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II. Abstract

M any neurodegenerative d isea ses are a ssoc ia ted  w ith  a sh ift tow ards a pro-inflam m atory  

en vironm en t w ithin  the C N S , and this is b e liev ed  to  contribute to the progressive d eclin e in 

co g n itiv e  fun ction  associated  w ith  th ese  d isea ses . A ctivated  g lia l ce lls  are thought to be the  

driving force behind the d evelop m en t o f  a pro-in flam m atory  en vironm en t, and en d ogen ou s  

m odulators o f  g lia l activ ity  have em erged  as targets for the treatm ent o f  chronic  

n euroinflam m ation . The o b jectiv e  o f  th is  th esis  w as to  an alyse the ab ility  o f  on e such  

m o lecu le , SIG IR R , to act as a m odulator o f  g lia l activation .

T he e ffec ts  o f  LPS, IL -lp , Pani3 C SK 4  and A(3 on  m arkers o f  m icroglia l activation  and 

production  o f  cy tok in es w as a ssessed  in m ixed  g lia  and iso lated  astrocytes and m icroglia  

prepared from  w ild typ e and S lG IR R -d efic ien t m ice. N ex t, the effec t o f  an acute  

intrahippocam pal injection  o f  A p  in y o u n g  and m idd le-aged , w ild typ e and SIG IR R - 

d efic ien t m ice w a s a ssessed . F inally , 1L -1F5, SIG IR R /F c and T R E M -l/F c  w ere assessed  

for their ab ility  to  prom ote SIG IR R  exp ression  and/or activate the receptor.

M ixed  g lia  and astrocytes from  S lG lR R -d efic ien t m ice exh ib ited  increased basal 

exp ression  o f  T L R 2 and T L R 4 com pared  to  ce lls  from  w ild typ e  m ice. It is proposed  that 

this is resp on sib le  for the observed  exaggerated  production  o f  lL -6  and T N F -a  in m ixed  

glia  from  S lG lR R -d efic ien t m ice com pared  w ith  w ild ty p e  m ice  in resp onse to  L PS , I L - ip ,  

Pam 3 C S K 4  and A p . Isolated m icroglia , but not astrocytes, from  S lG lR R -d efic ien t m ice, 

exh ib ited  and an exaggerated  production  o f  IL -6 com pared w ith  w ild typ e m ice in response  

to  LPS, h ow ever  this w a s seen  in both astrocytes and m icrog lia  in response to Pam 3 C SK 4 . 

Pre-treatm ent o f  m ixed  g lia  w ith  an an ti-T L R 2 an tib ody attenuated the A P -in d u ced  

increase in IL -6 and T N F -a  su g g estin g  that T L R 2 acts as a receptor for Ap.

Pre-treatm ent o f  m ixed  g lia  w ith  S lG IR R /F c attenuated the L P S -ind uced  increase in 

G D I lb  m R N A  exp ression , IL -6 and T N F -a , and the IL -ip -in d u ced  increase in IL -6, in a



dose-dependent manner. Pre-treatment with TREM -l/Fc attenuated the LPS-induced 

increase in TN F-a from mixed gHa and isolated microglia in a dose-dependent manner. 

TREM -l/Fc reversed the LPS-induced decrease in SIGIRR mRNA expression.

IL -lp  induced the mRNA expression o f markers o f microglial activation, C D l l b  and 

CD68, in mixed glia, which was exaggerated in cells prepared from SIGlRR-deficient 

mice. Similarly the IL-ip-induced increases in lL-6, TN F-a and MPC-1 in mixed glia were 

enhanced in cells prepared from SIGlRR-deficient mice. Pre-treatment with IL-1F5 was 

found to attenuate the IL-lp-induced increase in IL-6 in mixed glia prepared from wildtype 

mice but this effect was absent in cells prepared from SIGlRR-deficient mice.

Analysis o f changes in vivo revealed that there was an increase in mRNA expression of 

TLR2 and RAGE in the cortex and hippocampus, respectively, o f SIGlRR-deficient mice 

compared with wildtype mice, and there was an increase in CD68 and phosphorylated 

IkB« in the hippocampus o f  SIGlRR-deficient mice. The data presented in this study was 

designed to characterise the response o f  glial cells from SlGIRR-deficient mice to IL- 

IR/TLR ligands. The evidence presented supports the hypothesis that SIGIRR acts as a 

modulator o f TLR2, TLR4 and IL-lRl  signaling in glial cells. A significant finding is that 

SIGIRR also modulates AP-induced changes in cytokine release from glia! cells. However, 

IL-1F5, SIGIRR/Fc and TREM -l/Fc do not appear to be viable tools for the activation o f 

SIGIRR, and that future studies should focus on overexpression o f the receptor as a means 

o f  modulating glial activation.
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IV. Abbreviations

AD A lzheim er’s disease

APP Amyloid precursor protein

AP A m yloid-beta peptide

ANOVA Analysis o f  variance

APC Antigen presenting cells

ApoE Apolipoprotein E

BACE P-APP Cleaving Enzyme

BBB Blood brain barrier

BSA Bovine serum  albumin

CNS Central nervous system

CSF Cerebrospinal fluid

CD Cluster o f differentiation

cDNA Com plem entary deoxyribonucleic acid

CIH2O Deionised w ater

Da Dalton

DC Dendritic Cell

DNA Deoxyribonucleic acid

dNTP Deoxyribonucleotide triphosphate

DMEM D ulbecco’s m odified eagle medium

ELISA Enzyme linked im m unosorbent assay

EAE Experim ental autoim m une encephalom

Epo Erythropoietin

FBS Foetal bovine serum

Fc Fragment, crystalisable

GFAP Glial fibrillary acidic protein

Gram



G FP Green  fluorescent protein

G M -C S F  G ranu locy te -m acrophage  colony-stim ulating  factor (G M -C S F )

H BSS H a n k ’s balanced salt solution

HIV H um an im m unodefic iency  virus

H M G B I High motility g roup  box 1

H RP H orse  radish peroxidase

ICA M  Intracellular adhesion m olecule

Ik K IkB kinase

iK B a N uc lea r  factor o f  kappa light polypeptide gene  enhancer in B-cells

inhibitor, alpha 

IL - lR A c P  1L-1R accessory  protein

IRA K  IL-1R associated  kinases

Ig Im m unoglobulin

IFN-y In terferon-gam m a

IL Interleukin

IL -IR  lnterleukin-1 receptor

1L-1F5 Interleukin-1 family m em ber  5

lCAM -1 Intracellular adhension  m o le c u le -1

IR A K  Interleukin-1 receptor associated kinase

i.h. In trahippocam pal

i.p. Intraperitoneal

i.v. In travenously

JN K  Jun N -term inal kinase

JA K  Janus Kinase

k Kilo

-/- K nock  out

L Ligand

LPS Lipopolysaccharide

LTP L ong-term  potentiation

M M olar

M A L  M yD 88-adap to r  like

v i



MAPK Mitogen-activated protein kinase

M-CSF Macrophage colony-stimulating factor

MHC class 11 Major histocompatibility complex class II

mRNA Messenger ribonucleic acid

M yD88 Myeloid differentiation primary response gene 88

1̂ Micro

ml Milliliter

mm Millimetre

MAPK Mitogen-activated protein kinases

mM Molar

MS Multiple sclerosis

M yD88 Myeloid differentiation factor 88

n Number

NF-kB Nuclear factor kappa-light-chain-enhancer o f  activated B cells

Nm Nanometre

NK Natural killer

NO Nitric oxide

NGS Normal goat serum

NHS Normal horse serum

NF-kB Nuclear factor-KB

Pam3Csk4 Pam3CysSerLys4

PAMPs Pathogen associated moleculare patterns

PRRs Pathogen recognition receptors

PBS Phosphate buffered saline

PBS-T Phosphate buffered saline containing tween

PCR Polymerase chain reaction

PD Parkinson’s Disease

RNase Ribonuclease

RNA Ribonucleic acid

ROS Reactive oxygen species

RT Room temperature



S IG IR R Single-im m unoglobulin  interleukin-1 recep tor  related

SE M Standard error o f  mean

Strep-H R P Streptavidin-horseradish  peroxidase  linked

H 2SO4 Sulphuric acid

T A B l T G P-be ta  activated kinase 1

T IR  Dom ain T oll/ in terleuk in -1 recep tor domain

T M B Tetram ethylbenzid ine

T N F T um o u r  necrosis factor

T N F R T N P  receptor

T R A P T N P  receptor associated factor

TREM -1 Triggering receptor expressed on myeloid cells 1

T R IP T lR -dom ain-con ta in ing  adapter- inducing  interferon-p

T L R Toll like receptor

T g Transgenic

T N F -a T um o u r  necrosis factor-alpha
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Chapter 1: Introduction



1.1. Immunity in the Central Nervous System (CNS)

The increasing prevalence o f  neurodegenerative disorders because o f  the increase in the aging 

population has accelerated the efforts o f  researchers to develop new therapeutics aimed at 

com bating the factors which contribute to the pathogenesis o f  these disorders. M any 

neurodegenerative diseases, such as A lzheim er’s disease (AD), Parkinson’s disease (PD) and 

m ultiple sclerosis (M S), are associated with inflam m atory changes in the central nervous system  

(CNS). This is thought to contribute to neuronal damage and therefore may contribute to the 

progressive decline in cognitive fijnction. Therefore the inflam m atory response w hich is 

associated w ith glial activation and the secretion o f  pro-inflam m atory cytokines and chem okines 

by activated astrocytes and m icroglia has been targeted in the developm ent o f  novel drugs 

(Storer et al., 2005).

1.1.2. Astrocytes

Astrocytes are the major glial cell type found within the CNS. They are characterised by their 

star shape, a cell body surrounded by a multitude o f  branched processes — and by the expression 

o f  glial fibrillary acidic protein (GFAP). Astrocytes perform a wide array o f  functions within the 

CNS. These include structural support within the brain, including form ing part o f  the blood brain 

barrier (BBB), neurotransm itter uptake and release via specialised cell-surface transporters, 

m aintenance o f  ionic homeostasis within the CNS through uptake o f  excess potassium  in the 

extracellular space and com m unication with other cell types within the CNS through gap 

junctions (Bush et al., 1999, Bennett et al., 2003). In addition to these and many other roles 

played by astrocytes, it is increasingly recognised that astrocytes have a significant immune 

function within the CNS (Dong and Benveniste, 2001). Although their role in the maintenance o f  

the structural and fijnctional characteristics o f  the BBB has been described in detail, evidence 

now points to an additional role for astrocytes as antigen-presenting cells. Astrocytes have been 

shown to express the cell surface protein major histocom patibility com plex II (M HCII) which 

presents extracellular antigens to T-cells (W ong and Battisto, 1984). A lthough expression is low 

in com parison to professional antigen presenting cells (APC) such as microglia, it does indicate 

that astrocytes are capable o f  com m unicating with T-cells and contributing to the inflam m atory 

response w ithin the CNS. Perhaps the greatest contribution made by astrocytes to  the
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inflammatory' response in the brain is through the production o f  cytokines and chemokines. This 

cytokine-secreting capability is particularly pronounced when the CNS is in a diseased state. 

Astrocytic production o f  pro-inflam m atory cytokines and chem okines is considerably more 

pronounced in AD, PD and MS (Benveniste, 1998, HesseIgesser and Horuk, 1999, Akiyama et 

a l ,  2000). Astrocytes are known to be the prim ary source o f  interleukin (lL)-6 and Chem okine 

(C-C motif) ligand 2 (CCL2). Both m olecules play a significant role in the chemotaxis o f  

peripheral immune cells to the CNS am ong other functions (see sections 1.3.2 and 1.3.4).

1.1.3. M icroglia

M icroglia are immune cells localised entirely within the CNS, and they are responsible for 

removing toxic substances that emerge from within the CNS, or that enter it by permeating the 

BBB (Perry, 2007, Soriano and Piva, 2008). They are m onocyte-lineage cells and share many 

characteristics with macrophages, which perform  a similar role in the periphery. M icroglia can 

exist in several functional states, w hich correspond at least loosely, with a particular 

m orphological phenotype. Ramified m icroglia extend processes into their immediate 

surroundings allowing them  to survey the extracellular space for any changes in the normally 

highly-stable CNS m icroenvironm ent. M icroglia displaying such a phenotype are said to be in a 

“resting” state and lack the ability to present antigens to peripheral T-cells. Their cell bodies are 

immobile while the cells continuously release a variety o f  neurotrophic and anti-inflam m atory 

cytokines including IL-4 and IL-10 (Block et al., 2007). These cytokines help to maintain a 

healthy environm ent to support neuronal growth and survival. The detection o f  an insult i.e. 

neurotoxin, pathogen-associated m olecular pattern (PAM P), cell debris or cytokine, can induce 

an alteration in the phenotypic and fiinctional state o f  microglia. Following stimulation, 

m icroglia adopt a more amoeboid m orphology, and this is often accom panied by the 

upregulation o f  cell surface mem brane proteins w hich facilitate fiinctions ranging from antigen 

presentation to  phagocytosis (Block et al., 2007, Lynch, 2009). In addition to these phenotypic 

changes, activated m icroglia typically exhibit upregulated transcription o f  genes coding for p ro - 

inflam m atory cytokines and a corresponding increase in the secretion o f  such molecules. This 

feature o f  activated microglia allows them  to propagate the pro-inflam m atory signal by
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activating nearby m icroglia and other immune cells and establishing a inflam m atory 

environm ent in the CNS (Perry, 2007, Soriano and Piva, 2008).

1.1.4. Inflam m ation

The inflam m atory response is generally beneficial, neutralising the effects o f  stimuli, infection or 

trauma. H owever dysregulation o f  inflam m atory signaling is thought to cause or contribute to a 

wide range o f  diseases. C rohn’s Disease and G uillain-Barre Syndrome are known to arise fi'om 

acute inflam m atory conditions. Persistence o f  the inflam m atory response is associated with the 

developm ent o f  chronic diseases such as rheum atoid arthritis. In addition, inflammatory 

m ediators released from cancerous cells m ay contribute to malignant progression o f  tum ours 

(Kulbe et al., 2005). M ore recently, it has been recognised that inflam m atory conditions that 

arise secondary to  many neurodegenerative diseases have been shown to contribute to the decline 

in cognitive function associated with neurodegenerative diseases (Griffin et al., 1995). A 

com m on link between these chronic conditions is the efficacy o f  non-steroidal anti-inflam m atory 

drugs (NSAlDs) in providing sym ptomatic re lie f to the patient, further indicating the role o f  

inflammation in their pathology (Rich et al., 1995, Harris et al., 1996, Deeks et al., 2002). The 

role o f  chronic inflam m ation in neurodegenerative diseases is discussed in more detail in section

1.5. The immune cells responsible for driving this inflammation e.g. macrophages, dendritic cells 

and m icroglia, are activated through activation o f  cell surface receptors which sense damage. A 

cascade o f  intracellular signaling often accom panies this process, which results in the 

upregulation o f  inflam m atory m ediators e.g. cytokines, com plem ent proteins, and cluster o f  

differentiation (CD) molecules.

1.1.5. LPS

PAM Ps are molecules associated with pathogens that are recognised by pattern recognition 

receptors (PRR) on the surface mem branes o f  immune cells. Experim ental tools used in the 

activation o f  PRRs include the synthetic m olecule PamjCSK^ and the endogenous bacterial- 

associated m olecule lipopolysaccharide (LPS), which activate toll-like receptor (TLR) 2 and 

TLR4 respectively. LPS is a large molecule which contributes to the structure o f  the outer
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m em branes o f  g ram -negalive  bacterial cell walls. It consists o f  covalently-bound m olecules o f  

lipid and polysaccharide. T L R 4 recognises  LPS and interaction between the two initiates an 

intracellular s ignalling cascade w hich  results in the upregulation  pro-inflam m atory  gene 

transcription. This process is described in m ore detail below.

1.2. M arkers o f  m icroglia l activation

A num ber o f  proteins are recognised  as m arkers  o f  microglial activation i.e. proteins that show a 

consistent pattern o f  upregulation  in response  to  stimuli know n to cause a change in the 

activation state o f  microglia. A lthough  the upregula tion  o f  these proteins is indicative o f  

functional changes  within the  microglial cell, it is unclear w hether  they  play a direct role in these 

functional changes. T able 1.1 outlines a num ber  o f  these markers. The m arkers exam ined in this 

thesis — C D l  lb , C D 40  and C D 68 -  are d iscussed in m ore detail below.

I'able 1.1. M arkers o f  m icroglial activation

M arker Function Cell  Types

C D l lb C licm otiixis; Leuk(x;vte adhesion  
and  m igration .

M icrog lia , m o n o c ) ^

C D 40 r-cc ll restiim ila tion ; Phagocytosis M icroglia . m acrophages, 
a strocy tes, endothelial cells

C D 68 A ntigen  p resen ta tion ; Phagoc\1osis M icrog lia , m acrophages

C’!)86 C o -stim ula tion ; antigen 
presenta tion

M icroglia , astrocytes

C D 80 C o-stim ula tion ; antigen 

p resen tation
M icrog lia , m acrophages

M tlC il A ntigen presen ta tion ; Phagocytosis M icroglia , m acrophages, astrocytes
ICAM C'ell adhesion M icrog lia , m acrophagcs. 

leukocytes, endothelial cells
C D 200R M icroglial deactivation M icroglia . m acrophages, 

m onocytes
C X 3C R I M icrog lia l deac tiva tion ; l-c e ll M icrog lia . m acrophages.

A dapted from Lynch, 2009.

m igration leukoc>1es, NK cells, astrocytes.

4



1.2.1. C D llb

Integrins are a family o f  receptors which m ediate cell-cell interaction, cell adhesion to 

extracellular matrix proteins and facilitate signalling pathways through their intracellular 

domains. They play key roles in developm ent, hom eostasis, immune response and leukocyte 

trafficking. The latter characteristics have implicated integrins in the developm ent o f  au to 

immune diseases. C D l lb  is a m em ber o f  the integrin family which is constitutively expressed on 

m onocytes, granulocytes, natural killer cells, m acrophages and m icroglia (Hynes, 2002, Solovjov 

et al., 2005). C D l lb  can bind to CD 18 to form the tw o subunits making up integrin aiviPa, which 

is involved in the adhesion and m igration o f  immune cells. C D l l b  expression is markedly 

increased in microglia when the cells are in an active state and upregulated in response to LPS 

and am yloid-P (AP) (Perera et al., 2001, Seabrook et al., 2006). In addition, C D l l b  is 

upregulated in brain tissue in many disease models including A PP/PSl transgenic mouse models 

o f  AD and experim ental autoim m une encephalom yelitis (EAE), a model for MS (Agnello et al., 

2002, Yan et al., 2003).

1.2.2. CD40

CD 40 is a co-stim ulation m olecule constitutively expressed at low levels on endothelial cells, 

astrocytes, m acrophages, microglia and other antigen-presenting cells. It is a m em ber o f  the 

tum our necrosis factor (TNF) receptor superfam ily o f  proteins. Interaction o f  CD40 with its 

ligand CD 40L induces signalling cascades, often by associating with TNF-receptor associated 

factor (TRAP) adaptor proteins, resulting in activation o f  immune cells. Signaling events 

dow nstream  o f  CD 40-CD 40L interaction can result in pro-apoptotic gene transcription, cell 

proliferation and differentiation. In addition, the upregulation o f  other proteins involved in 

antigen presentation, such as M HCII, and o f  genes encoding pro-inflam m atory cytokines IL -ip , 

tum our necrosis fac to r-a  (T N F-a) and IL-6 has been associated with CD 40-CD 40L interaction. 

CD 40 expression and signaling has been show to be upregulated in response to a variety o f  

stimuli, including LPS and T N F -a  (Arrighi et al., 2001, Qin et al., 2005).
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1.2.3. CD68

CD68 is a 1 lOkD, heavily glycosylated, m ucin-like membrane protein found on endosomal and 

cell-surface m em branes o f  m acrophages and m icroglia. It shares significant sequence homology 

o f  the mem brane proxim al and cytoplasm ic dom ains with a family o f  lysosomal proteins 

including LAMP-1 (Holness and Sim m ons, 1993). CD68 is thought to play a role similar to 

M HCII in antigen presentation and may also maintain the integrity o f  the lysosomal mem brane 

(Kurushim a et al., 2000). Digestion o f  m aterials phagocytosed by cells occurs in the lysosome, 

and the upregulation o f  CD68 on the surface o f  the lysosome is indicative o f lysosomal, and 

hence phagocytic, activity.

1.3. Cytokines

The pro-inflam m atory cytokines upregulated upon activation o f  microglia and astrocytes exist in 

low concentrations in the healthy brain, where they play important roles in cell-cell signalling. 

However under conditions o f  neurological stress their expression is increased and may lead to 

cytotoxicity. The main pro-inflam m atory cytokines implicated in neurodegeneration are IL -ip , 

IL-6 and TN F-a. Glial cells may also release chem okines which create a chemotactic gradient to 

prom ote the m igration o f  immune cells such as m acrophages and T-cells. Chemokines play an 

important role in the progression o f  chronic neurodegeneration, especially when altered BBB 

permeability allows peripheral immune cells to enter the CNS. Among the most studied 

chem okines are chem okine (C-C motif) ligand 2 (CCL2), interferon C-X-C m otif chemokine 10 

(CXCLIO) and (C-C motif) ligand 3 (CCL3). The major families o f  cytokines and chemokines 

are outlined in Table 1.2. while the cytokines examined in this study are described in more detail 

below.

6



T ab le  1.2. Cytokine  classification and  function

Classification

P ro-inf lam inator)  

A nti - in l lam m ato ry  

C X C  C h em okines

('C' C h em okines

C  C hem o k in es  
CX',C C h em okines

Im niunoregulatory

C 'oion)-st im ulat ing  factors

A ng iogen i c /11 brogen i c

I 'N t  Supcrllimil\

O ther

Cytokine

I L - l a .  l l . - i p .  IL-6. IL-7, IL-16. 
IL-17. IL-18
11,-lRA. 11.-4. II.-IO. IC i l ' -p i .  
I GI -P2. IL - l i '5 .  1L-IF6 
C X C L I ,  CXC1.2, C X C L 3 ,
C X C L 4 ,  C X C L 5 ,  C X C I.6 ,
C X C L 8.  C X C I.9 .  C X C I.IO  
CC1.2. C CI.3 .  C C L 4. C C M 7 .  
CC1.18. C C L I 9 .  CC1.20. C C L 22  
X C l . l .  X C L 2 
C X jC l . l

l l 'N a ,  IFNy. I1.-12. IL-23

C}-CSF. M-C'SF. ( iM -C Sl- .  11.3. 
SCI-
l lB - l i G r .  I l G t .  l GI -2. I GI a .  
VFXj F

T N F a .  H A IF .  C D 30I. .  C I)93L . 
I. rp .  R A N K L
HDNF. N G F. A m phiregulin .  
oncostatin .  PBEF

Function

Prom otion o f  sys tem ic 
inflammation
Suppress ion  o f  sys tem ic 
in llammation
C hem o tax is  o f  neutrophils ,
lymphocytes

C'hemotaxis o f  m onocytes.  NK
cells, dendrit ic  cells and I'-cells
C hem otax is  o f  T-cells
C hem otax is  o f  T-cells. monocytes;
leukocyte  adhesion
Im m u n e  cell activation; 'F-cell
ditTerentiation
Im m une  cell proliferation and
differentiation
Angiogencsis ;  F ibrogenesis Cell
g r o u th ,  proliferation.
diO'erentiation
Initiation o f  apoptotic  cell death

1.3.1. IL-lp

IL -ip  is believed to be secreted primarily by m icroglial cell. Tw o stimuli com bine to initiate the 

assem bly o f  inflam m asom es. These multi-protein com plexes contain a proteolytic enzym e, 

caspase-1, w hich cleaves p ro -lL -ip  into its soluble active product IL -ip  (Basu et al., 2004). In 

the presence o f  neurotoxic stim uli, such as would occur follow ing brain trauma or in 

neurodegenerative d iseases, m icroglia upregulate the synthesis o f  IL -ip  where it contributes to 

an exaggerated inflammatory response. The IL -ip  receptor has been localised on m icroglial cell 

membranes and this suggests that IL -ip  is involved in a feedback pathway, am plifying the 

expression o f  other pro-inflam m atory mediators such as IL-6, reactive oxygen species (R O S), 

nitric oxide and prostaglandins (V itkovic et al., 2000).
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1.3.2. IL-6

IL-6 operates prim arily as a pro-inflam m atory cytokine in the CNS, with some reported anti

inflam m atory effects (Pais et a l ,  2008). Like IL -ip , IL-6 is secreted from both activated 

microglia and astrocytes, with the latter seeming to bear responsibility for the majority o f  lL-6 

production (Van W agoner et al., 1999). LPS has been identified as a potent stimulator o f  IL-6 

from glial cells, and sim ilar effects were seen in glia cultured from brains o f  aged rats (Xie et al., 

2003). The upregulation o f  IL-6 is accom panied by an amplification o f  the inflammatory 

response. A lthough lL-6 itself contributes to this directly through its role as a pro-inflam m atory 

cytokine, it also exacerbates neuroinflam m ation further through its actions on other cells i.e. 

astrocytes (Xie et al., 2003). Binding o f  lL-6 to it’s receptor leads to phosphorylation o f  two 

kinases that associate with the receptor, Janus kinase (JA K )l and JAK2. These kinases 

subsequently activate STAT-1 and STAT3 which can initiate transcription o f  pro-inflam matory 

genes by translocating to the nucleus (Van W agoner and Benveniste, 1999). This pathway is 

known as the JA K -STA T signaling pathway and it is the prim ary route by which lL-6 signaling 

is transduced. Increased concentrations o f  IL-6 in the CNS have been reported in several 

neurodegenerative diseases including AD and PD (M ogi et al., 1996, Baranowska-Bik et al., 

2008).

L3.3. TNF-a

TN F-a is believed to  be absent, or present at extremely low concentrations, in the healthy CNS. 

TN F-a m RNA is expressed in much greater abundance than protein, and it was therefore 

suggested that upon appropriate stimulation, T N F-a mRNA is rapidly translated, leading to a 

spike in concentration o f  the cytokine im mediately following the insult or injury (Vitkovic et al., 

2000). Secreted TN F-a then acts in a sim ilar way to IL - ip  and IL-6, initiating a series o f  

inflam m atory responses in the brain. TN F-a acts on its receptors TN FRl and TNFR2 which 

differ in their cellular distribution and in their ability to bind mem brane-bound and/or soluble 

TN F-a. Binding o f  T N F-a results in trim erisation o f  TNF receptors and the dissociation o f  an 

inhibitory associated protein silencer o f  death dom ains (SODD). This facilitates the recruitm ent
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o f  T N FR l-associated  death domain protein (TRA D D ) to the death dom ain o f  the TNFR trimer. 

The binding o f  TRADD to TN FR may facilitate several signaling pathways with varying end 

results (W ajant et al., 2003). These include stim ulation o f  the mitogen activated protein kinase 

(MARK) pathway w hich may lead to cell proliferation, pro-apoptotic pathw ays that result in cell 

death and the N F -kB pathway which, as described earlier, results in the upregulation o f  pro- 

inflam m atory genes. M icroglial-derived T N F-a has been implicated in cell death associated with 

neurodegenerative diseases including AD and PD (Tw eedie et al., 2007).

1.3.4. CCL2

CCL2 is classed as a chem okine due to its small size, four conserved cysteine residues and 

ability to facilitate chemotaxis o f  nearby cells. A lthough CCL2 can be secreted by neurons and 

astrocytes, the prim ary source o f  the chem okine in the CNS are microglial cells (R ansohoff et al., 

1993, Ishizuka et al., 1997) although both astrocytes and m icroglia release CCL2 when exposed 

to LPS (Ling et al., 2010). Increased concentrations o f  CCL2 have also been reported to be 

associated with certain neurodegenerative disorders and anim al disease models, including AD 

and EAE (R ansohoff et al., 1993, Godiska et al., 1995, Ishizuka et al., 1997). In these cases, 

CCL2 was found to recruit macrophages and T-cells into the CNS. Pro-inflam m atory cytokines 

i.e. IL - ip , IL-6 and T N F -a  are thought to induce the release o f  CCL2, w hich in turn may act on 

nearby cells to facilitate the release o f  more pro-inflam m atory cytokines in a positive feedback 

cycle (C ota et al., 2000, Rankine et al., 2006).

1.3.5. CXCLIO

Like CCL2, CXCLIO is classed as a chem okine and acts prim arily to recruit macrophages, T- 

cells, N K  cells and dendritic cells. It is released by several cell types including fibroblasts and 

endothelial cells however the prim ary source o f  the chemokine are cells o f  the m onocyte lineage 

i.e. m acrophages and m icroglia (R ansohoff et al., 1993, Luster et al., 1995). CXCLIO can also 

facilitate the binding o f  T-cells to endothelial cells, and thus plays an important role in the 

trafficking o f  peripheral immune cells across the BBB (Dufour et al., 2002). Interferon-y (IFN-y) 

and LPS are potent stimulators o f  CXCLIO release from microglial cells (Luster et al., 1995, Ren
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et al., 1998). Increased concentrations o f  CXCLIO have also been reported in the CNS in EAE 

and in brains from patients with m ultiple sclerosis (R ansohoff et al., 1993, Gerard and Rollins, 

20 0 1 ).

1.3.6. CCL3

CCL3 is a chemokine known for its ability to selectively prom ote the migration o f  neutrophils 

and other granulocytes. It has also been shown to prom ote the upregulation o f  pro-inflam m atory 

cytokine genes (Karpus and Kennedy, 1997). Constitutive expression o f  this chemokine is low in 

resting m icroglia, however following exposure to LPS, T N F -a  or IL - ip  the CCL3 gene is 

upregulated and there is increased secretion o f  the protein (M cM anus et al., 1998). As with 

CCL2 and CXCLIO, increased expression and secretion o f  CCL3 has been associated with 

several disease models, including EAE and focal cerebral ischem ia (Karpus and Kennedy, 1997, 

Takam i et al., 1997).

1.4. Pro-inflam m atory signal transduction

Glial cells become activated through a variety o f  external stimuli. These include such diverse 

elem ents as cytokines, bacterial endotoxins, reactive oxygen species and toxic peptides e.g. A p. 

G lia recognise these elem ents through a diverse array o f  cell surface receptors which vary in 

their location on the cell mem brane, the m olecules they recognise and in the signals that they 

transduce. Extracellular stimuli are transduced into the cell through the initiation o f  signalling 

cascades following receptor activation. These cascades ultim ately result in the modulation o f  

gene transcription and changes in protein production which affect the fiinctional state o f  the cell. 

The IL l/T L R  superfam ily is one such group cell surface receptors which include the receptor for 

the pro-inflam m atory cytokine IL -ip , IL-1 receptor 1 ( IL - lR l)  and the TLRs and some o f  the 

structural features o f  these receptors are illustrated in Figure 1.1. The signaling pathways 

initiated by this family o f  proteins have em erged as a possible target for modulation as a means 

o f  achieving a balance in the immune system. A m em ber o f  the IL -l/T L R  family, single 

im munoglobulin IL - ip  receptor related molecule (SIGIRR) appears to have a negative
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regulatory effect on interleukin-1/toll-like receptor signaling. It has emerged as a possible target 

for novel anti-inflammatory therapies.

1.4.1. In terleukin-l/to ll-like receptor signaling

Members o f  the IL -l/T L R  superfamily o f  receptors are characterized by the presence o f  a 

conserved sequence called the Toll/IL-IR  (TIR) domain. This domain, located in the cytosolic 

region, is thought to participate in homotypic interactions with the TIR domains o f  other 

receptors and accessory proteins. It is through such interactions that signaling cascades initiated 

by members o f  the IL -l/T L R  superfamily are facilitated (Fitzgerald and O'Neill, 2000). The 

superfamily can be subdivided into two additional protein families based on their extracellular 

domains -  the IL - lR l  and TLR subgroups. Member o f  these sub-families are represented in 

Figure 1.1. The extracellular domains o f  members o f  the IL - lR l  subgroup are distinguishable 

by the presence o f  immunoglobulin (Ig)-like domains, whereas TLRs typically consist o f  

leucine-rich repeats. The IL - lR l  subgroup takes its name from the first protein in the IL-l/TLR  

superfamily to be described: the type 1 receptor, IL - lR l .  In its role as receptor for the ubiquitous 

pro-inflammatory cytokine IL - ip ,  IL - lR l  initiates signaling cascades that lead to the 

phosphorylation o f  the transcription factor NF-kB and the MAPKs, p38 and JNK (O'Neill and 

Dinarello, 2000). The toll subgroup comprises 13 members (TLR l-13) which are expressed in 

humans. TLR4, a receptor found on the surface o f  immune cells and is the most studied member 

o f  the family. The signaling cascades that follow LPS-induced activation o f  TLR4 are similar to 

those associated with interaction between IL - ip - IL - lR l  and result in phosphorylation ofN F-K B  

and the M APKs (Chow et al., 1999). This signaling cascade is illustrated in Figure 1.2. Certain 

accessory proteins thus have the ability to interact with either activated IL-1R1 or TLR4, so both 

receptors employ common signaling pathways in response to different stimuli (O'Neill and 

Dinarello, 2000). The end biological effect o f  this signaling pathway is the upregulation o f  genes 

that encode for pro-inflammatory molecules. The IL-IR /TLR superfamily is outlined in Table 

1.3.
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T ab le  1.3. In terleukin-1  R eceptor/T oll-like R eceptor S uperfam ily

Receptor Function Ligand(s)

I L - lR l C y to k in e  recep tor; pro- 

in flam m ato ry  signal 
transduction

IL-1

l l .- lR A c P i’ro-in llam m ator>  signal 

transduction

IL-1

IL -lR rp 2 I^ro-inflam m atory signal 
transduction

i L - i r 6

1L-18R I’ro-in flam m ato ry  signal 

transduction

IL-18

11.-RAPL i^ro-innam m atory  signal 

transduction

N /A

SIG IR R I)eco> recep tor N /A
I'lG lR R D ecoy recep to r N /A
I LRI F orm s d im er w ith TiJ-12; pro- Peptidoglycan . triac>l

in flam m atory  signal 
transduction

lipopro te ins, zym osan

T LR 2 Forn>s d im er w ith T1>R1; p ro- P eptidoglycan . lipoteichoic
inflam m ato ry  • signal acid , lipoprotein .
transduction lipoarab inom annan , zym osan,

am ylo id -p
ri.R 3 P ro -in flam m ato ry  signal 

transduction
ds RNA

11.R4 F’ro -in flam m ato ry  signal LPS, F p ro tein , hsp60 . ethanol.
transduction am ylo id -p

H ,R 5 Pro- i n n am m at or_v signal 
transduction

I'lagcllin

T I,R 6 in terac ts w ith  T L R 2; pro- 
in flam m atory  signal 
transduction

l.ipopro te in

T L R 7 P ro-in flam m atory  signal 
transduction

ss R N A , im iquim od

T L R 8 P ro-in flam m ato ry  signal 
transduction

ss R N A . im iquim od

'H .R 9 P ro-in flam m ato ry  signal 
transduction

LJnm ethslated C'pG DNA

T LR IO P ro-in flam m ato ry  signal 

transduction

N /A

M Y D 88 U niversal 1 LF  ̂adap to r N 'A

M ai A dap to r for T L R 2, T L R 4 N /A
I'rif A dap to r for TLR 3 N M

T ram A dap to r fo r 1 L R 4 N /A
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TLR4 TLR2 IL - lR l SIGIRR

Leucine Rich R e p ea ts

Cell M e m b ra n e

Toll / ln ter leuk in-1  R e cep to r  Domain I Ser447
Tyr536

Im m u nog lobu l in  Domain

Cys222
Leu305

F igure  1.1. T he In terleukin-1  R eceptor/T oll-L ike R eceptor S uperfam ily

Figure 1.1. illustrates the structural features o f  a subset o f  the IL -IR /TL R  superfam ily o f proteins. M em bers o f  the 

IL -IR /TL R  superfam ily share a highly conserved intracellular domain known as a TIR domain. For alm ost all 

m em bers o f  the family, the TIR domain enables the propagation o f  downstream signaling cascades by binding to 

intracellular TIR  dom ain-containing proteins such as MYD88. An exception to this rule is SIGIRR, which has two 

point mutation in its TIR domain which renders it unable to initiate signaling cascades. SIGIRR is also exceptional 

in its extracellular region, whose single Ig domain is not known to bind any ligand. The three Ig domains o f  IL -lR l 

act as a receptor for the pro-inflam m atory cytokine IL-1(3, w hile the leucine rich extracellular regions o f  TLR4 and 

TLR2 enable recognition o f  bacterial molecular patterns, LPS and flagellin respectively.
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TLR4 IL-lRl

■' 'j " " '-: i L - ip  1 II--1RACP

iTiT»T̂ '̂ylĈ ‘T'T
^MAl' ) J 2  MYD88 S

IBMl
UEMZJ

TRAF6

i TA K l

iKBa

N F - k B

Figure  1.2. IL -1R 1/T L R 4 signaling pathw ay

Figure 1.2. illustrates a signaling pathway comm on to IL - lR l , TLR4 and TLR2 when stimulated. These receptors 

recruit the TIR dom ain-containing accessory protein M yD88, which allows them to form heterodim ers with IL-IR - 

associated kinase 1 and 4 (IRAKI and 4), (Auron, 1998). IRAKI and IRAK4 are serine/threonine protein kinases 

which recruit the adapter protein TRAF-6. The receptor-IRAK-TRAF6 complex activates TAB-1 and TAK-1 which 

form a signalosome with IkB kinase (IKK) T he signalosom e rem oves the inhibitory protein nuclear factor o f  kappa 

light polypeptide gene enhancer in B-cells inhibitor-a (IkB a) from NF-kB, rendering it active. MyD88 and IRAK-1 

may activate the M APKs p38 and JNK independently o f  the signalosome, although any additional proteins required 

in this pathway rem ain unknown. Although the pathway described is common to both receptors, a number o f  other 

accessory proteins unique to each receptor determ ine the specificity o f  IL-IRI and TLR4 signaling (Auron, 1998, 

Fitzgerald and O 'Neill, 2000, O'Neill and Dinarello, 200Q).
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The IL -lR l and TLR signaling pathways play an integral role in the host response to  infection. 

However, inappropriate or excessive inflam m atory signaling m ay cause dam age to  the host 

tissue and can often give rise to secondary diseases or exacerbate an existing condition. 

Abnorm ally high concentrations o f  IL-1 and over-expression o f  gene products o f  IL - lR l 

signaling have been reported in patients with inflam m atory diseases such as rheumatoid arthritis 

and G uillain-Barre syndrom e and have been implicated in their pathogenesis (Eastgate et al., 

1988, Sharief et al., 1999). Chronic over-expression o f IL-1 P by activated microglia in the CNS 

has been associated with accum ulation o f  A p into plaques in neurons, and elevated 

concentrations o f  the cytokine have been shown to exert a negative impact on neuronal and 

synaptic function e.g., inhibiting spatial learning and long-term  potentiation (LTP) in the rat 

dentate gyrus (V ereker et al., 2000, M rak and Griffin, 2001). This suggests that a persistent 

increase in IL - ip  and AP signaling may be associated with the decline in cognitive function 

associated with AD.

Given the number and severity o f  diseases that may result from an excessive inflam m atory 

response, anti-inflam m atory drugs have long been prescribed for auto-im m une and auto-toxic 

diseases. N on-steroidal anti-inflam m atory drugs (NSAIDs) have proved effective in reducing the 

sym ptoms o f  diseases such as rheumatoid arthritis. N SA ID s have a broad spectrum  anti

inflam m atory effect, primarily achieved through cyclo-oxygenase inhibition. However, long

term treatm ent o f  chronic inflam m ation with N SA ID s is inadvisable due to reports o f  side-effects 

in the kidney and gastrointestinal tract (W helton and Hamilton, 1991, Laine et al., 2003). It is 

now thought that modulation, rather than suppression o f  the inflam m atory response is a more 

appropriate method o f  treating inflam m atory diseases. This has created a demand for small 

m olecules which interact with and modulate specific inflam m atory signaling pathways.

1.5. Chronic neuroinflam m ation

W hile it is acknowledged that the inflam m atory response is a necessary feature o f  host defence 

against infection and tissue dam age, dysregulation leads to dysfunction. Disorders resulting from 

an abnormal acute inflam m atory response vary in severity from painful swelling, partial
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paralysis associated with Guillain-Barre syndrome, to potentially fata! allergic reactions. In the 

context o f  the CNS, however, chronic inflammation, that is, an inability o f  CNS immune cells to 

remove a stimulus, results in a persistently activated phenotype and a shift in the ratio o f  pro- 

inflammatory cytokines to anti-inflammatory cytokines in the microenvironment. Chronic 

inflammation can be induced by a number o f  factors which may be related to changes in 

physiological processes with aging, through the presence o f  invading pathogens, chemical or 

physical insults or as a response to toxic peptide accumulation as occurs in some 

neurodegenerative disorders.

1.5.1. Aging and chronic neuroinflam niation

Aging is associated with significant neuronal loss and cognitive decline, and it is believed to be 

the strongest risk factor for the development o f  neurodegenerative diseases (Lucin and Wyss- 

Coray, 2009). There is growing evidence to suggest that the negative impact o f  aging on 

cognitive processes is due to chronic inflammatory changes that lead to the loss o f  neuronal 

fibers (Licastro et al., 2005, Griffin et al., 2006). The major cause o f  age-related chronic 

inflammation is thought to be increased oxidative stress resulting from impaired anti-oxidative 

mechanisms in cells which results in a build-up o f  ROS over time (Chung et al., 2009). It has 

been suggested that over time, mitochondrial DNA may become more susceptible to mutations, 

which alter respiratory function and anti-oxidant capacity o f  mitochondria leading to an 

imbalance between the production and clearance o f  ROS (Lin and Beal, 2006). Thus age-related 

mitochondrial dysfunction can result in an accumulation o f  ROS and ATP, both o f  which are 

capable o f  activating intracellular signaling proteins such as stress-activated protein kinases and 

N F-kB, although ATP is also recognised as a DAMP, inducing neuronal damage by interacting 

with P2X7R (Kim et al., 2002, Murphy et al., 2012). ROS accumulation in the CNS can enhance 

constitutive pro-inflammatory signaling cascades in microglia and other immune cells leading to 

the production o f  pro-inflammatory cytokines such as IL-1(3, T N F -a  and IL-6 and further 

production o f  ROS. These in turn are released from glial cells to act on neurons and other glial 

cells to amplify pro-inflammatory signaling cascades and contribute to neuronal damage and cell 

death, and helping to maintain an inflammatory microenvironment within the CNS. While age- 

related chronic inflammation alone can contribute toward neurodegeneration and cognitive
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decline, it also has the effect o f  m aintaining m icroglia in a hypersensitive, or primed, state. There 

is evidence to suggest that the primed m icroglia o f  the aged brain exhibit increased expression o f  

M HCll and C D l l b ,  indicative o f  activation, and exaggerated responses to pro-inflam m atory 

stimuli that may exacerbate inflam m ation and consequent tissue dam age (B lock et al., 2007, 

Lyons et al., 2007a, Cox et al., 2012). This is one o f  the reasons why age is the m ajor risk factor 

for neurodegenerative disorders driven by inflammation.

1.5.2. Neurodegenerative disease and chronic neuroinflamniation

N eurodegenerative diseases are characterised by the progressive loss, or deterioration in 

function, o f  neurons and neurite outgrowths in the peripheral nervous system  (PNS) and CNS. 

These diseases may be induced or exacerbated by environm ental factors but many are also 

associated with an underlying genetic mutation. A com m on factor in many neurodegenerative 

disorders is the accum ulation o f  toxic peptides, often m isfolded variants o f  endogenously- 

occurring proteins. One o f  the most well characterised proteopathic neurodegenerative disorders 

is C reutzfeld-Jakob Disease (CJD), a condition in which native proteins are induced to misfold 

and accum ulate in toxic concentrations within cells (Niimi et al., 2008). The result is progressive 

cell loss and deterioration in cognitive fiinction. M isfolded and aggregated toxic peptides have 

been associated with other neurodegenerative diseases, including PD and AD. In these diseases, 

protein aggregations may, in addition to directly inducing cell death, act as PAM Ps and stimulate 

a robust inflam m atory response which can exacerbate the effects o f  the disease.

1.5.3. Parkinson’s Disease

PD is characterised by the profound loss o f  dopam inergic neurons in the substantia nigra which 

progressively impairs m otor ftinction and other forms o f  cognition. O ne o f  the factors associated 

with the neuronal loss typical o f  PD is the accum ulation o f  a-synuclein  peptides into inclusions 

known as Lewy bodies, which can disrupt neuronal fijnctioning. Dopam inergic neurons in the 

PD brain are known to release a variety o f  factors, such as a-synuclein  and m atrix 

m etalloproteinase 3 (M M P3), which can induce the activation o f  m icroglia and the release o f  

ROS and pro-inflam m atory cytokines, which exacerbate the neuronal dam age and death typical

17



o f  the disease (Kim  et a!., 2005, Zhang et al., 2005). A lthough the activated m icrogha 

accum ulate in large num bers in the substantia nigra in the PD brain, they are also present in a 

num ber o f  other brain regions, including the hippocam pus (Im am ura et al., 2003). Mouse models 

in which a dopam inergic neurotoxin, 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine (M PTP), is 

used to mimic the neurodegeneration seen in PD, exhibit chronic microglial activation, and a 

sim ilar effect is seen in transgenic models o f  a-synuclein  overexpression (Harvey et al., 2008, 

Theodore et al., 2008). It has also been reported that T N F -a and IL - ip  as well as ROS, can 

contribute to neurodgeneration in PD (Hirsch and Hunot, 2009). It is w idely believed that the 

w idespread microglial activation and chronic inflammation typical o f  PD contributes to the 

progression o f  the disease and exacerbates many o f  its sym ptom s (Long-Sm ith et al., 2009).

1.5.4. A lzheim er’s disease

AD is the most com m on form o f  dem entia. The causes o f  the disease are not understood, 

however the greatest risk factor is age, while there is a strong genetic element associated with the 

early onset form o f  AD (Brookm eyer et al., 1998, Waring and Rosenberg, 2008). The presence 

o f  plaques com posed o f amyloid peptides and accum ulated hyperphosphorylated tau proteins in 

neurofibrillary tangles are indicative o f  the disease (Tiraboschi et al., 2004). There is evidence 

that sporadic AD is associated with persistently-activated microglia and a chronic inflammatory 

response w hich may contribute to progression o f  the disease and to the cognitive decline 

associated with AD (Khandelwal et al., 2011). This is also supported by early studies which 

indicated that long-term  treatm ent with anti-inflam m atories appears to delay the onset o f  AD 

(M cG eer and Rogers, 1992). One hypothesis is that the stimulus for the chronic inflammation 

associated with AD are A(3 peptides. Ap is formed when the proteolytic enzymes, P-secretase 

and y-secretase, cleave the amyloid precursor protein (APP) releasing the toxic A p peptides. This 

process is illustrated in Figure 1.3. It is believed that mutations in the genes coding for APP and 

presenlin-1, a com ponent o f  y-secretase, are responsible for early onset AD and transgenic mouse 

models overexpressing these genes have been developed to help elucidate the mechanisms 

underlying amyloid toxicity (Kurt et al., 2001). The A p peptides interact with cell surface 

receptors on glial cells and neurons e.g. RAGE, TLR2 and TLR4, to trigger signaling cascades 

and initiate inflam m atory responses. Receptors thought to interact with A p are listed in Table
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1.4. A(3 peptides also aggregate in and around neurons to form senile plaques which disrupt 

synaptic function and attract activated microglia, ultimately leading to neurodegeneration 

(Yankner et al., 1990, Qin et al., 2002). In vitro studies have demonstrated the ability o f  Ap to 

induce the activation o f microglia and to promote the release o f pro-inflammatory cytokines (Tan 

et al., 2002, Lyons et al., 2007b, Jiao et al., 2008). It was also demonstrated that ICV injection o f 

Ap induced an increase in the hippocampal expression o f  MHCll and IL -ip  (Lyons et al., 

2007b). Microglia that accumulate around senile plaques have been shown to be immunopositive 

for MHCH and CD68 (Akiyama et al., 2000, Gallagher et al., 2012). These studies demonstrate 

the close relationship between microglial activation and AD, and highlight the importance o f 

microglial activation as a target for treatments o f AD.

Table 1.4. Receptors for Antyloid-P

Receptor O ther ligands

1 L R 2 l’e p l id o g l> c a n .  l ip o te ic h o ic  ac id ,  l ip o p ro te in .  

1 i p o a ra b in  o m  an n a n . z \  m o s a n

H,[<4 LI’S. I' p ro te in .  h s p 6 0 .  e th an o l

RAGi-; A G i ; .  I IM C iB l .  SlOOh. M a c -1 ,  p h o s p h a t id y l  s e r in e

C ' l ) 3 6 / C I ) 4 7 / a 6 p i - i n l c g r i n C o l la g e n .  thromh<,)spondin. 1.1)1,. l ip o p ro te in s ,  lan i in in

S R - A l M o d l i l e d  L D L

S R -B I I.D I, .  I IDI.

a 7 - n i a ) t i n i c  r e c e p to r A c e ty l c h o l in e ,  n ic o t in e ,  a n a b a s in e

l o r m \ l  p c p l id e  rc c c p lo r N - lb rm y l  m e th io n in e
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S o lu b le  A PP-p

A m ylo id  P re c u rs o r  P ro te in  (APP)

A m yloid-]

i-s e c re ta s e

3  Cell M e m b ra n e

y -s e c re ta s e

N ic a s t r in

A P H -1

P r e s e n i ! in - 1

PE N -2
APP cy to so lic  f r a g m e n t

Figure  1.3. Form ation  of amyloid-P peptides

A p  p ep tid es are form ed w hen  integral m em b ran e A P P  is sequ en tia lly  c lea v ed  by transm em brane proteo lytic  

en zy m es, y -secreta se  c le a v e s  A P P  in the  transm em brane reg ion  o f  A P P  w h ile  P -secretase , w h o se  a c tiv e  s ite  is 

loca ted  extracellu larly , c le a v e s  th e  extracellu lar portion o f  A P P  (B en n ett et a l., 2 0 0 3 , P ortelius et a l., 2 0 1 1 ) . T h e  

p ro cess ca u se s  th e  re lea se  o f  so lu b le  A P P  fragm ents and to x ic  A p  p ep tid es o f  vary in g  len gths. T h e m o st com m on  

sp ec ie s  o f  A p  produced  by th is process are co m p o sed  o f  4 0  and 42  am ino  acid  resid ues. A lthou gh  both sp ec ie s  are 

to x ic  to  n eu ron s and stim ulate g lia l a ctiva tion , A P i^ 2  is  m ore fib r illo g en ie  and is  therefore m ore a sso c ia ted  w ith the  

form ation  o f  p laq u es seen  in A D . A  third en zy m e, a -se c r e ta se , is  cap ab le o f  c le a v in g  A P P  c loser  to  the  m em brane  

than y -secreta se  and represents a n o n -a m y lo id o g en ic  form  o f  A P P  p ro cessin g  (Y in  et a l., 2 0 0 7 , V a lle -D e lg a d o  et a l., 

2 0 1 0 ) . E ar ly-on set A D  has been  assoc ia ted  w ith  m utations in th e  g en es co d in g  for A P P  and  the  presen ilin -1  

co m p o n e n t o f  y -secreta se , illustrating the  central ro le  o f  a m y lo id o g e n e s is  in A D  p ath ology  (M urrell et a l., 1991 , 

S ch eu n er et a l., 1996).
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1.6. M odulation o f inflam m atory signalling

It is evident that inflammatory signalling plays an important role in the response to insults to the 

brain. It has also become clear that the dysregulation o f  inflammatory signalling associated with 

age and neurodegenerative disorders can have a devastating impact on neuronal viability and 

consequently on neuronal and synaptic function and therefore cognition. There are a number o f  

endogenous factors which exert direct and indirect effects on inflammatory cascades to either 

promote or inhibit inflammatory signalling. Changes in the expression or function o f  these 

factors are a characteristic o f  many neurodegenerative disorders. The following section will 

focus on a number o f  proteins which exert a negative regulatory effect on inflammatory 

signalling, acting as a break on the inflammatory response.

1.6.1. Fractalkine

Fractalkine is a chemokine which is expressed in a variety o f  tissues and can exist in a 

membrane-bound or soluble form (Bazan et al., 1997, Lyons et al., 2009). The membrane-bound 

form o f  fractalkine is found in abundance on neurons while its receptor is highly expressed on 

microglia (Harrison et al., 1998). This complementary expression o f  the chemokine and its 

receptor supports a growing body o f  evidence that describes a modulatory role for fractalkine on 

microglial activation. Exogenous application o f  soluble fractalkine has been shown to attenuate 

the LPS-induced increase in IL - lp  from rat mixed glia and microglia. This effect was also seen 

when glial cells were co-cultured with neurons, but the effect was lost follow'ing treatment with a 

fractalkine blocking antibody, suggesting that the neuronal membrane-bound form o f  fractalkine 

plays a similar role (Lyons et al., 2009). There is evidence which links this ability to modulate 

cytokine release from glia to cognition, as fractalkine-deficient mice exhibit reduced learning 

ability and LTP, which was reversed following application o f  IL - lR a  (Rogers et al., 2011). 

Fractalkine deficiency has been shown to negatively impact the regeneration o f  the olfactory 

epithelium due to an inhibition in the proliferation o f  progenitor cells and the increased 

recruitment and activation o f  macrophages (Blomster et al., 2011). However, there is evidence o f  

an alternative role for soluble fractalkine as a chemoattractant to peripheral immune cells. 

Increased fi-actalkine concentrations have been found in CSF o f  MS patients and fractalkine 

gradients have been shown to promote the migration o f  T-cells into the MS brain (Broux et al.,
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2012). A number o f  studies have investigated the role o f  fractalkine in other neurodegenerative 

diseases. There is conflicting evidence about its role in PD. Fractalkine concentrations in the 

CSF o f  PD patients appears to increase with the severity o f  the disease but it is unclear whether 

this is an indication o f  a protective response or due to the role o f  fractalkine as a chemoattractant 

for immune cells (Shi et al., 2011). Exogenously-applied fractalkine has shown differential 

effects in different models o f  PD, with microglial activation and dopaminergic neuron depletion 

observed in an MPP* model whereas, in a 6-hydroxydopamine (6-OHDA) infusion model, 

fractalkine suppressed microglial activation and reduced lesion size (Pabon et al., 2011, Shan et 

a!., 2011). There have also been conflicting reports o f  the role o f  fractalkine in AD. Reduced 

fractalkine concentrations have been observed in the plasma o f  patients with severe AD 

compared with mild AD or controls (Kim et al., 2008). Interestingly, fractalkine was also shown 

to be reduced in the brains o f  aged APPswe transgenic mice (Duan et al., 2008). Fractalkine- 

deficient APP-PSl mice have a profoundly altered CNS cytokine environment with reduced 

mRNA expression o f T N F - a  and CCL2 but increased IL - lp  mRNA (Lee et al., 2010). It remains 

unclear whether fractalkine has a beneficial or detrimental role in PD and AD. It is possible that 

the multiple functions o f  the chemokine cause it to have differential effects as the disease 

progresses, contributing to deleterious effects early on by promoting the migration o f  peripheral 

immune cells which exacerbate the negative effects o f  inflammation, but acting as an essential 

modulator o f  microglia as the cells develop and become chronically over-active in later stages.

1.6.2. Cluster o f Differentiation 200 (CD200)

CD200 is a transmembrane glycoprotein and member o f  the Ig superfamily o f  proteins (Wright 

et al., 2000). It is widely distributed on a variety o f  cell types, including neurons, and interacts 

with its structurally similar receptor CD200R which is located primarily on cells o f  the myeloid 

lineage (Wright et al., 2003, Lyons et al., 2007a). CD200 is thought to mediate in cell-cell 

interactions and is an important modulator o f  myeloid cells, including microglia (Lyons et al., 

2007a). Evidence to date suggests that it is one o f  the most important mechanisms o f  neuronal 

modulation o f  microglial function. CD200 exerts its effects through inhibition o f  the ras/MAPK 

signalling pathway. CD200R binds to CD200 and is tyrosine phosphorylated leading to the 

recruitment o f  adaptor protein downstream o f  tyrosine kinase 1 (D O K l) and DOK2. DO K l and

22



DOK2 are capable o f  interacting w ith and activating ras GTPase activating protein (RasGA P), 

which acts as an inhibitor o f  ras by enhancing its GTPase activity, inducing the non-signalling 

G D P-bound form o f  ras. This ultim ately reduces the activity o f  the transcription factors ERK, 

JNK and p38 and dam pens down the pro-inflam m atory gene expression they induce (Zhang et 

a!., 2004). Studies have revealed that ligand-bound CD200R interacts more strongly with DOK2 

than D O K l and that siRNA knock-dow n o f  D 0K 2, but not D O K l, disrupted CD200 signalling 

(M ihrshahi et al., 2009). It has been suggested that D O K l may be a negative regulator o f  DOK2 

signalling (M ihrshahi and Brown, 2010). Hoek and colleagues (2000) first revealed that 

microglia from CD200-deficient mice exhibited increased proliferation and activation com pared 

with controls and that lack o f  CD200 was associated with a more rapid onset o f  EAE (H oek et 

al., 2000). Glia prepared from CD 200-deficient mice were found to have increased expression o f 

m arkers o f  m icroglial activation in response to LPS and PamsCSIC^ (Costello et al., 201 la). The 

m odulatory effect o f  CD200 on glia may be im portant in m aintaining the integrity o f  synaptic 

transm ission, as impaired LTP was noted in hippocam pal slices from CD 200-deficient mice 

(Costello et al., 201 la). The effect o f  CD200 was investigated further in vivo and it was reported 

that a CD200 flision protein (CD200Fc) was capable o f  attenuating age and LPS-induced deficits 

in LTP in the rat hippocampus. CD200Fc treatm ent attenuated both age and LPS-induced 

m icroglial activation, suggesting that modulation o f  microglial activation by CD200 may have 

therapeutic potential in neurodegenerative disorders (Cox et al., 2012). This hypothesis is 

supported with evidence suggesting an impaired ability to induce CD 200R on m acrophages from 

patients with PD (Luo et al., 2010). In addition, there was an increase in m icroglial activation 

and neuronal loss, and an exacerbated impairment o f  m otor skills in a 6-OH DA mouse model o f  

PD treated with a CD 200R blocking antibody com pared with vehicle treated mice (Zhang et al., 

2011). Reduced expression o f  CD200 and CD 200R mRNA was also observed in hippocam pus 

from AD patients with specific reductions in neuronally-localised CD200 in regions affected by 

the disease (W alker et al., 2009). In addition, treatm ent with CD200Fc was capable o f  

attenuating AP-induced activation o f  glia and it was also capable o f  reversing the AP-induced 

impairm ent o f  LTP in hippocam pal slices (Lyons et al., 2012). These studies indicate that 

m odulation o f  m icroglial activation by CD200 m ay be impaired in neurodegenerative diseases 

and that the CD200-CD200R com plex may be a useftil target for potential therapeutics.
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1.6.3. SIGIRR

SIG IRR w as first discovered through expressed sequence tag database searching for proteins 

containing T IR  dom ains. It was classified as a m em ber  o f  the IL -I /T L R  superfamily because  o f  

the TIR  dom ain  contained within its intracellular domain. Although it is structurally sim ilar to 

IL - lR l ,  several d ifferences distinguish them . The extracellular dom ain  o f  IL -IR I consists  o f  

three im m unoglobulin-like  dom ains, w hereas  S IG IR R  possesses only one such dom ain  and 

cannot bind IL-1 (T hom assen  et al., 1999). T h e  am ino acid residues Ser447 and Tyr536 found in 

the conserved intracellular region o f  IL -IR I  have been replaced in SIG IR R  with C ys222 and 

Leu305 respectively, rendering SIG IR R  incapable o f  norm al IL-1 signaling (T hom assen  et al., 

1999, W ald et al., 2003). In addition, the intracellular dom ain  o f  S IG IR R  is 56 am ino acids 

longer than  that o f  IL -IR I .  A lthough S IG IR R  is m ore  closely related to the IL - IR  subfam ily  than 

the T LR  subfamily, its elongated  intracellular dom ain  is similar in length to the D rosophila  toll 

protein and it is capable  o f  m odulating  T L R  signaling (Thom assen et al., 1999). R N A  blot 

analyses have show n that S IG IR R  is ubiquitously  but differentially expressed in m ouse t issue  

and is found in greatest abundance in the kidney. It is also highly expressed in the colon, small 

intestine, and m odera te ly  expressed in the lung and in the liver on hepatic cells and in the spleen 

on splenocytes. Epithelial cell lines were found to have  the highest cell-specific expression. 

SIG IR R  is m odera te ly  expressed in dendritic cells w ith  lower expression on m acrophages (W ald 

et al., 2003). Isolated and cultured hum an N K  cells express high levels o f  SIG IR R  (Polentarutti  

et al., 2003). A lthough  initial f indings suggested that S IG IR R  is w eakly  expressed in the  brain, 

subsequent studies using R T -P C R  and im m unohis tochem istry  showed that S IG IR R  is present on 

prim ary neuronal cultures and secondary  astrocyte  and microglia cultures (W ald et al., 2003, 

Andre et al., 2005, Costelloe et al., 2008). In 2003, W ald and colleagues identified several 

features o f  S IG IR R  expression w hich  provided initial evidence that it acted as a negative 

regula tor  o f  T L R /IL -I  signaling. Exposure  to LPS typically  results in the upregulation  o f  

m em bers  o f  the IL - I /T L R  superfamily, particularly  I L - lR l  and TLR4. In contrast, S IG IR R  is 

dow n-regula ted  in m ouse  tissue by low concentrations o f  LPS. Jurkat and HepG2 cells w h ich  

over-express S IG IR R  exhibit m arkedly  reduced N F - kB activation when  exposed to IL-I but not 

IFN-y.
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In 2004, Garlanda and colleagues generated SIGIRR-deficient mice by homologous 

recombination, and this represented a major leap forward in the understanding o f  the function o f  

SIGIRR. It was reported that dendritic cells fi'om SIGIRR-deficient mice showed increase 

production o f  cytokines in response to a number o f  T L R  agonists, including LPS, and SIGIRR- 

deficient mice exhibited increased susceptibility to dextran sulphate sodium (DSS)-induced 

intestinal inflammation, underlining the importance o f  SIGIRR in the gut (Garlanda et al., 2004). 

SIGIRR-deficient mice, injected intraperitoneally with LPS displayed a mortality rate three times 

greater than wildtype mice. In addition, intraperitoneal injection o f  lL-1 in SIGIRR-deficient and 

wildtype mice resulted in the induction o f  greater concentrations o f  inflammatory chemokines 

for a longer duration in the SIGIRR-deficient mice. Enhanced N F -kB and JNK activation was 

observed in primary kidney epithelial and splenoc>1:e cell lines prepared from SIGIRR-deficient 

mice exposed to lL-1 and LPS, but not TN F-a . Polentarutti and colleagues (2003), injected wild

type mice with LPS and observed a partial down-regulation o f  SIGIRR in all tissue types that 

express the receptor under normal circumstances (Polentarutti et al., 2003). These results gave a 

strong indication that SIGIRR has a negative regulatory role in inflammatory processes. More 

recently, the effect o f  SIGIRR over-expression in 293 cells transfected with IL -lR l and TLR4 

was examined. It was reported that following exposure to IL-I or LPS, SIGIRR over-expression 

significantly attenuated N F-k B activation. No change in N F -kB activation was observed in cells 

treated with T N F -a  (Wald et al., 2003). Since the anti-inflammator>' effects o f  SIGIRR were 

observed in IL-1 and LPS-induced signaling but not in TNF or IFN-y-induced signaling, it 

appears that SIGIRR act specifically through the IL -l/T L R  superfamily.

In order to identify the mechanisms by which SIGIRR modulates TLR /IL -IR  signaling, 293 cells 

were transfected with an N F -kB responsive construct. They were then co-transfected with a full- 

length SIGIRR construct, or a truncated version o f  SIGIRR lacking either the 56 amino acid 

intracellular sequence absent in IL - lR l  or the entire intracellular portion o f  the receptor. 

Following exposure to IL-I, IL -lR l-m edia ted  NF-kB activation was inhibited by full length 

SIGIRR, but not by the truncated versions (Polentarutti et al., 2003). N F-kB activation was 

inhibited by a SIGIRR chimera lacking an extracellular domain but was unaffected by the 

chimera consisting o f  the extracellular domain only. From these results the authors concluded 

that the intracellular domain, but not the extracellular domain, o f  SIGIRR was necessary for
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inhibition o f  I L - lR l  signaling (Polentarutti  et al., 2003). Subsequent research by W ald and 

colleagues in 2005 investigated the interaction be tw een  S lG lR R  and several co m ponen ts  o f  the 

signaling cascades  induced by TLR4/1L-1R1 activation. A cell line was transfected  with I L - l R l ,  

T LR 4 and M D 2, exposed  to IL-1 or LPS for 5, 10 and 30 m inutes and then im m unoprecip ita ted  

with SIG IRR. It w as show n that S IG IR R  interacts w ith  the I L - lR l  signaling co m p lex  in a 

ligand-dependant m anner  as exposure to IL -I  resulted in endogenous S IG IR R  interacting with all 

analysed com ponen ts  o f  the T L R 4 /IL -IR I  signaling pathw ays transiently. This experim en t w as 

repeated using LPS as the stimulant and a  similar interaction was observed betw een  S IG IR R  and 

com ponents  o f  the T L R 4  signaling com plex . Further s tudy  investigated the dom ains  involved in 

SIG IRR-associa ted  inhibition. W ildtype S IG IR R  or S IG IR R  deletion m utants  lacking the 

extracellular im m unoglobulin  dom ain , the C -term inal dom ain  or the T IR  dom ain  were 

transfected into 2 9 3 IL -1 R I /T L R 4 /M D 2  cells and subjected to analysis for interactions. The 

results show ed that fo llowing exposure  to IL-1, w ild-type SIG IR R  interacted w ith  I L - l R l ,  

M Y D 88, IR A K  and T R A F 6 . H ow ever  S IG IR R  lacking an extracellu lar dom ain  was unable to  

interact with  any  com ponen t o f  the I L - I R l  signaling com plex . This ability w as also reduced in 

the mutant lacking a T IR  dom ain , how ever  deletion  o f  the C -term inal dom ain  had a negligible 

effect. The role o f  each  dom ain  in the inhibition o f  IL-1 s ignaling was determ ined  using S IG IR R  

deletion m utants  and observ ing  IL-1 induced N F -k B activation. W ildtype S IG IR R  inhibited N F- 

k B activation but this effect w as com plete ly  absent in the mutant lacking an  extracellu lar 

domain. S IG IR R  lacking a T IR  dom ain  had  limited ability to  reduce N F -k B activation w hile  the 

mutant lacking a C -term inus w as unim paired . Subsequent experim ents  revealed  that the 

extracellular im m unoglobulin  dom ain  is involved in preventing  the heterodim eriza tion  o f  IL-1 R1 

with IL - IR  accessory  protein  ( IL - lR A c P ) ,  a protein involved in determ ining the specificity  o f  

IL -IR I signaling, w hereas  L PS-induced  N F - k B and JN K  activation were  im paired  in the 

SIG IR R  m utant lacking a T IR  dom ain . S IG IR R  inhibition o f  IL-1 and LPS signaling via the T IR  

dom ain  w as  show n to  be achieved th rough  the sequestering o f  M Y D 88  and IR A K I .  Thus W ald 

and co lleagues (2003) concluded that interaction o f  S IG IR R  with  the IL -1R 1/T L R 4 co m p lex  w as  

necessary  for inhibition o f  IL - IR I /T L R 4  signaling. They  also h ighlighted  the differing 

m echanism s utilized by S IG IR R  to m odula te  I L - I R l  and T L R 4  signaling. In contrast to 

Polentarutti and co lleagues (2003), they  reported  that both the intracellular and ex tracellu lar  

dom ains o f  S IG IR R  w ere  required  for I L - l R l  inhibition, w hereas  TLR4 inhibition w as  m edia ted
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through the TIR domain only. Figure 1.4 illustrates the mechanisms through which SIGIRR 

modulates 1L-1R1/TLR4 signaling.
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Figure 1.4. S IG IR R  negatively regulates IL -1R I/TLR 4 signaling pathway

Figure 1.4. summarises the current understanding o f how SIGIRR modulates 1L-1R1/TLR4 signaling. SIGIRR is 

activated when IL - lR l or TLR4 are in their ligand-bound form. SIGIRR extracellular Ig domain interacts with IL - 

IR I to prevent its heterodimerisation with IL-lRAcP. This step results in substantial dovvnreguiation o f IL - IR I 

signaling. Although the intracellular TIR  domain contributes to this dovvnreguiation to a lesser degree, it is the 

primary component o f SIGIRR which is responsible for the negative regulation o f TLR4 signaling. It does this by 

.sequestering the adaptor proteins MYD88 and IRAK through homotypic TIR domain interactions. Activation o f 

downstream signal transducers in the absence o f these adaptor proteins is severely limited.
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H aving established a basic m echan ism  o f  action for S IG IR R , the focus began  to  sw itch  to the 

role it p lays in genera l physio logy . S IG IR R  is h ighly  expressed  in the  kidney, particularly  on 

renal tubular  epithelial cells and renal dendritic cells. T L R  signaling from these cells contribute 

to the pathology o f  infective pyelonephritis ,  a severe  urinary tract infection. Lech and colleagues 

(2007) discovered that S IG IR R  suppressed LPS-induced  upregula tion  o f  C C L 2 from renal cells. 

This effect was found to  be cell-specific, w ith  S IG IR R  on ly  negatively regulating  T L R 4 

signaling on  renal dendritic cells. A lthough the  recep tor is located in abundance on  tubular 

epithelial cells, T L R 4 signaling in these cells w as  unim paired . The researchers determ ined that 

this w as  a result o f  differential post-translational m odifica tions o f  S IG IR R  in the different cell 

types. It is apparent from this s tudy that renal tubular  epithelia l cells act as sensors o f  infection in 

the k idney and that m odulation  o f  inappropriate in flam m atory  responses by SIG IR R  is restricted 

to an tigen-presenting cells (L ech  et al., 2007). A later s tudy exam ined  the role o f  S IG IR R  in 

limiting tissue injury in the  post- ischem ic  k idney  and it w as show n that S IG IR R  has a 

m odula tory  effect on innate im m une s ignaling in the kidney. This was determ ined by the 

aggravated  upregulation o f  the inflammatory' m ediators m acrophage inflam m atory  protein 2 

(M IP-2), C C L2 and IL-6 in S IG IR R -defic ien t mice post- ischem ia  and w as accom panied  by 

increased m igration  o f  m yelo id  cells into the k idney contribu ting  to  a greater in flam m atory  

phenotype in SIG lR R -defic ien t  mice. C onsistent with  the previous study, upregula tion  o f  

inflam m atory  m edia tors  was m uch  g rea ter  in m yeloid cells from  lacking in S IG IR R  than tubular 

epithelial cells, confirm ing  the ce ll-specificity  o f  the recep to r  (Lech et al., 2009). A  s tudy o f  the 

role played by S IG IR R  in the  im m une  response to  k idney transp lan ta tion  found that in a  mouse 

m odel o f  k idney  transp lan ts  in w h ich  the introduced organ is spontaneously  accepted, expression 

o f  S IG IR R  is higher than  in naive organs. In addition, transplants  were  rejected in S IG IR R - 

deficient mice with an accom pany ing  increase in dendritic cell m aturation  (Noris  et al., 2009). 

This  s tudy suggested  that S IG IR R  may represent a ftiture therapeutic  target to improve transplant 

success. These  data  illustrate the role o f  S IG IR R  in dam pen ing  the inflam m atory  response  to 

infection and ischemia in the  k idney and in im m une accep tance  o f  o rgan  transplants. 

Interestingly, it w as  also suggested  that the im m unom odula to ry  actions o f  S IG IR R  m ay  act 

prim arily  th rough suppression o f T L R / I L - l R  s ignaling in cells o f  the m yeloid lineage.
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Further evidence o f  the ability o f  SIGIRR to negatively modulate TLR /IL-IR  signaling came 

from a model o f  Mycobacterium tuberculosis infection in SIGIRR-deficient mice. The mutant 

mice exhibited rapid death in comparison with wild-type mice, due to necrosis in the liver. Both 

mutant and wildtype mice had similar levels o f  cytotoxic and memory T-cells. SlGIRR-deficient 

mice had a higher rate o f  infiltration o f  myeloid cells into the lungs and this was accompanied by 

elevated levels o f  pro-inflammatory cytokines e.g. IL - ip  and TNF-a. Additional in vitro 

experiments confirmed that dendritic cells infected with M. tuberculosis produced greater 

amounts o f  several pro-inflammatory cytokines and chemokines. Blocking IL - ip  and T N F -a  

significantly reduced the mortality rate in the SIGIRR-deficient mice, emphasising their 

pathological role in M. tuberculosis toxicity (Garlanda et al., 2009). The increased susceptibility 

o f  SIGIRR-deficient mice to a rapid increase in inflammatory mediators emphasises the role 

SIGIRR plays in dampening excessive innate immune response to infection.

These recent data have indicated that SIGIRR represents a promising new target for the 

development o f  small molecule drugs to modulate signaling in the innate immune system. The 

specific targeting o f  TL R /IL -IR  signaling presents an opportunity to develop novel anti

inflammatory therapies without the broad spectrum effects that restrict long-term use o f  

NSAIDs. In addition, SIGIRR appears to act in a cell-specific manner. It has been shown in the 

kidney to act primarily on myeloid-lineage cells while leaving constitutive TLR/IL-IR signaling 

from other cell types unaffected. This feature is particularly important in the context o f  infectious 

disease when modulation, rather than suppression, o f  the innate immune response is more 

appropriate. Therapeutic targeting o f  SIGIRR has been hampered by the fact that thus far, an 

endogenous ligand has yet to be identified. It is clear that many questions remain regarding 

activation o f  SIGIRR. Answering these questions may see SIGIRR emerge as the newest target 

for anti-inflammatory therapies.
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Figure 1.5. Chronic neuroinflammation in aging and neurodegenerative disease

Figure 1.5. illustrates some o f the many processes that contribute to chronic neuroinflammation and highlights the 

interaction between microglia and neurons in these processes. (1) Inflammatory signaling can be initiated by a 

number o f factors such as the increase in ROS associated with age and the interaction o f toxic proteins e.g. A(3 on 

cell surface receptors. Signaling may be modulated by cell surface proteins such as SIGIRR. (2) Activated microglia 

release a wide variety o f cytokines in order to signal to adjacent glia to participate in the inflammatory process. 

Activated microglia also produce ROS which may accumulate i f  activation is prolonged. (3) An acute inflammatory 

response is usually terminated when the noxious insult is removed by the activated microglia. Proteins such as 

CD200 and Fractalkine, often found on neuronal membranes, interact with their receptors on microglial cell 

membranes and induce the cells to return to a “ deactivated"’ phenotype. (4) I f  the inflammatory stimulus is 

persistent, such as the Lewy bodies or senile plaques associated with PD and AD, microglia can become chronically 

activated leading to a build-up o f toxic factors which exacerbate neurodegeneration. (5) Damaged and dying neurons 

release a number o f factors which further activate microglia, creating vicious cycle o f chronic inflammation and 

neurodegeneration.
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1.7. Aims

Although a large and growing number o f  researchers have examined the role o f  SIGIRR in 

modulating inflammation in a variety o f  peripheral cell types and systems, thus far there has been 

a dearth o f  studies examining the effects o f  S lG lRR on inflammatory signaling in the brain. With 

the increasing evidence linking dysregulated inflammation with the neurodegeneration and 

cognitive decline characteristic o f  age and disease, it is vital to increase our understanding o f  the 

endogenous mechanisms that exist to modulate these processes. Endogenous modulators o f  

inflammation represent a ready-made target for potential therapeutics for diseases with an 

inflammatory component. The overall aim o f  this study to investigate the modulatory effects o f  

SIGIRR on glia.

One o f  the most effective means to understand the physiological function o f  a protein is to 

analyse the effect o f  its absence on physiological processes. To  this end, the production o f  pro- 

inflammatory cytokines and chemokines and the upregulation o f  markers o f  glial activation were 

investigated in cultured mixed glia, astrocytes and microglia prepared form SIGIRR-deficient 

mice, and compared with responses in wildtype mice. The effects o f  TLR4, IL-IRI  and TLR2 

stimulation were examined using the bacterial endotoxin LPS, the pro-inflammatory cytokine IL- 

ip ,  the synthetic TLR2 agonist PamsCSIC^ and A(3 respectively. The aim o f  these experiments 

was to assess whether the modulatory effect o f  SIGIRR on TLR and IL- IRI  signaling in 

peripheral immune cells extended to glia, the immune cells o f  the CNS.

This investigation was continued in an in vivo study to investigate the ability o f  SIGIRR to 

modulate various aspects o f  the inflammatory process in the brain which are associated with 

aging and Ap toxicity. This was achieved using intrahippocampal injections o f  Ap in young and 

middle-aged mice wildtype and SIGIRR-deficient mice as models o f  Ap toxicity, aging and 

SIGIRR-deficiency. It was hypothesized that any effects o f  SIGIRR-deficiency observed in the 

in vitro experiments would be replicated in vivo, and that this study would provide further 

information about the physiological role o f  SIGIRR in the brain.
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Finally, a series o f  experiments was conducted to investigate possible mechanisms to exploit the 

potential o f  SIGIRR as an anti-inflammatory agent in the brain. These included: an investigation 

o f  the anti-inflammatory cytokine IL-1F5 as a potential ligand for SIGIRR; the use o f  a SIGIRR 

fusion protein (SIGIRR/Fc) to investigate homotypic activation o f  SIGIRR; an investigation o f  a 

TREM-1 blockade as an indirect enhancer o f  SIGIRR expression and finally an attempt at 

molecular cloning o f  SIGIRR in order to drive over-expression o f  SIGIRR.
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Chapter 2: Methods



2.1. Preparation of cultured mixed glia, microglia and astrocytes

2.1.1. Preparation of cultured cortical mixed glia from wildtype and SIGIRR'^' mice

Prim ary cortical m ixed glia were prepared from  postnatal 1-day old C 5 7 B L /6  and S I G I R R "  

mice, supplied  by B ioResources Unit in Trin ity  College, Dublin 2. D issection instruments were 

sterilised in 70%  ethanol. Mice were decapita ted, brains were  rem oved  and cortices were 

d issected  free using a sterile forceps. The cortices w ere  c ross-chopped  using a sterile scalpel and 

incubated  in w arm  D ulbecco ’s M odified  Eagle  M ed ium  (D M E M ; S igm a Aldrich, UK) 

supp lem ented  with fetal c a l f  serum  (10%; G ibco, UK), penicillin (lOOU/ml; G ibco, UK) and 

s treptom ycin  (lOOU/ml; G ibco, UK) (5 min, room  tem pera ture) . T issue w as  triturated using a 

sterile Pasteur pipette, filtered through a nylon m esh  filter (4 0 ^ m ;  B D  Biosciences, US) and 

centriftiged (2000rpm , 3 min, 20°C). The pellet was re-suspended  in D M E M  (1.5ml) and aliquots 

o f  re-suspended  glia (250|j.l) were plated onto each well o f  a 6-well plate (Sarsted, Germany). 

Glia w ere  left to  adhere  for 2 h in a humidified incubator, 5%  C O 2, 9 5 %  air at 37°C, before wells 

were  f looded  w ith  w arm  supplem ented D M E M  (1.5ml). M edia  w as  ch anged  every  3 days and 

g row n for 10-14 days before treatment. M ixed glia prepared according to  this p rotocol have been 

show n to  consist o f  approxim ately  70%  astrocytes and 30%  microglia  as assessed by expression 

o f C D l  l b  using f luorescence activated cell sorting (FA C S) (Costello  et al., 2011).

2.1.2. Preparation of isolated cortical microglia and astrocytes from wildtype and SIGIRR' 

mice

Prim ary cortical m icroglia  and astrocytes were  isolated from  postnatal on e -d ay  old C 57B L /6  and 

SIGIRR'^' mice. N eonates  were decapita ted  and cortical tissue prepared  as described above, 

how ever  fo llow ing resuspension, glia were  plated into T25 flasks using a plastic Pasteur pipette 

and left in the incubator to allow the cells to  adhere. After  2 h, the f lasks were  f looded with 

w arm  com ple te  D M E M  (6ml). After 24h the m edia  w as rem oved and replaced with  com plete  

D M E M  conta in ing  m ononuclear  phagocyte  co lony  s tim ulating fac to r  (M -C SF; 20ng/ml, R & D  

System s, U K ) and granulocyte  m acrophage co lony  stimulating factor (G M -C S F ; lOng/ml, R & D  

System s, UK). M edia  w as replaced with fresh m edia  supplem ented  w ith  M -C S F  and G M -C S F  4
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and 8 days after culturing. O n day 10 the flask s (neck  and cap) w ere w rapped w ith  parafilm  to  

m ake them  airtight and placed on an orbital shaker and shaken (2  h, 1 lOrpm, room  tem perature) 

in order to detach adherent m icroglia . T he flasks w ere returned to the hood and each on e w as  

tapped 10 tim es and the supernatants w ith  su spend ed  m icroglia  from  all the flasks w as poured  

into a new  50m l Falcon  tube, w hich  w as centrifu ged  (2000rp m , 3 m in, 20°C ). The supernatant 

w as rem oved  and the resu lting p ellet w as resuspended  in co m p lete  D M E M  (2m l). The m icroglia l 

ce lls  w ere counted  and eq u alised  to a ce ll d en sity  o f  1x10^ ce lls /m l. The m icroglia l c e lls  w ere  

plated into 6 -w e ll p lates and incubated for 2 h in 5% C O ‘ at 3 7 “ C to a llow  the ce lls  to adhere, 

then flood ed  w ith  co m p lete  D M E M  (1 .5 m l). The astrocytes rem aining in the fla sk s w ere w ash ed  

w ith sterile IX  PB S and incubated in tryp sin -E D T A  (1 .5 m l) at 37°C . The flask s w ere  

p eriod ica lly  ob served  and w hen  there w as v is ib le  lifting o f  the ce ll layer, they w ere tapped 10 

tim es and the ce ll su sp en sion  from  all the flasks w as poured into a n ew  50m l Falcon tube. T his  

w as centrifuged  (2000rp m , 3 min, 20°C ), the supernatants w ere rem oved and the p ellet w as  

resuspended in co m p lete  D M E M  (2m l). The astrocytes w ere counted  and equalised  to a d en sity  

o f  1x10^ ce lls /m l. T he c e lls  w ere plated into 6 -w e ll p lates and incubated for 2 h in 5% C O 2 at 

3 7 “C to a llo w  the ce lls  to  adhere, then flo o d ed  w ith  1.5m l co m p lete  D M E M . Isolated astrocytes  

and m icrog lia  prepared accord ing to this protocol have been sh ow n  have purity o f  > 90%  and 

> 95%  resp ective ly  as a ssessed  by exp ression  o f  C D l lb  u sing  flu orescen ce activated  ce ll sorting  

(F A C S ) (C o w le y  et al., 2010 ; D en ie ffe , U npublished  data).

2.2. Cell treatments and harvesting

A ll agen ts used  to  treat ce lls  w ere diluted to  required con centrations in pre-w arm ed  

su pp lem ented  D M E M  and all so lu tion s w ere filter-sterilised  through a 0 .2(im  ce llu lo se  acetate  

m em brane filter.

•  L ip op olysaccarid e (L PS; S igm a A ldrich, U K ) w as d iluted  to a final concentration  o f  10- 

lOOng/ml in su pplem ented  D M E M . C ells  w ere treated for 24h  w ith  LPS.
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•  I L - ip  (R & D  S ystem s; U K ) w as prepared as a stock  so lu tion  in sterile p hosp hate-b uffered  

sa line (P B S ) and 0 .1%  B S A  and d ilu ted  to the desired con centration  o f  lO n g/m l in 

su pp lem ented  D M E M . C ells w ere treated for 2 4  h w ith  IL -ip .

•  Pam 3C SK 4 (In v ivogen , U K ) w as prepared as a stock  solu tion  in sterile w ater and w as  

d iluted  to a final concentration  o f  10 n g/m l in su pp lem ented  D M E M . C ells  w ere treated  

for 2 4  h w ith  Pam 3C S K 4 .

•  A m ylo id -p M o (A P m o) and A P m 2 (Invitrogen; U S ) w ere aggregated  accord in g  to  the 

m anufacturer’s instructions. A P m 2 w as d isso lv ed  in sterile, d istilled  w ater to a 

concentration  o f  6 m g /m l and then further d iluted  to a 1 m g/m l stock  so lu tion  w ith  PB S  

(S IG M A , U K ). A P i4 o w as d isso lv ed  in P B S to  a concentration  o f  1 m g/m l. A P i^ o peptide  

w as aggregated  for 2 4  h at 25°C  and the A P i^ 2  peptide for 4 8  h at 37°C . A ll stock  

so lu tion s w ere a liq u oted  and stored at m inus 20°C  until required. C e lls  w ere incubated  

w ith  a cock ta il o f  A P m o (4 .2 |aM ) and A P m 2 (5 .6 fiM ) for 24  h.

•  IL -1F5 (E n zo L ife S c ien ces , U K ) w as prepared as a stock  so lu tion  in sterile w ater. C ells  

w ere pre-treated w ith  IL-1F5 (3(j,g/m l) for 2 h and co-in cu bated  in the p resen ce o f  IL - ip  

(lO ng/m l; R & D  S ystem s, U K ) for a further 2 4  h.

•  SIG IR R /F c (R & D  S ystem s, U K ) w as prepared as a stock  so lu tion  in sterile P B S . C ells  

w ere pre-treated w ith  SIG IR R /Fc (0.5-5|Lig/m l) for 2 h and co-in cu bated  in the p resen ce  

or ab sen ce o f  L PS (lOOng/m l; Enzo L ife S c ie n c es , U K ), or I L - ip  (lO n g/m l; R & D  

S ystem s, U K ) for a further 24 h.

•  T R E M lF c  (R & D  system s, U K ) w as prepared as a stock  so lu tion  in sterile P B S . C ells  

w ere pre-treated w ith  T R E M -l/F c  (2 -lO n g /m l) for 3 0  m in and co -in cu b ated  in the 

p resen ce or ab sen ce o f  LPS (1 0 -1 0 0  ng/m l; E n zo  L ife S c ien ces , U K ) for a fijrther 6, 12 or 

24  h.
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Following the indicated treatm ents; supernatants  w ere  rem oved  and placed in 1.5ml tubes (F isher 

Scientific; U K ) for later cytokine and chem ok ine  analysis. Cells used for po lym erase  chain  

reaction (PCR) were harvested by w ashing  in sterile Ix  PBS and lysed in R A l buffer (M acherey-  

Nagel; US) containing P-m ercaptoethanol (1:100 dilution; S igm a Aldrich; UK) and stored at - 

80 °C  in R N ase  free tubes (M edical Supply  C om pany; Ireland) for later analysis o f  m essenger 

ribonucleic acid (m R N A ) expression. Cells  used for  w estern  im m unoblotting  w ere  harvested  by 

w ashing  once in sterile Ix  PBS and lysed in ice-cold lysis buffer (100)il; lOmM Tris FlCl, 50nM  

NaCl, lOmM N a 4P2 0 7 .H20, 50m M  N aF, 1% Igepal, 1:100 dilu tion  phosphatase inhibitor cocktail 

I and II, 1:100 dilution protease inhibitor cocktail; Sigma, UK), scraped o f f  and stored at -8 0 °C  

in fresh 1.5ml tubes.

2.3. Analysis of mRNA by reverse transcriptase polymerase chain reaction (RT-PCR)

2.3.1. RNA Extraction

m R N A  w as extrac ted  from cortical and hippocam pal tissue from w ildtype and S I G I R R "  mice 

treated with saline o r  A p  and lysates o f  mixed glia, m icroglia  and astrocytes prepared from 

wildtype and SIG IR R  " m ice trea ted  as described above. Tissue w as hom ogenized with  tw o 

separate 5s pulses with a sonocator. Cells w ere  scraped from 6-well plates in a cell lysis buffer 

contain ing R A l  buffer and 2-m ercap to -e thano l (100:1). Tissue hom ogenate  and cell lysates w ere  

filtered using N ucleoSpin  filters, collected in an E p p e n d o rf  tubes  and centrifuged (11 ,000  x g, 1 

min). E thanol (70% , 350|j,I) w as added to the filtrate, mixed and loaded onto N ucleoSpin  R N A  II 

columns. Tubes were  centrifuged (8 ,000 x g, 30s) and the R N A  binds to the column. The silica 

m em brane  w as  desalted  by adding  m em brane  desalting buffer (350)j1) and centrifuged (11 ,000  x 

g, 1 min) to  dry the m em brane. T o  digest the D N A , D N ase reaction mixture (95^1) was added  to 

the co lum n and incubated at room  tem perature  for 15 min. The silica m em brane was w ashed  and 

dried. R N A  w as  elu ted  by adding R N ase  free H 2O and centrifuged (11,000 x g, 1 min) and R N A  

concentration  w as  quantified using a nanoD rop-spec tropho tom eter  (N D -1000  V3.5, N anodrop  

T echnologies  Inc., USA).
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2.3.2. Reverse transcription for cDNA synthesis

Total mRNA (l|.ig) was reverse transcribed into cDNA using high-capacity cDNA archive kit 

(AppHed Biosystems, Darmstadt, Germany) according to the protocol provided by the manufacturer. 

Briefly, RNA (Ifxg) was added to fresh tubes containing the appropriate volume o f  nuclease-free H2 O 

to make a 25|il volume. A 2x mastermLx was prepared containing the appropriate volumes o f  lOx RT 

buffer, 25x dNTPs, lOx random primer multiscribe reverse transcriptase (50U/|.il). The mastermix 

(25|il) was added to the RNA and nuclease free H 2 O. Tubes were incubated for 10 min at 25°C 

followed by 2 h at 37°C on a thermocycler (PTC-200, Peltier Thermal Cycler, MJ Research, 

Biosciences Ireland)

2.3.3. cDNA amplification by RT- PCR

Real-time PCR primers and probes were delivered as “TaqM an®  Gene Expression Assays” for 

the mouse genes CD40, CD68, C D llb , IL-6, T N F-a, CCL2, CXCLIO, CCL3, IL - lR l,  TLR2, 

TLR4, RAGE and SIGIRR (Applied Biosystems, Darmstadt, Germany). Real-time PCR was 

performed on Applied Biosystems ABl Prism 7300 Sequence Detection System  v l.3 .1 in  96-w ell 

format and 25^1 reaction volume per w'ell. cDNA sam ples (200pg/well) were mixed with 

TaqM an Universal PCR M astermix (Applied Biosystems, Darm stadt, Germ any) and the 

respective target gene assay. Mouse P-actin RNA (# 4352341E, Applied Biosystems, Darmstadt, 

Germ any) were used as reference. Each sample was measured in a single RT-PCR run. Forty 

cycles were run with the following conditions; 2 min at 50°C, 10 min at 95°C and for each cycle 

15s at 95 °C for denaturation and I min at 60°C for transcription.

2.3.4. PCR Quantification

The expression o f  each target gene was determ ined using the efficiency-corrected com parative 

CT method. Target genes in different samples were com pared to a reference gene (p-actin) and 

the relative differences between samples were expressed as a ratio. Values are expressed as 

relative quantities o f  specific genes (7300 real-time PCR software. Applied Biosystems, USA).
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2.4. Analysis of cytokine concentrations

2.4.1. Preparation of samples

The concentrations o f  IL-6, T N F -a, CCL2, CXCLIO and CCL3 were assessed by ELISA in 

supernatants from mixed gha, m icroglia and astrocytes prepared from 1-day old w ildtype and 

S IG IR R '' mice.

2.4.2. General ELISA protocol

In all cases 96-well plates were incubated overnight at 4°C with capture antibody (50(il; see 

Table 2.2 for specific details). Plates were washed 3 times with wash buffer (PBS containing 

0.05%  Tween-20) and incubated at room  tem perature for Ih in blocking buffer (200).il; see Table

2.2 for specific details). Plates were washed 3 tim es with w ash buffer and incubated at room 

tem perature for 2h with sam ples and standards (50 |il in duplicate; see Table 2.2 for specific 

details). Plates were washed 3 times with wash buffer and incubated at room tem perature with 

detection antibody (50^1; see Table 2.2 for specific details). Plates were washed 3 times with 

w ash buffer and incubated in the dark at room tem perature for 30 min with horseradish 

peroxidase-conjugated streptavidin (strep-H R P) (50fil; 1:200 dilution in assay diluent; see Table

2.2 for specific details). Plates were washed 3 times with wash buffer and incubated with 

substrate solution (50 |il; 1:1 H202:tetramethylbenzidine; R&D Systems, US) in the dark at room 

tem perature until colour developed (approxim ately 20 min). The reaction w as stopped using stop 

solution (50f.ll: IM  H2SO4) and absorbance was read at 450nm  using a 96-w ell plate reader. 

Sample concentrations were determ ined wit reference to a standard curve, which was made up 

by plotting the concentrations o f  the standards with their m easured absorbances. Cytokine 

concentration was expressed as pg/ml o f  supernatant.
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2.5. Analysis of Protein expression and phosphorylation

2.5.1. Protein Quantification

H ippocam pal tissue w as  hom ogen ised  in lysis buffer  (lOOjil; lOmM  Tris HCl, 5 0nM  NaCl, 

lOmM Na4P20y.H20, 50m M  N aF , 1% Igepal, 1:100 dilution phosphatase  inhibitor cocktail I and 

11, 1:100 dilution protease inhibitor cocktail; S igm a, UK). The protein concentra tions were  

assessed using bic inchonin ic  acid (B C A ) protein  assay  kit (Pierce, The  N etherlands). Standards 

(Omg/ml-1 mg/ml; m B S A ),  and sam ples  (diluted 1:10) were added  to  the  96-w ell  plate in 

triplicate and duplicate  respective ly  (25|.il/well). Pierce BCA  reagent (200|,il/well; 1:50 Reagent 

B to  Reagent A) w as  added to  the p late  and sam ples  were incubated for 30 min at 37°C. The 

optical density  w as  de term ined  by m easuring  the absorbance  at 565nm. Protein concentra tions 

w ere  calculated relative to the s tandard  curve  and w ere  equalised in sam ples  using lysis buffer 

and 4x  Tris-g lycine sam ple  buffer  (0 .5M  Tris-hydrogen  chloride (H C L ) pH 6.8, 2 5 %  SDS 

solution, glycerol, b rom opheno l blue, 1:100 dilution p-m ercap toethano l in d H 2 0 ,).

2.5.2. Western Blotting

Sam ples  equalised for protein  (30 |ig )  w ere  heated at 70-95°C for 3 min and separated  on  7%  or 

10% Tris-glycine gels  (com position ; 3 0 %  acry lam ide; H 2O; 4 x  SPA  buffer: 1.5M T ris /Sod ium  

dodecyl sulfate (S D S ) 0 .2% , pH 8.8, 10% A m m o n iu m  persulfate  (A PS) and

Tetram ethy le thy lened iam ine  ( tem ed)) . M ag icM ark ™  X P protein standard (Invitrogen, Ireland) 

and S eeB lue®  Plus2 Prestained S tandard  Ix  (Invitrogen, Ireland) w ere  loaded on the gel to  allow 

direct v isualisation o f  protein  s tandard  bands on  the  blot with and w ithou t  chem ilum inescence  

respectively. Proteins were  transferred  to 0.2 or  0.4|.iM nitrocellulose m em brane  and b locked  in 

Tris-buffered-saline-O .05%  T w een  20 (T B S -T ) (com position; 20 m M  Tris-H C l,  150m M  N aCl, 

0 .05%  T w een 20) and 5 %  dried m ilk  at room  tem pera ture . M em branes  w ere  incubated  overn igh t 

at 4°C with p r im ary  an tibody  (see tab le  2.3), w ashed , and incubated w ith  the appropria te  

peroxidase-conjugated  secondary  an tibody  for I h at room  tem pera tu re  (see table 2.3).
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Immunoreactive bands were detected using enhanced chem ilum inescence. B lots were stripped 

(Re-blot plus; C hem icon, US) and reprobed for P-actin (see table 2.3; Sigm a, UK). Im ages were 

captured using the Fijifilm  L A S-4000 system  and the image reader L A S-4000 package.

2.6. Animals

Male and female, young (3 months) and m iddle-aged (12-14  months), C57BL/6 m ice and 

SIGIRR"' m ice were supplied by Bio-resources unit, Trinity C ollege, and gifted by Alberto 

Mantovani (Istituto Clinico Humanitas, M ilan) respectively. Anim als were maintained in the 

B io-resources Unit, Trinity C ollege Dublin, under veterinary supervision and were housed in a 

controlled environment under a 12 h light-dark cycle at an ambient temperature o f  22 -23°C . A ll 

animals used in these studies had access to normal laboratory chow  and water on an a d  libitum  

basis. Experiments were performed under license fi'om the Department o f  Health and Children 

(Ireland) and with ethical approval from the local ethics com m ittee in Trinity C ollege Dublin, in 

com pliance with the Cruelty to animals act, 1876 and the European Community D irective, 

86/609/E C . Every effort was made to m inim ise stress to the animals at all stages o f  the study.

2.6.1. Treatm ent with Am yloid-P and Saline

W ildtype and SIG IRR" m ice w ere anaesthetised with Avertin (20fil/g; Sigm a Aldrich; Ireland), 

deep anaesthesia was confirmed by the absence o f  a pedal reflex. Once anaesthetised, young and 

m iddle-aged, w iltype and SIG IR R " m ice were randomly assigned into treatment groups (n=6-8  

animals per group). Young and m iddle-aged Ap-treated animals o f  both genotypes received a 

cocktail o f  APm o/m 2 (5|J.1; 2 .7 5 |il A P m 2, 2 .25 APi^omO intrahippocampally whereas young and 

m iddle-aged control animals o f  both genotypes received an intrahippocampal injection with  

sterile saline.
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2.6.2. Dissection and preparation of tissue

Animals were sacrificed 4 h post-treatment by decapitation. The brain was rapidly removed and 

placed on ice, the cerebellum and olfactory bulbs were removed and the brain was bisected along 

the midline. A quarter o f the hippocampus and section o f cortex o f the right hemisphere were 

snap-frozen in liquid nitrogen in an RNAse-free tube for later analysis by PCR and Western 

Blotting. The remaining hippocampal and cortical tissue was sliced bi-directionally, placed in 

RNAse-free tubes and snap-frozen for later analysis.

2.7. Molecular Biology 

2.7.1. Preparation of pENTR221 hSIGIRR plasmid

A DHSalpha Tl-resistant E. coli stab culture o f transformed with pENTR221_hSIGlRR was 

obtained from Source Bioscience, Germany. Luria Bertani (LB) broth (10 g Peptone, 5 g yeast 

extract, 5g sodium chloride) was added to 1 L water and autoclaved. The stab colony was used to 

inoculate 1ml o f LB medium. The culture was incubated for Ih with continuous shaking at 200 

rpm at 37°C and then grown on pre-warmed agar plates supplemented with either kanamycin or 

ampicillin at 50 |ag/ml overnight in an incubator at 37°C. A single colony was picked from the 

plate and used to inoculate 5 ml LB medium. The culture was incubated overnight with 

continuous shaking at 200 rpm at 37°C. The plasmid DNA was extracted from the bacterial 

culture using a mini-prep kit according to manufacturer’s recommendation (Qiagen).

2.7.2. PCR and restriction digestion

The components used for polymerase chain reaction (PCR) were 20 pg DNA template, Ix  PCR 

buffer, 10 p/mol forward and reverse primer, dNTPs (200 |iM ) and 1 U o f DNA polymerase in a 

20 |il reaction mix. After the initial denaturation temperature (94°C for 5 min) the PCR reaction 

cycle was programmed as follows: denaturation (94°C for 60 sec), annealing (65°C for 60 sec) 

and elongation (72°C for 2 min). This cycle was repeated 30 times to achieve the desired
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am plification. Before ending the reaction, the elongation tem perature was maintained for 10 min, 

at the end o f  30* cycle. The PCR fragm ents were purified using a PCR purification kit (Qiagen). 

The sample was then stored at 4°C (or -20°C longer term) until further use. The restriction 

digestion was perform ed in a reaction volume o f  20 )il using 1 |ig  o f  DNA were incubated with 1 

U o f  restriction enzyme and Ix  appropriate buffer at 37°C for 2 hrs. DNA fragments were run on 

agarose gels (1 x TBE (40 mM Tris-borate and 1 mM EDTA) and 1% agarose) alongside a 

ladder to determ ine w hether they were o f  appropriate size. Following restriction digest the 

fragm ents were purified using a gel purification kit (Qiagen). The process was repeated to digest 

l(ig  pEGFP_C2 m ammalian vector.

2.7.3. Dephosphorylation and ligation

To restrict self-ligation, the digested and purified vector DNA was dephosphorylated by 

incubating in Ix  GIF buffer and 1 U o f  phosphatase enzyme for 1 hr at 37°C. The reaction was 

then deactivated by placing in a heatblock set to 70°C for 10 min. After dephosphorylation, the 

vector was separated in 1% agarose gel and rescued using a gel extraction kit (Qiagen). Ligation 

reactions included 3 units o f  gene insert and 1 unit o f  vector. The ligation reaction was 

performed with T4 ligase kit (Invitrogen). To ligate 200 ng o f  insert with 50 ng o f  cut vector, Ix 

ligation buffer and 1 U o f  T4 DNA ligase (total vol 20 |il) were used. The ligation m ixture was 

incubated overnight at 16°C. Heat shock method o f  transform ation was used to obtain 

recom binant bacterial colonies. The DFI5a strain was used to yield plasmid DNA. Tubes 

containing com petent cells were removed from -80°C and thawed on ice for 15-20 min. N ext, 1- 

2 ml o f  ligation m ixture was mixed with 50 ^1 o f  com petent bacteria and incubated on ice for 15 

min. Heat shock was applied for 90 sec by placing the tube in a w ater bath at 42°C then 

im m ediately transferring onto ice for 10 min. To recover the cells, 1 ml LB was added to the 

transform ed bacteria and incubated with continuous shaking at 200 rpm for 60 min at 37°C. The 

cells w ere centrifuged at 3,000 x g for 2 min. The pellet was resuspended in 200 |ul LB and 

spread on pre-warm ed agar plates supplem ented with either kanamycin or ampicillin at 50 ^g/mi. 

Plates were incubated overnight at 37°C. A single colony was used to inoculate in 5 ml o f  LB 

m edium  and left overnight with continuous shaking at 200 rpm at 37°C. The plasmid DNA was
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extracted from the bacterial culture by using a plasm id m ini-prep or plasmid m axi-prep kit 

according to m anufacturer’s recom m endation (Qiagen).

2.8. Statistical Analysis

Data are expressed as means +/- standard error o f  the mean (SEM ). A tw o-tailed S tudent’s t-test 

for unpaired means, or a one or two way analysis o f  variance (ANOVA) w as perform ed, where 

appropriate, to determine w hether significant differences existed between means. W hen a tw o- 

way ANOVA indicated significance (*p < 0.05), a Bonferroni post-hoc test was em ployed to 

determ ine w hich conditions were significantly different from  each other. Statistical analysis was 

carried out using Prism softw are (Graphpad Prism, v 4.0; USA).
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List of prim ers (Applied Biosystems, D arm stadt, Germany)

Gene name Gene description Assay I.D.

CD40 C luster of differentiation 40 Mm00441891_ml

C D llb C luster of differentiation l i b Mm00441891_ml

CD68 C luster of Differentiation 68 Mm03047340_ml

IL-6 Interleukin-6 IVlm00446190_ml

TN F-a Tum our necrosis factor-a Mm00443258_ml

CCL2 Chemokine (C-C motif) ligand 2 Mm00441242_ml

CXCLIO C-X-C m otif chemokine 10 M m00445235_m 1

IL -lR l Interleukin-1 Receptor 1 Mm00434237_ml

TLR2 Toll-like Receptor 2 Mm00442346_ml

TLR4 Toll-like Receptor 4 Mm00445273_ml

CD14 C luster of Differentiation 14 Mm00438094_gl

SIG IRR Single Immunoglobulin IL-1 receptor related IVlm00491700_ml

Table 2.1 Mouse PCR prim er assay num bers
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Cytokine Supplier Block C apture Antibody S tandard Detection

Antibody

IL-6 BD

Biosciences,

USA

1% B SA  in 

PBS

Monoclonal ra t 

anti-mouse IL-6 

4ng/ml in PBS

Mouse 

recom binant IL-6 

standards

Biotinylated anti

mouse IL-6

TN F-a BD

Biosciences,

USA

1% BSA in 

PBS

Monoclonal an ti

mouse TN F-a

Mouse 

recom binant 

TN F-a standards

Biotinylated an ti

mouse TN F-a

CCL2 BD

Biosciences,

USA

1% BSA in 

PBS

Monoclonal an ti

mouse CCL2

Mouse 

recom binant 

CCL2 standards

Biotinylated anti

mouse CCL2

CXCLIO BD

Biosciences,

USA

1% BSA in 

PBS

Monoclonal an ti

mouse CXCLIO

Mouse

recom binant

CXCLIO

standards

Biotinylated an ti

mouse CXCLIO

CCL3 BD

Biosciences,

USA

Monoclonal an ti

mouse CCL3

Mouse 

recom binant 

CCL3 standards

Biotinylated an ti

mouse CCL3

Table 2.2 Sum m ary of ELISA protocols
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T arget Protein 

(Source)

Supplier 1° Antibody 

Dilution

2 ° Antibody 

Dilution

Protein Band 

(kDa)

p-Actin

(Mouse)

Sigma, UK 1:5000; Ih 

@ R T

1:5000; Ih 

@ R T

42

piKBa

(Rabbit)

Cell Signalling,

USA

1:1000; o/n @ 4

“C

1:5000; Ih 

@ R T

40

pIKK

(R abbit)

Cell Signalling, 

USA

1:1000; o/n @ 4

"C

1:5000; Ih 

@ R T

87

'I'able 2.3 Sum m ary of western im m unoblotting protocols
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Insert Vector
PCR

1. NoDNA
2. FPonly
3. RPonly
4. FPandRP

gel check

2xFP  and RP

PCR purify

Restriction Digest 
(Com patib le Enzymes^

PCR purify

gel check

Final Insert 
(Ready fo r Ligation)

LIGATION

1. Ligase + Vector
2, Ligase + Vector + Insert

Restriction Digest
1. NoRD
2. Enzyme 1
3. Enzyme 2
4. Enzyme 1+2

gel check

gel check

DNA gel purify 
(no gel)

gel check

CIP
(dephosphorylate)

I
LMP agarose gel 

1
DNA gel purify

Final Vector 
(Ready fo r Ligation)

Figure 2.3. Summary of molecular cloning protocol
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Chapter 3: Analysis of the effects of LPS and IL-ip on glial cells and 

SIGlRR-deficient mice
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3.1 Introduction

The IL - l/T L R  superfamily is a group o f  cell surface receptors which includes I L - lR l ,  TLR4 and 

TLR2. These receptors play a major role in the recognition o f  pro-inflammatory stimuli by glial 

cells and the signaling pathways they propagate, particularly the N F -kB pathway, have emerged 

as possible targets for anti-inflammatory therapies. A member o f  the IL - l/T L R  family, SIGIRR 

has been identified which appears to have a negative regulatory influence on IL - l/T L R  signaling.

There have been few studies examining the role o f  SIGIRR in modulating pro-inflammatory 

signaling in the brain. In 2010, Watson and colleagues reported that mixed glia prepared from 

SIGIRR-deficient mice exhibited increased pro-inflammatory cytokine production in response to 

the TLR4 agonist, LPS, compared with cells prepared from wildtype mice. It w as also noted that 

this regulator^' effect was present only in isolated microglia, not astrocytes (Watson et al., 2010). 

Mice injected with LPS were also found to have increased microglial activation and pro- 

inflammatory cytokine expression. A later study reported that hippocampal slices prepared from 

SlGlRR-deficient mice had depressed LTP caused by enhanced N F -k B signaling. This enhanced 

signaling was found to be the result o f  elevated levels o f  TLR4 and IL - IR l ,  and their respective 

endogenous ligands HM GBI and IL - la ,  in the SIGIRR-deficient mice (Costello et al., 201 lb).

The aim o f  this study was to investigate the production o f  pro-inflammatory cytokines and 

chemokines and the upregulation o f  markers o f  glial activation in mixed glia, astrocytes and 

microglia prepared form SIGIRR-deficient mice. The effects o f  TLR4 and IL - lR l  stimulation 

were examined using the bacterial endotoxin LPS and the pro-inflammator>' cytokine IL - ip  

respectively.

The aims o f  these experiments were:

• To examine the effect o f  LPS and IL - ip  treatment on markers o f  microglial activation 

and cytokine release in mixed glial cells prepared from wildtype and SIGIRR-deficient 

mice.
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• To investigate whether SIGIRR deficiency differentially affected astrocytes and 

microglia in their response to LPS and IL-ip .
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3.2. Methods

Primary cortical m ixed glia, m icroglia and astrocytes w ere prepared from postnatal 1-day old  

w ildtype and SIG lR R -deficient m ice and cultured for 14 days before treatment (see section 2.1 

for details). A ll agents used to treat cells were diluted to required concentrations in pre-warm ed  

supplem ented DMEM and all solutions were filter-sterilised through a 0.2(im  cellu lose acetate 

membrane filter. LPS w as diluted to a final concentration o f  lOOng/ml in supplem ented DM EM . 

C ells w ere treated for 24 h in the presence or absence o f  LPS. IL -ip  was prepared as a stock  

solution in sterile PBS and 0.1%  B SA  and diluted to the desired concentration o f  lOng/ml in 

supplem ented DM EM . C ells were treated for 24 h in the presence or absence o f  IL -ip . m R N A  

expression o f  cytokines and cell surface proteins were assessed  by RT-PCR and concentrations 

o f  cytokines and chem okines w as determined by ELISA (see sections 2.3 and 2 .4). Data are 

expressed as means ±  SEM . Students t-test or A N O V A  w ere performed to determine whether 

significant differences existed between treatment and genotype groups and Bonferroni post-hoc  

tests w ere performed where appropriate.

T a b le  3.1 . C a v e a ts

I he  eon een lra tio n s o f  LPS an d  II.-1P w ere  chosen on the  basis o f  p rev io u s w ork in th e  lab w hich  had 

estab lish ed  that these  co n cen tra tio n s elicit a robust response  from  g lia l cclls. I lo w c \e r  it should  be no ted  th a t the  

concen tra tion  o f  IL -1P is not w ith in  the ran g e  that glial cells w ould  t jp ic a l ly  be exposed to p h y sio log ica lly , and 

th ere fo re  experim en ts  should  be v iew ed as a study o f  g lial resp o n ses to  I L - ip  ra ther than  an in \ i t r o  m odel o f  

11,-1 P driven in llam m ation . In add ition , it m ay  have been useful to  test a range  o f  co n cen tra tions as gen o ty p e  

re la ted  d ifferences m ay have been m asked by high concen tra tions o f  cy tok ine .

All da ta  w as co lla ted  fo llow ing  24 hours o f  trea tm ent. There a re  d ifferen ces in the latency o f  m R N A  
transcrip tion  and cy tok ine re lease  betw een d ifferen t cy tok ines and th is m ay h a \e  atTected th e  resu lts  show n 

here. A tim e course  experim ent w ould  have  been  adv isable to d e te rm in e  th e  op tim um  tim e to  harvest sam ples 

for each cy tok ine  m easured.

T he data  in F ig u re  3.2. a re  rep resen tativ e  o f  one  ex p erim en t w ith each  condition  rep lica ted  four tim es. T h ese  

data  a re  repea ts o f  s im ila r experim en ts  pub lished  by W atson et al., 2008.

N o  analysis w as undertaken  to  de term ine  th e  level o f  endotox in  p resen t in reagen ts used. T he p resen ce  o f  

endotox in  in these  reagents m ay have  affected  the  responses o bserved  from  glial cells
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3.3 Results

3.3.1 Investigating the effect o f  LPS on mixed glia prepared from w ildtype and SIGIRR'^' 

mice.

LPS, induces pro-inflam m atory cytokine release from mixed glia through interaction with TLRs; 

the effect o f  LPS may also be enhanced through an increase in TLR expression or a reduction in 

proteins which modulate TLR activity. In this study, an increase in TLR4 mRNA expression was 

observed in mixed glia prepared ft'om S IG IR R " mice compared w ith mixed glia from wildtype 

mice (*p<0.05; Students t-test; Figure 3.2, A). The data show that LPS induced a reduction in 

the expression o f  SIGIRR mRNA in mixed glia prepared from wildtype mice (*p<0.05; Students 

t-test; Figure 3.2, B).

LPS increased mRNA expression o f  IL-6, T N F -a and CCL2 ( p<0.001; ANOVA; Figure 3.3,

A; ***p<0.001; ANOVA; Figure 3.3, C; ***p<0.001; ANOVA; Figure 3.3, E) in mixed glia 

prepared from wildtype mice and the effect on T N F -a and CCL2 mRNA was significantly 

greater in mixed glia prepared from SIG IR R " mice C^^^p<0.001; ANOVA; Figure 3.3, C; 

"*p<0.001; ANOVA; Figure 3.3, E). LPS also increased supernatant concentration o f  lL-6, 

T N F -a and CCL2 in mixed glia prepared ft'om wildtype and S IG IR R " mice (***p<0.001; 

ANOVA; Figure 3.3, B; ***p<0.001; ANOVA; Figure 3.3, D; ***p<0.001; ANOVA; Figure 3.3, 

F) and this increase was significantly greater in mixed glia prepared irom  SIG IR R " mice 

compared with glia from wildtype mice ("^^p<0.001; ANOVA; Figure 3.3, B; ^^p<0.01; 

ANOVA; Figure 3.3, D; > < 0 .0 5 ; ANOVA; Figure 3.3, F).

3.3.2 Investigating the effect o f  LPS on astrocytes prepared from wildtype and SIGIRR'^’ 

mice

Astrocytes are the m ajor glial cell in the CNS and have an immune fijnction. TLR4 expression 

was greater in astrocytes prepared from S IG IR R " m ice com pared with astrocytes from wildtype
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mice (*p<0.05; Students t-test; Figure 3.4, A) however LPS does not affect SIGIRR expression 

(Figure 3.4, B).

The data dem onstrate that LPS increased mRNA expression o f  IL-6, T N F a  and CXCLIO in 

astrocytes prepared from wildtype mice (***p<0.001; ANOVA; Figure 3.5, A; **p<O.OOI; 

ANOVA; Figure 3.5, C; ***p<0.001; ANOVA; Figure 3.5, E) and the effect was significantly 

greater in astrocytes prepared from SIG IR R ”  mice ( "^p<0.001; ANOVA; Figure 3 .5 , A; 

’ ‘p<0.01; ANOVA; Figure 3.5, C; *p<0.05; ANOVA; Figure 3.5, E). LPS increased release o f  

IL-6, T N F -a and CCL3 in astrocytes prepared from w ildtype and SIG IR R '" mice (***p<0.001; 

ANOVA; Figure 3.5, B; ***p<0.001; ANO VA; Figure 3.5, D; ***p<0 001 ; ANOVA; Figure 3,5, 

F) however only CCL3 was significantly greater in astrocytes prepared from S lG lR R ”  mice 

com pared with w ildtype mice C^^^p<0.001; ANOVA; Figure 3.5, F).

3.3.3 Investigating the effects o f  LPS on m icroglia prepared from wildty pe and SIGIRR'^' 

mice

M icroglia are the main immune cells and cytokine producing cells in the CNS. The present data 

show that LPS significantly increased the release o f  lL-6, T N F -a  and CCL3 in m icroglia 

prepared from wildtype m ice in response to LPS (***p<0.001; A NOVA; Figure 3.6 , A; 

*“ p<0.001; ANOVA; Figure 3.6 , B; ***p<0.001; ANOVA; Figure 3.6, C). IL-6, T N F -a  and 

CCL3 release was significantly greater in cells prepared from S IG IR R " mice com pared with 

those from wildtype mice (*""p<0.001; ANOVA; Figure 3.6, A; "^^p<0.001; A NO VA ; Figure 

3.6, B;  ̂ > < 0 .001 ; ANOVA; Figure 3.6, C).

3.3.4 Investigating the effect o f  IL -ip  on glial cells prepared from w ildtype and SIGIRR'^' 

mice.

IL - lp  induced an increase the expression o f  IL -IR l mRNA in mixed glia prepared from 

S IG IR R " mice com pared to  cells prepared from wildtype mice (**p<0.01; ANOVA; Figure 3.7,
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A). There was a reduction in the expression o f  SIGIRR mRNA in mixed glia prepared from 

wildtype mice following treatment with IL -1 (3 ( p<0.01; Students t-test; Figure 3.7, B).

IL - ip  induced the expression o f  C D l l b  mRNA in mixed glia prepared from wildtype and 

SIGIRR”  mice (***p<0.001; ANOVA; Figure 3.8, A) and this effect was significantly increased 

in mixed glia prepared from SIGIRR ’ mice compared with glia from wildtype mice ("* p<0.001; 

ANOVA; Figure 3.8, A). Mixed glia prepared from SIG IR R " mice exhibit increased mRNA 

expression o f  CD68 compared with cells from wildtype mice (***p<0.01; ANOVA; Figure 3.8,

B)

I L - ip  increased mRNA expression o f  IL-6 (**p<0.01; ANOVA; Figure 3.9, A) in mixed glia 

prepared from wildtype and SIGIRR ” mice and the effect was significantly enhanced in mixed 

glia prepared from SIGIRR ‘ mice (^'^p<0.01; ANOVA; Figure 3.9, A). IL- ip  increased 

supernatant concentration o f  IL-6 in mixed glia prepared from wildtype and S IG IR R " mice 

(***p<0.001; ANOVA; Figure 3.9, B) and this increase was significantly greater in mixed glia 

prepared from SIG IR R " mice compared with glia fi-om wildtype mice (*"p<0.001; ANOVA; 

Figure 3.9, B). T N F -a  mRNA expression was increased in mixed glia prepared from SIGIRR”  

mice (**p<0.01; ANOVA; Figure 3.9, C) and IL - lp  enhanced this effect ( * p<0.001; ANOVA; 

Figure 3.9, C). IL- ip  had no effect on T N F -a  release from mixed glia (Figure 3.9, D). IL - ip  

induced a significant increase in CCL2 and CXCLIO mRNA expression in mixed glia prepared
> 4t A 3h   4  4  4

from wildtype and SIGIRR”  mice ( p<O.OOI; ANOVA; Figure 3.9, E; p<0.001; ANOVA; 

Figure 3.9, G). This effect was significantly increased in mixed glia prepared from SIGIRR”  

mice compared with glia from wildtype mice (^"*p<0.001; ANOVA; Figure 3.9, E; " ” p<0.001; 

ANOVA; Figure 3.9, G). I L - ip  significantly increased CCL2 release from mixed glia prepared 

from wildtype mice (***p<0.001; ANOVA; Figure 3.9, F) and this effect was significantly 

increase in mixed glia prepared from SIGIRR”  mice ( p<0.001; ANOVA; Figure 3.9, F). IL - ip  

failed to increase the expression o f  CCL3 m RNA in mixed glia prepared from wildtype and 

SIGIRR ' mice (Figure 3.9, H).
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3.3.5 Investigating the effects o f TL-ip on astrocytes prepared from wildtype and SIGIRR'^' 

mice

There was a significant increase in the expression o f  IL-6 m RNA in astrocytes prepared from 

wildtype and S IG IR R " mice in response to IL - ip  (***p<0.001; ANOVA; Figure 3.10, A) and 

the effect was significantly greater in cells prepared from S IG IR R "  mice compared with those 

from wildtype mice (^^p<0.01; ANOVA; Figure 3.10, A). There was a significant increase in 

lL-6 release from astrocytes prepared from wildtype and S IG IR R "  mice in response to IL - ip  

("*p<0.001; ANOVA; Figure 3.10, B) but there was no difference in IL-6 protein release 

between astrocytes prepared from wildtype or S IG IR R " mice following exposure to IL-ip. 

Astrocytes prepared from SIGIRR" mice exhibited increased basal T N F -a  mRNA (” *p<0.001; 

ANOVA; Figure 3.10, C) and IL - ip  significantly increased the expression o f  T N F -a  mRNA in 

astrocytes prepared from SIG IR R " (^p<0.01; ANOVA; Figure 3.10, C) compared with those 

from wildtype mice. IL - ip  increased the expression o f  CXCLIO mRNA in astrocytes prepared 

from wildtype and S IG IR R " mice (*p<0.05; ANOVA; Figure 3.10, D) although there was no 

difference in CXCLIO mRNA expression between astroc>les prepared from wildtype or 

S IG IR R " mice following exposure to IL -ip .

3.3.6 Investigating the effects o f IL -ip  on microglia prepared from w ildtype and SIGIRR'^' 

mice

TLR4 was not increased in microglia prepared from SIGIRR-deficient mice (Figure 3.11, A). 

IL - ip  failed to alter the expression o f  SIGIRR (Figure 3.11, B), CD40 (Figure 3.11, C) or TNF- 

a  (Figure 3.11, D) mRNA or in microglia prepared from wildtype and SIGIRR " mice.
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T able  3.2. Results sum m ary

Key: R=m RNA; P=protein; t= increase; 4'=decrease; - ^ no change; N A =not analysed; N M L =no  
m easureable levels

Effect on VVT' Effect on S I G '

P a ra m e te r LPS LPS I L - I P

Mixed Glia

Astrocytes

Microglia

CD68 NA R-; NA R
PNML PNML

CDllb NA R t ;  PNA ; NA R t ;  PNA
CD40 NA NML NA NML
IL-6 R - ; P t R t ; P t R t ;  P t R t ;  P t

TNF-a R t ;  P t R t ; R t ;  P t R t ;
PNML PNML

IL-1p NA NA NA NA
CCL2 R t ;  P t R t ;  P t R t ;  P t R t ;  P t

CXCLIO ^ NA R t ; NA R t ;
P NML PNMl.

CCL3 NA R NA; P - NA RNA; P-

IL-6 R t ;  P t R t ;  P t R t ;  P- R t ;  P-
TNF-a R t ;  P t R -; P NA , R t ;  P- R t ;  PNA
IL-ip NA NA NA NA
CCL2 NA NA NA NA

CXCLIO R t ;  PNA R t ;  P NA R t ;  PNA R -; P NA
CCL3 RNA; P t NA R NA; P t NA

CD68 NA NML NA NML
CDllb NA NML NA NML
CD40 NA R -; P NA NA R -; P NA
IL-6 RNA; P t R NML; RNA; P t RNML;

PNML PNML
TNF-a R NA; P t R-; R NA; P t R- ;

PNML PNML
IL-ip NA NA NA NA
CCL2 NA R NML; NA RNML;

P NML PNML
CXCLIO NA RNML; NA RNML;

PNA PNA
CCL3 RNA; P t RNA; RNA; P t RNA;

PNML PNML

'R elative to control treated WT; ^Relative to sim ilarly treated WT
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Wildtype

M ixed Glia

Comparedwith WT control

Decreased SIGIRR mRNA 

Iticreased IL-6 mRNA/protein 

Increased TNF-o mRNA/prolein 

Increosod MCP-1 mRNA/pfOloin

T TLR4

Comparedwith WT control 

increased C D llb  mRNA 

Increased IL-6 mR^M/protcin 

Increased TNF-amRNA 

Intreased MCP-1 mRNA/protein 

Increased IP-10 mRNA

Comparedwith WT IL-ip treated

Increased IL-6 mRNA/protcin 

Increased TNF-a. niRNA/protein 

Increased MCP-1 mRNA/protem

Comparedwith WT IL-ip treated

Increased C D llb  mRNA 

Increased IL-6 mRNA/protein 

Increased TNF-u n>RNA 

Increased MCP-1 mRNA/proiein 

Increased IP-10 mRNA

[ Wildtype

Astrocytes

SIGIRR

Comparedwith WT control

Increased IL-6 mRNA/prolein 

Increased TNF-o mRNA/prolein 

Increased IP-10 mRNA 

Increased MIP-l«j protein

Comparedwith WT control 

increased lL-6 mRNA./protein 

increased TNF-a mRNA 

Increased IP-10 mRNA

Comparedwith WT IL-ip treated 

Increased IL-6 mRNA/protein 

Increased TNF-c/.mRNA/prolein 

Increased MCP-1 mRNA/prolein

Comparedwith WT IL-iptreated 

increased IL-S mRNA 

Increased TNF-a mRNA

Microglia

SIGIRR'Wildtype

Comparedwith WT control 

Increased IL-6 protein 

Increased TNF-a prolem 

Increased M iP -la  protein

Comparedwith WT control 

No effect

Comparedwith WT IL-ip treated 

No effect

Comparedwith WT control

increased IL-6 proiein 

Increased TNF-u prolem 

increased M iP-la proiein

Figure 3.1. Results summary
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Figure 3.2. TLR4 and SIGIRR expression in mixed glia w ere modulated by LPS and SIGIRR deficiency

Primary mouse m ixed glia were prepared from vvildtype and SIGIRR'^'mice. (A) Mixed glia prepared from SIGIRR' 

'■ mice exhibit increased basal TLR4 mRNA compared with vvildtype mice (*p<0.05; Student's t-test). Primary 

mouse mixed glia prepared from wildtype m ice w ere treated with LPS (lOOng/ml; 24 h). (B) Treatment with LPS 

induced a significant decrease in SIGIRR mRNA (*p<0.05; S tudent's t-test). Values are presented as means (± 

SEM) and expressed as a ratio to P-actin mRNA and standardised to a control sample. The data are representative o f 

2 separate experim ents with each condition tested in duplicate.
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Figure 3.3. LPS induced cytokine production in mixed glia was exaggerated in cells prepared from SIGIRR'^’ 

mice

Primary mouse mixed glia were prepared from wildtype and SIGIRR'^'mice and treated with LPS (lOOng/ml; 24 h). 

L.PS induced an increase in mRNA expression o f  (A) IL-6, (C) T N F -a and (E) CCL2 from mixed glia (***p<0.00i; 

ANOVA). LPS-induced mRNA expression o f  (C) T N F-a and (E) CCL2 was significantly increased in mixed glia 

prepared from S1G1RR' “ mice com pared with wildtype mice (^*^p<0.001; ANOVA). LPS induced an increase in 

release o f  (B) lL-6, (D) T N F -a and (F) CCL2 in m ixed glia (***p<0.001; ANOVA). LPS-induced cytokine release 

was significantly increased in m ixed glia prepared from SIGIRR'^' m ice compared with wildtype m ice (*p<0.05, 

*^*p<0.001; ANO VA ).V alues are presented as means (± SEM). The data are representative o f  1 experim ent with 

each condition tested in quadruplicate. Data for mRNA is expressed as a ratio to p-actin mRNA and standardised to 

a control sample.
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Figure 3.4. TLR4 expression was increased in astrocytes prepared from SIGIRR'^'mice.

Secondary mouse astrocytes were prepared from wildtype and SIGIRR'" mice. (A) Astrocytes prepared from 

SIGIRR " mice exhibit increased basal TLR4 mRNA compared with wildtype mice ( ’*‘ **p<0.001; Student’ s t-test). 

LPS did not afl'ect mRNA expression o f SIGIRR in astrocytes. Values are presented as means (± SEM) and 

expressed as a ratio to (3-actin mRNA and standardised to a control sample. The data are representative o f 3 separate 

experiments with each condition tested in duplicate.
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Figure 3.5. LPS induced cytokine mRNA expression in astrocytes was exaggerated in cells prepared from 

SIGIRR' mice.

Secondary mouse astrocytes were prepared from wildtype and SIGIRR'^' mice and treated with LPS ( lOOng/ml; 24 

h). LPS induced an increase in mRNA expression of (A) lL-6, (C) TNF-a and (E) CXCLIO from astrocytes 

(**p<0.01, ***p<0.001; ANOVA). LPS-induced cytokine mRNA expression was significantly increased in 

astrocytes prepared from SIG IRR ''m ice compared with wildtype mice (*^*p<0.001; ANOVA). LPS induced an 

increase in release o f (B) IL-6, (D) TN F-a and (F) CCL3 in astrocytes (***p<0.001; ANOVA). LPS-induced 

release of (F) CCL3 was significantly increased in astrocytes prepared from SIGIRR'^'mice compared with wildtype 

mice (***p<0.001; ANOVA). Values are presented as presented as means (± SEM). Data for mRNA expressed as a 

ratio to (3-actin mRNA and standardised to a control sample. The data are representative of 3 separate experiments 

with each condition tested in duplicate.
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Figure 3.6 LPS-induced cytokine production in microglia was exaggerated in cells prepared from SIGIRR'^' 

mice.

Secondary mouse m icroglia w ere prepared from wildtype and SIGIRR ''m ice  and treated with LPS (lOOng/ml; 24 

h). LPS induced an increase in release o f  (A) IL-6, (B) T N F-a and (C) CCL3 in mixed glia (***p<0.001; ANOVA). 

LPS-induced cytokine release was significantly increased in m ixed glia prepared from SIGIRR’̂ ’mice compared 

with wildtype mice (***p<0.001; ANOVA). Values are presented as means (± SEM). The data are representative o f  

3 separate experim ents with each condition tested in duplicate.
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Figure 3.7. IL - lR l and SIGIRR expression in mixed glia were modulated by IL-ip

Primary mouse m ixed glia w ere prepared from wildtype and SIGIRR'^' m ice and treated with IL-1(5 (lOng/m l; 24 h). 

(A) IL -ip  induced an increase in mRNA expression o f IL -lR l in m ixed glia prepared from SIGIRR^’ mice 

(***p<0.001; ANOVA). (B) Treatment with IL -ip  significantly decreased SIGIRR m RN A  expression in mixed 

glia. Values are presented as presented as m eans (± SEM) and expressed as a ratio to p-actin mRNA and 

standardised to a control sample. The data are representative o f  3 separate experim ents with each condition tested in 

duplicate.
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Figure 3.8. Expression of m arkers o f microglial activation was increased in mixed glia prepared from 

SIG IRR’■ mice.

Primary mouse mixed glia were prepared from wildtype and SIGIRR'^' m ice and treated with IL -ip  (lOng/ml; 24 h). 

IL -ip  induced the expression o f  (A) C D l l b  mRNA in mixed glia prepared from wildtype and S IG IR R '' mice 

( p<0.001; ANOVA) and this effect was significantly increased in mixed glia prepared from SIGIRR'^' mice 

compared with glia from wildtype mice C ^p< 0 .001 ; ANOVA). M ixed glia prepared from SIGIRR'^' m ice exhibit 

increased mRNA expression o f  (B ) CD68 compared with cells from wildtype m ice (***p<0.01; A NOVA). Values 

are presented as means (± SEM ) and expressed as a ratio to (5-actin mRNA and standardised to a control sample. 

The data are representative o f  3 separate experiments with each condition tested in duplicate.
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Figure 3.9. IL-lp-induced cytokine production in mixed glia was exaggerated in cells prepared from 

SIGIRR' mice

Primary mouse mixed glia were prepared from wildtype and SIGIRR " mice and treated with IL-ip (lOng/ml; 24h). 

IL-ip induced an increase in mRNA expression of (A) IL-6, (E) CCL2 and (G) CXCLIO from mixed glia 

(**p<0.01, ***p<0.001; ANOVA). IL-ip-induced mRNA expression of (A) IL-6, (C) TNF-a, (E) CCL2 and (G) 

CXCLIO was significantly increased in mixed glia prepared from SIGIRR'^' mice compared with wildtype mice 

(^*p<0.001, ^"^p<0.001; ANOVA). IL-ip induced an increase in release of (A) IL-6 and (E) CCL2 in mixed glia 

(***p<0.001; ANOVA). IL-ip-induced cytokine release was significantly increased in mixed glia prepared from 

SIGIRR' " mice compared with wildtype mice (^p<0.05, p<0.001; ANOVA).Values are presented as means (±

SEM). Data for mRNA is expressed as a ratio to P-actin mRNA and standardised to a control sample. The data are 

representative o f 3 separate experiments with each condition tested in duplicate.
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Figure 3.10. IL -lp-induced cytokine mRNA expression in astrocytes was exaggerated in cells prepared from  

SIG IR R ' mice.

Secondary m ouse astrocytes were prepared from wildtype and SIGIRR'^' m ice and treated with IL -ip  (lOng/ml; 

24h). IL -ip  induced an increase in mRNA expression o f  (A) IL-6 and (D) CXCLIO (***p<0.001; ANOVA). IL -ip - 

induced mRNA expression o f  (A) IL-6 and (C ) T N F-a was significantly increased in mixed glia prepared from 

SIGIRR'^'m ice compared with wildtype mice (*p<0.05, ^ ’p<0.001; ANOVA). !L -ip  induced an increase in release 

o f  (B) IL-6 from mixed glia (***p<0.001; ANOVA) and there was no significant difference between cells prepared 

from wildtype and SIGIRR'^' mice. Values are presented as means (± SEM). Data for mRNA is expressed as a  ratio 

to P-actin mRNA and standardised to a control sample. The data are representative o f  2 separate experim ents with 

each condition tested in duplicate or triplicate.
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Figure 3.11. IL -ip  had no effect on microglia prepared from wildtype or SIGIRR'^' mice

Secondary mouse microglia were prepared from wildtype and SlGlRR'^'mice and treated with IL - ip  (lOng/ml; 24h). 

IL - ip  failed to alter mRNA expression o f (A) TLR4, (B) SIGIRR. (C) CD40 or (D) TNF-a in microglia from 

wildtype mice and SIGIRR/- mice. Values are presented as means (± SEM) and expressed as a ratio to p-actin 

mRNA and standardised to a control sample. The data are representative o f 2 separate experiments with each 

condition tested in duplicate.
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Figure 3.12. Unifying mechanism

(A) Glial cells prepared from SIGIRR-/- mice express higher mRNA levels o f  the pro-inflam m atory receptors TLR4 

and IL -IR I. (B) The increased levels o f  receptor expression allow  increased binding o f ligands such as LPS and IL- 

ip . (C ) In the absence o f  the m odulatory effect o f  SIGIRR. the signaling pathways induced by receptor-ligand 

interactions are enhanced leading to an upregulation o f  transcription and translation o f  genes involved in the 

inflam matory response.
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3.4. Discussion

3.4.1. Overview

The aim o f this study was to investigate the role o f  SIGIRR as a modulator o f pro-inflammatory 

signalling in vitro. The role o f  SIGIRR in the regulation o f LPS and IL-1P induced glial 

activation and cytokine release was investigated by comparing glial cells prepared from mice 

lacking the gene for SIGIRR with glia prepared from wildtype mice. The hypothesis was that in 

the absence o f SIGIRR, glial cells would exhibit an exaggerated response to exogenously applied 

pro-inflammatory stimuli and that this would result in enhanced upregulation o f markers o f  glial 

activation and increased production o f pro-inflammatory cytokines. It was frirther hypothesised 

that the changes observed in the SIGIRR-deficient mice would be accompanied by an increase in 

the expression o f  the receptors for LPS and IL -ip , TLR4 and IL-1 R1 respectively. The data 

demonstrate that mixed glia prepared from SlGIRR-deficient mice exhibited increases in the 

expression o f a variety o f markers o f glial activation in response to LPS and IL-ip. Cells from 

SlGlRR-deficient mice secreted greater amounts of pro-inflammatory cytokines and chemokines 

than those from wildtype mice. Similar responses to LPS and IL -ip  were observed in isolated 

astrocytes and microglia, however only LPS produced a consistent exaggerated effect on 

cytokine release from microglia prepared from SIGlRR-deficient mice. These changes were 

accompanied by an increase in the expression o f  TLR4 in mixed glia and astrocytes prepared 

from SlGIRR-deficient mice.

3.4.2. The effect of LPS treatment on mixed glia from wildtype and SIGIRR'^' mice

It is established that mixed glia cultured in vitro are responsive to a variety o f pro-inflammatory 

stimuli. In this study, LPS induced an increase in the expression o f IL-6 and CCL2 mRNA in 

mixed glia prepared from wildtype mice. This was accompanied by increases in the release o f 

IL-6, CCL2 and TN F-a. These results corroborate previous studies that have shown these 

molecules to be upregulated in the presence o f LPS in vitro (Lee et al., 1993, Kong et al., 1997,

71



Hua and Lee, 2000). I'he LPS-induced increases were fijrther enhanced in mixed glia prepared 

from SIGIRR-deficient mice. Watson and colleagues (2010) first reported that pro-inflammatory 

cytokine production was increased in hippocampal tissue and mixed glia prepared from SIGIRR- 

deficient mice compared with those from wildtype mice (Watson et al., 2010). Previous studies 

had reported exaggerated pro-inflammatory cytokine production in dendritic cells (Garlanda et 

al., 2004, Huang et al., 2006). In addition, mRNA expression o f  TLR4, the receptor for LPS, was 

significantly increased in unstimulated mixed glia prepared from SIGIRR-deficient mice 

compared with cells from wildtype mice. This inverse relationship between SIGIRR and TLR4 

expression has been observed before by Watson and colleagues (2010) who found that TLR4 

was increased in the hippocampus o f  SIGIRR deficient mice compared with wildtype mice 

(Watson et al., 2010). It has also been reported that wildtype mice injected with an anti-SIGIRR 

antibody exhibited increased TLR4 expression in the cornea. In contrast, TLR4 was found to be 

decreased in a macrophage cell line over-expressing SIGIRR (Huang et al., 2006). These data 

suggest that, in addition to sequestering TLR4 binding proteins, SIGIRR may also be involved in 

the regulation o f  TLR4 expression. Thus, the exaggerated response to LPS observed in SIGIRR- 

deficient mice may be due to the combined effect o f  a lack o f  an inhibitory signal from SIGIRR, 

and an increase in the expression o f  TLR4. In mixed glia prepared from wildtype mice, it was 

observed that treatment with LPS caused a downregulation o f  SIGIRR mRNA expression, an 

effect which has been observed in previous studies in various tissues (Polentarutti et al., 2003, 

Wald et al., 2003). It may be that SIGIRR is downregulated in order to facilitate pro- 

inflammatory signalling. This characteristic highlights the potential o f  SIGIRR as a target for 

possible anti-inflammator>' therapies.

3.4.3. The effect o f LPS treatment on astrocytes from wildtype and SIGIRR'^' mice

Having established that mixed glia prepared from SIGIRR-deficient mice exhibit an exaggerated 

response to LPS, the specific responses o f  individual cell types were examined. The data 

corroborate previous studies which characterised astrocytes as having an immune fijnction (Dong 

and Benveniste, 2001). LPS was shown to induce a significant release o f  the pro-inflammatory 

cytokines lL-6 and T N F -a  and the chemokine CCL3 and an increase in the mRNA expression o f
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CXCLIO. This pattern o f  cytokine release from astrocytes has previously been reported by others 

(Lieberm an et a!., 1989, Sawada et al., 1992, Quinones et al., 2008). The pattern o f  cytokine 

expression exhibited by astrocytes differed som ewhat from  that observed in mixed glia. mRNA 

expression o f  IL-6 and T N F -a m RNA in astrocytes prepared from SIG IRR-deficient mice was 

increased by LPS to a greater extent than in wildtype mice, how ever there was no significant 

difference in IL-6 and T N F -a  release between astrocytes prepared from wildtype and SIGIRR- 

deficient mice. This finding was unexpected, as the m echanism  by which SIG IRR modulates 

LPS signalling is thought to involve recruitm ent o f  the TIR-dom ain-containing signalling 

proteins proxim al to TLR4, and thus occurs upstream o f  protein translation. These data appear to 

indicate that in the absence o f  SIGIRR the transcription o f  pro-inflammator>' genes in astrocytes 

is upregulated, however the additional m RNA transcripts are not subsequently translated into 

protein. It is unclear w hether or not SIGIRR is having additional effects on translation machinery 

or if some other unidentified mechanism  is involved. This pattern o f  cytokine modulation was 

not seen with the release o f  CCL3, and an exaggerated effect in the SIG IRR-deficient astrocytes 

sim ilar to that seen in the mixed glial cultures was observed. A lthough no previous studies had 

examined its release from SIGIRR-deficient astrocytes. Lech and colleagues (2007) previously 

reported increased CCL3 expression from colon hom ogenates o f  SIG IRR-deficient mice (Lech et 

al., 2007). The exaggerated upregulation o f  pro-inflam m atory cytokine mRNA in astrocytes 

prepared from SIGIRR-deficient mice was accom panied by a significant increase in the mRNA 

expression o f  TLR4 com pared with astrocytes prepared from wildtype mice.

3.4.4. The effect of LPS treatment on microglia from wildtype and SIGIRR'^' mice

SIGIRR acts as a m odulator o f  pro-inflam m atory signalling. Therefore, its role in regulating the 

behaviour o f  the resident immune cells o f  the CNS, m icroglia, was investigated. The present data 

dem onstrate that exposure to LPS caused the release o f  IL-6, T N F -a  and CCL3 from microglia 

prepared from w ildtype mice. This is consistent w ith many studies which have reported a similar 

cytokine profile in microglia exposed to LPS (Sawada et al., 1992, Lee et al., 1993, M cM anus et 

al., 1998, Nakajim a et al., 2003). LPS-induced cytokine release was enhanced in microglia 

prepared from SIGIRR-deficient mice. These data contrast w ith the lack o f  difference observed
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in this s tudy in the release o f  lL -6  and T N F - a  be tw een  astrocytes prepared from w ild type  and 

S lG lR R -defic ien t mice and m ay indicate a m ore  significant role for SIG IRR in the m odula tion  o f  

TL R 4 signalling in microglia.

3.4.5. The effect o f IL -ip  treatment on mixed glia from wildtype and SIGIRR'^' mice

Having established that S IG IR R  is an important m odula tor  o f  TL R 4 signalling, its role as a 

regulator o f  another m em ber  o f  the I L - l /T L R  superfam ily  w as investigated. Mixed glial cells 

prepared from w ildtype and S IG IR R -defic ien t mice w ere  treated with the pro- in f lam m atory  

cytokine I L - i p  in o rder  to exam ine the role o f  S IG IR R  as a m odulator o f  I L - lR l  signaling. The 

data  dem onstrate  that I L - lp  increased G D I lb  m R N A  expression  in mixed glia prepared from  

wildtype mice. C D l I b  m R N A  expression  w as exaggera ted  in unstimulated glia prepared from 

S lG lR R -defic ien t mice, and fo llow ing s tim ulation with IL-1|3, com pared with cells from 

wildtype mice. These data  suggest that in addition to m odulating  signaling from activated  

receptors, S IG IR R  m ay exert a m odula tory  influence on unstimulated glia, helping to  m aintain 

them  in a quiescent state. This m odula tory  effect was fiirther highlighted when the cytokine 

profile o f  w ild type and SIG IR R -defic ien t m ixed glia treated  with I L - ip  was examined. The data  

show that I L - i p  increased expression o f  C C L 2 and C X C L IO  consistent with previous studies 

which indicated that I L - ip  has the ability to  induce chem okine  release from glial cells (H ua  and 

Lee, 2000, Lee et al., 2002). W hereas I L - I p  did not affect IL-6 and T N F - a  m R N A  expression  in 

mixed glia prepared from wild type  mice, it increased expression in cells prepared from S IG IR R - 

deficient mice. These  results were  reflected in the cytokine concentrations in the supernatan ts  

from  the m ixed glial cultures, w here  changes  w ere  m ore pronounced in the absence o f  SIG IRR. 

Unlike TL R 4, IL - IR I  w as not increased in unstim ulated  mixed glia prepared from SIG IR R - 

deficient m ice com pared  with cells from  wild type  mice, but receptor expression w as increased 

following I L - l p  treatment. These results suggest that the m odula tory  role o f  S IG IRR is s im ilar in 

mixed glia for I L - i p  and LPS-induced  s ignalling as  described previously. However, the  effect on 

IL - ip - in d u ced  signaling m ay be limited to  direct m odula tion  o f  d ow nstream  signalling proteins 

as described previously  (Q in  et al., 2005). Unlike TL R 4, unstimulated IL - IR I  expression is not
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elevated in the absence o f  SIGIRR, indicating that SIGIRR does not affect constitutive 

expression o f  IL - lR l .  The increase in IL - lR l  expression in mixed glia fi'om SlGIRR-deficient 

mice in response to 1L-1|3 suggests that SIGIRR may modulate IL - lR l  during inflammatory 

conditions only, in order to dampen down excessive inflammation.

3.4.6. The effect of IL-1(3 treatment on astrocytes from wildtype and SIGIRR' ' mice

Astrocytes prepared from SlGIRR-deficient mice appeared to differentially regulate transcription 

and translation o f  IL-6 and T N F -a  following LPS stimulation. When treated with IL - ip ,  both IL- 

6 m RNA expression and supernatant concentration from SIGIRR-deficient cells was increased. 

The ability o f  astrocytes to release IL-6 in response to IL - ip  is already well established (Aloisi et 

al., 1992, Norris et al., 1994). Although lL-6 mRNA expression was greater in the astrocytes 

from SlGlRR-deficient mice, there was no genot>pe-specific change in supernatant 

concentration o f  lL-6. IL - ip  also increased T N F -a  mRNA in astrocytes prepared from SlGIRR- 

deficient mice, however T N F -a  release was undetectable. A possible explanation for this is that 

the supernatants were harvested 24 hours post-treatment, hours after the maximum effect on 

T N F -a  release; after 4 hours significant degradation is reported to occur (Lee et al., 1993). These 

data indicate that a specific pattern o f  IL-6 production occurs following IL -IR l and TLR4 

activation.

3.4.7. The effect of IL -ip  treatment on microgHa from wildtype and SIGIRR'' mice

Cytokine release from isolated microglia in response to IL - ip  was not detectable. There is 

conflicting evidence in the literature with regard to the effect o f  IL - ip  on microglia; McManus 

and colleagues (1998) reported chemokine release from microglia in response to IL - ip  while Lee 

and colleagues (1993) observed only an increase in gene transcripts (Lee et al., 1993, McManus 

et al., 1998). CD40 and T N F -a  m RNA were expressed in microglia prepared from wildtype and 

SlGIRR-deficient mice however there were no significant differences between treatment groups
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or genotypes. In addition, no change in SIGIRR mRNA was observed in wildtype mice exposed 

to IL-lp.

These data support the hypothesis that the role o f  SIGIRR as a modulator o f  TLR4 and IL -IR I 

signaling extends to glial cells. They suggest that control o f  receptor expression may be a feature 

o f  the modulation o f  TLR4 signaling by SIGIRR. They also suggest that SIGIRR may 

differentially regulate TLR4 signaling in different cells types, with a greater effect o f  SIGIRR- 

deficiency observed in microglia compared with astrocytes in response to LPS.
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Chapter 4 : Analysis of the effects of Pani3CSK4 and Ap on glial cells 

from wildtype and SIGIRR-deficient mice.
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4.1 Introduction

The ev id en ce  presented in the previous chapter indicated that absence o f  SIG IR R  exacerbated  

the effec t o f  LPS and I L - ip  on  g lia l ce lls . T h is is con sisten t w ith  the find ings o f  several stud ies  

w hich  dem onstrated  that SIG IRR m odu lates sign a lin g  through IL -l/T L R .

A lth ou gh  the m ajority o f  stud ies exam in in g  the m odulatory e ffec t o f  SIG IR R  have focu sed  on  its 

ability  to  m odulate T L R 4 and IL -IR I s ign a lin g , there have been som e investigation s into the 

relationship  b etw een  SIG IR R  and T L R 2. It has been  reported that CD45^ renal im m une ce lls  

prepared from  S lG lR R -d efic ien t m ice exh ib ited  sign ifican tly  greater exp ression  o f  R A N T E S  

m R N A  and a trend tow ards an increase in IL -6 and T N F -a  m R N A  fo llo w in g  exp osu re to 

Pam 3 C SK 4  com pared w ith  ce lls  from  w ild ty p e  m ice (Sk ugin n a et al., 2 0 1 1 ). It has a lso  been  

reported that intestinal ep ithelia l c e lls  (lE C ) treated w ith  SIG IR R  siR N A  secreted  h igher leve ls  

o f  the p ro-inflam m atory ch em ok in e IL -8 in resp on se to PamsCSICt. The sam e, study reported an 

attenuation o f  IL-8 release from  lE C s over-exp ressin g  SIG IR R  in response to Pam 3 C SK 4 .

The aim  o f  th is study w a s to further in vestigate the production o f  pro-inflam m atory cy tok in es  

and ch em o k in es and the upregulation  o f  m arkers o f  g lia l activation  in m ixed glia , a strocytes and 

m icroglia  prepared form  S IG IR R -d efic ien t m ice. T he effec t o f  SIG IRR d efic ien cy  on  T L R 2  

activation  w a s exam in ed  u sing P am 3C S K 4. B eca u se  o f  the ev id en ce  su ggestin g  that the tox ic  

peptide A p  m ay induce m icroglia l activation  through T L R 2 and T L R 4, the effec ts  o f  a cock ta il 

o f  A P m o and A P m 2  w ere a lso  ob served .

T he aim  o f  these exp erim en ts w as to in vestigate w hether SIG IR R  m ay also be a p otentia l target 

for m odu lation  o f  T L R 2 and A p -in d u ced  sign a lin g  and m icroglia l activation.
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4.2. Methods

Prim ary cortical m ixed glia, m icroglia  and astrocy tes  w ere  prepared from  postnatal 1-day old 

w ild type and S lG IR R -defic ien t mice and cultured for 14 days before treatm ent (see section 2.1 

for details). All agents used to  treat cells were  d i lu ted  to  required  concentrations in p re -w arm ed  

supp lem ented  D M E M  and all solutions were  filter-sterilised th rough  a 0.2(j,m cellulose acetate  

m em brane  filter.

PamsCSlCi w as diluted to a final concentra tion  o f  lOOng/ml in supplem ented  D M E M . Cells  were 

treated for 24 h in the presence or  absence o f  Fam sC SIQ . A Pm o and A(3 m 2 w ere  aggregated  

according to the m anufac tu rer’s instructions. A P i -42 w as  d issolved in sterile, distilled w a te r  to a 

concentra tion  o f  6 mg/ml and then fiirther diluted to  a 1 m g/m l stock solution with PBS. A P m o 

w as d issolved in PBS to  a concentration  o f  1 mg/ml. A pM o peptide w as  aggregated  for 24 h at 

25°C and the A P i ^2  peptide for 48 h at 3 7 “C. Cells w ere  incubated in the presence o r  absence  o f  

a cocktail o f  A Pm o (4.2)u.M) and A P m 2 (5.6|.i.M) for 24 h. m R N A  expression o f  cy tok ines  and 

cell surface proteins were assessed by R T -P C R  and concentra tions o f  cytokines and chem ok ines  

w as determ ined by EL ISA  (see sections 2.3 and 2.4). Data are expressed as m eans  ±  SEM . 

Students t-test o r  A N O V A  were  perform ed to  determ ine  w hether  significant d ifferences existed 

be tw een  treatm ent and genotype groups  and B onferroni pos t-hoc  tests were  perform ed w here  

appropriate.
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Table 4.1. Caveats

T h e con cen tration s o f  P am 3 CSK .4  and A p  w ere  ch osen  on the  b asis o f  p rev iou s w ork  in the lab w h ich  had  

estab lish ed  that th ese  con cen tra tion s e lic it  a robust resp o n se  from  g lia l ce lls . H ow ever it shou ld  be noted  that the  

con centration  o f  A p  is not w ithin  the range that is typ ica lly  a sso c ia ted  w ith  am ylo id -related  p a th o lo g ie s  e .g . 

A lz lie im e r 's  d isease . T h erefore be th ese  ex p er im en ts  sh ou ld  be v ie w e d  as a study o f  in  v i tr o  resp o n ses o f  g lia l 

c e lls  to A p  and not as an in  v itro  m odel o f  a m y lo id  p a th o lo g ies .

A ll data w a s co lla ted  fo llo w in g  2 4  hours o f  treatm ent. T h ere  are ditTerences in the la tency  o f  m R N A  

transcription and cy to k in e  re lease  b etw een  d ifferen t cy to k in e s and th is may h av e  a ffected  the resu lts show n  

here. A tim e  cou rse  exp erim en t w ou ld  have been  ad v isa b le  to determ in e the optim um  tim e to harvest sam p les  

for each  cy to k in e  m easured .

T h e data in th is chapter are rep resentative o f  o n e  ex p erim en t w ith each cond ition  rep licated  4 -6  tim es. T herefore  

th ese  data shou ld  be co n sid ered  on ly  as p relim in ary  data w h ich  m ust be repeated in order to properly interperet 

the im p lica tio n s o f  the resu lts.

N o  an a lysis w a s undertaken to  determ in e the  level o f  en d otox in  present in reagen ts used . T h e  p resen ce  o f  

en d otox in  in th ese  reagen ts rrlay h a v e  a ffec ted  th e  resp o n ses ob serv ed  from  g lia l c e l l s . .................................................
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4.3. Results

4.3.1. Investigating the effect o f  Pani3 C SK 4  on glial cells prepared from w ildtype and  

S IG IR R ' mice.

PatTi3 CSK 4  is a synthetic triacylated lipopeptide (LP) that mimics the acylated amino terminus o f  

bacterial LPs. Pam 3 CSK 4  is a potent activator o f  the pro inflammatory transcription factor NF-kB. 

Activation is mediated by TLR2 which recognizes LPs with three fatty acids, a structural 

characteristic o f  bacterial LPs (http://www.invivogen.com/pam3csk4).

Mixed glia prepared from SIG IR R " mice exhibit increased TLR2 mRNA expression compared 

with mixed glia from wildtype mice (***p<0.001; Student’s t-test; Figure 4.2). Pam 3 CSK 4  

increased the expression o f  CD40 mRNA in mixed glia prepared from wildtype and S IG IR R "  

mice (*” p<0.001; ANOVA; Figure 4.3), however there was no difference in expression between 

genotype. Pam 3 CSK 4  increased the expression o f  IL-6, T N F -a  and IL - ip  mRNA in mixed glia 

prepared from wildtype and S IG IR R " mice ( p<0.001; ANOVA; Figure 4.4, A; ***p<0.001;

ANOVA; Figure 4.4, C; ***p<0.001; ANOVA; Figure 4.4, E) The Pam 3 CSK 4  induced increase 

in T N F -a  and IL - ip  mRNA was significantly increased in mixed glia prepared from SIGIRR ’ 

mice (* p<0.001; ANOVA; Figure 4.4, C; p<0.001; ANOVA; Figure 4.4, E). Pam 3 CSK 4  

increased IL-6 and T N F -a  release in mixed glia prepared from wildtype and S IG IR R "  mice 

(***p<0.001; ANOVA; Figure 4.4, B; ***p<0.001; ANOVA; Figure 4.4, D) The effect was 

significantly increased in mixed glia prepared from S IG IR R "  mice compared with glia from 

wildtype mice (^’̂ ^p<0.001; ANOVA; Figure 4.4, B; ""^p<0.001; ANOVA; Figure 4.4, D).

4.3.2. Investigating the effect o f  Pam 3 C SK 4  on isolated astrocytes and microglia prepared  

from w ildtype and SIGIRR'^' mice.

Isolated astrocytes prepared from SIGIRR " mice exhibit increased TLR2 mRNA expression 

compared with mixed glia from wildtype mice (**p<0.01; Student’s t-test; Figure 4.5).
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Isolated astrocytes prepared from wildtype and SIGIRR' mice exhibited increased supernatant 

concentration o f  lL-6 and T N F -a  in response to Pam3 CSK 4  (***p<0.001; ANOVA; Figure 4.6, 

A; ***p<0.001; ANOVA; Figure 4.6, B). This effect was significantly enhanced in astrocytes 

prepared from S IG IR R " mice compared with cells from wildtype mice (* *p<0.001; ANOVA; 

Figure 4.6, A; ’̂ ’̂ '^p<0.001; ANOVA; Figure 4.6, B). Isolated microglia prepared from wildtype 

and S IG IR R " mice exhibited increased supernatant concentration o f  IL-6 and T N F -a  in 

response to PamsCSIQ (***p<0.001; ANOVA; Figure 4.7, A; ***p<0.001; ANOVA; Figure 

4.7, B). The effect o f  Pam 3 CSK 4  on IL-6 was significantly enhanced in astrocytes prepared from 

SIGIRR" ' mice compared with cells from wildtype mice (^*"p<0.001; ANOVA; Figure 4.7, A).

4.3.3. Investigating the effect o f A p on glial cells prepared from wildtype and SIGIRR'^' 

mice.

It has been reported that fibrillar A p M 2 can induce the expression o f  markers o f  microglial 

activation and the release o f  pro-inflammatory cytokines in mixed glia (Lyons et al., 2007). 

Although the exact mechanism through which A p  interacts with glial cells is not clear, it is 

believed to bind to a number o f  cell surface receptors including TLR2 and TLR4 (Reed-Geaghan 

et al., 2009).

Ap increased the mRNA expression o fC D 4 0  in mixed glia prepared from wildtype and SIGIRR' 

' '  mice (***p<0.001; ANOVA; Figure 4.8).

Ap increased the mRNA expression o f  IL-6, T N F -a  and IL - ip  in mixed glia prepared from 

wildtype and S IG IR R "  mice (***p<O.OOI; ANOVA; Figure 4.9, A;***p<O.OOI; ANOVA; Figure 

4.9, C; ***p<0.001; ANOVA; Figure 4.9, E) The A p induced increase in IL-6 and IL - ip  mRNA 

was significantly increased in mixed glia prepared from S IG IR R " mice (^*"p<0.001; ANOVA; 

Figure 4.9, A; ^“ p<0.001; ANOVA; Figure 4.9, E). A p increased IL-6 and T N F -a  supernatant 

concentrations in mixed glia prepared from wildtype and SIGIRR'* mice (***p<0.001; ANOVA; 

Figure 4.9, B; ***p<0.001; ANOVA; Figure 4.9, D) The effect was significantly increased in 

mixed glia prepared from SIGIRR " mice compared with glia from wildtype mice (^*^p<0.00l; 

ANOVA; Figure 4.9, B;  ̂ *p<0.001; ANOVA; Figure 4.9, D).
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Table 4.2. Results summary

K.ey: R=mRNA; P=protein; t= increase ; 4-=decrease; - = no change; NA=not analysed; N M L=no 
measureable levels

Effect on VVT' Effect on SIG

Parameter Pam3CSK4 AP Pam3CSK4 Ap J

CD40 R t ;  PNA R t ;  PNA R -; PNA R -; P NA
IL-6 R t ;  p T R t;  P t R - ; P t R t ;  P t

Mixed Glia TNF-a R t ;  P t R t ;  P t R t ;  p t R-;  P t
•

IL-lp R t ;  PNA R t ;  P NA R t;  PNA R t ;  PNA

II.-6 RNA;  P t NA R NA; P t NA
Astrocytes TNFkx RNA; P t NA RNA;  P t NA

- i - j ' a’-''''- IL-lp NA NA NA NA

CD40 NA NA NA NA
Microglia IL-6 RNA;  P t NA R NA; P t NA

TNF-a RNA;  P t NA R NA; P -
IL-ljP NA NA NA NA

'R elative to  control treated Vv’T; ^Relative to similarly treated W l
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T TLR2

Compared with WT control 
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incrcosed IL-lp niRNA

Compared w ith WT control 

Increased CD40 mRNA 

Increased IL-6 mRNA/protein 

Increased TNF-amRNA/protein 

Increased IL-ip mRNA

Compared with WT IL-ip treated

Increased IL-6 mRNA/proioin 

liKreased TNF-c/. protein 

Increased IL-lp inRNA

Compared with WT IL-ip treated

Increased IL-6 prolojn 

Increased TNF-o mRNA/protem 

Increased IL-lp mRNA

[  w ild type |

A strocytes

[  SIGIRR^-

Pam.CSK.

Compared w ith  WT control

Increased IL-6 protein 

Increased TNF-a protein
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Increased lL-6 mRNA

Increased TNF-a mRNA

T  TLR2

M ic ro g lia

[  W ild type [ SIGIRR/ 1
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^  N
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Increased IL-6 protein Increased IL-6 protein

Increased TNF-a protein

Figure 4.1. Results summary
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Figure 4.2. TLR2 expression was increased in mixed glia prepared from SIGIRR'^'mice.

Primary m ixed glia were prepared from wildtype and SIGIRR'" mice. Mixed glia prepared from SIGIRR'" mice 

exhibited increased mRNA expression o f  TLR2 compared with m ixed glia from w ildtype m ice (***p<0.001; 

S tudent's t-test). Values are presented as m eans (± SEM ) and expressed as a ratio  to P-actin mRNA and standardised 

to a control sample. The data are representative o f  I experiment with 4 replicates.
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Figure 4.3. Pam3 CSK 4  induced CD40 expression in mixed glia.

Primary mixed glia were prepared from vviidtype and SIGIRR'^'mice and treated with Pam3 CSK4  (lOOng/ml; 24h). 

PamjCSKj induced an increase in CD40 in mixed glia prepared from wildtype and SIGIRR’ '̂ mice and there was no 

difference between mixed glia prepared from wildtype and SIGIRR^' mice (***p<0.001; ANO VA). Values are 

presented as means (± SEM) and expressed as a ratio to p-actin mRNA and standardised to a control sample. The 

data are representative o f 1 experiment with 6 replicates.

86



(A) (B)

C ontro l P am 3 C S K 4  C on tro l Pam 3C S K 4 

W ild ty p e  StGIRR-^

S
S  1500

C o n tro l P am 3 C S K 4  C o n tro l P am 3 C S K 4  

W ild ty p e  SIGIRR-'-

(C)

Oi 30  
E

(E)

O
(T

a  10000- 
E

(D) 1500

C o n tro l P am 3 C S K 4  C o n tro l P am 3 C S K 4  

W ild ty p e  SIGIRR^'

C o n tro l P a m 3 C S K 4  C o n tro l  P am 3 C S K 4  

W ild ty p e  SIG IRR’''

C o n tro l  P a m 3 C S K 4  C o n tr o l  P a m 3 C S K 4  
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F igu re 4 .4 . P am 3 C S K 4 - ind uced  cy tok in e  produ ction  in m ixed g lia  w as exaggerated  in cells  prepared  from  

SIG IR R ' ' m ice

P rim ary  m ouse m ix ed  g lia  w ere  p rep ared  from  w ild type  and  SIG IR R '^ 'm ice and  trea ted  w ith Pam sCSK^ClOOng/m l; 

24  h). P am 3 C S K 4  induced  an in crease  in m R N A  expression  o f  (A ) IL -6, (C ) T N F -a  and  (E ) IL - ip  from  m ixed  g lia  

(** * p < 0 .0 0 1 ; A N O V A ). Pam jC SIC i-induced m R N A  expression  o f  (C ) T N F -a  and  (E ) IL - ip  w as sig n ifican tly  

in creased  in m ixed g lia  p rep ared  from  SIG IR R '^' m ice  co m pared  w ith w ild type  m ice  (^'^*p<0.001; A N O V A ). 

Pam jC SK ^ induced  an increase  in re lease  o f  (B ) IL -6 and  (D ) T N F -a  in m ixed  g lia  (* * *p< 0 .001 ; A N O V A ) and 

c>1okine re lease  w as sig n ifican tly  increased  in m ix ed  g lia  p repared  from  SIGIRR'^' m ice  co m pared  w ith w ild type  

m ice  C ^ p < 0 .0 0 1 ; A N O V A ).V a lu es a re  p resen ted  as m eans (± SE M ). D ata for m R N A  is expressed  as a  ra tio  to p- 

actin  m R N A  and standard ised  to a  con tro l sam ple . T h e  data  a re  rep resen ta tiv e  o f  I exp erim en t w ith 6 rep licates.
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Figure 4.5. TLR2 expression is increased in astrocytes prepared from SIGIRR'^' mice.

Secondary astrocytes were prepared from w ildtype and SIGIRR’’ mice. Astroc>les prepared from SIGIRR’’ mice 

exhibited increased mRNA expression o f  TLR2 com pared with mixed glia from wildtype mice (**p<0.001; 

S tudent’s t-test). Values are presented as m eans (± SEM) and expressed as a ratio to p-actin mRNA and standardised 

to a control sample. The data are representative o f  1 experiment with 5 replicates.
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Figure 4.6. Pam3CSK4 induced cytokine release from astrocytes was exaggerated In cells prepared from 

S IG IR R ' mice

Secondary astrocyles were prepared from wildtype and SIGIRR'^' mice and treated with Pam3CSK4(I00ng/ml; 24 h). 

Pam3 CSK4  induced an increase in the release o f (A) lL -6  and (B) TOF-a in astrocytes prepared from wildtype and 

SIGIRR^' mice ( * * ’*‘p<0.001; AN O VA ) and this effect was significantly greater in astroc>tes prepared from 

SIGIRR '̂ mice compared with wildtype mice (^^^p<0.001; ANOVA). Values are presented as means (± SEM). The 

data are representative o f 1 experiment with 6 replicates.
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Figure 4.7. PanijCSKi-induced release of IL-6 from microglia was exaggerated in cells prepared from 

SIG IR R ' mice

Secondary m icroglia were prepared from w ildtype and SIGIRR’̂ ' mice and treated with Pam 3 CSK 4 (lOOng/ml; 24 h). 

PamsCSK^ induced an increase in the release o f  (A )  IL-6 and (B) T N F-a in microglia prepared from w ildtype and 

SIGIRR'^' m ice (***p<0.001; ANOVA). The Pam 3 CSK 4 -induced increase o f  (A) IL-6 was significantly greater in 

cells prepared from SIGIRR'^' m ice com pared with wildtype mice (^ p < 0 .0 0 1 ; ANOVA). Values are presented as 

m eans (± SEM ). The data are representative o f  1 experim ent with 6 replicates.
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Figure 4.8. Ap induced CD40 expression in mixed glia.

Primary mixed glia were prepared from wildtype and SIGIRR'^'mice and treated with Ap (APi^o (4.2|iM ) and APi. 

42 (5.6nM); 24h). AP induced an increase in the mRNA expression o f CD40 in mixed glia prepared from wildtype 

and SIGIRR'^' mice and there was no difference between mixed glia prepared from wildtype and S IG IR R '' mice 

(***p<0.001; ANO VA). Values are presented as means (± SEM) and expressed as a ratio to p-actin mRNA and 

standardised to a control sample. The data are representative o f 1 experiment with 6 replicates.
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Figure 4.9 . A p -in du ced  cytok ine produ ction  in m ixed glia w as exaggerated  in cells prepared from  SIGIRR'^' 

m ice

Prim ary  m ixed  g lia  w ere p repared  from  w iid type  an d  S IG IR R '^ 'm ice and  trea ted  witli A(5 (A Pi^o (4 .2 n M ) and A Pi. 

4 2  (5 .6 iiM ); 24h). A(3 induced  an increase  in m R N A  expression  o f  (A ) IL -6, (C ) T N F -a  and  (E ) IL - ip  in m ixed  g lia  

p repared  from  w iid type and  SIG IR R  "m ice  (** * p < 0 .0 0 1 ; A N O V A ). T he A P -induced  increase  in (A ) IL -6 and (E ) 

IL - ip  w as sign ifican tly  increased  in m ixed  g lia  p repared  from  SIGIRR'^' m ice  com pared  w iid type m ice  (*p<0.05; 

^ p < 0 .0 0 1 ;  A N O V A ). A p induced  an increase  in re lease  o f  (B ) IL -6 and (D ) T N F -a  from  m ixed g lia  (***p< 0.001; 

A N O V A ). A p induced  cy tok ine  re lease  w as sign ifican tly  increased  in m ixed  g lia  p repared  from  SIGIRR'^' m ice 

com pared  w iid type  m ice  (^^^p<0.001; A N O V A ). V a lues are  p resen ted  as m eans (±  SEM ; n = l)  and expressed  as a 

ra tio  to P -actin  m R N A . T h e  da ta  a re  represen ta tive  o f  1 ex p erim en t w ith 6 rep licates .
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F igu re  4.10. U nifying m echanism

(A) Glial cells prepared from S IG IR R " mice express higher mRNA levels o f  the pro- 

inflam m atory receptors TLR2 and TLR4. (B) The increased levels o f  receptor expression allow 

increased binding o f  ligands such as PamsCSIQ and Ap. (C) In the absence o f  the m odulatory 

effect o f  SIGIRR, the signaling pathways induced by receptor-ligand interactions are enhanced 

leading to an upregulation o f  transcription and translation o f  genes involved in the inflam m atory 

response.
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4.4. Discussion

4.4.1. Overview

The role o f  SIGIRR as a modulator o f  TLR2 signalling has not been fully established. Activation 

o f  TLR2 initiates a signalling cascade, similar to that initiated by TLR4, which results in the 

activation o f  NFkB. A s this occurs in a MyD88-dependent manner, it can be hypothesised that 

SIGIRR would modulate TLR2 signalling by recruiting MyD88 via its TIR domain, as occurs 

during TLR4 signalling. Although it has been observed that SIGIRR acts directly on TLR4 and 

IL - lR l in order to modulate their signalling, it is not clear whether it interacts directly with 

TLR2.

4.4.2, The effect o f Pani3 C SK 4  treatm ent on mixed glia prepared from w ildtype and 

SIGIRR'^' mice

Pam 3CSl< 4  is a potent activator o f  the pro inflammatory transcription factor NF-kB. It has been 

shown previously that Pam 3 CSI< 4  can induce the expression o f  markers o f  microglial activation 

and the release o f  a variety o f  pro-inflammatory cytokines from mixed glial cells, and that this 

effect was exaggerated in cells prepared from a CD200-deficient mice. It was suggested that this 

was linked to the increased expression o f  TLR2 in cells prepared from CD200-deficient mice 

(Costello et al., 201 la). In the present study, an increase in TLR2 mRNA in unstimulated mixed 

glia prepared from SIGIRR-deficient mice compared with cells from wildtype mice was 

observed. Previous studies using in vitro models o f  inflammation have found similar increases in 

TLR2 expression. Kielian et al., (2004) reported that microglia exposed to S. Aureus exhibit 

increase mRNA expression o f  TLR2 (Kielian et al., 2004). This effect was also observed in 

macrophages treated with LPS or peptidoglycan (Liu et al., 2001). Mixed glial cells prepared 

from wildtype and SIGIRR-deficient mice were treated with Pam 3 CSK 4  in order to observe any 

differences in microglial activation and cytokine release in cells lacking SIGIRR compared with 

those from wildtype mice. Pam 3 CSI< 4  induced an increase in the expression o f  CD40 m RNA in
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m ixed glia prepared from  w ildtype and S IG IR R -defic ien t mice, how ever  there  w as no significant 

genotype-re lated  d ifference in C D 40  m R N A  expression. This w as som ew hat counter-in tu itive, as 

W atson  et al., (2010) had previously show n that C D 40  expression in mixed glia induced by the 

T L R 4  agonist LPS, w h ich  shares c o m m o n  signalling m echan ism s with T L R 2 , w as exaggera ted  

in cells p repared from  S IG IR R  defic ient mice (W atson  et al., 2010). It is possib le  that the  greater 

specificity  o f  P am 3 C S K 4  for its receptor, TLR 2, accounts  for this difference, as LPS is kn o w n  to 

activate  m icroglia  via both  T L R 4 and TL R 2 and therefore  m ay act as a m ore  poten t activator 

w hen  the m odu la to ry  influence o f  S IG IR R  is absent. Pam 3 CSl< 4  induced an increase in the 

expression  o f  IL-6, T N F - a  and I L - i p  m R N A  and in the supernatant concentration  o f  IL-6 and 

T N F - a  from  m ixed g lia  prepared from w ildtype mice. These  data  corrobora te  previous studies in 

w hich  PamaCSKa w as  found to  induce p ro - in f lam m atory  cytokine release from  m ixed glial and 

isolated microglial cu ltures  (R ibes  et al., 2009, Costello et al., 2011a). The increase in T N F - a  

and I L - i p  m R N A  express ion  and in IL-6 and T N F - a  release w as significantly  g rea ter  in cells 

prepared from S IG lR R -defic ien t  mice. These  data  add to  the small num ber o f  studies that have 

exam ined  the re la tionship  between SIG IR R  and T LR 2 and w hich  suggest that S IG IR R  does 

exert a m odula tory  effect on T LR 2 signalling. Skuginna  et al., (2011) reported that C D 4 5 ’ renal 

im m une  cells p repared  from  S IG lR R -defic ien t  mice exhibited  significantly  g rea ter  expression  o f  

R A N T E S  m R N A  and a trend tow ards  an increase in IL-6 and T N F - a  m R N A  com pared  to  cells 

from  wild type  mice. It has also been reported  that intestinal epithelial cells ( lE C ) trea ted  with 

S IG IR R  siRN A  secre ted  higher levels o f  the p ro - in f lam m atory  chem okine  lL -8  in response  to 

Pam ^C SK 4 . The sam e study reported an attenuation o f  IL-8 release from  lE C s over-express ing  

S IG IR R  in response  to  PamsCSIC). The data  presented  here support the hypothesis  tha t the 

affinity  o f  S IG IR R  tow ard s  T IR  dom ain-con ta in ing  proteins such as M yD 88 enable to it to act as 

a negative regula tor  o f  p ro - in f lam m atory  receptors w hich  signal th rough  the N F -k B  pathw ay, 

including TLR2.

4.4.3. The effect o f  Pani3 CSK 4  treatm ent on astrocytes and microglia prepared from  

w ildtype and SIGIRR'^' mice
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A strocy tes prepared from  S IG lR R -d efic ien t m ice exh ib ited  increased TLR 2 m R N A  exp ression  

com pared w ith  c e lls  from  w ild typ e m ice. It has p rev iou sly  been  reported that astrocytic TL R 2  

exp ression  is induced v ia  the N F -k B  pathw ay, and the ab sen ce o f  an im portant m odulator o f  N F- 

k B  activation  in astrocytes prepared from  S lG IR R -d efic ien t m ice is lik ely  to  contribute to the 

increased exp ression  o f  T L R 2 in th ese  c e lls  (Phulw ani et al., 2 0 0 8 ). PamsCSICt induced an 

increase in the supernatant concentration  o f  IL -6 and T N F -a , and this effect w as exaggerated  in 

astrocytes prepared from  S IG IR R -d efic ien t m ice. Previous stud ies have sh ow n  that Pam 3 C SK 4  is 

capable o f  inducing the release o f  a variety  o f  ch em ok in es and cytok in es, including C C L 2, CCL3  

and T N F -a  from  isolated  astrocytes (M cK im m ie and Graham , 2 0 1 0 ). Pam 3 CSI< 4  a lso  induced an  

increase in supernatant concentrations o f  IL -6 and T N F -a  from  isolated  m icroglia  prepared from  

w ild typ e and S IG IR R -d efic ien t m ice, and there w as an exaggerated  production o f  lL -6  in the 

c e lls  from  S IG IR R -d efic ien t m ice. It has p rev iou sly  been  reported that Pam 3 CSI< 4  induced the 

release o f  the pro-inflam m atory  cy to k in es IL -12 and IL -27  from  isolated  m icroglia  and that this 

effec t w as absent in m icroglia  prepared from  T L R 2-d efic ien t m ice (H o lley  et al., 2 0 1 2 ) . It has 

also  been reported that IP injection o f  Pam 3 CSI< 4  induced the proliferation o f  m icrog lia  and an 

increase in IL -6, IL-1 and C C L 2 in the m ouse cortex. It is lik ely  that the exaggerated  production  

o f  cy to k in es in resp onse to Pam 3 CSI< 4  in astrocytes and m icroglia  prepared from  SIG IR R - 

d efic ien t m ice is due to the increased exp ression  o f  T L R 2, and the increase in N F -k B  sign a lin g  

through T L R 2 in the ab sen ce o f  SIG IR R . The data support the ev id en ce ascrib in g a role for 

astrocytes as sen sors o f  in fection  through c e ll surface receptors such as TL R 2 (M cK im m ie and 

Graham , 2 0 1 0 ). T h ey  a lso  su ggest that SIG IR R  m ay p lay a role in the m odulation  o f  T L R 2  

sign a lin g  in both astrocytes and m icrog lia , in contrast to the m odulation o f  T L R 4 sign a lin g  by  

SIG IR R  w h ich  appears to  be sp ec ific  to  m icroglia .

It is thought that in flam m ation  represents a m ajor driving force behind the p a th o lo g y  o f  

A lzh e im e r’s d isease  (A k iyam a et al., 2 0 0 0 ) . Insoluble p laques com p osed  o f  fibrillar A p  act as a 

potent in flam m atory stim ulu s to resident im m une ce lls  o f  the C N S  (L yon s et al., 2 0 0 7 ) . R ecent 

stud ies h ave provided strong ev id en ce  that fibrillar A p  p ep tid es propagate pro-inflam m atory  

sign a ls w ith in  m icrog lia  v ia  num erous ce ll-su rface  receptors, including the innate im m une  

receptors T L R 4 and, in particular, T L R 2. T his has been  dem onstrated  by U dan et a l., (2 0 0 8 ), 

w h o sh ow ed  that the A p -in d u ced  release o f  T N F -a  from  a m on ocy te  ce ll line w as attenuated
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w h e n  the cells were  incubated  with T L R 2 or T L R 4 blocking  antibodies (U dan  et al., 2008). The 

da ta  presented in C h ap te r  3 dem onstra ted  the ability  o f  S IG IR R  to act as a negative regula tor  o f  

T L R 4  signaling in glial cells, and it w as  therefore  hypothesised  that S IG IR R  may exert a 

m odu la to ry  effect on  A p- induced  inflam m atory  signaling. T he  following experim ent sought to 

establish  w hether  o r  not the absence o f  S IG IR R  exacerbated  the ability  o f  A p  to induce 

m icroglia l  ac tivation  and cytokine release from m ixed  glial cells.

4.4.4. The effect o f AP treatment on mixed glia prepared from wildtype and SIGIRR'' mice

A p  induced an increase in C D 40  m R N A  expression from  m ixed  glia prepared from wild type  and 

SIG IR R -defic ien t  mice. It has been reported  that C D 4 0 L -C D 4 0  interaction is a necessary 

co m p o n en t  A P P  processing  and in A P-induced  microglial activation. Previous studies have 

dem onstra ted  that cu ltu red  m icroglia treated  with A P  exhibited  increased expression  o f  C D 40 

m R N A  (Tan et al., 2002). N o genotype related d ifference in C D 40 m R N A  expression was 

observed. It is possible that A p  can induce C D 40 th rough  N F-K B -independent pathways, w hich  

w ould  not be affected by S IG IR R  deficiency. A lthough it has been reported  that C D 40 /C D 40L  

in teraction-induced A p  p roduction  occurs  prim arily  in an N F - k B dependent manner, it is unclear 

i f  A p-induced  C D 40  expression  occurs  in the same m anner (A it-G hezala  et al., 2007). A p  also 

induced  the m R N A  express ion  o f  IL-6, T N F - a  and I L - l p  m R N A  and release o f  lL-6 and T N F - a  

from  mixed glia prepared  form  w ild type and S IG IR R -defic ien t mice. T hese  data  support a 

n u m b er  o f  studies tha t report A P  induction o f  p ro- in f lam m atory  cytokine release from  glial cells 

(L yons  et al., 2007; Jiao et al., 2008). The A P-induced  expression  o f  IL-6 and I L - i p  m R N A  and 

IL-6  and T N F - a  release w as enhanced  in cells prepared from SIG IR R -defic ien t mice com pared  

w ith  w ild type mice. T hese  data  provide the first ev idence  tha t S IG IR R  m ay have a role in the 

m odu la t ion  o f  A p  s ignaling in glial cells. This is m ost likely due to  the  m o du la to iy  effect o f  

S IG IR R  on TL R 2 and T L R 4 signaling and receptor expression, as described previously.

The data  presented here provide ev idence  that S IG IR R  exerts a  m odula tory  effect o n  Pam 3 C S K 4  

signaling, and suggest that S IG IR R  may act as a negative regula tor  o f  T L R 2 activation, a role
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which has not yet been confirm ed in peripheral cells. They suggest that SIGIRR may exert this 

effect in part through control over the expression o f  TLR2. The data also present evidence that 

SIGIRR m odulates A p-induced cytokine production in glial cells, and suggest that SIGIRR may 

be a target for the treatm ent o f  chronic inflam m ation associated with AD.

98



Chapter 5: Analysis of the effect of intrahippocampal injection of 

Ap in young and middle-aged, wildtype and SlGIRR-deficient mice
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5.1. Introduction

It has been widely documented that chronic inflammation is a contributing factor in the cognitive 

decline associated with aging and age-related neurological disorders such as AD (Akiyama et al., 

2000, Bodies and Barger, 2004, Lynch et al., 2007). Increased microglial activation, levels o f  

pro-inflammatory receptors and cytokines, and increased activation o f  transcription factors have 

all been associated with aging (Heyen et al., 2000, Lynch and Lynch, 2002, Lynch et al., 2010). 

These processes are exacerbated in the AD brain, primarily due to the presence o f  highly toxic 

peptides, specifically Ap (Benzing et al., 1999, Lyons et al., 2007b). It has been previously 

reported that SIGIRR may exert a modulatory effect on age-related inflammatory changes in 

vivo, however there have been no studies thus far to assess its ability to modulate Ap-induced 

changes in the brain (Watson et al., 2010). There is evidence to suggest that TLR2 acts as a 

receptor for Ap peptide, and signalling via this receptor may be the principal method by which 

A p induces microglial activation and pro-inflammatory cytokine release (Liu et ah, 2012). The 

data from chapter 4 suggest that SIGIRR exerts a modulatory role on AP-induced glial activation 

and cytokine release in vitro and that this may be linked to control over the expression o f  TLR2. 

In this chapter, a series o f  experiments were performed to investigate the relationship between 

A p and TLR2, the inflammatory effects o f  ageing and AP toxicity, and the possibility that the 

ability o f  SIGIRR to modulate Ap-induced inflammatory processes in vitro would be replicated 

in vivo. The aims o f  the study were to;

• Examine the role o f  1LR2 as a receptor for Ap.

• Assess the effects o f  an intrahippocampal injection o f  A p  on cytokines, pro-inflammatory 

receptors, glial activation and N F-k B activation in mouse models o f  aging and SIGIRR- 

deficiency.

100



5.2. Methods

Prim ary cortical m ixed  g lia  w ere prepared from  postnatal 1-day  old  m ice  and cultured for 14 

d ays b efore treatm ent (see  sectio n  2.1 for d eta ils). A ll agen ts used to treat ce lls  w ere d iluted  to 

required con centration s in pre-w arm ed supp lem ented  D M E M  and a ll so lu tion s w ere filter- 

sterilised  through a 0 .2 (im  ce llu lo se  acetate m em brane filter. A p i^ o  and A P 142 (Invitrogen; 

U S A ) w ere aggregated  accord in g  to  the m anufacturer’s instructions ( s e e  section  4 .2 ) . C ells  w ere  

incubated  in the p resen ce o f  a cock ta il o f  A Pi^o (4 .2 |.iM ) and A P i_42 (5 .6 |.iM ) for 24  h. A nti- 

T L R 2 an tib ody w a s prepared as a sto ck  so lu tion  in P B S . C e lls  w ere pre-treated w ith  anti-T L R 2  

an tib ody (5 |ag /m l) for 2 h b efore b e in g  co -in cu b ated  w ith  A p  for 2 4  h.

M ale and fem ale, y ou n g  (3 m onths) and m id d le-aged  (1 2 -1 4  m onths), w ild typ e and S IG IR R "  

m ice w ere an aesthetised  w ith  A vertin  (20f.i1/g; S igm a A ldrich; IRE) and d eep  an aesthesia  w as  

con firm ed  by the ab sen ce o f  a pedal reflex . Y ou n g  and m idd le-aged  w ild typ e  and S IG IR R ”  m ice  

w ere random ly assign ed  to  a control group or an A P -treated  group (n = 6-8  an im als per group). 

C ontrol an im als received  an intrahippocam pal injection  w ith  sterile sa line (5f.il) and A P-treated  

an im als o f  both g en o ty p es received  a cock ta il o f  A P 140/ 1-42 (5f^l; 2 .7 5 |i l  A P m 2; 2 .2 5 fil A P m o) 

in trahippocam pally. A n im als w ere sacrificed  4  h post-treatm ent by decap itation . T he brain w as  

rapidly rem oved , the cereb ellu m  and o lfactory  bulbs w ere discarded and the h ipp ocam pu s and 

cortices w ere sn ap-frozen  in liquid nitrogen  in an R N A se-free  tube for later an a lysis by PCR (see  

section  2 .3 )  and W B (see  section  2 .5 ).

The S tudents t-test or A N O V A  w ere perform ed to  determ ine w hether sign ifican t d ifferen ces  

ex isted  b etw een  treatm ent and gen o ty p e  grou p s and B onferroni p ost-h oc  tests w ere perform ed  

w here appropriate.
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Table 5.1. Caveats

The concentrations of’ Ap were chosen on the basis o f  previous work in the lab which had established these 
concentrations elicit a robust response in hippocampal and cortical tissue following intrahippocampal injection. 
However it should be noted that the concentration o fA P  is not within the range that is typically associated with 
am yloid-related pathologies e.g. A lzheim er's disease. Therefore be these e.xperiments should be viewed as a
study o f  vivo responses to AP to.xicity rather than as a model o f  A lzheim er's disea.se.

All data was collated following 4 hours o f  treatment. I'his time point was chosen based on previous experim ents 
performed in the lab. It should be noted how ever that phosphor) lation events in the N I’-kB signaling pathway 
occur at a mush earlier stage, while cytokine production and the upregulation o f m arkers o f  microglial activation 
may occur later. In addition, the difference in timepoint between the in vitro and in vivo e.xperiments performed 
must be considered when any attem pt is m ade to com pare the results o f  two experiments.

The anim als used in these e.xperiments were m aintained in facilities which are not specific pathogen free (SPI-). 
I'his should be considered with regard to inflammatory processes which may be affected by pathogens present 
in the anim al's environment.

No analysis w as undertaken to determ ine the level o f  endotoxin present in reagents used! The presente o f
endotoxin in these reagents may hav e aflected the responses observed from glial cells
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5.3. Results

5.3.1. The effect of Ap and anti-TLR2 antibody on mixed glial cells

Ap induced a significant increase in IL-6 (***p<0.001; ANOVA; Figure 5.1, A) and TN F-a 

(***p<0.001; ANOVA; Figure 5.1, B) release from mixed glia compared to control treated cells. 

Pre-treating the cells with anti-TLR2 antibody significantly attenuated the A^-induced increase 

in lL-6 C"p<0-001; ANOVA; Figure 5.1, A) and TN F-a f^^p<0.001; ANOVA; Figure 5.1, B).

5.3.. The effect of age, Ap and absence of SIGIRR on cytokines in cortical and hippocampal 

tissue.

Neither age nor Ap significantly affected IL-6 mRNA in cortical (Figure 5.2, A) or hippocampal 

(Figure 5.2, B) tissue from wildtype or SIGlRR-deficient mice.

5.3.3. The effect of age, Ap and absence o f SIGIRR on receptors in cortical and 

hippocampal tissue

There was a significant increase in TLR2 mRNA in cortical tissue from 3 month-old SIGIRR- 

deficient mice compared with wildtype mice (*p<0.05; ANOVA; Figure Figure 5.3, A) however 

there was no significant effect o f  age on TLR2 mRNA in either wildtype or SlGlRR-deficient 

mice. There was a significant effect o f genotype (**p<0.01; ANOVA; Figure 5.3, D) and a 

significant interaction between age and genotype (*p<0.05; ANOVA; Figure 5.3, D) on RAGE 

mRNA in hippocampal tissue from wildtype and SlGlRR-deficient mice. Post-hoc analysis 

revealed that the age related changes were observed in tissue from SlGIRR-deficient mice only 

(Bonferroni post-test; ***p<0.001; Figure 5.3, D).
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5.3.4. The effect o f age, AP and absence o f  SIGIRR on markers o f  glial activation in 

cortical and hippocam pal tissue

Neither age nor AP significantly affected CD40 m RNA in cortical (Figure 5.4, A) or 

hippocampal (Figure 5.4, B) tissue from wildtype or SIGIRR-deficient mice. Both age (*p<0.05; 

ANOVA; Figure 5.5) and genotype (**p<0.01; ANOVA; Figure 5.5) had a significant effect on 

CD68 protein in hippocampal tissue from wildtype and SIGIRR-deficient mice. There was a 

significant interaction between age and genotype (**p<0.01; ANOVA; Figure 5.5).

5.3.5. The effect o f  age, Ap and absence o f SIGIRR on NF-kB activation in cortical and 

hippocam pal tissue

Neither age nor Ap significantly affected IKK phosphorylation in cortical (Figure 5.6, A) or 

hippocampal (Figure 5.6, B) tissue from wildtype and SIGIRR-deficient mice, however an 

overall effect o f  genotype on iKBa phosphorylation in hippocampal tissue was observed 

(*p<0.05; ANOVA; Figure 5.1, D).
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T able  5.2. Results su m m ary

S u m m ary  of in vitro experiments

K.e\: R=mRNA; P=protein; 1'=increase; i=dccrease; - = no change; N A=not analysed; NM L=no 
measureable levels

Mixed Glia

P a ra m e te r  A 3 ' aT L R -2 ^

IL-6
T N F -a

R N A ;  P t  
R  NA; P t

R NA; P 4- 
R N A; P i

'Relative to con tro l  t rea ted  W T ; ^Relative to Ap trea ted  

S u m m ary  o f  in vivo experiments

P a ra m e te r Effect of age, Ap an d  S IG IR R  deficiency

IL-6 N o significant etTect in cortical or hippocam pal tissue

TLR-2 Significantly greater expression in cortical tissue from control treated young
SIG IR R " mice compared with W 'f

R A G E  Significantly greater expression in cortical tissue from control treated
young SIGIRR'^' m ice compared with WT'; flirther increase with age

CD40 No significant eiTect in cortical or hippocam pal tissue

C D68 Significantly greater protein expression in hippocam pal tissue from aged SIG IRR’ ’
m ice compared with aged WT

pIK K  No significant effect in cortical or hippocam pal tissue

p Ix B a  Significantly greater expression in hippocam pal tissue from SIG IRR’'’ m ice
compared with WT
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(A)
1000 -

O)a. 500-

Amyloid-p (1.40/1-42) 
a-TLR-2 Ab

(B) 300n

G)

-  150

0-J
Amyloid-p ,1.40/1-42) 
a-TLR-2 Ab

Figure 5.1. Blockade of TLR2 attenuated the AP-induced increase in cytokine release from mixed glia

Prim ary  m ix ed  g lia  w ere  p repared  from  vvildtype an d  S IG IR R '^ 'm ice  and  trea ted  with AP (A P 1.40 (4 .2 ^ M ) and A Pi. 

42 (5.6 |.iM ); 24h). AP induced  th e  re lease  o f  (A ) IL - 6  and  (B ) T N F -a  from  m ixed  glia  prepared  from  vvildtype m ice 

(***p< 0 .001 ; A N O V A ). P re-trea tm en t w ith a T L R 2  an tibody  (5 |ig /m l; 2h) significantly  a ttenuated  th e  A P -induced  

increase  in cy tok ine  re lease  (^*^p<0.001; A N O V A ). V alues a re  p resen ted  as m eans (±  SEM ; n=2).
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Figure 5.2. T here w as no effect o f  age, AP or SIG IR R  d efic ien cy  on m R N A  expression  o f  IL -6 in cortica l and  

hip pocam p al tissue from  w ild typ e  and  SIGIRR'^'m ice.

W ild type and  SIGIRR'^’ m ice, aged  3 m onths o r 12-14 m onths, w ere  in jec ted  in trah ippocam pally  w ith sa lin e  (5|al; 

4 h ) or A p  (5 |jl; 2 .7 5 |jl A p i .40  and 2.25jil A P i^ j;  4h). T h ere  w as n o  sig n ifican t effect o f  age o r A P in jection  on 

m R N A  expression  o f  IL - 6  in (A ) cortical o r (B ) hippocam pal tissu e . T h ere  w as no  d ifference  in m R N A  expression  

o f  lL - 6  betw een tissu e  from  w ild type an d  SIGIRR'^' m ice. V a lues a re  p resen ted  as m eans (± SEM ; n = 6 ) and  

ex pressed  as a  ra tio  to  P-actin  m R N A  and standard ised  to  a  con tro l sam ple.
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Figure 5 .3 . m R N A  expression  o f  receptors for  A p  w as increased  in cortica l and h ippocam pal tissue prepared  

from  SIGIRR'^'m ice.

W ildtype an d  SIGIRR'^' m ice , aged Sm onths o r  12-14 m onths, w ere in jected  in trah ippocam pally  w ith saline  (5 |il;

4 h ) o r A P (5^1; 2 .7 5 |il A P ^ o  an d  2 .25 |il A P m 2; 4h). T here  w as an increase  in the  expression  o f  (A ) TLR 2 m R N A  in 

cortical tissue  prepared  from  3 m onth o ld  SIGIRR'^' m ice  com pared  w ith tissu e  from w ild type m ice  (*p<0.05; 

A N O V A ). T here  w as an increase  in th e  expression  o f  (D ) R A G E  m R N A  in cortical tissue p repared  from  3 m onth 

o ld S lG lR R '' m ice  com pared  w ith tissue  from  w ild type  m ice (**p< 0 .01 ; S tu d en t's  t-test). T here  w as a  further 

increase  in R A G E  m R N A  in h ippocam pal tis su e  p repared  from  12-14 m onth  old SIG IR R '^ 'm ice com pared  w ith 3 

m onth  old SIGIRR'^' m ice  (^p<0.05; A N O V A ). V alues are  p resen ted  as m eans (±  SEM ; n= 6) and  expressed  as a 

ra tio  to  P-actin  m R N A  an d  standard ised  to  a  con tro l sam ple.
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F igure 5.4. T here w as no effect o f  age, AP or S IG IR R  defic ien cy  on m R N A  expression  o f  C D 40 in cortical 

and h ip pocam p al tissu e from  w ild ty p e  and SIGIRR'^’ m ice.

W ild type and  S IG IR R ’ ’ m ice, aged  3 m onths o r 12-14 m onths, w ere  in jected  in trah ippocam paliy  w ith sa line  (Sfil; 

4 h ) o r AP (5 |il; 2 .7 5 |il A Pm o and 2 .2 5 |il A P 1.4 2 ; 4h). T here  w as n o  sig n ifican t effect o f  age  o r A p  injection on 

m R N A  expression  o f  C D 40 in (A ) cortical o r (B ) h ippocam pal tissue. T here  w as no d ifferen ce  in m R N A  expression 

o f  C D 40  betw een  tissue  from  w ild type  an d  SIGIRR"'^' m ice. V a lues are  p resen ted  as m eans (±  SEM ; n = 6 ) and 

ex pressed  as a ra tio  to  p -actin  m R N A  and standard ised  to  a  contro l sam ple.
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Figure 5.5. CD68 was increased in hippocampal tissue from aged SIG IR R '' mice

W ild typ e and SIGIRR"^' m ice , aged  3m o n th s or 1 2 -14  m onth s, w ere  in jected  intrahippocam pally w ith  sa lin e  (5 |i l;  

4 h ) or A(3 (5 |il;  2 .7 5 |i l  A P i^ o  and 2 .2 5 |il  A P m 2; 4h ). T here w a s a s ig n ifica n t e ffec t o f  a g e  (* p < 0 .0 5 ; A N O V A ) and  

SIG IR R  d e fic ien cy  (* * p < 0 .0 1 ;  A N O V A ) on C D 6 8  ex p ression  in h ip pocam p al t issu e  prepared from  w ild ty p e  and  

SIG IR R ’̂ ' m ice . T here w a s a s ig n ifica n t in teraction  betw een  a g e  and SIG IR R  d efic ien cy  (* * p < 0 .0 1 ;  A N O V A ).  

V a lu es  are presented  as m ea n s (±  SEM ; n = 5 ) and exp ressed  as arbitrary units.
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F igure 5.6 . P hosp horylation  o f  Ik Bu  w as increased  in h ip pocam p al tissue from  SIG IRR'^'m ice

W ild type an d  SIGIRR'^' m ice, aged  3 m onths o r 12-14 m onths, w ere  in jected  in trah ippocam pally  w ith saline  (5 |il; 

4 h ) or A P (5 |il; 2.75^1 A Pi^o and 2.25^1 A P i.4 2 ; 4h). T here  w as a s ig n ifican t effect o f  S IG IR R  defic iency  on (D ) 

p lK B a in h ippocam pal tissue  p repared  from  SIGIRR'^' m ice  com pared  w ith  w ild type m ice (*p< 0 .05 ; A N O V A ). 

T h ere  w as no sign ifican t effect o f  age, A p  or S IG IR R  defic iency  on th e  phosphory la tion  o f  1K.K in cortical or 

h ippocam pal tissue. V alues a re  p resen ted  as m ean s (± SEM ; n= 6 ) and  expressed  as a rb itrary  units.
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Figure 5.7. Unifying mechanism

Ap binds to (A) TLR2 which activates an intracellular signalling cascade resulting in the activation o f (B) N F-kB. 

Activated N F-kB prom otes the transcription o f  markers o f  m icroglial activation (C) and pro-inflammatory cytokines 

(D). It was predicted that this process w ould be exaggerated in mouse models o f  age and SIGlRR-deficiency.
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5.4. Discussion

5.4.1. Overview

These experiments were conducted to investigate the effects o f an intrahippocampal injection o f 

A(3 in middle-aged mice and SIGIRR-deficient mice. The role o f  TLR2 as a receptor for AP was 

also examined, with reference to data acquired in previous experiments indicating a role for 

SIGIRR in the modulation o f  TLR2 expression and signalling. The overall aim o f  the chapter 

was to establish whether SIGIRR could act as a modulator o f  Ap-induced pro-inflammatory 

signalling in vivo, possibly through control over the expression o f  TLR2.

5.4.2. The effect of blocking TLR-2 on AP-induced cytokine production in mixed glia

The first experiment was undertaken in an attempt to corroborate evidence from the literature 

that TLR2 acts as a receptor for the toxic peptide AP and propagates pro-inflammatory signals 

induced by Ap (Tahara et al., 2006, Voilmar et al., 2010, Liu et al., 2012). There was a 

significant increase in the release o f the pro-inflammatory cytokines IL-6 and TN F-a from 

primary cultured mixed glia incubated in the presence o f  Ap. This effect has been shown in 

previous experiments described in chapter 4 and in a number o f other studies (Lj'ons et al., 

2007b, Jana et al., 2008, Jiao et al., 2008). In order to link the AP-induced increase in pro- 

inflammatory cytokine release to TLR2 activation, cells were pre-treated with an anti-TLR2 

blocking antibody. This had the effect o f significantly attenuating AP-induced IL-6 and TN F-a 

release. Jana and colleagues (2008) had provided evidence o f TLR2-dependent AP signalling in 

glial cells in a number o f experiments in which pre-treatment o f  mouse primary microglia with 

an anti-TLR2 neutralising antibody attenuated the Ap-induced increase in TN F-a, iNOS and 

CDl lb mRNA expression. It was also shown that anti-sense knockdown o f TLR2 in microglia 

attenuated the AP-induced increase in IL-6 and TN F-a mRNA (Jana et al., 2008). An Ap 

binding assay showed that incubation o f  THP-1 monocytes with an anti-TLR2 antibody
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significantly reduced binding o f  A p  to the cells (R eed-G eaghan  et al., 2009). Similarly it w as 

shown that microglia prepared from  T L R 2-defic ien t mice exhibited decreased production o f  

ROS and reduced activation o f  p38 M A P K  in response to  A P (R eed-G eaghan  et al., 2009). 

Taken together these data  strongly suggest that preventing A P from interacting w ith  T L R 2 

significantly decreases the pro - in f lam m atory  effect o f  the peptide and suggest that T L R 2 is a 

principal receptor for Ap.

5.4.3. The effect of aging on glial function

A large num ber o f  studies have described the  chronically  e levated levels o f  p ro - in f lam m atory  

signalling associated  with the aging brain (Lynch  and Johnson, 2012). It has been proposed  that 

the effects o f  infection and noxious insults are m ore  harmful in the im m unosenescent brain and 

this has been linked to  the progressive dysregulation  o f  microglial fijnction with age (Lynch  et 

al., 2010, Lyons et al., 2011). Glial cells in the aged brain are typically  hyper-responsive, and 

pro-inflam m atory  signalling may persist to the detriment o f  surrounding tissue. This feature o f  

aging is particularly devastating  in the case o f  neurodegenerative disorders, such as AD, in which 

toxic A p  peptides act as persistent in flam m atory  stimuli to an already hyper-responsive  innate 

im m une system (M cG eer  and M cG eer,  2002). Addressing  the dysregulation  o f  microglial 

activation therefore  presents one o f  the m ost prom ising  tools for the treatm ent o f  age-re lated  

neurodegenerative disorders.

5.4.4. Hypothesis of in vivo study

This study investigated the effects on the brain o f  exposing m iddle-aged  and SIG IR R -defic ien t 

mice to  an acute  injection o f  A p . It w as hypothesised that A P w ould  induce an in f lam m atory  

response in the  brain, characterised  by an increase in p ro -inflam m atory  cytokine and receptor 

expression, increased markers o f  microglial activation, and increased activation o f  intracellular 

pro-inflam m atory  signalling proteins. It was predicted that these effects would  be exaggera ted  in 

m iddle-aged anim als  due to  the m ore  p ro -in flam m atory  env ironm ent and heightened sensitivity
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o f  glial cells typical o f  the aged brain. It was further hypothesised that animals deficient in 

SIGIRR would also exhibit an exaggerated inflammatory response due to the lack o f  a 

modulatory effect o f  S lG lRR on pro-inflammatory signalling. Furthermore it was predicted that 

the complementary effects o f  age and SIGIRR deficiency would yield the greatest inflammatory 

response to Ap.

5.4.5. The effect of age, Ap injection and SIGIRR deficiency on cytokine production in 

cortical and hippocampal tissue

The evidence most indicative o f  an inflammatory response includes the production o f  pro- 

inflammatory cytokines. Although there was an apparent increase in lL-6 mRNA expression in 

the cortex o f  middle-aged wildtype and SIGIRR-deficient mice (15-fold and 3-fold respectively) 

compared with young mice, these changes were not statistically significant due to a high degree 

o f  variability. Elevated levels o f  lL-6 have previously been reported in the middle-aged rodent 

brain and it is thought to contribute to the pro-inflammatory signalling and neuronal damage 

associated with age (Dugan et al., 2009, Panarsky et al., 2012). Variability also appears to 

account for the lack o f  statistical significance in the apparent 10-fold increase in IL-6 mRNA 

expression in the cortex o f  young SIGIRR-deficient mice compared with young wildtype mice, 

and the 2-fold increase in the cortex o f  middle-aged SIGIRR-deficient mice compared with 

middle-aged wildtype mice. Although there have been no reported differences in IL-6 expression 

in the brains o f  young SIGIRR-deficient mice compared to wildtype mice, an age related 

increase in IL-6 expression in SIGIRR-deficient mice has been shown previously (Watson et al., 

2010). It is possible that increasing the number o f  animals in this study would have reduced the 

overall variation within groups. It may also be that the animals were not old enough to exhibit a 

significant increase in pro-inflammatory cytokines. Indeed in later experiments, SIGIRR- 

deficient mice aged 20-24 months exhibited robust increases in IL-6 mRNA and other pro- 

inflammatory cytokines (Carney, unpublished data). Intrahippocampal injection o f  A p  induced 

an apparent 25-fold increase in IL-6 mRNA in hippocampal tissue from young wildtype mice 

and a fiarther 4-fold increase in middle-aged mice, with marginally higher expression in tissue 

prepared from SIGIRR-deficient mice, but because o f  variation these changes did not prove
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significant. However, overall the data are consistent with a previous study examining the effects 

o f  acute 4-hour intracerebroventricular injection o f  A P 142 in rats (Lyons et al., 2007). It has 

previously been reported that intracerebral injections with A P 140 induced an increase in lL-6 

which peaked 24 hours post-injection (Rosales-Corral et al., 2004). Cortical injections o f  AP25-35 

have also been reported to induce IL-6 in rat hippocampus several days post-injection (Diaz et 

al., 2012). The differences in both A p species and experimental timeline should be noted in both 

studies described, and one possibility is that the difference in IL-6 measured may be the result o f  

the chronic exposure to A p as opposed to the acute, 4-hour treatment presented in this study.

5.4.6. The effect of age, Ap injection and SIGIRR deficiency on pro-inflammatory receptor 

expression in cortical and hippocampal tissue

The hypothesis that SIGIRR may exert a modulatory role on A p  toxicity in vivo is based, in part, 

on in vitro  evidence presented in chapter 4 o f  its ability to regulate the expression of, and 

signalling through, TLR2. As indicated here in vitro and in other studies in vivo, TLR2 acts as a 

receptor for AP (Richard et al., 2008, Vollmar et al., 2010). Here it was hypothesised that brain 

tissue from SIGlRR-deficient mice would have greater levels o f  TLR2 mRNA than wildtype 

mice, and that any exaggerated pro-inflammatory effects o f  AP in SIGIRR-deficient mice may 

be, in part, a result o f  this increase. It was found that TLR2 expression in cortical tissue from 

SlGIRR-deficient mice was increased compared with tissue from wildtype mice. This finding 

corroborates the in vitro results presented in chapter 4, provides fiirther evidence that SIGIRR 

plays a role in regulating TLR2 expression and is consistent with previous findings indicating 

that pro-inflammatory receptors TLR4, CD14 and IL - lR l  were increased in hippocampal tissue 

from SIGIRR-deficient mice compared with wildtype mice (Watson et al., 2010, Costello et al., 

2011b). Expression o f  another pro-inflammatory receptor, RAGE, was also greater in the 

hippocampus o f  SIGIRR-deficient mice and this was increased further with age. Although 

RAGE is not a member o f  the TLR family o f  proteins, it is a pattern recognition receptor capable 

o f  binding to similar ligands as TLR4 such as H M G B l, and can initiate pro-inflammatory 

responses via N F-kB (Bierhaus et al., 2001). Importantly, RAGE is also believed to play a role in
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AP recognition (Yan et al., 1996). A lthough it is not known whether SIGIRR interacts with 

RAGE as it does with TLRs, the expression o f  RAGE is thought to be increased by activation o f  

the receptor itself in a positive-feedback cycle (Li and Schm idt, 1997, van Beijnum et al., 2008). 

H M G B l has been shown to be increased in the hippocam pus o f  SIGIRR-deficient mice, and this 

may increase basal activation o f  the receptor and drive the increased expression o f  RAGE seen in 

SlG lR R -deficient mice (van Beijnum et al., 2008, Costello et al., 201 lb). Together these data 

indicate that in the absence o f  SIGIRR there is an upregulation o f  a variety o f  pro-inflam m atory 

receptors in the brain. It remains unclear w hether SIG IRR directly modulates the expression o f  

pro-inflam m atory receptors and the associated signalling events, or whether the increase in 

receptor expression is a consequence o f  the more pro-inflam m atory environm ent that exists as a 

result o f  the lack o f  m odulation by SIGIRR on pro-inflam m atory signalling.

5.4.7. The effect o f  age, AP injection and SIGIRR deficiency on markers o f  microglial 

activation in cortical and hippocam pal tissue

With an increase in pro-inflam m atory receptor expression, it might be predicted that there would 

be a concurrent increase in microglial activation in SIG IRR-deficient mice as a result o f  

increased receptor-ligand interaction. A lthough A p induced a 2.5 fold increase in CD40 

expression in hippocam pal tissue from young SIGIRR-deficient mice, this did not reach 

statistical significance due to high variability. It has been previously reported that CD40 mRNA 

is increased in hippocam pal tissue from SIGIRR-deficient mice in response to LPS challenge 

(W atson et al., 2010). However, no previous study had examined the effects o f  age on CD40. 

CD68 is also an indicator o f  microglial activation and here an increase in hippocam pal tissue 

from m iddle-aged SIGIRR-deficient mice was observed. An increase in CD68 has been 

previously been reported in the hippocam pus o f  wildtype m ice and in other regions o f  the brain 

(W ong et al., 2005, Lynch et al., 2010). In this study, changes in CD68 were only detected in 

tissue from SlG lR R -deficient mice. This may be due to the age o f  the animals, as the increase in 

CD68 mRNA reported by W ong and colleagues occurred in the brains o f  24 m onth-old mice 

com pared with 12 m onth-old mice in the present study. The increased basal inflam m atory state 

that exists in the brain o f  adult SIGIRR-deficient anim als mimics the conditions seen in middle-
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aged animals, and result in increased m icroglial activation com pared with adult w ildtype mice. 

Interestingly, A p failed to exacerbate the age-related increase in CD68. CD68 is thought to be 

indicative o f  lysosomal activity and phagocytosis, and these processes are also believed to be 

increased in senescent microglia (W ong et al., 2005, Lynch, 2009). It has been reported that 

microglia from aged rats exhibited increased uptake o f  quantum  dots compared to microglia 

from young rats, indicating increased phagocytic activity (Lynch et al., 2010). It may be that 

increased phagocytic activity in the hippocam pus o f  m iddle-aged, S lG lR R -deficient mice results 

in the breakdown o f  Ap, attenuating any inflam m atory effect it may have exerted on the 

microglia.

5.4.8. The effect o f  age, Ap injection and SIGIRR deficiency on NF-kB signaling in cortical 

and hippocam pal tissue

Any increase in microglial activation associated with A p, age, or SIG lRR-deficiency may be a 

result o f  increased pro-inflam m atory signalling through cell surface receptors. It has been shown 

in this chapter that TLR2 and RAGE expression is increased in brain tissue from SIGIRR- 

deflcient mice and that this is accom panied by an increase in CD68. A lthough a num ber o f  pro- 

inflam m atory signalling pathways may have been involved in this process, the dem onstrated 

ability o f  S lG lR R  to m odulate the N F - kB pathw ay suggests that it is the prim ary medium 

through which these changes are affected (W ald et al., 2003). Consistent with this, there was a 

significant increase in the phosphorylation o f  iK Ba in the hippocam pus o f  SlG IR R-deficient 

mice com pared with w ildtype mice. iKBa is a regulatory protein that maintains the p50 and p65 

subunits o f  N F - k B in an inactive state. Phosphorylation o f  IkB «  causes its dissociation from 

p50/p65 and results in the activation o f  N F - k B. W atson and colleagues (2010) previously 

dem onstrated that basal iK Ba phosphorylation was higher in the hippocam pus o f  SIG IRR- 

deficient mice com pared with w ildtype mice. The increased phosphorylation o f  iK B a appears to 

be a general effect o f  SIG IRR-deficiency, but neither age nor Ap exerted any additional effect. 

There w as an apparent increase in the phosphorylation o f  IKK in the hippocam pus o f  SIG IR R - 

deficient m ice however this did not reach significance. Com paring the data presented here with
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data reported by Costello and colleagues (2011) that indicate an increase in IRAKI expression in 

the hippocampus o f  SIGlRR-deficient mice, it appears that SIGIRR deficiency induces an 

upregulation in N F-kB  signalling in the hippocampus, which corroborates a number o f  in vitro 

studies which have described similar change (Wald et al., 2003; Li et al., 2003).

The data presented in this chapter provide further evidence that TLR2 acts as a ligand for AP and 

indicate that SIGIRR-deficiency is associated with an upregulation o f  the receptors, TLR2 and 

RAGE, with which A p  interacts. These increases are accompanied by an increase in microglial 

activation, as evidenced by the exaggerated expression o f  CD68. It remains unclear whether 

SIGIRR-deficiency exacerbates pro-inflammatory changes in middle-aged animals. Robust age- 

related increases in microglial activation and cytokine release were observed in 20-24 month old 

SIGIRR-deficient mice compared with young mice (Carney, unpublished data). In contrast to the 

in vitro data presented in chapter 4, there was no significant effect o f  exogenously administered 

Ap on pro-inflammatory markers in the brain highlighting the difficulty o f  extrapolating from an 

in vitro situation into an in vivo situation. In light o f  the evidence suggesting that the 

physiological role o f  SIGIRR is to act as a constitutive modulator o f  endogenous signalling, it 

may be more appropriate to assess the effect o f  chronic Ap exposure, perhaps in a mouse in 

which APP is overexpressed.
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Chapter 6: Analysis of the effects of IL-1F5, SIGIRR/Fc and 

TREM -l/Fc on stimulated glial cells
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6.1. Introduction

SIGIRR exerts a negative regulatory effect on TLR/IL-IR signalling in an indirect ligand- 

dependant manner, interacting with intracellular TlR-domain containing proteins upon binding 

o f  TLR/IL-1 R ligands to their specific receptors (Wald et al., 2003). However it remains unclear 

whether SIGIRR may be directly induced to exert its modulatory effects in the absence of, or 

complementary to, TLR/IL-IR ligand binding in order to enhance its anti-inflammatory effects. 

As yet there has been no identified ligand for SIGIRR, and it is currently classified as an orphan 

receptor. Among the potential candidates is the anti-inflammatory cytokine and member o f  the 

lL-1 family o f  proteins IL-1F5. 1L-1F5 is structurally similar to IL-lRa, a negative regulator of 

IL-1 signalling, and there is evidence to suggest that it has a similar negative regulatory role in 

IL-1 signalling (Dunn et al., 2003, Blumberg et al., 2007). IL-1F5 has been shown to attenuate 

IL-ip-induced lL-6 in mouse and rat cultured glial cells and rat hippocampus, possibly through 

the induction of IL-4. It was also revealed that that the ability o f  IL-F5 to attenuate LPS-induced 

IL-ip  release fi-om mouse glial cells was absent in glia prepared from SIGIRR" mice (Costelloe 

et al., 2008). These data suggested that 1L-1F5 exerted its actions in a SIGlRR-dependent 

manner, and identified it as a potential ligand for the hitherto-orphan receptor.

The formation o f  flinctional homodimers is a feature common to many members o f  the TLR/IL- 

IR family, including TLR4, and is often necessary to induce signalling cascades (Toshchakov et 

al., 2011). Although it is not known if SIGIRR homodimerizes under normal physiological 

conditions, its structural similarities to other member o f  the family suggests that it may be a 

conserved feature o f  the TLR/IL-1 superfamily o f  proteins. It was therefore hypothesised that a 

recombinant mouse SIGIRR fusion protein (SIGIRR/Fc) may be capable o f  modulating glial cell 

activation, through the binding and activation o f  endogenous SIGIRR, or through some other 

mechanism.

TREM-I is a member o f  the Ig family o f  proteins and is involved in the propagation o f  pro- 

inflammatory signalling in myeloid lineage cells. TREM-1 is believed to work synergistically 

with TLR4 and, in 2011, Huang and colleagues demonstrated that TREM-1 activation leads to 

the downregulation o f  SIGIRR in the corneas o f  mice infected with Pseudomonas aeruginosa.
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Conversely , it was d iscovered that w hen a l  REM -1 fusion protein (T R E M -l/F c )  w as  used to 

block TREM -1 signalling in the infected tissue, S IG IR R  expression was enhanced in com parison  

to untreated controls (W u et al., 2011). Here it is hypothesised  that glial cells trea ted  with 

T R E M - l /F c  will exhibit an attenuated response to LPS, and that this is linked to increased 

SIG IR R  expression.

In the absence  o f  a clear m echanism  by which  SIG IR R  is activated, the most effective w ay  to 

enhance  its m odula tory  ability is to  directly increase SIG IR R  expression th rough  gene 

transfection. This approach  has been used in a num ber  o f  studies to  elucidate the m echanism  o f  

action o f  S IG IR R  and to  exam ine its role in the m odula tion  o f  cytokine production from  various 

peripheral cell types (D rexler  et al., 2010, Khan et al., 2010). O ne o f  the aims o f  this study w as  

to attempt to overexpress  S IG IR R  in a microglial cell line using molecular cloning techniques.

In this chapter, a series o f  experim ents  were  perform ed to establish a mechanism  o f  directly or 

indirectly activating o r  increasing the expression o f  SIG IRR. This chapter describes;

•  An investigation o f  the anti-inflam m atory  cytokine 1L-1F5 as a potential ligand for the

direct activation o f  S IG IR R

• An investigation o f  SIG IR R /Fc as a m odula tor  o f  T L R /IL - IR  signalling

•  An investigation o f  T R E M -l /F c  as an indirect enhancer o f  S IG IR R  expression

•  An attem pt at molecular cloning o f  S IG IR R  in order to drive its over-expression
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6.2. Methods

Primary cortical mixed glia, microglia and astrocytes were prepared from postnatal 1-day old 

wildtype and SIGIRR-deficient mice and cultured for 14 days before treatment (see section 2.1 

for details). All agents used to treat cells were diluted to required concentrations in pre-warmed 

supplemented DMEM and all solutions were filter-sterilised through a 0.2|im cellulose acetate 

membrane filter.

LPS (Sigma, UK) was diluted to a final concentration o f  lO-lOOng/ml in supplemented DMEM. 

Cells were treated for 24 h with LPS. IL - ip  (R&D Systems; UK) was prepared as a stock 

solution in PBS and 0.1% BSA and diluted to the desired concentration o f  lOng/ml in 

supplemented DMEM. Cells were treated for 24 h with IL - lp .  SIGIRR/Fc (R&D systems, UK) 

was prepared as a stock solution in sterile PBS. Cells were pre-treated with SlGlRR/Fc (0.5- 

5(ig/ml) for 2 h and co-incubated in the presence or absence o f  LPS (100 ng/ml; Enzo Life 

Sciences, UK), or 1L-1(3 (lOng/ml; R&D Systems, UK) for a further 24 h. TR EM -l/Fc (R&D 

systems, UK) was prepared as a stock solution in sterile PBS. Cells were pre-treated with 

T R E M -l/Fc (2-lOng/ml) for 30 min and co-incubated in the presence or absence o f  LPS (10- 

lOOng/ml; Enzo Life Sciences, UK) for a ftirther 6, 12 or 24 h. mRNA expression o f  cytokines 

and cell surface proteins were assessed by RT-PCR and concentrations o f  cytokines and 

chemokines was determined by ELISA (see sections 2.3 and 2.4). Molecular cloning o f  human 

SIGIRR was undertaken as described in section 2.8 and figure 2.1.

Data are expressed as means ± SEM. Students t-test or ANO VA were performed to determine 

whether significant differences existed between treatment and genotype and Bonferroni post-hoc 

tests were performed where appropriate.
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T able 6.1. C aveats

The concentration o f 1L-! F5 was chosen on the basis o f  previous published work which had established that this 
concentration was capable o f attenuating LPS-induced c>1okine release in glial cells from wildtype mice. There 
was no available data on the activity o f  SIGIRR/Fc and therefore a concentration curve experiment was 
performed. However the concentrations analysed should have been selected based on a logarithmic scale in 
order to properly determ ine the most effective range o f SIGIRR/Fc. The concentration o f T R F M -l/F c  was 
chosen on the basis o f activity levels reported by R&D Systems in a similar cell types.

All data was collated following 24 hours o f  treatm ent. There are diflerences in the latency o f  mRNA 
transcription and cytokine release between different cytokines and this may have affected the results shown 
here. A tim e course experiment would have been advisable to determ ine the optimum tim e to harvest samples 
for cach cytokine measured.

I'he data in F igure 6.10. are representative o f  one experim ent w ith each condition replicated three tim es and 
should be regarded as preliminary data which must be repeated in order to confirm  the results

No analysis was undertaken to determ ine the level o f  endotoxin present in reagents used. The presence o f  
endotoxin in these reagents may have affected the responses observ ed from glial cells
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6.3. Results

6.3.1. Investigating the effect o f  IL-1F5 on IL -ip-treated  glial cells prepared from wildtype 

and SIGIRR'^' mice.

There was a significant effect o f  IL - ip  treatment on lL-6 mRNA (***p<0.001; ANOVA; Figure

6.2, A) and release (***p<0.001; ANOVA; Figure 6.2, B) in mixed glia prepared fi*om wildtype 

and SIGlRR-deficient mice, and a significant effect o f  genotype on lL-6 (**p<0.01; ANOVA; 

Figure 6.2A; ***p<0.001; ANOVA; Figure 6.2, B). The lL-1 P-induced increase in IL-6 was 

exacerbated in mixed glia prepared from SIGIRR-deficient mice compared with wildtype mice; 

there was a significant interaction between treatment and genotype (**p<0.01; ANOVA; Figure

6.2, A; ***p<0.001; ANOVA; Figure 6.2, B). IL-1F5 significantly attenuated the IL-1 P-induced 

increase in lL-6 release in cells prepared from wildtype mice, but that this effect was absent in 

cells prepared from SIGIRR-deficient mice C*p<O.OOI; ANOVA; Figure 6.2, B).

There was a significant effect o f  IL - ip  treatment on T N F -a  mRNA (**p<O.OI; ANOVA; Figure

6.2, C) in mixed glia from wildtype and S IG IR R " mice as well as significant differences 

between genotype (**p<0.01; ANOVA; Figure 6.2, C). T N F -a  mRNA was increased to a 

greater extent in cells prepared from SIGIRR-deficient mice as revealed by a significant 

interaction between IL - ip  treatment and genotype (*p<0.05; ANOVA; Figure 6.2, C). 1L-1F5 

did not affect supernatant concentration o f  T N F -a  in glia from either genotype (Figure 6.2, D).

IL - ip  also affected chemokine expression in mixed glia prepared from wildtype and SIGIRR- 

deficient mice. There was a significant effect o f  IL - ip  treatment on CXCLIO (***p<0.001; 

ANOVA; Figure 6.2, E) and CCL2 (***p<0.001; ANOVA; Figure 6.2, F) mRNA expression. 

Analysis o f  CCL2 mRNA also revealed a significant interaction between IL - lp  treatment and 

genotype, with a significant increase in CCL2 mRNA in the cells prepared from SIGIRR- 

deficient mice compared to wildtype mice (***p<0.001; ANOVA; Figure 6.2, F). There was no 

effect o f  IL-1 F5 on CXCLIO or CCL2 (Figure 6.2, E ; Figure 6.2, F).
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IL - ip  is increased IL - lR l mRNA expression in mixed glia prepared from wildtype and SIGIRR- 

deficient mice (*p<0.05; ANOVA; Figure 6.3, A). Although there was no significant difference 

in IL - lR l m RNA between cells from the two genotypes when unstimulated, there was a 

significant interaction between IL - ip  treatment and genotype (**p<0.01; ANOVA; Figure 6.3, 

A). IL-1F5 had no effect on cells prepared from wildtype mice, and failed to attenuate the IL -lp - 

induced increase in IL - lR l in cells prepared from SlGIRR-deficient mice. Neither IL - ip  nor IL- 

1F5 had any effect on SIGIRR expression in mixed glia prepared from wildtype mice (Figure 

6.3, B)

6.3.2. Investigating the effect o f  SIG IRR/Fc on LPS and IL -ip-treated  glial cells.

The evidence suggests that the modulatory effect o f  SIGIRR relies on its ability to  associate with 

IL -IR l and TLR4 inhibiting receptor-mediated signalling (Qin et al., 2005). Here the possibility 

that SIGIRR activation by a fusion protein (SlGIRR/Fc) might exert a modulatory effect on LPS- 

induced or IL-IR l- induced  effects was assessed by incubating LPS-treated or IL-ip-treated 

cells, obtained from wildtype mice, in the presence and absence o f  SIGIRR/Fc.

LPS increased C D l l b  mRNA in mixed glia (***p<0.001; ANOVA; Figure 6.4). SIGIRR/Fc 

significantly attenuated this increase at a concentration o f  5|ig/ml only ("p< 0 .01 ;  ANOVA; 

Figure 6.4).

LPS significantly increased IL-6 mRNA (***p<0.001; ANOVA; Figure 6.5, A) and supernatant 

concentration (***p<0.001; ANOVA; Figure 6.5, B) from mixed glia Pre-treatment with 

SIGIRR/Fc at a concentration o f  l |ig /m l attenuated the LPS-induced increase in IL-6 

concentration ("p<0.05; ANOVA; Figure 6.5, B, Inset), however it had no significant effect on 

IL-6 mRNA. LPS significantly increased T N F -a  mRNA (***p<0.001; ANOVA; Figure 6.5, C) 

and supernatant concentration (***p<0.001; ANOVA; Figure 6.5, D) o f  T N F -a  from mixed 

glial cells. Although pre-treatment with SIGIRR/Fc had no effect on T N F -a  mRNA expression, 

LPS-induced T N F -a  release was significantly attenuated by SIGIRR/Fc at concentrations o f  

I |ig/ml (^*p<0.01; ANOVA; Figure 6.5, D), 2.5 fig/ml (*p<0.05; ANOVA; Figure 6.5, D) and 5
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|o.g/ml ( p<0.05; ANOVA; Figure 6.5, D). LPS significantly reduced SIGIRR m RNA expression 

in mixed glia (**p<0.01; ANO VA; Figure 6.6). SIGIRR/Fc did not affect the LPS-induced 

change.

There w as no significant effect o f  1L-1(3 or SIGIRR/Fc on mRNA expression o f  C D I lb  (Figure 

6 .7, A). IL - ip  significantly increased CD 40 (**p<0.01; ANOVA, Figure 6.7, B) mRNA but 

SlG IRR/Fc exerted no m odulatory effect on the IL -ip-induced  change. IL - lp  also induced a 

significant increase in IL-6 mRNA (***p<0.001; ANOVA; Figure 6.8, A) and supernatant 

concentration (***p<0.001; ANOVA; Figure 6.8, B). Pre-treatm ent with SlG lR R /Fc 

significantly attenuated the increase in IL-6 mRNA at concentrations o f  0.5 ( "p<0.01; ANOVA; 

Figure 6.8, A; Inset) and l|.ig/ml (*p<0.05; ANOVA; Figure 6.8, A; Inset). The IL -ip-induced 

lL-6 release was significantly attenuated by SIGIRR/Fc at a concentration o f  2 .5 |ig/m l ("p<0.05; 

ANOVA; Figure 6.8, B; Inset).

6.3.3. Investigating the effect o f  T R E M -l/F c on LPS-treated glial cells

LPS increased IL-6 (***p<0.001; ANOVA; Figure 6.9, A) and T N F -a (***p<0.001; ANOVA; 

Figure 6.9, B) release from mixed glia. The increase in T N F -a  was attenuated following pre

treatm ent with T R E M -l/Fc at a concentration o f  6ng/ml (^^p<0.01; ANOVA; Figure 6.9, B). 

The data in Figure 6.10 confirm  that LPS induced a decrease in SIGIRR mRNA in mixed glia 

(*p<0.05; S tudent’s t-test; Figure 6.10), Although T R E M -l/Fc had no effect on basal levels o f  

SIGIRR mRNA, it reversed the LPS-induced decrease at a concentration o f  6ng/ml (*p<0.05; 

ANOVA; Figure 6.10).

LPS induced an increase in T N F -a release (***p<0.001; ANOVA; Figure 6.11, A) and a 

decrease in SIGIRR mRNA (***p<0.001; A NO VA; Figure 6.11, B) in isolated microglia. 

T R E M -l/Fc, at a concentration o f  6ng/ml, attenuated the LPS-induced increase in T N F -a  

( p<0.05; ANOVA; Figure 6.11, A) but had no effect on SIGIRR mRNA.
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6.3 .4 . M olecu lar  c lon in g  o f  hum an S IG IR R  gene in to  m am m alian  vector.

F igure 6 .12 , A , show s a simplified vector m ap o f  the com m ercia l  bacterial cloning vector 

p E N T R 2 2 1 . The map illustrates the presence o f  a T7 prom oter sequence, the region contain ing a 

resistance gene  for the selection antibiotic  kanam ycin , and the multiple cloning site (M CS) 

contain ing the  sequence for hum an S IG IR R . The full sequence o f  the hum an SIG IR R  insert, with 

start and stop codons highlighted, is represen ted  in F igure 6 .12 , B.

F igure 6 .13 , A , outlines the basic p ro tocol for the excision, am plification and purification o f  the 

S IG IR R  insert from the com m ercia l c lon ing  vector p E N T R 2 1 1. It also illustrates the preparation 

o f  the m am m alian  vector pE G F P _C 2  th rough  restriction digestion using the enzym es E C O R l 

and B A M H l ,  dephosphory la tion  using calf-intestinal alkaline phosphatase (CIP) and 

purification. F igure 6 .13 , B , show s an agarose  gel picture illustrating the various gel checks 

perform ed during  the purification o f  the insert. F igure 6 .13 , C , show s an agarose gel picture 

illustrating the various gel checks perfo rm ed  during  the purification o f  the vector.

128



Table 6.2. Results summ ary

Key; R=mRNA; P=protein; t=increase; 'l-=decrease; - = no change; NA=not analysed; NML=no 
measureable levels

Effect on \VT Effect on SIG-/-

Mixed Glia

P aram eter IL-IP' IL-1F5^ IL-IP' IL-1F5^

IL-6 R t ;  P t r 4; P i R t ; P t R -; P -
T N F-a R t ; R- ; ' R t ; R-;

PNM L PNM L ! PN M L PNM L
CCL2 R t ;  PNA R -; P NA R t ;  PNA R -; P NA

CXCLIO R t ;  PN A R -; P NA R t ;  PNA R -; P NA
I I - I R I R -; P NA R -; P NA R t ;  PNA R -; P NA

SIGIRR R - ; P - R -; P - NA NA

‘Relative to control-treated cells; 'relative to IL-ip-treated cells

Mixed glia

Param eter

C D l l b
CD40
lL-6

TNF-a
SIG IRR

LPS'

R t ;  PN A  
NML

R t ;  P t  
R t ;  P t  

R i ;  PNA

SIGIRR/Fc^

r I ;  PNA  
NMI.

R -; P i  
R -; p 4 

R P NA

IL-IP'

R t ;  PNA
R T; PNA 
R t ;  P t  

NML 
NA

SIGIRR/Fc^

R -; P NA 
R -; P NA 
R i ; P l  

NML 
NA

‘Relative to control treated: "relative to LPS-treated; ^relative to IL-lp-treated

Mixed Glia

Microglia

Param eter LPS' TREM-I/Fc^

lL-6 R NA; P t R NA; P-
TN F-a R NA; P t R N A ; P i

SIG IRR R i ;  P NA R t ; P N A

lL-6 1 R N A ; P t R NA; P-
TN F-a RN A ; P t R NA; P i

1 SIGIRR R i ;  P NA R -; P NA

'Relative to control treated; ^relative to LPS treated
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Figure 6.1. Results sum m ary
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Figure 6.2. 1L-1F5 attenuated IL-6 release in mixed glia prepared from w ildtype mice but not SIGIRR'^' mice

Primary mouse mixed glia were prepared from wildtype and SIGIRR'^' m ice and treated with II .- ip  (lOng/ml; 24h). 

There was a significant effect o f  1L-1(3 on mRNA expression o f  (A) IL-6, (C) T N F -a , (E) CXCLIO and (F) CCL2 

and on the release o f  (B) IL-6 in m ixed glia prepared from wildtype and SIGIRR'^' m ice (***p<0.001; ANOVA). 

Pre-treatm ent with IL-1F5 (3|ig/m l; 2h) significantly attenuated the IL-I(3-induced increase in (B) release o f  IL-6 in 

m ixed glia from wildtype mice but not SIGIRR'^' m ice (^^^p<0.001; ANOVA). Values are presented as m eans (± 

SEM). Data for mRNA is expressed as a ratio to (5-actin mRNA and standardised a control sample. The data are 

representative o f  3 separate experim ents with each condition tested in duplicate.
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Figure 6.3. IL-1F5 had no effect on mRNA expression of IL - lR l or S IG IR R  in mixed glia from wildtype and 

SIGIRR'^' mice

Primary mouse mixed glia were prepared from wildtype and SIGIRR'^' mice and treated with IL - ip  (lOng/ml; 24h). 

There was a significant effect o f IL - ip  on mRNA expression o f (A ) IL - lR l in mixed glia prepared from SIG IRR'' 

mice (**p<0.01; ANO VA). Pre-treatment with IL-1F5 (3ng/ml; 2h) had no effect on mRNA expression o f IL - lR l 

or (B) SIGIRR. Values are presented as means (± SEM) and expressed as a ratio to p-actin mRNA and standardised 

to a control sample. The data are representative o f 3 separate experiments with each condition tested in duplicate.
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Figure 6.4. SIGIRR/Fc attenuated the LPS-induced increase in mRNA expression of CDl lb  from mixed glia

Primary mouse mixed glia were prepared from wiidtype mice and treated with LPS (lOOng/ml; 24h). LPS induced a 

significant increase in mRNA expression o f C D llb  in mixed glia (***p<0.001; ANO VA). Pre-treatment with 

SlGlRR/Fc (5|ig/m l; 2h) attenuated the LPS-induced increase in mRNA expression o f C D llb  (*^p<0.01; ANOVA). 

Values are presented as presented as means (± SEM) and expressed as a ratio to (5-actin mRNA and standardised to 

a control sample. The data are representative o f 2 separate experiments with each condition tested in duplicate.
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Figure 6.5. SIGIRR/Fc attenuates the LPS-induced increase in cytokine release from mixed glia

Primary mouse mixed glia were prepared from vviidtype m ice and treated with LPS (lOOng/ml; 24h). LPS induced 

an increase in the mRNA expression o f  (A) IL-6 and (C ) T N F-a and in the release o f (B) IL-6 and (D) T N F-a from 

mixed glia (***p<0.001; ANOVA). Pre treatm ent with SlGIRR/Fc (l^g /m l; 2h) attenuated the LPS-induced 

increase in (B; Inset) IL-6 release (*p<0.05; ANOVA). Pre treatm ent with SIGIRR/Fc (1, 2.5, S^g/ml; 2h) 

attenuated the LPS-induced increase in (D) T N F-a release (*^p<0.01; ANOVA). Values are presented as presented 

as means (± SEM; n=2). Data for mRNA is expressed as a ratio to P-actin mRNA and standardised to  a control 

sample. The data are representative o f  2 separate experiments with each condition tested in duplicate.
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Figure 6.6. SIG IRR/Fc had no effect on the mRNA expression of SIG IRR in mixed glia.

Primary mouse mixed glia were prepared from vvildtype m ice and treated with LPS (lOOng/ml; 24h). LPS induced a 

significant decrease in the mRNA expression o f  SIGIRR in mixed glia (” p<0.01; ANOVA). Pre-treatment with 

SIGIRR/Fc failed to reverse this decrease at any concentration. Values for RT-PCR are presented as means (± SEM) 

and expressed as a ratio to P-actin mRNA and standardised to a control sample. The data are representative o f  2 

separate experim ents with each condition tested in duplicate.
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Figure 6.7. SIGIRR/Fc failed to attenuate the IL -ip-induced increase in mRNA expression of CD40 from 

mixed glia.

Primary mouse m ixed glia were prepared from wildtype mice and treated with IL -ip  (lOng/ml; 24h). There was no 

significant effect o f  IL -ip  or IL-1F5 on mRNA expression o f  (A) C D l lb . i l .- lp  induced an increase in mRNA 

expression o f  (B) CD40 in mixed glia (*”p<0.01; ANOVA). Pre-treatm ent with SIGIRR/Fc failed to attenuate this 

increase at any concentration. Values for RT-PCR are presented as means (± SEM; n=2) and expressed as a ratio to 

P-actin mRNA and standardised to a control sample. The data are representative o f  2 separate experiments w ith each 

condition tested in duplicate.
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Figure 6.8. SIG IRR/Fc attenuated the IL -ip-induced increase in IL-6 from mixed glia

Primary mouse m ixed glia were prepared from wiidtype m ice and treated with IL -ip  (lOng/ml; 24h). IL -ip  induced 

an inCTease in (A) mRNA e.xpression o f lL -6 and (B) release o f  lL-6 from mixed glia (***p<0.001; ANOVA). Pre

treatm ent with SIGIRR/Fc (0.5, l|ig /m l; 2.5 |ig/m l; 2h) attenuated the LPS-induced increase in (A; Inset) IL-6 

mRNA expression and (B; Inset) IL-6 release (^p<0.05; ^p< 0 .01 ; ANOVA). Values are presented as m eans (± 

SEM; n=2). Data for mRNA are expressed as a ratio to (3-actin mRNA and standardised to a control sample. The 

data are representative o f  2 separate experim ents with each condition tested in duplicate.
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Figure 6.9. TREM -l/Fc attenuated the LPS-induced increase in TNF-a from mixed glia

Primary mouse mixed glia were prepared from vvildtype mice and treated with LPS (lOOng/ml; 24h). LPS induced 

an increase in release of (A) IL-6 and (B) TNF-a from mixed glia (***p<0.001; ANOVA). Pre-treatment with 

TREM -l/Fc had no effect on release of (A) IL-6. Pre-treatment with TREM -l/Fc (6ng/ml; 30min) attenuated the 

LPS-induced increase in release o f (B) TNF-a C*p<0.01; ANOVA). Values are presented as presented as means (± 

SEM). The data are representative of 2 separate experiments with each condition tested in duplicate or triplicate.
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Figure 6.10. T R E M -l/F c reversed the LPS-induced decrease in mRNA expression o f SIGIRR in mixed glia.

Primary mouse m ixed glia were prepared from wildtype mice and treated with l.PS (lOOng/ml; 24h). LPS induced a 

significant decrease in SIGIRR mRNA in mixed glia (*p<0.05; ANOVA). Pre-treatment with T R E M -l/Fc (6ng/ml; 

30min) significantly increased mRNA expression o f  SIGIRR com pared with cells treated with LPS alone (*p<0.05; 

ANOVA) Values for RT-PCR are presented as means (± SEM ) and expressed as a ratio to |3-actin mRNA and 

standardised to a control sample. The data are representative o f  2 separate experim ents with each condition tested in 

duplicate or triplicate.
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Figure 6.11. TREM -l/Fc attenuates the LPS-induced increase in release of TNF-a from microglia

Secondary microglia were prepared from wiidtype mice and treated with LPS (lOOng/ml; 24h). LPS induced an 

increase in release of (A) TNF-a and a reduction in the mRNA expression of (B) SIGIRR in microglia (***p<0.001; 

ANOVA). Pre-treatment with TREM -I/Fc (6ng/ml; 30min) attenuated the LPS-induced increase in TNF-a release 

but had no effect on SIGIRR mRNA expression (^p<0.01; ANOVA). Values are presented as means (± SEM). Data 

for mRNA are expressed as a ratio to p-actin mRNA and standardised to a control sample. The data are 

representative o f I experiment with each condition tested in triplicate.
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 >

gtac«aattaa'3câ <3ct.ccacc4t.gccag<3tgtccgt.gata(3gacccĉ gacttcccctcccc'3tct0aag 
accaggtgctgaggcctgccttgggcagctcagtggctctgaactgcacggcttgggtagtctctgygccc 
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g c g c g c t g a g c c c t c c g c c g a c c t c t t g g t g a a c c c g a g c c g c t g c c g a c g c c t c a t c g t g g t g c t t t c g g  
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<-------------

Figure 6.12. Original SIGIRR Insert from Commercial Cloning Vector pENTR211

(A) Vector map for pENTR211 showing multiple cloning site for human SIGIRR. kanamycin resistance gene and 

T7 promotor. (B) Sequence of human SIGIRR insert with start and stop codons.
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Figure 6.13. pEGFP C2 m SlG lRR Cloning

(A) Schematic showing protocol for purification o f SIGIRR insert and vector preparation for cloning*. (B) Agarose 

gel picture showing gel check stages o f cloning protocol for SIGIRR insert. (C) Agarose gel picture showing gel 

check stages o f cloning protocol for pEGFP_C2 vector.* Protocol schematic courtesy o f Gillian Muirhead.
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Figure 6.14. Unifying mechanism

(A) It has been proposed that IL-1F5 acts as a ligand for SIGIRR. IL-1F5 may also inhibit IL -lR l m ediated pro- 

inflam m atory signaling by disrupting the interaction o f  IL -IR A cP with IL -IR I. (B) SIGIRR/Fc may act directly on 

SIG IRR to activate the receptor through hom otypic interaction. SIGIRR/Fc may be internalised by the cell and 

interact with IR domain containing proteins or be recycled to the cell surface. (C ) T R E M -I/Fc blocks TREM -I and 

prevents it from enhancing pro-inflamm atory signaling through TLR-4 and increases SIGIRR expression. It is 

unclear whether the increased SIGIRR expression is a direct effect o f  TREM-1 blockade or whether it occurs 

secondary to the reduction in signaling through TLR4.
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6.4. Discussion

6.4.1. Overview

The aim o f  this study was to attempt to estabhsh a mechanism to further examine the anti

inflammatory properties o f  SIGIRR. A number o f  experiments were performed to investigate 

methods o f  directly and indirectly activating endogenous SIGIRR and/or increasing the 

expression o f  SIGIRR in glial cells. Specifically, IL-1F5, SIGIRR/Fc and TR EM -l/Fc were 

assessed in an effort to upregulate SIGIRR or activate the receptor. In addition, molecular 

cloning techniques were employed with a view to creating a microglial cell line which 

constitutively overexpressed SIGIRR with the objective o f  modulating inflammatory responses 

in microglia. ................................

6.4.2. The effect o f IL-1F5 on IL-ip*induced cytokine production from mixed glia

The first set o f  experiments sought to investigate the reported anti-inflammatory effects o f  the 

cytokine IL-1F5 and to determine whether these effects were SIGIRR-dependent. Based on the 

proposition that 1L-IF5 may be a ligand for SIGIRR, it was hypothesised that IL-1F5 would 

attenuate the release o f  pro-inflammatory cytokines fi'om cultured mixed glia in response to IL- 

Ip  and that this effect would be absent in cells prepared from SIGIRR-deficient mice (Costelloe 

et al., 2008). The data from chapter 3 demonstrate that mixed glia prepared from wildtype and 

SIGIRR-deficient mice respond to IL - ip  by increasing the mRNA expression and release o f  

cytokines and chemokines which corroborated evidence in the literature (Hua and Lee, 2000, 

Lee et al., 2002). The data also showed that IL-ip-induced cytokine and chemokine production 

was enhanced in cells prepared from SIGIRR-deficient mice. These findings were replicated by 

the data presented in this chapter. The mRNA expression o f  IL-6 and TN F-a, CCL2 and IL -IR l 

was increased in cells prepared from SIGIRR-deficient mice compared with wildtype mice
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following treatment with IL - ip .  Furthermore, IL -ip-induced IL-6 release from glia and pre

treatment with 1L-1F5 attenuated the IL-ip-induced increase in IL-6 release in cells prepared 

from wildtype mice but this effect was absent in mixed glia prepared from SIGIRR-deficient 

mice. Costelloe and colleagues (2008) reported similar findings, and observed that the ability o f  

1L-1F5 to attenuate an LPS-induced increase in IL - ip  was lost in cells prepared from SIGIRR- 

deficient mice. These findings would seem to support the hypothesis that IL-1F5 exerts its 

effects in a SIGIRR-dependant manner but a binding study determined that 1L-1F5 bound 

weakly to SIGIRR, suggesting that the cytokine does not act as a ligand but rather through some 

indirect mechanism (Watson, personal communication). It is important to note that IL-1F5 failed 

to attenuate IL-ip-induced increases in T N F -a ,  CXCLIO, CCL2 and IL - lR l .  These molecules 

were all markedly increased in cells prepared from SIGIRR-deficient mice compared with 

wildtype mice and therefore it might be predicted that they would be attenuated by IL-1F5 if it 

exerts its effects directly through SIGIRR. T N F -a  and CXCLIO are primarily induced via innate 

and classical immune pathways respectively, though their induction may also be secondary to the 

release o f  other factors triggered by IL - ip .  In contrast, IL-6 is produced directly via IL - ip  

signalling (Luster et al., 1985, Dumitru et al., 2000).

IL-1F6 is another member o f  the IL-1 family, structurally similar to IL-1F5, and is thought to 

signal through IL-lRAcP, which is required for IL-I induced activation o f  1L-1R1. IL-IF6 has 

been shown to robustly increase the secretion o f  IL-6 from Jurkat cells in an IL-IRAcP- 

dependant manner (Towne et al., 2004). It has previously been shown that SIGIRR inhibits IL-1 

signalling in part through the inhibition o f  IL -lR A cP  (Qin et al., 2005). Interestingly, 1L-1F5 

appears to act as a frinctional antagonist to IL-1F6, potently attenuating IL-1 F6-induced 

activation o f  N F-kB (Debets et al., 2001). It is possible that both SIGIRR and IL-1F5 inhibit IL- 

Ip  signalling by interacting with IL - lR A cP  to prevent it from associating with IL- IRI .  IL-1F5 

and SIGIRR may act synergistically to inhibit IL -IR A cP  and induce a modest attenuation on IL- 

Ip-induced IL-6 release. In the absence o f  SIGIRR, IL-IF5 alone may not sufficiently inhibit IL- 

IRAcP to have such an effect. This would account for the apparent SIGIRR-dependency o f  IL- 

1F5 without requiring it to act as a ligand for SIGIRR.
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6.4.3. The effect of SIGIRR/Fc on LPS and IL-ip-induced cytokine production from mixed 

glia

The next set o f experiments sought to investigate possible anti-inflammatory actions of 

SIGIRR/Fc. It was considered that activation o f  SIGIRR with a fusion protein may attenuate LPS 

and/or IL-ip-induced changes. LPS increased the mRNA expression o f  C D lIb , IL-6 and TNF- 

a,  and the supernatant concentration of IL-6 and TNF-a. These data replicate the findings in 

Chapter 3 and are similar to data previously published (Hua and Lee, 2000; Kong et al., 1997; 

Lee et al., 1993). Pre-treating the cells with SlGIRR/Fc attenuated the LPS-induced increase in 

C D lIb  mRNA, IL-6 and TNF-a protein, and the IL-ip-induced increase in IL-6 mRNA and 

protein. To my knowledge these are the first data describing the effects o f  exogenous application 

of SIGIRR on cultured cells. Since it has been established that the extracellular domain of 

SIGIRR can inhibit IL-IRI signalling by disrupting the binding of IL-IRI to IL-IRAcP, it is 

possible that exogenously applied SIGIRR/Fc inhibits IL-I P-induced cytokine release through 

this method (Li et al., 2005). However this would not explain the ability o f  SIGIRR/Fc to 

attenuate LPS-induced c>lokine release, since SIGIRR modulates TLR4 through interaction with 

intracellular TIR domains. One possibility is that SIGIRR/Fc crosses the membrane to exert this 

effect. SIGIRR/Fc has a molecular weight of 39 kDa, and non-polar molecules o f  this size may 

cross the membrane via membrane transport proteins. However, SIGIRR is estimated to have an 

isoelectric point (pi) o f  5.5, which would confer a negative charge on the protein at physiological 

pH. Therefore it is likely that an active method of transporting SlGIRR/Fc across the cell 

membrane would be required. LPS has been shown to increase phagocytosis o f  both rat and 

mouse secondary microglial cells as measured by fluorescent staining and bead uptake assays 

(Neher et al., 2011, Fricker et al., 2012). One possibility is that SIGIRR/Fc may be 

phagocytosed, perhaps by opsonised phagocytosis through fragment crystallisable region (Fc) 

receptors on the microglial cell membrane. The Fc tag on SIGIRR/Fc is derived from IgGi, 

which binds to FcyRI with a high affinity and induces phagocytosis (Indik et al., 1995). Indeed it 

has been shown that the rate o f  Fc receptor-mediated phagocytosis o f  IgG-coated erythrocytes 

was enhanced following exposure to LPS (Abd-el-Basset and Fedoroff, 1994). Bitonti and 

colleagues (2004) demonstrated that an erythropoietin fijsion protein (EpoFc) was capable o f
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being transported across epithelial cells using the endogenous FcRn-IgG transport pathway 

(Bitonti et al., 2004). If internalised, SIGIRR/Fc may be recycled to the cell membrane, or exist 

in a soluble form, and be available to bind to intracellular TIR-domain containing signalling 

proteins thus mimicking the function o f  endogenous SIGIRR.

6.4.4. The effect of TREM -l/Tc on LPS-induced cytokine production from mixed glia

The recombinant TREM-I fusion protein, TREM-l/Fc, demonstrated an ability to attenuate the 

LPS-induced increase in TN F-a from mixed glia and microglia in a dose-dependent manner. 

However, the effect was modest, decreasing the LPS-induced change by about 15%. The effect 

was also confined to TNF-a, with no modulatory influence on the LPS-induced change in lL-6. 

Previous studies have reported an anti-inflammatory effect o f  TREM-l/Fc, with mouse models 

o f  sepsis showing significantly improved survival rates following TREM-l/Fc treatment (Tong 

et al., 2011). In addition, TREM-l/Fc attenuated the expression o f  TNF-a, lL-6 and IL-ip from 

a THP-1 monocytic cell line and reduced monocytic activation in patients with sepsis (Wong- 

Baeza et al., 2006, Tong et al., 2011). In 2011, Wu and colleagues investigated the role of 

TREM-1 in the progression o f  corneal disease induced by Pseudomonas aeruginosa infection in 

mice. This group reported that mice which received an injection o f  TREM-l/Fc exhibited 

reduced corneal disease, with an accompanying decrease in pro-inflammatory markers such as 

IL -lpand  IL-6.

The present data also show that LPS induced a downregulation o f  SIGIRR mRNA, but that pre

treatment with TREM-l/Fc reversed this effect. This is consistent with the data suggesting that 

LPS-induced changes might be SIGlRR-dependent. Interestingly, it has been reported that 

TREM-l/Fc promoted the expression o f  SIGIRR in comeal tissue from mice with P. aeruginosa 

infection corneal infection. The present data support this evidence. The sequence o f  events 

following TREM-l/Fc treatment remains unclear however, and a time-course study is required to 

determine whether the expression o f  SIGIRR precedes the attenuation o f  the pro-inflammatory 

markers, and this would be consistent with a possible role for SIGIRR in the process. It may be
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that, following the  initial LPS-induced dow nregula tion  o f  SIG IRR, the blockade o f  TREM -1 by 

T R E M - l /F c  d im inishes continuous production o f  p ro -in flam m atory  cytokines, a llowing S lG lR R  

expression to  recover. In any case, T R E M - l /F c  failed to  increase the expression o f  basal levels 

o f  S IG IR R  in m ixed glia and therefore  does not represent an effective indirect m echanism  o f  

exploiting the an ti- in flam m ato iy  effects o f  SIGIRR.

IL-1F5, S IG IRR/Fc and T R E M - l /F c  all exhibit a m odest ability to attenuate glial activation and 

cytokine release. Previous data  indicated that l L - l F 5 ’s inability to act as a direct ligand for 

SIG IR R , with ev idence  o f  poor binding affinity betw een  the tw o molecules. The limited effect o f  

1L-1F5 on m odula tion  o f  EPS and IE-1 P-induced cytokines, suggest that 1E-1F5 and SIG IRR 

m ay  cooperate  to exert a m odula tory  effect on l E - l R l ,  possibly by acting on lE - lR A c P ,  rather 

than  by a direct interaction. Similarly, the m echan ism  o f  action  o f  S lG lR R /F c  remains a subject 

for speculation and flirther studies are required to determ ine the nature o f  its m odulatory  effect 

on  T ER 4 and l E - I R l  signalling. H owever, the limited attenuation o f  glial activation and 

cytokine  release achieved by SIG IR R /Fc, and the failure to a dose with consistent effects dose, 

suggests  that activation o f  S IG IR R  by SIG IR R /Fc  is not a viable is not a viable m echanism  to 

enhance  S IG IR R -m edia ted  effects. A lthough the  anti-inflam m atory  effects o f  T R E M - l /F c  

w arrant further study, it appears to be an ineffective stim ulator o f  S IG IRR expression.

6.4.5. Transfection of BV2 cells with vector containing sigirr gene

In light o f  the limited success o f  exogenously-applied  agents in targeting SIG IRR and inducing 

an ti- in flam m atory  effects, a more direct m echanism  o f  increasing SIG IR R  expression  w as 

sought. A num ber o f  authors  have used S IG IR R  overexpression in a variety o f  cell types to 

d em onstra te  the m odula tory  effect o f  S IG IR R  in p ro -in flam m atory  signalling and to investigate 

the m echanism s o f  this effect. Q in  and co lleagues (2005) transfected H EK293 cells w ith  a 

construct contain ing an N -term inus FE A G -tagged  SIG IR R  insert and reported that the  cells 

overexpressing  S IG IR R  exhibited significantly  reduced levels o f  N F - kB activation in response to  

T E R 4  and l E - l R l  s tim ulation  com pared  with  control cells. A similar attenuating effect on lE- 

I R l  and T E R 4-induced  N F -k B activation and cytokine  release w as observed in H T 29  cells.
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macrophages, dendritic cells and RAW264.7 cells transfected with SIGIRR (Wald et al., 2003; 

Drexler et al., 2010; Huang et al., 2006). In the present study, an insert containing the human 

SIGIRR gene was successfiilly amplified and purified from the bacterial vector pENTR221. The 

SIGIRR insert, and the mammalian vector pEGFP_C2, were incubated with the restriction 

enzymes BA M H l and ECORl in order to produce the complementary single-stranded “sticky 

ends” necessary to enable ligation. A number o f  protocols were employed to promote the ligation 

o f  the SIGIRR insert into pEGFP_C2 however they proved unsuccessful. There are a number o f  

reasons why the ligation may have failed, including the presence o f  contaminating DNA ligase 

inhibitors, or restriction endonucleases, which were not filtered out during the purification 

process. It may also be that pEGFP_C2 is an inappropriate vector for the ligation o f  the SIGIRR 

insert, and there are a number o f  other mammalian expression vectors which may prove more 

effective.

The investigation o f  SIGIRR as a target for possible anti-inflammatory therapies is made 

difficult by the nature o f  SIGIRR as an orphan receptor and the lack o f  an endogenous ligand, or 

a synthetic agonist. If the beneficial effects o f  SIGIRR are to be effectively exploited, it seems 

likely that research will have to be focused on methods o f  driving its overexpression, whether 

through the indirect actions o f  a second protein, or through the use o f  gene expression 

techniques.
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Chapter 7: Conclusion
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7.1. Overview

The objective o f  this s tudy was to investigate the m odula tory  effects o f  SIGIRR on glia, 

particularly microglia. A fijnctional role for S IG IR R  has been described in a variety o f  cell types 

th roughout the periphery, particularly in the k idney and intestine, where it acts as a m odula tor  o f  

inflam m atory  signalling. S IG IR R  has been ascribed an important role in the suppression o f  an 

array o f  in flam m atory  diseases such as rheum ato id  arthritis, lupus erythematosus and sepsis. 

However, as yet there  have been few studies w hich  have exam ined the role o f  S IG IR R  as a 

m odera tor  o f  inflam m ation  in the brain. A lthough  the expression o f  S IG IRR in the brain is low 

com pared w ith  m ost peripheral tissues, it has been detected  in the cortex, h ippocam pus and 

thalamus, on  both neurons and glial cells. In light o f  increasing evidence implicating activated 

microglia  in the pathogenesis  o f  m any neurodegenera tive  d iseases and in the dam aging effects o f  

aging, it is im portant to investigate novel endo g en o u s  suppressors o f  pro-inflam m atory  signalling 

in microglia. Evidence  that S IG IR R  is involved in the inflam m atory  response o f  peripheral cells 

o f  m yeloid lineage lead to  the hypothesis that S IG IR R  m ay represent a hitherto unknow n 

m odula tor  o f  inflam m atory  signalling in glial cells.

7.2. SIG IR R  deficiency and glial cell function

The first tw o  chapters  o f  this thesis describe experim ents  that sought to characterise the response 

o f  glial cells p repared from  SIG IRR -defic ien t mice to  a varie ty  o f  p ro-inflam m atory  stimuli. 

O bserv ing  the d ifferences in the expression o f  m arkers  o f  microglial activation and pro- 

in flam m atory  cy tokines be tw een  SIG IRR -defic ien t cells and cells which express S IG IR R  allow s 

the inference o f  a functional role for S IG IR R  in the regulation o f  these processes. The 

exaggera ted  response o f  glia prepared from SIG IR R -defic ien t mice to  LPS support and expand 

on the findings by W atson  and colleagues (2010) that S IG IR R  is involved in the suppression o f  

p ro - in f lam m atory  s ignalling through  T L R 4 on glial cells. In the present study, it was established 

for the first time tha t S IG IR R  is also capable  o f  m odula ting  pro-inflam m atory  signalling th rough  

I L - l R l  and T L R 2 as ev idenced  by the exaggera ted  response o f  glial cells to  I L - i p  and
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Pam 3 CSK 4  resp ective ly . U p on  stim ulation  o f  g lia l c e lls  w ith  each  o f  th ese  factors, th e absen ce o f  

SIG IR R  co n sisten tly  led to  an exaggerated  production  o f  the pro-inflam m atory  cy to k in es IL -6  

and T N F -a . T he upregulation  o f  these cy to k in es is k now n  to  be driven by the transcription factor  

N F -k B , and these data support the ev id en ce  from  th e literature d escrib in g  the m odu lation  o f  th is  

pathw ay by SIG IR R . There w ere som e in co n sisten cies  in the e ffe c ts  o f  SIG IR R  d efic ien cy  on  

m arkers o f  m icrog lia l activation  h ow ever. It had p rev iou sly  b een  reported by W atson  and 

co llea g u es  (2 0 1 0 )  that C D 4 0  and 1C A M I m R N A  exp ression  w as exaggerated  in m ixed  g lia  

prepared from  S IG lR R -d efic ien t m ice  fo llo w in g  L PS stim ulation , and in the data presented  in 

this th esis, I L - ip  w as sh ow n  to  induce an exaggerated  exp ression  o f  C D lI b  and C D 6 8  in g lia  

from  SIG IR R  d efic ien t m ice. H ow ever, there w a s no gen otyp e d ifferen ce observed  in the  

exp ression  o f  m arkers o f  m icrog lia l activation  fo llo w in g  Pam jC SlCi treatm ent. T his m ay reflect 

the varying ab ility  o f  SIG IR R  to  suppress m icrog lia l activation  through the d ifferent receptors, 

although further w ork  is required to  substantiate th is h yp oth esis . A lthou gh  T L R 2 u tilises the  

sam e inflam m atory sign a llin g  p ath w ay as T L R 4 and I L - l R l ,  Pam 3 C SK 4  is a m uch m ore sp ec ific  

agon ist for T L R 2 than LPS is for TL R 4; it is accep ted  that LPS is capable o f  activatin g a num ber 

o f  receptors, and therefore the e ffe c ts  o f  LPS m ay be m ore profound. S im ilarly , a lthough I L - i p  

is a sp ec ific  I L - I R l  agon ist, SI GI RR is capab le o f  m odu lating  I L - l R l  through a num ber o f  

m echan ism s additional to th o se  thought to be used in the su pp ression  o f  T L R 2 sign a llin g . T h is  

m ay accoun t for the seem in g ly  increased gl ial  activation  seen  in resp on se to  I L - i p  in c e lls  from  

S lG lR R -d efic ien t anim als.

In con sisten cies w ere a lso  apparent in the d ifferin g  resp on ses o f  iso lated  m icroglia  and astrocytes  

to the various stim uli. Isolated  m icroglia , but not astrocytes, from  S lG IR R -d efic ien t m ice  

exh ib ited  exaggerated  production o f  p ro-inflam m atory cy tok in es in resp onse to  L PS. T h is  

find ing w a s unsurprising, in light o f  the role ascribed  to  m icrog lia  as the prim ary im m une c e ll o f  

the brain. H o w ev er  the pattern o f  resp onse w as not replicated fo llo w in g  Pam sCSlCt treatm ent, 

w ith both ce ll typ es exh ib itin g  an exaggerated  response. O ne p o ss ib le  exp lan ation  for th is is the 

phenom en on  o f  astrocytic T L R 2 h ypersensitiv ity , in w h ich  T L R 2 on  astrocytes is upregulated  

and sen sitised  fo llo w in g  “p rim ing” by m icrog lia -d erived  cy to k in es, particularly T N F -a  

(Phulw ani et a l., 2 0 0 8 , H enn et al., 2 0 1 1). The p rocess o f  cu lturing astrocytes (see  sectio n  2 . 1 . 2 . )  

in vo lves initial co -cu ltu re w ith  m icrog lia  and treatm ent w ith  G M -C S F , w h ich  is cap ab le o f
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inducing the production o f  T N F - a  (Scian et al., 2011). Thus, the period in which as troc \les  are 

in co-culture  with  m icroglia  m ay induce T LR 2 hypersensitivity  on the astrocytes, which can 

persist for days after the cells have been isolated and the prim ing stimulus has been removed 

(H enn et al., 2011).

O ne o f  the interesting f inding in this study is that basal expression  o f  TLR2 and TLR4 was 

increased in glia from S IG lR R -defic ien t  mice. This seem s to suggest that S lG lR R  may exert 

control over T L R  expression. It has been reported that inhibition o f  TLR  endocytosis enhances 

TL R -m edia ted  N F -k B s ignalling  (H usebye et al., 2006). it m ay be that SIGIRR promotes the 

ubiquitin-dependent degradation  o f  TLRs, which w ould  contribute  to the suppression o f  T LR  

signalling. The T IR  dom ain  o f  S IG IR R  may allow  it to interact with ubiquitin protein ligases, 

such as T riads  A, w hich  are know n to prom ote  the degradation o f  TLRs, a lthough how SIG IRR- 

TriadSA interaction m ight p rom ote  the activity o f  the ligase is unclear (Chuang and Ulevitch, 

2004, Fearns et al., 2006).

This study extensively  characterises the  response o f  glial cells to  T L R  and I L - I R  stimulation in 

the absence o f  SIG IRR. It provides evidence that control o f  pro-inflam m atory  receptor 

expression m ay be one m eans by w hich  SIG IR R  modulates pro-inflam m atory  signalling. The 

data  add evidence to  the proposition that S IG IR R  acts as a m odula tor  o f  TLR2 signalling, a role 

which  remains to  be unequivocally  identified in the  periphery. The study supports the hypothesis 

that the previously-described ability o f  S IG IR R  to act as a negative regulator o f  T L R /IL - IR  

signalling extends to  the brain.

Future Studies: Although the data presented in this thesis suggest that SIGIRR can modulate 

inflammatory processes such as cytokine release and activation o f  glia, they do not indicate the 

exact mechanism through which this is achieved. Evidence from the literature would suggest that 

inhibition ofNF-icB through the sequestering o f MyD88 is the most likely mechanism, however it 

is possible to activate NF-kB in an MyD88-independent manner. Future experiments could 

analyse the phosphorylation o f  components o f the NF-kB signalling pathway in glia from  

SIGIRR-deficient mice in response to various stimuli. These experiments could be repeated in the 

presence o f a MyD88 blocking peptide or following MYD88 gene silencing to determine whether
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SIGIRR exerts control over MyD88-independent pro-inflammatory signalling. A time-coiirse 

treatment o f  glia from  wildtype and SIGIRR-deficient mice would be useful to elucidate whether 

downregulation o f  SIGIRR by inflammatory stimuli occurs prior to, or subsequent to, cytokine 

release. An important fu ture study would be an investigation into the possibility that SIGIRR  

modulates TLR recycling. This may involve studying the interaction o f  SIGIRR with TriadSA.

7.3. The role o f SIGIRR as a modulator o f inflammation in vivo

This study presents the first investigation into the role o f  SIGIRR as a suppressor o f  AP-induced 

inflammatory signalling in glial cells. A robust exaggeration in T N F -a  and lL-6 release was 

reported in glia prepared from SIGIRR-deficient mice compared with wildtype mice in response 

to Ap. However, this did not occur in young and middle-aged SIGIRR-deficient mice in response 

to an intrahippocampal injection o f  Ap. Although there were indications that SIGIRR-deficiency 

was associated with higher basal levels o f  pro-inflammatory receptors, upregulation o f  microglial 

activation and N F-kB signalling in the brain, there was a marked difference in the potency o f  AP 

as an inflammatory stimulus in the absence o f  SIGIRR in vitro compared with in vivo. Although 

discrepancies between in vitro and in vivo results are common, it is reasonable to speculate on 

why they occurred in this case. It is worth noting that CD68 was upregulated in the SIGIRR- 

deficient animals, which may indicate an increase in phagocytosis. If  microglial cells in the 

SIGIRR-deficient animals were actively phagocytosing Ap, the diminished amount o f  available 

peptide would probably have a less potent stimulatory effect on microglial cell surface receptors. 

However, as the increase in CD68 was associated with age, this would only account for the lack 

o f  a predicted response in the middle-aged animals. It seems likely that assessment o f  tissue 4h 

after a single intrahippocampal injection o f  AP is not the most appropriate model to analyse the 

ability o f  SIGIRR to modulate Ap-induced inflammation and possible toxicity.

It is worth considering the available evidence related to the modulatory effect o f  SIGIRR in 

peripheral tissues. Tissue expression studies have revealed that SIGIRR is particularly highly 

expressed in the organs o f  the digestive tract (Polentarutti et al., 2003). The epithelial cells and 

dendritic cells o f  the digestive tract express TLRs, and because the intestine is the largest
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reservoir o f  human flora, they are constantly exposed to PAMPs. There are a number o f  

endogenous mechanisms which maintain the epithelial cells in a hyporesponsive state and 

evidence from the literature suggests that one o f  the main physiological fianctions o f  SIGIRR is 

the tonic regulation o f  TLR signalling from intestinal epithelial cells and dendritic cells 

(Garlanda et al., 2007, Davies et al., 2010, Khan et al., 2010). This is consistent with the 

possibility that SIGIRR is more effective as a modulator o f  chronic low-level inflammatory 

conditions, where TLRs are constitutively active, rather than as a regulator o f  inflammatory 

changes induced by an acute noxious insult. This role would appear to be supported by the in 

vivo data presented in this thesis, in which the upregulation o f  pro-inflammatory receptor 

expression, microglial activation and N F-kB signalling are associated with the overall effect o f  

SIGIRR deficiency, rather than in response to Ap. For this reason it may have been more 

interesting to observe the effect o f  SIGIRR-deficiency in a model o f  old-age, when the 

inflammatory changes are more chronic. In the case o f  AD, Ap peptides accumulate and are 

formed into plaques over a period o f  many years, and chronic inflammation is a feature even in 

early pre-clinical AD (Akiyama et al., 2000). Therefore it is likely that a longer exposure to AP 

would have produced a more robust inflammatory response in SIGIRR-deficient animals.

Future Studies: Any future investigations into the role o f  SIGIRR in the modulation o f  A p  

toxicity would be improved with the use o f  sub-cutaneously implanted osmotic mini-pumps which 

can be used to deliver a steady infusion o f  A p  into the brain over a longer period o f  time 

(typically 28 days) (Miller et al., 2009). This experimental set-up would more closely replicate 

the chronic inflammatory stimulus induced by A p  particularly i f  infusion was carried out in 

animals o f  different ages. It would enable the examination o f  the effects o f  SIGIRR deficiency on 

inflammatory processes induced by chronic A p. A more ambitious experimental set-up could  

involve the use o f  a viral vector to drive the overexpression o f  SIGIRR in an APP/PSI mouse 

model o f  A lzheim er’s disease. This system could determine the efficacy o f  SIGIRR as a 

modulator the chronic inflammation associated with endogenous amyloid plaque deposition.
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7.4. SIGIRR as a target for anti-inflammatory therapeutics

When discussing the modulation o f  inflammatory signalling as a therapeutic strategy for any 

disease it is important to always keep in mind the cliche description o f  inflammation as “a 

double-edged sword” . The existence o f  an inflammatory environment is, in almost every case, a 

reaction to the presence o f  a noxious insult. Abrogation o f  the inflammatory response would 

allow potentially damaging insults to remain indefinitely, and the devastating effects o f  

immunodeficiency disorders highlight the need for a healthy inflammatory response. However, 

the sheer number o f  disorders with an inflammatory basis necessitates the study o f  targeted and 

limited suppression o f  inflammation. Corticosteroids have been in use in the treatment o f  

inflammatory diseases for decades. Non-steroidal anti-inflammatory drugs (NSAIDs) are used in 

a similar manner and early studies indicated that long-term administration o f  NSAIDs reduced 

the cognitive deficits associated with neurodegenerative diseases (McGeer et al., 1996). 

However, these therapies have proved inadequate for the treatment o f  chronic 

neuroinflammatory disorders. The broad-spectrum actions induce a myriad o f  side-effects during 

long-term use and serve to highlight the danger o f  non-specific immunosuppression. The lack o f  

effectiveness o f  NSAIDs in the treatment o f  AD is unsurprising, since anti-inflammatory therapy 

cannot be expected to overcome the problems associated with profound neuronal loss. It is 

important to keep this in mind when discussing the advantages and disadvantages o f  SIGIRR as 

a target for drug therapy in the CNS.

The BBB adds a particular obstacle to the delivery o f  targeted immunosuppressants to the CNS. 

The importance o f  specific, limited immune-suppression has driven research into endogenous 

regulators o f  specific inflammatory processes, and CD200 has emerged as an encouraging 

potential target for drug therapy. The complementary pattern o f  expression o f  CD200 in the 

CNS, primarily located on neurons, and CD200R, on microglia, confers a degree o f  specificity 

on CD200-induced suppression o f  infiammatory signalling that SIGIRR would appear to lack. In 

contrast, the near-ubiquitous expression o f  SIGIRR on most tissues o f  the body would incur the 

risk o f  widespread side-effects to any potential SIGIRR-based therapy, particularly in the
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digestive tract where SIGIRR is thought to have a role in the maintenance o f  homeostasis. In 

contrast, the effects o f  CD200-based therapies are likely to be restricted to cells o f  the myeloid 

lineage (Wright et al., 2001). Indeed, even in the absence o f  such concerns, the data presented in 

this thesis demonstrate the difficulty in exploiting the anti-inflammatory effects o f  SIGIRR. A 

number o f  studies have demonstrated that SIGIRR failed to interact with putative ligands o f  the 

IL-1 family and data presented in this thesis appear to rule out the previously considered IL-IF5 

as a ligand. The fact that SIGIRR is almost certainly an orphan receptor immediately precludes 

the design o f  mimetic ligand-based drugs. In addition, the modest anti-inflammatory effect 

induced by SIGIRR/Fc suggests that homotypic interaction is not an effective means o f  

activating SIGIRR. It would appear that the only effective means to exploit the anti

inflammatory effects o f  SIGIRR is to boost the expression o f  the receptor. However, this requires 

the identification o f  mechanisms which enhance the expression o f  SIGIRR. Data presented here 

indicate that one such proposed mechanism, blockade o f  T R E M -I,  had only a modest effect on 

SIGIRR expression, at least under the experimental conditions used here, although it may still 

prove to be an effective therapy in the treatment o f  corneal inflammation (Wu et al., 2011). The 

most effective method o f  SIGIRR overexpression is likely to be through the use o f  a viral vector 

to deliver a package o f  SIGIRR DNA with a promoter to drive the overexpression o f  the protein. 

The advantages o f  this method are manifold; the cells own machinery is used to increase 

production o f  the protein; viral vectors are capable o f  crossing the BBB; the vector can be 

designed to target specific cells types, such as microglia, leaving peripheral cells unaffected. 

However, although viral vectors were shown to be effective in the treatment o f  

neurodegeneration in a mouse model over a decade ago, gene therapy is still in its infancy, and 

much basic research into examining and understanding the functional characteristics o f  SIGIRR 

must be done before gene therapy can be applied to induce the upregulation o f  SIGIRR (Blomer 

et al., 1998). Although proteins such as CD200 appear to represent a more practical target for 

CNS anti-inflammatory therapy, SIGIRR may still be useful in the treatment o f  chronic 

inflammatory diseases. It has been reported that SIGIRR is an important modulator o f  the innate 

immune response to organ transplantation (Noris et al., 2009). This implies that SIGIRR may be 

useflil in the suppression o f  immune rejection o f  stem cell transplants which could greatly 

improve the success rate o f  such treatments (Zhao et al., 2 0 1 1).
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Future Studies: The most important future study fo r  the advancement o f our understanding o f 

SIGIRR is the development o f an appropriate vector fo r  the transfection o f microglia with 

SIGIRR. Observing the effects o f  SIGIRR overexpression in microglia would further our 

understanding o f how SIGIRR modulates microglial activation. It would also be the first step 

towards developing a viral vector which could be used to drive SIGIRR expression in animal 

models o f  neurodegenerative diseases.

T he data  presented  in this thesis support the hypothesis that S IG IR R  acts  as a m o d u la to r  o f  

in f lam m ation  in im m une cells o f  the brain. A lthough  the expression  o f  S IG IR R  in the bra in  is 

low in com parison  to peripheral tissues, and its role m ay be limited in com parison  to other 

m odula to rs  o f  microglial activation, these da ta  suggest that S IG IR R  m ay represent a fiature drug 

target in the treatm ent o f C N S  inflammation.
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