Moloney murine leukaemiras reverse transcriptase
[MMLV] and 1 ul recombinant ribonuclease inhibif@tNase out]) was added to
the sample and heated for 1 h at 37°C. The reagtes stopped by heating at
70°C for 15 min.

2.6.3. Polymerase chain reaction

For the polymerase chain reaction (PCR) step, 1& PICR master mix
(20 pl Biomix red, 0.4 ul forward primers [10 pM],4 ul reverse primers [10
pM] and 8.2 ul pure water) was added to 2 ul oppred cDNA sample (100 ng
of cDNA) to make a total reaction volume of 20 i@cassary for PCR. Samples

were loaded in duplicate and the housekeeping gbmeraldehyde 3-phosphate
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dehydrogenase (GAPDH) was used as loading corthd.primer sequence and
PCR programmes used for IL-1RAcP, IL-1RAcPb and GAP mRNA
amplification are listed in Table 7.9 (Appendixahd Table 7.10 (Appendix I).
PCR was performed using the Multi gene 2 thermalery(Labnet International
Inc.).

The cDNA was visualised on a 1.5 % 1 x TAE (trietac buffer and
ethylene-diamine-tetra-acetic acid) agorose gelebctrophoresis with 5 pl
ethidium bromide per 100 ml agarose. To each 2@fpgample, 5 pl of 5 x
loading buffer was added and 20 pl of sample waddd into each well. The gel
was electrophorised at 100 V for 60 min and thegeneaptured using a camera
(ImageQuant 350, GE healthcare U.K).

2.7. Cytokines

Cultured neurones and glia were treated with recoamb rat IL-I,
IL-18 and recombinant human IL-1 receptor antagonistlf®A), all from the
National Institute for Biological Standards and @oh(NIBSC, Potters Bar, UK).
The bioactivity of IL-Tr and IL-18 is 127 1ULig and 317 IUig respectively; both
with an endotoxin content of 0.3 fg/10 ng. Ik-land IL-13 were used at
bioactivity range of 0.03-30 1U/ml, diluted in vele (0.9 % saline, 0.1% wl/v
low-endotoxine bovine serum albumin [BSA]). IL-1RAvas used at a
concentration that was 1000 times greater than dfali-1o and IL-18 (in

vehicle) to ensure that all IL-1 activity is effeely blocked.

2.8. Cell treatments

To investigate the effect of IL-1 on IL-6 expressia neurones and glia,
neuronal and glial cultures were treated with viehitL-1a or IL-1f (0.03—-30
IU/ml) in the presence or absence of IL-1RA (5 ipia-treatment). The effects of
the Src kinase inhibitor PP2 (Calbiochem, UK), ERXInhibitor UO126
(Calbiochem, UK) and p38 inhibitor SB203580 (Catthiem, UK) on IL-6
expression were also studied in neurones. Cells vpee-incubated with the
inhibitors (20 puM) for 15 min prior to the incubati with I1L-1 (3 1U/ml). This
concentration of UO126 and SB203580 is within thage routinely used by
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different research groups on different CNS celleevi®us reports have used
UO126 at 1QuM - 30 uM (Summers et al, 2010; Parker et al, 2002; Van d¥ag
et al, 2000) and SB203580 at &M - 50uM (Binshtok et al, 2008; Yan et al,
2007; Moolwaney and Igwe, 2005; Kim et al, 2004¢ Xt al, 2004). PP2 was
previously used at 10M (Tsakiri et al, 2008c; Sanchez-Alavez et al, 2088nna
et al, 2000), however, for consistency PP2 was as@®uM for this study, two
times the concentration of what has been useds @Gelte incubated with IL-1 for

24 h, after which medium was collected and cekediyusing 110 pl lysis buffer (
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Table 7.11, Appendix ). Immediately before theifidd of the lysis buffer to the
cells, 100x protease inhibitor (Calbiochem, UK) atite protease inhibitor
phenyl-methansulfonyl-fluoride (PMSF) were addedh® lysis buffer, both at 10
pli/ml. Lysates were collected and samples wereyaadl by sandwich enzyme-
linked immunosorbent assay (ELISA).

The effect of IL-1 on ERK1/2, p38 and Src kinasegghorylation in
neurones and glia was studied by treating neuramaliglial cultures with vehicle,
IL-1a or IL-1B (0.03-30 1U/ml) in the presence or absence of RAIfor 15 min
and 30 min respectively. The medium were aspiratetl cells lysed using lysis
buffer or ERK1/2 lysis buffer (Table 7.14, Append)x Lysates were collected
and analysed by ELISA or Western blot. The effeatsPP2, UO126 and
SB203580 on their respective signalling cascades aiso tested in neurones by
pre-incubating the cells with the inhibitors (20 pfdr 15 min prior to incubation
with IL-1 (3 1U/ml). The medium were aspirated acells lysed with 110 pl of
lysis buffer. Each well was carefully scraped wattpipette. Two times sample
buffer (Table 7.12, Appendix I) was added (v/v)etach well, and lysates were
collected and heated at“@5for 15 - 20 min, then the samples were analysed b
Western blot.

2.9. Western Blot

Twenty microlitres of each sample was loaded asdlved (at 150 V)
through a 10% sodium dodecyl sulphate (SDS)-polyasride gel alongside
precision blue molecular marker (Biorad, UK). Pmatewere then transferred
onto nitrocellulose membranes (Amersham, UK) byisdnytransfer at 15 V for
60 min. Non-specific binding sites were blockeditgubation in blocking buffer
(10% fat-free dry milk in 0.1% Tween-PBS) for 60nrmMembranes were then
washed six times with 0.1% Tween-PBS, and incubatednight at 4°C with the
following primary antibodies: total or phosphor@dtERK1/2 (diluted 1:1000 in
1% BSA in Tween-PBS), p38 (diluted 1:100 in 1% B®ATween-PBS), Src
kinase (diluted 1:500 in 1% BSA in Tween-PBS), &2 (1:100 in 1% BSA in
Tween-PBS) (all primary antibodies used for Westalotting were from New
England Biolabs, UK). The membranes were then whshetimes with Tween-
PBS and incubated with a secondary horseradishxipexse (HRP)-conjugated
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anti-rabbit antibody (DAKO, Denmark) (diluted 1:5@9 10% milk in Tween-
PBS) for 60 min at room temperature. Membranes et probed with MK2
were also incubated with HRP-conjugated @rndictin antibody. The membranes
were washed again six times with Tween-PBS and bamd with
chemiluminescent substrate (Amersham, UK). Detactaf the secondary
antibody was done by exposing the membrane to &@a@mageQuant 350, GE
healthcare U.K). Data were analysed semi-quanéhtiby ImageQuant TL 7.0

image analysis software.

2.10. ELISA

IL-6 synthesis and release from neuronal and gigls, and ERK1/2
activation in glial cells, were measured by ELIS2&D Systems, UK). The basic
steps involved for each of these ELISAs were theesal he initial step involved
coating of 96-well microtitre plates (Nunc-immurdaxisorp, Denmark) with a
capture antibody at the concentration recommendethé® manufacturer. The
plates were sealed with a sheet of parafim andbated overnight at room
temperature. The following day, the plates werehsdsfour times with ELISA
wash buffer (0.05 % Tween- PBS) and blot dried. plages were then incubated
with 1% BSA in PBS for 1 h at room temperature lock non-specific binding
sites. The plates were then washed and dried asilaes previously, and the
samples and standards loaded (50 pl/well).

Samples used for IL-6 ELISA were loaded neat, wisissnples used for
ERK1/2 ELISA were diluted 1:6 in diluent 8 (TablelZ, Appendix I) before
loading. The standards for both ELISAs were prepar@ccording to
manufacturer’s instructions and samples and stdsdaere loaded in duplicates.
Blank wells were filled with lysis buffer, or thgpropriate medium.

The plates were then incubated overnight at 4°t@y afhich they were
washed four times with 0.05 % Tween-PBS and in@ddatith a biotinylated
antibody (50 pl/well). The plates were incubatedZdh at room temperature and
washed four times as before. The plates were timenbated with HRP-
conjugated streptavidin (diluted 1:200 in 1 % B$ARABS) for 20 min at room
temperature. The plates were then washed as dedcplkeviously, and the
substrate (Substrate Reagent A containing hydrggemoxide and Substrate
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Reagent B containing 3,3’,5,5’ tetramethylbenzigdegded v/v) (BD Biosciences,
UK) was added and incubated at room temperatureafmther 20 min. The
reaction was stopped by adding 26 ul of 1 MB,. The optical density of each
well was measured at 450 nm using a spectrocoltem@&ynergy HT multi-
detection microplate reader, Biotek instruments,)UKhe amount of IL-6
produced and the level of ERK1/2 activation waswakted using the software
Graphpad prism 5.0. The blanks were subtracted fr@roptical readings of all
the samples and standards. A standard curve wasajed and the quantity of
IL-6 and phosphorylated ERK1/2 was calculated fribv@ curve. The detection
limit for IL-6 ELISA in neuronal lysates and supatant was 10 pg/ml, and 11
pag/ml for glial supernatant. ERK1/2 data are exggdsas fold increase compared
to vehicle-treated cells as there was large vanatn the basal expression of
ERK1/2 in glial cells.

2.11. Statistical analysis.

Data are expressed as a mean * standard devidtian least three
independent experiments. All data were analysedguGraphpad prism 5.0. All
data were analysed using parametric tests as tlgeraot an equivelant
non-parametric test to the Two-way ANOVA. Compansdetween groups of
data with one variable were analysed by one-wayysiseof variance (ANOVA)
followed by a Tukey multiple comparison test. Whamparing data with two
variables, two-way ANOVA and Bonferroni post hoc reveused. Level of

significance was accepted at P<0.05.
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3.1. Introduction

IL-6 is a cytokine which is expressed in a wideiefyr of cells. The
ubiquitous nature of IL-6 is important for its raotecell growth and differentiation
(for review see Tamm, 1989). In the CNS, IL-6 ipmssed by the same cell
types that express IL-1 (neurones, microglia aribeggtes) (for reviews see Van
Wagoner and Benveniste, 1999; Gadient and Otte®7)19L-1p is a powerful
inducer of IL-6 synthesis in glial cells (Andre @t 2005b; Parker et al, 2002;
Molina-Holgado et al, 2000b; Lee et al, 1993) ardrones (Tsakiri et al, 2008c),
indicating that, in the CNS, IL-6 could be a medratf IL-1 actions. The overall
aim of this chapter was to determine the role oftRAcPb in IL-1-induced
actions in neurones and glia, one of which is tiduction of IL-6 production
(Tsakiri et al, 2008c; Parker et al, 2002). We stigated the role of IL-1RAcPb
in IL-1-induced IL-6 expression using primary neuwmb and glial cultures
prepared from WT and IL-1RAcPbmice. Genetically modified animals have
become a powerful tool in science. However, the afseuch models may have
some limitations. Altering the genetic compositiohan organism may lead to
unexpected phenotype or compensatory mechanismgs Tthis critical to
characterise the effects of the altered gene esioresiL-1RAcPb is reported to
be primarily expressed in neurones (Smith et 8092mut this observation needs
to be confirmed. It is unclear I£-1RAcPb gene deletion disrupts the expression
of IL-1RAcP which could lead to a misinterpretation of IL-1RAzfunction.

The contribution of IL-1 to CNS diseases has bestewed extensively,
but the contribution of IL-6 in CNS disorders isntmversial. Like IL-1, IL-6
expression is low in the healthy brain, but is dafically increased during CNS
disorders and central inflammation (for reviews destler et al, 2002; Van
Wagoner and Benveniste, 1999). However, the precde of IL-6 in
neuroinflammation is unclear. Specifically, the erobf IL-1RAcPb in the
production of IL-6 is not known. IL-1IRAcPb has besimown to down-regulate
the expression of some genes (such as the acgvltinscription factor 3 gene
(ATF3), CCAAT/enhancer-binding protein delta geneCEBPD) and
ceruloplasmin gene (CP) — a copper binding glyc®mm® in primary neurones

(Smith et al, 2009) and mediates NB- activation when over-expressed in HEK
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cell lines (Lu et al, 2008), but its role in IL-fduced 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 istigate the role of
IL-1RACPD in the cellular composition of neuronaldaglial cell cultures, and to
study the functional role of IL-1RAcPb on IL-1-inckd IL-6. This aim is
composed of two objectives:

1. To investigate the role of IL-1RAcPb in IL-1-induté -6 production in
neurones and glial cultures.
2. To investigate the differential effects of lleland IL-13 on IL-6

production in neurones and glial cultures.

3.3. Materials and methods

To characterise the cellular composition of neur@mal glial cultures,
cells were stained by immunocytochemistry usingcgigemarkers for neurones
(NeuN), astrocytes (GFAP), microglia (tomato lectamd QA progenitor cells
(A2Bs) (see section 2.5 for full methods).

To investigate the functional role of IL-1RAcPD lin-1-induced IL-6
production, WT and IL-1RAcPb neurones and glial cultures were treated with
vehicle, increasing concentrations of [&-10.03-30 1U/ml) or IL-B (0.03-30
IU/ml) for 24 h, in the presence or absence of RAL The concentration of IL-1
used for co-incubation of cells with IL-1RA was tbptimal concentration for
IL-1-induced IL-6, as reported previously for nenes (0.3 IU/ml) (Tsakiri et al,
2008a) and glial cells (3 IU/ml) (Parker et al, 2R0Conditioned medium and cell
lysates were collected an assayed for IL-6 leveisgia mouse-specific IL-6
sandwich ELISA (see sections 2.8 and 2.10 forrhdthods).
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3.4. Results

3.4.1. Characterisation of neuronal cultures

Immunostaining showed that the cell somas of oltumd neurones
were clustered together with long processes comgeetich cluster. The neuronal
cultures used in this project were composed of 28% neurones with 2 £ 2 %
glial contamination. Glial cells found in neuronalltures include the type 2
astrocytes and microglia. The type 2 astrocytesevi@rge and fibrous and the
spread of one astrocyte could stretch across manyonal cell bodies (Figure
3.1A). The microglia found in neuronal culturesuamed their semi-activated
phenotype typical of cultured microglia (Figure B)1The microglial population
in neuronal cultures was less than 1 %. The cellatanpositions of WT and

IL-1RACPL’ cultures were similar with no obvious differences.

78



Chapter 3 IL-1RAcPb-1-induced IL-6

A
NeuN/DAPI GFAP/DAPI
WT
neurones
IL-1RAcPb--
neurones
B

Lectin DAPI Merged
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Figure 3.1. The cellular composition of WT and IL-RAcPb” neuronal

primary cultures.

Pure neuronal cultures from WT and IL-1RA&Pimice at 12 day#n vitro were
double immunostained with NeuN, GFAP antibodiesomnato lectin, and were
mounted using DAPI containing mounting mediuf. WT and IL-1RAcPB

neurones were identified as NeuN-positive cells @8 % of the culture
population) and astrocytes were identified by GHAdRitive cells (1-2 = 2 % of

the culture population)B. Single staining with tomato lectin showed that
neuronal cultures from WT and IL-1RAcPmnice also contained a small amount

of microglial cells (less than 1 % of the cultu@pplation).
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3.4.2. Characterisation of glial cultures

In primary mixed glial cultures (Figure 3.2A), astytes dominated the
culture composition (82 + 3 %). Astrocyte cell beslwere irregular in shape but
were packed together to form a monolayer of cdlltha bottom of the culture
plate when the cells were confluent. The microghew on top of this monolayer.
Microglial cells in culture were rounded and amadbshaped, indicating that
they were in a partially activated state (FigurgB3. Microglial cells formed
approximately 18 + 3 % of the culture populatiom &A progenitor cells were
detected. The distribution of astrocytes and miéaom WT and IL-1RAcCPH
cultures were similar, indicating that deleting thelRAcPb gene had no effect

on the composition of primary mixed glial cultures.
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A
GFAP/DAPI Lectin/DAPI
WT glia
IL-1RAcPb”-
glia
B GFAP Lectin Merged
WT
glia
IL-1RAcPb
glia

Figure 3.2. Cellular composition of WT and IL-1RACP™ primary glial
cultures

A. Mixed glial cultures were double immunostainedwi@mato lectin and GFAP
antibody and mounted using DAPI containing mountimgdium. Microglial cells
were identified as lectin-positive cells (18 + 3dthe culture population) and
astrocytes as GFAP-positive cells (82 + 3 % ofdhkure population)B. Higher
magnification of images shown A
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RT-PCR showed that IL-IRAcPb mRNA was expressezhgty in WT
neurones and detected faintly in WT glia (Figur8A3. IL-1RAcPb mRNA
expression was absent in IL-1IRA¢Pbeurones and glia. The house keeping gene
GAPDH was used as a loading control. QuantificatainIL-1RAcP mRNA
expression in WT and IL-1RAcPbneurones and glia showed that the level of
IL-1RAcP mRNA expression in WT and IL-1RAcPlglia was 98 % identical
and 100 % identical in neurones (Figure 3.3B),dating thatL-1RAcPb deletion
did not affect IL-1RAcP mRNA expression in IL-1RAzPcells.
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Figure 3.3. Expression of IL-1RAcPb and IL-1RAcP mRAs in neurones

and glia
WT and IL-1RAcPB mouse cortical neuronal and glial cultures werayased by
RT-PCR for expression of IL-1RAcP, IL-1RAcPb and E2H mRNAs. A.

IL-1RAcPb and GAPDH mRNA expression in neurones gl B. IL-1RAcCP
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, ILelinduced a minimum of 2-fold and a
maximum of 6.5-fold increase in IL-6 expression gamed to vehicle-treated
cultures. IL-1-induced IL-6 expression in six indedent cultures, but the
magnitude was variable and statistical analysieat®d that only the highest
concentration of IL-& (30 IU/ml) induced a significant increase in ILsgnthesis
(46 = 34 pg/ml) compared to vehicle treatment (1@ pg/ml) (Figure 3.4A).
IL-1RA reduced IL-1 (0.3 IU/ml)-induced IL-6, however, as the level 1af6
induced by IL-I at 0.3 IU was non-significant, the inhibitory effef IL-1RA at
this concentration was also non-significant.

In contrast, IL-B added at 0.3 IU/ml, 3 1U/ml or 30 IU/ml significtiy
induced IL-6 synthesis in neuronal cell lysateshvatmean IL-6 expression of 32
+ 13 pg/ml, 35 = 15 pg/ml and 34 + 20 pg/ml respety (Figure 3.4B). At the
lowest concentration (0.03 I1U/ml), ILBlinduced 25 = 11 pg/ml of IL-6
expression but this was non-significant comparededbicle treatment (10 + 4
pg/ml). IL-1RA (lug/ml) significantly inhibited IL-B (0.3 IU/ml)-induced IL-6
expression. IL-f-induced IL-6 in the presence of IL-1RAud/ml), or vehicle
treatment were at the detection limit level of #ssay (10 pg/ml). IL-1RA alone
had no effect on IL-6 induction in WT or IL-1RAcPmeurones (Figure 7.1,
Appendix I1)

To quantify the differential effect of ILeland IL-13 on IL-6 expression
in neurones, the level of IL-6 induced by these twytokines was compared
directly. In WT neuronal cell lysates, IleJand IL-18 induced IL-6 with similar
potency. There was no significant difference betwhela- and IL-13-induced

IL-6 for any of the concentrations of IL-1 testédgure 3.5).
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Figure 3.4. IL-1a- and IL-1B-induced IL-6 expression in WT neuronal cell

lysates

WT neurones were treated with vehicle, ld&.(D.03-30 1U/ml) or IL-B (0.03-30
IU/ml) for 24 h in the presence or absence of ILALR pg/ml). Lysates were
collected and analysed for IL-6 by ELISA. IL-1a induced significant levels of
IL-6 only at 30 IU/ml: n=6B. IL-1p significantly induced IL-6 at 0.3-30 IU/ml
but at not the lowest concentration of 0.03 IU/n#7. IL-1RA co-incubated with
IL-1B (0.3 IU/ml) abolished IL-g-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-B (0.3 1U/ml) vs. IL-1RA co-incubation. Dashed lindicates the
detection limit (10 pg/ml).

84



IL-1RAgcPb-1-induced IL-6

Chapter 3
IL-1 treated WT neurones: IL-1 a vs.IL-1
[°] IL-1a
n==6
100+ ©
[*] IL-1B
n=7
80 T
o
o
E [ ]
?: 601 T o T e
L? [ ] [ J
2 . %
404 'T
! +
201 L al® ol | o
sl g | I R 1
ogo

Vehicle 4
0.034
0.34
3
304

T
IL-1RA + 0.3 E@:L‘b
EH L]
1

IL-1a/B (IU/mI)

Figure 3.5. Comparison of IL-a- and IL-1p-induced IL-6 expression in WT

neuronal cell lysates.

Comparison of the level of IL-6 induced by vehidle;1a (0.03-30 1U/ml), IL-B
(0.03-30 1U/ml), or IL-1RA (1ug/ml) co-incubation showed that IleJand IL-13
induced similar levels of IL-6 expression in WT neues. No significant
difference between IL« and ILB-induced IL-6 was found for any
concentrations of IL-1 tested. Two-way ANOVA andri&rroni post hoc test.

Dashed line indicates detection limit (10 pg/ml).
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To investigate the possible role of IL-1RAcPb in-1&- and IL-13-
induced IL-6, IL-1RACPB neurones were treated with 1l-10.03-30 1U/ml) or
IL-1B (0.03-30 IU/ml) in the presence or absence of RAL(1 ug/ml), and IL-6
expression was measured in cell lysates and cudtypernatants.

In cell lysates of IL-1RAcPb neurones, IL-& (0.03-30 IU/ml) induced
significant levels of IL-6 compared to vehicle treant (Figure 3.6A). At 0.03
IU/ml, 0.3 IU/ml, 3 IU/ml, and 30 IU/ml, IL-& induced 27 £ 7 pg/ml, 30 + 16
pag/ml, 29 + 12 pg/ml and 27 + 8 pg/ml of IL-6 respeely. The lowest
concentration of IL-& (0.03 IU/ml) elicited maximum expression of IL-6.
IL-1RA significantly blocked IL-& (0.3 IU/ml)-induced IL-6. There was no
significant difference in the levels of IL-6 expses in the lysates of cells treated
with increasing concentrations of Ilel

In IL-1RAcPb’ neurones, IL-6 induction was significantly induded3
IU/ml of IL-18 (24 + 9 pg/ml) and 30 1U/ml (25 = 10 pg/ml) buttrad the lower
concentrations of 0.03 1U/ml (19 £ 11 pg/ml) or A¥/ml (20 + 10 pg/ml)
(Figure 3.6B). There was no significant differencethe potency of IL-& and
IL-1B at inducing IL-6 in IL-1RACPB neurones (Figure 3.7).

To assess the role of IL-1RAcPDb in lk-Tand IL-18 activity, IL-la
induced IL-6 synthesis in WT and IL-1RAcPmeurones was compared directly
(Figure 3.8). The same comparison was repeatedLf@f (Figure 3.9). There
was no significant difference in IL-1-induced ILe&pression in WT compared to
IL-1RAcPb” neurones. IL-& induced IL-6 expression with equal potency in WT
and IL-1RAcPHB neurones. This was also the case for piriduced IL-6 in WT
and IL-1RACPB neurones.
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Figure 3.6. IL-1a- and IL-1p-induced IL-6 expression in IL-1RAcPb"

neuronal cell lysates

IL-1RACPb” neurones were treated with vehicle, «D.03-30 IU/ml) or IL-B
(0.03-30 1U/ml) for 24 h in the presence or abseawfck-1RA (1 pg/ml). Lysates
were collected and analysed for IL-6 by ELISA. 1&-@0.03-30 1U/ml: n=6) &)
and IL-1B (3 and 30 IU/ml: n=6)R) induced significant levels of IL-6 expression
but at 0.03 and 0.3 IU/ml, ILAtinduced IL-6 was non-significant compared to
vehicle. IL-1RA (Jug/ml) co-incubation abolished IL-1 (0.3 IU/ml)-incked IL-6
expression and vehicle induced minimal levels o6ILOne-way ANOVA and
Tukey’s multiple comparison tests. * P< 0.05, ** BQ1 IL-1 vs. vehicle. # P<
0.05 IL-1o. (0.3 IU/ml) vs. IL-1RA co-incubation. Dashed linedicates the
detection limit (10 pg/ml).
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Figure 3.7. Comparison of IL-a- and IL-1-induced IL-6 expression in

IL-1RAcPb ™ neuronal cell lysates.

Comparison of the level of IL-6 induced by vehidle;1a (0.03-30 1U/ml), IL-B
(0.03-30 1U/ml), or IL-1RA (1ug/ml) co-incubation showed that IleJand IL-18
induced similar levels of IL-6 expression in IL-1BRG™ neurones. No significant
difference between IL<t and IL$-induced IL-6 was found for any concentration
of IL-1 tested. Two-way ANOVA and Bonferroni posbditest. Dashed line
indicates detection limit (10 pg/ml).
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Figure 3.8. Comparison of IL-a-induced IL-6 expression in WT and

IL-1RAcPb ™ neuronal cell lysates.

Comparison of the level of IL-6 induced by vehicle;1a (0.03-30 1U/ml) or
IL-1RA (1 ug/ml) co-incubation showed that Ilainduced similar levels of IL-6
expression in WT and IL-1RAcPbneurones. No significant difference was
found between WT and IL-1RAcPbneurones in IL-d-induced IL-6 for any
concentration of IL-1 tested. Two-way ANOVA and Bemoni post hoc test.
Dashed line indicates detection limit (10 pg/ml).
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ILB treated neurones: WT vs. IL-1RAcPb
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Figure 3.9. Comparison of IL$-induced IL-6 expression in WT and

IL-1RAcPb ™ neuronal cell lysates.

Comparison of the level of IL-6 induced by vehicle;13 (0.03-30 1U/ml) or
IL-1RA (1 ug/ml) co-incubation showed that IlBinduced similar levels of IL-6
expression in WT and IL-1RAcPbneurones. No significant difference was
found between WT and IL-1RAcPbneurones in IL-g-induced IL-6 for any
concentration of IL-1 tested. Two-way ANOVA and Bemoni 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 reledsecontrast IL-&
(0.03-30 IU/ml) strongly and significantly inducdd-6 release compared to
vehicle treated cells (Figure 3.10A). The mean ll®fdL-6 release induced by
0.03 IU/ml, 0.3 1U/ml, 3 IU/ml and 30 IU/ml were 9036 pg/ml, 94 + 27 pg/ml,
97 + 42 pg/ml and 96 = 36 pg/ml respectively. Thes¢a show that IL-d-
induced IL-6 release was not dependent over theerdrations tested. 1Le1(0.3
IU/ml)-induced IL-6 release was blocked in the prese of IL-1RA.

IL-1B also significantly induced IL-6 release at 0.3nill/3 1U/ml and
30 IU/ml with a mean IL-6 release of 111 + 53 pg/@f0 + 60 pg/ml and 130 +
89 pg/ml respectively (Figure 3.10B). At 0.03 [U/rtl-1p induced a mean of 90
+ 50 pg/ml of IL-6 release, but this was not sigrahtly different to vehicle-
treated cells. IL-1RA (lug/ml) significantly inhibited IL-B (0.3 1U/ml)-induced
IL-6 release. The expression of IL-6 induced by IUAnI IL-1 in the presence
of IL-1RA (1ug/ml), and vehicle-induced IL-6 release were betbe detection
limit.

Comparing the effects of ILet and IL-13-induced IL-6 release in WT
neurones showed that Iledand IL-13 induced IL-6 release with similar potency

for all of the concentrations tested (Figure 3.11).
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Figure 3.10. IL-1a- and IL-1B-induced IL-6 release in WT neuronal cultures

WT neurones were treated with vehicle, ld&.(D.03-30 1U/ml) or IL-B (0.03-30
IU/ml) for 24 h in the presence or absence of ILALIR pg/ml). Supernatants
were collected and analysed for IL-6 by ELISA. 1&-@0.03-30 1U/ml: n=7) &)
and IL-18 (0.3-30 1U/ml: n=8) B) significantly induced IL-6 release compared to
vehicle. These responses were blocked by co-inmubatith IL-1RA (1 ug/ml).
One-way ANOVA and Tukey’s multiple comparison tegtsP< 0.01 and *** P<
0.001 IL-1 vs. vehicle. ## P< 0.01 and ### P< 0.001 (0.3 1U/ml) vs. IL-1RA
co-incubation. Dashed line indicates the detedtrarnt (10 pg/ml).
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IL-1 treated WT neurones: IL-1 a vs. IL-1
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Figure 3.11. Comparison of ILw- and IL-1p-induced IL-6 release in WT

neuronal cultures.

Comparison of the level of IL-6 induced by vehidle;1a (0.03-30 1U/ml), IL-B
(0.03-30 1U/ml), or IL-1RA (1ug/ml) co-incubation showed that IleJand IL-18
induced similar levels of IL-6 release in WT newsnNo significant difference
between IL-&i- and IL$-induced IL-6 release was found for any concerureti
of IL-1 tested. Two-way ANOVA and Bonferroni posbditest. Dashed line
indicates detection limit (10 pg/ml).
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In IL-1RACPb" neurones, vehicle treatment did not induce IL{6ase.
IL-1a induced significant IL-6 release at 0.3 IU/ml @56 pg/ml), 3 IU/ml (92 +
48 pg/ml), and 30 1U/ml (96 + 52 pg/ml), but notthe lower concentration of
0.03 IU/ml (78 + 60 pg/ml). IL-& did not induce IL-6 release from IL-1RACPb
neurones in a concentration-dependent manner @@gafA). IL-1RA (1ug/ml)
completely blocked IL-& (0.3 IU/ml)-induced IL-6 release.

All concentrations of IL-g tested (0.03-30 IU/ml) caused significant
IL-6 release. IL-$ at 0.03 IU/ml, 0.3 IU/ml, 3 IU/ml and 30 IU/ml| inded 64 +
26 pg/ml, 70 £ 35 pg/ml, 96 £ 28 pg/ml and 90 +@&#ml of IL-6 respectively
(Figure 3.12B). IL-1RA (Iug/ml) completely blocked IL{1 (0.3 IU/ml)-induced
IL-6 release. There was no significant differennethe potency of IL-¢ and
IL-1B at inducing IL-6 release in IL-1RAcPmeurones (Figure 3.13).

As in the cell lysates, there were no significaiffecences in IL-1-
induced IL-6 in WT compared to IL-1RAZPneurones (Figure 3.14 and Figure
3.15).
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Figure 3.12. IL-1a- and IL-1p-induced IL-6 release in IL-1RAcPK™ neuronal

cultures

IL-1RACPb” neurones were treated with vehicle, «D.03-30 IU/ml) or IL-B
(0.03-30 IU/ml) for 24 h in the presence or absen€dl-1RA (1 ug/ml).
Supernatants were collected and analysed for Ily6EQISA. IL-10 (0.3-30
IU/ml: n=7) (A) and IL-13 (0.03-30 IU/ml: n=7) B) induced significant release of
IL-6. IL-1RA (1 pg/ml) completely blocked ILd- and IL-1B-induced IL-6
release. One-way ANOVA and Tukey’s multiple comgani tests. * P< 0.05, **
P< 0.01 and *** P< 0.001 IL-1 vs. vehicle. # P<®.8nd ## P< 0.01 IL-1 (0.3
IU/ml) vs. IL-1RA co-incubation. Dashed line indiea the detection limit (10

pg/ml).
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IL-1 treated IL-IRAcPb 7 neurones: IL-1 a vs. IL-1B
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Figure 3.13. Comparison of ILa- and IL-1p-induced IL-6 release in

IL-1RACPb ™ neuronal cultures.

Comparison of the level of IL-6 induced by vehidle;1a (0.03-30 1U/ml), IL-B
(0.03-30 1U/ml), or IL-1RA (1ug/ml) co-incubation showed that IleJand IL-13
induced similar levels of IL-6 release in IL-1RA¢Pmeurones. No significant
difference between IL«t and ILB-induced IL-6 release was found for any
concentration of IL-1 tested. Two-way ANOVA and Bemoni post hoc test.
Dashed line indicates detection limit (10 pg/ml).
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Figure 3.14. Comparison of ILa- induced IL-6 release in WT and IL-
1RACPb” neuronal cultures

Comparison of the level of IL-6 induced by vehicle;1a (0.03-30 1U/ml) or
IL-1RA (1 ug/ml) co-incubation showed that Ileinduced similar levels of IL-6
release in WT and IL-1RAcPbneurones. No significant difference was found
between WT and IL-1RAcPbneurones in IL-d-induced IL-6 release for any
concentration of IL-1 tested. Two-way ANOVA and Bemoni post hoc test.

Dashed line indicates detection limit (10 pg/ml).
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IL-1B induces IL-6 in neurones: WT vs. IL-IRAcPb
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Figure 3.15. Comparison of IL$-induced IL-6 release in WT and

IL-1RACPb ™ neuronal cultures

Comparison of the level of IL-6 induced by vehicle;13 (0.03-30 1U/ml) or
IL-1RA (1 ug/ml) co-incubation showed that IlBinduced similar levels of IL-6
release in WT and IL-1RAcPbneurones. No significant difference was found
between WT and IL-1RAcPbneurones in IL-g-induced IL-6 release for any
concentration of IL-1 tested. Two-way ANOVA and Bemoni 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-1IRAcPb expression in brain cells was found l&gm neurones
(Smith et al, 2009). However, glial cells in primatultures also express this
receptor, as detected by semi-quantitative RT-PERjufe 3.3). Although
IL-1RAcPb mRNA expression in glial cells appeab®very low, its contribution
to IL-1-induced actions in glial cells could be rsigcant. To investigate the role
of IL-1RACPb in IL-1-induced actions in glial cellprimary glial cultures were
treated with IL-2 (0.03-30 1U/ml), IL-B (0.03-30 IU/ml) or LPS (1 pg/ml) for
24 h in the presence or absence of IL-1RA {@0nl). Conditioned medium were
collected and analysed for IL-6 by ELISA. LPS wasdias a positive control for
IL-6 induction in both WT and IL-1RAcPb glial cultures. LPS (1 pg/ml)
induced 1458 *+ 381 pg/ml of IL-6 in WT glia and 296 278 pg/ml of IL-6 in
IL-1RACPb’ glia.

In WT glial cultures, vehicle treatment inducedlhes release (13 £ 11
pg/ml). In contrast, IL-& potently induced IL-6 release compared to vehicle
(Figure 3.16A). The mean level of IL-6 release iceliby 0.03 IU/ml, 0.3 IU/ml,
3 IU/ml and 30 IU/ml was 257 £ 149 pg/ml, 291 + @ ml, 321 £ 23 pg/ml and
398 = 110 pg/ml respectively. ILed (3 IU/ml)-induced IL-6 release was
completely blocked by co-incubation with IL-1RA (k§/ml).

IL-1B potently induced IL-6 release from glial culturébe level of IL-6
release induced by ILBL(0.03-30 IU/ml) was significantly greater than ttha
induced by vehicle. However, increasing concergratiof IL-13 did not induce a
concentration-dependant release of IL-6. f.ak 0.03 1U/ml, 0.3 1U/ml, 3 IU/ml
and 30 IU/ml induced IL-6 release from glial cuésrof 108 + 51 pg/ml,
179 + 79 pg/ml, 194 +72 pg/ml and 201 + 76 pg/nsipectively (Figure 3.16B).
Co-incubation with IL-1RA (10ug/ml) completely blocked IL{1 (3 1U/mlI)-
induced IL-6 release in glia. The release of Iln@uced by IL-B (3 IU/ml) in the
presence of IL-1RA (4@y/ml) was below the detection limit.

Comparing the effects of ILet and IL-13-induced IL-6 release from
WT glial cultures showed that ILedlinduced IL-6 release with greater potency
than IL-18. This difference in IL-1 potency occurred at 01Q8ml, 3 IU/ml and
30 IU/ml. At 0.3 IU/ml, IL-Jo induced more IL-6 release than IB;lalthough

this was not significant (Figure 3.17).
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Figure 3.16. IL-1a- and IL-1B-induced IL-6 in WT glial cultures

WT glial cultures were treated with vehicle, 1-10.03-30 1U/ml), IL-B (0.03-

30 1IU/ml) in the presence or absence of IL-1RA (@dml), or LPS (Lg/ml) for

24 h. Supernatants were collected and analysetl. férrelease by ELISA. IL-6
detected in vehicle treated cells was low but #.{0.3-30 IU/ml: n=5) A) and
IL-18 (0.3-30 IU/ml: n=6) B) induced significant levels of IL-6 release conguhr
to vehicle. Co-incubation with IL-1RA (10g/ml) blocked these responses. One-
way ANOVA and Tukey’s multiple comparison testsP% 0.05, ** P< 0.01 and
*** P< 0.001 IL-1 vs. vehicle. # P< 0.05 and ### 8901 IL-1 (0.3 1U/ml) vs.
IL-1RA co-incubation. Dashed line indicates theeg&bn limit (11 pg/ml).
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IL-1 treated WT glia: IL-1 a vs. IL-1
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Figure 3.17. Comparison of IL-In- and IL-p-induced IL-6 release in WT glial

cultures

Comparison of the level of IL-6 induced by vehidle;1a (0.03-30 1U/ml), IL-B
(0.03-30 1U/ml), or IL-1RA (1Qug/ml) co-incubation showed that Ilelinduced
IL-6 release with greater potency than Ig-(at 0.03, 3 and 30 IU/ml). At 0.3
IU/ml, IL-1a and IL-1B induced IL-6 release with similar potency and no
significant difference was detected between thedytokines. Two-way ANOVA
and Bonferroni post hoc test. * P< 0.05, ** P< 0d&rid *** P< 0.001 IL-%u vs.
IL-1B. Dashed lines indicate the detection limit (11npigy/
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Vehicle treatment failed to release IL-6 from ILA&Pb’ glial cultures,
whilst IL-1a induced significant IL-6 release at the higheramonrations (0.3-30
IU/ml). At 0.03 1IU/ml, 0.3 1U/ml, 3 IU/ml, and 30W/ml, IL-1a induced 155 +
109 pg/ml, 209 = 86 pg/ml, 199 + 71 pg/ml and 22D& pg/ml of IL-6 release
respectively. Despite the high level of IL-6 rele&sduced by IL-& at 0.03 1U/ml
(155 + 109 pg/ml), this was not significantly diéat compared to vehicle
treatment. (Figure 3.18A). IL-1RA (10y/ml) inhibited IL-1o (3 1U/ml)-induced
IL-6, reducing it from 209 + 86 pg/ml down to 1518 pg/ml.

IL-1B-induced IL-6 release in IL-1RAcPbglial cultures displayed a
similar trend to that of IL-d-induced IL-6 release in IL-1RAcPhglial cultures.
IL-6 release was significantly high for the higleemcentrations of IL{1 (0.3-30
IU/ml). The mean level of IL-6 release induced bgreasing concentrations of
IL-18 were 109 + 40 pg/ml, 164 + 56 pg/ml and 136 + B2np respectively
(Figure 3.18B). Co-incubation with IL-1RA (4&y/ml) blocked IL-B (3 1U/ml)-
induced IL-6 release. Comparing the level of d-Jand IL-1B-induced IL-6
release at each concentration (0.03-30 IU/ml) skioweat the difference in
potency between the two cytoknes, at the highercaamations in WT glial
cultures (Figure 3.17) were abrogated in IL-1RAERftial cultures (Figure 3.19).

IL-1¢ (30 IU/ml)-induced IL-6 release in IL-1RAcPbglia was
significantly reduced compared to WT cultures (fF&g3.20), but IL-B-induced
IL-6 release was not significantly different in V&fd IL-1RAcPH glial cultures
(Figure 3.21).

102



Chapter 3 IL-1RAcPb-1-induced IL-6

A IL-1a treated IL-1IRAcPb 7 glia

1001

0.34

IL-6 pg/ml
8 8
o (=) (=)
! [m}
0.03¢} b —o]
T
1}
(it |—cj—| o
]
E Dl—g-lj—| o
]
sofi |0 l—D—E—D—|D
]
ﬁlﬂ H*

Vehicle 1
IL-1RA + 3
LPS (1pg/ml)

IL-1a (IU/m)

B IL-1p treated IL-1RAcPb " glia
2200+ -

1000+

* *kk *kk
3004

IL-6 pg/ml

200 -:- 'i N
H

1004

Vehicle
0.03

IL-1RA + 3
LPS (1pg/ml)

IL-1B (IU/ml)

Figure 3.18. IL-1a- and IL-1p-induced IL-6 release in IL-1RAcPE” glial

cultures

IL-1RAcPb” glial cultures were treated with vehicle, 1k-X0.03-30 1U/ml),
IL-1B (0.03-30 IU/ml) in the presence or absence of RA1(10 pg/ml) or LPS
for 24 h. Supernatants were collected and analjsedl-6 release by ELISA.
Vehicle-induced IL-6 was low, however, 1l¢:10.3-30 IU/ml: n=5) A) and IL-13
(0.3-30 1U/ml: n=6) B) induced significant levels of IL-6 but not at thever
concentration of 0.03 1U/ml. IL-1RA (1Qg/ml) co-incubation significantly
inhibited these responses. One-way ANOVA and Tukewultiple comparison
tests. * P< 0.05, ** P< 0.01 and *** P< 0.001 ILv%. vehicle. # P< 0.05 and ###
P< 0.001 IL-1 (0.3 IU/ml) vs. IL-1RA co-incubatioashed line indicates the
detection limit (11 pg/ml)
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Figure 3.19. Comparison of ILa- and IL-1p-induced IL-6 release in

IL-1RAcPb™ glial cultures.

Comparison of the level of IL-6 induced by vehidle;1a (0.03-30 1U/ml), IL-B
(0.03-30 1U/ml), or IL-1RA (10ug/ml) co-incubation showed that Ileland
IL-1B induced similar levels of IL-6 release at high@ncentrations (0.3-30
IU/ml) in IL-1RAcPb” glia. At the lowest concentration (0.03 IU/ml)-1a was
more potent than ILfL Two-way ANOVA and Bonferroni post hoc test.

* P< 0.05 IL-Jo vs. IL-18. Dashed line indicates detection limit (11 pg/ml).
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Figure 3.20. Comparison of ILw-induced IL-6 release in WT and
IL-1RAcPb™ glial cultures

Comparison of the level of IL-6 induced by vehicle;1a (0.03-30 1U/ml) or
IL-1RA (10 pg/ml) co-incubation showed that Ilelinduced similar levels of
IL-6 release at lower concentrations (0.03-3 IU/mIWT and IL-1RAcCPH glia.
At the highest concentration (30 1U/ml), llelvas more potent in the WT than
IL-1RAcPb” glia. Two-way ANOVA and Bonferroni post hoc testP% 0.05 WT
vs. 1RAcPH". Dashed line indicates detection limit (11 pg/ml).
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Figure 3.21. Comparison of IL$-induced IL-6 in WT and IL-1RAcPb ™ glia

Comparison the level of IL-6 induced by vehicle-1g (0.03-30 IU/ml) or

IL-1RA (10 pg/ml) co-incubation showed that I3linduced similar levels of
IL-6 release at all concentrations (0.03-3 IU/mIWT and IL-1RAcPH glia.. No

significant difference in IL-6 release was foundvieeen WT and IL-1RAcPb

glial cultures in response to 1131(0.03-30 1U/ml). Two-way ANOVA and
Bonferroni post hoc test. Dashed line indicategctein 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-1RAxFhas been

identified but the function of this receptor is taversial (Smith et al, 2009; Lu
et al, 2008). The aim of this project was to deteerthe role of IL-1IRACPb in
IL-1-induced actions in neurones and glia. To aghithis aim, we have tested the
effect of IL-1RAcPb deletion on IL-1-induced IL-6 these cell types by using
genetically modified animals. Previous studies hdeenonstrated that genetic
manipulation of the IL-1 family (with the exceptioof IL-1RA) does not
adversely affect normal growth and developmentedility (Cullinan et al, 1998;
Horai et al, 1998; Glaccum et al, 1997). This cooéddue to the fact that IL-1
signalling is quiescent in the absence of infectomnjury. Normal development
in these transgenic animals suggests that IL-lvictis not essential for
development and can be compensated by other regulatechanisms. On
contrary, IL-1RA” mice showed slow growth and smaller adult sizeréHet al,
1998), indicating IL-1IRA may have an active role mormal growth and
development and that overactivation of IL-1 sigmgllis not beneficial. Here we
investigated whether deletion of IL-1RAcPb has affect on the cellular
composition of glial and neuronal cultures to becus

Immunostaining of neuronal cultures from WT andLRAcPH" animals
showed that neurones from these two strains werphotogically similar. This is
consistent with previous findings showing no sig@int difference in cellular
morphology or composition between WT and IL-YRturine neurones (Tsakiri
N, 2008). Phenotypically, both strains displayasstdring of neuronal cell bodies
and a low level of glial contamination (2 + 0.2 ¥)gure 3.1 and Figure 3.2).
The formation of neuronal clusters is typical otirenes in culture supplemented
with B27 (Chen et al, 2008), and the minor gliaht@mnination is a feature of
neuronal cultures supplemented with serum (Madaetsal, 1991). Neuronal
cultures grown in serum-free medium are reportebetgpure and free from glial
contamination (Tsakiri N, 2008).

Glial cells cultured from WT and IL-1RAcPb mice were also

morphologically similar. Immunostaining revealedttiglial cells cultured from
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WT and IL-1RAcPB animals were similar in their composition of asgi@s and
microglial cells. In mixed glial cultures, astroegtwere the most abundant cell
type with a population of 82 + 3% of the total cpipulation. Microglial cells
formed the remaining part of the total populatid® ¢ 3 %) (Figure 3.2). It is
unclear why QA progenitor cells, normally present in brain celiltures, were
absent from our neuronal and glial cultures. Ongsitality could be due to poor
detection by the antibody, or to the fact thaAMave differentiated into type-2
astrocytes (Noble, 1991) by 12 days vitro and were detected as type 2
astrocytes in neuronal cultures and could not Isingjuished from ordinary
astrocytes by GFAP staining in mixed glial cultur€A progenitor cells were
probed using an Ms antibody previously proven to be effective by other
members in our laboratory (Pinteaux et al, 2002) @ther research groups (Brogi
et al, 1997; Madarasz et al, 1991), indicating that antibody is effective and
specific.

Examining the cellular specificity of IL-1IRAcPb exgssion in CNS cells
revealed that IL-1RAcPb is expressed by neuronetegantially and expressed
weakly in glial cells (Figure 3.3). This is consist with the report of Smith et al
(2009).

In summary, the cellular composition of neuronal gtial cell cultures
from WT and IL-1RAcPb animals were similar indicating that IL-1RAcPb doe
not contribute to the growth or development of vees or glial cellsn vitro. Our
neuronal cultures were 98 % pure, and the celkdarposition of our mixed glial
cultures was 82 % astrocyte and 18 % microglia,intakhem valid models to

investigate the effects of IL-1-induced actionsi@urones and glial celis vitro.

3.5.2. IL-1-induced IL-6 in neurones
In vivo, IL-6 protein expression is up-regulated in theebeal cortex of

rats after permanent MCAo (Legos et al, 2000). 3iemt MCAO in rats also
induces up-regulation of cortical IL-6 mMRNA expriess(Ali et al, 2000) as well
as IL-6 protein expression in microglia and neuso(igihne et al, 2001; Block et
al, 2000; Suzuki et al, 1999). IL-6 mMRNA expressitan also be detected in
neurones of healthy rat brain bysitu hybridization (Gadient and Otten, 1994).

In vitro, induction of IL-6 mMRNA expression in rat primaggrtical neurones was
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stimulated by membrane depolarisation by forsk@iduM, 6 h) (Sallmann et al,
2000). IL-6 mRNA expression was also induced by NM(B0 uM, 1 h and 3 h)

in mouse cortical neurones (Ali et al, 2000). Aadddhilly, IL-6 mMRNA expression
and protein release is induced by IL-1 from ratpbigampal neuronal cell lines,
H19-7/IGF-IR cells (Bergamaschi et al, 2006) andus® cortical neurones
(Tsakiri et al, 2008c; Ringheim et al, 1995). Cdiieely, these studies indicate
that IL-6 is an inflammatory cytokine that is exgged by neurones and can be
induced by IL-1 (amongst otherig)vitro.

To further characterise the role of IL-1RAcPb in-l&- and IL-13-
induced actions in neurones and glia, we invesdjdhe effects of IL-d and
IL-B on IL-6 synthesis in WT and IL-1IRAcPbneuronal and glial cultures.
Additionally, we also investigated the effects bfllo and IL-13 on pentraxin-3
(PTX3) production in neurones and glia to validdte IL-6 data. PTX3 is an
acute phase protein which is induced in neuronesghal by seizure activities
(Ravizza et al, 2001). ILgtinduced PTX3 has been described previously if glia
cells by Polentarutti et al (2000) (for review sedega-Hernandez et al, 2008).
For this investigation, pure mouse cortical neuraudtures were incubated with
increasing concentration of ILelor IL-1B for 24 h, the suggested optimal time
for IL-1-induced IL-6 in mouse cortical neuronesr@heim et al, 1995) and IL-6
expression and release were measured.

This study demonstrated that 1I3-is a potent inducer of IL-6 in mouse
cortical neurones as even the lowest concentradfol-1 tested could induce
significant IL-6 expression and release (Figure &4 Figure 3.10). ILd also
induced strong IL-6 production and release butdatgndard deviation within the
lysates data prevented IL-1-induce IL-6 expressimm reaching statistical
significance (Figure 3.4) but IL-1-induced IL-6 eake was potent (Figure 3.10),
indicating IL-lo. was also a potent inducer of IL-6 synthesis inroees. A
similar response was observed for PTX3 (Figure Agpendix Ill). Previous
work by Tsakiri et al (2008c) also showed that lmancentrations of IL{1 (0.03
IU/ml) could also induce significant level of IL-§ynthesis in mouse cortical
neurones. It is unclear from these data whethet-ihduced IL-6 is and all-or-
nothing response as lower concentrations of IL-@édn@® be tested. However, a

previous study has shown that IB-induced IL-6 release from mouse cortical
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neurones in a concentration-dependent manner nigom 1 pM to 1 nM
(Ringheim et al, 1995). Additionally, the presehidy demonstrated that IL-1-
induced p38 phosphorylation (see next chapter) \a concentration-
dependent, indicating that IL-1-induced IL-6 syrslsen neurones is graded.

In WT neuronal cell lysates, ILBlinduced significant amount of IL-6
except at the lowest concentration, but H4hduced significant level of IL-6
expression only at the highest concentration (leig&4). This could be due to
large variance in the data for llesinduced IL-6. IL-B-induced IL-6 synthesis in
mouse cortical neurones was demonstrated previduslysakiri et al (2008c),
however, the induced IL-6 was stored, until celuli@polarisation which then
induces the release of IL-6 from neurones (Tsakiral, 2008b). In this study,
IL-1-induced IL-6 was constitutively released inb@ medium (Figure 3.10). It is
unclear why in our study IL-1-induced IL-6 in cadl neurones were
contitutively released but IL-1-induced IL-6 in nsmucortical neurones studied by
Tsakiri et al (2008b) were stored. The cause of difference could be due to the
difference in strain of mouse used in the two &sdin our study, we cultured
neurones from C57/BL6 mice whereas Tsakiri et &08b) used C57/BL6 X
129sv mice, neurones from different strain may eedpdifferently. Neurones
used in our study could be partially depolarisegri@sence of IL-1 which could
then lead to release of IL-1-induced IL-6. IL-1vi®ll documented to alter the
neuronal electrical activities (Desson and Fergu&@®3; Borsody and Weiss,
2002). Cultured neurones from C57/BL6 x 129sv cdaddresistant to the subtle
effects of IL-1 on neuronal electrical activitiesthe concentrations tested. The
5 % plasma derived serum (PDS) in our culture nmadiompared to the serum
free culture medium used by Tsakiri et al (2008@ynalso contribute to this
difference. The presence of serum introduced mgial contamination which
may alter the response of the co-habiting neurones.

IL-1-induced IL-6 release from neurones in our gtiglconsistent with
the dogma that IL-6 is a secreted protein (reviewgdHeinrich et al, 1990).
Release of IL-6 in response to IL-1 has been reggsteviously in mouse cortical
neurones (Ringheim et al, 1995) and hippocampalromal cell lines

(Bergamaschi et al, 2006).
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There is increasing evidence indicating that tL-and IL-13 have
differential effects in specific cell types. Moslevant are reports on ILaland
IL-1B differential actions in mouse cortical neuronespr@vious study from our
group demonstrated ILBL but not IL-ki, induced IL-6 production in mouse
cortical neurones (Tsakiri et al, 2008c). Thiseléintial effect of IL-& and IL-18
was not reproduced in the current study. | fourat th-1a and IL-13 induced
IL-6 expression and release with equal potencyuiie®.5 and Figure 3.11). This
could be due to the large standard deviation in data caused by outliers;
however the level of IL-d- and IL-13-induced IL-6 did cluster closely together
(Figure 3.11) suggesting ILedand IL-13 possesed similar bioactivity and that the
responses observed were not artefacts of largelathrdeviations. Additionally
IL-1a and IL-1B also equipotent at inducing PTX3 release from Wliranes
(Figure 7.3, Appendix IIl). The difference betwebsakiri et al. (2008c) and the
current study could again be the result of diffesgrain of mouse used and/or the

difference in composition of the culture medium.

3.5.3. Therole IL-1RAcPb in IL-1-induced IL-6 in neurones
The IL-1 receptor accessory protein is critical fbrl signalling and

deleting IL-1RAcCP from neurones caused complete inhibition of H--land
IL-1B-induced IL-6 expression and release (Figure 7gpehdix 1V). IL-1RAcPb
is highly expressed in neurones (Figure 3.3), mitcontribution to neuronal
function is completely unknown. In the present gtudl-1 induced constitutive
release of IL-6 (Figure 3.10 and Figure 3.12), dhdla and IL-13 were
equipotent at inducing IL-6 expression and releas@VT and IL-1RAcPB
neurones (Figure 3.11 and Figure 3.13). This suggimst IL-1IRACPb is not
essential in IL-1-induced IL-6 in neurones, howeuee role of IL-1IRAcPb in
IL-1-induced changes in neuronal electrical adggiis unclear.

The lack of effects of deletingL-1RAcPb on IL-1-induced IL-6 in
neurones is contrary to previous findings on th& rof IL-1RAcPb when
transfected in other cell types. In HEK293T cells,LRAcPb was demonstrated
to positively contribute to ILf1 signalling leading to the activation of NdB and
induction of TNFe. and GM-CSF mRNA expression (Lu et al, 2008). Hosvev
IL-1RACPDb has also been suggested to be a negatdlator of IL-B actions
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in primary mouse cortical neurones. In IL-1RA(bﬁ’euronele-1B treatment of
neurones with IL-1RACP reconstitution lead to esgren of an array of gene that
overlapped with WT neurones. However, incubatinglfLwith neurones which
have had IL-1RAcP and IL-1RAcPb reconstitution (@vhishould genetically
resemble WT) resulted in down-regulation of cergene expression (Smith et al,
2009). The authors concluded that IL-1RAcPb coddmtregulate some but not
all IL-1RAcP-dependent IL-1 responses. In this gtude did not observe any
regulatory action of IL-1RAcPb on IL-6 expressianrnieurones. However, there
are many differences in experimental procedureszdest our study and Smith et
al. (2009). Although both studies used the sansnstf mouse cortical neurones
(C57/BL6), Smith et al. (2009) studied the role IbfIRAcPb in IL-1RAcP"
neurones by gene transfection, whereas in this/sthée role of IL-1RAcPb was
investigated by studying the effects of 1IRAcPb gene deletion. The culturing
protocols of primary neurones were also differeetween the two studies. In
Smith et al. (2009), primary neurones were cultuneserum-free medium, in the
absence of any glial proliferation inhibitor, arftetlevel of glial contamination
ranged from 20-30 %. Primary neurones used in shisly were cultured in
medium containing 5 % PDS and a minimum of 5 %l giraliferation inhibitor
(see section 2.3). Glial contamination was 2 %. Th#ular composition of
neuronal cultures between Smith et al. (2009) Aeccurrent study is clearly very
different, specifically in the population of glie¢lls. The contribution of 20-30 %
glial population could significantly affect neurdmasponse to IL-1. Additionally,
Smith et al. (2009) did not study the role of ILA&Pb in protein expression but
explored its role in the expression of differendtein by microarray analysis. It is
important to interpret this microarray data withutan, as gene transcription does
not indicate gene translation into a protein. Saares are transcribed but are
degraded before they are translated. Therefoeedifiicult to compare data from
Smith et al. (2009) and the current study as tHeilae composition of the
neuronal cultures, and the variable measured &eretit.

3.5.4. IL-1-induced IL-6 in glial cells
IL-1RACcPb was expressed at low level in glial céfggure 3.3), but the

significance of this expression is unknown. IL-@mslling is highly proficient and
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activation of only a few receptors within a cellsigfficient to induce a maximum
response (for review see Dinarello, 1997). Theeefohow low level of
IL-1RACPb expression may affect IL-1-induced acsiam glia is not known.

This study demonstrated that ll-Tand IL-13 are potent activators of
WT mouse mixed glia, leading to the productionlobl (Figure 3.16) and PTX3
(Figure 7.4, Appendix Ill). IL-& was more potent than IL3lat inducing IL-6
production from mixed glial cells at 0.03 1U/ml,18/ml) and 30 IU/ml (Figure
3.17) and PTX3 at 0.3 IU/ml (Figure 7.5, Appendi¥. IThis observation is not in
agreement with previous observations which showed H_-13 is more potent
than IL-lo at inducing IL-6 from mouse mixed glia (Andre dt @005b).
However, IL-In has been shown to be more effective than fiLat inducing
responses in various conditions; lk-1s more potent than ILALin activating
mouse brain endothelial cells (Thornton et al, 30ifucing substance P from
rat dorsal root ganglion (Skoff et al, 2009), Thkelease from mouse epidermal
cells (Beissert et al, 1998) and prostaglandineasse 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-1o and IL-18 potently induced IL-6

(Figure 3.18). Again IL-& was more potent than IL81but only at 0.03 1U/ml
(Figure 3.19). It appears that deleting IL-1RAcPirogated the differential
effects between IL-d and IL-13 seen in WT glial cultures treated with higher
concentrations (3 IU/ml and 30 IU/ml) of the cyto&s. In WT glia, IL-& was
more potent than IL{1 at inducing IL-6 suggesting that the presence of
IL-1IRAcPb may contribute to ILdtinduced IL-6 in glia (Figure 3.20). This
possible role of IL-1RAcPb in IL<l signalling in glial cells is surprising as the
expression of IL-1IRAcPb mRNA in glia is marginalngoared to IL-1RAcPb
MRNA expression in neurones. However the largeanae in our data could also
introduce a false differential effect. What is cleathat IL-1RAcPb is not critical
for IL-1-induced IL-6 in glial cells.

In summary, IL-& and IL-18 induced significant release of IL-6 (and
PTX3) from mouse cortical neuronal cultures andeadiglial cultures after 24 h
treatment. IL-& and IL-13 induced IL-6 with equal potency in WT and
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IL-1RACPb” neurones and, IL-1RAcPb did not alter IL-1-induckd6 in
neurones. In glial cells, ILelwas more potent than ILB1at inducing IL-6 (and
PTX3), and IL-1RAcPb may contribute Ilednduced IL-6 production in glial
cells. However, these responses were measureddfteof IL-1 treatment which
may not apply to other time points. There coulgbssible protein degradation of
IL-6 after 24 h when compared to earlier time poistich as 7 h investigated by
Tsakiri et al. 2008c. However, the level of IL-®f®in detected in the two studies
were similar (100 — 150 pg/ml), indicating that6Ldegradation was low between
7 h and 24 h. A comparison between R-hduced IL-6 in neurones at 7 h and
24 h was also undertaken which revealed that thwee no difference in the
amount of IL-1-induced IL-6 at 7 h and 24 h (datd shown). 24 h exposure to
IL-1a and IL-13 may also modulate the expression of different comepts of the
IL-1 signalling complex (IL-1R1, IL-1RAcP and IL-BRPb) that may affect
IL-1-induced responses. Supporting this notion 1Rt have been shown to be
upregulated in the rat hippocampus neurones amdcst#s following 4 h IL-B
treatment (Friedman, 2001). It would be necessarpdrform an analysis of
expression of the different IL-1 receptors to confitheir contribution to IL-1-
mediated responses.

IL-6 is a cytokine amongst many mediators whichiadeiced by IL-1 in
neurones and glial cells. The lack of effect oflRAcPb on IL-1-induced IL-6 in
neurones implies a redundant role for IL-1IRAcPH.i1-induced IL-6 production
in neurones. However, IL-1RAcPb may affect IL-14edd actions in neurones at
a signalling level. IL-1 has been shown to induaephic factors as well as
neurotransitters release (Skoff et al, 2009; ChaleR005; Feleder et al, 1998;
Isackson, 1995) and IL-1RAcPb may have a role gs¢hresponses. Thus the
following chapters will investigate a specific rdt& IL-1RAcPb in IL-1-induced

activation of key signalling pathways in neuroned glial cells.
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4.1. Introduction

4.1.1 Mitogen-activated protein kinase signalling

Mitogen-activated protein kinases (MAPK) and Snodsie are activated
by phosphorylation of the enzyme to trigger didtisignalling pathways, both of
which can be activated by IL-1. Extracellular sigregulated kinases (ERK1 and
ERK2) and p38 (p38 p38, p38 and p38) are well characterised MAPK
signalling elements. Activation of the MAPK signayf cascade follows a
structured framework involving sequential activatiof MAPK kinase kinase
(MAPKKK), leading to MAPK kinase (MAPKK) activatioand then activation
of MAPK (ERK1/2, p38 and JNK) (Figure 1.9). The strate for ERK1/2 and
p38 are numerous and diverse to account for theynuiverse responses
attributed to MAPK signalling (for reviews see Roaxd Blenis, 2004 and
Johnson and Lapadat, 2002). Due to time limitatibreseffects of IL-1 on JNK
signalling was not investigated in this study. Heemr IL-1-induced JNK
phosphorylation has been reported in glial cellsdie et al, 2005b; Parker et al,
2002) but not neurones (Tsakiri et al, 2008a; Saisan et al, 2004).

ERK1/2 and p38 are distributed in the cytoplasmqginescent cells,
whilst upon stimulation, they translocate into thecleus to activate various
transcription factors including cAMP response eleti@nding protein (CREB)
c-Fos, c-jun and NB. Activation of transcription factors can leadeohanced
stability of the transcription complex and activ{fpr reviews see Borders et al,
2008, Rubinfeld and Seger, 2005, Roux and Bleri®42Harper and LoGrasso,
2001). p3& and p38 are the only two isoforms ubiquitously expressedbriain
cells (for review see Harper and LoGrasso, 200L}ivAtion of p38 results in
phosphorylation of MAPK activated protein kinasar®l 3 (MK2 and MK3) and
mitogen and stress-activated kinases (MSKs) well trasiscription factors
including ATF-1, Elk-1 and NkB. MK2 is an important element that promotes
MRNA elongation and stabilisation. Therefore p38vdy could be important
both for mRNA transcription as well as stabilitpr(freviews see Borders et al,
2008, Rubinfeld and Seger, 2005 and Harper and &sgar 2001).

IL-1B-induced ERK1/2 and p38 phosphorylation has beewsho both

initiate and limit CNS inflammation. In neurogliomand neuroblastoma cells,
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IL-1B-induced PGErelease is mediated by ERK1/2 and p38 signal dwetson.
p38 also mediates ILBtinduced cytosolic phospholipase, AcPLA2) and
cylcooxygenase-2 (COX-2) gene expression (Moolwaaeyg Igwe, 2005).
However, p38 activation is also associated withi-iaflammatory functions,
since it mediates the expression of the anti-infrfetory cytokine IL-10 (Kim et
al, 2008).

It is unclear how IL-1RAcPb may contribute to theggnalling pathways
or CNS inflammation. Investigating the role of IRAcPb in ERK1/2 and p38
signalling in brain cells may yield new insightdanL-1-induced actions. An
improved understanding of IL-1 signalling could roduce greater flexibility

when it comes to manipulating IL-1 signalling fbetapeutic purposes.

4.1.2 Src kinase signalling

Src kinase is abundantly expressed in neural ss@Detton and Brugge,
1983) and plays an important role in neuronal déffidiation and development
(Cartwright et al, 1987 and for review see Salé] Kalia, 2004). There ara
vitro evidence to suggest that Src kinase enhances NMDéptor activity in rat
neurones (Yu et al, 1997; Chen and Leonard, 199@ysbociation with the NR2A
subunit of the NMDA receptor (Liu et al, 2001; Koand Seeburg, 1996). As
synaptic strength (activity-dependent neuronal geaj is partly regulated by
NMDA receptor activities, modulation of NMDA recep$ by Src kinase could
contribute to physiological plasticity and braimuege (for review see Salter and
Kalia, 2004).

Src kinase activation is induced by IL-1 and coalsb be involved in
acute brain injury. Transient cerebral ischaemieats has been shown to induce
Src kinase phosphorylation and NMDA receptor hypegphorylation (Takagi et
al, 1999) and that NMDA receptor hyperactivity abble linked to IL-B activity
via Src kinase activation (Tsakiri et al, 2008ayvidaet al, 2006; Viviani et al,
2003). The role of IL-1RAcPb on IL-1-induced Sro&se activation in neurones
and glia is unknown, but could be important as RAtPD is highly expressed in
the CNS (Smith et al, 2009). If IL-1RAcPb is activenvolved in IL-1-induced
Src kinase signalling (whether regulatory or mewigt 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-indutsignalling and the
possible differential effects of ILeland IL-13 on signalling mechanisms. This
part of the project is divided into two main objees:

1. To determine the role of IL-1RACPbD in IL-1-inducsignalling pathways
activation in neurones and glia. The effects ofllon MAPK and Src
kinase will by examined in both glial and neurocells.

2. To investigate the differential effects of Il and IL-1B-induced

MAPK and Src kinase activation in neurones and glia

4.3. Materials and methods

For this study, WT and IL-1IRAcPmeuronal and glial cells were treated
with vehicle or increasing concentrations of I&-dr IL-18 (0.03-30 1U/ml) for 15
min (neurones) or 30 min (glia), in the absencepmsence of IL-1RA. In
neurones, lig/ml of IL-1RA was co-incubated with 1 ng/ml (0.3/inl) of IL-1a
or IL-1B, and in glial cells, 1@g/ml of IL-1RA was co-incubated with 10 ng/ml
(3 1U/ml) of IL-1a or IL-1B. Cell lysates were collected for analysis of p38,
ERK1/2 and Src kinase activity by Western blot gsial 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 undeteetgd88 activity
(Figure 4.1A). Western blot analysis shows thafli_(0.03-30 IU/ml) induced a
concentration-dependent activation of p38 (FigudBi At 0.03 IU/ml, IL-1o-
induced p38 activation was non-significant compated vehicle treatment.
However, at higher concentrations (0.3-30 IU/ml)-1b-induced p38 was
significantly greater than vehicle treatment. Teégponse was maximal at 3 [U/ml
of IL-1a. IL-1a at concentrations of 0.3 IU/ml, 3 1U/ml or 30 IU/mduced a 4.3,
7.3 and 7.8 fold increase in p38 activity respedyivThe presence of IL-1RA (1
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ug/ml) decreased ILdtinduced p38 activation but this was non-significan
compared to IL-& treatment (0.3 IU/ml) (Figure 4.1B).

IL-1B (0.03-30 1U/ml) also induced a concentration-dejeen activation
of p38 in WT neurones; the concentration of 3 IUImLB was optimal for p38
activation. IL-B at concentrations of 0.3 1U/ml, 3 IU/ml and 301t/ induced a
4.4, 5.2, and 5.3 fold increase in p38 activatiespectively. IL-1RA (jkg/ml)
significantly inhibited this response (Figure 4.2Ad Figure 4.2B). Comparison
of IL-a- and IL-13-induced p38 activation in WT neurones showed tivese two
cytokines were equally potent for p38 activatiomgfe 4.3).
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Figure 4.1. IL-1a-induced p38 activation in WT neurones

WT neuronal cultures were treated with vehicle lodd (0.03-30 1U/ml) for 15
min in the presence or absence of IL-1IRAu{fImI). Lysates were collected and
analysed for p38 activity by Western bl&)( B. ImageQuant analysis of blot
showed that IL-& induced p38 activation in a concentration-depehdesnner
(n=5). IL-1RA (1 ug/ml) co-incubation with IL-& (0.3 IU/ml) reduced IL-&-
induced p38 activation. One-way ANOVA and Tukey'siltiple comparison
tests.* P< 0.05, ** P< 0.001 ILdvs. vehicle.
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Figure 4.2. IL-1g-induced p38 activation in WT neurones

WT neuronal cultures were treated with vehiclelod (0.03-30 IU/ml) for 15
min in the presence or absence of IL-1IRAu{fIml). Lysates were collected and
analysed for p38 activity by Western bl&)( B. ImageQuant analysis of blot
showed that IL-f induced p38 activation in a concentration-depehdesnner
(n=4). IL-1RA (1 pg/ml) co-incubation with IL-g (0.3 IU/ml) significantly
inhibited IL-1B8-induced p38 activation. One-way ANOVA and Tukegisiltiple
comparison tests.* P< 0.05, ** P< 0.01 IB-¥s. vehicle. # P< 0.05 IL§1(0.3
IU/ml) vs. IL-1RA co-incubation.
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Figure 4.3. Comparison of IL-a- and IL-1p-induced p38 activation in WT

neurones.

Comparison of the level of p38 activation inducedvehicle, IL-lo (0.03-30
IU/ml), IL-18 (0.03-30 IU/ml), or IL-1RA (1ug/ml) co-incubation showed that
IL-1o and IL-18 induced similar levels of p38 activation in WT newes. No
significant difference between ILed and IL$-induced p38 activation was found
for any concentrations of IL-1 tested. Two-way AN®¥nd Bonferroni post hoc
test.
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In IL-1RAcPb” neurones, vehicle-induced p38 activity was weakly
detected (Figure 4.4A). IL¢l(0.03-30 IU/ml) induced a concentration-dependent
p38 activation. At 0.03 IU/ml, IL-d-induced p38 was not significant compared to
vehicle treatment. However, at higher concentrati¢d.3-30 IU/ml), IL-h-
induced p38 activation was significantly greatearthvehicle treatment. The
concentration response peaked at 3 IU/ml. 0.3 IU3mU/ml and 30 1U/ml of IL-
la induced an average of 3.7, 4.5 and 3.9 fold irs@en p38 activation which
was significantly blocked by the presence of IL-1RAwg/ml) (Figure 4.4B).

IL-1B (0.03-30 IU/ml) also induced p38 activation in @ncentration-
dependent manner that reached saturation at 3 I(Figure 4.5A and B). At
0.3 IU/ml, 3 IU/ml and 30 1U/ml, IL-f induced an average of 5.6, 7.5, and 7.8
fold increase in p38 activation respectively. ILAR1ug/ml) significantly
inhibited this response. A comparison of dL-and IL-13-induced p38 activity
showed that IL-&-induced p38 activity was significantly lower comga to
IL-1p treatment in IL-1RAcPb neurones (Figure 4.6).

It is unclear if this difference in potency betweknlo- and IL-13-
induced p38 activation in IL-1RAcPbneurones is due to suppression of t.-1
activity or potentiation of IL-@ action. To investigate this phenomenon, we
compared the activity of ILdtinduced p38 activity in WT and IL-1RAcPb
neurones and repeated the same comparison fds.|ITHis analysis revealed that
IL-1a-induced p38 activation was significantly decreasied IL-1RAcPb”
neurones compared to WT for the higher concentratiaf IL-10 (3-30 1U/ml)
(Figure 4.7). IL-1RAcPb deletion did not affect 13-activity (Figure 4.8).
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Figure 4.4. IL-1e-induced p38 activation in IL-1RAcPb’ neurones

IL-1RAcPb” neuronal cultures were treated with vehicle orlt{0.03-30
IU/ml) for 15 min, in the presence or absence 6fLRA (1 ug/ml). Lysates were
collected and analysed for p38 activity by Westbtot (A). B. ImageQuant
analysis of blot showed that Ilelinduced p38 activation in a concentration-
dependent manner (n=6) IL-1RA (B/ml) co-incubation with IL-& (0.3 1U/ml)
significantly reduced IL-d-induced p38 activation. One-way ANOVA and
Tukey’s multiple comparison tests. *** P< 0.001 lk-vs. vehicle and ## P<
0.01 IL-1a (0.3 1U/ml) vs. IL-1RA co-incubation.
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Figure 4.5. IL-1g-induced p38 activation in IL-1RACPb” neurones

IL-1RACPb’ neuronal cultures were treated with vehicle oAf.£0.03-30 1U/ml)
for 15 min, in the presence or absence of IL-1IRAu{fml). Lysates were
collected and analysed for p38 activity by Westbtot (A). B. ImageQuant
analysis of blot showed that IL3linduced p38 activation in a concentration-
dependent manner (n=7). IL-1RA j@/ml) co-incubation with IL-f (0.3 1U/ml)
significantly inhibited IL-B-induced p38 activation. One-way ANOVA and
Tukey's multiple comparison tests. *** P< 0.001 1B-vs. vehicle. ## P< 0.01
IL-18 (0.3 IU/ml) vs. IL-1RA co-incubation.
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Figure 4.6. Comparison of IL-a- and IL-1-induced p38 activation in

IL-1RAcPb™ neurones.

Comparison of the level of p38 activation by vehjclL-1a (0.03-30 1U/ml),
IL-1B (0.03-30 IU/ml), or IL-1RA (1ug/ml) co-incubation showed that Iled
induced p38 activation was significantly less than -induced p38 activation in
IL-1RAcPb” neurones. This reduction in Iledinduced p38 activation was seen
to all concentrations of IL-1 tested (0.03-30 IUymfl P< 0.05, ** P< 0.01 and
*** P< (0.001 IL-1a vs. IL-18. Two-way ANOVA and Bonferroni post hoc test.
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Figure 4.7. Comparison of IL-a-induced p38 activation in WT and

IL-1RAcPb™ neurones

Comparison of the level of p38 activation by vedjdL-1o (0.03-30 IU/ml) or
IL-1RA (1 pg/ml) co-incubation showed that Iledinduced p38 activation was
significantly less in IL-1RAcPb neurones compared to WT neurones at higher
concentrations (3-30 Ul/ml). No significant diffei was observed for the lower
concentrations of IL-d (0.03-0.3 IU/ml). * P< 0.05, ** P< 0.01 and *** P& 001
WT vs. IL-1RAcPH neurones. Two-way ANOVA and Bonferroni post haat.te
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Figure 4.8. Comparison of IL$-induced p38 activation in WT and
IL-1RAcPb ™ neurones

Comparison of the level of p38 activation by vedjdL-13 (0.03-30 IU/ml) or

IL-1RA (1 pg/ml) co-incubation showed that IL34dnduced p38 activation in WT
and IL-1RAcPB” neurones with equal potency. No significant ddéfeze was
observed for the any of the concentrations of fLtdsted. 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 neura@s.

The effect of IL-B on ERK1/2 signalling was tested in neurones.
Vehicle treated cells showed a high basal leveEBK1/2 activity and IL-B
treatment did not further induce ERK1/2 activati@ven at the highest
concentration (30 IU/ml) (Figure 4.9A). Phosphotiga of the two isoforms of
ERK (p42 and p44) remained constant in the presefhde-1p (0.03-30 1U/ml).
Co-incubation of IL-B (0.3 IU/ml) and IL-1RA (1pg/ml) had no effect on
ERK1/2 phosphorylation. Levels of total (non-phospiated and
phosphorylated) ERK1/2 were identical in all treafhgroups, indicating that
sample loading was constant. Semi-quantitativeyaeal of the blots confirmed
that IL-18 did not activate ERK1/2 in WT neurones (FigureBj}.9
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Figure 4.9. The effects of IL-B on ERK1/2 activation in WT neurones.

WT neuronal cultures were treated with vehiclelod (0.03-30 IU/ml) for 15
min, in the presence or absence of IL-1RAw¢ImI). Lysates were collected and
analysed for ERK1/2 activity by Western blét)( Blot shown is representative of
3 independent experimen®. ImageQuant analysis of blot showed that f_eld
not activate ERK1/2 in WT neurones (n=3). IL-1RAud/ml) co-incubation with
IL-18 (0.3 1U/ml) did not affect ERK1/2 activity. One-w&NOVA and Tukey’s
multiple comparison test was used to comparefliréated group against vehicle
treatment.
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4.4.3. The effects of IL-1 on Src kinase signalling in neanes.

WT neurones treated with vehicle, lle=dr IL-18 showed similar level
of Src kinase activation (Figure 4.10). Co-incubatof IL-1RA (1 pg/ml) with
IL-1 had no effect on Src kinase activation in roses. .

Similarly, Src kinase was not activated in IL-1RA¢Pneurones by
IL-1a or IL-1p treatments (Figure 4.11).
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Figure 4.10. The effects of IL-& and IL-1p in Src kinase activity in WT

neurones

WT neuronal cultures were treated with vehicle 16L{0.03-30 1U/ml) or IL-B
(0.03-30 IU/ml) for 15 min, in the presence or afuge of IL-1RA (1ug/ml).
Lysates were collected and analysed for Src kiaaseity by Western blot. IL-d
(A) or IL-1p (B) treatments failed to induce Src kinase activityWT neurones.
IL-1RA (1 pg/ml) co-incubation with IL-1 (0.3 1U/ml) did nofffact Src kinase
activation. Blots shown are representative of Sepehdent experiments. Blots
were not analysed as no induction of Src kinasespimarylation by IL-1 was
observed.
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Figure 4.11. The effects of IL-& and IL-1p in Src kinase activity in
IL-1RAcPb™ neurones

IL-1RAcPb’ neuronal cultures were treated with vehicle, 6L{0.03-30 1U/ml)
or IL-1B (0.03-30 IU/ml) for 15 min in the presence or atwse of IL-1RA (1
ug/ml). Lysates were collected and analysed for Kdnaese activity by Western
blot. IL-1a (A) or IL-1B (B) treatments failed to induce Src kinase activity i
IL-1RAcPb” neurones. IL-1RA (ug/ml) co-incubation with IL-1 (0.3 IU/ml) did
not affect Src kinase activation. Blots shown aeresentative of 3 independent
experiments Blots were not analysed as no inductmn 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 stroimglyced by IL-k
and IL-1B in both WT (Figure 4.12) and IL-1RAcPhglia (Figure 4.13). This
response was specific to IL-1 as it was compldédgked by IL-1RA. However,
due to undetected p38 activity in vehicle-treatelfuces, it has not been possible
to quantify the level of ILa- or IL-1B-induced p38 in glia.
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Figure 4.12. IL-1e- and IL-1g-induced p38 activation in WT glial cells

WT glial cultures were treated with vehicle, 1k-0.03-30 IU/ml) or IL-B (0.03-
30 1U/ml) for 30 min, in the presence or absencé efRA (10 pg/ml). Lysates
were collected and analysed for p38 activation bgsi&rn blot. IL-& (A) and
IL-18 (B) induced p38 activation at all concentrations ees¢0.03-30 1U/ml).
IL-1RA (1 pg/ml) co-incubation with IL-& (3 IU/ml) or IL-183 (3 IU/ml)
inhibited IL-1-induced p38 activation in WT glialuktures. Blot shown are
representative of four independent experiments.
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Figure 4.13 IL-1a- and IL-1-induced p38 activation in IL-1RACPb’ glial

cells

IL-1RAcPb’ glial cultures were treated with vehicle, 1k-10.03-30 1U/ml) or
IL-1B (0.03-30 IU/ml) for 30 min, in the presence or etie of IL-1RA (10
ug/ml). Lysates were collected and analysed for a38/ation by Western blot.
IL-1a (A) and IL-1B (B) induced p38 activation at all concentrationseeg0.03-
30 1U/ml). IL-1RA (10pug/ml) co-incubation with IL-& or IL-1p inhibited IL-1-
induced p38 activation in IL-1IRAcPhglia. Blots shown inA) are representative
of 3 independent experiments and blots shownBin gre 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-& (0.03-30 1U/ml) induced significant ERK1/2

activation compared to vehicle treatment (Figurg4A). However, increasing
concentrations of IL-d did not induce increasing levels of ERK1/2 aciwat
and the lowest concentration of ll-1(0.03 1U/ml) induced a near maximal
response (two fold increase in ERK1/2 activation).

IL-18 (0.3-30 1U/ml) induced ERK1/2 activation in a centration-
dependent manner (Figure 4.14B). At 0.03 IU/ml bflp, ERK1/2 activation
was 1.5 fold higher compared to vehicle treatmleut this was not significant. At
higher concentrations (0.3-30 [U/ml) 131 significantly induced ERKZ1/2
activation compared to vehicle treatment. 3 IU/mlLP induced optimal ERK1/2
activation (2.3 fold increase compared to vehickatment) IL-&- and IL-13-
induced ERK1/2 activation were abolished by co-bation with IL-1RA (10
ug/ml).

IL-1a- and IL-13-induced ERK1/2 activity in WT glial cultures were
then compared to determine possible differentifot$ of these two cytokines on
the activation of the ERK1/2 signalling pathwaygira. This comparison revealed
that IL-10. and IL-18 induced ERK1/2 activation in WT glia with similpotency
(Figure 4.15).
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Figure 4.14. IL-1e- and IL-1p-induced ERK1/2 activation in WT glial cells

WT glial cultures were treated with vehicle, 1k-0.03-30 IU/ml) or IL-B (0.03-
30 IU/ml) for 30 min in the presence or absencdleiRA (10 pg/ml). Cell
lysates were collected and analysed for phosphed/lBRK1/2 by ELISA. IL-&
(A) and IL-1B (B) induced significant levels of phosphorylated ERK&ompared
to vehicle treatment. ILd (n=9) induced ERK1/2 activation for all the
concentrations of IL-d tested (0.03-30 1U/ml). ILf1 (n=13) induced significant
ERK1/2 activation at 0.3-30 1U/ml but not at thevkr concentration of 0.03
IU/ml. These responses were blocked by IL-1RA (@dml). One-way ANOVA
and Tukey’s multiple comparison tests. *** P< 0.0Mt1 vs. vehicle. ### P<
0.001 IL-1B (0.3 IU/ml) vs. IL-1RA co-incubation.
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IL-1 treated WT glia: IL-1 a vs.IL-1
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Figure 4.15. Comparison of IL-Jn- and IL-1-induced ERK1/2 activation in
WT glial cultures.

Comparison of the level of ERK1/2 activation by wéd IL-1a (0.03-30 1U/ml),
IL-1B (0.03-30 IU/ml), or IL-1RA (10ug/ml) co-incubation showed that Ila:1
and IL-13 induced similar levels of phosphorylated ERK1/2 &l treatment
groups in WT glia. No significant difference betwek:-1o- and IL-13-induced
ERK1/2 activation was found for any concentratiaisiL-1 tested. Two-way
ANOVA and Bonferroni post hoc test.
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In IL-1RAcPb” glial cultures, IL-k at 0.3 IU/ml and 30 1U/ml
significantly induced ERK1/2 activation compared/éhicle treatment. However,
at 0.03 IU/ml and 3 IU/ml, IL-& induced ERK1/2 activation was not significantly
different to vehicle-treated cultures. The concamdn of IL-lo that induced
maximal ERK1/2 activation in IL-1IRAcPbglial cultures was 0.3 1U/ml, which
induced a 2.5 fold increase compared to vehickgrment (Figure 4.16A).

IL-1B induced ERK1/2 activation in a concentration-dejeet manner
in IL-1RAcPb’” glial cultures (Figure 4.16B). At the lowest contration (0.03
IU/ml), IL-1B induced a slight but non-significant ERK1/2 adyvcompared to
vehicle treatment. Increasing Il1concentrations induced increased ERK1/2
activation, with a peak at 3 1U/ml (2.3 fold inceeacompared to vehicle). This
response was inhibited by IL-1RA (1@/ml). IL-1a and IL-13 induced ERK1/2
activation in IL-1IRAcPH glia with similar potency (Figure 4.17). ILeX(Figure
4.18) and IL-B (Figure 4.19) induced ERK1/2 activation to a sanikvel in both
WT and IL-1RAcPH glial cultures.
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Figure 4.16. IL-10- and IL-1p-induced ERK1/2 activation in IL-1RAcPb™

glial cells

IL-1RACPb” glial cultures were treated with vehicle, 1k-10.03-30 1U/ml) or
IL-1B8 (0.03-30 IU/ml) for 30 min in the presence or afwse of IL-1RA (10
ug/ml). Cell lysates were collected and analysedpfuwsphorylated ERK1/2 by
ELISA. IL-1a (A) and IL-13 (B) induced significant levels phosphorylated
ERK1/2 compared to vehicle. ILal (n=5) induced ERKZ1/2 activation
significantly at 0.3 and 30 IU/ml. ILAL (n=5) induced significant level of
phosphorylated ERK1/2 expression at higher conagatrs (0.3-30 IU/ml) but
not at the lower concentration of 0.03 IU/ml. IB-thduced ERK1/2 activation
was blocked by IL-1RA (1Qug/ml). One-way ANOVA and Tukey's multiple
comparison tests. ** P< 0.01 and *** P< 0.001 ILv4. vehicle. ### P< 0.001
IL-18 (0.3 IU/ml) vs. IL-1RA co-incubation.
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Figure 4.17. Comparison of IL-Jn- and IL-1-induced ERK1/2 activation in
IL-1RAcPb™ glial cells.

Comparison of the level of ERK1/2 activation by wéd IL-1a (0.03-30 1U/ml),
IL-18 (0.03-30 IU/ml) or IL-1RA (1Qug/ml) co-incubation showed that ILeland
IL-1B induced similar levels of phosphorylated ERK1/2dth treatment groups in
IL-1RAcPb” glia. No significant difference between lle-land IL-18-induced
ERK1/2 activation was found for any concentratiaisiL-1 tested. Two-way
ANOVA and Bonferroni post hoc test.
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IL-1a treated glia: WT vs. IL-1IRAcPb
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Figure 4.18. Comparison of IL-Jn-induced ERK1/2 activation in WT and
IL-1RAcPb™ glial cells

Comparison of the level of ERK1/2 activation by s IL-1o (0.03-30 IU/ml)
or IL-1IRA (10 upg/ml) co-incubation showed that Iledinduced ERK1/2
activation in WT and IL-1RAcPb glia with similar potency. No significant
difference was observed for any of the concentnatiof IL-1o tested. Two-way
ANOVA and Bonferroni post hoc test.
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IL-1B treated glia: WT vs. IL-IRAcPb

4= o [O] wT
o o n=13
[™] IL-1RAcPb

—~ (=] n=5
2 34 u
c
=] o410 [m]

o~ O

3z : 7]? .

5 2

wa oo o

O & 21 ™ O0E | am

c .. 0O m [m]

o o [ ] (mm}

8 % omo O [ ]

=0 n =

ve % . AN
- 19 0O u O O
= 0
=) 5]

0

Vehicle 1
0.034

0.3

34

304

IL-1RA + 3 1

IL-1B (IU/mi)

Figure 4.19. Comparison of IL-B-induced ERK1/2 activation in WT and
IL-1RAcPb™ glial cultures

Comparison of the level of ERK1/2 activation by wd#d IL-1p (0.03-30 IU/ml)
or IL-1IRA (10 upg/ml) co-incubation showed that I34nduced ERK1/2
activation in WT and IL-1RAcPb glia with similar potency. No significant
difference was observed for any of the concentnatiof IL-13 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 gli

In WT glia, vehicle treatment and IL-1 treatmenduced similar levels
of Src kinase phosphorylation (Figure 4.20). Caslmation of IL-1RA (10ug/ml)
with IL-1 had no effect on Src kinase phosphorgiatin glial cells. IL- and
IL-1B also failed to induce Src kinase activation in1IRACPE" glia (Figure
4.21).
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Figure 4.20. The effects of IL-& and IL-1p on Src kinase activity in WT glial

cells

WT glial cultures were treated with vehicle, lk-0.03-30 IU/ml) or IL-3 (0.03-
30 1U/ml) for 30 min, in the presence or absencé_efRA (10 pg/ml). Lysates
were collected and analysed for Src kinase activitywWestern blot. IL-& (A)
and IL-13 (B) treatments failed to induce Src kinase activityN'T glia. IL-1RA
(20 pg/ml) co-incubation with IL-1 (3 1U/ml) did not att Src kinase activation.
Blot shown is from one experiment.
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Figure 4.21. The effects of IL-& and IL-1p on Src kinase activity in
IL-1RAcPb™ glial cells

IL-1RACPb” glial cultures were treated with vehicle, 1k-10.03-30 1U/ml) or
IL-1B (0.03-30 IU/ml) for 30 min, in the presence or exe of IL-1RA (10
ug/ml). Lysates were collected and analysed for Kdnase activity by Western
blot. IL-1a (A) and IL-1B (B) treatments failed to induce Src kinase actiuiy i
IL-1RACPb” glia. IL-1RA (10ug/ml) co-incubation with IL-1 (3 IU/ml) did not
affect Src kinase activation. Blot shown is frone@xperiment.
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4.5. Discussion

4.5.1. IL-1-induced p38 in neurones

IL-1a and IL-1B are potent inducers of IL-6 in both neuronal atidl g
cultures (Tsakiri et al, 2008c; Parker et al, 2@G0%I see Chapter 3). In glial
cultures IL-1RAcPb may contribute to Ilelinduced IL-6 release; however, in
neuronal cultures IL-1RAcPb deletion did not aff@ctla- or IL-1B-induced IL-6
production (see Chapter 3). It is unclear how ILALRb may modulate signalling
pathways leading to IL-6 synthesis in glial celfsifdL-1RAcPb affects specific
signalling pathways in neurones. The aim of thiapthr was to investigate the
role of IL-1RAcPb in MAPK kinase and Src kinasensitling in neuronal and
glial cells.

In this study | have shown that Ileland IL-13 are potent activators of
p38 MAPK in neuronal cells. ILd.and IL-13 induced p38 activation similarly in
a concentration-dependent manner (Figure 4.1 agaré&i4.2). Published studies
on IL-1-induced p38 signalling in neurones are cwrdrsial, since some have
reported IL-1-induced p38 activation, whilst othdiled to demonstrate a
response. Indeed, p38 activation by ILHas been reported previously in cultured
rat hippocampal neurones (Srinivasan et al, 200d) rat dorsal root ganglion
neurones (Binshtok et al, 2008), as well rat cattieeurones (Griffin et al, 2006;
Li et al, 2003). Conversely, ILBLdid not induce p38 activation in cultured mouse
cortical neurones (Tsakiri et al, 2008a). Thesdistiindicate that IL-1-induced
p38 activation in neurones could be species depegnsigain dependent, or brain
region specific. Neurones used in this study amddhpreviously by Tsakiri et al
(2008a) were mouse cortical neurones, however thighsame concentration of
IL-13 and duration of treatment (15 min), we detectedldbhduced p38
activation whilst Tsakiri et al (2008a) did not.i¢t unclear what is the cause of
this discrepancy, but could be attributed to déferes in mouse strain and
culturing protocol. In this study C57/BL6 mice weused, and Tsakiri et al
(2008a) used C57/BL6 x 129sv mice. The method irchvbells were cultured in
this study was distinctly different to Tsakiri dt £008a). The method used by
Tsakiri et al. (2008a) involved trituration to hogemise the brain tissue, however,

in our study, the brain tissue was first chemicdaliysociated by incubation in a
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dissociation medium (Table 7.2, Appendix 1) befobeing mechanically
dissociated by trituration. Additionally, in our usly, the neurones were
maintained in medium that contained 5% PDS whefsakiri et al (2008a) were
grown in serum-free medium. These differences nfeciathe metabolic state of
the neurones and their susceptibility to exterhaiidation.

Activation of p38 signalling pathway has been shawrresult in the
production of proinflammatory mediators such asi1ff.- TNF-« and IL-6
(Bergamaschi et al, 2006; Chaparro-Huerta et @528&im et al, 2004), which
may contribute to the damaging effects of inflamoratp38 is strongly activated
after cerebral ischaemia in rats and is associaigd neuronal death and
functional deficit (Barone et al, 2001b). Therefmariations in p38 activation
between species and brain tissue could accounthéowaried susceptibility of
rodent species and brain regions to injury.

Differential effects of IL-& and IL-18 on IL-6 induction and synthesis in
mouse cortical neurones and glial cells have beparted previously (Tsakiri et
al, 2008c; Andre et al, 2005b). However, it is @acl what mechanisms are
responsible for this differential effect. Ileland IL-13 have been shown to
activate identical signalling pathways (p38, ERKa&ffl INK) in primary mouse
mixed glial cells. This was demonstrated for alltbé concentrations of IL-1
tested (0.3 IU/ml, 3 IU/ml, 30 IU/ml and150 IU/mdnd time points investigated
(5 min, 15 min, 30 min and 60 min) (Andre et alp2b). In this study, IL-& and
IL-18 were equally potent at inducing p38 activationWWAi mouse cortical
neurones (Figure 4.3) at 15 min, which suggeststh®adifferential action of IL-
la- and IL-1B-induced IL-6 in neurones could not be associategd differences
in IL-1a- or IL-1p-induced p38 activation. Differences in lk-land IL-13-
induced p38 at other time points were not investid@and could potentially be of
significant.

The role of IL-1IRAcPb in IL-1-induced p38 activatias completely
unknown. The data presented here show thatallahd IL-13 were potent
inducers of p38 activation in IL-IRAcPmeurones (Figure 4.4 and Figure 4.5),
indicating that IL-1 signalling in neurones is notediated by IL-1RAcPb.
Additionally, IL-1a induced p38 activation was reduced in IL-1RAERIeurones
compared to IL-f (Figure 4.6), indicating a modulatory effect of1IRACPb on
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IL-1 signalling. Specifically, IL-1RAcPb was showto contribute to IL-&-
induced p38 activation in neurones (Figure 4.7x1RAcPb deletion had no
effect on IL-B-induced p38 activation in neurones (Figure 48is lnclear how
this differential effect of IL-&- and IL-13-induced p38 activation may affect the

cellular response of neurones.

4.5.2. The effects of IL-1 on ERK1/2 signalling in neurorse

ERKZ1/2 is activated by cerebral ischaemia and krammma in rats and is
believed to be detrimental (Lu et al, 2005) but also be neuroprotective (Irving
et al, 2000; Kitagawa et al, 1999). It is unclednch mediators are involved in
ERK1/2 activation in neurones in acute brain injuResults from this study
showed that in WT neurones, II3-Tailed to induce ERK1/2 activation (Figure
4.9). This is consistent with previous data from laboratory and other studies in
which IL-1f failed to induce ERK1/2 activation in mouse and cartical
neurones (Soiampornkul et al, 2008; Tong et al8208akiri et al, 2008a) and rat
hippocampal neurones (Srinivasan et al, 2004).rdstengly, IL-13 reduces
ERK1/2 activation induced by neurotrophic factouels as neurotrophin-3 and
BDNF in rat cortical neurones, and associated witt, a reduction in neuronal
cell survival (Soiampornkul et al, 2008; Tong et 2008). This supports the
hypothesis that IL-1 actions are detrimental durimeuroinflammation. These
studies suggest that neurones are capable of ER&igralling, but,in vitro
studies have failed to detect any IB-thduced ERK1/2 in neurones. This
indicates that IL-1 may induce cell specific sidimg. The effects of IL-& on
ERK1/2 activation was not investaged in this stbaged on the fact that there
were no differences between ll-Jand IL-1B-induced IL-6, p38 or Src kinase
activation (see next section) in neurones. Howetles, is not to conclude that
there is no difference in the effects of Ik-land IL-13 on ERK1/2

phosphorylation in neurones.

4.5.3. The effects of IL-1 on Src kinase signalling in neanes

In the current study ILd and IL-13 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 medlaté actions on neurones.
However, it was difficult to determine the effedtIL-1RAcPb on Src kinase
activity in the absence of any Src kinase inductigniL-1o or IL-1f. In our
study, basal Src kinase activity was high, as méid by high Src kinase
phosphorylation in the vehicle treated cells. la gnesence of this high basal Src
kinase activity, subtle IL-1-induced Src kinase gptworylation maybe masked.
Previous studies have demonstrated clearpHirtiuced Src kinase activation (in
the presence of high basal Src kinase phosphawgdain mouse cortical and
hypothalamic neurones (Tsakiri et al, 2008a; Daets al, 2006) and rat
hippocampal neurones (Viviani et al, 2003). IL-thised Src kinase activation in
neurones occurs rapidly, as early a 2 min aftetflireatment and increases in a
concentration-dependent manner (Davis et al, 2008).unclear what caused the
discrepancy between these previous findings andirtiengs in the current study.
One hypothesis is that these differences couldusetd differences in species,
strain of mouse, or population of neurones studiethis study, we examined the
effects of IL-1 on Src kinase activation in mousetical neurones. Tsakiri et al
(2008a) also studied mouse cortical neurones, whkighinate differences in
species and neuronal population as accountabtbdatifferential results between
the two studies. However the mouse strain usetii;mstudy was C57/BL6 and
Tsakiri et al (2008a) used C57/BL7 x 129sv, whiciynaccount for the different
results obtained between the two studies. The @bl&rc kinase activation in
neuronal activity is unclear. Studies have showat t8rc kinase activation
contributes to IL-6 production in neurones (Tsakirial, 2008a)n vitro which

may contribute to the inflammatory responssivo.

4.5.4. IL-1 induced p38 MAPK signalling in glial cells

IL-1a and IL-1B strongly induced p38 activation in mouse mixed gli
(Figure 4.12 and Figure 4.13). MAPK signalling isexognised mechanism by
which glial cells respond to external stimuli. Mgmgvious studies have reported
p38 activation in glial cells in both rats and mewglial cultures by IL-& and
IL-1B8 (Andre et al, 2005b; Parker et al, 2002; Pinteaual, 2002; Dunn et al,
2002). In these studies astrocytes are the malrntygs activated by IL-d and

IL-1B leading to p38 activation. Significant p38 activatoccurred as early as 5
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min after incubation with IL-& (Dunn et al, 2002) but optimum p38 activation
occurred 30 min after IL-1 incubation (Andre et 2005b; Parker et al, 2002).
This time frame of optimum p38 activation is alsmitar in neurones which
occurred at 20 min after ILBlincubation (Srinivasan et al, 2004). This suggests
that the mechanism of p38 activation in glial cellel neurones could be similar.
A time course investigation is important when irtigeting the effects of an
uncharacterised compound or the response of an ataatierised system.
However, a time course was not conducted in theemtestudy as the incubation
period was the same as that reported to be optifiouniL-1-induced MAPK
activation in glial cells (Andre et al, 2005). law difficult to determine the level
of IL-1a- and IL-13- induced p38 activation in glial cultures as theras no
detectable p38 activation in the vehicle-treatenugr We could not present the
data in absolute value because each blot had ehffexxposure time and could not
be directly compared. As it has not been possiblguantify the level of p38
induced by IL-1, we could not determine the diffdral effects of IL- and IL$
or determine the role of IL-1RAcPb in IL-1-inducp88.

To clarify the role of IL-1RAcPb in IL-1-inducedggialling in glial cells,
we investigated the effects of IL-1-induced ERKI&2tivation in WT and
IL-1RACPb’ glial cultures.

4.5.5. IL-1 induced ERK1/2 activation in glial cells

IL-1a and IL-1B were potent inducers of ERK1/2 activation in gtells
(Figure 4.14). In WT glia, IL-@ and IL-13 induced ERK1/2 activation with equal
potency (Figure 4.15). These findings are consisteith previous findings
(Andre et al 2005). IL-4 and IL-1B induced strong ERK1/2 activation in
IL-1RACPb’” glia, with significant induction occurring at logoncentration with
both forms of IL-1 (0.3 1U/ml) (Figure 4.16). ILeland IL-13 induced ERK1/2
activation with similar potency in IL-1RAcPhglia (Figure 4.17). There was also
no significant difference between Ileinduced ERK1/2 activation in WT or
IL-1RACPb’ glial cultures (Figure 4.18), or ILBtinduced ERK1/2 activation in
WT or IL-1RAcPH glial cultures (Figure 4.19), which indicates thatlRAcPb
does not regulate IL-1-induced ERK1/2 activationglral cells. Data presented
here suggest that the differential effect betweeh ad IL-1RACPH in IL-1o-
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induced IL-6 in glial cells (see Chapter 3) was doe to differences in ERK1/2
activation. This suggests that the differentiakeffof IL-1o. and IL-13-induced
IL-6 in glia could be due to other signalling megisans. | therefore investigated
whether Src kinase signalling could contributehte differential effect of IL-d-
and IL-1B-induced IL-6 synthesis in glial cultures.

4.5.6. The effects of IL-1 on Src kinase signalling in gl cultures

Src kinase is activated in hippocampal microgliaisshaemia (Choi et
al, 2005) and spinal microglia after spinal nengation (Katsura et al, 2006).
However, the mediator which triggers Src kinasevatibn in glial cells is
unclear. The results of the present study show lihdia and IL-13 failed to
induce Src kinase activity in WT (Figure 4.20) brlIRAcPbE" glial cells (Figure
4.21). This indicates that IL-1 may not be the ratmti which activates Src kinase
in glial cells following ischaemia. However, ths anin vitro study, which may
not represent true events vivo. Additionally, in vivo studies on injury-induced
Src kinase activation reported Src kinase activatm be specific to microglial
cells (Katsura et al, 2006; Choi et al, 2005), ttvat major cell type in our mixed
glial cultures were mainly astrocytes with micragjicells forming the minor cell
population. The method of observation and analysy also contribute to the
differences in our results and thevivo data. Here Western blotting was used to
detect Src kinase activation which is only a semargitative method and may not
detect subtle or cell-specific changes in Src l@nastivation in the minor
microglial population in our mixed glial cultureBoth previous papers (Katsura
et al, 2006; Choi et al, 2005) used immunohistocheynto detect Src kinase
activation in microglial cells after injury. It isinclear which mediators are
involved in the activation of Src kinase in glialls in vivo but there are non
vitro findings to suggest that it is IL-1. This indicatihat Src kinase signalling is
not responsible for the differential effects of 1k- or IL-1B- induced IL-6 in glial

cells.
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4.6. Summary.

| investigated the effects of ILeland IL-13-induced p38, ERK1/2 and
Src kinase in neurones and glia, and my main foggliare summarised in Table
4.1. IL-1o and IL-18 are potent activators of p38 in neurones and géhs. IL-1o
and IL-1B-induced p38 activation with similar potency in WW&urones. However,
in IL-1RAcPb” neurones, IL-d-induced p38 was suppressed compared to WT
neurones. IL-f did not induce ERK activation in neurones but tdnd IL-13
were potent inducers of ERK1/2 activation in gkalls, both in WT glial and
IL-1RAcPb” glial cultures, acting with equal potency in batrains. This
indicates that IL-1RAcPb is not a modulator of Hintluced ERK1/2 activation
in glial cells. Finally, IL-1x and IL-13 failed to induce Src kinase activation in

both strains of neurones and glial cultures.

Table 4.1. The effects of IL-& and IL-1p on signalling mechanisms in
neurones and glia.

Key: +++, strongly induced; ++ moderately inducé&d;not induced; NS, not
studied.

IL-1a IL-1PB
p38 ERK1/2 Src p38 ERK1/2 Src

kinase kinase
WT neurone | +++ NS 0 +++ 0 0
IL-1RAcPb” | *+ NS 0 +++ | 0 0

neurones
WT glia t++ +++ 0 +++ +++ 0
IL-1RACPb™ | *++ | +++ 0 | 0
glia
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These data indicate that IL-1 may have specifimaston different brain
cells by activating specific signalling pathwaysurGstudy also suggests that
IL-1RAcPb may contribute to the action of llebn p38 activation in neurones.
However, the significance of this finding in termSneuronal response to stress
would require further investigation. Activation tiese signalling pathways is
associated with IL-6 production but the contribatiof each specific signalling
pathway to IL-6 expression is unclear and wouldunex further studies. The
following chapter will focus on the effects of phwcological intervention on
p38, ERK1/2 and Src kinase signalling pathways loa d¢ellular response of
neurones and glia. Understanding the specific nméshrs involved in a cellular
response is necessary for pharmacological developn@geting specific

diseases.
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Chapter 5 IL-1RAsiBballing and IL-6

5.1. Introduction

It was demonstrated in the previous chapters thdtal and ILf3 are
potent inducers of IL-6 expression and p38 signglliactivation, and that
IL-1RAcPb may contribute to IL«tinduced p38 and IL-6 synthesis activation in
neurones and glia respectively. However, as negrame the predominant cell
type that express IL-1RAcPDb, IL-1-induced neuramsiponses was the focus of
this chapter. IL-1-induced p38 activation in new®ms consistent with previous
data, however, there is no direct evidence linKing-induced p38 activation in
neurones and IL-6 production (Srinivasan et al, 4200A recent paper
demonstrated that IL-6 production in mouse cortiealrones is mediated by Src
kinase activation (Tsakiri et al, 2008a). Howevdr;1-induced Src kinase
activation was not observed in the current studye @im of the this part of the
study was to determine the contribution of MAPK a8t kinase signalling
pathways to IL-1-induced IL-6 synthesis in WT ahedlRAcPb" neurones. Since
IL-1a and IL-18 were equipotent at inducing IL-6 in both WT andlIRAcPb
neurones, but IL-d-induced p38 phosphorylation was reduced in IL-1REc
compared to WT neurones, it is important to ingzge if compensatory
mechanisms have been triggered. Despite the ladetaicted ERK1/2 and Src
kinase activation after IL-1 treatment, subtle, etedted enzyme activity may still
occur, and could be compensatory in IL-1RAEPheurones. To exclude the
contribution of these signalling pathways in ILfiduced IL-6 synthesis, ERK1/2
and Src kinase activity was blocked by pharmacchiginterventions. This
chapter will also determine if identical signallingechanisms are required for IL-
1-induced IL-6 in WT and IL-1RAcPbneurones.

MAPK including p38 and ERK1/2 signalling mechanisnssc kinase
signalling mechanism and IL-6 are all implicatedneuronal injury such as in
response to cerebral ischaemia (see Chapter 1).evwtheir specific
contribution to ischaemia-induced brain damageirdroversial; there is evidence
suggesting that these mediators could be neurapigeand/or neurotoxic after
acute brain injury. IL-1 is induced by cerebralhaemia (see Chapter 1), but the
role of endogenous IL-1 during inflammation is wal Studies demonstrating
the neuroprotective effect of IL-1RA indicate thethaemia-induced endogenous
IL-1 is detrimental and contributes to brain damagdeereas inhibition of IL-1
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signalling is protective (Vogt et al, 2008; Pinteaet al, 2006; Loddick et al,
1997; Stroemer and Rothwell, 1997; Relton and Rethvit992). Furthermore,
IL-1RA has entered into phase Il of clinical triafjainst stroke (Emsley et al,
2005). p38, ERK1/2 and Src kinase inhibitors anedisd widely, targeting
inflammation (Ardizzone et al, 2007; Hou et al, 20Qu et al, 2007; Katsura et
al, 2006; Lu et al, 2005; Lennmyr et al, 2004; Wahgl, 2004; Legos et al, 2002;
Legos et al, 2001; Barone et al, 2001b). There Heen several clinical trials
targeting ERK1/2 and p38 signalling for periphardlammation but as yet have
not identified an effective or specific compound fmman diseases (for reviews
see Borders et al, 2008, Roux and Blenis 2004;slwhand Lapadat. 2002).

In vitro studies showed that application of exogenous linlglial
cultures induces p38 and ERK1/2 activation leadmghe expression of IL-6
(Andre et al, 2005b; Parker et al, 2002). Howeugrl-induced neuronal
responses are very different and are known to octuhe absence of MAPK
signalling or IL-6 production (Davis et al, 2006e830on and Ferguson, 2003;
Borsody and Weiss, 2002). IL-1-induced IL-6 synibesas demonstrated in
neurones, but the effects of MAPK and Src kinasebitor on IL-1-induced IL-6
in neurones is not fully characterised. For thisdgt we have investigated the
effects of SB203580 (p38 inhibitor), UO126 (ERK1bibitor) and 4 -amino-5-
(4-chlorophenyl)-74#tbutyl) pyrazolo[3,4d]-pyrimidine (PP2, Src kinase
inhibitor) on IL-1-induced IL-6 synthesis and redean neurones.

5.2. Aims

The aims of this part of the study were:

1. To determine the specific contribution of MAPK ar@fc kinase
signalling in IL-1-induced IL-6 synthesis in neussn The effect of
ERK1/2 (UO126), p38 (SB203580) and Src kinase (RR¥ipitors on
IL-1-induced IL-6 in neurones was tested.

2. To determine whether the signalling mechanisms rdest above also
mediate IL-1-induced IL-6 synthesis in IL-1RAcPmeurones using
MAPK and Src kinase inhibition.
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5.3. Material and methods

WT and IL-1RAcPB neurones were treated with vehicldimethyl
sulfoxide (DMSO) (1ul), IL-1a (3 1U/ml) or IL-18 (3 IU/ml) in the presence or
absence of IL-1RA (1@g/ml), UO126 (20uM), SB203580 (2QuM), or PP2 (20
uM). Neurones were pre-treated with IL-1RA for 5 mand MAPK inhibitors
and PP2 for 15 min, before co-incubation with d.-4r IL-1 for 15 min (for
signalling) or 24 h (for IL-6). Cell lysates andpgunatants were collected and
analysed for IL-6 expression by Western blot or . I(see section 2.10). Cell
lysates were also collected and analysed for MARK/Enase activity by

Western blot (see section 2.9) to determine theigigy of the inhibitors used.

5.4. Results

5.4.1 The effects of MAPK and Src kinase inhibitors on4&
production in neurones.

In the cell lysates IL-d induced a slight but non-significant increase in
IL-6 synthesis compared to DMSO treatment alonguifé 5.1A).

The mean level of IL-6 release in culture supematanduced by IL-d
was 139 + 13 pg/ml (vs. 15 = 3 pg/ml for DMSO), atiils response was
significantly reduced by co-incubation with the ilmtors. The percentages of
IL-6 synthesis inhibition triggered by IL-1RA, UOG2and SB203580 were
-80 %, -65 %, and -76 % respectively. The effecPBR on IL-b-induced IL-6
was not statistically analysed because data was &single experiment (Figure
5.1B).
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Figure 5.1. Effect of UO126, SB203580 and PP2 on-lla-induced IL-6

production in WT neuronal cells.

WT neuronal cultures were treated with DMSO, andleta (3 1U/ml) for 24 h
in the presence or absence of IL-1RA (Ifdml), UO126 (2QuM), SB203580 (20
uM) or PP2 (20uM). Cell lysates A) and supernatant8) were collected and
analysed for IL-6 expression by ELISA. lleIn=3) induced significant levels of
IL-6 release, and this response was markedly itddbby co-incubation with
IL-1RA, UO126 or SB203580. One way ANOVA and Tukeymultiple
comparison test. *** P< 0.001 DMSO + ILe1(3 1U/ml) vs. inhibitors. ### P<
0.01 DMSO + IL-I: (3 1U/ml) vs. DMSO alone.
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IL-1B induced significant IL-6 expression (92 + 33 pg/mbmpared to
DMSO treatment (37 £ 4 pg/ml) (Figure 5.2A). IL-8peession induced by ILAL
was significantly reduced in the presence of IL-1RA6 %) or SB203580
(-63 %). UO126 and PP2 reduced Ig-ihduced IL-6 expression but it was non-
significant.

IL-1B induced significant IL-6 release (140 + 21 pg/im)the culture
supernatants compared to DMSO treatment alone (66 pg/ml) (Figure 5.2B).
IL-1B-induced IL-6 release was inhibited by IL-1RA (-9, UO126 (-79 %),
SB203580 (-79 %) and PP2 (-61 %)

161



Chapter 5 IL-1RAsiBballing and IL-6

A IL-1 treated WT neurones (lysates)
#
200 | |
* *
1504
E
2 100 T
[{e]
5 1 T
50- - T
| [ | 5l
C L) L] L) L) L) L)
O o) < © m N
&) &) 4 >
IL-1B (3 IU/ml)
B IL-1pB treated WT neurones (supernatants)
HitH
200 I I
*k%k *%k% *k%k *%
1501 %
S
é 1004 _l_
© -
4 .
50-$W
C 6 6 L) Llo L) ('\|
< m
[a] @] - ]
IL-1P (3 IU/ml)

Figure 5.2. Effect of UO126, SB203580 and PP2 on-IB-induced IL-6

production from WT neuronal cells.

WT neuronal cultures were treated with DMSO andllet 3 (3 IU/ml) for 24 h in
the presence or absence of IL-1RA @@ml), UO126 (20uM), SB203580 (20
uM) or PP2 (20uM). Cell lysates A) and supernatant8) were collected and
analysed for IL-6 expression by ELISA. 1I31In=3) induced significant levels of
IL-6 expression and release, and responses wetlistamb by co-incubation with
IL-1RA, UO126, SB203580 or PP2. One way ANOVA anaké&y's multiple
comparison test. * P<0.05, ** P< 0.01, *** P< 0.00MSO + IL-1o (3 1U/ml)
vs. inhibitors. # P<0.05, ### P< 0.01 DMSO + (B 1U/ml) vs. DMSO alone.
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DMSO-treated IL-1RAcPb neurones showed low IL-6 expression and
release (Figure 5.3A). ILettreated neurones showed significant IL-6 induction
compared to DMSO treatment alone. lieibduced 50 £18 pg/ml of IL-6, which
was inhibited by IL-1RA, UO126 and SB203580 by %9 -48 %, and -57 %
respectively. PP2 did not significantly inhibit lo-induced IL-6 expression in
IL-1RACPb’ neurones.

IL-1a induced an average of 97 + 13 pg/ml of IL-6 reteas the
supernatants of IL-1RAcPmeurones (Figure 5.3B). Co-incubation of luA&ith
IL-1RA, UO126, SB203580 or PP2 significantly inhéa 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-lla-induced IL-6

production from IL-1RAcPb 7 neuronal cells.

IL-1RAcPb” neuronal cultures were treated with DMSO and/efdL(3 1U/ml)
for 24 h in the presence or absence of IL-1RA (tdml), UO126 (20uM),
SB203580 (2QuM) or PP2 (20uM). Cell lysates A) and supernatant8) were
collected and analysed for IL-6 by ELISA. lleIn=6) induced significant levels
of IL-6 release and responses were inhibited byncaobation with IL-1RA,
U0126, SB203580 and PP2. One way ANOVA and Tukediple comparison
test. ** P< 0.01, *** P< 0.001 DMSO + ILd (3 IU/ml) vs. inhibitors. ### P<

0.01 DMSO + IL-I: (3 1U/ml) vs. DMSO alone.
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IL-6 expression in IL-p-treated IL-1RAcPB neurones was significantly
greater (74 = 3 pg/ml) than that of DMSO-treatetlsc€6 + 4 pg/ml) (Figure
5.4A). IL-1B-induced IL-6 synthesis in IL-LRAcPbneurones was significantly
reduced in the presence of IL-1RA (-70 %), UO125 (%), SB203580 (-67 %)
and PP2 (-54 %).

IL-1B treatment induced 135 %= 21 pg/ml IL-6 release he tulture
supernatant compared to DMSO treatment alone (Blpg/ml) (Figure 5.4B).
This response was inhibited in the presence ofRIA1UO126, SB203580 and
PP2 by -93 %, -79 %, -79 % and -61 % respectively.
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Figure 5.4. Effect of UO126, SB203580 and PP2 on-B-induced IL-6

production from WT neuronal cells.

WT neuronal cultures were treated with DMSO or p{3 IU/ml) for 24 h in the
presence or absence of IL-1RA (i§/ml), UO126 (20uM), SB203580 (2quM)
or PP2 (20uM). Cell lysates A) and supernatantB) were collected and
analysed for IL-6 by ELISA. IL-f (n=3) induced significant levels of IL-6
expression and release, and responses were imhibiteco-incubation with
IL-1RA, UO126, SB203580 and PP2. One way ANOVA adnkey’'s multiple
comparison test. * P<0.05, ** P< 0.01, *** P< 0.00MSO + IL-1o (3 1U/ml)
vs. inhibitors. # P<0.05, ### P< 0.01 DMSO + l{B 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 tate#é inhibit

IL-6 synthesis and release from neurones (Figufe t6.5.4). However, the
specificity of these inhibitors is unclear. ERKM&s not activated by ILALin
WT neurones and Src kinase was not activated b$ollor IL-18 in WT or
IL-1RACPb” neurones (see Chapter 4). To investigate the mérhasf actions
of the inhibitors used, cell lysates were collectemm neurones treated with
IL-1a, IL-1B with or without the inhibitors and assessed for 21rc kinase and
ERK1/2 phosphorylation by Western blot. SB20358@nsinhibitor that blocks
the phosphorylated form of p38 therefore to asgespecificity we measured the
phosphorylation of MK2 a downstream signalling ncole activated by p38.

In vehicle- or DMSO-treated WT neurones, MK2, Sitake or ERK1/2
were not induced. However, in the presence ofdl(Higure 5.5) or IL-B (Figure
5.6), MK2 was strongly phosphorylated, indicatiieupstream p38 activation.
This response was inhibited by co-incubation withLRA. UO126 or PP2 co-
incubation with IL-Iu or IL-1f did not affect p38 signalling, since IleDr IL-1B
in the presence of UO126 or PP2 could still indste®ng MK2 activation.
SB203580 inhibited IL-d- and IL-13-induced p38 in neurones. Basal ERK1/2
activation was high in DMSO-treated cells and H.-dr IL-1B did not induce
ERK1/2 phosphorylation. Basal ERK1/2 signalling untreated and neurones
treated with IL-I or IL-1p were completely inhibited by UO126 and partially
inhibited by PP2. SB203580 did not affect ERK1/#wty in neurones. Finally
IL-1a or IL-1B did not to induce Src kinase activation and, UQ12B203580

and PP2 had no effect on Src kinase phosphorylation
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Figure 5.5. The effects of UO126, SB203580 and P&2IL-1a-induced

signalling in WT neuronal cells.

WT neuronal cultures were treated with vehicle, OM&nd/or IL-Tv (3 1U/ml)

for 15 min in the presence or absence of IL-1RA (@dml), UO126 (20uM),
SB203580 (2QuM) or PP2 (20uM). Cell lysates were collected and analysed for
MK2, Src kinase and ERK1/2 phosphorylation by westelot. IL-1o induced
MK2 phosphorylation but not Src kinase or ERK1/Zivation. SB203580
specifically inhibited p38 activity, and UO126 bkaal basal ERK1/2 activity.
PP2 also partially inhibited basal ERK1/2 activatio WT neurones. Image is
from a single experiment.
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IL-1p treated WT neurones
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Figure 5.6. The effects of UO126, SB203580 and P&2 IL-1p-induced

signalling in WT neuronal cells.

WT neuronal cultures were treated with vehicle, OM&nd/or IL-Tv (3 1U/ml)

for 15 min in the presence or absence of IL-1RA (@dml), UO126 (20uM),
SB203580 (2QuM) or PP2 (20uM). Cell lysates were collected and analysed for
MK2, Src kinase and ERK1/2 phosphoryaltion by Westalot analysis. IL-f
induced MK2 phosphorylation but not Src kinase ORKHE/2 activation.
SB203580 specifically inhibited p38 activity and UZ® blocked basal ERK1/2
activity WT neurones. Image is from a single expemnt.
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In IL-1RAcPb” neurones, vehicle or DMSO did not induce MK2, Src
kinase or ERK1/2 phosphorylation (Figure 5.7), huflo induced strong MK2
phosphorylation, and this response was abolishecblypcubation with IL-1RA.
SB203580, but not UO126 or PP2 co-incubation redulteo-induced p38
activation in IL-1RAcPB neurones. IL-& also induced ERK1/2 phosphorylation
which was reduced by co-incubation with IL-1RA arammpletely abolished by
U0126. SB203580 and PP2 did not inhibit Ile-hduced ERK1/2
phosphorylation in IL-1RAcPb neurones. IL-¢ did not induce Src kinase
activation in IL-1RAcPB neurones, therefore the effect of UO126, SB203580

and PP2 on Src kinase phosphorylation could naissessed.
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IL-1a treated IL-1RACPb - neurones
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Figure 5.7. The effects of UO126, SB203580 and P&2IL-1a-induced

signalling in IL-1RAcPb™” neuronal cells.

IL-1RAcPb” neuronal cultures were treated with vehicle, DM&®@/or IL-lu (3
IU/ml) for 15 min in the presence or absence ofLlRA (10 ug/ml), UO126 (20
uM), SB203580 (20uM) or PP2 (20uM). Cell lysates were collected and
analysed for MK2, Src kinase and ERK1/2 phosphtipdaby western blot.
IL-1a induced MK2 and ERK1/2 phosphorylation but not Sactivation.
SB203580 specifically inhibited p38 activity and UZ& blocked basal ERK1/2
activity in IL-LRAcPH" neurones. Image is from a single experiment.
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In IL-1IRAcPb”™ neurones IL-@ also induced MK2 phosphorylation
compared to vehicle- or DMSO-treated neurones (Eigu8). This response was
blocked by co-incubation with IL-1RA. SB203580, bmbt UO126 or PP2
inhibited IL--induced p38 signalling in IL-1RAcPbneurones. IL-f induced
strong ERK1/2 activation, but this response was bloicked by IL-1RA.
Increased ERK1/2 activation was also detecteddpamese to SB203580 alone or
PP2 treatment alone, as well as k-With SB203580 or PP2. Basal ERK1/2
signalling in IL-1RACPH neurones were completely inhibited by UO126.
Finally, basal Src kinase phosphorylation was law Ib-1p failed to induce Src
kinase activation in IL-1RAcPb neurones, therefore the effect of U0126,
SB203580 and PP2 on Src kinase phosphorylatiordcmilbe assessed.
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IL-1p treated IL-1RAcPb - neurones
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Figure 5.8. The effects of UO126, SB203580 and P&2 IL-1p-induced

signalling in IL-1RAcPb ™ neuronal cells.

IL-1RAcPb” neuronal cultures were treated with vehicle, DM&®@/or IL-1B (3
IU/ml) for 15 min in the presence or absence ofLlRA (10 ug/ml), UO126 (20
uM), SB203580 (20uM) or PP2 (20uM). Cell lysates were collected and
analysed for MK2, Src kinase and ERK1/2 phosphtiodaby Western blot
analysis. IL-B induced specific MK2 phosphorylation. ERK1/2 phosgylation
was also increased in response to BLHut this was not blocked by IL-1RA.
SB203580 specifically inhibited p38 activity and UZ® blocked basal ERK1/2
activity. Image is from a single experiment.
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5.5. Discussion

In the previous chapter (see Chapter 4) it was shtvat IL-lo and
IL-1B were potent inducers of p38 activation in WT ahdlRAcPb™ neurones.
In this chapter it was confirmed that IL-1-induge88 activation in neurones is
the mechanism responsible for IL-1-induced IL-6 thgsis in neurones (see
Chapter 3).

IL-10 and IL-18 were potent activators of IL-6 production in WTdan
IL-1RACPb” neurones. These responses were abolished in treenpe of
IL-1RA, SB203580, UO126 and PP2. The action of RAlon IL-1-induced
actions are well characterised, abrogating IL-Ingliing at the receptor level.
However, the action of the other inhibitors is gpamderstood. It is unclear how
UO126 and PP2 could inhibit IL-1-induced IL-6 syed¢is when IL-1 did not
induce ERK1/2 or Src kinase activation (see Chapjeidt was speculated that
IL-1-induced ERK and Src activation could be tow lm be detected by Western
blot, or that activation of these signalling moliesucould be very transient and
was not detected at the time point investigatedhjirtbpost IL-1 incubation)

SB203580 is a specific p38 inhibitor which has bsbown to inhibit
IL-1-induced activity in human bronchial epithelie¢élls (Newton et al, 2000),
astrocytes (Dunn et al, 2002), as well as #-iiduced IL-6 synthesis in a
neuronal cell line (Bergamaschi et al, 2006). linduced p38 activation in
neuronal cell line suggests that p38 could be atfomal mechanism in which
IL-1 induces IL-6 in neurones. Here we have shavat 5B203580 is an effective
inhibitor of IL-1la- and IL-13-induced IL-6 in primary neurones (Figure 5.1).
SB203580 inhibited IL-1-induced IL-6 in cell lysatand supernatants suggesting
that p38 signalling is likely an active pathway which IL-1 induces IL-6
expression in neurones. In the present study SBEED3Bhibited IL-ln- and
IL-1B-induced p38 (as indicated by inhibition of MK2 gipborylation), but did
not affect ERK1/2 or Src kinase signalling (Figs& and Figure 5.6). This
indicates that SB203580 is a p38 specific inhibitbhese data confirm that
IL-1-induced p38 activation in neurones mediated lproduction.

IL-1B is not directly toxic to neurones, however, adiova of p38 could
be involved in the priming of neurones to be marsceptible to damage induced
by other proinflammatory mediators. Direct applicatof exogenous IL-1, LPS
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or interferony (IFN-y) onto pure neuronal cultures has been shown toope
toxic to neuronem vitro. However, in the presence of glial cells, IB{Ihornton

et al, 2006), LPS and IFN-could dose-dependently and and time-dependently
induced neuronal death respectively (Xie et al, 420@Pre-incubation of rat
primary cortical neurones with ILBlhas also been shown to prime these cells to
release soluble amyloid precursor proteinsAPRy) induced by nucleotide
uridine3 triphosphate (UTP) (Kong et al, 2009).the absence of ILfL pre-
treatment, UTP did not induce sA®Release from neurones. Additionally 113-1
has been shown to enhance susceptibility to hypwoihenduced seizures in rats
(Fukuda et al, 2009). These studies highlight theartance of IL-1 regulation in
the CNS as even subtle changes in IL-1 level maypemeurones to become
more sensitive to mediators/toxins in the everaroinjury.

IL-10- and IL-1B-induced IL-6 synthesis in IL-1RAcPbneurones was
not investigated previously by Lu et al (2008) onith et al (2009).Therefore the
signalling mechanisms involved in IL-1-induced ILi6 IL-1RAcPb” neurones
completely unknown. In this study, SB203580 conglletabolished IL-&- and
IL-1B-induced IL-6 synthesis in IL-1RAcPbneurones (Figure 5.3 and Figure
5.4) and p38 activation (Figure 5.7 and Figure.5[8)s indicates that IL-1IRAcPb
is not required for the recruitment of downstreagmalling molecules to activate
p38 signalling to mediate IL-6 synthesis, and thatRAcPb is not essential for
IL-1-induced p38 signalling and IL-6 synthesis. 98 in contrast to Smith et al
(2009), who reported IL-1RAcPb as a negative regulaf IL-1-induced p38
activation in EL4 T-cell line. However, EL4 are €Hs which do not ordinary
express IL-1RAcP, and over-expression of IL-1RAcRd alL.-1RAcPb by
transfection may alter cellular signalling mecharsstherefore biasing the result.
In the current study, the role of IL-1IRAcPb wasdétd in primary neurones that
express IL-1R1, IL-1RAcP and IL-1RAcPDb; therefoteis not surprising that
these two studies produced opposing conclusionshiorrole of IL-1RACPb in
IL-1-induced signalling. Lu et al (2008) did notsass IL-1-induced p38
signalling, however they demonstrated that IL-1RBofbuld mediate NkB
activity when over-expressed in HEK cells. NB-and p38 signalling are two
independent signalling pathways (Srinivasan eR@b4; Dunn et al, 2002). Data
in this study suggests that IL-1RAcPb may poteatilt-la-induced p38 in
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neurones (see Chapter 4), but the role of IL-1RAicPmodulating IL-1-induced
NF-kB signalling in neurones remains to be investigated

IL-1-induced ERK1/2 activity has not been demoristigpreviously in
neurones, however it is an important mechanisnilfdr-induced actions in glial
cells (Andre et al, 2005b; Parker et al, 2002; MalHolgado et al, 2000a).
UO126 has been shown to be a specific ERK1/2 itdribin these cells. In this
study UO126 was an effective inhibitor of IL-1-irmhd IL-6 synthesis in
neurones suggesting that ERK1/2 signalling is imedlin this response (Figure
5.1 and Figure 5.2). UO126 inhibited IL-1-inducéd6@l expression in both cell
lysates and supernatants suggesting that ERK1&viement in IL-6 production
is at the level of protein expression. It is uncleaw UO126 inhibits IL-1-
induced IL-6 expression in neurones because ERWAL not induced by ILf
in WT neurones (see Chapter 4, Figure 4.9). Ingastig the effects of UO126 on
IL-1-induced ERK1/2 phosphorylation in neurones eaded that UO126
abolished all basal ERK1/2 phosphorylation in naeso(Figure 5.5 and Figure
5.6). The concentration of UO126 (20 uM) was highiean that used on
astrocytes by Kim et al., (2004); Xie et al., (2p@aAd Parker et al., (2002) but the
same as that used by Summers et al., (2010) aner lthan that used by Van
Wagoner et al., (2000) which indicates that theceotration of UO126 used in
this study was in the accepted range for the speiafibition of ERK1/2. The
effect of different concentrations of UO126 on Ig-ihduced ERK1/2 in mixed
glia was also performed and showed that there veaglifierence in activity
between the 10 uM (the concentration most frequersied in previous literature)
and 20 pM of UO126 (Figure 7.7, Appendix V). Thiading indicates that
although IL-1 did not induce ERK 1/2 activation meurones, basal ERK1/2
activity may be essential for IL-1-induced IL-6 $lyesis in neurones.

In IL-1RAcPb” neurones IL-& and IL-I8 induced ERK1/2
phosphorylation (Figure 5.7 and Figure 5.8). Thesponses were abolished by
UO126. This is in contrast to the response in Wilroees (Figure 5.5 and Figure
5.6, and see section 4.4.2). These results sutjgasiL-1RAcCPb may suppress
ERK1/2 activity in WT neurones and this inhibitiaras removed by the deletion
of theIL-1RAcPb gene. This is consistent with previous findingsSygith et al
(2009) who demonstrated that IL-1RAcPb is a negatiggulator of IL-B-
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induced ERK1/2 activation when over-expressed id Ekcell line. However, it
is difficult to relate the function of IL-1RAcPb iBL4 cells to primary neurones
as these are two completely different cell typeddifionally, our data are only
preliminary, from a single experiment, and IL-1RAhibited IL-lo-induced
ERK1/2 but not IL-B-induced ERK1/2 phosphorylation. Further studies ar
required to confirm these findings. Interestinglyork from our group has also
shown,in vivo, that IL-1o exacerbated kainate-induced seizures in IL-1RAcPb
mice but not in WT C57/BL6 mice (unpublished datd)hough the mechanisms
involved were not investigated. In that study, I-{10 min pre-treatment)
decreased seizure onset time, and increased se&ategon and the number of
ictal seizure episodes induced by kainite in C5HBtice, but IL-1 (10 min pre-
treatment) had no effect. However, in IL-1RA&Pmice, IL-1o (10 min pre-
treatment) decreased seizure onset time, increasemire duration and the
number of ictal seizure episodes. Taken togethese studies indicate that
IL-1RACPb down-regulated IL«tinduced ERK1/2 activity resulting in inhibition
of seizure activities in WT mice.

In the present study, IL-1 did not induce Src kenadosphorylation in
neurones, however, a Src kinase specific inhibi#t2, blocked IL-f-induced
IL-6 production in neurones (Figure 5.2), which dsnsistent with previous
findings from Tsakiri et al (2008a). Their study omouse cortical neurones
demonstrated that IL-1 induced strong Src kinaseamon at an early time-point
(5 min) and this response was blocked by IL-1RA &RP. However, in this
study, IL-1 did not induce Src kinase phosphorglatiand the relevance of IL-1-
induced IL-6 inhibition by PP2 is unclear. Data qmeted here also showed that
PP2 reduced basal ERK1/2 phosphorylation in negrghgure 5.5), suggesting
that there could be some cross-talk mechanismseeetvérc kinase signalling
pathway and ERK1/2 signalling pathway. This couddtive mechanism by which
PP2 inhibits IL-1-induced IL-6 synthesis in thisudyg, which emphasises the
importance of basal ERK1/2 actions in neuronal sasps to IL-1. There is
evidence suggesting that Src kinase signalling casyerge at ERK1/2 signalling
pathway and that actions of these two pathways Ineagrchestrated together for
specific responses. Spinal nerve ligation in rattuces Src kinase and ERK1/2

activation in spinal microglial cells and both wemkibited by PP2 (Katsura et al,
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2006). Additionally, in rat neural stem cells, cahol induced the
phosphorylation of Src kinase and ERK1/2 but be§ponses were abolished by
PP1, another specific Src kinase inhibitor (Zhaal e€2003).

PP2 also inhibited IL-1-induced IL-6 synthesis IRIRAcPK™ neurones
(Figure 5.3 and Figure 5.4). The role of IL-1RAciRbIL-1-induced Src kinase
signalling is not clear as IL-1 did not induce &mase activation in this study
(see Chapter 4). Our investigation into the actainPP2 on IL-1-induced
signalling in IL-1RAcPB neurones is inconclusive, as PP2 did not affect-IL-
induced p38 or basal Src kinase activity. The actth PP2 on basal ERK1/2
activity is unclear because basal ERK1/2 phosphtoy, reduced by PP2 was
detected only in for IL-& and not IL-PB (Figure 5.7 and Figure 5.8). As there was
no difference between the action of SB203580 and1280in WT and
IL-1RACPb” neurones, it can only be assumed that PP2 inhibitedinduced
IL-6 synthesis in IL-LRAcPb neurones by reducing the basal activity of ERK1/2,
as this was also observed in WT neurones. Howehesr hypothesis was drawn
from a single experiment and further analyses egaired to test the hypothesis.

In summary, IL-k- and IL-B-induced IL-6 synthesis in WT and
IL-1RAcPb” neurones is mediated by p38 signalling and abedidhy IL-1RA,
SB203580, UO126 and PP2. These effects were oluserusoth cell lysates and
supernatants, indicating that the signalling pagsvare involved in the
expression of IL-6. SB203580 inhibited IL-1-inducedl-6 synthesis by
specifically blocking IL-1-induced p38 activatiodO126 inhibited IL-1-induced
IL-6 synthesis by blocking basal ERK1/2 activityn&lly the inhibitory action of
PP2 on IL-1-induced IL-6 synthesis may occur viardased basal ERK1/2
activation. These data indicate that p38 and ERKighalling pathways are
essential in IL-1-induced IL-6 expression in newsnbut the role of Src kinase
signalling in IL-1-induced IL-6 expression is urate The complete inhibition of
IL-1-induced IL-6 expression in both WT and IL-1RA&" neurones by these
inhibitors suggests that identical signalling padlyes are activated in WT and
IL-1RAcPb” neurones and that IL-1RACPb is not essential b Hignalling.
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6.1 Summary

The aim of this study was to determine the role tbé newly
characterised IL-1 accessory protein, called IL-tRB, in the signalling
mechanisms involved in IL-1 actions in neuronal aiidl cells. IL-1RAcPb
MRNA expression was strong in neuronal cultures rwhempared to glial
cultures.IL-1RAcPb deletion did not alter the cellular compositionngiuronal or
glial cell cultures compared to WT cultures. Thikservation suggests that
IL-1IRAcPb does not affect neuronal or glial cellogth or differentiation.
Additionally, IL-IRAcPb was not required for IL-Ddluced IL-6 synthesis in
neurones or glia and ILeland IL-13 were equipotent at inducing IL-6 in both
WT and IL-1RAcPHB neurones. In WT glial cultures, ILevas more potent than
IL-18 at inducing IL-6 synthesis, but both cytokines eveequipotent in
IL-1RAcPb’” glia, which suggests that IL-1RAcPb may contribiot¢he action of
IL-1a in WT glial cells, and thus to the differentialtiaos of IL-1o and IL-13 in
glial cells. Schematic diagrams summarising thecsf of IL-1RAcPb on IL-1
actions on neuronal and glial cells are represeinté&igure 6.1and Figure 6.2.

The contribution of IL-1RAcPb to IL-1-induced sidlvag pathways is
unknown. Only p38 was activated by la-&nd IL-18 in neurones, whilst ERK1/2
and Src kinase activation was not detected (Figute IL-1o and IL-1B-induced
p38 phosphorylation with equal potency in WT neasnbut IL-B was more
potent than IL-& at activating p38 in IL-IRAcPb neurones. These findings
suggest that IL-1RAcPb may contribute to li-ihduced p38 activation in WT
neurones. IL-& and IL-1B induced p38 and ERK1/2 activation in glial cells,
whilst Src kinase activation was not detected. RAtPb did not affect IL-d- or
IL-1B-induced ERK1/2 signalling in glial cells but itordribution to IL-1-
induced p38 and Src kinase activation in glialscedimains unclear (Figure 6.2).

Although IL-1o and IL-18 did not induce ERK1/2 and Src kinase
activation in neurones, the use of UO126 (ERK1Hhitor) and PP2 (Src kinase
inhibitor) as well as SB203580 (p38 inhibitor) slemithat p38, ERK1/2 and Src
kinase signalling pathways are central to IL-1-icelli IL-6 synthesis in heurones
(Figure 6.1).
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Figure 6.1. The role of IL-1RAcPb in IL-1-induced ations in neuronal cells

In WT neurones, IL-d& and IL-13 were equipotent at inducing IL-6 synthesis and
p38 activation. However, in IL-LIRAcPbneurones, IL-B was more potent than
IL-1a at inducing p38 activation, this was caused bynairdshed p38 activation
induced by IL-& in IL-1RAcPbB” when compared to WT neurones. It-dnd IL-
1B-induced IL-6 in IL-IRACPB neurones were comparable. These results
indicate IL-1RAcPb contributed specifically to lle-induced p38 activation but
not IL-6 synthesis. ERK1/2 was not activated bylfiin WT neurones but was
induced by IL-Ir in IL-1RAcPb” neurones indicating that IL-IRAcPb may
negatively regulate ILd-induced ERK1/2 activation in WT neurones.
Additionally, Src kinase was not activated by l&-Dor IL-1 in WT or
IL-1RACPb’ neurones, but, PP2, a Src kinase specific inhiibmlished IL-&-
and IL-1B-induced IL-6 in neurones, indicating that Src ki@activity is involved

in IL-1-induced IL-6 synthesis. SB203580 and UOHK20 inhibited IL-h- and
IL-1B-induced IL-6 in neurones indicating that p38 aridkK®/2 are important
signaling pathways mediating IL-1-induced IL-6 i@unones. These data suggests
that IL-1RAcPb may modulate multiple signalling lpatys in neurones, but the
specific action of IL-1RAcPb (whether positively negatively regulating IL-1
action) may depend on the specific signaling pathwa
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Figure 6.2. The role of IL-1RAcPb in IL-1-induced ations in glial cells

In WT glia, IL-lo was more potent than ILBlat inducing IL-6 synthesis.
However, in IL-1RACPH glia, the two cytokines were equipotent becausgolL
induced IL-6 was reduced in IL-1RAcPhglia compared to WT glia. These
results indicate that IL-1RAcPb contributed speailliy to IL-la-induced IL-6
synthesis in WT glia. The mechanism responsibleth@ differential effect is
unknown because ILeland IL-13 induced ERK1/2 with similar strength in WT
and IL-1RAcPH glia. IL-1-induced p38 activation could not be ntifeed
(indicated by broken line) and IL-1-induced Src dse activation was not
detected, therefore the contribution of these twmading pathways in IL-1-
induced IL-6 in glial cells is not clear.
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6.2 Experimental approaches

The aim of anin vitro study is to investigaten vivo mechanisms in a
restricted but more controlled environmelnt.vivo studies are often considered
more valid since the mechanisms studied occursoire mphysiological, spatial and
temporal conditions that govern the response. Hewaetis difficult to study the
contribution of a single cell type and/or specificlecular mechanismisa vivo. In
vitro studies have the advantage that a specific respafnaterest can be studied
in a single cell type population, in isolation, time absence of other factors or
contact with other cell types. By this method, thechanisms, likely to be similar
to those involvedn vivo, can be identifiedn vitro. For examplein vivo studies
have shown that cerebral ischaemia induces thegaticin of MAPK signalling
(Skifter et al, 2002; Walton et al, 1998) and llextpression (Boutin et al, 2001;
Legos et al, 2000; Liu et al, 1993), and importantihibition of these signalling
pathways by IL-1RA (Emsley et al, 2005; Mulcahya&t2003; Yang et al, 1999;
Yang et al, 1998; Stroemer and Rothwell, 1997; Bstal, 1995; Relton and
Rothwell, 1992), or specific inhibitors have bedmown to be neuroprotective
(Wang et al, 2004; Legos et al, 2001; Barone et2@Q1b).In vitro, MAPK
activation in glial cells resulted in expressionpobinflammatory cytokines such
as IL-1, IL-6, PGE (Andre et al, 2005b; Kim et al, 2004; Parker e2802) and
these responses were blocked by IL-1RA or speaifcbitors. These studies
suggest that cerebral ischaemia induces MAPK &ativan glial cells leading to
an increase in proinflammatory mediator expressianduce neuronal cell death.
Glial-mediated neuronal cell death has been demadadt previouslyin vitro
(Thornton et al, 2006; Xie et al, 2004). Howeveomg responses could be
abrogated in the absence of different cell typestefore a lack of response such
as that observed for the effect of IL-1 on Src &mactivation in the current study
should be interpreted with caution.

Previous studies (Smith et al, 2009; Lu et al, 20G8e used cell lines to
characterise the function of IL-1RAcPD. In thisdstihe role of IL-1RAcPb in
IL-1-induced actions was studied in primary neut@ral glial cultures, which is
more physiologically relevant. The disadvantageusing a cell line is that the
intracellular machinery in these cells is differémtneurones and glia, therefore
their responses to IL-1 could be modified. Addiaty, both previous reports
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investigated IL-1RAcPb action by gene transfectidmich could lead to many
compensatory mechanisms being triggered, and oymession of IL-1RAcPb
could introduce bias into the IL-1 response. Howexgng primary cell cultures
also has its disadvantages. For instance, theemméle! of other cell types in the
brain parenchyma on IL-1RAcPb-mediated IL-1 acticasnot be investigated,
although neuronal and glial cells in cultures amphologically and functionally
similar to neurones and glia vivo. Neurones in cultures are electrically excitable
cells with the capacity to generate action potés)tiarm functional synapses and
are capable of neurotransmitter expression sushilastance P, and other proteins
including L-1, IL-6 and NGF (Skoff et al, 2009; k&aet al, 2008c; Carlson et al,
1999; Freidin et al, 1992; Kriegstein and Dicht&884; Dichter et al, 1983;
Kriegstein and Dichter, 1983; Dichter, 1978). Ghells in cultures are partially
activated but the level of activation is considem@dimum given that the level of
signalling and proinflammatory mediators syntheskige control cells are very
low. In vivo, following injuries such as cerebral ischaemie& pBAPK signalling

is activated in astrocytes and microglial cellsd attivation of these signalling
pathways is also evident in glial ceilsvitro (de Souza et al, 2008; Andre et al,
2005b). These studies indicate that neurones aatiagllls in culture are valid
systems to investigate the role of IL-1RAcPb in ninechanisms of IL-1 actioim
Vivo.

In this study, RT-PCR, ELISA and Western blottingerev used as
methods of analysis. Whilst ELISA is a quantitativeeasure, RT-PCR and
Western blotting are semi-quantitative measureschvimay not be sensitive
enough to detect subtle but physiologically reléva@ranges. This may give rise
to false negative results. In this study, RT-PCRadadicated that IL-1RAcPb
deletion did not affect the expression of IL-1RATRRNA in neurones and glia,
however, this needs to be confirmed by quantitaB&R as subtle changes in
IL-1IRACP mRNA consequent to IL-1IRAcPb deletion mayt be detected by
semi-quantitative RT-PCR. Similarly, Western blogtianalysis indicated that
IL-1 did not induced ERK1/2 and Src kinase actmatin neurones (see Chapter
4), but this would need to be confirmed using quaine analysis such as
ELISA.
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6.3 IL-1RAcPb expression in CNS cells.

The expression of IL-1RAcPb was previously shown b® most
abundant in the CNS, with expression greater thabRACcP in the brain (Smith
et al, 2009). RT-PCR revealed that IL-1RAcPb isregped in both neuronal and
mixed glial cultures prepared from mice embryos aednatal mice respectively.
However, the expression of IL-1IRAcPb was strongearonal cells but weak in
glial cells, which is consistent with previous fings (Smith et al, 2009).
Expression of IL-1RAcPb during early stages of digwment suggests that this
receptor could be expressed constitutively in thanb This is consistent with
reports that IL-1R1 are expressed constitutivelyainhippocampus andenopus
laevis (Friedman, 2001; Jelaso et al, 1998). Early exgiesof IL-1R1 in
Xenopus laevis in the midbrain and hindbrain was suggested tankelved in
promoting neuronal survival during CNS developmevitich suggests that
IL-1RACPb could also have a similar role. HoweverlRAcPb deletion did not
affect neuronal or glial cell growth or differerit@n in vitro suggesting that
IL-1RACPD is not essential for normal growth andelepment of these celis
vitro. The role of IL-1RAcPb in neurones and glial celsvelopmentn vivo
remains to be investigated as the presence of atbkrtypes in the brain
parenchyma or the support of a functioning exttatzel matrix, absent in oun
vitro model, could contribute to the potential functiohIL-1RAcPb on brain
development.

The expression of IL-1RAcPb in specific glial syipés is unclear. It is
not known if the IL-IRAcPb mRNA expression in ouixed glial cultures (see
section 3.4.3) was derived from the astrocytic pagn (82%), the microglial
population (18%), or both. The expression of IL-1d@A in astrocytes may
modulate IL-1 actions in these cells. However, itle of IL-1RAcPb expression
in microglial cells is unknown since no IL-1 act®owere detected in microglial
cells (Pinteaux et al, 2002; Ban et al, 1993). @drass this question, it would be
necessary to study the expression of IL-1RAcPbure pnicroglial or astrocytic
cultures by PCR as there are currently no effecmn#body against IL-1IRAcPb to
investigate this by double immunohistochemistry-IRAcPb + GFAP, and
IL-1RACPDb + tomato lectin) or Western blotting. Téagpression of IL-1IRACPb in
specific cell types could be also determined by unohistochemistry of
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astrocytes or microglia combined witth situ hybridization for IL-1IRAcPb. The
expression of IL-1RAcPb in oligodendrocytes angh @rogenitor cells was not
determined in this study. Immuno-staining of céfisculture did not reveal any
progenitor cells, however, this could be due torpattibody and their presence
could still be there, as has been demonstratedqudy for mouse mixed glial
cultures (Parker et al, 2002). The low level ofIRAcPb expression in our glial
cultures could come from uncharacterisegh @ells since these progenitor cells
and neurones are derived from same neural precoceidmeage. The expression
of IL-1IRAcPb by glial and progenitor cells may cdbite to the acute and
chronic inflammatory response of the CNS. Astrogsy@nd microglial are
activated in response to acute brain damage (empbr@al ischaemia) and in
neurodegenerative diseases including Alzheimessatie and multiple sclerosis.

However, the role of IL-1RACPD in these conditiamsompletely 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), lu-Iand IL-13 were
demonstrated to differentially induce IL-6 in mousatical neurones, however
this was not observed in the current study. Difiees in mouse strain and
culturing protocol have been speculated as poss#ulees to this discrepancy (see
Chapter 3). As we observed neither an increasa m@crease in IL-1 response in
IL-1RAcPb’” neuronal culture when compared to WT, we can caleclthat
IL-1RACPb did not contribute significantly to ILel or IL-1B-induced IL-6
synthesis in neurones. However, neuromegitro may lack cell-to-cell contacts
or supporting factors from other cell types thatlddbe essential for IL-1RAcPb
functions. The effect of IL-IRAcPb on IL-1-induce@uronal IL-6 synthesim
vivo is not known. IL-6 was chosen as a read-out fet Hctions since it has been
shown to be strongly induced by IL-1 in both new®m@nd glial cells (Tsakiri et
al, 2008c; Parker et al, 2002). However, neuronses express other mediators
including NGF, BDNF, substance P and neurotrophi@koff et al, 2009;
Mattson, 2005; Isackson, 1995) which could be usegossible end-points to

investigate the function of IL-1RAcPb.
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IL-1-induced IL-6 is a mechanism involved in IL-dduced fever (Chai
et al, 1996; LeMay et al, 1990), however, this oese involves the distal action
of IL-1 and cross-talk between multiple brain regdthe hypothalamus and the
pituitary which forms the hypothalamic-pituitaryradal axis), which could not
be studied using cell culture. Distal action ofIlwas demonstrated by thev
infusion of IL-13 and subsequent activation of KB-in subcortical brain regions
such as the hypothalamus and amygdala (Konsmdn280®). It is unclear from
the current study whether IL-1RAcPb could be inedlvn distal actions of IL-1
such as fever (Sanchez-Alavez et al, 2006; Konseta, 2000; Anforth et al,
1998). IL-6 is a potent pyrogen (Ulrich-Pur et 2000; Lenczowski et al, 1999;
Sundgren-Andersson et al, 1998), IL-1RAcPb conteatuo IL-lo-induced IL-6
in glial cells suggests that IL-1IRAcPb may affdctltinduced distal actions such
as fever.

IL-1RAcPb may contribute to ILdland IL-18 differential effects in glial
cells by contributing preferentially to ILelinduced IL-6. Differential effects of
IL-1a and IL-18 have been reporteid vitro (Tsakiri et al, 2008c; Andre et al,
2005b; Juric and Carman-Krzan, 2001) amdivo (Dube et al, 2001; Lemke et al,
1999; Beuscher et al, 1992). lleind IL-13 are encoded by different genes, but
act at the same complex receptor, IL-1R1/IL-1RAcHE aontribute similarly to
many biological responses, however, they displaydequence homology (27 %)
(for review see Allan et al, 2005). The mechanisymwhich IL-10 or IL-1B
interact with this signalling complex is not cldamt the differential effects of
IL-1a and IL-1B on IL-6 expression in glia suggests that b-dnd IL-13 may
bind to the signalling complex differently. Indeelifferential interaction between
IL-1a and IL-1B to IL-1RACP has been reported previously (Yoon Biarello,
2007), and binding of IL-d to the signalling complex may lead to the recreittn
of IL-1RAcPb and/or other adapter molecules to I&tgu IL-1a signalling
mechanisms. The specific effects of IL-1RAcPb orld_activity suggest that
IL-1a may have a higher affinity for IL-1RAcPb than IB:11t would be
necessary to do cell binding assay and ligand atgphent studies on ILaland
IL-1p in WT and IL-1RAcPB cells to confirm this. It is well documented that
IL-1a and IL-13 display different affinity for IL-1R1 and IL-1R2and these
affinities could be species dependent, or straicedr specific (see Chapter 1).
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These contributory effects of IL-1RAcPb on lk-hction may help to explain

some of the differences between I&-4nd IL-13 actions in the CNS.

6.5 The role of IL-1RACPD in IL-1-induced signalling
In neurones and glia

Studying the role of IL-1IRAcPb on IL-1-induced IL-$ynthesis in
neurones did not reveal an active role for IL-1RBGR this response. However,
IL-1RAcPb appeared to contribute to lk-induced p38 activation in neurones
which indicates that IL-1RAcPb could affect otheuronal response mediated by
p38 signalling. Indeed, IL-1-induced activationtbé p38 signalling pathway has
been shown to induce IL-6 in neuronal cell liner@enaschi et al, 2006), as well
as expression of other proinflammatory genes inomdPLA, and COX-2 gene
in human neuroblastoma cells (Moolwaney and Igw@)52. In vivo, p38 is
activated by cerebral ischaemia in rodents (Ineh@l, 2000; Walton et al, 1998)
and inhibiting p38 action is neuroprotective (Leggisal, 2001; Barone et al,
2001a; Barone et al, 2001b). The role of IL-1RAciRbthese experimental
settings is unknown, but it is possible that IL-1d®% may contribute to
ischaemia-induced brain damage driven by IL-1 (Gleapter 1) by contributing to
IL-1a actions.

Conversely to p38 activation, ILB1failed to induce ERK1/2 in WT
neurones, but was activated by lu-h IL-1RAcPbB" neurones. This suggests that
IL-1IRAcPb may have a negative regulatory role inlbd-induced ERK1/2
activity in neurones. The significance of lk-induced ERK1/2 activation in
IL-1RACPb” neurones is unclear. Preliminary data from oumifatory have
shown that IL-& mediates kainate-induced seizures and subsequantdamage
in IL-1RAcPb”, but not in WT mice (unpublished data), suggestthgt
IL-1RACPDb is effectively a negative modulator of-1k action. These data
suggest that the mechanism of lu-ihduced brain damage in kainate-induced
seizures could be attributed to li-induced ERK1/2 signalling in IL-1RAcPb
neurones.

Although IL-1B did not induce ERK1/2 activation in WT neuronessal

ERK1/2 activity was essential for IL-1-induced IL$ynthesis in neurones
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because in the absence of basal ERK1/2 phosphoryldit-1 did not induce IL-6

(see Chapter 5). This indicates that IL-1-inducéd6 | expression requires
activation of more than one signalling pathway. sTis consistent with our
understanding of the role of ERK1/2 and p38 in gexgression. Effectively, as
activated ERK1/2 is involved in protein synthedisdranscription level whereas
MK2 is involved in protein synthesis at a tranglagl level (see introduction to
Chapter 4), inhibiting basal ERK1/2 activity coulgsult in blockage of

expression of downstream inflammatory mediatorsd ahe activation of

translational machinery is ineffective in the altseof transcription.

IL-1-induced protein expression is associated Witi slow responses
such as IL-1-induced IL-6 and P&during neuroinflammation. However, IL-1 is
also associated with a rapid and transient respionsérsing Src kinase activation
and ion channel activation, resulting in changegseanronal electrical properties
(Tsakiri et al, 2008a; Davis et al, 2006; Sanchévéz et al, 2006; Desson and
Ferguson, 2003; Viviani et al, 2003; Borsody andid&/e2002), which is evident
in seizures (Balosso et al, 2008). However, in ghigly, IL-o and IL-13 did not
induce Src kinase activation in neurones or gliae Tause of this discrepancy
could be related to the differences in specieajrstyf animals used, population of
neurones studied and/or time-point investigatedwali as limitations in the
method of detection (see section 6.2). However, awasen time-point was the
suggested optimum time for IL-1-induced Src kinasenouse cortical neurones
(Tsakiri et al, 2008a). The role of IL-1RAcPb in-1:-induced ionic channel
activation was not investigated in this study, ¢fi@re remains a potential avenue
for future investigations. Whole-cell patch-clamgcordings of WT and
IL-1RACPb” in response to IL-1 could be a potential technitustudy the role
of IL-1RAcPb in neuro-electrophysical responses.

In glial cells, IL-1RAcPb did not contribute to [L-induced ERK1/2
signalling, and its effect on p38 and Src kinasdivaton could not be
determined. IL-1 has been demonstrated to induc&BIBignalling in glial cells
(Srinivasan et al, 2004) which could potentially tm@dulated by IL-1RAcPb.
Indeed, knowing that activation of MAPK and MB-signalling pathways in glial
cells leads to the production of proinflammatorydméors such as IL-1, IL-6,
TNF and PGE(Andre et al, 2005b; Kim et al, 2004; Parker et2802; Dunn et
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al, 2002), modulation of these signalling pathwhydL-1RAcPb could indicate a
potential role for IL-1RAcPb in the inflammatorysponse of the CNS.

6.6 Conclusion

This study showed that IL-1IRAcPb modulates selettithe action of
IL-1a in neurones and glial cellsn vitro. More specifically, IL-1RAcPb
contributed to IL-&-induced p38 activation but negatively regulatedKER
activation in neurones. In glial cells, IL-1RAcPbntributed to IL-h-induced
IL-6 synthesis. These observations suggest thaadttien of IL-1RAcPb could
affect multiple signalling cascades in parallel vasll as being cell specific.
IL-1RACPb did not mediate ILflactions in neurones or glia, which suggests that
IL-1RAcPb may modulate only some IL-1 responsesl@dtinduced responses).
However, further investigations are required tofconthese hypotheses.
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6.7 Future directions

The role of IL-IRAcPb could be further studied westigating the
contribution to other IL-1 actions, for example,pexssion of other mediators
such as TNFe, PGE or neurotrophic factors. IL-1-induced NdB signalling in
neurones and glial could also be a potential avénderther investigate the role
of IL-1RAcPb in IL-1 actions. The effect of IL-IRRb on neuronal
electrophysiological activity could also be invgsated. IL-1 has been shown to
affect different neuronal population differentlyciading hyperpolarisation of
mouse anterior hypothalamic neurones (Davis e2@06; Tabarean et al, 2006;
Sanchez-Alavez et al, 2006), excitation of mouseelsdlar Purkinje cells
(Motoki et al, 2008) and neurones in the paraveular nucleus in rats (Ferri and
Ferguson, 2003). Both ILBtinduced hyperpolarisation and depolarisation were
observed in rat subfornical organ neuroneslanas coeruleus neurones (Desson
and Ferguson, 2003; Borsody and Weiss, 2002). imsmgcortical neurones, IL-1-
induced IL-6 and Src kinase activation (Tsakiragt2008a), and p38 activation in
rat hippocampal neurones (Srinivasan et al, 2004grefore, the next step in
understanding the role of IL-1RAcPb would be toestigate the function of this
receptor (in electrophysiology and IL-1-inducednsiling pathways) in different
neuronal populations.

In addition to thein vitro approach, the role of IL-1RAcPb in IL-1
signalling can also be studieavivo. IL-1RAcPb has been shown to be a negative
regulator of IL-1r action in kainite-induced seizures (unpublisheta)daThis
indicates that IL-1RAcPb may act as a negative raduof IL-1o but not IL-13
actions in neurones. IL-1 is a key cytokine in acuand chronic
neuroinflammation indicating that the role of IL-ABPb in the CNS could be
wide ranging and unknown. The role of IL-1RAcPIsiroke, brain trauma, PD or
AD are potential avenues for future investigations.

IL-1 actions independent of IL-1R1 has been shoath n vitro (Andre
et al, 2006) andh vivo (Touzani et al, 2002), however, the role of IL-1R@kcin
these responses is unknow@ne hypothesis is that IL-1IRAcPb could be a
co-receptor to an uncharacterised IL-1 receptorichvimay contribute to IL-1-
induced IL-1R1 independent actiorkhis thesis has so far only focused on the
role of IL-1RAcPbD in IL-1-induced actions, howeukrlRAcPb may also have a

191



Chapter 6 Generalsgiso and conclusion

role in IL-18- or IL-33-induced actions as both gbeligands require the
association of an accessory protein to initiateaigg. Investigating the role of
IL-1RACPb independent of IL-1R1 and IL-1 could benew chapter for the

characterisation of IL-1RAcPb actions.
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Appendix |. Recipes for medium and buffers and exp@mental

reagents

Table 7.1. Starve medium

Reagents Quantity Source
Dulbecco’s Modified Eagle’s 500 ml Sigma
Medium (DMEM)
100 U/ml/ penicillin and 10Qug/ml | 5 ml Sigma
streptomycin
Table 7.2. Dissociation medium
Reagents Quantity Source
Starve medium 2 mi Table 7.1
10 x trypsin 200l Invitrogen
Deoxyribonuclease 375 U/ml Sigma
Table 7.3. Wash medium
Reagents Quantity Source
Dulbecco’s Modified Eagle’s 500 ml Sigma
Medium (DMEM)
100 U/ml/ penicillin and 10Qug/ml | 5 ml Sigma
streptomycin
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 10Qug/ml | 5 ml Sigma
streptomycin

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) 5ml Invitrogen
100 U/ml/ penicillin and 10Qug/ml | 5 ml Sigma
streptomycin

Table 7.6. Mixed glia culture medium

Reagents Quantity Source
Dulbecco’'s  Modified  Eagle’s 500ml Sigma
Medium (DMEM)
100 U/ml/ penicillin and 10@y/ml | 5ml Sigma
streptomycin
Foetal calf serum (FCS) 50 ml PAA Laboratories (UK
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Table 7.7. Antibodies used to characterise neuronaind 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 Pete
Andrews (Sheffield
University, UK)

=

Normal Donkey serum

2% (0.1% triton-X-100
PBS with 1.5 mM sodiu
azide)

5

idackson
Immunoresearch

GFAP (anti-glial
fibrillary acidic protein
conjugated to Cy3)

1:500 (2%
0.5% BSA in primary diluen
- 0.1% triton-X-100 in PB
with 1.5 mM sodium azide)

Donkey serumSigma

Biotinylated  tomatoe 1:200 (2% Donkey serumSigma
lectin 0.5% BSA in primary diluen
- 0.1% triton-X-100 in PB
with 1.5 mM sodium azide)
NeuN (Mouse anti{ 1:500 (2% Donkey serurtﬂChemicon
neuronal nuclei) 0.5% BSA in primary diluent (Temecula, CA,
- 0.1% triton-X-100 in PBS USA)

with 1.5 mM sodium azide)

DAPI (4’,6-diamidino-
2-phenylindole,
dihydrochoride)

Vector Laboratories
(Burlington,  CA,
USA).
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Table 7.8. Reagents and their sources used for RTCR.

Reagents Quantity Source
Trizol reagent 500 pl/mi Invitrogen
Chloroform 200 pl Fisher scientific
Isopropanol 250 pl Fisher scientific
Ethanol 1 mi Fisher scientific
DNase 1 amplificatuion grade 1l Invitrogen
Oligo (dT) primer 1l Invitrogen
DTT 2 ul Invitrogen
10 mM dNTPs 1l Invitrogen
MMLV 1l Invitrogen
RNase out 1l Invitrogen
Biomix Red 1l Bioline
Primers (10 pM) 0.4 ul Eurofins MWG operc
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Table 7.11. Lysis buffer

Reagents Quantity Source
50mM tris pH 7.5 1ml Sigma
NP40 100u Sigma
0.5 M NaF 1ml Sigma
1M B-glycerophosphate 5Qq0 Sigma
0.5 M Sodium orthovanadate 10D Sigma
dH20 7.2 ml
100mM PMSF 1Qu/ml Sigma

Table 7.12. 2 x Sample buffer (100ml)

Reagents Quantity Source
1M Tris pH 6.8 5mi Sigma
10% SDS 20 ml Sigma
Bromophenol blue 100 mg Sigma
glycerol 10 ml Fisher Scientifig.
Dithiothreitol 10mlorl1l5g Sigma
dH20 55 ml or 65 ml i

using 1.5 g DTT
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 pl Sigma
Sodium fluoride 0.021 ¢ Sigma
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Table 7.14. Diluent 6 ERK1/2 lysis buffer pH 7.2 #.4 (100ml)

Reagents Quantity Source
EDTA 0.045 g in 100 m| Sigma
PBS

Triton-X 100 500 pl Sigma
Sodium fluoride 0.021 g Sigma
Urea (6 M) 360 Sigma
Sodium pyrophosphate (2.5 mM 0.06 g Sigma
Sodium orthovanadate (1 mM) 0.018 g Sigma
100mM PMSF 1Qu/ml Sigma
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Appendix Il. The effects of IL-1RA on neurones

A IL-1RAtreated WT neurones B IL-1RAtreated IL-1RAcPb - neurones
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J o o
121 o 12 .
€ 10 r—r===-=-g--- EWf=-F--------
2 8 S 8 o
© © © j:
2 : = 6 3
44 © 44
21 2
ol— . ol—o0
Vehicle  IL-1RA (1 pg/ml) Vehicle  IL-1RA (1 pg/ml)

Figure 7.1. The effects of IL-1RA on neurones.

Neurones were treated with vehicle or IL-1RA (1uly/far 24 h. Lysates were
collected and analysed for IL-6 by ELISA. A. IL-1Ra#lone 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 detectiort i) pg/ml).
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Appendix lll. IL-1-induced pentraxin-3 release in neurones and
glia
A IL-1a treated WT neurones
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Figure 7.2. IL-1a- and IL-1B-induced PTX3 release in neuronal cultures.

WT neurones were treated with vehicle, ld&.(D.03-30 1U/ml) or IL-B (0.03-30
IU/ml) for 24 h in the absence or presence of ILA1Rug/ml), IL-1RA alone or
heat-treated IL-4/IL-1B. Supernatants were collected and analysed for HIyX3
ELISA. IL-1a (0.03-30 IU/ml: n=3) (A) and IL{1 (0.3-30 IU/ml: n=3) (B)
significantly induced PTX3 release compared to eehiThese 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.n@-
way ANOVA and Tukey post-hoc test. Dashed line gatkks detection limit (274

pg/ml).
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IL-1 treated WT neurones: IL-1 a vs. IL-18
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Figure 7.3. Comparison of IL-lo- and IL-1p-induced PTX3 release in

neuronal cultures.

Comparison of the level of PTX3 induced by vehitlela (0.03-30 IU/ml), IL-
1B (0.03-30 IU/ml), in the absence or presence ofRA (1pug/ml), IL-1RA alone
or heat-treated IL-d/IL-13 showed that IL-& and IL-13 induced similar levels of
PTX3 release in WT neurones. No significant diffee between IL-d- and
IL- B-induced PTX3 was found for any concentrations lofl Itested. Two-way
ANOVA and Bonferroni post hoc test. Dashed lineigates detection limit (274

pg/ml).
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A IL-1a treated WT glia
*%kk kk%k *%
12500
— 100001 %
£ D
S 75001 o
< 5000- it
|_
"l ELE
O T B B s
— o
s 283 "8 3 Y&
5 § ° g g 3
o > s T =
T 4
IL-1a (IU/ml) A
IL-1RA
(10 pg/ml)
B IL-1B treated WT glia
*% *%
12500~
10000 —I:
E ##
D 7500- .
=
2 5000~
|_
0 25001
L |
CT.TT'T"g'TT.
—_ o ™
g § 8 2 ° & 3 T &
5 & ° g g 3
@) > [} E =
T -

IL-1B (U/ml)
IL-1RA
(10 pg/mi)

Figure 7.4. IL-1a- and IL-1B-induced PTX3 release in glial cultures.

WT glia were treated with vehicle, ILe1(0.03-30 IU/ml) or IL-B (0.03-30
IU/ml) for 24 h in the absence or presence of ILA1Rug/ml), IL-1RA alone or
heat-treated IL-4/IL-1B. Supernatants were collected and analysed for HIyX3
ELISA. IL-1a (0.3-30 IU/ml: n=4) (A) and IL- (3-30 IU/ml: n=5) (B)
significantly induced PTX3 release compared to eehiThese 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. n@way
ANOVA and Tukey post-hoc test. Dashed line indisatketection limit (90
pg/ml).
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IL-1 treated WT glia: IL-1 a vs.IL-1
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Figure 7.5. Comparison of IL-lo- and IL-1p-induced PTX3 release in glial

cultures.

Comparison of the level of PTX3 induced by vehitlela (0.03-30 IU/ml), IL-
1B (0.03-30 IU/ml), in the absence or presence ofRA (1pug/ml), IL-1RA alone
or heat-treated IL-d/IL-1p showed that IL-& was significantly more potent than
IL-1B at inducing PTX3 in glia at 0.3 IU/ml. Two-way ANM\ and Bonferroni
post hoc test. . ** P<0.01 ILelvs. IL-$. Dashed line indicates detection limit (90

pg/ml).
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Appendix IV. The effect of IL-1 on IL-6 expressionin IL-1RAcP ™
neurones.

IL-1a treated IL-1RACP " neurones
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Figure 7.6. The effect of IL-du- and IL-1p on IL-6 expression in IL-1RAcP”

neuronal cultures

IL-1RAcP” neurones were treated with vehicle, l-0.03-30 IU/ml) or IL-B
(0.03-30 IU/ml) for 24 h in the presence or absepn€dlL-1RA (1 ug/ml).
Supernatants were collected and analysed for Ily6EbISA. IL-1o (A) and
IL-1B (B) failed to induce IL-6 at any concentrationaytokine tested. One-way
ANOVA and Tukey’s multiple comparison tests. Det@etimit was 10 pg/ml.

206



Appendix IV. The effect of UO126 on IL-B-induced ERK1/2
phosphorylarion in mixed glial cells
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Figure 7.7. The effect of UO126 on IL-f-induced ERK1/2 phosphorylarion

in mixed glial cells

WT mixed glial cells were treated with vehicle, DM&nd/or IL-B (3 1U/ml) for
15 min in the presence or absence of IL-1RA {@d'ml) or increasing
concentration of UO126. Cell lysates were colleched analysed for ERK1/2
phosphorylation by Western blot analysis. [kihduced ERK1/2 activation that
was blocked by IL-1RA and OU126 (1 uM-20 pM. UOlg6ibited both p42
and p44 isoform of ERK activation and at higher camtrations,10 uM and 20
MM, UO126 inhibited basal ERK1/2 activity.
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