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Abstract

Glial ceil activation is believed to play a critical role in the pathogenesis o f  neurodegenerative 
diseases, impairing neuronal function and ultimately leading to cognitive decline. Epidemiological 
studies have advocated the benefit o f  anti-inflammatory drugs in decreasing the risk of 
developing, or delaying the onset of, dementia. The objective o f  this thesis was to investigate the 
consequences o f  modulating glial cell activity with two different compounds, FGL and a CD200 
fusion protein. First, the ability o f  the NCAM-mimetic peptide, FGL, to attenuate LPS and AP- 
stimulated changes on primary mixed glial cells and isolated microglia was investigated. Next, the 
dependence o f  the action o f  FGL on expression o f  the immunosuppressive molecule CD200 was 
examined, using glia prepared from wildtype and CD200'^' animals. Finally, the modulatory 
effects o f  CD200Fc on LPS- and aged-induced deficits in LTP and in markers o f  inflammation in 
hippocampus were explored.

FGL attenuated the LPS- and AP-induced increase in the pro-infiammatory cytokine IL-ip, in 
mixed glial cells and this action was blocked when mixed glia were exposed to the FGFR-1 
antagonist, SU5402. FGL also decreased the LPS-induced increase in IL -ip  release, but not 
transcription, in isolated microglial cells. Interestingly, basal IL -ip  was greater in the isolated 
cultures compared with mixed glial preparations. An increase in markers o f  microglial activation 
was also found in mixed glia prepared from CD200 '̂ ' animals. They displayed increased basal 
levels o f  CD 11b and CD68, compared with glia cultured from their wildtype counterparts. 
Additionally, glia cultured from CD200’'̂‘ mice exhibited an exaggerated response to LPS, with 
increased CD40 and lCAM-1 mRNA expression, as well as, enhanced IL-ip , TN F-a and IL-6 
transcription and release, indicating that the loss o f  CD200 increased inflammatory markers. The 
markers o f  glial cell activation were attenuated by FGL in mixed glia prepared from wildtype, but 
not CD200'^', mice. It was demonstrated that CD200 was expressed on a CDl 1 b-negative 
population in a mixed glial preparation and CD200 expression was increased on isolated 
astrocytes after incubation in FGL. Moreover, exposing microglia to a membrane fraction 
prepared from isolated astrocytes, previously incubated in FGL, decreased the LPS-stimulated 
increase in pro-inflammatory cytokine production from these isolated cells. Finally, acute 
intrahippocampal administration o f  CD200Fc reversed the LPS- and age-related deficit in LTP in 
the perforant path-granule cell synapses. There was an age-related decrease in CD200, and 
CD200Fc reduced the age-associated increase in markers o f  microgliosis, astrogliosis and 
oxidative stress in hippocampus, while also enhancing concentration o f  the neuroprotective 
hormone lGF-1 and phosphorylation o f  its down-stream signalling molecule AKT.

One o f  the central findings o f  this study was that primary astrocytes express CD200 and in turn 
can modulate the activity o f  microglial cells, which bear the receptor. In vitro analysis 
demonstrated that, in the absence o f  CD200, primary microglia display markers o f  activation, 
which are potentially destructive in vivo. Senescence is the primary risk factor for developing 
certain neurodegenerative diseases, particularly Alzheimer’s disease. The findings o f  this thesis 
reveal an age-related increase in markers o f  inflammation and concomitant decrease in CD200 in 
hippocampus, which may contribute to the risk o f  developing a neurodegenerative disease like 
AD. CD200Fc reversed the age-related neuroinflammatory changes and enhanced synaptic 
function, characterised by LTP. Thus up-regulating endogenous CD200 or administering an 
exogenous source could maintain glial cells in a quiescent state and support neuronal integrity.
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A bbreviations

AD A lzhe im er’s Disease

A N O V A Analysis o f  variance

APS (2R )-am ino-5-phosphonovaleric  acid

APC Antigen presenting cell

BSA Bovine serum album in

Calcium

CaCLz Calcium Chloride

C aM K  11 Calcium /Calm odulin-dependent protein kinase II

cA M P Cyclic adenosine m onophosphate

CD Cluster o f  differentiation

CIA Collagen induced arthritis

CNS Central nervous system

C REB cA M P response elem ent-binding

CSF Cerebrospinal fluid

DAB D iam inobenzidine

DAG Diacylglycerol

D A M P Damage associated m olecular pattern

dHzO Deionised water

D M SO Dimethyl sulfoxide

D NA D eoxyribonucleic acid

DOK Downstream  o f  tyrosine kinase

DPX Di-N-butyle phthalate in xylene

EAE Experim enta l-au to im m une encephalom yelitis



EAU Experimental autoim m une uveitis

ECL Enhanced chem ilum inescence

ED TA Ethylenediaminetetraacetic acid

E G T A Ethylene glycol tetraacetic acid

ELISA Enzym e-linked im m unosorbent assay

EPSP Excititory post-synaptic potential

ERK Extracellular-signal-regulated kinase

F3 Fibrinectin type 111

FACS Fluorescence-Activated Cell Sorting

F A D D FAS-associated death domain

FBS Fetal bovine serum

FCS Fetal c a lf  serum

FGF Fibroblast growth factor

FG FR Fibroblast growth factor receptor

FGL Fibroblast growth loop

g Grams

x g acceleration due to gravity

G A P 43 G row th  Associated Protein 43

G FA P Glial fibrillary acidic protein

G M -C S F G ranulocyte-m acrophage colony-stim ulating  factor

gp G lycoprote in

GPl Glycosylphosphatidylinositol

HCl Hydrochloric acid

HFS H igh-frequency stimulation



HIV Human immunodeficiency virus

H2O2 Hydrogen Peroxide

HRP Horseradish peroxidase

Hz Hertz

ICAM Intercellular cell adhesion molecule

icv Intracerebroventricular

IFN Interferon

Ig Immunoglobulin

ih Intrahippocampal

IKK Inhibitor o f k B kinase

IL Interleukin

IL -IR Interleukin-1 receptor

ip Intraperitoneal

IP3 Inositol 1,4,5-trisphosphate

IRAK Interleukin-1 receptor-associated kinase

JNK Jun N-terminal kinases

K" Potassium ion

KCI Potassium Chloride

kDa Kilodalton

kg Kilograms

LAMP Lysosomal associated membrane protein

LFA Lymphocyte function associated molecule

LPS Lipopolysaccharide

LTP Long-term potentiation



M M olar

M A P M itogen-activated protein

MCP-1 M onocyte  chemoattractant p ro te in -1

M EK M itogen-activated protein kinase kinase

)j.g microgram

M H C  M ajor histocompatability com plex

|il microlitre

ml millilitre

)a,M m icrom olar

M O G M yelin O ligodendrocyte G lycoprotein

MRl M agnetic resonance imaging

m R N A  M essenger ribonucleic acid

ms Millisecond

MS M ultiple sclerosis

M yd88 Myeloid differentiation prim ary response gene 88

n N um ber

NaCl Sodium Chloride

N C A M  Neural cell adhesion molecule

N F -kB N uclear factor K-light-chain-enhancer o f  activated B cells

N IK  NF-KB-inducing kinase

N M D A  N -m ethyl-D -aspartate

N M R  Neuclear m agnetic resonance

N O  Nitric Oxide

N T  Neurotrophin



pAKT Phosphorylated AKT

PAMP Pathogen associated molecular pattern

PBS Phosphate buffered saline

PBS-T Phosphate buffered saline-Tween

PCR Polymerase chain reaction

PIP3 Phosphatidylinositol (3,4,5)-triphosphate

PKA/C Protein Kinase A/C

PLC Phospholipase C

PSA Poly-salic acid

PTB Phosphotyrosine-binding

Q-PCR Quantivative real-time polymerase chain reaction

RasGAP Ras GTPase activating protein

RIP Receptor interacting protein

RNA Ribonucleic acid

ROS Reactive oxygen species

rpm Revolutions per minute

s Second

SDS Sodium Dodecyl sulphate

SEM Standard error o f  the mean

SHIP SH2-containing inositol 5-phosphatase

SIRP Signal-regulatory protein

STAT Signal transducer and activation o f  transcription

Strep Streptavidin

TBS Tris buffered saline



TGF Transforming growth factor

Th T helper

TIR Toll/Interleukin-l receptor

TLR Toll-Hke receptor

TNF Tumor necrosis factor

TNF-R Tumor necrosis factor-receptor

TRADD TNF-R associated death domain

TRAP Tumor necrosis factor-receptor associated factor

Tris Tris(hydroxymethyl)aminomethane

V Vohs

°C Degree Celsius

6-OHDA 6-hydroxydopamine

8-OHdG 8-Oxo-2'-deoxyguanosine
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C hapter 1. Introduction

1.1 The Immune System

The immune system is the body’s defence mechanism against foreign pathogens and deviant 

native cells, it can be described as a collection o f  biological processes that is divided into 

innate and adaptive responses, however there is much cross-talk between the two. The 

objective o f  the innate immune system is damage limitation, eliciting rapid, non-specific 

responses, whereas adaptive immunity relies on the recognition o f  a pathogen and generation 

o f  specific antibodies to combat it.

Cells involved in innate immunity include granulocytes (natural killer cells, mast cells, 

basophils and esinophils) and phagocytes (neutrophils and monocytes), which are carried in 

the blood and translocate to the site o f  insult or injury when required. In addition, dendritic 

cells and macrophages survey the tissue in which they reside performing several innate 

immune functions including phagocytosis, antigen presentation, and production o f  pro- 

inflammatory cytokines (Becher et a l ,  2000). B and T lymphocytes are the primary cells o f  

the adaptive immune system; B cells mediate humoral responses and generate memory cells 

after antigen exposure, while T cells possess homing receptors to mediate cellular responses 

(Becher et a l ,  2000). The two branches o f  the immune system are functionally intertwined; 

the innate system activates the adaptive through antigen presentation in the lymph tissue, 

while the adaptive immune system uses effector mechanisms o f  innate immune cells to 

eradicate targeted material.

1.1.1 Inflammation

Inflammation is a quintessential innate immune response, aiming to destroy pathogens and 

remove debris. The word has been used for centuries, however, its meaning and our 

understanding o f  it has evolved in tandem with advances in scientific method. One o f  the first 

descriptions o f  inflammation was in the first century AD; the hallmarks described as rubor, 

tumor, calor and dolor, meaning redness, swelling, heat and pain, which are the unmistakable



visual manifestation o f  a subcutaneous inflammatory response (George, 2006). Prior to the 

19*'̂  century definitions and concepts o f  this process were primitive, relying on mere 

observation not investigation. Inflammation is now described as a cellular- and humoral-based 

process that can arise in any tissue; the expression o f rubor, tumor, calor and dolor are no 

longer an obligatory part. Thus modern science has largely extinguished the fire that 

previously epitomised inflammation.

An inflammatory response is induced in tissue as it reacts to trauma, infection or auto

immunity (Nathan, 2002). Such stimuli can activate resident immune cells and increase 

infiltration o f blood-borne leukocytes and lymphocytes to the site o f  injury. Pathogen- 

associated molecular patterns (PAM Ps) are extracellular molecular structures that have been 

conserved between microbial pathogens. PAMPs are recognised by germ-line encoded pattern 

recognition receptors located on phagocytic cells, allowing the innate immune system to 

discrim inate self from pathogen-associated non-self matter (M edzhitov & Janeway, 1998). 

Activation o f  this receptor initiates a generic inflammatory reaction, rapidly recruiting 

phagocytes and lymphocytes. Toll-like receptors (TLRs) are a subset o f  PAMP receptors 

containing an extracellular leucine-rich repeat domain and a cytoplasmic signalling domain 

with homologies to the cytoplasmic dom ain o f  the IL-1 receptor, thus is termed Toll/IL -IR  

(TIR) domain (Kopp & M edzhitov, 1999). Many PAMPs have been classified and their 

respective TLR identified, for example lipopolysaccharide (LPS) attaches to TLR4.

1.1.2 The Immune system and the CNS

The brain was once thought to be an ‘im m une-privileged’ organ. It was reasoned that an 

immune response, in an effort to destroy potentially harmful matter, could be destructive to 

nearby irreplaceable, postm itotic neurons. This assumption was compounded by the lack o f 

lymphatic drainage and the presence o f  a blood-brain barrier; a complex system o f tight 

junction between endothelial cells in the CNS, which could prevent the penetration o f 

peripheral immune cells and humoral signals into the brain parenchym a (Risau & Wolburg, 

1990). Today the passage o f cells and signals through the blood-brain barrier is no longer 

considered an insurm ountable event (Carson & Sutcliffe, 1999). Immunocompetent T cells 

have been found to traverse the blood-brain barrier and the recruitment o f  peripheral immune 
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cells to the C N S can be beneficial in com bating  infection, with no long-term collateral damage 

(Merrill & Benveniste, 1996). Therefore, it is now  accepted that the C N S is continually 

surveyed by the im m une system and there are bidirectional interactions between the immune 

and nervous system (O 'Donnell et a l ,  2000). Furthermore, the C N S has a resident macrophage 

population know n as microglial cells, w hich  play a central role as the effector cells during 

engulfm ent o f  pathogens and cellular debris (Feuer, 2007).

in addition to im m une cell transversing the blood-brain barrier, inflam m atory molecules and 

signals from the periphery can elicit central effect (Cunningham  2005). The discovery that 

such signals activate the hypothalam ic-pituitary-adrenal (H PA ) axis initiated a new  

understanding o f  interactions between the periphery and the CNS. The H PA  axis is formed by 

a com plex  set o f  feedback interactions betw een neuroendocrine organs; the hypothalam us and 

pituitary gland, which are located in the brain, and the adrenal gland, positioned above the 

kidney. Circulating inflammatory m ediators  in the periphery, for exam ple  IL - ip ,  lL-6 and 

T N F -a  (see section 1.4), can directly s timulate the hypothalam us and pituitary gland, inducing 

secretion o f  adrenocortiotropic horm one, this in turn induces release o f  glucocorticoids from 

the adrenal glands (Chrousos 1995). G lucocorticoids are considered stress hormones and have 

a potent anti-inflam m atory action, thus a llow ing  im m une signals to drive an anti-inflammatory 

response (Sandi 2004). This classical negative feedback loop prevents prolonged 

inflammation, which can be destructive to the host, while deficits in this axis are associated 

with increased susceptibility to disease (M orand  & Leech 2001).

Inflamm ation as an acute response is a critical com ponent o f  tissue repair, involving activation 

and cross-talk betw een many cells, how ever, the consequences o f  prolonged inflammation can 

be detrimental (Nathan 2002). The powerful anti-inflam m atory  action o f  exogenous 

glucocorticoids, which reflect the endogenous horm ones produced by the adrenal glands, is 

currently being developed to treat chronic au to im m une diseases, for exam ple Rheumatoid 

arthritis, an au to im m une disease that effects jo in ts  and surrounding tissue (M orand & Leech 

2001). Glucocorticoids, derived from steroids, integrate im m une responses with metabolic 

regulation. They are responsible for catabolis ing energy reserves, in addition to suppressing 

inflammation, forming the cornerstone o f  ‘T he Fight or Flight R esponse’ (Chrousos 1995). 

Nonsteroidal anti-inflam m atory drugs (N S A lD s)  have also been developed for clinical use.
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These compounds target a diverse array o f  receptors expressed on immune cells, thus 

suppressing their activity independently o f  enhancing glucocorticoid-related activity. The 

current study focuses on potential targets for novel NSAIDs. However, before targets 

receptors are discussed the immune cells involved must be considered.

1.2 Immune-competent cells of the CNS 

1.2.1 Microglia

There are resident populations o f myeloid cells within all tissues; these include alveolar 

macrophages found in the lungs, Kupffer cells in the liver and microglia in the CNS. While 

these cells are tailored to their microenvironm ent, they are essentially responsible for 

regulating both non-specific and antigen-specific inflammatory actions. M acrophages are 

specialised in pathogen recognition, engulfm ent o f  foreign matter or cellular debris via 

phagocytic receptors, digestion o f  the intake by lysosomal machinery and finally, displaying 

the digested material to other immune cells (Napoli & Neumann, 2009). M icroglia serve this 

function in the brain, spinal cord and retina. Although the exact origin o f  microglia is 

unknown, there is little debate that they are derived from myeloid progenitor cells (Soulet & 

Rivest, 2008). It has been hypothesised that microglia originate from the neuroectodermal 

matrix, while others suggest they originate in the periphery, like other hematopoietic cells, and 

populate the CNS during early pre- and post-natal developm ent (Hanisch & Kettenmann, 

2007; Soulet & Rivest, 2008). Unlike neurons, microglia can proliferate during infection or 

injury and it is believed that over 95% o f  microglia are generated after birth (Soulet & Rivest, 

2008). There is still controversy over whether these cells are derived from progenitor cells 

already present in the CNS or from circulating precursor cells that infiltrate the blood-brain 

barrier.

Parenchymal microglia are found throughout the brain, although there is heterogeneity 

between brain regions. M icroglia w ithin the hippocampus express greater levels o f  TN F-a 

mRNA, while m icroglia in the cerebral cortex express higher levels o f  the neurotrophin NT-3 

(Elkabes et a l ,  1996; Ren et a l ,  1999). There are also distinct populations o f  perivascular and
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meningeal microglia that act as the first line o f defence against foreign invaders and can 

influence the integrity o f the blood-brain barrier. Microglia in a non-inflammatory state are 

often referred to as ‘resting’, however, these cells are not dormant (see Figure 1.1). During 

non-pathological conditions, microglial processes actively survey their microenvironment. 

Nimmerjahn and colleagues (2005) elegantly used two-photon microscopy and fluorescently 

labelled microglia to visualise highly mobile microglial processes. They demonstrated how 

microglia continually withdraw and extend their arborisations, suggesting careful navigation 

by these immune cells through fme-wired neuronal structures. Indiscriminate scanning can 

rapidly switch to targeted movement towards a site o f injury or infection, when microglia 

detect a change in the extracellular milieu. This directional guidance is achieved through a 

variety o f cell surface receptors that detect chemokines and purines, which can re-orientate the 

microglia within seconds (Davalos et a l ,  2005; Figure 1.1).

There is a countless number o f molecules and conditions that could threaten the structure and 

function o f the CNS, many o f which trigger the transformation o f a quiescent, surveying 

microglia into a reactive, effector cell. Microglia, like other macrophages, are equipped to 

detect a wide variety o f potentially harmful materials through PAMP receptors, which identify 

exogenous threats and damage associated molecular pattern (DAMP) receptors that recognise 

endogenous debris (Olson & Miller, 2004; Soulet & Rivest, 2008). Once ‘activated’ microglia 

morph from a ramified cell with a small soma and long processes to a rounder, amoeboid 

form, expressing an array o f cell surface proteins (Figure 1.1). Microglia differ to peripheral 

macrophages as they do not constitutively express the same array o f cell surface proteins that 

are essential for inducing or mediating a typical immune response, for example CD45 and 

major histocompatibility complex (MHC) II (Kreutzberg, 1996). It is hypothesised that this 

tight regulation and restriction o f inflammatory activity is aimed to preserve an 

immunologically tranquil environment around post-mitotic neurons. To further bolster this 

tight immune regulation, there is constitutive immunosuppressive signalling between 

microglia and adjacent cells, including neurons, endothelia, astrocytes and T cells, via CD200- 

CD200R, Fractalkine and its receptor and SIRPa-CD47 (Hoek et al., 2000; Cardona et al., 

2006). Nevertheless once stimulated, microglia respond promptly in a context-dependent 

manner, up-regulating expression o f cytokines, chemokines and surface markers o f activation
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that perpetuate an immune response directed towards tissue repair and elimination o f  the 

‘danger signal’ (Hesselgesser & Horuk, 1999; Aloisi, 2001).

Although the initial premise o f  m icroglia is one o f  neuroprotection, evidence supports the 

concept that unregulated activation can propagate neuronal injury due to the barrage o f  toxic 

molecules that they sequester. Inflammation is a common denominator in a diverse array o f  

neurodegenerative diseases and activated microglia the common thread (Block & Hong, 

2005).

Figure 1.1. Activation o f  M icroglia.

M icroglia are activated in response to pathological events such as disease or injury, and 

change from a quiescent, ramified cell to an amoeboid morphology. This enables them to 

migrate to the site o f  injury. In the course o f microglial activation, various receptors and co

stimulatory m olecules are expressed (M HC II, CD40, ICAM), allowing microglia to interact 

with other cell types. Activated microglia secrete pro-inflamm atory cytokines (IL -ip , IL-6, 

TN F-a), which also perpetuate an immune response. Quiescent m icroglia are not ‘passive’, 

they express low levels o f  CDI lb  to aid m otility and secrete signalling molecules (IL-4, IGF- 

1) while surveying the CNS. Abbreviations: CD, Cluster o f  Differentiation; ICAM, 

Intercellular adhesion molecule; MHC, M ajor histocompatibility complex.
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1.2.2 Astrocytes

In 1893, Michael Von Lenhossek coined the word astrocyte, from the Greek meaning star cell, 

for stellate-shaped glia that had been previously visualised by Ramon y Cajal. This name soon 

became universally accepted and is still used today. However, it was not until the end o f  the 

19'^ century that the roles for these cells and their possible interactions with nerve cells were 

considered. In recent years, knowledge o f  astrocytic activity and their function as immune 

effector cells is increasingly perceived to be an essential part o f  understanding brain function 

during health and disease.

Advancements in microscopy and use o f  fluorescent dyes have established astrocytes as highly 

complex, process-bearing cells with heterogeneous morphology. Protoplasmic astrocytes, 

found in gray matter, have multiple branching processes with end-feet, while fibrous 

astrocytes in the white matter have unbranched processes (Zerlin et al., 1995). Both subtypes 

appear to have an ordered arrangement that is established in the early postnatal brain in 

tandem with neurons and vasculature, and there is minimal overlap between the cells 

(Bushong et al., 2002). Astrocytes serve a variety o f  house-keeping roles, maintaining a viable 

milieu for nerve cells to function. Firstly, they regulate the ionic environment o f  the 

extracellular space, particularly after intense synaptic activity, by buffering surplus ions 

and mopping-up excess neurotransmitter (Karwoski et a l ,  1989). Secondly, astrocytes respond 

to the metabolic needs o f  neurons directly, by metabolising glycogen and releasing lactate, and 

indirectly, by regulating blood flow in accordance with neuronal activity (Poitry-Yamate et 

al., 1995; Zonta et al., 2003). In addition to regulation o f  blood flow via induction of 

functional hyperaemia, astrocytes have been implicated in the maintenance o f  blood-brain 

barrier integrity, which can impact significantly on the outcome o f  both acute and chronic 

immune activity (Wang & Bordey, 2008).

Astrocytes function as a syncytium within the cerebral cortex and hippocampus. This is 

achieved by the presence o f  over 50,000 gap junctions, which serve as direct conduits o f  ions 

and small signalling molecules, connecting each astrocytes to its neighbour (Yamamoto et al., 

1990). This network aids in the redistribution o f  ions after synaptic activity and can 

mediate intracellular calcium oscillations that influence the dynamics o f  adjacent neurons
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(Pasti et a l,  1997). Therefore, despite not being electrically excitable, astrocytes exhibit 

neurotransmitter receptors aiding them to monitor and adequately respond to neuronal activity. 

They can also release modulatory substances, for example growth factors and cytokines, 

which in turn alter the activity o f neurons and other glial cells, including microglia (Cotrina & 

Nedergaard, 2002).

Astrocytes are commonly identified by the presence o f intermediate filaments (glial fibrils), a 

major component o f which is glial fibrillary acidic protein (GFAP), and is thought to be 

specific to astrocytes within the CNS (Eng et a l ,  1971). GFAP, as a cytoskeletal protein, 

provides structural stability to astrocytic processes allowing modulation o f their shape and 

movement. Similar to microglia, astrocytes exhibit a profound response to neuronal injury and 

undergo a series o f metabolic and morphological changes. This astrogliosis, as it is known, has 

been reported in a variety o f neurodegenerative diseases including multiple sclerosis (MS) and 

Alzheimer’s disease (AD) (Schipper, 1996). Astrogliosis is, in part, characterised by a rapid 

increase in GFAP expression and although the pro-inflammatory function o f microglia is more 

prominent, astrocytes also respond to and secrete cytokines during an immunologically 

challenge (Aloisi, 1999; Eng et a l,  2000). Even in the absence o f disease, astrocytes in the 

brains o f aged individuals display an elevated content o f GFAP (Nichols, 1999). It has been 

suggested that the increase in GFAP may be a response to the enhanced inflammatory and 

oxidative profile o f the aging brain (Cotrina & Nedergaard, 2002). Bearing in mind the 

integral role astrocytes play in the CNS, an alteration in their dynamics during aging may 

affect synaptic function and neuronal survival, perhaps in turn, contributing to cognitive 

decline.

1.3 M em brane markers o f activation 

1.3.1 M H C II

MHC molecules are a set o f immune recognition molecules present on all nucleated cells and 

impart the property of se lf  The complete sequence o f MHC was published in 1999 and it was 

found to include an expansive genomic region on chromosome 6, unique to each individual.



which allows the immune system to recognise native cell (1999). The exclusivity o f  each 

person’s M HC contributes to complications after organ transplantation, as recipients reject and 

attack the foreign tissue. In contrast, the absence o f  MHC molecules on red blood cells permits 

blood transfusion with ease. MHC class II (MHC II) molecules are heterodimeric peptide- 

binding proteins expressed on antigen presenting cells (APC). Following engulfment o f  a 

pathogen, APC can present extracellular components o f  the pathogen to T cells via its MHC II 

binding domain (Carson & Sutcliffe, 1999) Unlike classical macrophages and APCs that 

constitutively express MHC II, microglia express very low levels o f  MHC II while in a 

ramified state, thus going undetected by T cells (Wekerle et al., 1986). However, MHC II 

expression can rapidly be up-regulated on both microglia and astrocytes upon an inflammatory 

stimulus, as the cells gain immune function (Kreutzberg, 1996; De Keyser el a l ,  2010).

Almost all neurodegenerative diseases, including MS, AD and Parkinson’s disease, are 

associated with signs o f  neuroinflammation and a concurrent up-regulation in microglial MHC 

II expression (Neumann, 2001). It is noteworthy that although presence o f  an MHC II complex 

on microglia can alert T cells, additional co-stimulatory molecules are required for T cell 

activation (Kreutzberg, 1996). Co-stimulatory molecules are expressed on microglia upon 

stimulation and can amplify and shape the differentiation o f  T cell effector phenotypes 

(Carson & Sutcliffe, 1999).

1.3.2 CD40

CD40 is a co-stimulatory molecule found on APCs in the periphery and microglia within the 

CNS. It is a member o f  the tumor necrosis factor (TNF) receptor superfamily and its cognate 

ligand (CD40L) is expressed predominantly on T cells (Harnett, 2004). Ligation o f  CD40 is 

imperative for a productive immune response, enhancing MHC II and CD40 expression in a 

positive feedback fashion, in addition to inducing cytokine and chemokine release (Qin et a l ,  

2005). Qin (2005) found that LPS enhanced microglial CD40 expression and reported that the 

up-regulation is reliant on activation o f  the transcription factors NF-f,B and signal transducer 

and activation o f  transcription-1 a  (STAT-la). Furthermore, Town and colleagues (2001) have 

proposed a series o f  intracellular events occurring in microglia upon CD40 ligation. Initial 

binding o f  CD40L activates Src-family kinases, which are non-receptor tyrosine kinases and,
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once activated, can phosphorylate the mitogen-activated protein kinase M EKl/2, targeting 

p44/42 and allowing it to translocate to the nucleus, thus promoting gene transcription (Town 

et a i,  2001). These events can up-regulate pro-inflammatory cytokine transcription and 

subsequent release, for example TNF-a, thus further promoting an inflammatory response.

Activation of this intracellular cascade is transient, as chronic activation could be more 

detrimental than beneficial to surrounding tissue, in fact, persistently high levels o f CD40 and 

CD40L have been implicated in the pathogenesis o f neurodegenerative diseases (Town et a l,  

2001; Tan et a l,  2008).

1.3.3 CDllb

CDl lb is constitutively expressed on myeloid cells and its exclusivity to microglia within the 

CNS allows theses cells to be identified in brain tissue and mixed glial perorations (Cowley et 

a i,  2010). CDl lb is classified as an integrins, which are cell surface receptors that regulate 

cell-cell adhesion, migration and two-way signal transduction with the extracellular matrix 

(Solovjov et a i,  2005). Solovjov reported that the action o f this heterodimer is reliant on the 

integration o f activities o f its two functionally distinct subunits; a  and p. The a  subunit is 

responsible for recognition o f a broad spectrum of ligands, including fibrinogen, intercellular 

cell adhesion molecule-1 (ICAM-1) and the inactivated complement fragment iC3b, while 

supporting firm adhesion. In contrast, the p subunit has a more limited repertoire o f ligands 

and displays poor adhesion, but can mediate cell migration. The signalling mechanism 

responsible for the increased C D l l b  expression during inflammation is still unknown; 

however, it is thought that nitric oxide (NO), which is sequestered from stimulated microglia, 

could play an instrumental role (Roy et a l,  2006). Increased expression o f CDl lb  is prevented 

when microglia are stimulated in the presence of a NO scavenger. Similar to other markers of 

microglial activation, it has been reported that during a neuroinflammatory disease there is an 

increase in the cell-surface expression o f CDl l b ,  and this corresponds to the degree of 

microglial activation (Roy et al., 2008).



1.3.4 IC A M -1

Cell adhesion molecules are cell surface structures that mediate cell-cell and cell-substratum 

interactions. lCAM-1 is a 90kDa cell adhesion molecule, containing five (immunoglobulin) 

Ig-like domains. It plays a critical role in the arrest and transmigration o f  leukocytes out o f  the 

brain’s vasculature and their diapedesis into the tissue. lCAM-1 is expressed on a variety of 

cells including leukocytes, endothelial cells, astrocytes and microglia, while soluble forms of 

ICAM-1 have been found in the serum and cerebrospinal fluid (Lee & Benveniste, 1999). 

Endothelial cells constitutively express lCAM-1, while astrocytes and microglia display 

aberrant expression when activated (Sobel et a i ,  1990). The primary leukocyte ligand that 

ICAM-1 interacts with is Lymphocyte Function Associated molecule (LFA)-I, which is an 

integrin consisting o f  an ap  heterodimer. It shares the same p2 integrin subunit as CDl lb  as 

well as having a homologous a  subunit (Huang & Springer, 1995). ICAM-1 also interacts with 

CD I lb  as well as partaking in homophilic binding.

In addition to playing an important role in cell migration, ligation o f  ICAM-I can induce 

signalling cascades that perpetuate an immune response. Recent studies have identified 

ICAM-1 as a co-stimulatory molecule during T cell-mediated immune activation (Huang & 

Springer, 1995). While homophilic engagement o f  ICAM-I molecules on astrocytes have been 

reported to induce the pro-inflammatory cytokines IL-ip , IL-6 and TN F-a via ERKI/2  and 

p38 MARK; signalling transduction pathways that are distinct from those induced during glia- 

endothelium interactions (Lee et a l ,  2000). Phosphorylation o f  the cytoskeletal-associated 

protein cortactin in brain microvessel endothelial cells by ICAM-I reveals a possible role for 

this molecule in cytoskeletal reorganisation (Durieu-Trautmann et al., 1994). Several studies 

have associated increased expression o f  membrane bound and soluble ICAM-I during CNS 

pathologies, for example MS, the animal model for MS experimental-autoimmune 

encephalomyelitis (EAE) and AD, suggesting a possible role for this molecule in these 

disorders (Lee et a l,  2000).



1.3.5 CD68

Microglia are the primary effector cells o f phagocytosis in the CNS, a process by which 

immune cells engulf and digest harmful matter. Digestion occurs in the lysosome, an organelle 

that contains highly acidic enzymes with the ability to degrade and denature protein 

(Majumdar et a l ,  2007). CD68, also known as macrosialin in mice, is a highly glycosylated 

protein expressed on the lysosomal membrane o f cells with phagocytic activity, especially 

peripheral macrophages and monocytes (Davey et al., 1988). The major structural contributors 

to the lysosomal membrane are by the lysosomal associated membrane protein (LAMP) 

family, o f which CD68 is a member (Holness & Simmons, 1993). Although CD68 is 

predominantly an intracellular protein, cell surface expression representing 10-15% of the total 

protein has been described and this is rapidly internalised and exchanged with intracellular 

stores (Kurushima et a l ,  2000). The function o f CD68 has yet to be fully described, but roles 

in antigen presentation and protection o f the lysosomal membrane against acidic hydrolase 

proteins have been suggested due to its location and glycosylation state (Kurushima et a l ,  

2000 ).

Rabinowitz and Gordon (1991) reported differential expression and altered pattern of 

glycosylation o f CD68 in macrophages following an inflammatory stimulus. Moreover, CD68 

expression has been co-localised with MHC 11 in the rat brain 1-3 days post lesion (Cho et al., 

2006). However, this study found that the expression of CD68 persisted on cells long after the 

attenuation in MHC II, perhaps suggestive o f different states o f microglial activity.

1.4 Cytokines

Cytokines are small signalling molecules released from immune cells and used expansively to 

mediate immune responses. They stimulate early inflammatory reactions and are major 

determinants o f the state o f cellular activation. In general, cytokines act locally, binding to cell 

surface receptors o f neighbouring cells. These receptors display a very high affinity for their 

ligand and with an extremely low dissociation constant (10'’° -  10"'^ M) even a small amount 

can induce an intense biological response. Most cytokines are pleiotropic, eliciting their 

effects locally or systemically in an autocrine or paracrine manner. While orchestrating an 
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immune response, cytokines are involved in both synergistic and antagonistic interactions 

(Feghali & Wright, 1997). Pro-inflammatory cytokines, including IL -ip  and TNF-a, 

endeavour to heighten an immune response, while the anti-inflammatory cytokine lL-4 seeks 

to suppress it. Shifting the equilibrium o f  these two counteractive forces is essential for the 

attainment o f  homeostasis during health and disease (Nathan, 2002).

1.4.1 Interleukin-1

lL-1 was one o f  the first cytokines described and believed to act as an endogenous pyrogen 

(Rothwell, 1991). When successfully cloned in 1984 it was found to contain two distinct 

proteins, IL - la  and IL-ip, the genes o f  which are located on the long arm o f  chromosome 2 

(Webb et a l ,  1986). Expression o f  these genes are NF-KB-responsive and are induced by 

various pro-inflammatory stimuli, including bacterial and viral products, cellular injury and 

hypoxia (Allan, 2005). TNF-a, can induce lL-1 transcription as well as lL-1 itself, acting in a 

positive-feedback loop. Despite having only a 30% sequence homology, both variants can 

bind to the same lL-1 receptor and mediate biological responses (Feghali & Wright, 1997; 

Allan, 2005). Although, in recent years several new IL-1 family members have been 

identified, based on gene homology, gene location and receptor binding, much attention is still 

focused on the role o f  IL-ip  in the CNS under both physiological and pathological conditions.

IL -ip  is the most rapidly-expressed cytokine in response to insult or injury within the CNS, 

while IL - la  plays a minimal role (Davies et a l ,  1999; Gosselin & Rivest, 2007). Translation 

results in pro-lL-l|3, a dormant form o f  the cytokine that remains in the cytosol until 

enzymatically cleaved. The pro from o f  IL -ip  is cleaved by caspase-1, which relies on the 

formation o f  a complex o f  protein known as the inflammosome to gain enzymatic activity, 

before IL -ip  can be released to the extracellular environment (Thornberry et a l ,  1992; 

Dinarello, 1996). Under normal conditions IL -ip  release and mRNA expression are tightly 

regulated within the CNS. The lack o f  tonic stimulation and the swiftness o f  IL-ip  

amplification during pathology contribute to its finesse as a pro-inflammatory cytokine. IL- ip 

is synthesised by microglia (Giulian et al., 1986), astrocytes (Lieberman et al., 1989), 

oligodendrocytes and neurons (Takao et a l ,  1990) within the CNS. In addition, non-resident
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cell for example infiltrating T cells are also believed to be a source o f pro-inflammatory 

cytokines during certain pathological conditions (Murphy et al).

Once released, IL -ip has a diverse assortment of actions. It can enhance immune cell 

responsiveness and T cell proliferation, increase vascular permeability and contribute to 

‘sickness behaviour’ (Allan et a l ,  2005). IL-ip mediates its responses through activation of 

the type 1 lL-1 receptor (IL -lR l), an 80kDa protein containing a synaptic domain o f 215 

amino acids in length. A type 11 IL-1 receptor has also been described and it is thought to act 

as a ‘decoy’ receptor, containing a significantly smaller cytoplasm domain (29 amino acids) 

lacking the capacity to initiate signal transduction events (Sims et al ,  1993). The presence of 

IL -lR l has been shown in many brain areas, with a high level o f expression in the 

hippocampus and hypothalamus (Ban et al ,  1991) that increases with age (Murray & Lynch, 

1998). Also, IL-lRl-im munoreactive vessels have been demonstrated throughout (Konsman 

et al ,  2004).

One o f the principal ways by which IL-ip regulates gene transcription is via NFkB activation. 

In brief, IL-ip binds to IL -lR l, which is complexed with the lL-1 receptor accessory protein, 

this leads to recruitment o f IL-1 receptor associated kinase (IRAK). IRAK associates with 

TRAF6, leading to activation o f Ik B  kinase and the subsequent phosphorylation o f Ik B.  This 

cascade finally results in the transcription o f NFkB responsive genes (O'Neill & Greene, 

1998). Other biochemical cascades that have been strongly implicated in lL-1 signalling are 

the MAP kinases, which include ERK, p38 MAP kinases and (c-Jun N-terminal kinases) JNK. 

Elucidating the roles o f these kinases in IL-ip signalling has been greatly aided by the 

availability o f MAP kinase specific inhibitors (Alessi et al ,  1995; Cuenda et al ,  1995). 

Downstream targets o f MAP kinases include the transcription factors c-fos and c-jun and well 

as many non-nuclear targets, for example microtubule-associated proteins (Fukunaga & 

Miyamoto, 1998). Therefore, not only can IL-1 affect the transcription o f up to 90 genes, from 

cytokines and acute phase proteins to growth factors and adhesion molecules, it can activate 

cytoplasmic targets that mediate rapid effects.

Chronic up-regulation o f IL-ip can be destructive, inducing neuronal injury and 

compromising the blood-brain barrier. O ’Donnell and colleagues (2000) reported that an age-
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related deficit in LTP is coupled with an increase in hippocampal 1L-1|3 concentration and 

enhanced activity o f  the stress-activated MAP kinases JNK and p38. Several other studies 

have implicated high concentrations o f  IL -ip  in mediating both acute neurodegeneration and 

chronic neurodegenerative disease ranging from AD to HIV-associated dementia (Allan & 

Pinteaux, 2003) (Fogal & Hewett, 2008). However, it is important to note that IL -ip  not only 

plays a role during infection and inflammation but also during non-pathological processes 

including sleep. Krueger and colleagues (1998) revealed IL -ip  to be a somnogenic cytokine, 

playing a role rapid eye movement sleep. Also, despite reports o f  IL -ip  impairing LTP, low 

levels o f  the cytokine are required, and antagonising IL -lR l has been shown to reversibly 

block the maintenance o f  LTP in vivo and in vitro (Schneider et a l ,  1998). Although IL-ip  is 

often associated with destructive and damaging signalling cascades, complete inhibition o f  its 

activity could also be detrimental to normal function; therefore researchers persistently strive 

to understand how homeostasis o f  this cytokine can be maintained.

1.4.2 Interleukin-6

The cytokine interleukin-6 (lL-6) is an important mediator o f  immune and inflammatory 

responses. It was first identified in 1985 for its stimulatory action in peripheral B cell 

proliferation, but is now believed to have a more multifaceted purpose in immunity (Gruol & 

Nelson, 1997). Although synthesised by both neurons and microglia, it is hypothesised that 

astrocytes are the primary source o f  lL-6 within the CNS (Van Wagoner et a l ,  1999). 

However, similar to IL-ip , lL-6 is found in only trace amounts in the healthy CNS, displaying 

a marked, yet transient, increase hours after injury (Yan et al., 1992). This concomitant pattern 

o f  activation with lL-1 p is suggestive o f  a role for lL-6 in early inflammatory mechanisms.

IL-6 is sequestered from cells after acute lL-1 or LPS stimulation and exerts its actions via 

binding to specific lL-6 receptors (Heinrich et a l ,  1995). The 1L-6R is made up o f  two 

subunits; an extracellular binding protein (gp80) and a signalling-transducing domain (gpl30), 

which are members o f  the hematopoietic-receptor superfamily (Bazan, 1990; Heinrich et a l ,  

1995). Binding o f  IL-6 to gp80 activates gpl30 , causing it to dimerise and initiate a signal 

transduction pathway (Murakami et a l ,  1993). In addition, the external domain o f  the 

membrane-bound receptor can be cleaved resulting in a soluble 1L-6R. The soluble subunit
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forms a complex with IL-6 and has the ability to antagonise the signal-transduction subunit 

gpl30, if exposed at the cell surface (Heinrich et a l ,  1995). Dimerisation o f gpl30 leads to 

phosphorylation o f its associated Janus kinases, JAK l and JAK2, which have the potential to 

phosphorylate (Signal Transducers and Activators o f Transcription) STA T-la and STAT-3 

(Van Wagoner & Benveniste, 1999). Upon activation, the STAT proteins can translocate to 

the nucleus and bind to IL-6 response elements and induce transcription. Activation o f gpI30 

by IL-6 has also been shown to enhance MAP kinase activity with subsequent gene 

transcription (Taga & Kishimoto, 1997; Van Wagoner & Benveniste, 1999). Once the IL- 

6/gp80 complex is bound to gpl30 it becomes internalised, thus the IL-6 receptor becomes 

down regulated by its ligand to protect against over-stimulation.

Studies have shown lL-6 to be both beneficial and destructive within the CNS. Some o f the 

effects include inhibiting TNF-a and providing negative feedback to limit acute inflammation, 

as well as being implicated in the protection o f neurons from ischemic insult (Feghali & 

Wright, 1997; Loddick et a l ,  1998). On the contrary, dysregulation and over expression o f IL- 

6 may contribute to the neuropathology related to dysfunction o f the blood-brain barrier and 

neurodegenerative disease (Campbell et a l,  1993; Van Wagoner & Benveniste, 1999).

1.4.3 Tumor necrosis factor-a

TNF-a, originally recognised for its tumor fighting activity, was not detected in the CNS until 

the late 1980s (Spriggs et al., 1987). TNF-a is a pro-inflammatory cytokine with the ability to 

enhance IL -ip and IL-6, thereby perpetuating the inflammatory response through a cascade of 

signalling molecules with over-lapping properties. TNF-a is synthesised by activated 

microglia and astrocytes as a membrane-bound precursor o f 26kDa, which is cleaved to an 

active 17kDa signalling molecule and shed from the membrane (Brenner et a l ,  1993; Gosselin 

& Rivest, 2007).

This multipotent cytokine can oxymoronically stimulate apoptosis in some cells while evoking 

growth and proliferation in others. These opposing effects may be partially explained by two 

distinct signalling pathways o f TNF-a, mediated through TNF receptor 1 (TNF-Rl; p55) and 

TNF receptor 2 (TNF-R2; p75; Arnett 2001). Both p55 and p75 are members o f the TNF-R



superfamily, related by a conserved cysteine-rich repeat in their extracellular domain and, 

although their intracellular domains are unrelated, p55 and p75 do share similarities in their 

signal-transduction (Declercq et a l ,  1998). Binding o f  TN F-a to p55 induces the formation of 

a complex between the receptors death domain (TRADD) and TNF-R associated factor 2 

(TRAF2); concurrently FAS-associated death domain protein (FADD) and the death domain 

kinase receptor interacting protein (RIP) can also be recruited to interact with TRADD 

(Gosselin & Rivest, 2007). Aggregation o f  the FADD and TRADD plays a dominant role in 

TN F-a induced apoptosis via caspase-8, while RIP and TRAF2 direct activity o f  NF-kB and 

JNK (Declercq et a l ,  1998). Activation o f  p75 by TNF-a predominates with TRAF2 

interactions and downstream signalling leading to NFkB and MAP kinase activation. TNF-a is 

a potent stimulator o f  trophic proteins; including the NFkB regulated monocyte 

chemoattractant protein-1 (MCP-1), those promoting B-cell proliferation and oligodendrocyte 

regeneration (Chaplin & Fu, 1998; Arnett et al., 2001; Gosselin & Rivest, 2007). However 

like p55, p75 activity may trigger apoptosis, but through a different mechanism (Declercq et 

al., 1998). Indeed, expression o f  p75 is up-regulated on neurons and astrocytes following an 

ischemic insult, and ligation o f  this receptor induces apoptosis via caspase-3 rather than 

caspase-8 activity (Angelo et al., 2009).

TN F-a supports an elaborate array o f  inflammatory events, thus it must be stringently 

regulated; inhibiting TN F-a in the CNS can reduce oedema, while promoting neuronal 

survival and maintenance o f  integrity following traumatic brain injury (Shohami et al., 1996). 

Furthermore, evidence supports the concept that TNF-a is involved in neurodegenerative 

disease. It has been reported that AD patients have exceptionally elevated levels o f  TNF-a in 

their cerebrospinal fluid (CSF) that correlates with clinical deterioration, making TNF-a a 

potential target for therapeutics (Tobinick et a l,  2006).

1.5 LPS: a model for inflammation

LPS is an endotoxin found on the cell wall o f  all gram negative bacteria, making it an ideal 

PAMP. LPS is a potent activator o f  the immune system and is therefore often used 

experimentally to investigate inflammatory responses. Upon ligation, TLR4 induces an 

intracellular signalling cascade that promotes transcription o f  genes involved in inflammation.
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This cascade o f events has been extensively described by Kopp and colleagues (1999; Figure 

1.2). In brief, activation o f  TLR4 recruits the adaptor protein myeloid differentiation primary 

response gene 88 (M yD88) to the receptor complex. The TIR dom ains o f  M yD88 and TLR4 

interact, while M yD 88’s death domain binds to the death dom ain o f  IL-lR -associated kinase 

(IRAK) leading to IRAK phosphorylation. The signal is propagated via the adaptor molecule 

tum or necrosis factor-receptor associated factor 6 (TRAF6), ultimately activating nuclear 

factor-KB (NF-kB) and M AP kinases. Once the transcription factors translocate to the nucleus, 

pro-inflammatory cytokines are up-regulated, forming the basis o f  an innate immune response. 

LPS is a prototypical inflamm atory stimulus used experimentally to activate immune cells in 

vivo and in vitro, inducing up-regulation o f the aforementioned surface proteins and cytokines.
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Figure 1.2. Signalling pathway leading from LPS activation o f TLR4.

Upon ligation the TIR domain o f  TLR4 interacts with the TIR domain o f  MyD88, while 

M yD88’s Death Domain recruits IRAK to the receptor complex. Upon recruitment IRAK is 

autophosphorylated. IRAK may then dissociate from the receptor complex and associate with 

TRAF6. TRAF6 interacts with and activates NIK. Activated NIK phosphorylates and activates 

IKKs, which in turn phosphorylate IkB. Phosphorylated IkB is ubiquitinated and degraded 

thus releasing N F-kB for translocation to the nucleus. Once in the nucleus NF-kB induces 

transcription o f  many genes associated with inflammation. Abbreviations: IKK, Inhibitor o f  

kB kinase; IRAK, Interleukin-1 receptor-associated kinase; MyD, M yeloid differentiation 

primary response gene; NF-kB, Nuclear factor K-Iight-chain-enhancer o f  activated B cells; 

NIK, NF-KB-inducing kinase; TIR, TolI/InterIeukin-1 receptor; TLR, Toll-like Receptor; 

TRAF, TNF receptor-associated factor.
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1.6 Neural Cell Adhesion M olecule

NCAM was first described as a membrane glycoprotein and termed D2 in 1974 (Jacque et al, 

1974). Its characteristic role in cell-cell adhesion during neural development was soon 

documented in studies using the chic embryo, making it the first cell adhesion molecule to be 

identified and thus renaming it NCAM (Thiery et a l,  1977). NCAM is a member o f the 

immunoglobulin (Ig) superfamily and its extracellular region contains five N-terminal Ig 

domains, in addition to two fibronectin-type III (F3) modules, see Figure 1.3. It is expressed 

throughout the CNS, being found on both neurons and glial cells. Thus far the structures o f the 

first three Ig domains and the second F3 module have been determined by nuclear magnetic 

resonance (NMR) and x-ray crystallography (Jensen et a l,  1999; Atkins et a l,  2001; Kiselyov 

et a l,  2003). The ectodomain is consistent for the three main isoforms NCAM -120, NCAM- 

140 and NCAM-180, the numbers referring to their relative molecular weight. These isoforms 

are generated due to differential slicing o f pre-mRNA that is encoded by the same NCAM 

gene (Owens et a l,  1987). It is the intracellular domains o f the different NCAMs that make 

them structurally unique. NCAM-120 lacks a cytoplasmic tail and is secured by a 

glycosylphosphatidylinositol (GPI) anchor, while NCAM-140 and -180 have cytoplasmic 

domains o f different lengths. Soluble forms o f NCAM also exist due to truncation, proteolysis 

and shedding (Olsen et a l ,  1993).

1.6.1 N C A M Homophilic Binding

Homophilic interactions between NCAM molecules are fundamental to its role in cell-cell or 

cell-substratum adhesion and this is largely dependent on the Ig domains o f these molecules 

(Figure 1.3). The Igl and Ig2 domains on the same cell can dimerise to form a strong c/5-bond, 

this arrangement then permits contact with opposing cells. The adhesion between opposing 

cells leads to the formation o f a weak /ram -bond and is mediated via the Ig3 domains, in 

addition to simultaneous Igl and Ig2 binding (Soroka et a l,  2003). Soroka (2003) proposes a 

novel zipper mechanism for homophilic adhesion that is supported by x-ray crystallography. 

On examination it was found that the Ig3 domain on NCAM is orientated at approximately a 

45° angle to the Igl-lg2 axis, thus adding support to a possible ‘zipper’ formation between 

NCAMs during adhesion. Homophilic interactions play an essential role in the developing 
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CNS and have been implicated in a variety o f  developmental processes as diverse as cell 

positioning, tissue patterning and compartmentalisation, axon guidance and synaptogenesis 

(Thiery, 2003). It has been demonstrated that NCAM-deficient rodents have impaired 

migration o f  neural precursor cells during development leading to a marked reduction in brain 

weight (Ono et al., 1994).

1.6.2 N C A M  H eterophilic Binding

Under favourable conditions NCAM  can undergo post-transcriptional modification in the 

Golgi apparatus, leading to the attachment o f  polysialic acid (PSA) to N-glycosylation sites on 

the fifth Ig domain (Nelson et a l ,  1995). Polysialylation o f  NCAM , producing PSA-NCAM, 

can modulate the distance between cells due to its hydrated volume. The high degree of 

hydration leads to enhanced steric repulsion between cell membranes, thus decreasing the 

efficiency o f  /ram -bonds and regulating the overall ability o f  cells to interact (Johnson et a l ,  

2005; Figure 1.3). PSA-NCAM creates a permissive environment that prevents homophilic 

interaction and promotes NCAM  engaging with growth factor receptors, for example the 

fibroblast growth factor receptors (FGFR). Interacting with growth factor receptors is 

important for neuronal differentiation, postnatal myelination, post-mitotic migration of 

precursor cells and refinement to brain-circuitry during development (Markram et al., 2007). 

PSA deficiency, although not fatal, can result in mistimed neuronal differentiation, ectopic 

synapse sprouting and general distortion o f  the neuronal architecture (El M aarouf & 

Rutishauser, 2003). For many cells, reaching their final destination is accompanied by a loss 

o f  PSA, perhaps to facilitate the establishment o f  stable synapses (Seki & Rutishauser, 1998). 

Although overall levels o f  PSA are reduced in the adult brain, compared with the embryonic 

brain, high levels still persist in distinct regions that retain some neurogenic capacity, for 

example the hippocampus, and it is believed to be central to the maintenance o f  synaptic 

plasticity in these areas (Seki & Arai, 1991). Many researchers have demonstrated that 

perturbation o f  PSA levels can influence synaptic strength at a cellular level, and memory 

acquisition and consolidation at a functional level (Markram et a l ,  2007).

In contrast to PSA enhancing NCAM -FGFR binding, the presence o f  ATP in the extracellular 

fluid can inhibit phosphorylation o f  the growth factor receptor by NCAM  (Skladchikova et a l ,
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1999). ATP is a prevalent neurotransmitter, found in abundance in the vicinity o f synapses. 

Using surface plasmon resonance (SPR), Skladchikova and colleagues (1999) reported that the 

NCAM sites binding to fibroblast growth factor receptor (FGFR) and ATP overlapped, 

indicating that ATP probably regulates the NCAM-FGFR interaction. With this in mind 

Kiselyov (2005) hypothesised that when a growth cone reaches its target and a new synaptic 

contact is formed, the presence o f ATP may inhibit growth extension, switching NCAM from 

the signalling mode to a mode promoting adhesion.

It is evident that NCAM has a plethora o f diverse and dynamic roles within the CNS. Studies 

using NCAM knock-out mice have demonstrated that, in addition to impairing CNS 

development, blockade o f this system can induce deficits in spatial learning and inhibit 

induction or early maintenance o f LTP in vivo, indicating a pivotal role of NCAM in neuronal 

plasticity throughout life (Ronn et a i ,  1995; Becker et a l ,  1996). Studies investigating the 

pattern o f PSA-NCAM immunoreactivity demonstrate a marked decrease in its expression on 

both glia and neurons in the dentate gyrus with age (Fox et a l ,  1995). It has been implied that 

this decline correlates with diminished cognitive ability that can accompany the aging process 

(Regan & Fox, 1995).
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Figure 1.3. The structure o f NCAM on the cell membrane.

The seven-dom ain protein, contains five immunoglobulin domains and two fibronectin-type 

III (F3) modules. Homophilic binding between identical NCAM m olecules occurs at opposing 

membranes to form cell-cell junctions. PSA-NCAM  is modified with up to two linear 

polysialic acid chains, which are negatively charged and prevent homophilic binding, thus 

favouring interaction with other receptors, for example FG FR-I. FGL mimics a fifteen amino 

acid chain on the second F3 module. Abbreviations: FGL, Fibroblast growth Loop.

1.7 Fibroblast Growth Factors and their receptors

Fibroblast growth factors (FGF) were the first family o f growth factors to be identified and, 

like NCAM , play a central role in many developmental processes. There are twenty-two FGF, 

ten o f  which have been identified in the CNS. All FGF molecules contain a conserved 120 

amino acid core region that shares 30-60% hom ology across the family and a heparin sulphate
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proteoglycan binding domain, which is an obligatory co-factor in activation o f FGFR by FGF 

(Ornitz et a i, 1996; Omitz & Itoh, 2001).

While the bulky addition o f PSA to NCAM can decrease NCAM-NCAM homophilic 

interactions, it enhances NCAM heterophilic binding (outlined in Figure 1.3). Moreover, 

removal o f  PSA can inhibit NCAM-mediated neuronal development (Doherty et ai, 1990). 

Evidence suggests that under these conditions NCAM is involved in cw-interactions with 

FGFR via the NCAM F3 region (Kiselyov et al., 2003). FGFR are a family o f four receptors 

with intrinsic tyrosine kinase activity. These receptors contain three Ig-like domains and a 

heparin-binding sequence in their extracellular region. Alternative splicing o f FGFR mRNA 

produces receptors with different carboxyl terminal halves o f the lg3 domain, which in turn 

influences ligand-receptor binding specificity (Johnson & Williams, 1993). Expression studies 

indicate differential expression o f the FGF receptors throughout the CNS and this pattern 

changes during the stages o f development. FGFR-1 is expressed most abundantly throughout 

life. FGFR-2 and -3 display a localised pattern o f expression, which is highly dynamic and 

adapts with the architecture o f the developing CNS. While FGFR-4 is the most elusive within 

the CNS, its expression has been confirmed but a detailed localisation o f this expression has 

yet to be mapped (Ford-Perriss et al., 2001). Studies using FGFR knock-out mice have not 

been o f great benefit in establishing the exact role o f these receptors in the developing CNS as 

deletion o f these receptors is lethal prior to the development o f the CNS (Ford-Perriss et ai, 

2001 ).

Interaction between NCAM and FGFR was first noted in 1994 and was proposed to be 

required for NCAM-induced neurite outgrowth (Williams et a l, 1994). Williams (1994) 

identified a domain in the FGFR family that was homologous to that found on the F3 region of 

NCAM. Antibodies that bind to this domain specifically inhibit neurite outgrowth stimulated 

by NCAM. Further studies by Williams and colleagues confirmed that NCAM directly 

induces phosphorylation o f FGFR, thus activating a variety o f down-stream signalling 

cascades. On the other hand, expression o f a dominant negative FGFR in a transgenic model 

inhibits NCAM-stimulated axonal development. The affinity for NCAM for FGFR is 

approximately 10  ̂ less than the attraction between FGFR and its cognate ligand, FGF 

(Kiselyov et al, 2005). However, NCAM is one o f the most abundant molecules in the brain,
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in contrast with FGF that only appears transiently and in nanomolar concentrations. M oreover, 

the polysialyation o f NCAM may act as a switch to increase probability o f  NCAM -FGFR 

binding. Due to concentration and temporal differences in the expression o f  NCAM  and FGF 

it is suggested that these molecules activate FGFR in distinctly different ways. Figure 1.4 

delineates a complex and diverse array o f  signalling cascades that are activated after ligation 

ofFG FR -1 by NCAM .
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Figure 1.4. Signalling pathways leading from PSA-NCAM  activation o f FGFR-1.

FGFR-I activation by PSA-NCAM leads to autophosphorylation and propagation o f

intracellular signalling cascades, including the Ras/MAPK pathway, P13 kinase/Akt pathway,
2+and the PLCy/Ca pathway. There is much cross-talk between cascades, which is indicated 

with dotted arrows. The Ras/M APK cascade is activated by binding o f  Grb2 to phosphorylated 

FRS2. The subsequent formation o f  a G rb2/S0S complex leads to the activation o f  Ras. 

Various routes by which FGFR-I can activate the PIS kinase/Akt pathway are indicated. The 

PI3 kinase-regulatory subunit can bind to a phosphorylated tyrosine residue o f  the FGFR-1. 

Alternatively, activated Ras can induce membrane localization and activation o f  a catalytic 

subunit o f  PI3 kinase. All o f the depicted pathways lead to an up-regulation in the 

transcription factors CaM KII, CREB or ERK, which are associated with cell proliferation and 

pro-survival molecules. Abbreviations; See list page iv.
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1.8 Fibroblast Growth Loop

Fibroblast growth loop (FGL) is an NCAM-mimetic peptide that emulates the interaction of 

NCAM with FGFR-1. The FGL peptide is a fifteen amino acid long chain, encompassing the 

F and G [3-strands and interconnecting loop o f the second F3 domain of NCAM. SPR was used 

to confirm that the interaction between NCAM and FGFR was dependant on the F3 domain, 

while NMR spectroscopy allowed the distinct structure of the active binding site to be 

determined (Kiselyov et a l ,  2003).

Since the 1970s NCAM has been intensively investigated and research has facilitated our 

understanding o f the mechanisms underlying enduring synaptic modifications and memory 

storage. Its role in cognitive processes has been demonstrated by studies that interfere with 

NCAM function and more recently attention has been drawn to the possible benefits, whereby 

enhancement o f NCAM expression could boost LTP and aid memory formation. The 

progression o f this research has been facilitated by advancements in NMR spectroscopy, 

which allows molecules to be visualised, and combinatorial chemistry, allowing specific 

mimetic molecules to be constructed. Kiselyov and colleges (2003) identified the small 

peptide loop that represents the FGFR-1 binding site o f NCAM and confirmed the importance 

of this peptide by demonstrating the ability o f this NCAM region to activate the receptor and 

stimulate neurite outgrowth.

The first study revealing the therapeutic potential o f FGL was published by Cambon and 

colleagues in 2004. This study demonstrated the ability o f FGL to facilitate memory 

consolidation and enhance presynaptic function. Contextual fear conditioning, a hippocampal- 

dependent memory task, demonstrated that treatment with FGL could enhance memory 

consolidation. This finding was substantiates previous work which also used contextual fear 

conditioning and proposed that NCAM participates in the establishment o f long-term memory 

in this particular learning paradigm (Merino et a l ,  2000). Consistent with the importance of 

synaptic plasticity in memory formation, Cambon and colleagues (2004) demonstrated the 

proclivity of FGL to up-regulate transmitter release in primary cultured hippocampal neurons 

and to promote synapse formation, as measured by synaptophysin-positive staining. FGL has 

also been shown to increased neurite length in a dose-dependent manner and protect against a
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variety o f  toxic insults, including 6 -Hydroxydopam ine (6 -OHDA) and amyloid-p (A|3) in vitro 

(Neiiendam et al., 2004). The data suggest that the neuroprotective and proliferative effects o f 

FGL depend o f activation o f  MAP kinases and phosphoinositide 3-kinase (PI-3 kinase) 

through FGFR phosphorylation.

A protective role for the peptide was also established by dem onstrating that incubation with 

FGL could prevented cell damage in hippocampal organotypic slice cultures subjected to 

oxygen-glucose deprivation (OGD) and the presence o f  FGL maintained metabolic activity in 

these slices (Skibo et al., 2005). The same authors tested the neuroprotective actions o f FGL in 

vivo using a transient global ischemia model. They found that sub-optical administration o f 

FGL prior to clamping the carotid artery protected the hippocampal neurons; their survival 

increased from 12.5% to 36.6%. These results challenge previous studies that have used the 

OGD model and targeted FGFR through use o f  FGF, which lead to increased cell loss with the 

treatment (Lobner & Ali, 2002). One explanation for the loss o f  activity after FGF 

administration may relate to the possibility that FGL-mediated phosphorylation o f  FGFR 

induces a spatio-temporally specific response that differs from stimulation by FGF.

A number o f studies have assessed the ability o f  FGL to ameliorate the effects o f  Ap. APi .42 is 

the primary component o f  senile plaques found in the brains o f  AD patients, however, the 

sequence from 25-35 has been referred to as a toxic core fragment o f  the 42 amino-acid long 

peptide (Pike et al., 1995). It was shown that while intracerebroventricular (icv) administration 

o f  pre-aggregated AP25-35 induced a tim e-dependent increase in Ap-im m unoreactivity in the 

cingulate cortex and hippocampus, this imm unoreactivity was decreased in anim als that 

received FGL intracisternally post-AP25_35 injection (Klementiev et al., 2007). Ap induced a 

decline in cognitive function, in a social recognition test that requires short-term memory, 

whereas administration o f  FGL following the Ap injection decreased the deficit.

Klementiev (2007) also investigated the effects o f FGL on AP2s-35-induced changes in 

neuronal m orphology, tau phosphorylation, m icrogliosis and astrogliosis. 

Imm unohistochemical analysis revealed that AP25.35 administration led to neuronal atrophy 

and enhanced tau phosphorylation in the hippocampus and these changes were abrogated by 

administration o f  FGL after Ap exposure. It is well documented that inflammation plays an
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integral role in neurodegeneration and, in addition to neuronal atrophy, AP25-35 increased 

microglial and astrocytic activity as assessed by C D l lb  and GFAP immunoreactivity in 

hippocampus. This increase was attenuated in hippocampus o f  animals that received FGL, 

highlighting the anti-inflammatory capabilities o f  the peptide.

The anti-inflammatory effects o f  FGL were also reported by Downer and colleagues (2007); in 

this study the anti-inflammatory action o f  FGL was observed in hippocampus o f  aged rats, as 

chronic treatment with the peptide over a 3 w eek period attenuated the age related increase in 

hippocampal IL -ip , CD 86 and ICAM-1 expression. FGL also reversed the age-related 

impairment in LTP, measured at the perforant path-granule cell synapse in the dentate gyrus. 

The data suggested that, through the activation o f  M AP kinases, FGL enhanced neuronal 

C D 200 expression and increase release o f  the anti-inflammatory cytokine lL-4. A subsequent 

study by Downer and colleagues (2009) set out to delineate the mechanism by which FGL 

modulates neuroinllammatory changes in vivo  and in vitro, "fhe study demonstrated that FGL 

attenuated the age-related decrease in insulin like growth factor-1 (lG F-1) at an m RNA and 

protein level. Consistent with this, exposure to FGL amplified lGF-1 expression in primary 

neuronal cultures. It is o f  note that IGF-1 is one o f  the most potent stimulators o f  the AKT/PI- 

3 kinase signalling cascade, which is fundamental in cell survival, growth and proliferation. In 

vivo analysis show s that changes in AKT activation parallel those o f  IGF-1. in this study there 

was a concom itant age-related decrease in AKT phosphorylation, which was reversed by FGL 

treatment.

1.8.1 Inhibition o f  FGL by SU5402

The activity o f  FGL can be antagonised by the compound SU 5402 (3-[(3-(2-carboxyethyl)-4- 

m ethylpyrrol-2-yl) m ethylene]-2-indolinone), which specifically inhibits the catalytic domain 

o f  FGFR-1 (M ohammadi et al., 1997). SU 5402 has been utilised in a variety o f  studies to 

demonstrate that the effects o f  FGL are dependent on activation o f  the FGF receptor. This 

specific antagonist prevents the FGL induced enhancement o f  neurite outgrowth and 

transmitter release from hippocampal neurons in vitro (Cambon et a l ,  2004; Neiiendam  et a l ,  

2004). SU 5402 also blocked the neuroprotective action o f  FGL on cultured cerebellar granule 

neurons subjected to a low  KCl environment (Neiiendam  et a l ,  2004). Skibo (2005) reported
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that incubating cells in the presence o f  FGL and SU 5402, abrogated the neuroprotective 

effects o f  FGL in cultured neurons subjected to OGD, thus further signifying that the activity  

o f  FGL depends on activation o f  FGFR.

1.8.2 Administration o f FGL in humans

The first report on human exposure to the N C A M -m im etic FGL was published in 2007. The 

study, based in Switzerland, was designed to test the tolerability, safety and pharmacokinetics 

o f  ascending doses o f  FGL in healthy male volunteers. The study evaluated 24 subjects that 

received a single intranasal dose o f  FGL (25, 100 or 200m g), as FGL is a peptide it cannot be 

administered orally. The three doses o f  FGL were w ell tolerated and caused no clinically  

notable abnormalities. However, three o f  the subjects that received the highest dose 

experienced transient, mild adverse effects, including a burning sensation in the nose and 

shorted-lived epiphora. The pharmacokinetic analysis revealed quantifiable plasma 

concentrations o f  FGL at 1 hour for the lOOmg dose and at 1 and 4 hours for the 200m g dose, 

the 25m g dose was undetectable. FGL was not quantifiable at 8 or 24 hours post dose. The 

maximum serum concentration (Cmax) and the area under the plasma concentration-time curve 

up to 24 hours post-dose (AUC24) showed no significant increase in system ic exposure with 

increasing dosage from 100-200m g. This inaugural study, exposing humans to FGL, found 

that intranasal administration o f  FGL was w ell tolerated in healthy m ales and further studies 

are warranted to exam ine the relationship between intranasal dosage and CNS activity, before 

moving on to a clinical population.

1.9 Im m une-modulation; a role for CD200

In 1982, C D 200 was purified and characterised using an O X 2 monoclonal antibody (Barclay 

& Ward, 1982). It was found to have a specific, rather that ubiquitous distribution on 

thymocytes, neurons, dendritic cells, vascular endothelium, smooth m uscle and B cells, 

indicating a distinct, but yet unknown, biological function. C D 200 was characterised as a 41- 

47 kDa cell surface glycoprotein, bearing two Ig superfamily domains, a single  

transmembrane domain and a short cytoplasm ic tail (Clark et a l ,  1985). B y binding
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fluorescent beads to the extracellular domains o f OX 2, a chimeric protein was produced, 

which allowed CD200 receptor/ligand interactions to be identified (Preston et al., 1997). 

Further analysis and use o f high affinity antibodies led to the CD200 receptor (CD200R) being 

isolated from the rat spleen and its expression recognised on all cells o f the myeloid lineage 

(Wright et a l ,  2000). Similar to CD200, CD200R contains two Ig superfamily domains, but a 

considerably larger cytoplasmic domain with signalling capacity.

It was noted that the CD200 and its receptor had a similar distribution pattern to that o f CD47, 

and its receptor, SlRP-a, which also is found predominantly on myeloid cells (Kharitonenkov 

et a l ,  1997). With the knowledge that interaction between CD47 and SlRP-a can inhibit 

myeloid cell activity, the quest to uncover a function for CD200 within the immune system 

became more credible. One o f the first studies to suggest an immunosuppressive role for 

CD200 was conducted by Gorczynski and colleagues on murine graft survival (Gorczynski, 

Chen et al. 1998). They reported that increasing CD200 expression could enhance allograft 

survival, while later work revealed that this could be reversed by use o f a monoclonal antibody 

specific for CD200 (Gorczynski et al., 2000). The proclivity for CD200 to provide an 

inhibitory signal to myeloid cells was further confirmed through use o f CD200 '̂ ' mice. Mice 

deficient in CD200 were developed by Sedgwick and colleagues (2000). In brief, an Eco- 

AlXW-Sal 1 fragment o f a CD200 genetic clone was used to create a targeting construct in 

which the Nco 1 fragment was replaced with a PGK-neo"^ cassette. The construct was used to 

transfect C57BL/6 embryonic stem cells that were microinjected into BALB/c blastocytes. 

Chimeras were mated with C57BL/6 mice and CD200'^' progeny generated by co-breeding 

offspring expressing the deleted germ-line DNA (Hoek et a l ,  2000). CD200-deficient mice 

are essentially indistinguishable from their wildtype counterparts; they are fertile and have a 

normal lifespan. However, disruption to CD200 expression leads to increased populations of 

macrophages in the spleen and lymph nodes and amplification in CDl lb and CD45 expression 

on microglia. The microglia in these mice also displayed a more amoeboid morphology and 

clustered in aggregates, particularly in the spinal cord. With the apparent dysregulation of 

these cells, it was hypothesis that in the absence o f CD200 there is a shift in the ‘resting’ state 

myeloid cells to a more tonically active state (Hoek et a l ,  2000).



The assertion that myeloid cells from CD200'^' mice expressed a more activated phenotype 

was tested in three autoimmune models; myelin oligodendrocyte glycoprotein (MOG)-induced 

EAE, collagen-induced arthritis (CIA), a model for rheumatoid arthritis and experimental 

autoimmune uveoretinitis (EAU), a murine model for uveitis. All three experimentally- 

induced diseases had a more rapid onset in CD200''*' animals, compared with wildtype mice 

(Campbell et a l ,  2000; Hoek et a l ,  2000; Copland et a i ,  2007). The studies revealed 

enhanced expression o f nitric oxide (NO), a potent immune regulator with antimicrobial 

activity, in EAE and EAU treated CD200‘̂ ‘ mice, compared with their wildtype counterparts. 

NO production is has been shown to induce microgliosis and is implicated in the perpetuation 

o f an immune response, therefore enhance NO production in these animals makes them more 

vulnerable to bystander tissue damage, which further increases the severity o f the disease (Roy 

et a i ,  2006). Next the function o f CD200 during viral infection was investigated. Snelgrove 

and colleagues (2008) reported that CD200-deficient mice had enhanced sensitivity to 

influenza infection. They reported excessive production o f NO and pro-inflammatory 

cytokines, which resulted in delayed resolution o f inflammation and an enhancement in 

collateral tissue damage. The authors emphasised that alveolar macrophages innately have 

higher CD200R expression, compared with macrophages in other tissue, to maintain a high 

threshold o f immune ignorance to innocuous antigens, thus preventing an excessive host 

response and destruction o f delicate respiratory tissue (Snelgrove et a l ,  2008). It is also of 

note that the immune activity o f microglia within the CNS must also be tightly regulated, to 

avoid damaging post-mitotic neurons. Like the in the lungs a quiescent environment is 

maintained through high CD200R expression on microglia that engages with CD200 that is 

abundant on neurons and endothelia (Hoek et a l ,  2000).

While a deficit in CD200 can intensify an inflammatory response, it has been reported that 

enhancing CD200R ligation by gene manipulation or administration o f a CD200R agonist can 

be beneficial. Interestingly, in contrast to CD200‘̂ ‘ mice displaying an increased susceptibility 

to EAE, a spontaneously-occurring strain of mice, called Wld^ which express elevated levels 

o f neuronal CD200, are less vulnerable to the experimentally-induced disease (Chitnis et a l ,  

2007). Furthermore, it has been reported that skin and cardiac allographs are readily accepted 

in transgenic mice, which over express CD200. However, endogenous levels o f CD200 are 

sufficient to maintain viability of the graft after two weeks o f induced tolerance (Gorczynski et
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al,  2009). With a less invasive approach than gene manipulation, the immunological 

consequences o f small soluble CD200R agonists have been shown to modulate graft rejection 

and inflammatory disease. In the case of EAU, it was found that a CD200R monoclonal 

antibody (DX109) suppressed macrophage activation and resulted in an earlier resolution of 

the disease when administered either systemically or locally (Copland et al ,  2007). Similarly, 

it was found that a CD200 fusion protein (CD200Fc), containing the ectodomain o f CD200 

bound to a murine IgG2a module, decreased the severity o f established CIA, both clinically 

and histologically, and diminished mast cells mediators in targeted joints without obvious 

systemic immunosuppressive effects (Simelyte et al ,  2008). CD200Fc was also beneficial in 

preventing inflammatory lung disease and bystander tissue damage, while not affecting viral 

clearance, in influenza infected mice (Snelgrove et al ,  2008). These findings present a 

compelling case for the therapeutic potential o f CD200-CD200R manipulation. In fact, 

immunohistochemical studies have examined CD200 and CD200R expression in the CMS of 

AD and MS patients. A decrease in both ligand and receptor was found in hippocampus o f AD 

patients, compared with non-demented controls, at an mRNA and protein level (Walker et al,  

2009). While a decreased in CD200 immunoreactivity was also observed in MS lesions 

(Koning et al ,  2009). Thus suggesting the CD200-CD200R axis may be perturbed in these 

conditions.

1.9.1 CD200 Signalling

CD200 interacts with its cognate receptor via their N-terminal Ig-like domains and the 

functional consequences o f this engagement requires downstream signalling events in the cell 

bearing the receptor, which in turn leads to immune-suppression (Hatherley & Barclay, 2004). 

The cytoplasmic tail o f CD200R contains three conserved tyrosine residues, while CD200 is 

not known to possess any signalling motifs (Wright et al,  2000). Mihrshahi and colleagues 

(2009) investigated the molecular mechanisms o f CD200R in human myeloid cells, which is 

outlined in Figure 1.5. They reported that the third tyrosine residue o f CD200R, located most 

distal to the membrane, contains a phosphotyrosine-binding (PTB) domain that recruits the 

PTB domain of the downstream of tyrosine kinase 2 (DOK-2) adaptor proteins, upon receptor 

ligation. Once phosphorylated, DOK-2 recruits RAS p21 protein activator 1 (RasGAP), which 

in turn can inhibit Ras-ERK signalling pathways. The critical involvement of DOK-2 in
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CD200R signalling was confirmed by use o f  RNA interference and DOK-2 knockdown 

experiments, thus the hierarchy o f  interactions established through quantitative biochemistry 

were consistent with functional data (Mihrshahi et a i ,  2009). Previous studies using murine 

mast cells advocate recruitment and phosphorylation o f  both DOK-1 and DOK-2 in CD200R 

activation (Zhang & Phillips, 2006). The receptor is highly conserved between species and 

Mihrshahi (2009) found that DOK-1 recruitm ent occurs once DOK-2 was phosphorylated; 

however, its activation was not integral to CD200-induced myeloid cells regulation. Although 

some discrepancies remain regarding the exact signalling induced by engagem ent o f  CD200 

with its receptor, there is agreement that its modulatory activity is unique. Unlike other 

myeloid cell inhibitory receptors that recruit phosphatses through inhibitory m otifs, it has been 

established the CD200R signalling relies on tyrosine phosphorylation rather that 

dephosphorylation (M ihrshahi et al., 2009).
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Figure.1.5. Activation of CD200R by CD200

Interaction between the immunoglobulin domains o f  CD200 and CD200R initiates a 

downstream  signalling cascade that inhibits the Ras-ERK pathway. It is proposed that upon 

ligation the third tyrosine residue o f CD200R recruits the adaptor protein DOK-2. 

Phosphorylation o f  DOK-2 activates RasGAP via SHIP, which eventually results in immune 

cell m odulation. Abbreviations: CD, Cluster o f  Differentiation; DOK, Downstream o f  tyrosine 

kinase; RasGAP, Ras GTPase activating protein; SHIP, SH2-containing inositol 5- 

phosphatase.

1.10 The CNS; an anatomical view

The Central Nervous System (CNS) integrates information allowing it to coordinate the

functions o f  all organs. Despite A ristotle’s notions that the brain was merely a blood cooler,

and the heart a command centre, the importance o f the brain in controlling body function and

bearing the seat o f  intelligence has been advocated since the Archaic Period o f Ancient
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Greece. The oldest and, up until recently, most widely used method for investigating the CNS 

was anatomical analysis o f  both large scale and microscopic structures. The Roman physician 

Galen elegantly demonstrated the association between the brain and the periphery via 

branching networks o f  nerves. The Renaissance saw the return o f  artistic depictions o f  neuro

anatomy; and the developm ent o f  the Golgi Stain in the late 1800s revealed networks o f 

distinct neurons with unique dendritic structures and patterns o f  connectivity.

Today, neurons are defined by their ability to transmit rapid electrical signals. This involves 

the conduction o f action potentials down an axon to a presynaptic term inal, depolarisation o f 

the terminal, release o f  neurotransm itters and subsequent excitation o f connecting neurons, 

thus propagating the signal. In the late 1800s it was recognised that many cells in the brain 

lack this ability and these cells were referred to as glia (W ang & Bordey, 2008). Such cells 

include, but are not restricted to, astrocytes, microglia, oligodendrocytes, Schwann cells and 

ependymal cells. Glia are highly conserved between species and account for over 90%  o f  cells 

in the human brain, as they surround and ensheath neuronal cell bodies, axons and synapses.

Glia were originally alluded to as ‘brain glue’ by Rudolph Virchow in the mid 1800’s. He 

referred to these cells as an inert scaffold, essentially there as a structural support for neurons, 

in a paper published in the German Medical Journal (1856). This disregard for the role o f  glia 

in CNS activity became entrenched and it is only in recent years that their com plex function is 

beginning to be unravelled. We now know that the lipid-rich, myelin sheath that insulates and 

enhances neuronal conductance is formed by oligodendrocytes, Schwann cells serving a 

similar function on peripheral nerve fibres; radial glia guide the m igration o f  nerve cells in the 

embryonic brain and ependymal cells form the lining o f the cerebral ventricles, producing and 

secreting cerebrospinal fluid.

In addition to the microscopic depiction o f  different cell types, the functional and anatomical 

associations between brain regions were also being elucidated. Post-mortem dissection o f  an 

aphasic patient by Paul Broca revealed a lesion in the ventroposterior region o f  the frontal 

lobe, now known as the Broca’s area and deemed the speech producing centre. Similarly, Carl 

Wernicke described a patient with deficits in language comprehension, who was later found to 

have damage to his posterior superior temporal gyrus. This region is now referred to as
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Wernicke’s area and known to be required for semantical speech output. However, no lesion 

study has been more extensively documented, or indeed contributed more to the structure- 

function relationship o f  brain regions, than that o f  patient H.M. This patient, suffering from 

intractable epilepsy, underwent a bilateral medial temporal lobectomy in order to prevent 

debilitating tonic-clonic seizures, or more commonly known as grand mal seizures. After the 

surgery H.M. suffered from severe anterograde amnesia and was unable to commit new events 

to long-term memory (Scoville & Milner, 1957). From this point our understanding o f  the 

organisation o f  memory was revolutionised and the hippocampus took centre stage.

1,11 Long-Term  Potentiation; a biological substrate for M emory

it is almost universally accepted that the hippocampus, located in the medial temporal lobe, 

plays a critical function in spatial memory and there are many well-developed protocols 

substantiating this. One o f  the most widely accepted is the Morris water maze, a memory test 

where hippocampal-lesioned animals display impairments (Morris et al., 1982). While specific 

brain structures and neuronal circuits have been considered essential for particular forms of 

learning and memory, the exact molecular and cellular mechanisms that are required have yet 

to be determined. There is a plethora o f  evidence to suggest that memory is a form o f  synaptic 

plasticity and the Hebbian theory (1949) proposes a basic mechanism for plasticity, whereby 

an increase in synaptic efficacy occurs from one cell's repeated and persistent stimulation o f  

another, thus strengthening the connection. In an effort to establish an association between 

synaptic plasticity and memory, models for synaptic strengthening are used, the most 

prominent being long-term potentiation (LTP).

LTP was first described by Bliss and Lomo in 1973 when it was discovered that brief trains o f  

high-frequency stimulation (HFS) to a monosynaptic excitatory pathway in rabbit 

hippocampus, resulted in an abrupt and sustained enhancement in synaptic transmission. LTP 

has three defined characteristics: cooperativity, associativity and input specificity (Bliss & 

Collingridge, 1993). Cooperativity describes the intensity and pattern o f  tetanic stimulation 

required to induce LTP. Associativity is the property that synapses will only undergo 

potentiation in response to a subthreshold stimulation if  activated in tandem with a strong 

tetanus on a separate synapse o f  the same cell, which is an implicit property o f  the Hebbian
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theory (Levy & Steward, 1979). Finally, input specificity refers to the phenomenon that when 

LTP is induced in one set o f cells the adjacent cells that did not receive tetans will not undergo 

potentiation (Lynch et a l ,  1977). In the 1980s the role of A^-methyl-D-aspartate (NMDA) 

receptors in the consolidation o f LTP became apparent. The NMDA receptor is a dually-gated 

channel that requires membrane depolarisation and binding o f glutamate to promote 

opening. It acts as a molecular coincidence detector displaying characteristics o f activation 

that eloquently explain the properties o f cooperativity, associativity and input specificity of 

LTP (Bliss & Collingridge, 1993).

LI LI Signalling molecules involved in LTP

0+Once activated, NMDA receptors act as Ca channels, transiently permittmg an mflux of 

calcium ions into post-synaptic spines. NMDA receptor activation and the subsequent increase

in intracellular Ca^^ concentration are critical for LTP induction. Blocking NMDA receptors
2+competitively with AP5, or non-competitively with MK801, or chelating Ca in the post- 

synaptic cell using EGTA, prevents induction o f LTP (Lynch et al ,  1983; Coan & 

Collingridge, 1987; Errington et al ,  1987). The same antagonists can also impair acquisition 

and memory retention in the Morris water maze (Morris et al ,  1986). The elevation in 

intracellular Ca^^ concentration triggers phosphorylation o f Ca^Vcalmodulin-dependent 

protein kinase II (CaMKll), which remains active after induction o f LTP due to 

autophosphorylation at threonine-286. Substitution o f this threonine with alanine, thus 

preventing activation, leads to impairment in LTP and can similarly, attenuate performance in 

spatial learning tasks (Giese et al ,  1998). Downstream of CaMKll phosphorylation a variety 

o f signaling molecules have been identified that are critical in the maintenance o f LTP, many 

of which are stimulated by an increase in cyclic adenosine monophosphate (cAMP), as a result 

o f activation of protein kinase A (PKA) (Huang & Kandel, 1994). Huang and Kandel 

demonstrated that unlike CaMKll these molecules were not required for the induction o f LTP, 

but inhibiting PKA attenuated the maintenance of LTP. Data also indicate that cAMP can 

stimulate extracellular-signal-regulated kinases (ERK), a mitogen-activated protein (MAP) 

kinase, possibly via TrkB or indeed PKA (Martin et al ,  1997; Adams & Sweatt, 2002). The 

fundamental involvement of ERK in early- and late-phase LTP was initially established 

through the finding that antagonising ERK with a specific inhibitor (PD98059) suppressed 
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LTP in the dentate gyrus (McGahon et ai ,  1999). In addition, an increase in ERK 

phosphorylation has been consistently reported in the hippocampus following induction of 

LTP and this has been associated with enhanced glutamate release (Davis et al ,  2000; Gooney 

et al ,  2002). Furthermore, through the use o f specific inhibitors, the role o f ERK in spatial 

memory was confirmed (Selcher et a l ,  1999; Hebert & Dash, 2002). ERK appears to be a 

point o f convergence for several signalling cascades, resulting in an array of changes 

following its activation, which involve its translocation to the nucleus and induction of 

transcription (Gooney et al ,  2002).

1.11.2 Age-related impairment in LTP

in contrast to impairing the induction and maintenance o f LTP with exogenous chemicals, 

endogenous factors can induce deficits and one o f the most prominent risk factor for impairing 

LTP is age. For many years an age-related decline in cognitive function has been recognised 

and more recently deficits in spatial memory have been correlated with impairment in LTP 

(Bach et al ,  1999). There is general agreement that maintenance o f LTP is impaired with age, 

but the underlying causes for this deficit have yet to be fully elucidated (Barnes, 1979; de 

Toledo-Morrell & Morrell, 1985; McGahon et a l ,  1997). Initially, a plausible explanation for 

the deficit could be due age-related neuronal loss; however, there is much debate as to whether 

a significant amount o f atrophy occurs with age. Many studies have reported no age-related 

cell loss in the hippocampus or entorhinal cortex, while others have detected a lower density 

of neurons in these areas (Rapp & Gallagher, 1996; McLay et al ,  1999; Merrill et al ,  2001). 

Although this debate continues, the age-related deficit in LTP is believed to be more complex 

than mere cell counts can explain. Studies have reported a variety o f age-related changes that 

could in-part explain a deficit, these include decreased membrane fluidity due to lipid 

peroxidation, reduced glutamate release in the hippocampus, diminished capacity for NMDA 

receptor binding, disruption to Ca^^ homeostasis and a decline in ERK signalling (Lynch, 

2004). It has been suggested that the impairment may be a consequence o f the alterations in 

membrane characteristics, which could impact on membrane function and decreased synaptic 

plasticity has been negatively correlated with an increase in oxidative stress induced by 

reactive oxygen species (ROS) (Vereker et al ,  2001). Vereker and colleagues found that the 

increase in ROS in the hippocampus was closely coupled with an increase in the pro-
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inflam m atory cytok ine in terleu k in -ip  (IL -ip ). U p-regulation  in IL -ip  concentration has 

persistently been show n to inhibit LTP and ev id en ce  su ggests that age-related enhancem ent o f  

the inflam m atory profile in the hippocam pus contributes to im pairm ent in p lasticity  (L ynch, 

1998; Murray & Lynch, 1998; K elly  et a l ,  2 0 0 1 ). Furthermore, im m une-active m olecu les  

have the ability to m odulate learning and m em ory process and there is a plethora o f  data 

indicating cogn itive  function  is disrupted by neuroinflam m ation (M aier & W atkins, 1995; 

Pugh et al.,  1998).

1.12 Objectives

The aim s o f  this study were:

1. To exam ine the m odulating action  o f  FGL on LPS- and A P 2 5 -3 5 -induced changes in 

primary m ixed  glia. A n in v itro  approach w as used to delineate the e ffec t o f  FGL on 

sp ec ific  cell populations w ithin  the C N S , nam ely  astrocytes and m icroglia . C ells  w ere  

pre-treated with LPS, a gold-standard inflam m atory stim ulus, to mirror the pro- 

inflam m atory profile and activation state o f  glial ce lls  that has been described in the 

aged brain (L ynch et al., 1998). A n A p  peptide w as also used as an inflam m atory  

stim ulus. In addition to a pro-inflam m atory phenotype, the accum ulation  o f  A p is 

associated  w ith the pathogenesis o f  the age-related neurodegenerative d isease  A D  (Tan  

et al., 2 0 01). The A P 2 5 -35  peptide w as ch osen  because it has been dem onstrated to be 

the tox ic  core fragm ent o f  the fu ll-length  A P i .4 2  peptide, found in the C N S  o f  A D  

patients. M oreover, previous w ork has sh ow n  FGL to attenuate the pro-inflam m atory  

action o f  this peptide in v ivo  (K lem en tiev  et al., 2 0 0 7 ).

2. To exam ine i f  the anti-inflam m atory action  o f  FGL in primary m ixed  g lia  is dependent 

on C D 200  expression . M ixed  glia l cultures w ere prepared from  w ild typ e and CD200'^' 

m ice to determ ine the m odulating e ffec t o f  FGL on  L PS-stim ulated g lia l ce lls  in the 

presence and absence o f  C D 200 .

3. T o investigate non-neuronal (astrocytic) C D 2 0 0  exp ression  in vitro.  Previous work has 

focused  on  neuronal C D 200  exp ression  and its ab ility  to regulate the phenotype o f
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m icroglial cell (Lyons et al., 2007). In this study, primary cell culture allowed the 

investigation o f  CD200 expression on isolated astrocytes and the role o f  astrocytes in 

the modulation o f  microglia in vitro.

4. To assess the m odulating effect o f CD200Fc on LPS- and age-induced impairment o f 

LTP in perforant path-granule cell synapses. Induction and maintenance o f  LTP 

measures the functional integrity o f  the hippocampus, an area o f  the brain susceptible 

to age-associated inflammatory changes (Lynch et a l,  1998). It has been demonstrated 

that CD200Fc has an immunosuppressive action on experimentally induced 

inflamm atory disease in the periphery, leading to reduced disease burden (Gorczynski 

et al., 2001). The current study investigated the ability o f  CD200Fc to reverse the 

negative impact o f  a pro-intlam m atory profile in the CNS. Previous studies have 

revealed acute administration o f LPS can induce impairment in LTP, similar to an age- 

related deficit (Lynch 2010). The age-associated decline in plasticity has been 

correlated with a pro-infiamm atory phenotype, therefore, age-related changes in 

inflammatory markers in hippocampus were examined and their m odulation by 

CD200Fc assessed.
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Chapter 2. Methods

2.1 In vitro studies

2.1.1 Preparation o f cultured mixed glia

Primary cortical m ixed  glia  w ere estab lished  from  postnatal one-day old W istar rats, supplied  

by B ioR esou rces Unit in Trinity C o lleg e  D ublin. A ll instrum ents required for d issection  w ere 

sterilised in 70%  ethanol. Rats w ere decapitated , the cortices d issected  free and the m eninges  

rem oved. The cortices w ere chopped b i-d irectionally  using  a sterile scalpel and incubated in 

warm filter sterilised  D u lb ecco ’s m od ified  E agle m edium  (D M E M ; S igm a A ldrich, U K ) 

supplem ented w ith fetal c a lf  serum  (P C S, 10%; G ibco, U K ), p en icillin  (lOOU/m l; G ibco, U K ) 

and streptom ycin  (lO O U/m l; G ibco, U K ) for 5 m inutes at room tem perature. T issue w as  

triturated using a sterile Pasteur pipette, filtered through a nylon  m esh filter (40|al; B D  

B io sc ien ces, U S A ) and centrifuged at 2 ,000rpm  for 3 m inutes at 20°C . The pellet w as re

suspended in DM EM  and cell counts w ere perform ed by d ilu ting ce lls  (norm ally 1:50 or 1:10) 

with Trypan B lue (S igm a, UK ). A n aliquot (10|j,l) o f  the cell susp en sion  w as loaded onto a 

haem ocytom eter (H ycor B iom edical, U K ). The num bers o f  v iab le  ce lls , w h ich  appear w hite  

under a light m icroscope, w ere counted. G lia  (2  x  10^ ce lls /m l) w ere plated onto each w ell o f  a 

6 -w ell plate (Sarstedt, G erm any) and a llow ed  to adhere for at least 2 hours in a hum idified  

incubator, 5% C O 2, 95%  air at 37°C , before each w ell w as supplem ented w ith  1.5m l o f  warm  

D M E M . M edia w as changed every 2-3  days. G lia  w ere grow n for approxim ately 14 days  

before treatm ent. F low  cytom etry w as used to determ ine purity o f  m ixed  glial cultures. 

C ultures contained approxim ately 70%  astrocytes and 30%  m icroglia  (C o w ley  et al.,  2 0 10).

M ouse m ixed  g lia  w ere prepared from  d issectin g  and cross chopping the w h ole brain from  

neonatal C 57B L /6  or CD200''^' m ice. T he rest o f  the protocol is as described for the 

preparation o f  cultured rat m ixed  glia.
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2.1.2 Preparation o f cultured microglia and astrocytes

Primary cortical m icroglia  and astrocytes w ere prepared from one-day old W istar rats 

(B ioR esou rces Unit. Trinity C o lleg e  D ublin) using the sam e m ethod for primary cortical glial 

ce lls , as described above, except resuspended glia  from  each  neonate w ere plated into tw o  

separate T25 flasks (Sarstedt, G erm any) using a Pasteur pipette. G lia w ere incubated for 2 

hours (5%  C O 2 , 95%  air, 37°C ), a llow in g  ce lls  to adhere before being flooded  w ith  8m l o f  

culture m edia. The fo llo w in g  day m edia  w as rem oved and replaced w ith culture m edia  

enriched w ith m ononuclear phagocyte co lon y  stim ulating factor (M -C SF; 20 n g /m l, R& D  

System s, U S A ) and granulocyte m acrophage co lon y  stim ulating factor (G M -C SF ; lO ng/m l, 

R & D  System s, U S A ). E very three days, m edia w as rem oved and replaced w ith  enriched  

culture m edia. On day 13 flasks w ere wrapped w ith Parafilm  (A lcan , U S A ), m aking an air

tight seal around neck and cap, and placed on an orbital shaker (1 lOrpm) for 2 hours at room  

temperature. Flasks w ere taken back into the hood, tapped 10 tim es, the contents contain ing  

suspended m icroglia  w as poured into a 50m l falcon  tubes and spun at 2 ,000rpm  for 5 m inutes. 

The resulting pellet is a m icroglial ce ll pellet. The supernatant w as rem oved and the pellet re

suspended in 1ml D M EM . R esuspended  m icroglial ce lls  w ere pipetted onto p o ly -L -ly sin e-  

coated (6 0 fig /m l) cover s lip s in 2 4 -w e ll plates. C over-slips enhance m icroglial ce ll adherence  

and w ere prepared as fo llo w s. G lass cover-slip s (10m m  diam eter) w ere sterilised  in 70%  

ethanol for 1 hour and dried overnight in a fum e hood, under a sterilising  U V  light. The  

fo llow in g  day cover  slip s w ere incubated at 37°C in sterile p loy -L -ly sin e  (Im g /m l; d iluted  in 

sterile H 2 O). A fter incubation the cover  slip s w ere dried and placed in 2 4 -w e ll p lates. A fter  

plating, m icroglial c e lls  w ere incubated for an hour before addition o f  warm  D M E M  (4 0 0 |il) . 

C ells  w ere treated the fo llo w in g  day.

A strocytes, w h ich  rem ain adhered to the flask, w ere incubated in 1ml o f  T rypsin- 

ethylenediam inetetraacetic acid (T rypsin-E D T A ; Sigm a, U K ) for 15 m inutes at 37°C before  

the flask w as tapped and contents poured into a 50m l falcon  tube. I’he su sp en sion  w as  

centrifuged at 2 ,000rpm  for 3 m inutes at 20°C , supernatant rem oved and resu lting pellet 

resuspended in standard culture m edia. R esuspended astrocytes w ere plated (2 0 0 |i l /w e ll  o f  6 

w ell plate), a llow ed  to adhere for 2 hours in 5% C O 2 at 37°C before being flood ed  w ith  1.5m l 

o f  culture m edia. C ells w ere treated the fo llo w in g  day.
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Primary microglia and astrocytes were prepared from neonatal C57BL/6 mice (BioResources 

Unit, Trinity College Dublin) using the same method for primary rat m icroglia and astrocytes, 

as described above.

2.1.3 Isolation o f  cell membrane from astrocytes

Cell m em branes were isolated from cultured astrocytes prepared from C57BL/6 mice using a 

subcellular protein fractionation kit (Therm o Scientific, USA). Confluent astrocytes were 

incubated in 1ml o f  Trypsin-EDTA for 15 m inutes at 37°C before the flask was tapped and 

contents poured into a 50ml falcon tube. The suspension was centrifuged at 500 x g for 5 

minutes and the cell pellet washed with ice-cold PBS. Cells were re-suspended in 1ml o f PBS, 

centrifuged at 500 x g for 3 m inutes before the supernatant was discarded. The remaining 

pellet was re-suspended in ice-cold Cytoplasm ic Extraction Buffer, containing 1:100 dilution 

o f protease inhibitors (100|j.l, Thermo Scientific, USA) and incubated at 4°C for 10 minutes 

before being centrifuged at 3,000 x g for 5 minutes. The supernatant was removed and pellet 

re-suspended in ice-cold Membrane Extraction Buffer, containing 1:100 dilution o f  protease 

inhibitors (lOOjil, Therm o Scientific, USA) before incubating at 4°C for 10 minutes, with 

gentle mixing. The mixture was centrifuged at 3,000 x g for 5 m inutes and supernatant, 

containing the membrane extract, transferred to a clean tube. A Bradford M icroassay (BioRad, 

USA) was carried out on the membrane fraction to quantify protein concentration.

2.1.4 Preparation o f  culture media and test compounds

All agents used to treat cells were diluted to required concentration in pre-warmed 

supplemented DM EM  and all solutions were filter-sterilised through a syringe with a 0.2^m  

cellulose acetate m em brane filter. A Lactate Dehydrongenase (LDH) assay was performed on 

cells after test compound exposure to confirm that compounds did not alter cell viability.

Lipopolysaccharide (LPS; Alexis Biochemicals, UK) was prepared as a stock solution in 

sterile phosphate-buffered saline (PBS) and diluted to a final concentration o f If^g/ml in 

media. Cells were treated for 24 hours with LPS.
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A stock solution  o f  am ylo id -P 25-35 (A P 25-35; B A C hem , Sw itzerland) w as prepared in sterile 

PBS and aggregated at 37°C  for 72  hours. Form ation o f  aggregates w as confirm ed by 

m icroscopy. A P25-35 w as diluted to a final concentration ( l-5 0 |a M ) in m edia and ce lls  w ere  

treated for 24  hours.

Fibroblast grow th-loop  (FG L; E N K A M  Pharm aceuticals, D enm ark) w as prepared as a stock  

solution  in sterile H2O and diluted to a final concentration (1 0 -1 0 0 |ig /m l)  in m edia. C ells  w ere  

treated with FGL 24  hours prior to LPS or AP25-35 exposure.

S U 5 4 0 2  (C alb iochem , U S A ) w as prepared as a stock so lu tion  in sterile D M S O  and diluted to a 

final concentration (10 -5 0 |a g /m l) in m edia. C ells w ere incubated in the presence o f  S U 5402  

for 30  m inutes prior to FGL exposure.

A strocytic m em brane fractions w ere prepared from isolated C 57B1/6 primary astrocytes. 

Isolated m icroglia , cultured from  C 57B1/6 m ice w ere treated w ith the astrocytic mem brane 

fraction (2 0 n g  protein/m l) for 2 hours prior to LPS exposure.

C D 200F c (R & D  S ystem s, U S A ) w as prepared as a stock  so lu tion  in sterile PBS and diluted to 

a final concentration (2 .5 |ig /m l)  in m edia. C ells w ere treated w ith C D 2 0 0 F c 2 hours prior to 

LPS treatment.

F o llow in g  indicated treatm ents; supernatants w ere rem oved into fresh tubes and stored at - 

80°C until required for an a lysis o f  cytok in e concentration. C ells  used for polym erase chain  

reaction (PC R ) w ere harvested by w ash in g  on ce in P B S , lysed  in R A l buffer (N u cleosp in  

R N A  II, M acherey-N agel, U S A ) contain ing 1% P-m ercaptoethanol (S igm a-A ldrich , U K ) and 

stored at -80°C , in R N ase free tubes for later analysis o f  m essen ger ribonucleic acid (m R N A )  

expression . C ells  used for W estern Im m unoblotting w ere harvested by w ash ing  on ce in P B S , 

lysed in ice-co ld  ly sis  buffer (com p osition  in mM : Tris-H C l 10, N aC l 50 , Na4P20y.H20 10, 

N aF 50 , 1% IGEPAL®, N a 3V 0 4  1, P M S F l, Protease Inhibitor cock ta il) for 15 m inutes, 

scraped o f f  and added to fresh tubes. C ells  in lysis buffer w ere stored at -80°C  until required.
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2.2 Animal

Groups o f  specific pathogen-free male Wistar rats aged 3-4 months (young) and 18-22 

months (aged), weighing approximately 250-300g and 550-600g respectively, were used. 

Animals were supplied by Harlan (UK) and maintained in the BioResources Unit, Trinity 

College Dublin. The animals were housed in groups o f  four, maintained under veterinary 

supervision in an ambient temperature o f  22°-23°C, under a 12-hour light-dark cycle. Food, 

standard laboratory chow, and water were available ad  libitum.

All animal experimentation was performed under a license granted by the Minister for Health 

and Children (Ireland), with approval from the local ethical committee and in compliance with 

the Cruelty to Animals act, 1876 and the European Community Directive, 86/609/EC, and 

every effort was made to minimise stress to the animals.

2.2.1 Treatment with LPS

Rats were anesthetised by intraperitoneal (ip) injection o f  urethane (1.5g/kg, 33% w/v). The 

depth o f  anaesthesia was determined by the absence o f  a pedal reflex, and if required a further 

top-up dose o f  urethane was administered (to a maximum o f  2.5g/kg). Once anesthetised, the 

animals were divided into four groups (n=6): control rats that received saline ip and 

intrahippocampally (ih; 3mm posterior, 0.8mm lateral and 3.5mm dorsoventral to Bregma), 

rats which received an ip injection o f  lipopolysaccharide (LPS; 100 ng/kg; Sigma-Aldrich, 

U.K.) and saline ih, rats which received CD200Fc ih (2^g/^l; 5 ^1 infusion volume) and saline 

ip, and rats which received both LPS (ip) and CD200Fc (ih). Three hours after treatment, the 

ability to sustain LTP in perforant path-granule cell synapses, in response to tetanic 

stimulation o f  the perforant path was assessed.

2.2.2 Treatment with CD200Fc

Once anesthetised, young and aged animals were randomly assigned into treatment groups

(n=6 young or aged animals per group). Young and aged control animals received an
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intrahippocampal infusion with sterile saline (5 |il; 0.9% NaCl). Young and aged CD200Fc 

treated animals received CD200Fc (2 |ig /|il; 5|il infusion volume) intrahippocampally, using 

the above coordinates.

2.2.3 Induction o f LTP in vivo

Following Urethane anaesthetisation rats were placed in a stereotaxic instrument with the 

isobars set 2mm below the ear bars to ensure the skull was flat. The scalp was incised along 

the midline and retracted. A drill was used to bore-holes for the electrodes, using Bregma and 

the midline as reference points. A bipolar stim ulating electrode stereotaxically positioned in 

the perforant path (4.4mm lateral to Bregma) and a unipolar recording electrode in the dorsal 

cell body region o f  the dentate gyrus (2.5mm lateral and 3.9mm posterior to Bregma) were 

used to induce and record LTP. Following a period o f  stabilisation, test shocks were delivered 

at 30 second intervals and responses recorded over 10 m inutes to establish stable baseline 

recordings. This was followed by delivery o f  3 trains o f high-frequency stimuli (HFS; 250Hz 

for 200ms; 30 second inter-train interval). Recording at test shock frequency resumed for 45 

minutes. The slope o f  the excitatory post-synaptic potential (EPSP) was used as a m easure o f 

excitatory synaptic transm ission in the dentate gyrus. A post titanic change in the EPSP slope 

was used to indicate excitatory synaptic transm ission and changes were expressed as a 

percentage o f  control baseline recordings prior to tetanus.

2.2.4 Dissection and preparation o f tissue

In all studies, animals were sacrificed four hours post-treatm ent by decapitation. The brains

were quickly removed and placed on ice. From the mid-line a sagittal section (5mm ) was

taken, placed on cork, covered in OCT® (Tissue-Tek, USA) and snap frozen in isopropanol

which had been pre-chilled on dry ice for imm unohistochem ical staining. The rem aining

hippocampus and cerebral cortices were dissected free. One quarter o f  the hippocam pus was

snap frozen on dry ice, in an RNase-free tube and frozen at -80°C for later analysis o f  mRNA.

The rest o f  the hippocampal and cortical tissue was sliced bi-directionally, placed in fresh

tubes and rinsed in Krebs buffer (com position o f  Krebs buffer in mM: NaCl 136, KCl 2.54, 
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K H 2P O 4 1.18, M g 2S 0 4 .7H 20  1. 18, N a H C 03  16, g lu co se  10, pH  7 .5 )  c o n ta in in g  C a C b  (2 m M , 

S ig m a  A ld r ich ,  U K ). T h e  slices  w e re  a l lo w ed  to  se ttle  b e fo re  b e in g  r insed  tw ice  m o re  in 

K rebs  b u ffe r  c o n ta in in g  C a C l2 and f ina l ly  im m ersed  in K re b s  b u ffe r  c o n ta in in g  C a C li  and 

10%  D im e th y lsu lp h o x id e  (D M S O ) .  S am p les  w e re  s to red  in th is  so lu t ion  at -80“C until 

requ ired  for  fu r the r  analysis .

2.2.5 Protein Quantification

T issu e  slices w e re  th a w e d  o n  ice and  r insed  th ree  t im es  in ice -co ld  K re b s  b u ffe r  con ta in in g  

C a C l2, be fo re  h o m o g e n is in g  w ith  tw o  sep ara te  5 second  pu lses  w ith  a P o ly tron  h o m o g e n ise r  

(P T  1200E, K m em atica ,  S w itze r land ) .  P ro te in  c o n cen tra t io n ,  in the  h o m o g e n a te ,  w as  assessed  

u s ing  the B rad fo rd  M ic ro assay  (B io R ad ,  U S A ).  B riefly ,  s tan d a rd s  (0 -7 .5 | ig / l  OOfil) w ere  

p repared  in B o v in e  S e ru m  A lb u m in  (B S A ; 1 m g /m l;  S ig m a-A ld r ich ,  U K )  d isso lv ed  in K rebs 

b u ffe r  c o n ta in in g  C a C ^ .  S am p les  w ere  d ilu ted  1:100 in d H 2 0  and B rad fo rd  reag en t  (B io R ad , 

U S A )  d ilu ted  1 in 2 .5 ,  a lso  in d H 2 0 .  T r ip l ica te  s tan d a rd s  and  sa m p le s  (1 0 0 | i l )  w e re  p ipetted  

into a 96-w eIl p la te  (Sars ted t ,  G e rm a n y )  to  w h ich  100(^1 o f  w o rk in g  reag en t  w as  added . T he  

p late  w a s  read im m ed ia te ly  at 5 7 0 n m  (L a b sy s te m  M u lt isk an  R C , U K ),  the  s tandard  cu rv e  w as  

m ad e  by  p lo tt ing  the  s tan d a rd s  ag a in s t  a b so rb an ce .  P ro te in  c o n c e n tra t io n s  w ere  ca lcu la ted  

from  the  s tandard  cu rv e  and p ro te in  c o n cen tra t io n s  w e re  equ a l ised  by  d ilu t io n  in ice-co ld  

K rebs  bu ffe r  c o n ta in in g  C a C l2 to  c o n cen tra t io n s  o f  1 m g /m l.

2.3 Analysis o f cytokine expression by ELISA

T h e  con cen tra t io n s  o f  I L - i p  and  lL -6  w ere  a ssessed  by  E L IS A  in su p e rn a tan t  from  p rim ary  rat 

m ix ed  glial cultu res . T h e  c o n cen tra t io n  o f  IL - i p ,  lL -6  a n d  T N F - a  w e re  a ssessed  by E L IS A  in 

the  sup e rn a tan t  o f  m ix ed  g lia  p rep a red  f rom  neonata l  w i ld ty p e  and  CD200''^‘ m ice , and  a lso  

iso la ted  m ic ro g l ia  p rep a red  f rom  w ild ty p e  m ice . IGF-1 co n c e n tra t io n  w a s  ana lysed  in 

h ip p o cam p a l  h o m o g e n a te  p rep a red  from  y o u n g  and  aged  rats  tha t  rece ived  C D 2 0 0 F c  

in trah ip p o cam p a lly ,  o r  sa line  as a control.
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2.3.1 Preparation o f  rat tissue fo r  cytokine analysis

Tissue slices were thawed on ice, rinsed three times and homogenised in 500|il o f ice-cold 

Krebs buffer containing CaCb using a Polytron homogeniser (PT 1200E, Kmematica, 

Switzerland). Protein concentration in homogenates were equalised to 1 mg/ml using the 

Bradford Microassay, see section 2.2.5.

2.3.2 General ELISA protocol

In all cases 96-well plates (Nunc-lmmuno plate with Maxisorp surface, Denmark) were coated 

with capture antibody (see Table 2.1 for details) and incubated overnight at 4°C. The plates 

were washed three times in PBS (137mM NaCl, 2.7mM KCl, S.lmM Na2HP0 4  and 1.5mM 

KH2 PO4 , pH 7.2-7.4) containing 0.05% Tween-20 (PBS-T; pH 7.2-7.4), and incubated for 1 

hour at room temperature in blocking buffer (lOOfil assay diluent; see Table 2.1 for details). 

Following the 1 hour incubation plates were washed three times in PBS-T. A standard curve 

was prepared using serial dilutions o f the appropriate recombinant protein in DMEM, or Krebs 

Buffer in the case o f tissue homogenate, (Table 2.1). Triplicate samples and standards (50|il) 

were added to each well and incubated for 2 hours at room temperature. At the end o f the 

incubation period, plates were washed three times in PBS-T and detection antibody (50|^1; see 

Table 2.1 details) was added to each well for a further 2 hours at room temperature. Plates 

were washed three times and incubated for 2 0  minutes at room temperature with streptavidin- 

horseradish peroxidase conjugate (strep-HRP; lOOfil; 1:200 dilution in assay diluent; Table 

2.1). Plates were washed three further times before addition o f substrate solution (lOOfil; 1:1 

H2O2 : tetramethylbenzidine; R&D Systems, USA) and incubated in the dark for 40 minutes or 

until a blue colour appeared. The reaction was terminated using a stop solution (50|al; IM 

H2 SO4 ) and plates were read at 450nm immediately (Labsystem Multiskan RC, UK). The 

standard curve was constructed by plotting the standards against their absorption (GraphPad 

Prism v4.0 Macintosh; GraphPad Software, USA) and the results were expressed as pg 

cytokine/ml for supernatant or pg IGF-l/m g as tissue homogenate was used.
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Species Cytokine Diluent Capture Antibody Standards

Detection

Antibody

Rat lGF-1

5% 

Tween-20 

in PBS

Mouse anti

human 4|j,g/ml in 

PBS

0-2ng/ml

80ng/ml in 

diluent

1L-1(3 1% BSA 

in PBS

Goat anti-rat 

0.8fa.g/ml in PBS

0-2ng/ml

350ng/ml in 

2% goat 

serum/ 

diluent

lL-6

10% FBS 

in PBS

Mouse anti-rat 

4)ig/ml in 0.1 M 

Na2C 0 3 /PBS

0-4ng/ml

400ng/ml in 

diluent

Mouse IL-ip 1% BSA 

in PBS

Rat anti-mouse 

4|ig/ml in PBS

0-lng/ml

600ng/ml in 

2% goat 

serum/ 

diluent

lL-6 10% PBS 

in PBS

Rat anti-mouse 

2fxg/ml in PBS 

Goat anti-mouse 

0.8|ig/ml in PBS

0-2ng/ml

200ng/ml in 

diluent

TNF-a 10% FBS 

in PBS 0-2ng/ml

200ng/m lin  

diluent

Table 2.1 Cytokine analysis protocols

2.4 Analysis o f itiRNA expression

2.4.1 Preparation o f tissue for RNA isolation

RNA was extracted from snap frozen hippocampal tissue. Cell lysis master mix (353.5^1; RAI 

buffer containing 1% P-mercaptoethanol; Nucleospin RNA 11, Macherey-Nagel, Germany) 

was added to hippocampal samples snap frozen in RNase-free tubes. Samples were
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hom ogen ised  w ith tw o 5 second pulses w ith the Polytron h om ogen iser (PT 1200E; 

K m em atica, Sw itzerland). C ells from in v itro  studies w ere lysed  on the day o f  harvest in 200 fil 

o f  ce ll ly sis  m aster m ix  (N u cleosp in  R N A  II, M acherey-N agel, G erm any) for extraction o f  

R N A .

2.4.2 Protocol fo r  RNA isolation

Sam ples w ere filtered using a N u cleo S p in  Filter, co llected  in a 2m l tube and centrifuged  

(1 1 ,0 0 0  x g, 1 m inute). Ethanol (70% , 3 5 0 |il)  w as added to the filtrate and sam ples w ere  

m ixed and loaded onto N u cleoS p in  R N A  II colum ns. Tubes w ere centrifuged (8 ,0 0 0  x  g , 3 

m inutes) a llow in g  the R N A  to bind to the colum n. The s ilica  m em brane w as desalted by 

addition o f  m em brane d esa lting  buffer (350|j,l) and centrifuged (1 1 ,0 0 0  x  g, 1 m inute), to dry 

the m em brane. To d igest the D N A , D N ase reaction m ixture (9 5 fil) w as added to the colum n  

and incubated at room tem perature for 15 m inutes. The silica  m em brane w as w ashed and 

dried. R N A  w as eluted by adding R N ase-free H 2 O and centrifuged (1 1 ,0 0 0  x g , 1 m inute). 

R N A  concentration w as quantified using a N anoD rop spectrophotom eter (Therm o Scien tific , 

U S A ).

2.4.3 Reverse Transcription fo r cDNA synthesis

Total m R N A  ( l^ g )  w as reverse-transcribed into cD N A  using h igh-capacity  cD N A  archive kit 

(A p p lied  B iosystem s, Darmstadt, G erm any) according to the protocol provided by the  

manufacturer. In brief, an equal concentration o f  R N A  w as added to fresh tubes contain ing to 

appropriate vo lu m e o f  n u clease-free H 2 O , to m ake up a 20|al vo lum e. A  2 x  m aster m ix  w as  

prepared containing the appropriate v o lu m es o f  lOx RT buffer, 2 5 x  dN T P s and lOx random  

primer m ultiscribe reverse transcriptase (5 0 U /|il) . The m aster m ix (2 0 |i l)  w as added to the 

R N A  and nuclease free H 2 O. Tubes w ere incubated for 10 m inutes at 25°C , fo llo w ed  by 2 

hours at 37°C on a therm ocycler (P T C -200 , Peltier Therm al C ycler, MJ R esearch, 

B io sc ien ces, Ireland).
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2.4.4 Quantitative real time PCR

Quantitative real tim e PCR (Q-PCR) is used to amplify and quantify targeted gene expression. 

Primers and probes were delivered as “TaqMan® Gene Expression Assays” for the mouse and 

rat genes listed in Table 2.2 (Applied Biosystems, Germany). Q-PCR was performed on 

Applied Biosystems ABI Prism 7300Sequence Detection System v 1.3.1 in 96-well format and 

using a 25|il reaction volume per well. TaqM an Universal PCR m aster mix (Applied 

Biosystems, Germany) was mixed with cDNA (200pg/well) and the respective target gene 

assay. Mouse or rat P-actin RNA (Applied Biosystem s, Germany) was used as a reference. 

Forty cycles were run with the following conditions: 2 minutes at 50°C, 10 minutes at 95°C 

and for each cycle 15 seconds at 95°C to denature and 1 minute at 60°C for transcription. 

Analysis o f  gene expression values was performed using the efficiency-corrected comparative 

CT method, determining target gene expression relative to P-actin endogenous control 

expression and relative to the control sample.
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Species Gene Name TaqMan Gene 
Expression Assay 

Number

Genebank Accession 
Number

C D l l b Rn00709342_ml NM_01271 l.l

CD40 Rn01423583_ml NM_134360.1

Rat CD40L Rn00584362_ml NM_053353.I

CD68 RnOI49563l_gl NM _001031638.1

FGFR-1 Rn00577234_ml NM_024146.1

GFAP Rn00566603_ml NM _017009.2

IL-ip Rn00580432_ml NM_03I5I2.2

lL-6 Rn0056l420_ml NM _012589.1

iNOS Rn0056l646_ml NM _012611.3

MHC II RnOI768597_ml NM_19874l.l

TNF-a Rn999990l7_ml N M _012675.2

GDI lb MmOI271265_ml NM_000632.3

CD40 M m0044l89l_ml NM— 001250.1

Mouse CD68 Mm0304734l_ml NM_009853.1

ICAM-I Mm005l6027_gl N M _010493.2

IL-ip Mm00434228_ml NM_008361.3

IL-6 Mm00446l90_ml NM_031168.I

TNF-a Mm00443258_ml N M _013693.2

Table 2.2 Q-PCR TaqMan Gene Expression Assays.



2,5 Western Immunoblot Analysis

The concentrations o f  a variety of proteins, including p-actin, were assessed from crude 

hippocampal homogenate and lysed cultured glia by gel electrophoresis and immunoblotting. 

Throughout the experiment all samples and buffers were kept on ice, to minimise denaturing 

of proteins, and all instruments rinsed with appropriate buffers.

The hippocampal homogenate was stored in modified Krebs buffer and cultured glia in lysis 

Buffer, a Bradford Microassay assay (BioRad, USA; see section 2.2.5) was carried out to 

ascertain the amount o f  protein present in each sample. The samples were equalised and 

diluted to a final concentration o f  Img proteia/ml with NuPAGE LDL sample buffer 

(Invitrogen, UK) containing NuPAGE reducing agent, heated at 70°C for lOmin and loaded 

onto 12% NuPAGE Novex Bis-Tris gels (Invitrogen, UK). Proteins were separated by 

application o f  a 130V (PowerPac Basic, Bio-Rad, UK) constant for 90 minutes in the presence 

o f  NuPAGE M OPS SDS running buffer (Invitrogen, UK). The separated proteins were 

transferred (XCell 11 Blot module: Invitrogen, UK) on to nitrocellulose membrane (Whatman, 

Germany) at 30V constant for 75 minutes in the presence o f  NuPAGE transfer buffer 

(Invitrogen, UK). Nitrocellulose membranes were immunoblotted with the appropriate 

antibody.

2.5.1 General protocol for western immunoblotting

The following describes a general protocol used to identify proteins o f  interest, which was

carried out directly following transfer o f  proteins onto the nitrocellulose membrane. The

specific details for every protein assessed by Western Immunoblotting are presented in Table

2.3. The nitrocellulose membranes were incubated at 4°C, overnight, in blocking buffer (5%

powdered milk in TBS-T (20mMTris-HCl, 150Mm NaCl; pH 7.4 containing 0.05% Tween-

20), to block non-specific antibody binding. The membrane was washed in TBS-T ( 3 x 1 5

minutes) and incubated in the appropriate concentration o f  primary antibody diluted in TBS-T

containing 2% milk. Membranes were washed (3 x 15 minute washes in TBS-T) and

incubated in the appropriate concentration o f  secondary antibody conjugated to horseradish

peroxidase (HRP; TBS-T 2%; Jackson, USA) for 2 hours at room temperature. Membranes
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were washed ( 3 x 1 5  minute washes in TBS-T). Protein complexes were visualised after 5 

minute incubation with enhanced chemiluminescence (ECL) system (2ml; ECL Western 

Blotting Analysis System, Amersham, UK). The proteins were visualised using a Fujifilm 

Intelligent Dark Box and quantified using ImageJ analysis software. The nitrocellulose 

membranes were stripped with antibody stripping solution (1:10 dilution in dH20; Reblot Plus 

Strong antibody stripping solution; Chemicon, USA) and re-probed for P-actin as a loading 

control.

Target Protein 

(Source) Supplier

1° Antibody 

Dilution

2° Antibody 

Dilution

Protein Band 

(kDa)

(3-Actin

(Mouse)

Sigma, UK 1:10,000; 2 hours 

@ R T

1:10,000; 2 hours 

@ R T

42

CD200

(Goat)

Santa

Cruz,USA 1:500; o/n @ 4°C 1:5,000; 2 hours @ 

RT

47

pAKT

(Rabbit)

Cell

Signalling,

USA

1:1,000; o/n @  

4°C

1:5,000; 2 hours @  

RT

60

Synaptophysin

(Mouse)

Sigma, UK 1:5,000; o/n @ 

4°C

1:5,000; 2 hours @  

RT

38

GFAP

(Rabbit)

Invitrogin,

USA

1:1,000; o/n @  

4°C

1:2,000; 2 hours @  

RT
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Table 2.3 Western Immunoblotting protocol
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2.6 Flow Cytometry

C D 2 0 0  exp ression  w as assessed  in primary m ixed  glial c e lls  by f lo w  cytom etry (D A K O  

CyANADP F low  C ytom eter). The f lo w  cytom eter w as calibrated using  F low -C heck  

Fluorospheres (B eck m an  Coulter, Ireland). M ixed  glia l ce lls  w ere lysed  in T rypsin-E D T A  for 

5 m inutes at 37°C before the plates w ere tapped and ce lls  rem oved to sterile tubes. The 

su sp en sion  w as centrifuged at l,200rp m  for 5 m inutes at 20°C and the T rypsin-E D T A  

rem oved. T he resulting pellet w as w ashed in FA C S buffer (P B S contain ing 2%  FCS and 0.1%  

N a N 3) and centrifuged at l,200rp m  for 5 m inutes. T he pellet w as resuspended in 1ml o f  FA C S  

block  (F A C S buffer contain ing 50%  F C S), incubated for 15 m inutes and w ashed tw ice. C ells  

w ere suspended in fluorescent-tagged antibod ies, C D 200  (B D  B io sc ien ces, U S A ), C D l l b  

(Serotec, U K ) and com parison beads to com pensate betw een fluorescent channels (B D  

B io sc ien ces, U S A ), and a llow ed  to incubate for 30 m inutes, in the dark. C ells  w ere w ashed  

tw ice  in FA C S buffer ( l,2 0 0 rp m  for 5 m inutes) and im m u n oflu orescen ce analysed using  

Sum m it softw are.

2.7 Analysis o f nitrite concentrations (Greiss assay)

The production o f  nitrite by cultured glial c e lls  w as m easured using a G riess assay. N itric  

ox id e is an unstable com pound w hich  is rapidly broken dow n into tw o  stable and non-volatile  

substrates, nitrite and nitrate, and so sin ce  nitric ox id e  cannot be m easured directly the G riess 

assay is a w ay  o f  determ ining its production in ce lls  in an indirect m anner. An 18m M  stock  

solution  o f  sodium  nitrite (N aN O o) w as prepared by d isso lv in g  6 2m g o f  N a N 0 2  in 50m l 

d H 20. Standards (0 |iM  to 180|aM ) w ere prepared by carrying out serial d ilu tions o f  the 

NaNOT stock  solution  in D M EM . A liq u ots (100^1) o f  each  standard and sam ple w ere plated 

out onto a 9 6 -w e ll plate in triplicate. G riess R eagent I (1%  Sulphanilam ide in 85%  

orthophosphoric acid; 50|al) w as added to each w ell and the plate w as incubated at room  

tem perature for 10 m inutes. G riess R eagent 11 (0.1%  N -(l-n ap h th y l-e th y len ed iam in e  

dihydrochloride); 5 0 |il)  w as then added to each w ell and the plate incubated at room  

tem perature for a further 10 m inutes. The absorbance w as read at 4 5 0  nanom etres (L absystem  

M ultiskan RC, U K ). The standard curve w as constructed by p lotting the standards against 

their absorption (GraphPad Prism v 4 .0  M acintosh; GraphPad Softw are, U S A ) and the total
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nitrite concentration for each o f the samples was calculated by com parison against the 

standard curve.

2.8 Im m unohistochem istry

2.8.1 Preparation o f  tissue sections fo r  immunohistochemistry

Slices for imm unohistochem istry were prepared from tissue obtained from young and aged 

CD200Fc treated animals. For cryostat sectioning, a sagittal slice from left hemisphere o f  each 

brain was placed onto a cork disk coated in OCT® compound (R.A. Lamb, UK). The brain was 

covered with this compound and snap-frozen in isopropanol which had been pre-chilled on dry 

ice. Brains were stored at -80°C until required for sectioning. Pre-subbed slides (Thermo 

Scientific, USA) were used for sectioning, as they provided a suitable surface to which the 

section could adhere. On the day o f  sectioning the brain was allowed to equilibrate to -20°C 

for 30 minutes. Sagittal sections (10|j,m) were cut, and periodically stained with 1% toluidine 

blue solution until the hippocampus was visible on the section. Toluidine blue was added for 

30 seconds and sections were viewed by light m icroscopy (Nikon Labophot, N ikon Instech 

Co., Japan). When the hippocam pus became visible, 60 sections (10|o,m) were cut from each 

animal onto 20 pre-subbed slides (3 sections per slide), making sure that one section from the 

outside, middle and inside o f  the brain hemisphere was added to each slide. Sections were 

allowed to dry for 20 m inutes and stored at -20°C until required.

2.8.2 Immunohistochemical staining

Sections were left at room tem perature for 30 minutes to allow the tem perature to equilibrate. 

Individual brain sections were surrounded in a hydrophobic well using a crem ation pen (Dako, 

UK). Following fixation in ice-cold ethanol for 5 minutes, brain slices were washed three 

times for 5 minutes in TBS. In the case o f  8-hydroxy-2’-deoxyduanosine (8-OHdG), sections 

were permeabilised with Triton® X-100 (Sigma, UK) for 5 minutes. To block unspecific 

antibody binding the slices were incubated in the appropriate animal serum (Vector, UK; see
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Table 2.4) prepared in TBS containing 4% BSA (Sigma, UK). Sections were incubated 

overnight at 4°C in primary antibody solution (table 2.4; in TBS containing 2% BSA). 

Negative controls were incubated in an isotype matched IgG (Sigma, UK) in TBS containing 

2% BSA, to verify specific antibody binding. Sections were washed three times in TBS and 

incubated in biotin-conjugated secondary antibody (anti-mouse; 1:200 in TBS containing 2% 

BSA; Vector, UK) for 2 hours at room temperature. Sections were washed three times in TBS. 

Endogenous peroxidases were blocked by incubating the sections in 0.3% H2 O2 in TBS for 15 

minutes. Sections were washed 3 times in TBS, before being incubated in a pre-made avidin: 

biotinylated enzyme complex (Vector, UK) for 1 hour and washed a further 3 times with TBS. 

Diaminobenzidine (DAB solution; Vector, UK, 2^\ H202/ml) was applied to the sections and 

incubated for approximately 10 minutes. The colour development was monitored and stopped 

with distilled water. The sections were counterstained for 30 seconds in the case of toluidine 

blue (Sigma, UK) or 2 minutes in the case of methyl green (Sigma, UK), rinsed with distilled 

water, dehydrated through a series of graded alcohols (70%, 95%, 100%; Sigma, UK) and 

cleared by immersion in xylene (Sigma, UK). Coverslips were applied using DPX (R.A. 

Lamb, UK) as the mount, and slides were left overnight to set in a fume hood.

2.8.3 Microscopy

Light microscopy staining was viewed using an Olympus XD51 microscopy and images were 

captured with analysis D software.

Antibody

(Source) Supplier Block Dilution

MHC II Normal Horse

(Mouse) Serotec, USA Serum 1:100

8-OHdG QED Bioscience, Normal Goat

(Mouse) USA Serum 1:1,000

Table 2.4 Immunohistochemistry protocol
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2.9 S tatistical A nalysis

Data are expressed as means ±standard error o f  mean (SEM ). Analysis o f  variance (ANOVA) 

was performed to determine whether significant differences existed between conditions. If  this 

indicated significance (p<0.05), the appropriate a post-hoc test was used to determine which 

conditions significantly differ from each other. Tw o-tailed unpaired Students ?-tests were also 

performed, where indicated, to compare treatm ent groups; significance was set as p<0.05.
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Chapter 3. Results

3.1 Introduction

Neural Cell Adhesion Molecule (NCAM) is a cell surface macromolecule involved in the 

establishment, maintenance and modification o f  neural circuitry within the CNS. The extra

cellular region o f  NCAM  contains five Ig-like domains and two fibronectin-type 111 (F3) 

modules. Homophilic interactions occur between Ig-like domains and play an important role 

in cell positioning and axon guidance, particularly during embryonic development (Ono et a l ,  

1994). NCAM  can be modified post-transcriptionally in the Golgi apparatus, with the addition 

o f  polysialic acid to the fifth Ig-like domain, resulting in PSA-NCMA. This bulky addition 

inhibits homophilic binding and favours heterophilic interactions, for example between the F3 

modules and fibroblast growth factor (FGF) receptors (Nelson et al., 1995). PSA-NCAM is 

ubiquitously expressed on neurons and glial cells (Markram et al., 2007). During development 

it is required for neuronal differentiation and post-mitotic migration however, in the adult 

brain, its expression is limited to areas o f  ongoing synaptic plasticity including the 

hippocampus (Sandi, 2004). While deficits in NCAM, particularly PSA-NCAM, have been 

shown to impair memory and LTP, it is only in recent years that the possible benefit o f  

enhancing NCAM-related signalling has been examined (Seki & Rutishauser, 1998).

Advancements in molecular modelling allowed a peptide derived from NCAM, which targets 

FGFR-I, to be identified and constructed (Kiselyov et al., 2003). The fifteen amino acid 

peptide, FGL, was shown to bind FGFR-1 by nuclear magnetic resonance and surface plasmon 

resonance analysis. Within the CNS, FGFR-I is expressed on astrocytes and microglia, in 

addition to neural cells, and inactivation o f  this receptor is lethal in early life leading to 

defective patterning o f  the neural tube (Magnusson et al., 2007). Ligation o f  FGFR-I by FGL 

induces autophysphorylation o f  the receptor and activation o f  a variety o f  intracellular 

signalling cascades (Kiselyov et al., 2003). FGL is in clinical development to treat disorders 

associated with neurodegeneration and the aim o f  this study is to identify the cellular and 

molecular mechanisms underlying the previously-reported beneficial effects. In vitro FGL has 

the proclivity to induce neurite outgrowth in primary dopaminergic and hippocampal neurons,
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protect hippocampal cultures following oxygen/glucose deprivation, promote synaptogenesis 

and enhance pre-synaptic function (Cambon et a i ,  2004; Neiiendam et a l ,  2004; Skibo et al., 

2005). While in vivo, studies have found FGL to enhance performance in hippocampal- 

dependent memory tasks, protect hippocampal neurons in an ischemic model, reduce cognitive 

impairments and neuropathology induced by Ap, and attenuate the age-related increase in 

microglial activation and accompanying deficit in LTP (Cambon et a l ,  2004; Skibo et a i ,  

2005; Klementiev et a i ,  2007; Downer et a l ,  2008). The above studies reveal FGL to be 

neuroprotective, however, the mechanism o f  this has yet to be elucidated.

It is well established that increased inflammatory activity can be detrimental to neuronal 

activity and contribute to the pathology o f  many degenerative conditions, from AD to 

Parkinson’s disease. Moreover, enhanced microglial activation is believed to drive this 

progression (Block & Hong 2005). Quiescent microglia continually survey the CNS, 

systematic scanning can convert to targeted movement in response to brain insult or injury 

leading to either containment or aggrevation o f the disease process (Hanisch & Kettenmann 

2007). Astrocytes have also been shown to become activated in response to immunological 

challenges, although this activity not as prominent (Aloisi 1999). When a pro-inflammatory 

phenotype dominates both cells contribute to inflammation-mediated destruction and, although 

the triggers o f  various degenerative diseases are diverse, this dysregulated immunological 

mechanism driving neuronal damage and synaptic impairment shares a common thread. It is 

hypothesised that inhibiting immune cell activation and release o f  pro-inflammatory 

mediators, which are potentially cytotoxic, may be beneficial in controlling disease 

progression (Block & Hong 2005). The objective o f  the following set o f  experiments is to 

determine if FGL can act as an anti-inflammatory agent in primary microglia and astrocytes, 

which have been stimulated with LPS or AP25-35-

LPS is a gold-standard inflammatory stimulus, which induces a pro-inflammatory phenotype 

in glial cells that parallels many aspects o f  glial cell activation in vivo (Quan et al., 1994). 

Previous work in this laboratory has demonstrated FGL to attenuate age-related 

neuorinflammatory changes in vivo (Downer et a l ,  2008). The following in vitro experiments 

further examine the pro-inflammatory phenotype o f  activated glial cells, which is typified by 

enhanced pro-inflammatory cytokine production and cell surface markers o f  activation. How
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this profile is sp ec ifica lly  altered by exposure to FGL is o f  particular interest. A p w as also  

ch osen  as an inflam m atory stim ulus. T his peptide is associated  w ith the pathogenesis o f  A D . It 

has been show n to recruit and activate m icroglia , inducing release o f  a plethora o f  neurotoxic  

factors (Tan et al.,  1999). Furthermore, inhibition o f  g lia l cell activation in anim al m odels o f  

A D  w as show n to attenuate neuronal dam age and synaptic degeneration  (M cG eer & M e Geer  

1996). The 2 5 -35  fragm ent o f  AP (A P 25-35) is a tox ic  core fragm ent o f  the fu ll-length  A P i .42 

(P ike et al., 1995). A t a functional level, intracerebroventricular adm inistration o f  FGL w as 

reported to reduce A P 25_35-induced im pairm ent in short-term  m em ory (K lem en tiev  et a l.,2007). 

The current study aim s to investigate i f  FGL has an anti-inflam m atory e ffec t on AP25.35- 

stim ulated glia  in v itro ,  as this containm ent o f  glial c e lls  activation  could  be m ediating the 

beneficia l action o f  FGL on reversing co g n itiv e  im pairm ent.
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3.2 Methods

M ixed glial c e lls  and isolated  m icroglia  w ere prepared from  1 day old W istar rats and cultured  

for 14 days before treatm ent (see  section  2.1 for details). In the case  o f  FGL ( l |ig /m l-  

100 |ig /m l), c e lls  w ere exp osed  to the peptide for 24  hours before being incubated in the 

presence or absence o f  LPS (l|j ,g /m l) or the presence or absence o f  A P25-35 (1|J.M-50|j.M) for a 

further 24  hours. C ells  treated w ith  S U 5 4 0 2  (l-50fj,M ) w ere incubated in the presence o f  the 

inhibitor for 30 m inutes prior to FGL exposure. C oncentration o f  cytok in es in supernatant w as  

determ ined by E L ISA  and m R N A  exp ression  o f  surface proteins w as a ssessed  by Q -PC R  (see  

section  2.3 and 2 .4 ). Data are expressed  as m eans ±  SEM . Students /-test or A N O V A  w ere  

performed to determ ine w hether sign ificant d ifferences ex isted  betw een  treatment groups and 

N ew m an -K eu ls post-hoc tests w ere applied w here appropriate.
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3.3 Results

3.3.1 Investigating the action o f  FGL on LPS-stimulated primary glia

It has previously been reported that FGL exerts an anti-inflammatory effect in vivo; chronic 

administration o f  the drug attenuated an aged-related increase in markers o f  microglial 

activation in hippocampus and decreased m icrogliosis and astrogliosis in Ap treated animals 

(K lem entiev et a i ,  2007; Downer et a i ,  2008). The aim o f  the follow ing set o f  experiments 

was to evaluate the effect o f  FGL in primary glial cells subjected to two different 

inflammatory stimuli. The stimuli chosen were LPS, a prototypical endotoxin that readily 

induces an inflammatory response and AP25-35; the toxic core fragment o f  the AP peptide 

found in the plaques o f  A D  patients (Pike et a l ,  1995). The mean values ±  SEM for all 

parameters are presented Appendix I.

Communication between different cell types is an integral part o f  the inflammatory process, 

allow ing interactions between cells and the amplification o f  signals. During inflammation, 

cells display various markers indicative o f  their activation state, thus com municating their 

status to other cells. M icroglia express surface m olecules associated with antigen presentation, 

as w ell as co-stimulatory m olecules that engage with and activate T cells. LPS induced a 

significant increase in mRNA expression o f  the co-stimulatory m olecule C D 40 in primary 

mixed glial cultures, compared with control-treated glia (***p<0.001; AN O VA ; F(529)=6.76, 

Figure 3.1). Pre-treatment with FGL (10 |ig /m l) did not significantly alter C D 40 m RNA  

expression, compared with control treated cells (non-significant; A N O V A ), however, FGL (1- 

100^g/m l) dose-dependently attenuated the LPS-induced increase in CD 40 mRNA (^^p<0.01; 

^^^p<0.001; A N O V A ). In subsequent experim ents, 10|ag/ml FGL was used to evaluate the 

effects o f  this peptide on LPS- and AP2s-35-induced changes in vitro. C D l lb  is another marker 

o f  inflammation, it is a cell surface protein that is up-regulated during an inflammatory 

response and, within the CNS, it is specific to microglia (C ow ley et a l ,  2010). C D l lb m RNA  

was up-regulated in LPS-treated mixed glia, compared with control-treated glia (***p<0.001; 

ANO VA; F(328)=14.61, Figure 3.2), this increase was attenuated by pre-incubation in the 

presence o f  FGL (*p<0.05; A N O VA ).
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C ytokines are a group o f  sm all sign a lin g  m olecu les that exh ib it a d iverse array o f  b io log ica l 

actions involved  in m anaging and m anipulating im m une and inflam m atory activ ity . M icroglia  

and astrocytes are the primary source o f  cytok ines w ithin  the C N S . Pro-inflam m atory  

cytok ines, for exam ple IL -ip , are o f  particular interest in this study, as they are im perative in 

the initiation and propagation o f  inflam m ation. L PS-induced a sign ifican t increase in IL -ip  in 

primary m ixed g lia  at m R N A  and protein level, com pared w ith  control-treated m ixed  glia  

(**p<0.01; ***p<0.001; A N O V A ; A , F(3_29)=66.83 and B , F(3 _2 0 )== 12.75, Figure 3.3 A  and B). 

Pre-treatment w ith  FGL sign ifican tly  attenuated the L PS-induced  increase in m R N A  

expression  and supernatant concentration (^p<0.05; ^ ^ p < 0 .001; A N O V A ). T he data also  sh ow  

that m ixed g lia  exp osed  to LPS d isp layed  a sign ificant increase in the supernatant 

concentration o f  lL -6 , com pared w ith  control-treated glia  (***p<0.001; A N O V A ; F( 3 37)=35.92, 

Figure 3 .4). The L PS-induced increase in lL -6  w as attenuated by pre-treatm ent in the presence  

o f  FGL (V O - 0 5 ;  A N O V A ).

Figure 3.5 sh ow s data from  experim ents that w ere conducted in isolated m icroglia l cultures. 

LPS stim ulated an increase in IL -ip  m R N A  expression  and supernatant concentration in these  

ce lls , com pared w ith control-treated m icroglia  (*p<0.05; ***p<0.001; A N O V A ; A , F(3j4)=7.44 

and B, F( 3 1  i)= l 3 .39). Pre-treatm ent o f  isolated m icroglia  w ith FGL sign ifican tly  attenuated the 

LPS-induced increase in IL -ip  release, but not m R N A  exp ression , com pared w ith  m icroglia  

exp osed  to LPS alone (^p<0.05; A N O V A , Figure 3.5 A).

FGL w as designed  to m im ic the interaction o f  N C A M  w ith FGFR-1 and previous stud ies have 

found that sp ec ifica lly  antagonising the tyrosine kinase dom ain o f  FGFR-1 using  S U 5 4 0 2  can  

abrogate the action  o f  this peptide (C am bon et  a l ,  2004; N eiien d am  et  a l ,  2 0 0 4 ). In Figure 

3 .6 , L PS-induced an increase in m R N A  exp ression  and supernatant concentration  o f  IL -ip  

(*p<0.05; **p<0.01; A N O V A ; A , F(4j3)=13.81 and B , F(6 ,2 7 )= 16 .41) and th is w as attenuated by  

FGL (^p<0.05; A N O V A ). E xposure o f  m ixed  g lia  to S U 5 4 0 2 , for 30  m inutes prior to FGL, 

d ose-dependently  b locked  the ability  o f  FGL to attenuate the L P S-induced  increase in IL -ip  

m R N A  expression  and protein concentration. S U 5 4 0 2  (25p.M ) abrogated the FG L -induced  

attenuation o f  the LPS-stim ulated increase in IL -ip  m R N A  exp ression , to lev e ls  not 

sign ifican tly  different to m ixed  g lia  ex p o sed  to LPS alone (FG L /L PS-treated  g lia  com pared  

w ith SU 5402/F G L /L P S-treated  glia; *^p<0.01; A N O V A , Figure 3 .6  A ). A  higher d ose  o f
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SU5402 (50|j,M) was required to abrogate FGL-induced attenuation o f  the LPS-stimulated 

increase in IL -ip  release, to levels not significantly different from mixed glia exposed to LPS 

alone (FGL/LPS-treated glia compared with SU5402/FGL/LPS-treated glia, *^p<0.01; 

ANOVA, Figure 3.6 B).

3.3.2 Investigating the action o f FGL on Ap2 5 -3 s-stinmlate(l primary glia

Ap peptide is the primary component o f  Ap plaques found in the brain o f  AD patients. In the 

following experiments a core fragment o f  the Ap peptide, spanning the amino acid sequence 

25 to 35 (AP25.35), was used. It has been inferred that microglia in the brains o f  AD patients 

display enhanced expression o f  cell surface proteins, indicative o f  their activation state and 

secrete greater amounts o f  pro-inflammatory cytokines (Town et al., 2001; Allan & Pinteaux, 

2003). In the current study primary mixed glial cultures were treated with increasing 

concentrations o f  AP25 .35 (1 |iM-50|j,M) for 24 hours. AP25-35 induced an increase in IL-ip  

mRNA expression in mixed glial cultures, in a concentration-dependant manner, compared 

with control treated mixed glia (*p<0.05, **p<0.01; ANOVA; F(3 i6)=3.81, Figure 3.7 A). A 

higher concentration o f  AP25-35 (50|.iM) was required to induced a significant increase in the 

supernatant concentration o f  IL -ip  in mixed glia, compared with control-treated glia (control 

compared with AP25-35 50|iM; *p<0.05; Student’s /-test, Figure 3.8 B). Another Ap dose curve 

illustrates AP25-35 induced a significant increase in MHC II mRNA expression, compared with 

control-treated glia (***p<0.001; ANOVA; F(5_23)= 12.50, Figure 3.8). Interestingly, this 

increase was not found in mixed glial cultures stimulated with LPS (non-significant compared 

with control-treated glia; Figure 3.8).

AP25-35 stimulated a significant increase in CD40 m RNA expression in mixed glial cultures, 

compared with control-treated glia (*p<0.05; ANOVA; A, F(3_n)=5.43, Figure 3.8 A). The 

increase in CD40 mRNA expression was not modulated by pre-treatment with FGL (non

significant versus AP25-3s-treated glia; ANOVA). However, FGL attenuated the AP25.35- 

induced increase in IL -ip  mRNA, compared with glia exposed to AP25 .35 alone (^p<0.05; 

ANOVA).
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Figure 3.1. FGL signiflcantly attenuated the LPS-induced increase in 
CD40 mRNA expression in cultured mixed glia.

LPS (l|ig/m l; 24 hours) induced a significant increase in CD40 mRNA 
expression in cortical mixed glia (***p<0.001; ANOVA; 29)^6.76 ). Pre
treatment with FGL (l-100|jg/ml) significantly attenuated the LPS-induced 
increase (^^p<0.01; ^^^p<0.001; ANOVA). Values are presented as means 
(±SEM; n=6) expressed as a ratio to (3-actin mRNA and standardised to a 
control sample.
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Figure 3.2. FGL attenuated the LPS-induced increase in C D llb  mRNA 
expression in cultured mixed glia.

LPS (l|ig /m l; 24 hours) induced a significant increase in C D l l b  mRNA 
expression in mixed glia, compared with control-treated glia (***p<0.001; 
ANOVA; F(3 2g)=14.61). Pre-treatment with FGL (10|ag/ml) significantly 
attenuated the LPS-induced increase in CDl lb  mRNA (^p<0.05; ANOVA). 
Values are present as means (±SEM; n=6) expressed as a ratio to P-actin 
mRNA and standardised to a control sample.
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Figure 3.3. FGL significantly attenuated the LPS-induced increase in 
IL-ip mRNA expression and release in mixed glial cultures.

LPS (l|ig /m l; 24 hours) significantly increased IL -ip  mRNA expression 
(A) and release (B) in mixed glial cultures (**p<0.01; ***p<0.001; ANOVA; 
A, F(3 29)=66.83 and B, Fp20)~12.75). Pre-treatment with FGL (10|ag/ml) 
significantly attenuated the LPS-induced increase (^p<0.05; ^^^p<0.001; 
ANOVA). Values for Q-PCR are presented as means (±SEM; n=7) 
expressed as a ratio to P-actin mRNA and standardised to a control sample. 
Values for cytokine release are presented as means (±SEM; n=6) and 
expressed as pg IL-ip/m l.
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Figure 3.4. FGL significantly attenuated the LPS-stimulated  
increase in IL-6 concentration in cultured mixed glia.

IL-6 release was significantly increased in mixed glial cultures exposed 
to LPS (l^ig/ml; 24 hours; "*p<0.001; ANOVA; F(3 37p35.92). Pre
treatment with FGL significantly attenuated this effect (^p<0.05; 
ANOVA). Values are presented as means (±SEM; n=6) and expressed 
as pg IL-6/ml.
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Figure 3.5. FGL significantly attenuated the LPS-induced increase in 
IL-ip release, but not mRNA expression, in isloated microglial cultures.

LPS (l|ig /m l; 24 hours) significantly increased IL -ip  mRNA expression 
(A) and release (B) in isolated microglial cultures (*p<0.05; **p<0.01; 
ANOVA; A, |4)=7.44 and B, P(3 n p l3 .3 9 ) . Pre-treatment with FGL 
(10|ig/ml) significantly attenuated the LPS-induced increased in IL -ip  
release (^p<0.05; ANOVA), but not mRNA expression. Values for Q-PCR 
are presented as means (±SEM; n=7) expressed as a ratio to p-actin mRNA 
and standardised to a control sample. Values for cytokine release are 
presented as means (±SEM; n=6) and expressed as pg IL-ip/m l.
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Figure 3.6. SU5402 blocked the ability of FGL to attenuate the LPS- 
induced increase in IL-ip mRNA expression and release in mixed glia.

LPS (l|ig /m l; 24 hours) significantly increased IL -ip  mRNA expression (A) 
and release (B) in mixed glial cultures (*p<0.05; **p<0.01; ANOVA; A, 
F( 4  i3)“ 13.81 and B, F^^2 7 )“  16.41), this release was attenuated by pre-treatment 
with FGL (10|ag/ml; ^p<0.05; ANOVA; A and B). Pre-treatment with SU5402 
(30 minutes) blocked the ability o f  FGL to attenuate the LPS-stimulated 
increase in IL -ip  mRNA and release (FGL/LPS treated glia compared with 
SU5402/FGL/LPS treated glia; «Sp<0.01; ANOVA). Values for Q-PCR are 
presented as means (±SEM; n=4) expressed as a ratio to (3-actin mRNA and 
standardised to a control sample. Values for cytokine release are presented as 
means (±SEM; n=6 ) and expressed as pg IL-lp/m l.
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Figure 3.7. Ap increased IL-ip mRNA expression and release in cultured 
mixed glia.

AP2 5 - 3 5  induced an increase in IL -ip  mRNA expression (A) and release (B) in 
mixed glia (*p<0.05; **p<0.001; ANOVA; F(3,^)=3.81; '^p<0.05; Student’s t -  

test). Values for Q-PCR are presented as means (±SEM; n=5) expressed as a 
ratio to P-actin mRNA and standardised to a control sample. Values for cytokine 
release are presented as means (±SEM; n=5) and expressed as pg IL-1 p/ml.
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Figure 3.8. Ap increased MHC II mRNA expression in cultured mixed 
glia.

AP2 5 . 3 5  (24 hours) dose dependently increased MHC II m RNA expression in 
m ixed glial cells, compared with control treated glia (*p<0.05; ***p<0.001; 
ANOVA; F(5 2 3 )= 12.50). LPS (l|j,g/m l) failed to increase MHC II expression 
in cultured mixed glia. Values are presented as means (±SEM; n=5) 
expressed as a ratio to P-actin m RNA and standardised to a control sample.
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Figure 3.9. FGL attenuated the Ap-stimulated an increase in IL-lp, but 
not CD40, mRNA expression in cultured mixed glia.

AP25-35 (20|xM; 24 hours) significantly increased CD40 (A) and IL-ip (B) 
mRNA expression in cultured mixed glial cells (*p<0.05; *’p<0.01; ANOVA; 
A, F(3|,)=5.43 and B, F(3 23n=35.42). Pre-treatment with FGL (10|ig/ml) did
not alter the A(3-stimulated increase in CD40 mRNA expression, but it 
attenuated the A^-stimulated increase in IL-ip mRNA expression (^p<0.05; 
ANOVA). Values are presented as means (±SEM; n=4) expressed as a ratio to 
P-actin mRNA and standardised to a control sample.
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3.4 Discussion

The first objective o f  this study was to exam ine the ability o f  FGL to modulate LPS-induced  

changes in cell surface markers o f  activation and pro-inflammatory cytokine expression in 

m ixed glial and isolated microglial cultures. FGL attenuated the LPS-induced increase in 

C D 40, C D l lb  and IL -ip  m RNA expression and decreased release o f  IL-6 and IL -ip  in mixed 

glial cultures. FGL also attenuated the LPS-stimulated increase in IL -ip  release from isolated 

microglial cultures. Secondly, the dependence o f  FGL on FGFR-1 activation, to modulate the 

LPS-induced changes, was assessed using SU 5402, which inhibits the tyrosine kinase activity 

o f  FGFR-1. Incubating mixed glial cells in the presence o f  this inhibitor abrogated the anti

inflammatory action o f  FGL on the LPS-induced increase in IL -ip  m RN A expression and 

protein concentration. Finally, the inflammatory profile induced by AP 2 5 -3 5 , and the proclivity 

o f  FGL to modulate this was examined. Mixed glial cells exposed to AP 2 5 - 3 5  displayed 

increased expression o f  MHC II, C D40 and 1L-1(3 at an m RNA level, as well as increased 

supernatant concentration o f  IL -ip . Incubation with FGL attenuated the AP2 s-3 5 -induced 

increase in lL-1 P m RNA expression, suggesting an anti-inflammatory role for FGL.

LPS is a component o f  the outer membrane or Gram-negative bacteria and is one o f  the most 

frequently used inflammatory stimuli em ployed to investigate signalling cascades and 

pharmacological interventions in vitro.  In this study, LPS significantly increased expression o f  

the cell surface proteins C D l lb  and C D 40 in mixed glial cultures. C D l lb  is constitutively 

expressed at low  levels on microglia and plays a pivotal part in the migration and adhesion o f  

these cells, allow ing them to interact with and interpret their environment (Solovjov et a i ,  

2005). M icroglial hypertrophy has been correlated with an increase in C D l lb expression  

(K lem entiev et a l ,  2007). Here the increase in C D l lb  expression was attenuated by FGL, 

which suggests exposure to this peptide inhibits LPS-induced microglial activation. Roy and 

colleagues (2008) have also reported that LPS can up-regulate C D l lb  m RN A in primary 

microglial cultures and in a BV -2 microglial cell line, w hile exposing m icroglia to IL -ip  or 

A Pi . 4 2  had a similar stimulatory effect on expression o f  this integrin in vitro.  It is emphasised  

that microglial activation is a hallmark o f  many neurodegenerative conditions and the level o f  

C D l lb expression correlates with the severity o f  microglial activation, therefore 

understanding how to manipulate its expression could be beneficial in developing therapeutic
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agents (Roy et al., 2006). FGL intracisternally prevented an AP2 5 -3 5 -stimulated increased in 

C D l l b  and associated cognitive decline and this is in agreement with some aspects o f  the 

current study (Klementiev et al., 2007). The current study demonstrates that the action exerted 

by FGL in vitro may have further clinical applications.

Once activated, glial cells interact and comm unicate with other cells via expression o f  cell 

surface proteins and release o f  small signalling molecules, which include cytokines. In the 

current study the LPS-induced increase in CD40 mRNA was dose-dependently attenuated by 

pre-treatment with FGL. The membrane protein CD40 plays a key role in propagating an 

inflammatory response primarily through interacting with its cognate ligand, CD40L 

(Benveniste et al., 2004). It is well established that activated microglia express CD40 and 

there are reports o f  its expression on astrocytes in vitro (Abdel-Haq et al., 1999; Benveniste et 

al., 2004). CD40L displays transient expression and is primarily recorded on T cells, however, 

astrocytes and endothelial cells also have the capacity to express it (Schonbeck & Libby, 

2001). An LPS-induced increase in CD40 expression in mixed glial cultures has been reported 

previously and additionally, it has been shown that LPS, IL-1(3 and lL-6 can increase CD40 

expression on isolated primary microglia and astrocytes (Abdel-Haq et al., 1999; Watson et 

al., 2010). Here FGL decreased the LPS-induced up-regulation o f  CD40 mRNA and this 

finding is consistent with others which have demonstrated the ability o f  FGL to attenuate 

interferon-y (IFNy)-induced CD40 expression in primary mixed glia (Downer et al., 2009). 

IFNy, like LPS, potently activates immune cells and enhances pro-inflam m atory cytokine 

release, however, unlike LPS, IFNy primarily acts on specific IFN receptors that induce 

activation o f  the JAK-STAT pathway (M urphy el al., 2010).

Work from this laboratory has shown that FGL can enhance IL-4 expression in primary glial 

cultures and it was suggested this anti-inflam m atory cytokine plays a critical part in FGL- 

induced immune m odulation in vitro and in vivo (Downer et a l ,  2008). Consistently, IL-4 

potently inhibits CD40 expression on IFNy-activated microglia by interfering with CD40 gene 

transcription (Nguyen & Benveniste, 2000). The m echanism  underlying this effect has been 

examined and it was shown that IL-4 phosphorylates STAT-6, which binds to part o f the 

CD40 promoter sequence thus preventing S T A T -Ia  from binding, resulting in down- 

regulation o f  transcription. It is plausible that IL-4 induced by FGL may m odulate LPS-
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stimulated CD40 transcription in a similar manner. FGFR-1 dependent lL-4 release is not 

restricted to the CNS and has been demonstrated in embryonic stem cells (Magnusson et a i ,  

2007). FGFR-1 deficient stem cells fail to release IL-4, resulting in impaired angiogenesis and 

hematopoiesis o f  helper T cells and mast cells (Sherman et al., 2001). Although Magnusson 

(2007) focused on the role o f  FGFR-1 in the embyo, it is plausible that the FGFR-1 activation 

plays an integral role in IL-4 release through-out life. Taken with data from the current study, 

FGL, or a similar FGFR-1 stimulating drug, could exert an anti-inflammatory action in the 

periphery promoting immune cells with a STAT6-dependent lL-4 producing phonotype 

(Sherman et al., 2001).

Cytokines play a critical role in the initiation and propagation o f  an inflammatory response. In 

the current study LPS induced an increase in mRNA expression and release o f  IL -ip  and lL-6 

in mixed glia, these changes were attenuated by FGL. It is proposed that FGL acts via ligation 

o f  FGFR-1 and expression o f  this receptor it was confirmed by Q-PCR in isolated microglia 

and astrocytes (unpublished observation). This indicates that FGL can act on both cells in a 

mixed glial culture and it has previously been shown to attenuated cytokine release from 

purified astrocytes, stimulated with LPS (Downer et al., 2008). In the current study isolated 

microglia were examined. FGL inhibited an LPS-induced increase in IL -ip  release, but failed 

to down-regulate mRNA expression. The explanation for this is not known, but it is possible 

that FGL can directly interfere with the release o f  IL-ip. IL-ip  is produced as an inactive 

cytosolic precursor protein called proIL-ip, which must be cleaved to its mature form by 

caspase-1 before being liberated (Martinon et al., 2002). Assembly o f  a muitiprotein complex 

known as the inflammasome promotes caspase-1 activity, leading to proteolytic cleavage and 

subsequent release o f  IL-ip . By hindering assembly o f  the inflammasome, FGL could 

modulate IL -ip  release without effecting transcription o f  the protein.

Work in this laboratory has demonstrated the ability o f  LPS to up-regulate pro-inflammatory 

cytokines in mixed glial cultures and a variety o f  different pharmacological agents have been 

shown to attenuate the LPS-stimulated inflammatory response (Loane et a i ,  2007; Clarke et 

a i,  2008; Costelloe et a l ,  2008; Downer et a i ,  2008). Novel anti-inflammatory actions for 

rosiglitazone, a drug used to enhance insulin sensitivity in diabetic patients, and atorvastatin, a 

cholesterol lowering drug, which was independent o f  their insulin or lipid modulating activity
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were highlighted. The evidence suggested that their anti-inflammatory action was mediated by 

lL-4. This provides an interesting parallel with FGL; these agents up-regulate lL-4 expression 

in vitro and in vivo (Loane et a l ,  2007; Clarke et a l,  2008; Downer et al., 2008).

Another possible mechanism for the regulation o f cytokine production is via the immune- 

suppressing membrane glycoprotein, CD200. A study investigating the action of FGL on age- 

related inflammatory changes found that the peptide reversed an age-related decline in 

hippocampal CD200 expression (Downer et a l,  2008). The same study reported that primary 

neurons incubating in the presence o f FGL displayed increased CD200 expression, compared 

with control-treated neurons. In the current study the possibility exists that FGL exerted its 

action on microglial markers in mixed glial preparation because o f an interaction with 

astrocytes which express CD200; this is shown in Chapter 4. In this case FACS was used to 

show expression o f CD200 on a CD 1 lb-negative population in mixed glial cultures, in 

addition, a study examining post-mortem tissue o f MS patients reported CD200 expression on 

activated astrocytes (Koning et a l,  2009). Therefore, it is possible that in addition to 

increasing lL-4, FGL may modulate pro-inflammatory cytokines by means o f up-regulating 

CD200 expression on astrocytes, within a mixed glial preparation

It is interesting that isolated microglia exposed to LPS responded differently to mixed glia 

exposed to the same stimuli. Whereas the effect o f FGL on the LPS-induced increase in IL-ip 

was marked in mixed glia, attenuating release by 226%, it was less profound in pure 

microglia, reducing the LPS-induced change by 140%. However, it should be pointed out that 

mean IL-ip concentration in supernatant o f un-stimulated mixed glia was 11.72pg/ml 

compared with 270.38pg/ml in pure microglial cultures. The data suggests that isolated 

microglia are in an activated state, which has previously been observed by other researchers 

(Floden & Combs, 2007). Floden and colleagues (2007) suggest that the microglial phenotype 

may be altered immediately after removal from a mixed glial culture and report that isolated 

microglia initially display an amoeboid phenotype. During an inflammatory challenge an 

active microglial phenotype is associated with assembly o f the inflammasome and subsequent 

release of IL-ip (Guarda & So, 2010). It is possible that the 23-fold increase in supernatant 

concentration o f IL -ip in isolated microglial cultures, compared with mixed glia, is a result o f 

increased assemblage o f the inflammasome’s component proteins, enhancing caspase-1
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activity resulting in maturation and release o f  IL -ip . The shift in activation state in isolated 

m icroglia may further implicate an immunomodulatory role for astrocytes within a mixed glial 

preparation.

it has been established that FGL exerts an anti-inflammatory action in vitro,  and the follow ing  

set o f  experiment were designed to investigate i f  this was dependent on FGL induced FGFR-1 

activation. SU 5402 specifically inhibits the catalytic domain o f  FGFR-1 by blocking its 

tyrosine kinase activity (M ohammadi et a l ,  1997). Here SU 5402 blocked the ability o f  FGL to 

attenuate LPS-induced IL -ip  expression in primary mixed glia, indicating that the action o f  

FGL was mediated by an interaction with FGFR-1. Other research groups investigating the 

action o f  FGL in vitro have reported an attenuation o f  its activity in the presence o f  SU 5402  

(Gambon et a l ,  2004; Neiiendam  et a l ,  2004; Skibo et a l ,  2005). C ollectively it was found 

that SU 5402 blocks an FGL-related enhancement in neurite outgrowth and pre-synaptic 

function as well as preventing the neuroprotective effects o f  FGL in neuronal cultures 

subjected to oxygen/glucose deprivation, a low  KCl environment, AP25-35 or 6-O H DA. 

Furthermore, it has been shown that inhibiting FGFR-1 activation in macrophage cells in the 

periphery can be detrimental, as it suppresses FGF-related wound healing, thus em phasising a 

role for FGFR-1 in immune modulation (Numata et a l ,  2006). The laboratory that developed  

FGL has shown that NCAM -induced ERK phosphorylation depends on FGFR-1 activation, 

which was demonstrated using neuronal cultures exposed to an N C A M -m im etic and incubated 

in the presence or absence o f  SU 5402 (D itlevsen et a l ,  2008).

Although FGL-induced signalling is not specifically investigated in this thesis, previous work 

in this laboratory indicates FGL enhances ERK activation and stimulates signaling  

downstream o f  AKT (D ow ner et a l ,  2008; Downer et a l ,  2009). Fellow  researchers focusing  

on assessing the consequence o f  FGF-stimulated FGFR-1 activation in cultured glia, have 

confirmed that SU 5402 can inhibit ERK activation in isolated microglia, as w ell as ERK and 

AKT phosphorylation in cultured astrocytes (Ito et a l ,  2007; N iidom e et a l ,  2009). Similarly, 

ERK- and AKT-mediated signaling has been associated with FGL-induced neurite outgrowth  

and neuroprotection (Neiiendam  et a l ,  2004; Downer et a l ,  2008; Downer et a l ,  2009). Thus, 

ERK signaling plays a critical role in FGL-dependent immune modulation, and inhibiting 

ERK activation prevents an FGL-induced increase in lL-4 concentration in cultured mixed glia 

and attenuates an FGL-stimulated increase in neuronal C D 200 expression in vitro (Downer et
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al., 2008; Downer et a i ,  2009). Therefore, hindering FGFR-1 activation by SU 5402 may 

prevent its ability to alter an LPS-induced increase in IL- ip due to decreased ERK 

phosphorylation, thus leading to attenuation in IL-4 and CD 200 expression in vitro.

Many neurodegenerative diseases are associated with neuroinflammation; one o f  the most

prominent being is AD. Post-mortem analysis o f  brain tissue from A D  patients reveals an

abundance o f  Ap-containing plaques, which som e studies have co-localised  with activated

immune cells (Tan et a l ,  1999). To replicate som e aspects o f  this disease various forms o f  the

Ap peptide are injected into the brains o f  rodents. Although this is not a model for A D , and

lacks many other aspects o f  its pathology, the Ap peptide alone can induce an inflammatory

response within the brain, which is believed to be instrumental in the cognitive decline

associated with neurodegeneration. Mounting evidence suggests that chronic microglial

activation in response to AP deposition can contribute to A D  pathogenesis by promoting

further plaque formation (Tan et al.,  1999; Townsend et a l ,  2005). High levels o f  C D 40 have

been implicated in the pathogenesis o f  A D  and exogenous Ap has also been shown to up-

regulate CD40 expression in isolated microglia (Tan et a l ,  1999). In the current study AP 2 5 . 3 5

increased CD40 and IL-ip m RNA expression as well as supernatant concentration o f  IL-ip.

Klementiev (2007) found that injecting rodents with AP2 5 - 3 5  (icv) induced cognitive

impairment and enhanced m icrogliosis as measures by C D l l b  immunoreactivity. The study

reported that administration o f  FGL intracisternally attenuated an AP-related cognitive decline

and C D l l b  expression. Here pre-treatment with FGL attenuated only the Ap-stim ulated

increase in IL-ip expression, but not CD40. This is an interesting finding as the current study

has shown the proclivity o f  FGL to attenuate an LPS-induced increase in IL-P, in mixed glial

cultures, and it is proposed that FGL induces a down-regulation in Ap-stim ulated IL-ip in a

similar fashion. However, FGL failed to alter CD 40 m RNA expression Induced by Ap, despite

significantly decreasing LPS-stimulated C D 40. The disparity between these results could be

due to the different inflammatory states induced by Ap compared with LPS. M icroglia and

astrocytes can express MHC II, a surface m olecule that binds antigen peptides for T cell

presentation (Collawn & Benveniste, 1999; Neumann, 2001; D e K eyser et a l ,  2010). in the

current study, LPS was not found to stimulate an increase in MHC II m RNA expression in

mixed glial cultures, although other inflammatory markers were increased. In contrast Ap

increased MHC II m RNA in mixed glial cultures, which has also been show n with IFNy, thus

suggesting these inflammatory stimuli induce distinctive inflammatory profile to LPS in vitro 
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(Downer et a l ,  2009). Consistent with previous studies, LPS did not enhance MHC II 

expression in isolated microglia, while others investigating the action o f  LPS on astrocytes 

found higher concentration were required to stimulate an increase in MHC II surface 

expression (Morga et a l ,  1999; Esen & Kielian, 2007; Vidyadaran et a l ,  2009). Therefore, the 

LPS treatments protocol used in the current study induced a pro-inflammatory profile in the 

absence o f  increased M HC II expression, which corroborates what has been shown previously.

Expression o f  MHC 11 is indicative o f  antigen presentation and communication between cells. 

MHC II is associated with an up-regulation in co-stimulatory molecules, for example CD40, 

which enhances cell-cell interactions required to propagate an immune response (Collawn & 

Benveniste, 1999). Townsend and colleagues (2005) found that Ap-induced CD40 on glial 

cells is associated with adaptive activation o f  microglia, which also display enhanced MHC II 

expression. Therefore, the proclivity o f  FGL to attenuate CD40 mRNA expression in mixed 

glia stimulated with LPS, but not Ap, may be due to discrete interactions between MHC 11 

positive glia, resulting in differential induction and expression o f  co-stimulatory molecule 

CD40.

The current study found that FGL exerted a distinct modulatory action on LPS- and AP- 

stimulated glia. It is well documented that LPS exerts its action chiefly through interacting 

with TLR4, which recognises it as a microbial pathogen (Medzhitov & Janeway, 1998). Upon 

ligation, TLR4 initiates a biochemical cascade o f  events, both dependent and independent o f  

the adaptor protein MyD88, leading to translocation o f  N F kB to the nucleus and up-regulation 

in N FkB responsive genes including those for pro-inflammatory cytokines and cell adhesion 

molecules (Kopp & Medzhitov, 1999). FGL, potentially acting through ERK, attenuated 

expression o f  the co-stimulatory molecule CD40 and pro-inflammatory cytokines IL -ip  and 

lL-6 by interfering with NFKB-related signalling. It is also suggested that exposure to FGL 

shifted the phenotype o f  the mixed glial cells, in favour o f  a more anti-inflammatory state, 

releasing lL-4 and expressing greater amounts o f  CD200.

The mechanisms by which Ap peptides induce activation o f  glial cells is more elusive. Recent 

evidence has implicated TLR2 in AP-induced microglial activation and it has been shown that 

blocking this receptor suppresses AP-related pro-inflammatory cytokine production and
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integrin expression in vitro (Jana et a l ,  2008). However, much o f the literature focuses on 

receptor for advanced glycation end-products (RAGE), a multiligand receptor expressed on 

neurons and glia that can act as a cell surface binding site for A(3. Binding o f Ap to RAGE has 

been shown to phosphorylate various MAP kinases that are associated with synaptic 

dysfunction and an enhanced inflammatory profile, while also being implicated in NFkB 

activation and related cytokine production (Du Yan et a l ,  1997; Origlia et a l ,  2009). 

Inflammatory signalling pathways triggered by Ap continue to reveal novel and complex 

components with much opportunity for cross-talk. The characterisation o f these biochemical 

cascades and cell specific interactions are required before mechanisms to manipulate them can 

be fully understood. FGL was initially developed as a drug to target diseases like AD, which 

are associated with cognitive decline. The current study demonstrates that FGL acts as an anti

inflammatory agent, which could be beneficial as enhanced neuroinflammation is associated 

with the pathogenesis of AD, as well as ischemic insults. While on a functional level, others 

have demonstrated its ability to acutely enhance synaptic integrity and cognitive function. 

However, further work is required to full elucidate the neuroprotective action o f FGL and its 

potential therapeutic application during chronic disease.
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Chapter 4. Results

4.1 Introduction

The non-inflammatory state does not arise passively, but depends on the presence o f  soluble 

mediators and various cell-cell interactions. One repressor molecule involved in cellxell 

interaction is CD200. It is a membrane-bound glycoprotein found on neurons and endothelial 

cells within the CNS and interaction o f  CD200 with its structurally-similar receptor, which is 

expressed on microglia, can maintain these cells in a quiescent state (Hoek et a i ,  2000). 

Microglia o f  CD200-deficient mice spontaneously exhibit many features o f  activation, 

including a less ramified morphology and increased CDl lb  and CD45 expression. These mice 

display increased symptomatologies in the experimentally-induced autoimmune diseases EAE 

and EAU (Hoek et a i ,  2000; Copland et a i ,  2007). Conversely, enhancing CD200 expression 

by genetic manipulation or administering a CD200 receptor agonist can be beneficial in 

restoring homeostasis after an inflammatory insult. Up-regulating CD200 by expression o f  a 

CD200 transgene promotes allograft acceptance, while administering a CD200 agonist has 

been shown to prevent bystander tissue damage in the lungs o f  mice inoculated with influenza 

virus, further implicating its role in immune tolerance (Snelgrove et a i ,  2008; Gorczynski et 

a/., 2009).

lL-4 is an anti-inflammatory cytokine that acts in a negative feedback fashion on immune 

stimulation, in an effort to restore homeostasis. It is predominantly produced by a subset of 

helper T cells, Th 2 cells, which powerfully suppress IFNy producing T cells (Seder, 1994). 

Low levels o f  lL-4 have been detected in the CNS and it is suggested that astrocytes are the 

primary source (Hulshof et a l ,  2002). Work by Lyons and colleagues suggest that the anti

inflammatory action o f  IL-4 is in part due to its proclivity to increase neuronal CD200 

expression (Lyons et al., 2007; Lyons et al., 2009b). This group report that incubating primary 

hippocampal neurons in the presence o f  lL-4 increased CD200 expression, while primary 

neurons from IL-4 deficient mice display a significantly less CD200. Furthermore, in vivo, 

ICV administration o f  lL-4 enhances neuronal CD200 in the hippocampus.
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Lyons and colleagues have also reported that the A^-induced increase in markers o f microglial 

activation is accompanied by a decrease in CD200 expression in hippocampus (Lyons et a l ,  

2007). Interestingly, an immunohistochemical examination o f AD brains found a significant 

decrease in hippocampal CD200 expression (Walker et a l ,  2009). While a decrease in CD200 

expression on reactive astrocytes proximal to MS lesions has been reported (Koning et a l ,  

2009). Finally, Downer and colleagues describe a decrease in CD200 expression in the aged 

brain and this is reversed by FGL administered subcutaneously over a three week period 

(Downer et al., 2008).

The objectives o f the following set o f experiments was to investigate some aspects o f the 

profile of primary mixed glia prepared from CD200‘̂ ‘ compared with wildtype mice, to assess 

the proclivity o f FGL to attenuate LPS-induces changes in mixed glia prepared from CD200'^‘ 

compared with wildtype mice and to examine astrocytic expression o f CD200 in vitro, with 

the possibility of modulating microglial activation.
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4.2 Methods

M ixed glial cell, isolated astrocytes and isolated m icroglia w ere prepared from  neonatal 

w ild type or CD200'^‘ C 57B L /6  m ice, and cultured for 14 days before treatm ent (see section 

2.1 for details). In the case o f  FGL incubation, cells w ere exposed to the peptide for 24 hours 

before being incubated  in the presence or absence o f  LPS (1 |ig /m l) for a fu rther 24 hours (see 

section 2.1). An astrocy tic  m em brane fraction w as obtained by a serial cen trifugation  protocol 

(see section  2. 1. 6) .  Supernatant cytokine concentration  w as determ ined  by EL ISA  and m R N A  

expression  o f  surface proteins w as assessed by Q -PC R  (see section 2.3 and 2.4). W estern 

im m unoblo tting  w as used to  exam ine C D 200 and G PA P expression  (see section  2.5). D ata are 

expressed  as m eans ±  SEM . A N O V A  and S tuden t’s /-test w ere perform ed to determ ine 

w hether sign ifican t d ifferences existed betw een trea tm ent groups and N ew m an-K euls post-hoc 

tests w ere applied w ere appropriate.
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4.3 Results

4.3.1 Mixed glia prepared from wildtype mice have an activated phenotype compared with 
glia from CD200'''' mice.

Engagement o f  the widely-distributed membrane glycoprotein CD200 with its receptor, which 

is primarily located on cells o f  the myeloid lineage, can restrain myeloid cell activation and 

induce immune tolerance (Snelgrove et a l ,  2008). It has previously been reported that 

microglia in CD200 '̂' mice are phenotypically distinct from their wildtype counterparts. As 

adults, microglia in the brain and spinal cord express greater levels o f  CDl lb and display a 

more amoeboid morphology (Hoek et a l ,  2000). The aim o f  the following set o f  experiments 

was to investigate differences, if  any, between mixed glia prepared from wildtype and CD200' 

'' mice and to see if  mixed glia from CD200'^‘ mice respond differently to LPS and FGL.

Mixed glia prepared from CD200''^' mice have significantly higher mRNA expression o f  

CDl lb and the lysosomal-associated membrane protein CD68, compared with mixed glia 

prepared from wildtype mice (***p<0.001; Student’s /-test. Figure 4.1). LPS induced a 

significant increase in CD40, lCAM-1 and CDl lb mRNA expression in mixed glia prepared 

from wildtype and CD200'^' mice (**p<0.01; ***p<0.001; ANOVA; A, F(7_32)=7.91; B, 

F( 7  36)=3L2 and C, F( 7  34)=60.95, Figure 4.2) however, the LPS-induced increase was 

exaggerated in mixed glia prepared from CD200'^‘ mice (**p<0.05; ^^p<0.01; ANOVA, Figure 

4.2 A, B and C). Pre-treatment with FGL attenuated the LPS-induced increase in CD40, 

lCAM-1 and CDl lb mRNA expression in mixed glia prepared from wildtype, but not CD200' 

mice (̂ ’̂ p<0.01; "^^p<0.001; ANOVA, Figure 4.2 A, B and C).

LPS stimulated a significant increase in mRNA expression and supernatant concentration o f  

IL-ip in mixed glia prepared from wildtype mice (***p<0.001; ANOVA; A, F(7_25)=83.24 and 

B, F(7,35)=7 .77, Figure 4.3) and this LPS-induced increase was exaggerated in mixed glia 

prepared from CD200‘̂ ‘ mice (^^^p<0.001; ANOVA). LPS also stimulated an increase in TNF- 

a mRNA and supernatant concentration in mixed glia from wildtype mice (**p<0.01; 

***p<0.001; ANOVA; A, F(7,34)=54.05 and B, F(3j2)=73, Figure 4.4), which was further 

enhanced in mixed glia cultured from CD200'^‘ mice (*’̂ ^p<0.001; ANOVA). In a similar
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fashion, LPS stimulated an increase in IL-6 m RNA and supernatant concentration in mixed  

glia from wildtype m ice, compared with control treated mixed glia (***p<0.001; ANO VA; A, 

F(7,27)=30.5 1 and B, F(7  34)=1 8 7 7, Figure 4 .5), which is further enhanced in mixed glia cultured 

from CD200''^' mice (^^**p<0.001; A N O V A ). Pre-treatment with FGL attenuated the LPS- 

induced increase in mRNA expression and supernatant concentration o f  IL-1 p, TNF- a  and 

IL-6 in mixed glia prepared from wildtype, but not C D 200‘'̂ ', mice (^*^p<0.01, *̂^ p̂<O.OOI; 

A N O V A , Figures 4.3-4.5).

4.3.2 CD200 is expressed on astrocytes

Much o f  the literature regarding CD200 in the CNS has focused on neuronal CD 200  

expression (Hoek et a i ,  2000; Downer et al., 2008). Using FACS analysis the present data 

demonstrate CD 200 expression on C D l 1 b-negative cells (Figure 4.6). Astrocytes do not 

express C D l lb  and since they are the most numerous cells in a mixed glial preparation, these 

data suggest that astrocytes express C D 200 (C ow ley et al., 2010). To confirm these findings, 

purified astrocytes were prepared and assessed for C D 200 using Western immunoblotting. The 

data verify the presence o f  CD 200 on astrocytes and this expression is significantly up- 

regulated in astrocytes exposed to FGL (*p<0.05; Student’s /-test. Figure 4.7).

In the follow ing set o f  experiments, isolated m icroglia prepared from wildtype mice were 

incubated in the presence or absence o f  a preparation o f  astrocytic membranes, prior to LPS 

exposure. The astrocytic membrane fraction was prepared by centrifugation o f  isolated 

astrocytes in a series o f  enzym atic buffers (see section 2 . ] .6  for details). A sample 

immunoblot show s expression o f  CD 200 in the membrane, but not cytosolic, fraction while 

GFAP is present in the cytosolic fraction, with minimal expression in the membrane extract 

(Figure 4.8).

LPS induced a significant increase in IL -ip  m RNA expression in primary isolated microglia
4c l|l l|l

( p<O.OOI; ANO VA; F(4 j 7 )= 16.01, Figure 4.9). Pre-incubation o f  m icroglia with an aliquot 

(20ng) o f  the membrane preparation obtained after incubating astrocytes in the presence o f  

FGL, attenuated the LPS-induced increase in IL-ip m RNA expression (LPS alone versus 

LPS/Astrocytic membrane; ^^^p<0.001; A N O V A , Figure 4.9). LPS also significantly up-
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regulated mRNA expression and supernatant concentration o f T N F-a and IL-6 in isolated 

microglia (***p<0.001; ANOVA; A, F(7_35)=7.77 and B, F(3j 4)=l 8.27, Figure 4.10 A, 

F(3 2I)=5.63 and B, F(3_i7)=6 .68, Figure4.11) and pre-incubation o f  m icroglia with an aliquot 

(20ng) o f  the membrane preparation obtained after incubating astrocytes in the presence o f 

FGL, attenuated the LPS-induced increase in TN F-a and IL-6 m RNA expression and 

supernatant concentration (LPS alone versus LPS/Astrocytic membrane; ^p< 0 .05; ^p< 0 .01 ; 

^"><0.001; ANOVA, Figure 4.10 and 4.11).

An LDFl assay was used to assess the effect o f  exposure to LPS or incubation in the presence 

o f  an astrocytic membrane fraction on viability o f  isolated m icroglial cultures. The data show 

that viability was not affected by any treatment (Figure 4.12).
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Figure 4.1. C D l l b  and CD68 mRNA expression was enhanced in mixed 
glia prepared from CD200 compared with wildtype, mice.

Expression o f C D l l b  (A) and CD68 (B) mRNA was enhanced in untreated 
mixed glia prepared from CD200'^', compared with wildtype, mice 
(***p<0.001; Student’s /-test). Values are present as means (±SEM; n=6) 
expressed as a ratio to P-actin mRNA and standardised to a control sample.
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Figure 4.2. FGL attenuated the LPS-induced increase in CD40, ICAM- 
land C D llb  mRNA in glia prepared from wildtype but not CD200‘̂ ‘ mice.

LPS (l|ig /m l; 24 hours) induced a significant increase in mRNA expression o f 
CD40 (A), ICAM-I (B) and CD l lb  (C) in mixed glia cultured fi'om wildtype 
and CD200-^- mice (***p<0.001; ANOVA; A, F ( 7  32p7.91, B, F ( 7  36,=31.2 and 
C, F ( 7  34)=60.95;) and these responses were enhanced in glia from CD200'^‘ 
mice (^p<0.05; p<0.01; ANOVA). Pre-treatment with FGL (10|ig/ml)
attenuated the LPS-induced changes in glia from wildtype, but not CD200 ''“, 
mice (̂ '̂ ‘̂ p<0.001; ANOVA). Values are present as means (±SEM; n=6) 
expressed as a ratio to P-actin mRNA and standardised to a control sample.
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Figure 4.3. FGL attenuated the LPS-induced increase in IL-ip mRNA 
and release in glia prepared from wildtype but not CD200'^‘ mice.

LPS (Ifxg/ml; 24 hours) induced a significant increase in IL -lp  mRNA 
expression (A) and release (B) in mixed glia cultured from wildtype and 
CD200-^- mice, (***p<0.001; ANOVA; A, F ( 7  25)=83.24 and B, F ( 7  35)=7.77 ). 
Pre-treatment with FGL (10|ag/ml) attenuated the increase in IL -ip  
expression in glia from wildtype, but not CD200'^', mice (^^^p<0.001; 
ANOVA). The response to LPS was markedly enhanced in glia cultured 
from CD200'^% compared with cells prepared from wildtype, mice 
(§S§p<0.001; ANOVA). Values for Q-PCR are presented as means (±SEM; 
n=6) expressed as a ratio to P-actin mRNA and standardised to a control 
sample. Values for cytokine release are presented as means (±SEM; n=6) and 
expressed as pg o f  IL-lp/m l.
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Figure 4,4. FGL attenuated the LPS-induced increase in TNF-a mRNA 
and release in glia prepared from wildtype but not CD200'^' mice.

LPS (l|jg /m l; 24 hours) induced a significant increase in TNF-a mRNA 
expression (A) and release (B) in mixed glia cultured from wildtype and 
CD200-^- mice, (**p<0.01; ***p<0.001; ANOVA; A, F ( 7  34p54.05 and B, 
F ( 3  i2)=’73). Pre-treatment with FGL (10|ig/ml) attenuated the increase in TNF- 
a  expression in glia from wildtype, but not CD200'^', mice ('^p<0.01; 
■^■^^p<0.001; ANOVA). The response to LPS was markedly enhanced in glia 
cultured from CD200’̂ ', compared with cells prepared from wildtype, animals 
(8§§p<0.001; ANOVA). Values for Q-PCR are presented as means (±SEM; 
n=6) expressed as a ratio to P-actin mRNA and standardised to a control 
sample. Values for cytokine release are presented as means (±SEM; n=6) and 
expressed as pg o f TNF-a/ml.
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Figure 4.5. FGL attenuated the LPS-induced increase in IL-6 mRNA 
and release in glia prepared from wildtype but not CD200'^' mice.

LPS (l|jg /m l; 24 hours) induced a significant increase in IL - 6  mRNA 
expression (A) and release (B) in mixed glia cultured from both mouse 
strains (***p<0.001; ANOVA; A, F(7 27)=30.51 and B, 3 4 ^=1 877). Pre
treatment with FGL (10|ag/ml) attenuated the increase in IL - 6  expression in 
glia from wildtype, but not CD200‘'‘, mice (^^^p<0.001; ANOVA). The 
response to LPS was markedly enhanced in glia cultured from CD200'^‘, 
compared with cells prepared from wildtype, animals (*^^p<0.001; ANOVA). 
Values for Q-PCR are presented as means (±SEM; n=6 ) expressed as a ratio 
to P-actin mRNA and standardised to a control sample. Values for cytokine 
release are presented as means (±SEM; n=6 ) and expressed as pg o f IL-6 /ml.
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Figure 4.6. CD200 expression on CD 1 lb-negative cells in a mixed glial 
prepared from wiltype mice.

Flow cytometric analysis indicate that CD200 was expressed on CDl lb- 
negative cells in mixed glia cultured from wildtype mice (blue), but not the 
CD200‘̂ ‘ strain (red).
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Figure 4.7. FGL enhanced CD200 expression in cultured astrocytes.

FGL (10|ag/ml) induced a significant increase in CD200 protein 
concentration in isolated astrocytes prepared from wildtype mice (*p<0.05; 
Student’s r-test, densitometric units equalised to p-actin, n=6).
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Figure 4.8. CD200 is expressed in an astrocytic membrane extract that 
contains minimal GFAP expression, compared with a cytosolic fraction.

Sample immunoblots show CD200 expression in a membrane fraction but not 
cytosolic fraction prepared from isolated astrocytes. GFAP is expressed in the 
cytosolic fraction, with minimal expression in the membrane extract, n=6.
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Figure 4.9. LPS induced an increase in IL-ip mRNA expression in isolated 
microglia. Pre-incubation with an astrocytic membrane fraction 
attenuated the LPS-induced changes.

LPS (l|ig /m l; 24 hours) induced a significant increase in IL -lp  mRNA 
expression in isolated microglia, (**p<0.01; ***p<0.001; ANOVA; 
F(4 i7)=16.01). Pre-treatment with an astrocytic membrane fraction attenuated 
the increase in IL -ip  mRNA expression in isolated microglia (^^^p<0.001; 
ANOVA). Values for Q-PCR are presented as means (±SEM; n=6) expressed 
as a ratio to P-actin mRNA and standardised to a control sample.
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Figure 4.10. LPS induced an increase in TNF-a mRNA expression and 
release in isolated microglia. Pre-incubation with an astrocytic membrane 
fraction attenuated the LPS-induced changes.

LPS (l^ig/ml; 24 hours) induced a significant increase in TNF-a mRNA 
expression (A) and release (B) in isolated microglia (***p<0.001; ANOVA; A, 
F(7 35)=7.77 and B, ,4p l8 .27). Pre-treatment with an astrocytic membrane 
fraction attenuated the increase in TNF-a mRNA expression and release from 
isolated microglia C'^p<0.01; ■^■^p<0.001; ANOVA). Values for Q-PCR are 
presented as means (±SEM; n=6) expressed as a ratio to P-actin mRNA and 
standardised to a control sample. Values for cytokine release are presented as 
means (±SEM; n=6) and expressed as pg TNF-a /ml.
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Figure 4.11. LPS induced an increase in IL-6 mRNA expression and 
release in isolated microglia. Pre-incubation with an astrocytic 
membrane fraction attenuated the LPS-induced changes.

LPS (l|ig /m l; 24 hours) induced a significant increase in IL - 6  mRNA 
expression (A) and release (B) in isolated microglia, (**p<0.01; ANOVA; 
A, F ( 3  2ip5.63 and B, , 7 )=6 .6 8 ). Pre-treatment with an astrocytic 
membrane fraction attenuated the increase in IL - 6  mRNA expression and 
release from isolated microglia (^p<0.05; ANOVA). Values for Q-PCR are 
presented as means (±SEM; n= 6 ) expressed as a ratio to (3-actin mRNA and 
standardised to a control sample. Values for cytokine release are presented 
as means (±SEM; n= 6 ) and expressed as pg IL-6 /ml.
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Figure 4.12. An LDH assay confirmed that exposure to LPS or an 
astrocytic membrane fraction did not compromise cell viability.

Cell viability was not altered in isolated microglia exposed to LPS (1 |ig/ml; 24 
hours) or an astrocytic membrane fraction, quantified by the concentration of 
lactate dehyrogenase in control cells compared with treated cells. Values are 
presented as means (±SEM; n=6) and expressed as concentration of lactate 
dehyrogenase in treated cells as a percentage o f that found in control treated 
glia.
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4.4 Discussion

The first objective o f  this set o f  experiments was to examine the effects o f  LPS in mixed glial 

cultures prepared from CD200’̂ ‘, compared with glia from wildtype mice. Secondly, the 

proclivity o f  FGL to modulated LPS-induced changes was assesed and the possibility o f  

CD200 expression on glia evaluated.

Glia prepared from CD200’'̂ ' mice display enhanced levels o f  GDI lb  and CD68 in the absence 

of an exogenous inflammatory stimulus. GDI lb  is a cell membrane protein constitutively 

expressed on microglia, it plays a role in migration and cell-cell or cell-substratum adhesion, 

and an increase in its expression is indicative o f  heightened microglial activation (Solovjov et 

ai,  2005; Roy et al ,  2006). In addition to antigen presentation, microglia are the primary 

effector cells o f  phagocytosis in the GNS. The current study found a greater GD68 expression 

on glia prepared from CD200'^‘ mice, which is indicative o f  increased phagocytic activity (Gho 

et ai ,  2006). GD68 is a heavily-glycosylated lysosomal membrane protein, with a high rate o f  

cycling between the cell surface membrane and intracellular pools. It is hypothesised that 

GD68 maintains lysosomal membrane integrity during phagocytosis as its robust structure 

may protect the membrane from destructive lysosomal hydrolases (Kurushima et al ,  2000). 

Here an increase in GD68 mRNA expression was observed in unstimulated mixed glia 

prepared from GD200‘'̂ ' mice, compared with glia from their wildtype counterparts. Gho and 

colleagues (2006) reported that GD68 was co-localised with MHG II, signifying that activated 

microglia, at least those positive for MHG 11, are phagocytic. This study also found ramified 

microglia that stained positive for GD68 and had phagocytic capability in the absence o f  MHG 

II, thus these two markers do not necessarily go hand-in-hand. It is proposed that the 

morphological phenotype o f  an active microglia is multifactorial, depending on its location 

within the brain and the pathology or integrity o f  that tissue. As the current study examined 

GDI lb  and GD68 at an mRNA level, immunocytochemical analysis is required to assess co

localisation o f  GD68 and GDI lb  on glia to further elucidate the activation state o f  these cells.

GD200'^‘ mice appear to develop normally and their life-span is comparable to their wildtype 

littermates (Hoek et a l ,  2000). Examination o f  tissue from GD200'^" mice revealed the 

population o f  GDI lb-positive cells was almost doubled in the spleen o f  GD200-detlcient
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mice, suggestive o f  an increase in m acrophage and granulocyte population, and these cells 

also displayed markers indicative o f  inflammation. In addition to enlarged lymph nodes, Hoek 

reported that the m acrophage population in lymph tissue was expanded and appear more 

activated in CD200'^' mice. Finally, analysis o f  the CNS revealed that m icroglia with shorter 

processes and increased levels o f  M HC II, CDl lb  and CD45, which tended to form aggregates 

particularly in the spinal cord. These observations, in adult mice, advocate a critical role for 

CD200 in maintaining myeloid cells in a passive, quiescent state. W hile the data from the 

current study, reveals a critical role for CD200 in restraining immune cell activity in a mixed 

glial population in vitro.

Other markers o f glial cell activation, namely CD40 and ICAM-1, were examined at mRNA 

level in mixed glia prepared from CD 200‘̂ ' and wildtype mice. Unlike C D l lb  or CD68, 

mRNA expression o f these m em brane proteins was very low in the absence o f  an 

inflammatory stimulus, in both strains. Exposure to LPS induced an increase in CD40 and 

ICAM-I expression in glia from wildtype mice and this was greater in glia prepared from 

CD200‘̂ ‘ mice; the same was true for CD l lb  mRNA, implying that glia from these animals 

are more responsive to LPS in vitro. ICAM-1 is a heavily glycosylated, membrane protein 

with a high affinity to many binding proteins, including CD l lb . ICAM-1 becomes up- 

regulated during an immune response and plays a critical role in the transmigration o f 

leukocytes out o f  the vasculature (Zen et a l ,  2004). CD40 is also associated with immune cell 

activation and cytokine release (Benveniste et al., 2004). The enhanced reactivity o f  immune 

cells from CD200'^‘ mice to an inflammatory challenge in vitro corroborates reports by other 

groups that investigated inflammatory insults in vivo. Studies exam ining the susceptibility o f  

CD200‘̂ ‘ mice to experim entally-induced allergic disease or viral infection revealed increased 

responsiveness to these inflammatory stimuli (Campbell et a l ,  2000; Hoek et a l ,  2000; 

Snelgrove et a l ,  2008). The onset o f  EAE was dramatically accelerated in CD200‘'̂ ' mice, the 

increase in activated m acrophages, determined by positive iNOS and CD68 staining, appeared 

earlier in the spinal cord in CD200'^' mice and these cells remained markedly enhanced 

throughout the disease (Hoek et a l ,  2000). Disease kinetics o f  EAU in CD200’̂ " mice 

displayed a similar course to that o f  EAE, with an earlier onset and increased severity o f 

symptoms (Copland et a l ,  2007).
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During an inflammatory response it is hypothesised that much bystander damage, o f  motor 

neurons in the case o f  EAE, cartilage in the case o f  CIA and lung tissue in the case o f  

influenza, is associated with cytokine release from resident and infiltrating cells that 

perpetuate local immune activity (Campbell et a l ,  1997; Snelgrove et a l ,  2008). The current 

study found that LPS induced an increase in supernatant concentration and mRNA expression 

o f  the pro-inflammatory cytokines, 1L-1(3, TN F-a and lL-6 in mixed glia prepared from 

wildtype mice, and this increase was exaggerated in mixed glia prepared from CD200’̂ ' 

animals. LPS is a potent inflammatory stimulus and previous work for this laboratory has 

demonstrated its ability to stimulate transcription and release o f  inflammatory mediators in 

mixed glial cultures (Lyons et al., 2009b; Cowley et a l ,  2010; Watson et al., 2010). The study 

by Lyons and colleagues (2009) found that LPS induced a greater increase in pro- 

inflammatory cytokine concentration in mixed glial cultures prepared from lL-4'^‘ mice 

compared with glia from wildtype animals, suggesting that, like glia from CD200'^' mice, 

these cells are more susceptible to an inflammatory challenge. This study also demonstrated 

that lL-4-deflcient animals were more vulnerable to systemicaliy-administered LPS, revealed 

by an up-regulation o f  cortical and hippocampal IL- i p concentration and sickness behaviour. 

The current study did not measure IL-4 concentration, however Lyons also demonstrated that 

IL-4’̂ ' animals have decreased CD200 expression, therefore it would be interesting to see if 

there is a concomitant decrease in lL-4 expression in the absence o f  CD200, which could 

further account for perturbed immune cell regulation.

The current study focused on examining glia prepared from CD200'^' mice in vitro, while other 

research groups investigating the role o f  CD200 have examined its function in vivo. Data 

from this study suggests that in the absence o f  CD200 stimulated immune cells release greater 

amounts o f  destructive, pro-inflammatory cytokines. Similarly, Snelgrove (2008) found that 

TN F-a and IFNy concentration was enhanced in the airways o f  CD200 '̂‘ mice infected with 

influenza virus, which was detrimental to surrounding lung tissue. These data indicate that 

immune cells from CD200"^' mice not only display enhanced expression o f  membrane proteins 

associated with inflammation, but also release a greater amount o f  the potentially-destructive 

signalling molecules during an inflammatory challenge in vivo. The current study highlights 

the enhance vulnerability o f  mixed glia from CD200’''' mice to an inflammatory insult in vitro.

127



and it is inferred that enhanced cytokine production in vivo could have a negative impact on 

neuronal function.

FGL attenuated the LPS-induced increase in cell surface markers o f  activation and cytokine 

production in mixed glia prepared from wildtype, but not CD200'^', mice. It is evident that the 

absence o f  the im m unosuppressive CD200 ligand results in increases reactivity to LPS. 

Furthermore, the absence o f  CD200 precludes the anti-inflam matory action o f  FGL. in chapter 

3, the immune-modulating action o f  FGL was considered and evidence indicating that the anti

inflammatory properties o f  this peptide, are in part, due to an up-regulation in CD200 

expression. The absence o f  a response to FGL in LPS-stimulated mixed glial cultures prepared 

from CD200'^‘ mice further substantiates the proposal that the action o f FGL is CD200- 

mediated.

Work from this laboratory has revealed the expression o f  CD200 on neurons in vitro and 

identified that the immunomodulatory capability o f neurons on glial cells in culture was 

CD200-dependent (Lyons et a i ,  2007). This proclivity is shared by endothelial cells 

(unpublished observation). The current study demonstrated the presence o f  CD200 on C D l lb- 

negative cells suggesting that CD200 is found on astrocytes using two techniques, FACS and 

immunoblotting. Significantly the data show that incubating astrocytes in the presence o f  FGL 

enhances expression. These findings suggest that FGL may exerts its anti-inflam matory action 

in vivo by enhancing astrocytic, as well as neuronal CD200 expression, thus revising the 

hypothesis put forward by Downer (2008).

Astrocytes can modulate microglial activity by enhancing or dampening their activation state 

through release o f pro- or anti-inflam matory cytokines (Eng et a l ,  2000). To investigate the 

modulatory action o f  astrocytes on microglial activity, an astrocytic membrane fraction was 

prepared on which the membrane bound protein CD200 is located. LPS-induced changes in 

purified m icroglia were attenuated by co-incubating cells in the presence o f  an astrocytic 

membrane preparation. This action mimicked the effect o f  neurons on glia and is proposed to 

be a consequence o f  CD200 ligand-receptor interaction. An LDH assay measured cell viability 

and verified that neither treatment compromised cell survival.
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It is concluded that astrocytes can modulate microglia activity by means o f soluble factors and 

also by cellxell contact, in which the role o f CD200 is pivotal. However, it is acknowledged 

that one of the primary limitations of this study is that similar experiments were not performed 

in the presence of a CD200 antibody. Therefore factors other than CD200 may play a role in 

the modulatory effect. Indeed, the chemokine fractalkine has been advocated in maintaining 

microglia in a quiescent state and, while primarily tethered to the neuronal membrane by an 

extensively glycosylated stem, it has also been co-localised to GFAP-positive cells (Lindia et 

al,  2005; Cardona et al ,  2006; Lyons et al ,  2009a). Further research is required to establish 

the contribution o f astrocytic CD200 on modulating microglial activity and how CD200 

expression can be manipulated.
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Chapter 5. Results

5.1 Introduction

Senescence is associated with cognitive decHne that reflects deficits caused by impaired 

hippocampal function (McEntee et a l ,  1991). Physiological studies investigating the effect of 

aging on hippocampus have led to a superior understanding o f  age-related cognitive 

deterioration and many have implicated an enhanced inflammatory profile with these 

functional deficits. Impaired hippocampal function is typified by attenuation in the 

maintenance o f  hippocampal LTP and by poor performance in the Morris water maze, a 

spatial memory task that aged rats take significantly longer to execute (Barnes, 1979; Gage et 

a l ,  1989). Consistent with an enhanced inflammatory profile, Murray and colleagues (1998) 

reported that the age-related impairment in LTP, which was paralleled by increased 

hippocampal IL- ip concentration. Moreover, in vivo and in vitro electrophysiological data 

have demonstrated that increasing concentrations o f  IL- ip can negatively impact on LTP 

(Cunningham et a l ,  1996; Murray & Lynch, 1998). Subsequent studies have suggested that 

the age-related increase in inflammatory activity may be a consequence o f  enhanced reactive 

oxygen species (ROS) production, particularly in the hippocampus, which is an early target for 

age-associated structural and physiological changes (O'Donnell et a l ,  2000). Neuronal tissue 

is especially susceptible to oxidative stress due to its high oxygen consumption and modest 

antioxidant defences, which are even further diminished with age (Halliwell, 1992; O'Donnell 

et a l ,  2000). Although stereological cell-counting have revealed no age-related loss in 

hippocampal neurons, numerous researchers have reported a decrease in axospinous synapses 

in the dentate gyrus and a change in hippocampal network connections with age (Geinisman et 

a l ,  1992; Rapp & Gallagher, 1996).

Previous studies have shown that both antioxidants and anti-inflammatory agents can 

positively impact on the ability o f  aged animals to sustain LTP (O'Donnell et a l ,  2000; 

Downer et a l ,  2008). Downer and colleagues report that the NCAM-mimetic peptide FGL 

restores age-related impairment in LTP, due to its anti-inflammatory action. This study also 

demonstrated the proclivity o f  the peptide to reverse the age-induced up-regulation in
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hippocampal IL -ip concentration and markers o f microglial activation, and emphasised the 

integral role o f CD200 expression in FGL-induced modulation. A subsequent study by this 

team reported that FGL impacts on neuronal CD200 expression by up-regulating insulin like 

growth factor (IGF)-l (Downer et a l ,  2009). IGF-1 is a polypeptide hormone that induces 

profileration and neurogenesis in the hippocampus. A decline in this hormone in the aged 

brain has been associated with impaired plasticity (Anderson et a l,  2002). lGF-1 is one o f the 

most potent stimulators o f the AKT/PI-3 kinase pathway, which is fundamental in cell 

survival, growth and proliferation. Administration o f FGL reversed the age-related decline in 

hippocampal lGF-1 concentration and the associated decrease in AKT phosphorylation 

(Downer et a l ,  2009). In vitro analysis revealed the role o f AKT/PI-3 kinase activation and 

ERK pathways in FGL-induced CD200 expression on primary neurons. These findings are 

consistent with work carried out on melanoma cells, which observed that RAF, a molecule 

upstream of Pl-3 kinase and ERK, to be central in mediating CD200 expression (Petermann et 

al., 2007).

Work presented in this thesis has demonstrated that FGL can exert an anti-inflammatory 

action on glial cells in vitro, while othere have shown its ability to reverse an age-associated 

pro-inflammatory phenotype in hippocampus and abborgate deficits in LTP (Downer et al., 

2008). An up-regulation in the immune-modulationg protein CD200 has been implicated in 

the beneficial action o f FGL in vitro and in vivo. Therefore, the first objective o f this set of 

experiments was establise weather a CD200 fusion protein (CD200Fc) can directly exert an 

anti-inflammatory action similar to that established by FGL-treated cell/animals. First, to 

investigate if CD200Fc had a modulatory effect on primary mixed glia, cells were incubated 

with the fusion protein prior to LPS exposure. Next as an enhanced inflammatory profile is 

associated with imparement in hippocampal synaptic plasticity, the second objective o f this 

study was to assess the effect o f LPS or ageing on LTP in the perforant path-granule cell 

synapses. It has been proposed that FGL reversed the age-related deficit in LTP by up- 

regulating CD200 expression, so to further investigate a role for CD200 in modulating LTP 

CD200Fc was given prior to LTP induction. The final objective was to examine and compare 

the inflammatory profile o f hippocampal tissue from young and aged rats, to assess the 

modulatory effect o f CD200Fc in vivo.
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5.2 Methods

T o in vestigate the action  o f  C D 200F c in v itro  m ixed  g lia  w ere prepared from  neonatal rat or 

m ice  cortices and cultured for 14 days before treatm ent (see  section  2.1 for details), in the case  

o f  C D 2 0 0 F c  incubation, ce lls  w ere incubated in the fu sion  protein (2.5fxg/m l) for 2 hours prior 

LPS exposure (l|a g /m l; 2 4  hours; see section  2 .1 ). Supernatant cytok in e concentration was 

determ ined by E L ISA  and m R N A  expression  assessed  by Q -PC R  (see  section  2.3 and 2 .4 ). To  

investigate the action o f  C D 200F c on L PS-induced nitrate production supernatant 

concentration  o f  nitrate w as a lso  assessed  by G riess assay (see  section  2 .7 ).

T he procliv ity  o f  C D 2 0 0 F c  to attenuate age- or L PS-induced pro-inflam m aroty profile in 

hippocam pus w as investigated . For in v ivo  experim ants anim als w ere housed in groups o f  

four, m aintained under veterinary supervision  in an am bient tem perature o f  22°-2 3 “C, under a 

12-hour light-dark cy c le . Food and w ater w ere availab le a d  lib itum  and all animal 

experim entation  w as perform ed under a licen se  granted by the M inister for Health and 

Children Ireland (see  section  2 .2 ).

B riefly , m ale W istar rats w ere anaesthetised by intraperitoneal (ip ) in jection  o f  urethane. 

Depth o f  anaesthesia  w as determ ined by absence o f  a pedal reflex. In the case o f  the study  

using an LPS ch a llen ge, you n g  anim als (3 -4  m onth) w ere d ivided into 4 groups: control rats 

that received  saline intrahippocam pally (ih ) and either saline or LPS ip, or rats w hich received  

C D 200F c ih and, again , either saline or LPS ip. In the case o f  the study that assessed  the effect  

o f  age, an im als (3 -4  m onths and 2 2 -2 4  m onths) w ere d ivided into control and C D 200F c-  

treated groups; saline or C D 2 0 0 F c w as injected ih (for details see  section  2 .2 ). Three hours 

after treatm ent, the ab ility  o f  rats to sustain LTP in perforant path-granule cell synapses in 

response to tetanic stim ulation  o f  the perforant path w as assessed  (see  section  2.2 .3).  A nim als  

w ere sacrificed  by decapitation  and a sagittal s lice  from  left hem isphere o f  each brain w as 

placed onto a cork d isk  coated  in OCT® com pound for im m unohistochem ical analysis. With 

the rem aining brain tissu e , the cortices and hippocam pi w ere d issected  free; tissue for R N A  

an alysis w as p laces in R N ase-free tubes, w h ile  tissue for E L ISA  and W estern im m unoblotting  

w as w ashed  and stored in Krebs buffer contain ing C aC l2 and D M SO  (see  section  2 .2 .4  for 

details). T issu e  w as flash frozen in liquid nitrogen and stored at -80°C .
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Expression o f GFAP, MHC II and iNOS were assessed at mRNA level using Q-PCR, in 

hippocampal tissue from young and aged animals (see section 2.4). Hippocampal tissue for 

Western immunoblotting and lGF-1 analysis was homogenised with a Polytron homogeniser 

and equalised using a Bradford Microassay (see section 2.2.5). Synaptophysin, CD200, pAKT 

and (3-actin were assessed in hippocampus using Western immunoblotting and hippocampal 

lGF-1 concentration was determined by ELISA (see sections 2.3 and 2.5). Sagittal sections 

(10|im) from young and aged animals were cut from the left hemisphere o f each brain using a 

cryostat. Immunohistochemical analysis o f microglial activation (MHC II) and oxidative stress 

(8-OHdG) was assessed in the sections (see section 2.7).

Data are expressed as means ±  SEM. AN O VA or Student’s /-test were was performed to 

determine whether significant differences existed between treatment groups and Newman- 

Keuls post-hoc tests were applied as appropriate.
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5.3 Results

5.3.1 CD200Fc attenuated an LPS-induced increase in pro-inflammatory cytokines and 

Nitrate production in mixed glial cells.

P reviously  in th is th esis, the anti-inflam m atory action o f  the N C A M -m em eetic  peptide FGL 

w as dem onstrated to attenuate markers o f  glial ce ll activation in L PS-stim ulated  m ixed glia. It 

w as suggested  that FG L partly exerted this e ffec t by up-regulating exp ression  o f  the im m um e- 

m odulating protein C D 2 0 0 , on  primary astrocytes w ith in  the m ixed  g lia  culture. Furthermore, 

it w as show n that m ixed  glia  prepared from  C D 2 0 0 ‘̂ ' m ice d isp layed  an enhanced  

inflam m atory profile in v itro  and FGL failed to exert an anti-inflam m atory effect on these  

cells.

In the current set o f  experim ent the action o f  an ex o g en o u s source o f  C D 2 0 0  (C D 200F c) w as 

investigated on L PS-stim ulated m ixed g lia . S im ilar to FGL, pre-treatm ent w ith C D 200F c  

(2 fig /m l; 2 hours) decreased  the L PS-induced up-regulation in the pro-inflam m atory cytok ines  

I L- i p ,  IL-6 and T N F -a  at an m R N A  and protein level (^p<0.05, ^^p<0.01, ^^"^p<0.001; 

A N O V A , Figure 5.1 A -E ). In addition to attenuating cytok in e production, C D 200F c decreased  

the L PS-stim ulated increase in N itrite concentration  in primary m ixed glia, m easured by 

G riess assay (*p< 0 .0 5 , ^p<0.05; A N O V A ; F(4j4)=4.046, Figure 5 .2). N itrite is a stable, non

vo la tile  breakdown product o f  the sign a llin g  m o lecu le  nitric ox id e  (N O ), w hich  is im plicated  

in the perpetuation o f  an im m une response (B row n 2 0 0 7 ). The results indicate that LPS 

induced an increase in N O  concentration in the supernatant o f  m ixed  g lia  (**p<0.01; A N O V A ;  

F(4 i4)=4.046. Figure 5 .2 ), w h ile  pre-incubation w ith  C D 2 0 0 F c at various d o ses  attenuated the 

L PS-induced increase o f  N O  (^p<0.05; A N O V A ).

5.3.2 CD200Fc rescues LPS- and aged-induced impairment in LTP

LTP is a form o f  synaptic p lasticity , w hereby there is a lon g-lastin g  enhancem ent in signal

transm ission after b r ie f h igh-frequency stim ulation . LTP assesses  the functional integrity o f

the hippocam pus and a defic it in LTP su ggests im paired synaptic function. LTP w as induced
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in perforant path-granule cell synapses in hippocampus o f  young rats, administration o f  LPS 

significantly impaired LTP as measured by the mean changes in EPSP slope in the last 10 

minutes o f  recording (***p<0.001; ANOVA; F(i_4 0 )=l 13.2, Figure 5.3 B). The mean changes in 

EPSP slope in the last 10 minutes o f  recording also revealed a significant deficit in LTP in 

hippocampus o f  aged compared with young rats 0.001; ANOVA; F(i 40)=850.9, Figure 

5.4 B). Intrahippocampal injection o f  CD200Fc rescued the LPS-induced impairment and 

reduced the age-induced depression o f  LTP (LPS alone versus LPS with CD200Fc; ^^^p< 

0.001; ANOVA; F(i 40)=417.1, Figure 5.3, Aged versus Aged with CD200Fc, ^^p< 0.001; 

ANOVA, F(|_40)=452.8, Figure 5.4).

5.3.3 Aged-related changes in hippocampus

Aging can be characterised by the progressive deterioration in biological function, however, 

the underlying causes for this almost inevitable decline have yet to be established. 

Synaptophysin is the most abundant synaptic vesicle protein and its expression is indicative o f  

synaptic density (Valtorta et a i ,  2004). The data indicated that synaptophysin expression was 

decreased in tissue prepared from hippocampus o f  aged, compared with young, rats (*p<0.05; 

Student’s /-test. Figure 5.5). Western immunoblotting and densitometric data also show a 

significant decrease in CD200 expression in hippocampal tissue prepared from aged, 

compared with young, rats (*p<0.05; Student’s /-test. Figure 5.6).

5.3.4 CD200Fc attenuated age-induced markers o f glial activity in hippocampus

It is well documented that enhanced reactivity o f  microglia and astrocytes is one o f the 

manifestations o f  the aging brain (Cotrina & Nedergaard, 2002; Lynch, 2008). The ‘Molecular 

Inflammatory Process o f  Aging’ proposed by Chung and colleagues (2006), suggests that 

dysregulation o f  reduction/oxidation activity during aging leads to enhanced oxidative stress, 

which is a major risk factor for an increased inflammatory profile.

There was an age-related increase in MHC II mRNA expression, a marker o f  microglial 

activation, in hippocampal tissue prepared from aged, compared with young, rats (*p<0.05;
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A N O V A ; F(3_i9)=4. 148, F igure 5.7). The age-related increase w as significantly attenuated in 

h ippocam pus o f  aged an im als  that received CD 200Fc, com pared  with age-matched controls 

('^p<0.05; A N O V A , F igure 5.7). C ryostat sections prepared from brain tissue o f  young and 

aged anim als illustrated an age-related increase in M H C  11 im munoreactiv ity  in h ippocam pus 

(Figure 5.8). Positive expression appears as b row n D A B  staining and the sections were 

counter-stained with D A PI, which appears blue. The representative m icrographs o f  the dentate 

gyrus and fornix region o f  h ippocam pus show  an age-related increase, which appears to be 

attenuated in aged an im als  that received CD200Fc. M H C  11 permits antigen presentation 

between m icroglia and T  cells, however, expression and engagem ent o f  co-stimulatory 

molecules are required for T cell activation. C D 40 is a co-stimulatory m olecule found on 

microglia and it interacts with its cognate ligand on T cells. C D 40L  m R N A  expression was 

also increased in hippocam pal tissue prepared from aged, com pared  with, young, rats, (data 

not show n) while adm inistration  o f  C D 200Fc significantly attenuated the age-related increase 

in hippocampal C D 40L  mRlMA expression, com pared with age-m atched controls (data not 

shown).

Under certain circum stances  astrocytes act as im m une effector cells o f  the CNS, releasing 

cytokines and perform ing  antigen presenting functions (L ieberm an et al., 1989; C ollawn & 

Benveniste, 1999). Astrocytosis  is associated with an up-regulation in the intermediate 

filament protein, G FA P. T he data  show  an age-related increase in G FA P m R N A  in 

hippocam pus o f  aged, com pared  with young, rats (*p<0.05; A N O V A ; F(3j8)=4.277, Figure 

5.9). This increase w as attenuated in h ippocam pus o f  aged animals that received C D 200Fc 

(> < 0 .0 5 ;  A N OVA).

Most brain pathologies are accom panied by neuroinflam m ation and an accom panying  up- 

regulation in N O  and superoxide, along with their derivatives reactive nitrogen and oxygen 

species (RN S, ROS). Astrocytes and microglia are the prim ary source o f  N O , due to increased 

iNOS expression. Like RO S, N O  and its derivatives are toxic and can lead to disruption o f  

neuronal function (B row n, 2007). There was an age-related increase in iNOS m R N A  

expression in tissue prepared from hippocam pus o f  aged, com pared  with young, rats (*p<0.05; 

A NO V A ; F(i,36)=5.007, F igure 5.10). A dm inistration o f  C D 200Fc failed to significantly 

modulate this increase in h ippocam pus o f  aged rats, com pared  with aged-m atched control
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animals (Figure 5.10; p=0.07). Oxidative damage was assessed by 8-OHdG staining and 

representative micrographs o f immunoreactivity in cryostat sections from young and aged rats, 

which received CD200Fc or saline, are shown in Figure 5.11. Although the quality o f the 

micrographs shown is inferior, they do indicate an increase in 8-OHdG immunoreactivity in 

the dentate gyrus region o f hippocampus in tissue from aged, compared with young, rats. 

Representative micrographs also show an apparent decrease in 8-OHdG immunoreactivity in 

aged animals that received CD200Fc, compared with age control-treated animals. This 

staining protocol has since been optimised and micrographs suitable for publication display 

the same pattern demonstrated here.

5.3.5 CDlOOFc increases AKTphosphorylation

lGF-1 is a polypeptide hormone that is important during development and has restricted 

distribution in the adult brain. It plays a role in inducing proliferation and neurogenesis in the 

hippocampus throughout life and decreasing levels of lGF-1 have been associated with 

impaired synaptic plasticity (Anderson et al., 2002). lGF-1 stimulates the AKT/Pl-3 kinase 

signalling cascade, which is fundamental in cell survival, growth and proliferation (Willaime- 

Morawek el a l ,  2005; Zheng & Quirion, 2006). There was an overall CD200Fc-related 

increase in lGF-1 concentration in hippocampus o f rats (*p<0.05; ANOVA; F(i,i6)=7.496, 

Figure 5.12). While Western immunoblotting revealed a decrease in pAKT in hippocampus o f 

aged, compared with young, rats that was significantly reversed in aged animals that received 

CD200 (*p<0.05; V O -05 ; ANOVA; F(ij4)=15.04, Figure 5.13).
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Figure 5.1. CD200Fc attenuated the LPS-induced increase in mRNA 
expression and release of pro-inflammatory cytokines in mouse primary 
glial cells.

LPS (l|ig/m l; 24 hours) induced a significant increase in IL-ip, IL-6 and 
TNF-a mRNA expression (A,C and E) and release (B, D and F) in mixed glia 
cultured from wildtype mice, (*p<0.05, **’p<0.001; ANOVA). Pre-treatment 
with CD200Fc (2.5|uig/ml) attenuated the increase in pro-inflammatory 
cytokine expression in primary mixed glia (^p<0.05, ^^p<0.01, ^^p<0.001; 
ANOVA). Values for Q-PCR are presented as means (±SEM; n=6) expressed 
as a ratio to p-actin mRNA and standardised to a control sample. Values for 
cytokine release are presented as means (±SEM; n=6) and expressed as pg of 
cytokine/ml.
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Figure 5.2. CD200Fc attenuated the LPS-induced increase in nitrite 
concentration in primary rat mixed glia.

LPS induced a significant increase in nitrite concentration in mixed glial 
cells prepared from neonatal rats (*p< 0.05; ANOVA; F (4 |4)=4.046). Pre
treatment with CD200Fc dose dependently attenuated this increase ('^p<0.05; 
ANOVA). Values are presented as means (±SEM; n=4) and expressed as 
|iM  Nitrate.
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Figure 5.3. CD200Fc rescues LPS-induced impairment of LTP.

(A) A high frequency train of stimuli to the perforant path induced an 
immediate and sustained increase in EPSP slope in control-treated rats, 
which was attenuated by ip injection of LPS (100|xg/kg; p<0.001; 
ANOVA). Intrahippocampal injection of CD200Fc (10|j.g/5 1̂ injection) 
reduced the LPS-induced depression of LTP (p<0.001; ANOVA; n=6).

(B) The mean changes in EPSP slope in the last 10 minutes of the experiment 
revealed a significant LPS-induced decrease in the mean percentage change 
in the EPSP slope (**’p<0.001; ANOVA; F̂ , 4Qpll3.2), which was 
significantly attenuated in rats that received CD200Fc (^^^p<0.001; 
ANOVA; F(, 40)=417.1).
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Figure 5.4. CD200Fc rescues the age-induced impairment of LTP.

(A) A high frequency train of stimuli to the perforant path induced an 
immediate and sustained increase in EPSP slope in young control-treated 
rats that was attenuated in aged animals (p<0.001; ANOVA;). 
Intrahippocampal injection of CD200Fc reduced the age-induced 
depression of LTP (p<0.001; ANOVA; n=6).

(B) The mean percentage changes in EPSP slope in the last 10 minutes of the 
experiment revealed a significant age-induced decrease (***p<0.001; 
ANOVA; F(, 40)=850.9), this was attenuated in rats which received 
CD200FC C^+p<0.001; ANOVA; F„ 4o,=452.8).
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Figure 5.5. Synaptophysin expression decreases in hippocampus with age.

There was a significant decrease in synaptophysin expression in hippocampal 
tissue prepared from young, compared with aged, rats (*p<0.05; Student’s t -  

test, densitometric units equalised to p-actin, n=6).
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Figure 5.6 CD200 expression decreases in hippocampus with age.

There was a significant decrease in CD200 expression in hippocampal tissue 
prepared from young, compared with aged, rats (*p<0.05; Student’s /-test; 
densitometric units equalised to p-actin, n=6).
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Figure 5.7. CD200Fc attenuated the age-induced increase in MHC II 
mRNA expression in hippocampus.

There was an age-related increase in MHC II mRNA expression in 
hippocampus o f aged, compared with young, rats. (*p<0.05; ANOVA; 
F(3 |9)=4.148). Administration o f CD200Fc significantly attenuated this 
increase C^p<0.05; ANOVA). Values are presented as means (±SEM; n=6) 
expressed as a ratio to P-actin mRNA and standardised to a control sample.
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'  I ‘-'JJ '; *  ■ ■■ ■' • •  »  ■* ' ' - ^ 1 'W  ' ,  V'  ' .T^— Vi s ^ ; - T- 7  L î-̂ ,
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Young Control Young CD200Fc

Aged Control Aged CD200FC

Figure 5.8, CD200Fc attenuated the age-related increase in hippocampal 
MHC II expression.

MHC II expression was assessed in cryostat sections from young and aged 
animals using immunohistochemistry. Increased MHC Il-positive staining 
was observed in the dentate gyrus and fornix of aged, compared with young, 
rats and this appeared to be attenuated in aged animals that received 
CD200Fc.
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Figure 5.9. CD200Fc attenuated the age-induced increase in GFAP 
mRNA in hippocampus.

There was an age-related increase in GFAP mRNA expression in 
hippocampus o f aged, compared with young, rats. (*p<0.05; ANOVA; 
F(3 i8)“ 4.277). Administration o f CD200Fc significantly attenuated this 
increase (^p<0.05; ANOVA). Values are presented as means (±SEM; n=6) 
expressed as a ratio to P-actin mRNA and standardised to a control sample.
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Figure 5.10. iNOS mRNA expression was increase in hippocampus with 
age.

There was an age-related increase in iNOS mRNA expression in 
hippocampus of aged, compared with young, rats. (*p<0.05; ANOVA; 
F(i 36)=5.007). Administration of CD200Fc failed to significantly alter this 
increase (aged control versus aged CD200; p=0.07). Values are presented as 
means (±SEM; n=6) and expressed as a ratio to P-actin mRNA and 
standardised to a control sample.
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Figure 5.11. CD200Fc attenuated the age-related increase in 
hippocampal 8-OHdG expression.

8-OHdG expression was assessed in cryostat sections from young and aged 
animals using immunohistochemistry. Increased 8-OHDG-positive staining 
was observed in the dentate gyrus o f aged, compared with young, rats and 
this appeared to be attenuated in aged animals that received CD200Fc.
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Figure 5.13. CD200Fc attenuated the age-related decrease in pAKT in 
hippocampus.

There was an age-related decrease in pAKT concentration in hippocampus 
of aged, compared with young, rats. (*p<0.001; ANOVA; F̂ , ,4pl5.04). 
Administration of CD200Fc significantly attenuated this increase (^p<0.05; 
ANOVA). Values are presented as means (±SEM; n=6) and expressed as a 
ratio to P-actin.
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5.4 Discussion

The primary objective o f  the above experiments was to investigate the potential anti

inflammatory action o f  CD200Fc. In vitro, CD200Fc attenuated the LPS-induced increase in 

pro-inflammatory cytokines and NO production in primary mixed glia, while in vivo, the 

fusion protein reversed markers o f  microgliosis, astrogliosis and oxidative stress in 

hippocampus o f  aged animals.

An inflammatory phenotype within the CNS is associated with synaptic dysfunction and has 

been correlated with cognitive decline (Lynch 2008). Data from this laboratory have indicated 

that shifting the phenotype o f  microglia from a reactive to a quesient state can have a 

beneficial outcome on the functional integrity o f  the hippocampus, determined by LTP (Lynch 

et al., 2004). in the current study administration o f  CD200Fc directly into the hippocampus 

abrogated the LPS- and age-induced impairment in LTP recorded from perforant path-granule 

cell synapses. At a cellular level, CD200Fc attenuated the enhanced inflammatory profile 

observed in hippocampus o f  aged animals, down-regulating the age-related increase in MHC 

II and GFAP, in addition to reducing markers o f  oxidative stress. Finally, it was observed that 

CD200Fc enhanced IGF-1 concentration in hippocampus and reversed the age-related 

decrease in AKT phosphorylation.

Induction and maintenance o f  LTP is used as a correlate for synaptic plasticity within the 

hippocampus. Here peripheral administration o f  LPS induced impairment in LTP in the 

perforant path-granule cell synapses. LPS is a potent, prototypical endotoxin derived from the 

cell wall o f  Gram-negative bacteria and can rapidly stimulate an immune response. It is well 

documented that peripheral administration o f  LPS impairs neuronal function; its induction of 

sickness behaviour and ability to inhibit learning and memory are indicators o f  this (Dantzer et 

al., 1998). The findings o f  the current study show that a peripheral LPS challenge impairs LTP 

in hippocampus, which has been reported previously (Vereker et al., 2000). LPS activates 

TLR4, which induces a series o f  signalling events leading to an inflammatory response 

(O'Neill, 2002). Much o f  the literature does not reveal a direct role for LPS in impairing LTP, 

but suggests that an LPS-induced up-regulation in central IL -ip  is responsible for synaptic 

dysfunction (Kelly et al., 2001). The presence o f  IL -ip  in the CNS after peripheral
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administration of LPS has been found in many brain regions within 6 hours (Quan et al., 

1994). Quan (1994) demonstrated that the source of IL-ip in the brain was not from the 

circulation but was secreted from brain cells after the peripheral inflammatory stimulus, which 

in turn can perpetuate an immune response within the CNS. It is widely accepted that IL-1(3, 

formally recognised simply as an endogenous pyrogen, can have a negative impact on brain 

function. In the current study it is proposed that the LPS-related impairment in the 

maintenance o f LTP is due to an enhanced hippocampal pro-inflammatory profile, 

corroborating previous findings from this laboratory (Kelly et a l ,  2001).

An age-related deficit in the maintenance of LTP was also observed. A common thread 

between LPS- and age-related cognitive dysfunction is an enhanced inflammatory profile in 

hippocampus, which is also believed to be a major component in the pathogenesis o f 

neurodegenerative disease (Block & Hong, 2005). Similar to the LPS-induced deficit in LTP, 

IL-ip is reported to play a key role in age-associated impairment. Consistent with the current 

study, others have shown an age-related deficit in synaptic plasticity described by an increase 

in LTP decay rate at the perforant path-granule cell synapse (Barnes, 1979; O'Donnell el al., 

2000). O'Donnell (2000) and colleagues reported that the age-related impairment in LTP was 

coupled with an increase in IL-ip concentration in the dentate gyrus. The causative 

relationship between an enhanced inflammatory profile and a deficit in LTP has been 

substantiated by many research groups (Bach et a l ,  1999; Kelly et a l ,  2001). Direct 

administration of inflammatory mediators into hippocampus can inhibit LTP, while animals 

subjected to a stress protocol that induces an up-regulation in inflammatory markers in 

hippocampus are also unable to sustain LTP (Lynch, 1998; Murray & Lynch, 1998). In 

addition to pro-inflammatory cytokines, an age-related increase in ROS has been implicated as 

exerting a negative impact on neuronal function (O'Donnell et al., 2000). In the current study 

CD200Fc attenuated the age-related increase in surface markers o f microglial activation and 

oxidative stress in hippocampus. It is proposed that the age-induced impairment in LTP is 

associated with the increased inflammatory profile and an enhanced oxidative state.

Both the LPS- and age-related deficit in LTP was reversed by CD200Fc. CD200Fc is a 

chimeric protein consisting o f the external region of the immuno-suppressive molecule CD200 

linked to a murine IgG2a region. Previous studies have demonstrated the beneficial immune-
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regulating action o f  this fusion protein during an inflammatory insult or tissue transplantation, 

however, it ability to modulate synaptic function has not been examined (Gorczynski et a l,  

1999; Gorczynski et a l,  2001; Liu et a l,  2010). In a study by Gorczynski (2001) 

administration o f  bovine collagen emulsified in Freund’s adjuvant induced arthritic 

symptomologies, but animals that received CD200Fc post-immunisation did not develop the 

autoimmune disease and presented with lower serum levels o f  TN F-a and IFNy. Another 

research group demonstrated the proclivity o f  CD200Fc to reduce the severity o f  established 

collagen-induced arthritis at a clinical and histological level, while also decreasing expression 

o f  pro-inflammatory cytokines in the synovium (Simelyte et a l,  2008). These studies reveal 

the ability o f  CD200Fc to restrain immune activity and limit inflammation, thus preventing or 

decreasing collateral tissue damage. The present data indicate that CD200Fc is capable of 

attenuating the negative impact o f  ageing or LPS on synaptic function. A heightened 

inflammatory profile is correlated with a decrease in synaptic plasticity and a plethora of 

researchers have revealed CD200Fc to have immuno-suppressive properties, therefore it is 

suggested that CD200Fc maintains synaptic integrity through acting as an anti-inflammatory 

agent (Loane et a l,  2007; Lynch et a l,  2007).

Data from this laboratory have established that various agents with anti-inflammatory 

properties have a beneficial action on synaptic function. The anti-diabetic drug rosiglitazone 

and the NCAM-mimetic peptide FGL have been shown to exert an anti-inflammatory action in 

vivo by decreasing expression o f  markers o f  microglial activation, as well as reversing the age- 

related deficits in LTP (Loane et a l,  2007; Downer et a l,  2008). Both drugs also reversed the 

age-related decrease in the anti-inflammatory cytokine IL-4. The mechanism by which 

CD200Fc exerts its effect on LTP has yet to be elucidated; however, others have shown 

increased lL-4 production from splenocytes in animals that received CD200Fc intravenously. 

Therefore, it is possible that CD200Fc may up-regulate IL-4 production from glia cells, when 

administered centrally, thus modulating the inflammatory profile in the brain and restoring 

synaptic function.

Analysis o f  hippocampal tissue revealed an age-related decrease in the synaptic vesicle protein 

synaptophysin. Synaptophysin is an abundant synaptic protein and its ubiquitous expression 

contributes to its use as a marker o f  synaptic density (Eastwood et a l,  1995). The finding that
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it was decreased in hippocampus with age is consistent with reports from other researchers, 

who found lower vesicle density and reduced synaptophysin content in hippocampus o f aged 

rats (Davies et ai ,  2003). The functional relevance o f this protein in synaptic plasticity was 

highlighted by a study demonstrating that the ability o f aged animals to synthesise 

synaptophysin following LTP was reduced. Interestingly, it has been shown in a human study 

that decreased synaptophysin expression correlated with cognitive decline in AD patients (Sze 

et ai ,  1997; Ando et al ,  2002). Here the age-associated decrease in hippocampal 

synaptophysin expression may reflect a decline in neuronal connectivity, making synaptic 

transmission more vulnerable to inflammatory damage and contributing to the deficit in LTP.

Expression o f CD200 was also found to be decreased in hippocampus o f aged animals. CD200 

is a membrane bound glycoprotein that can induce immuno-suppression following 

engagement with its cognate receptor, expressed on myeloid cells. It is believed that CD200, 

which is found on neurons, endothelial cells and astrocytes (see Figure 4.6 and 4.7) plays a 

critical role in maintaining microglia in a quiescent state (Hoek et al ,  2000). The down- 

regulation in hippocampal CD200 expression was paralleled by an increase in markers o f 

inflammation and could be a factor in age-associated inflammatory changes that have been 

established by others (Griffm et ai ,  2006; Gorczynski & Terzioglu, 2008). Here it is proposed 

that the decrease in CD200 perturbs homeostasis in the aged brain and removal o f this 

immune-suppressive influence contributes to the shift in activation state of microglia.

Both MHC 11 mRNA and immunoreactivity were increased in hippocampus prepared from 

aged, compared with young, rats. MHC II is a marker o f microglial activation and is required 

for the presentation o f processed antigens to T cells (Carson & Sutcliffe, 1999). In contrast 

with other antigen presenting cells, microglia constitutively express MHC II at very low levels 

so an up-regulation in this molecule in the CNS is indicative o f inflammatory activity 

(Wekerle et ai ,  1986). MHC II can activate T cells when co-stimulatory molecules are 

expressed, resulting in an enhanced inflammatory response (Collawn & Benveniste, 1999). 

Simultaneous expression increases the avidity and duration o f the APC-T cell coupling. Here 

the increase in MHC II was accompanied by a concurrent increase in CD40L mRNA 

expression in hippocampus o f aged animals (data not shown). Together, these findings suggest 

enhanced immune activity in hippocampus with age, which is in agreement with data
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previously reported by this and other laboratories (Lynch et al ,  2007; Richwine et al ,  2008; 

Cowley et a l ,  2010). Interestingly, CD200Fc attenuated an age-related increases in MHC II 

and CD40L expression in hippocampus. Thus far, the action o f  CD200Fc has not been 

examined on age-related inflammatory changes. However, CD200Fc administered 

subcutaneously during the chronic stage o f  EAE reduced disease severity, demyelination and 

axonal damage and, consistent with the current study, there was a decrease in MHC 11 and NO 

expression in the CNS o f  these animals (Liu et al ,  2010).

In addition to CD200Fc modulating microglial activity, Liu (2010) reported that it attenuated 

astrocytic activity and decreased MHC II expression on this cell type. The current findings 

demonstrated that CD200Fc decreased the age-related increase in GFAP mRNA expression, 

also suggestive o f  a dampening o f  astrocytic activity. Much o f  the literature focuses o f  MHC 

II expression on microglia, although under certain circumstances astrocytes are capable of 

expressing this polymorphic molecule and partaking in antigen presentation (Collawn & 

Benveniste, 1999; Zeinstra et al ,  2000). Moreover, Chitnis (2007) reports that CD200R is not 

strictly restricted to cells o f  the myeloid lineage but can be found on astrocytes and this 

expression was increased after induction o f  EAE. With the current study in mind, it is possible 

CD200Fc attenuated MHC 11 mRNA expression through acting directly on astrocytes, as well 

as microglia, this is further validated by the finding that CD200Fc attenuated the age-related 

increase in GFAP.

The ‘DNA damage theory o f  aging’ proposes that the progressive and irreversible 

accumulation o f  DNA damage results in cellular senescence and cell dysfunction (Hamilton et 

al,  2001). This hypothesis has gained acceptance due to the strong correlation between 

increasing age and enhanced levels o f  oxidative and nitrative damage, particularly in the CNS 

(Nguyen et a l ,  1992; Wolf et al ,  2005). Here iNOS concentration was increased in 

hippocampus o f  aged rats and this was paralleled by an age-related increase in the oxidative 

stress marker 8-OHdG. Synthesis o f  iNOS by activated glial cells leads to the production of 

NO which, like ROS, acts as a free radical that is detrimental to host cells by interfering with 

and damaging DNA (Nguyen et al ,  1992). Many brain pathologies involving 

neuroinflammation are associated with an up-regulation in NO and ROS. O ’Donnell (2000) 

proposed that the increase in inflammatory markers in hippocampus could be a consequence
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of an age-related increase in oxidative stress and found an up-regulation in destructive ROS 

and a decrease in protective antioxidants in hippocampus with age, leading to functional 

alterations and pathological damage. The same laboratory reported the neuroprotective effect 

of polyunsaturated fatty acids in preventing age-related oxidative damage, measured by 8- 

OHdG staining, and neuronal function determined by LTP (Kelly et al., 2010). Here the 

neuroprotective effect o f CD200Fc was demonstrated. Acute administration o f the fusion 

protein caused an apparent decrease in 8-OHdG immunoreactivity in hippocampus o f aged 

rats. Furthermore, in vitro experiments revealed the proclivity o f CD200Fc to attenuate an 

LPS-induced increase in nitrate concentration in mixed glial cultures. Theses results reveal a 

protective role for CD200Fc that is paralleled by its anti-inflammatory properties. The 

mechanism by which CD200Fc restores synaptic function has not been fully elucidated, 

however, the data presented here indicated that it might be due to its proclivity to attenuate 

microglial and astrocytic activity, in addition to regulating nitrative and oxidative stress.

One possible mechanism by which CD200Fc might exert a neuroprotective effects is by 

increasing lGF-1 and AKT phosphorylation in the hippocampus. IGF-1 is a potent activator o f 

AKT. Here the phosphorylated form o f AKT was decreased in hippocampal tissue prepared 

from aged rats; however, an age-related decrease in IGF-1 did not reach statistical 

significance. lGF-1 is a polypeptide hormone that stimulates the proliferation o f a variety o f 

cell types and it believed to play a critical function in stimulating neurogenesis o f progenitor 

cells in the dentate gyrus o f the adult brain (Anderson et a l,  2002). It acts on the AKT/PI-3 

kinase signalling cascade, which is associated with proliferation, cell survival and is required 

for maintenance of LTP. Furthermore, down-regulation in this pathway has previously been 

observed with age (Kelly & Lynch, 2000; Anderson et a l,  2002; Ramsey et a l,  2004; Maher 

et a l,  2006; Downer et a l,  2009). A deficiency in IGF-1 leads to disrupted LTP, while 

administration o f IGF-1 can reverse age-related behavioural and synaptic deficits (Ramsey et 

a l,  2004; Trejo et a l,  2007). Moreover, it has been shown to have neuroprotective properties 

against quinolinate-induced excitotoxicity and IFNy-induced inflammation (Escartin et a l,  

2004; Maher et a l,  2006; Downer et a l ,  2009). Its role in attenuating collateral damage during 

an acute inflammatory episode or chronic inflammation, for example during 

neurodegenerative disease, has yet to be revealed. However, levels o f  IGF-1 are consistently 

low in the CNS of AD patients and administration o f the hormone can benefit cognitive
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function (Ramsey et a i ,  2004). Here administration o f  CD200Fc increased hippocampal IGF- 

I concentration, thus it is proposed that CD200Fc can maintaining homeostasis in 

hippocampus o f  aged rats and enhance neuronal function by increasing lGF-1 related 

signalling.

In conclusion, the acute administration o f  CD200Fc had the ability to attenuate LPS- and age- 

related deficits in synaptic plasticity. CD200Fc down-regulated markers associated with 

inflammatory activity and oxidative damage in primary glial cells, in addition to hippocampus 

o f  aged rats, which might contribute to the reversal o f  impaired synaptic function. Finally, the 

data revealed CD200Fc to increase hippocampal concentration o f  the neuroprotective hormone 

lGF-1 and its related signalling, which is likely to play a critical role in sustaining the integrity 

o f  neuronal circuits in this area.
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Chapter 6. Conclusion

Microgliosis has been implicated as an underlying factor in a variety o f  neurodegenerative 

diseases (Block & Hong 2005). It is hypothesised that chronic inflammation is a critical 

mechanism in the progressive nature o f  neurodegeneration, although the triggers o f  various 

disorders may differ. Traditionally microglia were considered the resident immune cells o f  the 

CNS, however, it is now known that astrocytes also have immune effector capabilities and can 

adapt to changes in their microenvironment. The primary objective o f  this thesis was to 

investigate the action o f  novel anti-inflammatory compounds that regulate glial cell activation 

and synaptic function, and therefore may be beneficial in diseases associated with cognitive 

decline.

FGL, a neural cell adhesion molecule-mimetic peptide, was the first compound examined. The 

data show FGL exerted an anti-inflammatory action on primary glial cells that were previously 

exposed to either LPS or Ap. Ap is a peptide associated with the pathogenesis o f  Alzheimer’s 

disease (AD), and like LPS, can recruit and activate microglia resulting in production o f  a 

barrage o f  neurotoxic inflammatory mediators (Pike et al., 1995). The inflammatory stimuli 

induced an increase in cell surface markers o f  activation and pro-inflammatory cytokine 

release from primary mixed glia, which contain both microglia and astrocytes. Incubating glia 

in the presence o f  FGL attenuated markers o f  activation and this attenuation was parelled by 

an up-regulation in the immunosuppressive surface protein CD200. It was suggested that the 

proclivity o f  FGL to act as an anti-inflammatory agent was partially dependent on enhancing 

CD200 expression in vitro. Interestingly, FGL failed to exert an anti-inflammatory action on 

glial cells prepared from CD200-deficient mice, thus reinforcing the proposal that the anti

inflammatory action o f  FGL is CD200 dependent.

The second compound investigated was a CD200 fusion protein (CD200Fc), which is a 

chimera consisting o f  the CD200 ligand ectodomain bound to a murine immunoglobulin 

subunit. Incubating LPS-stimulated mixed glia in the presence o f  CD200Fc abborgated 

markers o f  glial cell activation, similar to the down-regulation exerted by FGL. Finally, the 

anti-inflammatory effect o f  CD200Fc in the CNS was established and its ability to enhance 

synaptic function in the hippocampus revealed. These findings highlight a novel mechanism
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by which enhancing CD200-related signalHng, via exposing cells to FGL or CD200Fc, can 

impact on glial cell activation and subsequently synaptic integrity.

It has previously been reported that engagement o f CD200 with its cognate receptor 

(CD200R) can maintain immune cells in a quiescent state. Furthermore, activation of CD200R 

has been identified as a potential therapeutic target in diseases associated with inflammation. 

Up-regulating CD200-related signalling by administration o f a CD200R agonist or through 

use o f transgenes has been beneficial in preventing inflammatory lung disease, enhancing 

allograft acceptance and reducing severity o f autoimmune disorders, but whether these 

changes apply to the brain have yet to be systematically explored (Hoek et a l,  2000; Simelyte 

el al., 2008; Snelgrove et a l ,  2008; Gorczynski et a l,  2009).

This thesis investigated the dependence o f FGL on CD200 expression in primary mixed glial 

cells. It has been established that these preparations contain approximately 30% microglia and 

70% astrocytes, however cells previously shown to express the ligand, specifically neurons 

and endothelial cells are not present (Downer et al., 2008, Cowly et al., 2010). Therefore, the 

possibility that astrocytes expresse CD200 was considered. The data confirmed expression of 

CD200 on astrocytes in vitro. Thus far, most o f the literature has focused on CD200 expressed 

on neurons and endothelial cells, which engage with CD200R on microglia and consequently 

maintain them in a quiescent state. However, this thesis puts forward the concept that 

astrocytes may also regulated microglial reactivity through CD200-related signalling. The 

heightened state o f activation found in isolated microglial cultures and mixed glia prepared 

from CD200'^" mice could partly be explained by the absence o f an inhibitory signal from 

astrocytes. Astrocytes are one o f the most abundant cells in the CNS, thus manipulating 

CD200 expression on this cell population could give great scope to modulate the activation 

state of microglia.

Inflammatory changes are thought to contribute to an age-related decline in cognitive function 

and play a critical role in the pathogenesis o f neurodegenerative diseases (Town et a l ,  2001; 

Griffin et al., 2006). Here, CD200Fc was revealed to abborgate an LPS-induced impairment in 

the maintenance o f long-term potentiation (LTP). Long-term potentiation o f synaptic 

transmission in the hippocampus is the foremost experimental correlate for investigating the
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synaptic basis o f  learning and memory (Bliss & Collingridge 1993). A peripheral LPS 

challenge can propagate an immune response within the brain and initiate production o f  pro- 

inflammatory cytokines by resident cells (Quan et a l ,  1994). These findings indicate that 

CD200Fc has the ability to restore synaptic function through acting as an anti-inflammatory 

agent within the brain. Furthermore, CD200Fc reversed the age-related impairment in LTP 

and the age-associated increase in markers o f  inflammation in hippocampal tissue. Evidence 

from the literature suggests that hippocampus o f  aged rats display an enhanced inflammatory 

profile and this contributes to a decrease in synaptic plasticity (Lynch, 2010).

There was an age-induced increase in hippocampal expression o f  MHC II, which is suggestive 

o f  enhanced microglial activation, while the age-related up-regulation in GFAP is indicative of 

astrogliosis. Interestingly, a concomitant decrease in hippocampal CD200 expression was 

found, which potentially contributed to the enhanced microgliosis and astrogliosis detected in 

the aged brain. Researchers from this laboratory have described an enhanced inflammatory 

profile in CD200'^' mice, typified by increased MHC II immunoreactivity. Also, there were 

distinct differences in MRI imaging from the CNS o f  CD200-deficient mice compared with 

wildtype animals, however, the functional consequences o f  this have yet to be established 

(unpublished observation). Furthermore, Hoek (2000) described a significant shift in the 

phenotype o f  microglia in the absence o f  CD200. Microglia in CD200’'̂ ' mice display an 

amoeboid morphology with increased CDI l b ,  MHC II and CD45 expression, indicative of 

myeloid cells in a tonically active state. Here there was also a shift in microglial cell activation 

state in hippocampus o f  aged animals, which was paralleled by a decrease in CD200 

expression. It is proposed that a decrease in CD200-related inhibitory signalling distorts 

equilibrium and promotes a pro-inflammatory state. MHC II, CD40L and GFAP were 

attenuated in aged rats that received CD200Fc, thus further substantiating the critical role of 

CD200 in maintaining immune cell homeostasis and its potential application in restoring 

balance during acute and chronic inflammatory insults.

Immune cell activation is intertwined with oxidative and nitrative stress, while increased iNOS 

production is characteristic o f  activated microglia. The brain is particularly susceptible to 

oxidative damage due to low levels o f  endogenous anti-oxidants that further decline with age 

(W olf  et al., 2005). Similar to neuroinflammatory changes, oxidative stress has been
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correlated with impaired synaptic function (O'Donnell et a l,  2000; Kelly et al., 2010). The 

current study found an increase in markers o f oxidative and nitrative stress with age, which 

were attenuated in animals that received CD200Fc. The action o f this fusion protein on LPS- 

induced nitrate production was also examined in vitro and was show to abrogate nitrate 

production in stimulated mixed glial cells. The focus o f this thesis was to investigate the 

modulatory action o f CD200Fc on synaptic plasticity and markers o f microglial activation. 

Others have reported the proclivity o f CD200R agonists to decrease cytokine production and 

NO expression in peripheral macrophages, induced by various inflammatory insults however; 

the effect o f CD200Fc in the hippocampus has not been explored (Hoek et a l,  2000; Copland 

et al., 2007; Snelgrove et a l ,  2008). Combined, these finding indicate a role for CD200 in 

controlling and restricting injurious immune cell activation, both in the CNS and the 

periphery. Manipulating the interplay between CD200 and its receptor can silence glial cell 

activation and promote synaptic plasticity.

If CD200 can restrain immune activity, then the absence o f CD200 throughout the body would 

lead to myeloid cells with an activated, pro-inflammatory phenotype. Glia prepared from 

CD200‘̂ ' animals displayed enhanced expression o f C D l l b  and CD68, which signifies a 

heightened state o f activation, even in the absence o f an inflammatory stimulus. Furthermore, 

the LPS-induced increase in pro-inflammatory cytokine production and surface markers of 

activation was exaggerated in mixed glia cultured from CD200'^‘ mice. These findings 

demonstrate that in the absence o f CD200 glia are more vulnerable to an inflammatory 

challenge, which could be detrimental in vivo, thus resulting in delayed resolution of 

inflammation and instigating collateral tissue damage. From the evidence provided it is 

postulated that the declining levels o f CD200 associated with senescence could render the 

CNS more vulnerable to a pathological challenge and accelerate degeneration. This 

corroborates other research groups that have reported CD200 deficient mice to be more 

susceptible to experimentally-induced autoimmune diseases, displaying a rapid onset of 

symptoms and increased severity o f disease progression at a clinical and histological level 

(Hoek et al., 2000; Copland et a l ,  2007).

The NCAM-mimetic peptide FGL was shown to up-regulate CD200 expression in purified 

astrocytic cultures in vitro, which is consistent with previous reports noting its ability to
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enhance neuronal CD200 expression (Downer et al., 2008). Downer and colleagues (2008) 

demontrated that chronic treatment with FGL restored an age-related deficitet in LTP, which 

was accompanied by an FGL-induced increase in hippocampal CD200 expression and 

concequent decrease in markers o f  microgliosis. The effect o f  FGL on LTP was analogous to 

the reversal o f  synaptic impairment following acute administration o f  CD200Fc. As discussed 

previously, in vitro data reveal the proclivity o f  FGL to act as an anti-inflammatory agent and 

it is proposed that it exerts this action partly through up-regulating CD200 expression on 

astrocytes. The effect o f  FGL was abrogated in glia prepared from CD200'^' animals, thus 

indicating the dependence o f  FGL on CD200 expression. Furthermore, the ability o f  an 

astrocytic membrane preparation to decrease LPS-induced cytokine production from isolated 

microglia was demonstrated, corroborating the hypothesis that interaction between the cell 

membranes o f  astrocytes and microglia plays a critical role in modulating an inflammatory 

response. One o f  the primary outcomes o f  this thesis was the suggestion that astrocytes 

modulate microglial activity through CD200 receptor-1 igand engagement. The current 

evidence indicates that the FGL-induced enhancement o f  synaptic function and decrease in 

microgliosis, repoted by Downer (2008), is not restricted to increased CD200 expression on 

neurons, but also on astrocytes; one o f  the most abundant cell type in the CNS (Wang & 

Bordey, 2008). It would be interesting to investigate the modulatory action o f  astrocytes on 

stimulated microglial cells in the presence o f  a CD200 antibody, as this would give a clearer 

indication as to what extent the immunosuppressive action o f  astrocytes rely upon CD200 

signalling.

Another central finding o f  this thesis was that CD200Fc reversed an age-related and LPS- 

induced impairment in synaptic plasticity. Furthermore, unpublished data from this laboratory 

demonstrates the proclivity o f  CD200Fc to attenuate an A^-induced deficit in LTP (data not 

shown). The mechanisms involved in CD200Fc-induced restoration o f  synaptic integrity have 

yet to be delineated; however, the evidence indicates that inducing and sustaining LTP is 

intertwined with maintaining glia in a quiecent state. Thus, understanding the protective and 

pathogenic inflammatory pathways involved may be advantageous in comprehending the 

association between immune cell activation state and cognitive function. Here it is suggested 

that CD200Fc reduces markers o f  oxidative stress and enhances signalling downstream of
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AKT, both of which are associated with promoting cell survival and are requied for 

maintenance of LTP (Kelly & Lynch 2000; O ’Donnell et al., 2000).

Epidemiological studies have revealed non-steroidal anti-inflammatory drugs (NSAIDs) to be 

beneficial in both; decreasing the probability o f developing a neurodegenerative disease and 

significantly increasing the age o f onset (Walker et a l ,  2009; Wilkinson et a l ,  2010). 

Evidence that NSAIDs can reduce age-associated cognitive decline adds gravitas to a principal 

finding of this thesis; the anti-inflammatory agent CD200Fc reversed markers o f glial cell 

activation and an age-related deficite in LTP, which is considered a cellular correlate for 

learning and memory. AD is an irreversal progressive neurodegenerative disorder that is 

diagnosed post-mortem by the presence o f Ap plaques. Its pathogenesis is correlated with an 

enhanced inflammatory profile, and senescence is a primary risk factor for developing the 

disease (Town et al., 2001). A recent study identified lower levels o f CD200 expression in AD 

pathological brain regions compared with tissue from aged-matched non-demented patients 

(Walker et al., 2008). This finding is consistent with the documented increase in microglial 

activation in brain regions associated with AD and further validateds investigating 

CD200/CD200R interaction to maintain immune-cell homeostasis and prevent a pretured 

inflammatory profile.

In spite o f promising indications from longitudinal studies and animal models, the beneficial 

effect o f NSAIDs has not been reproduced in clinical trials (Sastre & Gentleman, 2010). The 

failure o f such trials has been attributed to various factors; from timing o f drug administration, 

NSAIDs may not be effective once symptoms are evident, to concentration and penetration of 

the blood-brain barrier, which may be compromised as the disease progresses (Sastre & 

Gentleman 2010). NSAIDs have a diverse array o f molecular targets, therefore, for a drug to 

be neuro-protective it would ideally target a processes implicated in the pathogenesis o f the 

disease in question. Although many signalling pathways associated with neurodegeneration 

have not been sufficiently delineated, microglial cell activation is a common denomintator 

among these diseases (Block & Hong 2005). Evidence from this thesis indicates the 

therapeutic potential o f enhancing CD200/CD200R signalling, yet the medhod used to deliver 

CD200Fc, an intrahippocampal infusion, would not be feasible clinically. FGL was 

highlighted as a novel mechanism to up-regulate CD200 expression; however, as FGL is a
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peptide it can  not be taken orally, and would rely on intravenous or intranasal administration. 

Therefore, further studies should focus on less invasive m ethods o f  m anipulating  endogenous 

C D 200 expression  or enhancing CD200-related signalling to further elucidate strategies that 

are clinically applicable.
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Appendix: Mean Data

Chapter 3

Rat Mixed Glial Cells
LPS |ig/ml

RQ Control FGL
10|u.g/ml

FGL 
1 M-g/ml

FGL
10|J,g/ml

FGL

CD40
mRNA

0.94±0.11 1.04±0.25 8.24±0.74 6.04±0.23 1.34±0.35 1.2745±0.41

Table I. Raw data from dose response curve, LPS and FGL-treated rat mixed glia. 
Values are expressed as means ± SEM.

Rat Mixed Glial Cells
Variable Units

Control LPSl|ag/m l FGL10|ag/ml FGL+LPS
GDI lb  mRNA

(RQ) 2.20±0.46 12.33±1.91 3.31±0.97 8.08±1.07
IL -Ip  mRNA

(RQ) 2.71±0.82 294.48±88.21 21.25±11.82 148±30.71

IL- l p (pg/ml)
11.72±4.25 153.80±17.86 15.85±4.27 67.82±10.29

lL-6 (pg/ml)
91.20±51.97 2147.35±310.89 176.48±81.56 1554.01±195.68

Table II. Raw data from LPS and FGL-treated rat mixed glia. Values are expressed as 
means ± SEM.



Variable
Units

Rat M ixed Glial Cells

Control LPS FGL+
LPS

SU5402

10
Mg/ml

10 |ig/ml 
FGL+LPS

25 |J.g/ml 
FGL+LP 

S

50 (xg/ml 
FGL+LPS

IL -ip
mRNA 5.62 136.91 71.0 N/A 112.21 218.98 N/A

(RQ) ± ± ± ± ±
4.40 20.35 13.0 45.14 17.73

IL-ip
(pg/ml) 11.72 153.79 67.82 15.85 50.74 82.09 136.33

± ± ± ± ± ± ±
4.25 17.86 10.29 4.27 15.73 12.99 21.57

Table III. Raw data from LPS, FGL and SU5402-treated rat mixed glia. Values are 
expressed as means ± SEM.

Isolated Vlicroglia
Variable Units

Control LPSl fj,g/ml FGLlO^g/ml FGL+LPS

IL-ip mRNA
(RQ)

0.62±0.10 1.90±0.59 0.67±0.11 3.37+0.57

lL-1 P (pg/ml) 270.38±41.9 461.63±33.29 207 .16± 17.69 328.69+8.99

Isolated Astrocytes
IL- ip mRNA

(RQ) 0.76±0.080 356.52±13.19 0.59±0.08 289.78+11.91

Table IV. Raw data from LPS and FGL-treated isolated m icroglia and astrocytes. Values 
are expressed as means ± SEM.



Variable
Units

Rat Mixed Glial Cells
Control LPS AP25-35

IMm lO^M 20|iM 50|aM

MHC 11 0.95 0.93 0.91 0.87 1.44 1.92
m RNA (RQ) ± ± ± ± ± ±

0.02 0.08 0.05 0.05 0.15 0.20

Control
I L - i p m R N A

(RQ) 7.16±2.93 7.42±2.33 17.13±5.094 44.99±15.74
2.34±0.61

lL-1 p 14.42±2.55 20.23±4.71 21.20±5.41 25.28±4.29 35.72±7.04
(pg/m l)

Table V. Raw data from LPS and AP-treated rat mixed glial cells. Values are expressed 
as means ± SEM.

Rat Mixed Glial Cells
RQ

Control A p25-35 20^M FG L 10,g/m l F G L + AP 25-35

CD40 mRNA 0.58±0.18 1.48±0.38 0.46±0.07 1.71±0.28

I L - i p m R N A 2.75±0.66 12.65±3.88 1.32±0.76 1.39±0.31

Table VI. Raw data from AP and FGL-treated rat mixed glia cells. Values are expressed 
as means ± SEM.
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RQ
Mouse Mixed Glial Cells

W ildtype CD200'^'

C D l l b m R N A 1.40±0.50 7.14±0.88

CD68 mRNA 1.05±0.24 6.39±0.60

Table VII. Raw data from mixed glia prepared from wildtype and CD200'^" mice. Values 
are expressed as means ± SEM.



M ouse M ixed Glial Cells
Variable

Units Wildtype CD200'^-

Control LPS FGL FGL+
LPS

Control LPS FGL FGL+
LPS

CD40
mRNA

(RQ)

0.28
±

0.18

24.48
±

8.69

0.16
±

0.01

0.06
±

0.02

0.04
±

0.01

54.0
±

18.51

0.02
±

0.004

52.32
±

11.37
lCAM-1
m RNA

(RQ)

2.12
±

0.48

91.06
±

19.75

2.27
±

0.50

1.09
±

0.41

2.73
±

0.47

148.38
±

18.18

2.78
±

0.34

177.21
±

27.56
C D l lb 
mRNA

(RQ)

1.40
±

0.50

4.51
±

0.76

1.57
±

0.25

1.24
±

0.16

7.14
±

0.96

23.99
±

2.07

9.16
±

1.27

28.38
±

2.94
IL -ip

mRNA
(RQ)

0.37
±

0.20

8.13
±

0.68

0.97
±
0.32

0.66
±

0.13

0.59
±

0.066

13.08
±

0.75

0.82
±

0.21

17.21
±

1.25
1L-1|3

(pg/ml)
3.47

±
1.04

18.66
±

4.07

1.86
±

0.98

0.48
±

0.20

4.17
±

3.13

464.31
±

151.40

2.24 
±

2.24

355.61
±

124.04
TN F-a
mRNA

(RQ)

12.24
±

7.62

113.98 
± 

14.18

6.36
±
3.18

3.77
±

0.71

6.93
±

2.02

176.21
±

15.67

11.04
±

1.75

219.64
±

23.08
TN F-a
(pg/ml)

94.63
±

63.37

1322.5
±

184.85

355.4
±

70.09

231.20
±

112.57

57.15
±

37.53

5507.4
±

429.94

309.70
±

176.45

5092.43
±

179.88
lL-6

mRNA
(RQ)

65.65
±

14.97

336.94
±

32.91

36.69
±

10.77

83.59
±

21.68

22.11
±

6.44

551.38
±

98.98

39.78
±

8.98

606.96
±

37.47
lL-6

(pg/ml) 42.16
±

5.92

6526.1
±

312.87

100.54
±

20.47

51.73

11.50

90.66

13.91

18642

136.79

113.89 

17.28

18231.9
2

352.79

Table VIII. Raw data from LPS and FGL-treated mixed glia prepared from wildtype and 
CD200'^‘ mice. Values are expressed as means ± SEM.



Arbitrary Units
Isolated Astrocytes

Control FGL

CD200 0.33±0.04 0.53±0.04

Table IX. Raw data from purified mouse astrocytes exposed to FGL. Values are 
expressed as means ± SEM.

Variable Units

Isolated M icroglia

Control LPS Astrocytic
M embrane

M embrane+
LPS

IL-ip mRNA
(RQ)

0.46±0.20 9.43±1.14 3.27±1.03 2.16±0.83

TN F-a mRNA
(RQ)

5.09±1.83 22.48±1.68 10.75±3.548 11.09±3.40

TNF-a(pg/m l) 8.81±4.55 52.78± 10.44 3.21±0.88 4.52±1.63

IL-6 mRNA
(RQ)

3.76±1.66 45.46±12.44 3.13±1.45 18.04±I2.76

lL-6 (pg/ml) 6.53±1.S5 22.26±4.75 6 .16± 1.43 8.63±1.78

LDH Assay 
(% o f  Control)

100±0 103.94±0.80 96.47±0.26 98.69±1.96

Table X. Raw data o f purified mouse microglia exposed to LPS and astrocytic membrane 
fraction. Values are expressed as means ± SEM.
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LTP

Young
Control

Young
CD200FC

Young LPS Young
CD200FC+LPS

% EPSP Slope
118.07±0.25 124.45±0.49 107.51±0.28 124.08±0.42

(Last 10 minutes)

Young
Control

Young
CD200FC

Aged
Control

Aged
CD200FC

153.17±0.90 148.24±0.67 113.49±0.35 147.73±0.72

Table XI. Raw data o f  LTP in perforant path-granule cell synapses. Values are expressed 
as means ± SEM.

Arbitrary Units
Hippocampal Tissue

Young Aged

Synaptophysin 1.35±0.05 1.18±0.05

CD200 6.30±0.61 4.12±0.60

Table XII. Raw data from young and aged hippocampus. Values are expressed as means 
± SEM.



Variable Units
Hippocampal Tissue

Young Control Young
CD200FC

Aged
Control

Aged
CD200FC

GFAP mRNA
(RQ) 0.68±0.095 0.718±0.05 I.14±0.15 0.83±0.06

MHC II mRNA
(RQ) 0.81±0.06 0.90±0.06 1.08±0.07 0.87±0.03

CD40 mRNA
(RQ) 0.68±0.145 0.92±0.17 1.47±0.30 0.50±0.12

iNOS mRNA
(RQ) 2.44±0.64 2.99±0.91 5.63±1.19 3.34±0.39

IGF-1 (pg/ml) I35.24±23.30 I90.46±33.16 82.27±I5.90 162.28±23.33
pARK 

(Arbitrary Units) 37.34±4.31 32.12±5.65 11.58±2.55 20.96±3.03

Table XIII. Raw data from hippocampus o f  young and aged rats that received CD200Fc. 
Values are expressed as means ± SEM.

Variable
Units

Rat Mixed Glia! Ceils

Control LPS
CD200FC (|ig/m l) + LPS

2.5 5 7.5 5+LY294002

Nitrire 0.76 1.40 0.97 0.71 0.59 0.76
(^M ) ± ± ± ± ± ±

0.10 0.44 0.12 0.14 0.10 0.05

Table XIV. Raw data o f  rat mixed gha treated with LPS and CD200Fc. Values are 
expressed as means ± SEM.
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Abstract
Microglial cell activity increases in the rat hippocampus during 
normal brain aging. The neural cell adhesion molecule 
(NCAM)-derived mimetic peptide, FG loop (FGL), acts as an 
anti-inflammatory agent in the hippocampus of the aged rat, 
promoting CD200 ligand expression while attenuating glial cell 
activation and subsequent pro-inflammatory cytokine pro
duction. The aim of the current study was to determine if FGL 
corrects the age-related imbalance in hippocampal levels of 
insulin-like growth factor-1 (IGF-1) and pro-inflammatory 
interferon-y (IFNy), and subsequently attenuates the glial 
reactivity associated with aging. Administration of FGL re
versed the age-related decline in IGF-1 in hippocampus, while 
abrogating the age-related increase in IFNy. FGL robustly 
promotes IGF-1 release from primary neurons and IGF-1 is

pivotal in FGL induction of neuronal Akt phosphorylation and 
subsequent CD200 ligand expression in vitro. In addition, FGL 
abrogates both age- and IFNy-induced increases in markers 
of glial cell activation, including major histocompatibility com
plex class II (MHCII) and CD40. Finally, the proclivity of FGL 
to attenuate IFNy-induced glial cell activation in vitro is IGF-1- 
dependent. Overall, these findings suggest that FGL, by cor
recting the age-related imbalance in hippocampal levels of 
IGF-1 and IFNy, attenuates glial cell activation associated with 
aging. These findings also highlight a novel mechanism by 
which FGL can impact on neuronal CD200 ligand expression 
and subsequently on glial cell activation status.
Keywords: age, CD200, insulin-like growth factor-1, inter- 
feron-y, microglia, neural cell adhesion molecule.
J. Neurochem. (2009) 109, 1516-1525,

Brain glial cells, including microglia and astrocytes, become 
reactive during normal brain aging, an event associated with 
cytokine imbalance (Kim and Job 2006), blunting o f
neuronal expression o f CD200 ligand (Lyons et al. 2007b; 
Downer et al. 2008) and synaptic dysfunction (Wang et al.
2004; Griffin et al. 2006). The activity o f microglia is
regulated by maintaining a balance between inhibitory and 
activating signals. Interferon-Y (IFN7), a type 11 pro-inflam- 
matory cytokine, is one o f the most potent microglial cell 
activators, inducing the expression o f CD40 via signal 
transducer and activator o f transcription (STAT)-lo! on 
activated microglia (Benveniste et al. 2004). However,
recent evidence also highlights the fact that interaction 
between microglia and neurons regulates the activation status 
o f microglia, with the neuronal membrane glycoprotein 
CD200 providing a key inhibitory signal (Hoek et al. 2000; 
Lyons et al. 2007b). CD200, which is widely expressed on 
endothelial cells, dendritic cells and neurons (Preston et al. 
1997; Matsumoto et al. 2007), interacts with its structurally

similar receptor (CD200R), the expression o f which is 
restricted to cells o f the myeloid lineage, including microglia 
(Barclay et al. 2002).

The neural cell adhesion molecule (NCAM) is a 
membrane-associated glycoprotein expressed abundantly on
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neurons and glial cells where it engages in cell-cell 
interactions (Welzl and Stork 2003). NCAM is pivotal in 
synaptogenesis (Cremere? al. 1997), neuroprotection (Skibo 
et al. 2005), plasticity and learning (Sandi et al. 2003). 
Furthermore, NCAM modulates many intracellular signaling 
events by heterophilic interaction with the fibroblast growth 
factor receptor (FGFR) (Kiselyov et al. 2003), resulting in 
activation of protein kinase C (Kolkova et al. 2000), 
phosphatidylinositol-3 kinase (PI-3 kinase) (Ditlevsen et al. 
2003; Neiiendam et al. 2004) and extracellular signal- 
regulated kinase (ERK) (Neiiendam et al. 2004) signaling 
events. A peptide mimicking the heterophilic interaction 
between NCAM and FGFRl has been developed (Berezin 
and Bock 2004). This peptide, identified as FG loop (FGL), 
is derived from the second fibronectin type III module of 
NCAM. In vitro, FGL acts as a neuroprotectant (Skibo et al. 
2005) in addition to promoting neurite outgrowth (Neiien
dam et al. 2004), enhancing pre-synaptic function (Cambon 
et al. 2004; Skibo et al. 2005) and acting as an anti
inflammatory peptide (Downer et al. 2008). In vivo, neuro- 
protective (Skibo et al. 2005; Klementiev et al. 2007) and 
memory enhancing properties o f FGL have been demon
strated (Cambon et al. 2004; Downer et al. 2008).

Our laboratory has demonstrated that FGL can regulate 
cytokine levels in glial cells, promoting the production of the 
anti-inflammatory cytokine interleukin-4 (IL-4), which acts 
on neurons to maintain CD200 ligand expression (Downer 
et al. 2008). By regulating CD200 expression at the neuronal 
membrane, FGL maintains the CD200-CD200R interaction 
between neurons and glia, and subsequently attenuates glial 
cell activation. Furthermore, we (Downer et al. 2008) and 
others (Petermann et al. 2007) have demonstrated the role of 
the ERK pathway in regulating CD200 expression in primary 
neurons and melanoma cell lines, respectively. It is note
worthy that there are declining levels o f the polypeptide 
hormone, insulin-like growth factor-1 (IGF-1), in the normal 
aging brain (Anderson et al. 2002), and this decline mirrors 
the expression profile o f CD200 (Downer et al. 2008). IGF- 
1, in addition to being a key inhibitor o f IFNy-induced 
microglial activation (Maher et al. 2006), is a stimulator of 
the ERK and PI-3 kinase/Akt pathway in neurons (Willaime- 
Morawek et al. 2005; Zheng and Quirion 2006).

We set out to delineate the mechanism by which FGL 
modulates the neuroinflammatory changes in the hippocam
pus of the aged rat, to fiirther identify the molecular signaling 
mechanism by which FGL regulates glial cell activation 
in vitro and to determine the role of IGF-1, Akt and ERK 
signaling in the modulation of CD200. We demonstrate a 
novel mechanism by which FGL regulates neuronal CD200 
ligand expression, by promoting neuronal production of IGF- 
1, which in turn enhances CD200 ligand via PI 3-kinase/Akt 
and ERK signaling events. The data also show that FGL can 
ameliorate IFNy-induced glial cell activation in an lGF-1- 
dependent manner. The evidence indicates that these changes

are consistent with the observation that FGL reversed the 
age-related changes in IGF-1 and IFNy in the hippocampus.

Materials and methods

Animals and treatments
Male Wistar rats (Trinity College, Dublin, Ireland) aged 4 months 
(250-350 g) or 22 months (550-650 g) were housed under a 12 h 
light schedule with controlled ambient temperature (22-23°C) and 
maintained under veterinary supervision throughout the study. These 
experiments were performed under a license issued by the 
Department o f Health (Ireland) and in accordance with the 
guidelines laid down by the local ethical committee. FGL (8 mg/ 
kg) or vehicle (sterile water) was injected subcutaneously on 
alternate days for 3 weeks. The dose and route o f administration was 
based on previous publications (Secher el al. 2006). The injected 
form (dimeric) o f the peptide consists o f two FGL monomers linked 
at the N-terminal. This dimeric form of FGL has been selected for 
clinical development (Anand el al. 2007). Rats were anesthetized 
24 h following final FGL injection by intraperitoneal injection of 
urethane (1.5 g/kg), killed by cervical dislocation and hippocampal 
tissue frozen.

Preparation o f primary cultures and treatments
Mixed glia were prepared from the cortices o f 1-day-old Wistar rats 
(Trinity College, Dublin. Ireland), and plated on 6-well plates 
(160 pL/cm") at 0.25 x 10*’ cells/mL as previously described 
(Nolan et al. 2005). After 2 weeks, mixed glia were pre-treated 
with FGL (0.1-10 pg/mL) for 24 h and incubated in the presence or 
absence of IFN7 (10 ng/mL; 1 endotoxin unit/pg; Peprotech, 
London, UK) for 24 h. In a second experiment, mixed glia were 
exposed to an anti-IGF-1 antibody (10 pg/mL; Millipore, Cork, 
Ireland) for 30 min prior to FGL (10 pg/mL; 24 h) and subsequent 
IFNy (10 ng/mL; 24 h) exposure.

Cultured neurons were prepared from the cortices o f 1-day-old 
Wistar rats (BioResources Unit, Trinity College, Dublin) and 
plated on 24-welI plates (30 pL/cm‘) at 0.25 x  10* cells/mL as 
previously described (Nolan et al. 2005). The purity o f neuronal 
cultures was determined by visual counting o f markers o f
astrocytes and microglia. Findings from eight independent
experiments detennined a neuronal purity o f >95%. Neurons 
were treated with FGL (1-100 pg/mL), lGF-1 (100 ng/mL; R&D 
Systems, Abingdon, UK) or IL-4 (200 ng/mL; R&D Systems) for 
24 h. In other experiments, neurons were pre-treated with the 
specific PI-3 kinase inhibitor LY 294002 (10 pM; Calbiochem, 
Nottingham, UK), the FGFR inhibitor SU5402 (10 pM; Calbio
chem) or an anti-IGF-1 antibody (1-10 pg/mL; Millipore) for 
30 min prior to FGL (100 pg/mL; 24 h) exposure. Finally,
neurons were pre-treated with the mitogen-activated protein
kinase (MAPK)/ERK kinase (MEK) inhibitor PD98059 (50 pM; 
Merck Biosciences Ltd., Nottingham, UK) for 1 h prior to 
exposure to FGL (100 pg/mL; 24 h).

Analysis o f  IFNy and IQF-1
IFNy and IGF-1 were assessed in hippocampal homogenates and in 
samples o f supernatant from neuronal cultures (for IGF-1) by 
enzyme-linked immunosorbent assay (R&D Systems) as previously 
described (Maher et al. 2006).
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RNA isolation and cDNA synthesis
RNA was extracted from hippocam pal tissue and cultured neurons/ 
glia using a NucleoSpin® RNAII isolation kit (Macherey-Nagel Inc., 
Duren, G ennany) and the concentration was determined using 
a UV/Vis spectrophotometer (Beckman Coulter Inc., Galway, 
Ireland). cD N A  synthesis w as performed on 1-2 (ig RNA using a 
High Capacity cDNA RT Kit (Applied Biosystems, CA, USA) 
according to the m anufacturer’s instructions. Equal amounts o f  
cDNA were used for RT-PCR amplification.

Real-time PCR
Real-time PCR primers were delivered as “ Taqman® Gene 
Expression A ssays”  containing forward and reverse primers, 
and a FAM-labeled MGB Taqman probe for each gene (Applied 
Biosystems). Primers used were as follows: IGF-1, IFNy, major 
histocom patibility complex II (MHCII) and CD40 (Taqman® 
Gene Expression Assay no. R n00710306_m l, Rn00594078_m l, 
Rn01768597_m l and Rn01423583_m l, respectively). A 1 in 4 
dilution o f  cDNA was prepared and real-time PCR performed 
using Applied Biosystems 7300 Real-time PCR System. cDNA 
was mixed with qPCR™ M astermix Plus (Applied Biosystems) 
and the respective gene assay in a 25 |iL volume (10 nL o f  
diluted cD N A , 12.5 |iL Taqman® Universal PCR Mastermix, 
1.25 (j L target primer and 1.25 (iL (i-actin). Rat P-actin was 
used as an endogenous control and expression was conducted 
using a gene expression assay containing forward and reverse 
primers and a VIC-labeled MGB Taqman probe (#4352340E; 
Applied Biosystems). Samples were run in duplicate and 40 
cycles were run as follows; 10 min at 95°C and for each cycle, 
15 s at 95°C and 1 min at 60°C. Gene expression was calculated 
relative to the endogenous control and analysis was performed 
using the method. In all experiments no change in relative
P-actin m RNA expression between treatment groups was 
observed.

Western immunoblotting
C D 200 ligand and phosphorylated Akt were separated by SDS- 
PAGE as previously described (Lyons et al. 2007a). Protein 
expression w as detected using goat polyclonal CD200 antibody 
(1 : 200; overnight at 4°C; Santa Cruz Biotechnology Inc., CA, 
U SA ) and rabbit monoclonal phospho-A kt (Ser473) antibody 
(1 : 1000; overnight at 4°C; Cell Signaling Technology, Wicklow, 
Ireland). M em branes were stripped (Re-blot Plus; Chemicon 
International Inc., CA, USA) and incubated with m ouse monoclonal 
anti-P-actin antibody (1 : 10,000; overnight at 4°C, Sigma-Aldrich, 
Dublin, Ireland). Molecular weight markers were used to confinn 
m olecular weight o f  bands. Data represent the ratio o f  density o f  the 
target protein to P-actin. No significant changes were observed in P- 
actin.

Statistical analysis
Data are expressed as means with standard errors (SE), and the 
results represent two or three independent experiments. Statistical 
com parisons o f  different treatments were performed by either 
S tudent’s /-test for independent m eans (data in Fig. 2d), or a one
way or two-way analysis o f  variance (a n o v a ) using a post hoc 
Student-N ew m an-K euls test, as appropriate. Differences with a 
P-value < 0.05 w ere considered statistically significant.

Results

FGL reverses a g e -r e la te d  ch a n g es in IGF-1 and IFNy 

in vivo
Here w e analyzed IGF-1 and IFNy m RN A and protein 
expression in hippocampal tissue prepared from vehicle- and 
FGL-treated, young and aged, rats. Two-way a n o v a  analysis 
revealed that treatment o f  aged animals with FGL reversed 
the age-related decline in IGF-1 mRNA (age x  FGL 
interaction: ^ ( 1 ,2 2 ) ~  4 .54, *p < 0.05; Fig. la) and protein 
expression (age x  FGL interaction: F,j 2 3 ) =  5.24, *p <  0.05; 
Fig. lb). IGF-1 mRNA {*p <  0.05; Fig. la) and protein 
(*p <  0.05; Fig. lb ) expression were significantly decreased 
in hippocampal tissue prepared from aged, compared with 
young rats, as determined by post-hoc analysis. Furthermore, 
FGL treatment reversed the age-related decline in IGF-I 
m RNA C p  <  0.05; Fig. la ) and protein C p  < 0.05; Fig. lb). 
Two-way a n o v a  analysis also revealed that treatment o f  aged 
animals with FGL reversed the age-related increase in IFNy 
mRNA (age x  FGL interaction: F (i,i9 ) =  8.04, *p <  0.05; 
Fig. Ic) and protein expression (age x  FGL interaction: 

~  8 .65, **p <  0.01; Fig. Id); post-hoc analysis deter
mined that IFNy m RNA (*p  <  0.05; Fig. Ic) and protein 
(*p <  0.05; Fig. Id) expression were significantly increased 
in hippocampal tissue prepared from vehicle-treated aged, 
compared with vehicle-treated young, rats. This suggests that 
the age-associated changes in lGF-1 in hippocampus may be 
correlated with the hippocampal expression pattern o f  IFNy; 
indeed, a significant inverse correlation between the mRNA  
expression and protein levels o f  IGF-1 and IFNy was 
observed in hippocampal tissue (data not shown).

FGL en h a n ces neuronal IGF-1 in vitro
In primary cultures o f  neuronal cells w e tested the effect o f  
FGL on IGF-1 production. A s demonstrated in Fig. 2a, FGL 
dose-dependently enhanced relative IGF-1 m RNA expres
sion. One-way a n o v a  analysis revealed that IGF-1 m RNA  
was significantly increased in neurons in vitro exposed to 
FGL at 100 M-g/mL {***p <  0.001; Fig. 2a), while exposure 
o f  neurons to FGL at 1 and 10 |ig/m L failed to enhance 
IGF-1 mRNA expression. This effect was time-dependent as 
shorter FGL incubations (1 -6  h) failed to enhance IGF-1 
m RNA expression (data not shown). Furthermore, the 
stimulatory effect o f  FGL on IGF-1 m RNA in neurons was 
FGFR-dependent, with one-way a n o v a  analysis demonstrat
ing that pre-exposure o f  cells to the FGFR inhibitor SU 5402, 
prevented the FGL (100 ng/m L) induction o f  IGF-1 mRNA  
Cp  < 0.05; one-way a n o v a ; Fig. 2b). Figure 2c dem on
strates that FGL dose-dependently enhanced IGF-1 protein 
production from primary neurons in vitro with one-way 
a n o v a  analysis demonstrating that FGL at 100 |J.g/mL 
significantly increased IGF-1 protein expression above 
control levels {***p < 0.001; Fig. 2c).
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Fig. 1 FGL-reverses age-related changes in hippocampal levels of 
IGF-1 and IFNy in vivo. Animals were injected subcutaneously with 
FGL (8 mg/kg) or vehicle (sterile water) on alternate days for 3 weeks, 
(a) IGF-1 relative mRNA and (b) protein expression were decreased in 
vehicle-treated aged rats. This was reversed in aged rats treated with 
FGL. Values are relative mRNA expression for PCR analysis and the 
concentration of IGF-1 in pg/mg protein for 6 animals per experimental

FGL
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group from ELISA analysis, (c) Relative IFNy mRNA expression and 
(d) protein concentration were increased in vehicle-treated aged rats. 
This was attenuated in aged rats treated with FGL. Values are relative 
mRNA expression from 5-6 animals per experimental group for PCR 
analysis and the concentration of IFNy in pg/mg protein for 3 animals 
per group from ELISA analysis. All values are mean ± SE.
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Fig. 2 FGL promotes neuronal production of IGF-1. (a) Relative IGF-1 
mRNA expression was increased in cultured neurons in vitro by 
treatment with FGL (24 h) at 100 ng/mL. Values are relative mRNA 
expression and are representative of two independent experiments, 
(b) Pre-treatment (30 min) of neurons with the FGFR inhibitor SU5402 
(10 jit^) prevented FGL (100 pg/mL; 24 h)-induced relative IGF-1 
mRNA. Values are relative mRNA expression and are representative 
of two independent experiments, (c) Neuronal IGF-1 protein produc

tion in vitro was increased following exposure to FGL (24 h) at 100 pg/ 
mL. Values are expressed as concentration of IGF-1 in pg/mL and are 
representative of two independent experiments, (d) Treatment of 
neurons with IL-4 (200 ng/mL) for 24 h enhanced production of IGF-1 
from cultured neurons. Values are expressed as concentration of 
IGF-1 in pg/mL and are representative of two independent experi
ments. All values are mean ± SE.
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Previously we have demonstrated that FGL reverses the 
age- and lipopolysaccharide (LPS)-induced decline in anti
inflammatory IL-4 production in the hippocampus in vivo 
and glial cells in vitro, respectively (Downer et al. 2008). 
Here we demonstrate that IL-4, like FGL, promotes IGF-1 
protein production from primary cortical neurons in vitro 
(Student’s /-test; **p < 0.01; Fig. 2d). This experiment was 
also performed in primary hippocampal neurons, with a 
similar stimulatory effect o f  lL-4 observed (data not shown). 
Furthermore, a significant correlation between lL-4 and IGF- 
1 protein levels in hippocampus in vivo was determined (data 
not shown). This argues that FGL, in addition to directly 
promoting neuronal lGF-1 production, may induce lGF-1 
release from neurons by regulating IL ^  release from glial 
cells.

FGL e nhances  phospho-A kt  and CD200 ligand In neurons 
in vitro  via IGF-1
To investigate the role o f  lGF-1 in FGL-induced neuronal 
signaling events related to glial cell activation, we 
employed the use o f  an anti-lGF-1 antibody to specifically 
inhibit IGF-1 activity. In support o f previous evidence from 
primary cerebellar granule neurons (Neiiendam et al. 2004), 
FGL (100 |ig/mL) enhanced Akt phosphorylation in 
primary neurons in vitro (* * /;<  0.01; one-way a n o v a ; 
Fig. 3a). This effect was also observed with shorter FGL 
incubation times (30 min-1 h; data not shown) and this 
event was most likely mediated via FGL induction of 
FGFR signaling. Interestingly, the ability o f  FGL to 
enhance phospho-Akt protein expression was abrogated 
by co-treatment with anti-IGF-l antibody at 10 |ig/mL 

< 0.01; one-way a n o v a ; Fig. 3a).
Previous evidence from our laboratory has indicated that 

CD200 ligand is pivotal in controlling microglial activation 
(Lyons et al. 2007b). Furthermore, we have recently reported 
that FGL reverses the age-related decline in CD200 mRNA 
and protein expression in hippocampus in vivo, an event 
contributing to the attenuation o f neuroinflammatory changes 
associated with aging in the rat hippocampus (Downer et al. 
2008). In support o f  this, data herein reveal that FGL (24 h; 
100 ng/mL) enhanced CD200 ligand expression in primary 
neurons in vitro (**p < 0.01; one-way a n o v a ; Fig. 3b); this 
was abrogated by co-treatment with anti-IGF-1 antibody at 
10 |ig/mL Cp  < 0.05; one-way a n o v a ; Fig. 3b). No age- or 
FGL-related changes in CD200R expression were observed 
(data not shown). These findings suggest that the proclivity 
o f  FGL to promote Akt phosphorylation and CD200 in 
cultured neurons in vitro is IG F-1 -dependent.

FGL induces p hospho-A kt  in vivo: Akt and ERK signaling 
m ed ia te  FGL induction  o f  CD200 ligand in vitro
To determine if  FGL regulates Akt signaling events in vivo 
we analyzed phosphorylated Akt protein expression in 
hippocampal tissue prepared from vehicle- and FGL-treated,
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Fig . 3 FGL e n h a n c e s  protein exp ression  of phospho-A kt and  CD200 
ligand in neu ro n s  via IGF-1. (a) Phospho-A kt an d  (b) CD 200 protein 
exp ression  w ere  e n h an ced  on neu rons  in vitro following exposu re  to 
FGL (24 h; 100 jig/mL). T he ability of FGL to e n h an c e  neuronal (a) 
phospho-A kt and  (b) C D 200 protein exp ression  w as ab roga ted  by p re
trea tm en t with an  anti-IGF-1 antibody (30 min; 10 MQ/mL) prior to FGL 
exposure. V alues a re  th e  ratio of density  of th e  ta rge t protein to p-actin 
an d  a re  rep resen ta tive  of th ree  independen t experim ents. All values 
a re  m ean  ± SE.

young and aged, rats. Previous evidence from our laboratory 
has demonstrated that the expression o f  phosphorylated Akt 
is decreased in the hippocampus with age (Maher et al. 
2006). Consistent with this, the combined age x FGL 
interaction by two-way a n o v a  had a significant impact on 
Akt phosphorylation (F(i ig) = 6.15, *p < 0.05; Fig. 4a), 
with post-hoc analysis revealing an FGL-induced increase 
in Akt phosphorylation in hippocampal tissue prepared from 
aged rats (*p < 0.05; Fig. 4a). To investigate the role o f  Akt 
in FGL-induced CD200 ligand expression in neurons in 
vitro, we employed the use o f  the PI-3 kinase inhibitor LY 
294002. Data in Fig. 4b demonstrate that both FGL (24 h; 
100 |ig/mL), and recombinant IGF-1 (24 h; 100 ng/mL), 
enhanced CD200 ligand expression in neurons in vitro 
(*p < 0.05 in both cases; one-way a n o v a ). However, the 
stimulatory effect o f FGL and lGF-1 on CD200 was 
ameliorated by pre-exposure o f neurons to LY 294002 
C p < 0.05 in both cases), indicating that the effect o f  FGL on 
CD200 is dependent on neuronal PI-3 kinase/Akt signaling 
(Fig. 4b). Treatment with LY 294002 alone had no effect on 
basal neuronal expression o f CD200.

© 2009 The Authors
Journal Com pilation ©  2009 International Society for Neurochemistry, J. Neurochem. (2009) 109. 1516-1525



FGL is an a n t i- in f la m m a to ry  p ep tid e  | 1521

Fig. 4 FGL enhances protein expression of 
phospho-Akt in vivo while Akt and ERK 
nnediate FGL Induction of CD200 in vitro. 
(a) Phosphorylated Akt protein expression 
was decreased in vehicle-treated aged rats 
and this was reversed in aged rats treated 
with FGL. Values are the ratio of density of 
the target protein to p-actin from five ani- 
nnals per group, (b) CD200 ligand expres
sion was enhanced following exposure of 
cultured neurons to FGL (24 h; 100 ng/mL) 
and recombinant IGF-1 (24 h; 100 ng/mL). 
FGL and IGF-1 induction of CD200 was 
abated by pre-exposure (30 mln) of neu
rons to PI-3 kinase inhibitor LY 294002 
(10 HM). LY 294002 alone (24 h; 10 
had no effect on basal neuronal expression 
of CD200. Values are the ratio of density of 
the target protein to p-actin and are repre
sentative of three independent experi
ments. (c) FGL (24 h; 100 ng/mL) induction 
of CD200 on cultured neurons is attenuated 
by pre-treatment (1 h) with the MEK inhibi
tor PD98059 (50 nM). Values are the ratio 
of density of the target protein to p-actin and 
are representative of two independent 
experiments In which six replicates were 
evaluated on both occasions. All values are 
mean ± SE.
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IL-4 is a potent inducer o f  CD200 ligand on neurons, and 
this is mediated by ERK signaling (Downer et al. 2008). The 
present data demonstrate that FGL (100 jig/mL; 24 h) 
induction o f  neuronal CD200 in vitro, in addition to being 
reliant on Akt signaling (Fig. 4b), is abated by pre-exposure 
o f neurons to the MEK inhibitor, PD98059 C p  0.05; one
way a n o v a ; Fig. 4c). This indicates that the stimulatory 
effect o f FGL on CD200 ligand is also dependent on ERK 
signaling events.

FGL a tten u a tes  age- and IFNy-induced glial cell activation
Much evidence indicates neuroinflammatory changes are 
associated with an increase in cell surface markers o f  
activated glial cells in the hippocampus o f  aged rats (Griffin 
et al. 2006; Loane et al. 2007). Indeed, we have recently 
published evidence that the protein expression o f  microglial

activation markers, including the co-stimulatory molecule 
CD86, and the intercellular cell adhesion molecule (ICAM- 
1), are enhanced in the hippocampus o f  aged animals; FGL 
attenuates the increase in these markers in parallel (Downer 
et a l  2008). In the present study, we focused on the 
expression o f  two glial surface molecules which are neces
sary for antigen presentation, CD40 and MHCII. The 
interaction o f  age x  FGL, as reported by two-way ANOVA 
had a significant impact on relative mRNA expression o f  
MHCII (F(|,2 1 ) =  4.94, > < 0 . 0 5 ;  Fig. 5a) and CD40 
(^(1,2 0 ) = 7.66, <0.01;  Fig. 5b). Post-hoc analysis dem
onstrated that MHCII and CD40 mRNA expression were 
both increased in hippocampal tissue obtained fh)m vehicle- 
treated aged, compared with young, rats {*p <  0.05 for 
MHCII; p  =  0.09 for CD40). Furthermore, post-hoc  analysis 
demonstrated that FGL significantly attenuated the age-
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Fig. 5 FGL attenuates age- and IFNy-induced glial cell activation; 
FGL attenuates IFNy-induced effects via IGF-1. (a) MHCII mRNA and 
(b) CD40 mRNA expression were Increased in vehicle-treated aged 
rats. T hese effects were attenuated in FGL-treated aged rats. Values 
are  relative mRNA expression for five animals per experimental group. 
Exposure of mixed glial cells in vitro to IFNy (24 h; 10 ng/mL) Induced

related increase in MHCII C*P < 0.05; Fig. 5a) and CD40 
(**p < 0.01; Fig. 5b) mRNA relative expression.

To further investigate the anti-inflammatory role of FGL 
we assessed the impact of FGL on IFNy-induced glial cell 
activation in cultured mixed glial cells in vitro. Exposure of 
glial cells to IFNy induced expression of both MHCII 
(*♦*/?< 0.001; one-way a n o v a ;  Fig. 5c ) and CD40 
(***p < 0.01; one-way a n o v a ;  Fig. 5d) mRNA expression. 
One-way a n o v a  analysis revealed that pre-exposure to FGL 
(24 h) at 10 ng/mL abrogated the IFNy-induced MHCII 
mRNA C^p <0.01; Fig. 5c) and CD40 mRNA expression 
C*p <0.01; one-way a n o v a ;  Fig. 5d) in mixed glia. Similar 
attenuation of this IFNy-induced effect was observed when 
FGL was used at 0.1 and I |ig/mL (data not shown). To 
address the role of IGF-1 in FGL-induced regulation of 
IFNy-induced glial cell activation in vitro, mixed glia were 
treated with FGL prior (24 h; 10 ng/mL) to IFNy exposure, 
in the presence of absence or an anti-IGF-1 antibody (10 ng/ 
mL). Importantly, we demonstrate that addition of anti-IGF-1 
antibody in the presence of FGL abrogated the effect of FGL 
(SSSp ^  0.001 for both MHCII and CD40; one-way a n o v a ) .  

These data highlight the pivotal role of IGF-1 in the ability of 
FGL to attenuate IFNy-induced glial cell activation.

Discussion

We set out to assess the interaction between IGF-1 and IFNy 
in the hippocampus of aged animals, to determine if this

—  —  +
+ IFNy (10 ng/mL)
+ FGL(10Mg/mL)
+ Anti-IGF-1 (10 pg/mL)

a  significant Increase In (c) MHCII mRNA and (d) CD40 mRNA 
expression. This was attenuated by pre-treatment with FGL (24 h; 
10 ng/mL) prior to IFNy exposure. Addition of an antl-IGF-1 antibody 
(10 (ig/mL) in the presence of FGL and IFNy abrogated the effect of 
FGL. Values are  relative mRNA expression and are representative of 
three Independent experiments. All values are  m ean ± SE.

interaction is modulated by the NCAM mimetic FGL, and 
subsequently to establish if this modulation is coupled to the 
control of glial cell activation. FGL, in addition to reversing 
the age-related decline in IGF-1 and increase in IFNy in 
hippocampus in vivo, promoted neuronal production of 
IGF-1 in vitro. We provide evidence that FGL induction of 
IGF-1 is involved in attenuating glial cell activation and 
propose a dual mechanism of action of IGF-1: FGL-induced 
attenuation of IFNy-induced glial cell activation and 
FGL-triggered induction of CD200.

IFNy is a potent activator of microglia in vitro 
(Hashioka et al. 2007) and in vivo (Lynch et al. 2006) 
and its actions include inducing transactivation of multiple 
effector genes, including CD40 and inducible nitric-oxide 
synthase, via the Janus kinase/STAT-1 pathway (Benveniste 
et al. 2004). CD40 expression is implicated in many CNS 
disorders; indeed, CD40-positive microglia are observed in 
the CNS of animals in which experimental autoimmune 
encephalomyelitis was induced (Laman et al. 1998). Pre
vious evidence from our laboratory has indicated that 
normal aging is associated with an increase in IFNy 
(Clarke et al. 2008) and CD40 (Griffin et al. 2006) in the 
hippocampus, and the present data support these findings. 
FGL attenuated the age-related increase in hippocampal 
IFNy and CD40, supporting the proposal that FGL acts as 
an anti-inflammatory agent. Furthermore, FGL attenuated 
IFNy-induced CD40 expression in mixed glial cultures 
in vitro, indicating that FGL has the proclivity to impact
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directly on IFTvIy-induced pro-inflammatory signaling 
events in glial cells.

There is also evidence indicating that IFNy induces 
MHCII expression on microglia (Aloisi et al. 2000), a key 
marker of activated microglia (O’Keefe et al. 2002). MHCII 
expression is enhanced in the hippocampus of aged rats 
(Moore et al. 2005; Griffin et a l 2006) and data presented 
herein support this. FGL attenuated both the age- and 
IFNy-related increase in MHCII mRNA expression in the 
hippocampus in vivo and mixed glia in vitro respectively. The 
anti-inflammatory role for FGL described here is supported 
by evidence indicating that FGL attenuates microgliosis 
induced by P-amyloid (A(})2 5 -3 5  in the hippocampus and 
cortex (Klementiev et al 2007), while recent data suggest 
that FGL may impact on the global expression profile of 
inflammatory genes in a model of traumatic brain injury 
(Pedersen et al 2008). It is noteworthy that, in the present 
study, FGL did not affect basal expression of inflammatory 
markers (MHCII and CD40) in hippocampus of young 
animals, indicating that the biological effects of FGL in vivo 
are operative in response to inflammatory conditions, for 
example in the aged brain.

FGL enhances neuronal production of IGF-1 in vitro, in 
addition to reversing the age-related decline in IGF-1 in rat 
hippocampus. IGF-1 is a polypeptide hormone produced in the 
CNS and extraneural organs. In the CNS, IGF-1 expression is 
low compared with other organs and a progressive decline in 
IGF-1 is observed which may produce deleterious conse
quences on neuronal fiinction in old age (Fernandez et al
2007). IGF-1 plays a role in cell survival (Beck et al. 1995), 
growth (Russo et al 2005), inflammation (Pons and Torres- 
Aleman 2000) and plasticity (Ahmadian et a l 2004) in the 
brain and evidence indicates that anti-inflammatory actions of 
IGF-1 exist. Indeed, enhanced astroglial reactivity has been 
demonstrated at inflammatory sites after brain injury following 
IGF-1 inhibition (Fernandez e? al 1997) and it is proposed that 
this is due to the ability of IGF-1 to inhibit tumor necrosis 
factor-a-induced pro-inflammatory signaling in astrocytes 
(Pons and Torres-Aleman 2000). These data support previous 
evidence indicating that IGF-1 can ameliorate glial reactivity 
specifically induced by IFN7  exposure, in both glial cells in 
vitro and in the rat hippocampus in vivo (Maher et al 2006). 
Here we demonstrate that a correlation exists between IGF-1, 
IFNy and markers of activated glial cells in the hippocampus of 
aged animals, and that FGL can correct the imbalance in these 
target molecules observed in the hippocampus of aged rats. 
Importantly, we report that the ability of FGL to attenuate 
IFNy-induced glial cell activation in vitro is prevented 
following IGF-1 inhibition, indicating that FGL, acting via 
IGF-1, directly impacts on IFNy-induced pro-inflammatory 
signaling in glia.

In addition to promoting IGF-1 release directly fi-om 
neurons, our data indicate that FGL may control IGF-1 
production via IL-4. This is based on our previous evidence

that FGL can reverse the age- and LPS-induced decline in IL- 
4 production in vivo and in vitro, respectively (Downer et al 
2008). Data presented in the current study indicate that IL- 4  

is a potent inducer of IGF-1 in neurons in vitro. This suggests 
a dual mechanism of FGL action, firstly by acting directly on 
neurons to regulate IGF-1 production and secondly by acting 
on glial cells to promote IL-4 production, which in turn 
regulates neuronal IGF-1.

FGFR is a member of the receptor tyrosine kinase 
superfamily (Klint and Claesson-Welsh 1999) and FGFR 
signaling in the brain involves the activation of the MAPK 
pathway in particular the Ras-(ERK) pathway, in addition to 
the PI-3 kinase/Akt pathway (Eswarakumar et al 2005). 
Furthermore, the FGFR is expressed on glial cells (Liu et al 
1998; Cassina et al 2005), in addition to neurons (Petri et al.
2008) and FGL directly interacts with the FGFR, inducing 
FGFR phosphorylation and the activation of multiple 
signaling events (Kiselyov et a l 2003; Neiiendam et al 
2004). Indeed, recent data have demonstrated that FGL 
attenuates LPS-induced microglial cell activation, and this is 
prevented by the FGFR inhibitor SU5402 (E.J. Downer, F. 
Cox and M.A. Lynch unpublished), while FGL induction of 
IGF-1 mRNA in neurons is also attenuated by SU5402. FGL 
robustly enhances ERK phosphorylation in cultured neurons 
(Neiiendam et al 2004) and in the rat hippocampus in vivo 
(Downer et al 2008). Data herein demonstrate that FGL 
induction of ERK signaling is central in regulating CD200 
ligand expression. This is consistent with the findings of 
Petermann et a l (2007), which have shown that CD200 
expression is controlled by ERK signaling events in mela
noma cells. In addition to its effect on ERK described in the 
current study, we provide evidence that FGL induces Akt 
phosphorylation in cultured cortical neurons in vitro. This is 
consistent with the effect of FGL on cerebellar granule 
neurons, a signaling event associated with FGL-induced 
neurite outgrowth and survival (Neiiendam et a l 2004). Our 
findings further elaborate the role FGL-induced Akt signal
ing on neuronal function, indicating that Akt, in addition to 
ERK, is central in controlling FGL-induced CD200 ligand 
expression. FGL also reverses the age-related decline in 
phospho-Akt expression in the hippocampus in vivo, a 
significant finding considering the role of PI-3 kinase and 
Akt in the expression of long-term potentiation (LTP) (Kelly 
and Lynch 2000). Overall these data indicate that FGL 
induction of Akt and ERK signaling events in parallel, are 
central in controlling neuronal CD200 ligand expression.

It has been shown that basic fibroblast growth factor 
induces IGF-1 release from hypothalamic cell cultures of 
neurons and glia (Pons and Torres-Aleman 1992), highlight
ing the role of FGFR signaling in controlling IGF-1 
production in the brain. In support of this, analysis of the 
effect of FGL on neuronal IGF-1 production demonstrated 
that FGL enhanced both IGF-1 mRNA and protein expres
sion in cultured neurons, and reversed the age-related decline
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in IGF-1 in hippocampus. IGF-1 is a potent activator of Akt 
signaling in neurons (Zheng and Quirion 2006) and ghal 
cells (Strle et al. 2002) and our findings support this, 
indicating that FGL induces Akt phosphorylation in cultured 
neurons in an IGF-1-dependent manner. This was demon
strated using an anti-IGF-1 antibody to inhibit the activity of 
IGF-1. This antibody was not used in vivo due to the 
technical difficulty of establishing that intracerebroventricu- 
lar injection of this antibody gains access to the hippocampus 
in sufficient concentrations. Of particular importance, we 
demonstrate that IGF-1 and Akt are central in FGL induction 
of CD200 ligand on neurons in vitro. As far as we are aware, 
this is the first evidence indicating the role of IGF-l/Akt 
signaling events in the control of CD200 expression, and 
represents a novel mechanism for regulating the interaction 
between neurons and glial cells, and subsequently glial cell 
activation. Again our findings indicate a dual mechanism of 
action of FGL; by acting directly on neurons to regulate IGF- 
1 production and CD200 ligand expression and secondly by 
acting on glial cells to promote IL-4 production which in turn 
regulates neuronal IGF-1.

Overall, our findings fiirther elucidate the therapeutic 
potential of FGL, particularly in relation to age-associated 
neurodegenerative disorders. FGL rapidly reaches the plasma 
and CSF following subcutaneous administration to rats 
(Secher et al. 2006) while recent pre-clinical studies have 
also shown an absence of systemic toxicity following 
intranasal or parenteral administration to rats, dogs and 
monkeys (Anand et al. 2007). The findings presented here 
demonstrate that FGL, by correcting the age-related imbal
ance in hippocampal levels of IGF-1 and IFNy, attenuates 
glial reactivity associated with aging. We highlight a novel 
mechanism by which FGL regulates neuronal CD200 ligand 
in vitro via IGF-1, Akt and ERK signaling and present 
evidence indicating that this is central in controlling glial cell 
activation status.
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The family of reticulons include th ree isoform s of the  Nogo protein, Nogo A, Nogo B and Nogo C. Nogo A is 
expressed on neuronal tissue and its prim ary effect is w idely acknow ledged to be inhibition of neurite 
outgrovrth. Although both Nogo B and Nogo C are also expressed in neuronal tissue, th e ir roles in the  CNS 
rem ain to  be identified. In this study, w e se t out to  assess w hether expression of Nogo A or Nogo B was 
altered  in tissue prepared from  aged rats in w hich increased microglial activation is accom panied by 
decreased synaptic plasticity. The data indicate th a t Nogo B, bu t no t Nogo A, w as m arkedly increased in 
hippocam pal tissue prepared from aged rats and that, a t least in vitro, Nogo B increased several m arkers 
of microglial activation. In a striking parallel w ith  the  age-related changes, w e dem onstra te  th a t 
intracerebroventricular delivery of am ylo id-p  (AP)i^o + A3,^2 for 8 days w as associated w ith  a 
depression of long-term  potentiation  (LTP) and an increase in m arkers of microglial activation and Nogo 
B. In both models, evidence of cell stress w as identified by increased activity of caspases 8 and 3 and 
im portantly , incubation of cultured  neurons in the presence of Nogo B increased activity o f both 
enzym es. The data identify, for th e  first tim e, an effect of Nogo B in the brain and specifically show  th a t its 
expression is increased in conditions w here  synaptic plasticity is com prom ised.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Several m arkers o f m icroglial activation  are  increased  in th e  
b rain  o f aged an im als: th ese  include cell surface m arkers like 
C D llb , CD40 and m ajo r h is tocom patib ility  com plex class II 
(MHCIl), w h ile  increased  production  of in flam m atory  cytokines 
has also been  rep o rted  (see Clarke e t al., 2008; Loane e t al„ 2009; 
Lynch, 2009). These changes a re  coupled  w ith  a deficit in synap tic  
plasticity , characterized  by a decrease  in th e  ab ility  o f an im als to 
susta in  long-te rm  po ten tia tio n  (LTP), and a convincing corre lation  
b e tw een  neuro in flam m ato ry  changes and inh ib ition  o f synap tic  
function  (Clarke e t al„ 2008; D ow ner e t  al., 2010), and therefo re  
cognitive function  (H ein e t  al., 2009; M oore e t  al., 2009), has been 
described by several g roups (see Lynch, 2010). Several o f these  
in flam m ato ry  changes have also been  identified  in tissue  prepared  
from  an im als trea ted  w ith  am y lo id -p  (AP) (Clarke e t al., 2007; 
Lyons e t  al., 2007) and  a deficit in synap tic  function, bo th  
behavioural function  and LTP, has been reported . W hen  inflam 
m ato ry  changes are  inh ib ited , for exam ple  by th e  an ti-in flam m a
to ry  cy tok ine IL-4, by th e  in h ib ito r o f m icroglial activation

* C orresponding au th o r a t: Cellular N euroscience T rin ity  College In stitu te  of 
N euroscience. T rin ity  College, D ublin 2, Ireland. Tel.: +353 1 8968531; 
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E-mail address:  lynchm aS tcd .ie  (M.A. Lynch).

m inocycline, or by th e  p o ly u n sa tu ra ted  fa tty  acid e icosapentaenoic  
acid, th e  deficits in synaptic  function  a re  am elio ra ted  in b o th  aged 
and A p -trea ted  (Lynch e t al., 2007; Lyons e t al., 2007; M inogue 
e t al., 2007; Nolan e t  al„ 2005) anim als, suggesting  a causal 
re la tio n sh ip  b e tw een  n eu ro in flam m ato ry  changes and loss of 
plasticity .

U nder norm al conditions, m icroglia  a re  in a  resting  s ta te  
because  ap p ro p ria te  cell-ce ll in te rac tio n s a re  m ain ta ined  and 
con cen tra tio n s o f in flam m atory  cytokines like in te rfero n - 7  (■FN7 ), 
w hich  leads to  th e ir  activation , a re  low. This hom eosta tic  
a rran g em en t is d isru p ted  in th e  b ra in  o f aged and A(3-treated 
an im als (see  Lynch, 2010). H ow ever it is u n d o u b ted ly  th e  case th a t 
o th e r  factors also play a role in m o d u la tin g  m icroglial activation; 
for exam ple in ischaem ic injury, trau m atic  bra in  in jury  and spinal 
cord in jury  n um erous factors a re  re leased  from  in filtrating  cells 
includ ing  m atrix  m eta llop ro te inases, reactive  oxygen and n itrogen  
species and h ea t shock p ro te ins w hich  m ay  co n trib u te  to 
activation  of bo th  astrocy tes and m icroglia (Beck e t al., 2010; 
Kim and Suh, 2009) and co n sequen tly  co n trib u te  to  poor recovery. 
In teresting ly  m inocycline im proves functional ou tcom e identify
ing th e  negative  im pact o f m icroglial activation  on recovery 
(Stirling e t  al.. 2004) a lthough  it is w ide ly  recognized th a t 
endogenous inh ib ito ry  factors, including a fam ily o f m yelin- 
assoc iated  g lycoproteins g en era ted  from  th e  nogojRTN-A gene, play 
a m ajo r role in p reven ting  axonal regeneration  and therefore  
functional recovery  (Kilic e t  al„ 2010).

0197-0186 /$  -  see fron t m a tte r  © 2010  Elsevier Ltd. All righ ts  reserved, 
d o i: 10.1016 /j.neu in t.2010.11.009



162 K.J. M urphy e t a i/N eurochem istry  International 58 (2 0 1 J) 161-168

The family of reticulons include three isoforms of the Nogo 
protein. Nogo A, Nogo B and Nogo C. Nogo-A is mainly expressed on 
neuronal tissue, especially oligodendrocytes in the adult CNS 
(Chen et al., 2000; GrandPre et al., 2000; Prinjha e t al., 2000), and 
both Nogo A and Nogo B are expressed on central and peripheral 
neurons (Huber et al., 2002; Josephson et al., 2001; Oertle e t a l, 
2003a,b; W ang et al., 2002). Nogo-B and Nogo C are expressed in 
several peripheral tissues, w ith Nogo C particularly expressed on 
muscle (Josephson et al., 2001; Morris et al., 1999; Oertle et al., 
2003a,b). W ith respect to the brain, protein and mRNA levels of all 
three isoforms have been detected in the spinal cord, and cerebral 
cortex, hippocam pus and cerebellum brain regions (Chen e t al., 
2000; Huber e t al., 2002; Van e t al., 2006).

A great deal of evidence has been accum ulated highlighting the 
negative influence of Nogo A on functional outcom e and repair in a 
variety of models of neurogenerative change (Freund e t al., 2009; 
Kilic e t al., 2010; Marklund et al., 2007). Fewer studies have 
investigated potential roles for Nogo B in the CNS. Here we report 
tha t Nogo B, but not Nogo A, was increased in hippocampal tissue 
prepared from aged rats and rats w hich received an intracer- 
ebroventricular infusion of A^ for 8 days. This increase was 
coupled w ith evidence of microglial activation and increased 
caspase 3 activity. Significantly, we observed tha t Nogo B was 
capable of triggering microglial activation in a culture of mixed 
glial cells and tha t it potently increased caspase 3 activity in 
neuronal cultures. These findings highlight previously unidentified 
effects of Nogo B In the brain.

2. M a te ria ls  a n d  m e th o d s

2.1. Animals

M ale W istar ra ts  (B antham  and Kingman, UK) aged 3 m on ths  (2 5 0 -3 5 0  g) or 22 
m on ths  (5 5 0 -6 5 0  g) w ere  housed un d er a 12 h ligh t/dark  schedu le and  a t an  am bien t 
te m p era tu re  o f 2 2 -2 3  °C. Rats w ere  m ain ta ined  in th e  BioResources U nit a t Trinity 
College. Dublin, un d er veterinary  supervision th rou g h o u t th e  s tudy  and  experim en ts 
w e re  perform ed u n d er a license issued by th e  D epartm en t o f  H ealth  (Ireland) and  in 
accordance w ith  th e  guidelines laid dow n by th e  local ethical com m ittee.

In one study , in  w hich  only  young  ra ts  w e re  used , ra ts  w e re  random ly  assigned to  
a g roup  w h ich  w ere  tre a ted  w ith  a cocktail o f + A Pi-42 . and  a con tro l group
w h ich  received th e  reverse pep tide. A p4o_] for a period  o f 8  days (M iller e t  al., 2009). 
A nim als w e re  an aesth e tized  w ith  ketam ine  (75 m g/kg) and  xylazine (10  m g/kg) 
and  im p lan ted  w ith  osm otic  m in i-pum ps (m odel 2004, Alzet, USA). The pum p  w as 
im p lan ted  su bcu taneously  in th e  m id -scapu lar region and  w as a ttach ed  via 
po lyvinylchloride tub ing  (Alzet, 0.69 m m  d iam ete r)  to  a  ch ron ic indw elling  cannula 
(Alzet, Infusion Kit II), w h ich  w as positioned  stereo tax ica lly  in th e  ven tricle  (0.9 m m  
p oste rio r to  bregm a, 1.3 la teral to  th e  m id line  an d  3.5 m m  ven tra l to  th e  dura). The 
cannu la w as affixed to  th e  skull using  cryanoaceta te  gel and  w as secu red  in p lace by 
a  sm oo th  covering  o f den tal cem en t (S toelten , USA). P ost-opera tive  care included a 
sub cu tan eo u s in jection  o f th e  analgesic Rim adil (5  m g/kg). The p u m p s delivered  a 
cocktail o f A|3 i_4o (26.9 jjlM) and  A3i-42 (36.9 ^jlM; aggrega ted  for 24 h a t  25 C and 
37  °C for 48  h; Biosource, Belgium) o r con tro l p ep tide  A3 4 o.i (63.8 ĴLM) 
in tracereb roven tricu larly  a t  the  ra te  o f  0 .25 (xl/h (±0.05 ^il) for 8  days. Analysis 
o f the  Ap preparation  by the thioflavin T fluorescent assay and gel electrophoresis 
revealed the  presence o f low oligomeric species; the  predom inan t form  (36% of the 
to tal) w as the 13.5 kDa species.

2.2. Analysis o f LTP

LTP w as assessed  in  young  and aged an im als and  in an im als w hich  received APi_ 
40 + A p ,_42 o r con tro l pep tide. Rats w ere  an a esth e tized  w ith  u re th an e  (1.5 m g/kg) 
and  assessed  for th e ir  ab ility  to  su sta in  LTP in p erfo ran t p a th -g ran u le  cell synapses 
as described  previously  (N olan e t al.. 2005). Briefly, a b ipo lar s tim u la tin g  electrode 
w as positioned  in th e  perfo ran t pa th  (4.4 m m  la tera l to  lam bda), a un ipo lar 
record ing  e lec trode  w as positioned  in  th e  dorsal cell body region o f th e  den ta te  
gyrus (2.5 m m  la teral and  3.9 m m  posterio r to  bregm a) an d  te s t  shocks w ere  
delivered  to  th e  p e rfo ran t pa th  a t  30  s in te iva ls  for up  to  an  ho u r allow ing the 
response  to  stab ilize. Recordings w ere  m ade for lO m in  befo re  and  40  m in  after 
te tan ic  stim u la tio n  (3 tra in s  of stim uli; 250 Hz for 200  m s; 30  s in te rtra in  in terval) 
and  a t th e  end  o f  th is  tim e, ra ts  w ere  killed by d ecap ita tion , th e  brains w ere  rapid ly  
rem oved  and  th e  h ippocam pus and  cortex  w ere  d issec ted  free. T issue w as divided 
in to  one portion  w h ich  w as flash frozen and  la te r  u sed  fo r PCR. and  a second  portion , 
w h ich  w as cross-chopped  (350 |xm  x 350  n-m) and  sto red  a t  - 8 0  °C in Krebs buffer 
(com position  in  mM ; NaCI 136. KCl 2.54, KH2PO4 1.18, MgS0 4  7 H2O 1.18, NaHCOg 
16, g lucose 10) w ith  added  CaCl2 ( M 3  m M )an d  10% d im ethy l su lphox ide  (DMSO);

th e  la tte r  po rtion  w as used  for W estern  im m unob lo tting  and for a 
ac tiv ities o f caspases 8  and  3.

2.3. Preparation and trea tm ent o f  prim ary glial and neuronal cultures

M ixed glial cu ltu res  and  neuronal cu ltu res w ere  p repared  from  th e  cortices of 
day  old W ista r ra ts  (Trinity  College, Dublin, Ireland) as previous described  ̂
e t  al., 2009). Briefly, cortical tissue  w as d issected  free, cross-chopped and  triturated  
in  D ulbecco 's M odified Eagle’s M edium  (DMEM, Invitrogen, UK) supp lem ented  with 
10% Fetal Bovine Serum  (FBS). The cells w ere  passed  th rough  a sterile m esh filter 
(40  p.m). cen trifuged  a t  2000 x g  for 3 m in  and  p la ted  (2.5 x 1 0 ^ cells/m l) To 
p rep are  neu ronal cu ltu res, tissu e  w as cross-chopped  and incubated  in phosphate 
buffered  saline (PBS) w ith  trypsin  (0.25 fig /m l. Sigma, UK) for 25 m in a t 3 7  c  
tr i tu ra te d  in PBS con ta in ing  soybean  trypsin  in h ib ito r (0.2 (xg/ml. Sigma, UK) and 
DNase (0.2 m g/m l. Sigma. UK) and  gen tly  passed  th ro u g h  a s terile  m esh filter 
(40  ixm). The su spension  w as cen trifuged  a t 2000 x g  for 3 m in  a t  20 °C. and the 
pe lle t w as resuspended  in w arm  NeuroBasal M edia (NBM, Invitrogen. UK) 
su p p lem en ted  w ith  10% FBS. penicillin  (100 u n its/m l, Invitrogen, UK) and B27 
(Cibco). A fter 48  h th e  n eu rons w ere  trea ted  w ith  Ara-C (5 p-g/ml, Sigma) for 24 h

Glia w ere  tre a te d  a fte r  12 days in cu ltu re  w ith  Nogo B (10  o r 100 ng/m l) and 
afte r  24  h. cells w e re  harvested  for analysis o f MHCll mRNA and  CDl lb  mRNA by 
PCR. N eurons w ere  sim ilarly  tre a ted  w ith  Nogo B a fte r  7 days in cu ltu re  and. In this 
case, cells w e re  harvested  for analysis o f ac tiv ities o f caspases 8  and  3. In both  cases, 
cells w e re  m ain ta in ed  a t 37 °C in  a hum idified  a tm o sp h e re  con tain ing  5% C0 2 :9 5 % 
air and  m ed ia  w as replaced  every 3 days.

N eurons w ere  also  trea ted  w ith  Api_4o (4.2 |i,M) + A(3 i^ 2  (5.6 | jlM )  or control 
pep tid e  (10  | jlM )  for 48 h and  tre a ted  24  h subsequen tly  w ith  th e  Nogo receptor 
(NgR) an tag o n is t N E P l-40  (A lpha D iagnostic Intl. Inc.. TX 78244, USA). The cells 
w e re  h arvested  24  h  la te r  and  assessed  for caspase 3 activarion. S upernatan ts w ere 
assessed  for LDH re lease  as a  m easu re  o f cy to toxic ity  (Prom ega. Southam pton, UK).

2.4. Assessm ent o f caspase activity

A ctivities o f  caspase 8  and  caspase 3 w ere  analyzed  using  a colorim etric  m ethod 
(Biom ol, UK), in  sam ples o f cortical and  h ippocam pal h o m ogenate  prepared  from 
young  an d  aged rats, and  ra ts  tre a te d  w ith  APi_4o + APi_42 o r contro l peptide. 
Enzym e activ ity  w as also assessed  in h arvested  cortical neurons. Sam ples and 
s tan d a rd s  (25 p-l) w e re  added  to  assay  buffer (25 (jl ! )  in  a 96 w ell p la te  and  aliquots 
o f su b stra te s  for caspases 8  and  3 (A c-lETD-p-nitroanilide; pNA and  Ac-DEVD-pNA, 
respectively ; 50 pi-1; 200  fxM final concen tra tion ) w ere  added  to  s ta r t  th e  reaction. 
A bsorbance w as m easu red  con tinuously  from  0 to  20  m in  a t  405 nm . values w ere 
ca lcu la ted  w ith  resp ec t to  th e  pNA calib ration  s tan d a rd  (100 |xl) and  enzym e 
activ ity  w as expressed  as p m o l/m in /m g  pro te in .

2.5. Real-time PCR analysis o f MHCU and CDl 1b mRNA expression

Total RNA w as ex trac ted  from  snap-frozen  h ippocam pal tissu e  and harvested 
m ixed  glial cells using  a N ucleoSpin" RNAII iso la tion  k it (M acherey-N agel Inc.. 
G erm any) as pe r m an u fac tu re r’s instruc tions. D enatu ring  agarose gel electropho
resis w as used  to  assess th e  RNA in tegrity . Total RNA concen tra tions w ere 
d e te rm in ed  by sp ectropho tom etry , sam ples w ere  equa lised  and  sto red  a t - 8 0 ' C 
u n til req u ired  for cDNA syn thesis . cDNA syn thesis  w as  perfo rm ed  on 1 jxg to tal RNA 
u sing  a H igh Capacity  cDNA RT k it (A pplied Biosystem s, G erm any). R eal-tim e PCR 
w as perfo rm ed  u sing  T aqm an G ene Expression A ssays (A pplied Biosystems. 
G erm any) w hich  con ta in  forw ard  and  reverse p rim ers, and  a FAM -labelled MGB 
T aqm an  p robe for each  g ene  o f in te res t; th e  assay  IDs for MHCIl and  CDl lb  w ere 
R n01768597_m l and  R n00709342_m l, respectively. R eal-tim e PCR w as conducted 
u sing  an  ABI Prism  7300 in s tru m en t (A pplied Biosystem s, G erm any). A 20 |xl 
vo lum e w as added  to  each  w ell (9  fj.1 o f d ilu ted  cDNA, 1 | i l  o f p rim er and 10 fi,l of 
T aqm an '^ U niversal PCR M aster Mix). Sam ples w e re  assayed  in dup licate  in one run 
(40 cycles), w h ich  consisted  o f 3 stages, 95 ”C for 10 m in ,9 5  '’C for 1 5  s fo re a c h  cycle 
(d en a tu ra tio n ) and  finally  th e  tran scrip tion  s te p  a t 60  '̂C for 1 m in . (3-Actin w as 
u sed  as endogenous contro l to  norm alize g ene  expression  data , and (3 -actin  
expression  w as conduc ted  using  a g ene  expression  assay  con tain ing  forw ard  and 
reverse  p rim ers  (p rim er lim ited) and  a VlC-labelled MGB T aqm an probe from 
Applied B iosystem s (G erm any; Assay ID: 4 3 5 2 3 4 1 E). G ene expression  w as 
ca lcu la ted  relative to  th e  endogenous contro l sam ples and  to  th e  contro l sam ple 
g iving an  RQ value (2 ‘ w h ere  CT is th e  th re sho ld  cycle).

2.6. Analysis o f Nogo, ICAM, CD86 and synaptophysin by W estern im m unoblotting

Tissue w as equa lized  for p ro te in , aliquo ts (10  (xl) w e re  loaded on to  10% 
NuPAGE^ Novex Bis-Tris gels (Invitrogen, UK), and  w ere  sep ara ted  by application  of 
a c o n s ta n t vo ltage (170  V; 70 m in) and  tran sfe rred  on to  n itrocellu lose strips (30 V; 
65 m in). Pro teins w e re  im m unob lo tted  for 2 h a t  room  te m p era tu re  w ith  antibodies 
(1 :100  in m ilk  fo r Nogo A (Abeam, UK) and B (C hem icon In te rnationa l, USA): 1 :2 0 0  

in  T ris-buffered  sa line  (TBS)-Tw een con tain ing  2% BSA for CD8 6  and  (R81D Systems. 
USA) ICAM-1 (Santa Cruz Biotechnology Inc., USA) and  1 :400  in 1% BSA for 
synap tophysin  (S igm a-A ldrich, UK) respectively . M em branes w e re  w ashed  th ree  
tim es  in TBS-Tw een, incubated  w ith  th e  ap p ro p ria te  secondary  an tibody  (1 :1 0 0 0 ).
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■jppcd w ith  'R eblof (1:10 d ilu tion ; Chemicon International. USA) and stained for 
jc tin  expression to ensure equal loading o f protein. Actin expression was assessed 
sing a mouse monoclonal IgGi antibody (1 :10,000 in TBS-Tween containing 0.1% 

[ bSA: Santa Cruz Biotechnology Inc., USA). Immunoreactive bands were detected 
sing peroxidase-conjugated anti-mouse IgG (Sigma) and ECL (GE Healthcare. UK) 

niluminescence and were quantified using densitometry (Labworks, UVP 
to lm ag ing  Systems, UK).

fz7 . Statistica/ analysis

Data were analyzed using either Student’s t-test for independent means, or 
nalysis o f variance (ANOVA) followed by post hoc Student Newman-Keuls test to 
fetermine w hich conditions were significantly different from each other. Data are 
pressed as means ±  SEM.

3. Results

LTP in perforant path-granule cell synapses was markedly 
creased in aged, compared w ith  young, rats (***p <  0.001; 

ANOVA; Fig. la )  as previously described (Loane et al., 2009); the 
mean percentage changes (±  SEM) in population epsp slope in the 
last 10 min of the experiment were 130.3 ±  0.57 and 107.6 ±  0.56 in 

[young and aged rats, respectively. Nogo A and Nogo B were assessed 
in hippocampal tissue prepared from young and aged rats and the 
data indicate that, while there was no change in Nogo A, Nogo B was 

Significantly increased in tissue prepared from aged, compared with  
young, rats (***p <0 .01 ; student’s t-test for independent means; 

J Fig. 1 b, c). These changes were accompanied by evidence of microglial 
activation: thus increases in MHCll mRNA and in CDl lb  mRNA were 
'observed in hippocampal tissue prepared from aged, compared with  
young, rats (*p <  0.05; ” *p <  0.001; student’s t-test for independent 
means; Fig. 2a, b). In addition, both CD86 and lCAM-1 were increased 
(*p < 0.05; student’s f-test for independent means; Fig. 2c, d) which is 

I a further indication of an age-related increase in microglial activation, 
and which supports previous evidence (Griffin et al., 2006).
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Fig. 3 . A g e-re la ted  in crea ses  in  a c tiv itie s  o f  c a sp a ses  8  and 3  in h ip p o ca m p u s are a cco m p a n ied  b y  a d e crea se  in  sy n a p to p h y sin . A ctiv ities o f  ca sp a se  8  (a )  and casp ase 3 (b) 
w e r e  s ig n ifica n tly  in crea sed  in t is su e  prepared  from  aged , co m p a red  w ith  y o u n g , rats (***p <  0 .0 0 1 ; S tu d en t’s t - te s t  for in d e p e n d e n t m ean s; n = 6 )  a nd  th is  w a s  accom panied  
b y  an  a g e -r e la te d  d ecrea se  in sy n a p to p h y sin  ( (c )  *p <  0 .0 5 : S tu d en t’s t -te s t  for in d e p e n d e n t  m ean s; n -  8).

Activities o f caspases 8  and  3 w ere  assessed  in h ippocam pal 
tissu e  p rep ared  from  young  and  aged ra ts as a m easu re  o f cell 
s tre ss  and b o th  w ere  found to be significantly  increased  in tissue  
prep ared  from  aged, com pared  w ith  young, ra ts  (***p <  0 .0 0 1 ; 
s tu d e n t’s t- te s t  for in d ep en d en t m eans; Fig. 3a, b). These changes 
w ere  paralle led  by a significant d ecrease  in synaptophysin  
(*p <  0.05; s tu d e n t’s t- te s t for in d ep e n d en t m eans; Fig. 3c).

Having sh o w n  th a t th e  age-re la ted  deficit in LTP w as coupled 
w ith  increased  expression o f Nogo B and  increased  m icroglial 
activation , w e  investigated  w h e th e r  a s im ilar coupling  w as 
observed  in tis su e  p repared  from  A(3-treated rats. Fig. 4  show s 
th a t chron ic  infusion o f A3  for 8  days led to  a m arked  decrease  in 
LTP; th e  m ean  p ercen tage  changes (±SEM) in population epsp slope 
in the  last 10 m in of the  experim ent w ere 114.8 ±  0.78 in ra ts treated  
w ith  the  control peptide AP40-1 and 87.0 ±  0.60 in ra ts treated  w ith 
A p i^ 2  + Api_4o. Analysis of tissue prepared from these  rats revealed
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Fig. 4 . T he A p -in d u c e d  d ecrea se  in LTP is a cco m p a n ied  b y  in crea sed  N ogo  B in  
h ip p o ca m p u s, (a )  LTP w a s  s ig n ifica n tly  d ecrea sed  in  rats w h ic h  w e r e  in fu sed  
in tracereb roven tr icu lar ly  for 8  d a y s w ith  A p ,^ o  (2 6 .9  |xM ) and  A P i^ 2  (3 6 .9  |xM ). 
com p ared  w ith  rats w h ic h  rece iv ed  th e  con tro l p e p tid e  Ap4o-) (6 3 .8  |j.M: 

0 .0 0 1 ; ANOVA: n * 6 ) .  N ogo  A (b ) w a s  u n ch a n g ed  b u t N ogo  B (c )  w a s  
s ig n ifica n tly  in crea sed  in  h ipp ocam p al t is su e  prepared  from  A ^ -trea ted , com p ared  
w ith  c o n tro l-trea ted , rats (*p <  0 .05; s tu d e n t’s  f - te s t  for in d e p e n d e n t  m ea n s). Data 
are e x p r e sse d  as m ea n s ±  SEM (n = 6).

th a t Nogo B w as significantly increased (*p <  0.05; stu d en t’s t-test for 
independent m eans; Fig. 4c), w hereas Nogo A was sim ilar in both 
cohorts o f anim als (Fig. 4b).

W e nex t ev a luated  MHCIl and C D Ilb  mRNA as indicators of 
m icroglial activation  and observed th a t  bo th  w ere  significantly 
increased  in h ippocam pal tissue  p rep ared  from  ra ts which 
received A p , ^ 2  + A(3i^o com pared  w ith  contro l (* p < 0 .0 5 ; 
***p <  0.001; s tu d e n t’s t- te s t for in d ep e n d en t m eans; Fig. 5a, b) 
and  th ese  changes w ere  paralle led  by an  A p-induced  increases in 
CD8 6  and  ICAM-1 (*p < 0.05; •” p <  0.001; s tu d e n t’s t-te st for 
in d ep e n d en t m eans; Fig. 5c, d). As in th e  case o f aged anim als, the 
increase  in m icroglial activation  w as accom panied  by increased 
activ ity  o f caspases 8  and  3 C""*p <  0.001; s tu d e n t’s t- te s t for 
in d ep en d en t m eans; Fig. 5e, f).

Because th e  A p-induced  and age-assoc iated  increases in 
m ark ers  o f m icroglial activation  w ere  m irro red  by an increase in 
Nogo B, w e  considered  th a t th ere  m ig h t be a causal relationship  
b e tw een  th em  and assessed  th e  effect o f Nogo B on MHCII and 
C D Ilb  mRNA in m ixed glial cu ltures. The da ta  ind ica te  th a t the 
h igher, b u t no t th e  low er, con cen tra tio n  o f Nogo B significantly 
increased  bo th  m easu res (**p < 0.01; 100 ng/m l Nogo B vs. control; 
■’"’̂ p < 0 .0 1 ; 100 ng/m l vs. 10 ng/m l Nogo B; ANOVA; Fig. 6 a, b), 
w h ile  100 ng/m l Nogo B also significantly  increased  ICAM-1 
(*p <  0.05; ANOVA; Fig. 6 d) b u t did n o t significantly  increase CD8 6  

(Fig. 6 c). In add ition , w e  assessed  th e  effect o f Nogo B on caspase 
activ ity  in neu ro n s and rep o rt th a t 1 0 0  ng/m l significantly 
increased  activ ity  o f bo th  caspases 8  and  3 (***p< 0.001; 
100 ng /m l Nogo B vs. contro l; ***p <  0.001; 100 ng/m l vs. 10 ng/ 
ml Nogo B; s tu d e n t’s t- te s t  for in d ep en d en t m eans; Fig. 7a and b, 
respectively). Since AP infusion in to  th e  ra t b ra in  induced caspase 
3 activation  and increased  Nogo B expression , w e  investigated 
w h e th e r  an tagon ism  of th e  NgR by NEP1-40 p ep tid e  could prevent 
A p-in d u ced  caspase  3 activation  in a cu ltu re  system  (Fig. 8 ). 
C aspase-3 activ ity  w as significantly  increased  in A p-trea ted  
neurons, and  NEP1-40 significantly  a tte n u a ted  th e  effect o f the 
AP (*p < 0.05; >  <  0.05; ANOVA; Fig. 8 ).

4 . D iscussion

W e se t ou t to  investiga te  th e  im pact o f Nogo B on the  
d e te rio ra tio n  of synap tic  function  in aged  ra ts and  in ra ts trea ted  
chronically  w ith  Ap, and rep o rt th a t th e  deficit in LTP in both 
m odels w as accom panied  by increased  h ippocam pal concen tra tion  
o f N ogo B. The ev idence suggests th a t Nogo B negatively  im pacts 
on synap tic  in teg rity  by increasing  activ ities o f caspases 8  and 3 
w h ile  it also increases m icroglial activation .

First w e  show ed  th a t Nogo B w as m arkedly  increased  in 
h ippocam pal tissu e  p repared  from  aged ra ts in w hich  LTP in 
p e rfo ran t p a th -g ran u le  cell synapses w as decreased . The age-
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related deficit in LTP is well-documented and several authors have 
reviewed the many changes which contribute to the deficit; these 
include synaptic loss, changes in expression of specific receptors, 
alterations in signalling cascades and gene transcription and 
dysfunction in homeostatic mechanisms especially in terms of 
calcium handling and oxidative processes (Burke and Barnes, 
2006; Lynch et al., 2006; Lynch, 2004; Serrano and Klann, 2004). In 
this laboratory, we have coupled the age-related deficit in LTP w ith 
evidence of microglial activation (Lynch, 2010), and the findings 
presented here support this, by showing that MHCII mRNA and 
CDl lb  mRNA are upregulated in hippocampus of aged, compared 
w ith young, rats. We have reported a similar age-related change in 
MHCII mRNA. though not in CDl lb  mRNA. previously (Lyons et al.. 
2009). CD86 and ICAM-1 are expressed on activated microglia and 
age-related increases in both markers are demonstrated here and 
elsewhere (Downer et al.. 2010). Thus the increase in microglial 
activation is accompanied by increased Nogo B. but not Nogo A 
and. to our knowledge, there are no previous data which have

reported a similar change although, interestingly, a positive 
correlation between expression of genes associated w ith inflam
mation and Nogo B has been suggested (Yu et al., 2009).

We made a similar link between increased hippocampal Nogo 
B, increased microglial activation, and the deficit in LTP induced 
by A(i. Once again, the change was specific to Nogo B, w ith no 
change observed in Nogo A. and no change in Nogo receptor 
(NgR) was observed (data not shown). Intracerebroventricular 
delivery of a cocktail o f A(3|^o*i-42 for 8 days resulted in a 
marked decrease in the ability of rats to sustain LTP and. although 
LTP has not been evaluated previously using this delivery, 
delivery of A3 for 28 days has a negative effect on spatial learning 
(Frautschy et al.. 2001). inhibits LTP (M iller et al.. 2009) and 
increases microglial activation (Frautschy et al.. 2001; Piazza and 
Lynch. 2009). As in the case of aged animals the deficit in LTP is 
coupled w ith  evidence of increased microglial activation and also 
increased Nogo B. strengthening the correlation between these 3 
factors.
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A significant and novel finding in the present study is tha t Nogo 
B activates microglia in vitro, increasing cell surface markers. 
MHCll and CDl 1 b. There are no previous reports of such an action. 
However activation of microglia and macrophages, accompanied 
by upregulation of NgR, has been reported following traum atic 
brain injury and in the lesions w hich characterize multiple 
sclerosis (David et al.. 2008). In an anim al model of Alzheimer’s 
disease the plaque-associated activated microglia (Simard et al., 
2006) also seem  to be associated w ith increased expression of NgR 
(Park et al„ 2006). Interestingly, a role for Nogo B in recruitm ent of 
macrophages w as implicated by in vitro analysis of the effect of 
Nogo B on chemotaxis and by the finding tha t infiltration of F4/80
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Fig. 8. NgR antagonist NEPl-40 rescued the A^-induced activation of caspase 3 in 
cultured neurons. A^ significantly induced caspase 3 activation after 48 h in 
cultured neurons (*p < 0.05; ANOVA) and this was significantly attenuated by 
treatm ent with NEPl-40 (1 (jlM ;  < 0.05; ANOVA).

positive macrophages was markedly reduced in ischaemic tissue in 
Nogo“ ~̂ mice (Yu et al., 2009). At least in the broadest sense, these 
findings are consistent w ith the present observation, as is the 
finding tha t there is a decrease in expression of several genes 
associated w ith inflammation in Nogo''^' mice (Yu e t al.. 2009).

W hereas a vital role for Nogo A in blocking neurite outgrowth is 
w idely recognized (Yan et al.. 2006). the function of Nogo B. 
particularly in the brain w here expression has been reported 
(Acevedo et al., 2004; Chen et al.. 2000; Huber et al.. 2002; Yan 
e t al.. 2006). is alm ost unexplored. However the presence of the 3 
Nogo transcripts in the hippocampus during developm ent points 
to a physiological role (Meier e t al.. 2003) bu t the nature of the role, 
specifically in the context of Nogo B is currently unclear. Its marked 
expression in blood vessels, and in cultured endothelial cells and 
sm ooth muscle cells, has led to the proposal tha t it is an im portant 
factor in vascular remodelling and there is certainly evidence to 
support this (Acevedo et al., 2004). Data from a recent study 
dem onstrated th a t recovery of blood flow following ischaemic 
injury to the hindlimb, and the associated angiogenesis and 
arteriogenesis, was reduced in Nogo  ̂ mice (Yu et al., 2009). The 
evidence linked this poor recovery w ith a Nogo B-associated 
decrease in the recruitm ent of macrophages to the ischaemic tissue 
(Yu e t al., 2009). In this context therefore, it was somewhat 
surprising th a t genetic deletion of Nogo A and B was associated 
w ith  reduced recovery in 12-month-oId rats following traumatic 
brain injury (M arklund et al., 2009). Nogo B, but particularly Nogo 
A, was increased in the hippocam pus following deafferentation 
and, in the case of Nogo B, this upregulation persisted until axonal 
sprouting peaked at which tim e its expression returned to control 
levels (M eier et al., 2003).

Control Ap 
Control

Control Ap 
NEP1-40
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It is known tha t increased Nogo A expression is associated w ith 
[conditions characterized by cell stress, for example in amyotrophic 
lateral sclerosis (ALS) and in an animal model of ALS, while Nogo A 
autoantibodies have been found in serum  and cerebrospinal fluid 

( of patients w ith m ultiple sclerosis (Yan e t al., 2006). Here w e did 
not find any age-related or A3-associated change in Nogo A but the 

: age-related and A^-associated increase in Nogo B was associated 
with increases in the activities of caspases 8 and 3. These enzymes 
are indicators of cell stress, although not necessarily cell death 
(Gamier et al., 2004) and taken w ith the findings of Meier and 
colleagues (M eier e t al., 2003), the data suggest a coupling between 
tissue or cell stress and Nogo B, at least in hippocampus. One of the 
significant findings in this study is that Nogo B induced an increase 
in activities of caspases 8 and 3 in cultured neurons suggesting that 
it can trigger cell stress. In this context, it is interesting that Nogo B, 
like the o ther Nogo family mem bers, is abundant in the 
endoplasmic reticulum (Teng et al., 2004) and its overexpression 
induces endoplasmic reticulum  stress, which at least in some cases 
is linked w ith apoptosis (Kuang et al., 2006). It has been proposed 
that an apoptotic signal arises as a consequence of the interaction 
between Nogo B and Bcl-2 which prevents its translocation from 
the endoplasmic reticulum to mitochondria (Tagami et al., 2000). 
Consistent w ith this, it has been shown that expression of Nogo B 
in cancer cell lines can induce apoptosis (Kuang et al., 2005) 
although this has been disputed (Oertle et al., 2003a,b). Here we 
show tha t the NgR antagonist NEPl -40 attenuated  the Ap-induced 
increase in caspase 3 activation which is broadly consistent w ith 
the finding that NEPl-40 reduced caspase-3 activation as a result 
of focal cerebral ischemic injury (W ang et al., 2008).

Several factors are capable of inducing microglial activation 
which is often accompanied by evidence of neuronal stress, 
presumably as a consequence of the actions of the release 
neurom odulatory molecules, like inflam matory cytokines, che- 
mokines, and oxidative and nitrogen species (Lynch, 2009). Under 
resting conditions concentration of these factors is low and, 
together w ith appropriate interactions betw een cells, microglia are 
m aintained in a quiescent state. The findings of this study identily 
Nogo B as another factor which contributes to activation of 
microglia and highlights the need to establish the mechanisms by 
which its expression is modulated.
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ABSTRACT
The membrane glycoprotein CD200 is 

expressed on several cell types including 
neurons whereas expression o f its receptor, 
CD200R, is restricted principally to cells o f  the 
myeloid lineage, including microglia. The 
interaction between CD200 and CD200R  
maintains microglia and macrophages in a 
quiescent state, therefore CD200-deficient mice 
express an inflammatory phenotype exhibiting 
increased macrophage or microglial activation 
in models o f arthritis, encephalitis and 
uveoretinitis. Here, we report that 
lipopolysaccharide (LPS) and Pam 3 CysSerLys4  

(Pam 3 Csk4 ) exerted more profound effects on 
release o f the proinflammatory cytokines, 
interleukin (IL )-ip , IL-6 and tum our necrosis 
factor (TNF)-a in glia prepared from CD200'^‘, 
compared with wildtype, mice. This effect is 
explained by the loss o f  CD200 on astrocytes 
which modulates microglial activation. 
Expression o f Toll-like receptors (TLR)-4 and - 
2 was increased in glia prepared from CD200'^‘ 
mice and the evidence indicates that microglial 
activation, assessed by the increased numbers 
o f C D llb ^  cells which stained positively for 
both MHCII and CD40, was enhanced in 
CD200'^‘, compared with wildtype, mice. These 
neuroinflammatory changes were associated 
with impaired long-term potentiation (LTP) in 
C A l o f hippocampal slices prepared from 
CD200'^' mice. One possible explanation for this 
is the increase in TN Fa in hippocampal tissue 
prepared from CD200'^‘ mice, since TNFa  
application inhibited LTP in C A l. Significantly, 
LPS and PamaCsk4 , at concentrations which 
did not affect LTP in wildtype mice, inhibited 
LTP in slices prepared from CD200‘̂" mice, 
likely due to the accom panying increase in 
TLR2 and TLR4. Thus the neuroinflammatory 
changes which result from CD200 deficiency 
have a negative impact on synaptic plasticity.

INTRODUCTION
CD200 is a type-1 membrane glycoprotein 

which has been identified as an immuno
suppressive molecule, consistent with its 
expression on cells o f the immune system 
including dendritic cells, T and B cells, endothelial 
and epithelial cells (1). Diverse immuno

modulatory roles for CD200 have been reported; 
these include antigen-specific T cell responses, 
suppression o f regulatory T cells (2), cytotoxic T 
cell-mediated tumour suppression (3), graft 
survival (4) and apoptosis-associated immune 
tolerance (5).

In the brain, CD200 is expressed on neurons (6) 
and oligodendrocytes (7) but not on microglia (8). 
A recent report has indicated that CD200 is 
expressed on reactive astrocytes in lesions from 
postmortem multiple sclerosis brains (7).
Expression o f CD200R is mainly restricted to cells 
o f the myeloid lineage and therefore, in the brain, 
has been identified on microglia (6,7) but not on 
neurons (8). The complementary expression of 
ligand and receptor on neurons and microglia 
respectively suggests that their interaction may 
play a role in modulating microglial activation and 
recent evidence has supported this contention. The 
LPS-induced increases in expression o f cell 
surface markers of microglial activation and 
inflammatory cytokine production were inhibited 
by addition o f neurons and this attenuating effect 
o f neurons was blocked by an anti-CD200 
antibody (8). This finding suggests that interaction 
o f CD200 with its receptor has the capacity to 
modulate microglial activation.

In CD200-deficient mice, increased microglial 
and/or macrophage activation has been described 
in several models o f inflammation, for example 
facial nerve transection, experimental autoimmune 
encephalomyelitis (EAE), an animal model of 
arthritis (9) and experimental autoimmune 
uveoretinitis (10). Conversely, administration o f a 
CD200 fusion protein ameliorates the 
inflammatory changes observed in collagen- 
induced arthrifis (11,12), while the decrease in 
EAE-like symptoms in Wlcf mice has been 
attributed to increased expression o f CD200 on 
spinal cord neurons (13).

Reduced expression o f CD200 is coupled with 
increased microglial activation in hippocampus of 
aged and P-amyloid (A(i)-treated rats (8,14), and 
synaptic plasticity, specifically long-term 
potentiation (LTP), is impaired when microglial 
activation is increased (15,16). Therefore we 
predicted that glia prepared from CD200-deficient 
mice would respond more profoundly to LPS and 
that this would be coupled with evidence of 
impaired LTP. The data show that LPS and
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Pam3Csk4  exert a greater effect on glia prepared 
from CD200'^' m ice, presumably due to the 
observed increase in expression o f  TLR4 and 
TLR2 on these cells. In addition, LTP was 
markedly reduced at C A l synapses o f  
hippocampal slices prepared from CD200''’, 
compared with wildtype, m ice. LPS and Pam3Csk4  

further attenuated LTP in slices prepared from 
CD200'^' mice. The data provide further evidence 
for an important immunomodulatory role for 
C D 200, and couples the loss o f  CD200 with a 
deficit in synaptic function and with increased 
expression o f  TLR 2 and 4.

EXPERIMENTAL PROCEDURES 
Animals

1 day-old and 2-6 m onth-old C57BL/6 or 
CD200'^‘ m ice were used for preparation o f  glial 
cultures or for preparation o f  hippocampal slices 
respectively. Tissue from 2-6 month-old m ice was 
also used for analysis o f  expression o f  TLR2 and 4 
and H M G B l. A ll experiments were performed 
under licence (Department o f  Health and Children, 
Ireland) and with ethical approval (BioResources, 
Trinity C ollege, Dublin) in accordance with local 
guidelines. Animals were housed under controlled 
conditions (20-22°C , food and water a d  lib) and 
maintained under veterinary supervision.

Preparation and treatment o f primary glial 
cultures.

M ixed glial cultures were prepared from 1-day- 
old C 57BL/6 m ice or CD200' ' m ice as previously 
described (8). These cultures contained 
approximately 70% astrocytes and 30% m icroglia 
as assessed by expression o f  C D l lb  using FACS. 
We used m ixed glia  because C D 200 is expressed  
on astrocytes, but not microglia. This means that 
knocking out CD 200 will have no impact on 
m icroglia unless they are in culture with astrocytes 
and, in this case, the effect can be attributed to the 
loss o f  signaling through CD200R. In the context 
o f  this study, isolated m icroglia prepared from 
wildtype and CD200'^' are essentially the same.

In one series o f  experiments, cells were 
harvested for flow  cytometric analysis to evaluate 
expression o f  cell surface markers o f  microglial 
activation, GLAST to identify astrocytes, or for 
PCR to evaluate expression o f  TLRs 2 and 4. In a 
second series o f  experiments, cells were incubated 
in the presence or absence o f  LPS (lOOng/ml;

A lexis Biochem ical; U S) or Pam3 Csk4  (lOOng/ml; 
InvivoGen, U S) and, 24h later, supernatant was 
collected and assessed for concentration o f  IL-1(3, 
IL-6 and TNFa.

Purified astrocytes were prepared as described  
previously, using the shaking method to remove 
m icroglia (17), and membranes were isolated 
using a subcellular protein fractionation kit 
(Thermo Scientific, U SA ). Cells were incubated in 
trypsin-EDTA (1ml, 15 min, 37°C), centrifuged 
(500 X g, 5 min), washed with ice-cold  PBS, 
resuspended in PBS and centrifuged (500 x g, 5 
min). The pellet was re-suspended in ice-cold  
Cytoplasm ic Extraction Buffer containing protease 
inhibitors (Thermo Scientific, U SA ), incubated 
(4°C, 10 min) and centrifuged (3,000 x g, 5 min); 
the supernatant provided the cytosolic fraction, 
w hile the pellet, which contained the membrane 
fraction, was resuspended in ice-cold  Membrane 
Extraction Buffer containing protease inhibitors 
(Thermo Scientific, U SA ), incubated (4°C, 10 min) 
and centrifuged (3,000 x g, 5 min). The resultant 
supernatant provided the membrane fraction.

To prepare microglia, cells were initially seeded  
onto 25cm^ flasks and, after 24 hours, media was 
replaced with cDM EM  containing GM -CSF  
(20ng/m l) and M-CSF (5ng/m l). After 10-14 days 
in culture, non-adherent m icroglia were harvested 
by shaking (llO rpm , 2 hours, room temperature), 
tapping and centrifuging (2000rpm, 5 min). The 
pellet was resuspended in cDM EM , the microglia 
were plated onto 24-w ell plates at a density o f  1 x 
10  ̂ cells/m l and maintained at 37°C in a 5% CO2 

humidified atmosphere for up to 3 days prior to 
treatment.

Flow cytometry.
Glial cells were trypsinized (0.25%  Trypsin- 

EDTA, Sigma, UK), washed 3 times in FACS  
buffer (2% FBS, 0.1% NaNj in PBS). W h ole  
brain t issu e  w a s harvested  and p assed  through  
a c e ll  strainer (7 0 |im ) and cen tr ifu ged  (1 7 0  x  
g, 10 m in). T h e p elle t w a s resu spend ed  in PB S  
con ta in in g  co lla g en a se  D  (1 m g /m l) and  
D N a se  I (200ja,g/m l), incubated  at 3 7 °C  for 30  
m in and cen trifu ged  (1 7 0  x  g , 5 m in ). P ellets  
w ere resu spend ed  in 1 .0 8 8 g /m l P erco ll (9m l), 
underlaid  w ith  1 .1 2 2 g /m l P erco ll (5 m l), and  
overla id  w ith  1 .072g /m l and L 0 3 0 g /m l (9m l 
each ) P ercoll and P B S  (9 m l)  and centrifu ged
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( 1 2 5 0  X g , 4 5  m in ). T h e  m o n o n u c le a r  c e l l s  
(b e tw e e n  th e  1 .0 8 8 :1 .0 7 2  and  1 .0 7 2 :1 .0 3 0 )  
w e r e  c e n tr ifu g e d  and th e  p e lle ts  w e r e  w a sh e d .  
A ll ce lls  w ere b locked  for 15 min at room  
temperature in FA C S block  (M ou se B D  Fc B lock  
(B D  Pharm ingen, U K ); 1:500 in F A C S buffer). 
C ells w ere incubated w ith P E -C y7- or APC-rat 
anti-m ouse C D l lb  (B D  B iosc ien ces, U K ), FITC- 
rat anti-m ouse C D 40  (B D  B io sc ien ces, U K ), PE- 
rat anti-m ouse MHCII (B D  B io sc ien ces, U K ), 
APC-rat anti-m ouse C D 200  (B D  B iosc ien ces, 
U K ), PE-rat anti-m ouse C D 200R  (S erotec, U K ), 
FITC-rat anti-m ouse TLR 2 (C am bridge  
B ioscien ces, U K ), FITC-rat anti-m ouse TLR 4  
(C am bridge B iosc ien ces, U K ), PE -C y7-anti- 
m ouse C D 45 (B D  B io sc ien ces, U K ) and APC-rat 
anti-m ouse G L A ST  (B D  B iosc ien ces, U K ). 
A ntibodies w ere diluted (1 :400 ) in F A C S buffer. 
Im m unofluorescence analysis w as perform ed on a 
D A K O  Cyan A D P  7 colour flow  cytom eter  
(D A K O  C ytom ation , U K ) with Sum m it v4.3  
softw are.

Real-time PCR analysis o f  CDI Ih, CD40, TLR2 
and TLR4.

Total R N A  w as extracted from snap-frozen  
hippocam pal tissu e and harvested m ixed g lia l ce lls  
using a N u cleoS p in ®  RNAII iso lation  kit 
(M acherey-N agel Inc., G erm any) and cD N A  
synthesis w as perform ed on 1 ng total R N A  using  
a H igh C apacity cD N A  RT kit (A pplied  
B iosystem s, Germ any); the protocols used w ere  
according to the manufacturer's instructions. R eal
tim e PCR w as perform ed as described previously  
( 8 ) using an ABI Prism 7 3 0 0  instrument (A pplied  
B iosystem s, G erm any). T he primers IDs w ere as 
fo llow s C D l lb :  M m 0 1 2 7 1 2 6 5 _ m l, C D 40:
M m 0 0 4 4 1 8 9 5 _ m l, TLR2: M m 0 0 4 4 2 3 4 6 _ m l and 
TLR4: M m 0 0 4 4 5 2 7 3 _ m l (A pp lied  B iosystem s, 
G erm any). Sam ples w ere assayed in duplicate and 
gen e expression  w as calculated  relative to the 
en dogenou s control sam ples (P-actin) to g iv e  an 
RQ value (2^°°*"', w here CT is the threshold  
cyc le ).

Analysis o f  IL-lfi, lL-6 and TNFa.
The concentrations o f  IL-I(3, lL - 6  and TTMFa 

were analyzed in triplicate by ELISA in sam ples o f  
supernatant obtained from in vitro  experim ents as 
previously described ( 8 ).

Analysis o f  CD200, GFAP, plKBa, IL-la, IL-lfi
and TNFa by Western immunoblotting

H ippocam pal lysate w as assessed  for expression  
o f  IL -la , IL - ip  and T N F a , g lia l ce ll lysate w as 
evaluated  for expression  o f  piKBa, and m em brane 
and cy to so lic  preparations obtained from purified  
astrocytes w ere evaluated for expression  o f  C D 200  
and G F A P  using standard W estern  
im m unoblotting m ethods (8 ,1 8 ). Primary 
antibodies directed against C D 200  (anti-goat; 
1:500; Santa Cruz B io tech n o logy , U S ), G F A P  
(anti-rabbit; 1:1000; Invitrogen, U S), p lK B a  
(ser32) (anti-rabbit; 1:1000; C ell S ignaling, U S ), 
I L -la  (anti-goat; 1:1000; R & D S ystem s, U S), IL- 
ip  (anti-goat; 1:500; Santa Cruz B io tech n ology , 
U S) and T N F a  (anti-rabbit; 1:500; C ell S ignaling , 
U S ) w ere incubated overnight at 4°C . The 
secondary antibodies were conjugated to 
horseradish peroxidase (1:5000; Jackson  
Im m unoresearch, U S ) and after a 2 hour 
incubation step , m em branes w ere w ashed and 
protein co m p lex es v isu a lised  (Im m obilon  W estern  
ch em ilum inescen t substrate, M illipore, U S). 
M em brane w ere stripped and probed for p-actin  
(to confirm  equal load ing) as previously  described  
(8 ,18 ). Im ages w ere captured using the Fujifilm  
L A S -3000  im ager, and densitom etric analysis w as 
used to quantify expression  o f  the proteins. V alues 
are presented as m ean ±  SEM , norm alised to p- 
actin.

Hippocampal slice preparation and L TP 
recording

A cute hippocam pal s lices  (400^ m ) from  
C 57B L /6  and CD200'^' m ice w ere prepared using  a 
M cllw ain  tissu e  chopper as previously  described  
(1 8 ), and m aintained in oxygen ated  artificial 
cerebrospinal fluid (aC SF; com position  in mM: 
125 N aC l, 1.25 K C l, 2 C aC b, 1.5 M gC lj, 1.25 
K H 2 PO 4 , 25  N aH C O s, and 10 D -g lu co se), at room  
tem perature (2 1 -2 3 °C ) in a hold ing  cham ber for a 
m inim um  o f  1 hour before being  transferred to a 
subm ersion recording cham ber. S lices  w ere  
continu ously  perfused (2 -3m l/m in ) w ith  
oxygenated  aC SF at room  tem perature (2 1 -2 3 °C ). 
T he Schaffer collateral-com m issural pathw ay was 
sfim ulated at 0 .0 3 3 H z  (0 .1m s duration; 30-50%  o f  
m axim al EPSP am plitude) using a bipolar tungsten  
stim ulation electrode (A dven t M aterials). Stable
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field excitatory postsynaptic potentials (E P SPs) 
w ere recorded from the C A l stratum radiatum  
using a m onopolar g lass recording electrode filled  
with aC SF. W e assessed  input-output response and 
paired pulse facilitation to evaluate  
neurotransm ission at C A l syn ap ses, and found  
that there w ere no d ifferen ces betw een  slices  
obtained from w ild type and CD200'^' m ice. In 
addition there w as no ev id en ce  o f  ep ileptiform  
activ ity  in any slice . Stable baseline E PSPs w ere  
recorded for 20  min prior to application  o f  theta- 
burst stim ulation [T B S; 10 trains (4 p u lses at 100 
H z) repeated at 5 Hz, (18 )]. In som e experim ents, 
LPS (A lex is  B ioch em ica ls , Sw itzerland) or 
Pam 3 C sk 4  (Inv ivoG en , U S ) w as added to the 
perfusate (1 0  ng/m l x 20 m in , or 2 0  |o.g/ml x 60  
m in) prior to T B S . In an additional set o f  
experim ents, s lices  were perfused w ith m ouse  
recom binant T N F a  (R  & D S ystem s, UK; 3 ng/m l 
in 0 .002%  B S A ) or veh ic le  a lon e (0 .002%  B S A ), 
for 2 0  min prior to LTP induction. T his 
concentration o f  T N F a  is less than that previously  
dem onstrated to impair LTP in hippocam pal s lices  
prepared from rat (1 9 ,2 0 ). Data w ere acquired  
using W inW C P v4 .0 .7  softw are (D r J. D em pster, 
Strathclyde, U K ). Evoked E PSP s w ere norm alised  
to the slop e recorded in the 5 min period prior to 
LTP induction. T he level o f  LTP was evaluated as 
the m ean % EPSP slope during the last 5 min o f  
recording and data are presented as m ean % EPSP  
slop e ±  SEM .

H ippocam pal s lices  not used for 
e lectrop h ysio logy  w ere prepared for w estern  
im m unoblot analysis o f  I L - la ,  IL -ip  and T N F a  
expression  (described  above). T hese s lices  w ere  
incubated as described for a m inim um  o f  1 hour 
fo llo w in g  the slic in g  procedure, p lus a further 
incubation period equivalent to the duration o f  
LTP recording.

Statistical analysis.
D ata w ere analyzed  using either S tudent’s t-test 

for independent m eans, or analysis o f  variance 
(A N O V A ) fo llow ed  by post hoc Student 
N ew m a n -K eu ls  test to determ ine w hich  conditions 
w ere sign ifican tly  different from each other. Data 
are expressed  as m eans w ith standard errors.

RESULTS

L oss o f  C D 200  has been associated  with  
ev id en ce  o f  increased inflam m atory changes in 
hippocam pal tissue prepared from aged anim als as 
w ell as L PS- and AP-treated anim als and LPS 
(8 ,2 1 ) . In this study, the effect o f  the TLR 4 and 
TLR 2 agonists, LPS and Pam 3 C sk 4 , w ere assessed  
on cytok ine production in m ixed g lia  prepared 
from w ild type and CD200'^' m ice. The data 
indicate that incubation o f  ce lls  prepared from  
w ild type m ice in the presence o f  LPS (1 0 0  ng/m l) 
increased release o f  the proinflam m atory  
cytok in es, IL -ip , IL-6 and T N F a and the effect 
w as sign ifican t in the case  o f  IL-6 and T N F a  
(** * p  <  0 .001; A N O V A ; Figure la -c ). T he e ffect  
o f  LPS w as sign ificantly  greater in ce lls  prepared 
from C D 2 0 0 '' m ice ("̂ *"̂ p <  0 .0 0 1 ; A N O V A ; 
Figure 1). Incubation o f  m ixed g lia  prepared from  
w ild type m ice in the presence o f  Pam 3 Csk 4  (100  
n g/m l) also sign ifican tly  increased release o f  
inflam m atory cy tok in es (**p  <  0 .01 ; ***p  <  
0 .001 ; A N O V A ; Figure Id-f). T he effect o f  
Pam 3 C sk 4  w as greater in m ixed g lia  prepared from  
C D 200"' m ice and this w as statistically  significant 
in the case  o f  IL-6 and T N F a (̂ '̂ '̂ p < 0 .001; 
w ild type vs C D 2 0 0 A N O V A ) .  Both LPS and 
Pam 3 C sk 4  a lso  increased m R N A  expression  o f  
these inflam m atory cy tok ines and the effect w as 
greater in ce lls  prepared from C D 2 0 0 '' m ice (data 
not show n). T hese data indicate that tonic  
activation by C D 200  m odulates cytok in e release  
from g lia . A n alysis o f  the effec t o f  LPS on 
cytok in e release prepared from purified m icroglia  
obtained from  w ild type and C D 2 0 0 ‘ ‘ m ice  
revealed no genotype-related  change for IL- l p  
(9 9 .6 4  ±  2 6 .5 2  pg/m l vs 6 2 .8 9  ±  6 .4 7  pg/m l for 
w ildtype and CD200'^‘ ce lls  respectively), lL -6  
(3 8 3 7  ±  171.8 vs 3875  ±  144 .8) and T N F a  ( 1 55 9  ±  
88.31 vs 1533 ±  2 0 4 .5 ). T his is consisten t w ith the 
v iew  that iso lated  m icroglia  prepared from  C D 2 0 0 ’ 
' m ice are unaffected, w hereas w hen cultured with  
astrocytes w hich  are deficien t in C D 200 , an 
activated phenotype is evident.

U sin g  C D l I b  as a marker o f  m icroglia , w e  
sh ow  that the num ber o f  C D  11 b  ̂M H C lT  cells  and 
CDI I b^ CD40* cells  w as increased in a m ixed  
glial population prepared from  CD200'^‘, com pared  
w ith w ild type, m ice (F igure 2). T hese data suggest 
that C D 200  contributes to m aintenance o f  
m icroglia  (in a m ixed  glia l preparation) in a 
quiescent state and therefore suggests that C D 200  
is expressed  on astrocytes. To date, its expression
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on astrocytes has been reported only on reactive 
astrocytes in lesions from postmortem brains o f  
individuals with multiple sclerosis (7). Here, flow  
cytometry was used to evaluate C D 200 expression 
on GLAST"^ cells in a purified culture o f  astrocytes 
prepared from wildtype and CD200'^' m ice (Figure 
3a,b). Whereas C D 200 expression was evident on 
GLAST* cells prepared from wildtype mice, 
expression was absent on GLAST^ cells prepared 
prepared from C D 200‘ " mice. To confirm  
astrocytic expression o f  C D 200, purified 
astrocytes were used to prepare membrane and 
cytosolic fractions for analysis by Western 
immunoblotting. C D 200 was evident in 
membrane, but not cytosolic, fractions (Figure 3c) 
whereas GFAP expression was, predictably, 
largely confined to the cytosolic fractions.

A possible explanation for the increase in 
responsiveness o f  cells from C D 2 0 0 '' m ice to LPS 
and Pam3 Csk4  is the significant increase in 
expression o f  both TLR2 and TLR4 mRNA in 
mixed glia prepared from CD200'^‘, compared with 
wildtype, mice (*p < 0.05; student’s t-test for 
independent means; Figure 4a and d). Flow  
cytometric analysis demonstrated that cell surface 
expression o f  both receptors was increased on 
CDIIb^ cells obtained from C D 200‘̂ ', compared 
with wildtype, mice, but the increase was 
significant only in the case o f  TLR2 (**p < 0.01; 
student’s t-test for independent means; Figure 
4b,c,e,f). The significant increase in 
phosphorylated iKBa in cells prepared from 
CD200'^', compared with wildtype, m ice (*p < 
0.05; student’s t-test for independent means; 
Figure 4g) indicates that signalling through TLR is 
upregulated in cells prepared from CD200'^‘ mice.

CD200 deficiency is accom panied by 
inflammatory changes (9,10) and, in the brain, 
microglial activation is coupled with decreased 
CD 200 in brains o f  aged animals and also in LPS- 
treated and A(3-treated animals (8,21). To 
investigate this correlation further, we evaluated 
expression o f  surface markers o f  microglial 
activation on cells prepared from C D 200'' and 
wildtype m ice using PCR and flow  cytometry, and 
show that C D 40 m RNA, although not C D llb  
mRNA, was significantly increased in tissue 
prepared from CD200'^', compared with wildtype, 
mice (*p < 0.05; student’s t-test for independent 
means; Figure 5a,b). A nalysis by flow  cytometry 
indicated that there was no genotype-related

change in C D llb ^  cells (Figure 5c) but the 
percentage o f  C D llb *  cells which were positive 
for MHCII and CD40 was significantly increased 
(*p < 0.05; ***p < 0.001; student’s t-test for 
independent means; Figure 5d-g).

CD45 has been used as a means o f  
discriminating between macrophages (which  
express high levels o f  CD45) and microglial 
(which express low levels o f  CD45 (22)). Flow  
cytometric analysis revealed that the numbers o f  
C D l lb* CD45'“* cells were significantly increased 
in hippocampus o f  CD200'^‘, compared with 
wildtype, m ice (***p < 0.001; student’s t-test for 
independent means; Figure 6a) and that CD200R  
expression (b), CD40 (c), TLR2 (d) and TLR4 (f) 
on these cells was greater in tissue prepared from 
C D 200 ‘̂ ', compared with wildtype, m ice. The 
numbers o f  macrophages in the brain (i.e. C D l lb' 
CD45*"®'' cells) were negligible in CD200'^‘ and 
wildtype mice. Analysis o f  expression o f  TLR in 
hippocampus revealed that both TLR2 and 4 were 
increased in CD200'^', compared with wildtype, 
m ice (*p < 0.05; **p < 0.01; student’s t-test for 
independent means; Figure 6e,g). These changes 
indicate that microglial activation occurs in brain 
tissue o f  C D 200'' mice and therefore the changes 
in vitro  are reflected in vivo, although the increase 
in expression o f  TLR2 mRNA in hippocampus is 
markedly greater than the change observed in 
cultured cells Significantly, this was accompanied  
by a deficit in LTP in C A l synapses where the 
response, 60 min follow ing application o f  TBS, 
was markedly reduced in slices prepared from 
CD200'^' m ice (12 slices from 7 m ice) compared 
with wildtype m ice (15 slices from 11 mice; p < 
0.001; unpaired Student’s t-test; Figure 6h). 
Although a number o f  inflammatory cytokines 
released from activated microglia might exert this 
effect (17-21), here w e show that whereas 
expression o f  IL -la  and 1L-1|3 were similar in 
hippocampal fissue prepared from wildtype and 
CD200'^‘ m ice (Figure 7a,b), T N F a was increased 
(p <  0.05; student’s t-test for independent means; 
Figure 7c). As previously demonstrated in 
hippocampal slices prepared from rats (19,20,23), 
application o f  T N F a (3 ng/ml) to m ouse 
hippocampal slices significantly impaired LTP 
relative to vehicle controls (p <  0.05; unpaired 
Student’s t-test; 3 slices from 2 mice; Figure 7d).

Since cells prepared from C D 200'' m ice 
showed increased suscepfibility to LPS, w e
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predicted that concentrations o f  LPS which exerted 
no effect on LTP in wildtype mice may attenuate it 
in CD200''' mice. Application o f  LPS (20 |ig/m l) 
to hippocampal slices from wildtype m ice for 60 
min prior to TBS inhibited LTP (5 slices from 5 
m ice) compared with controls (15 slices from 11 
mice; p < 0.001; Figure 8a). In contrast, a lower 
concentration o f  LPS (10 [Jg/ml; 20 min pre
treatment) which exerted no effect on LTP in 
slices prepared from wildtype m ice (7 slices from 
6 mice; Figure 8b) significantly decreased LTP in 
slices from C D 200 '' m ice (13 slices from 9 m ice) 
relative to control (12 slices from 7 mice; p < 0.05; 
Figure 8c).

Like LPS, Pam3 Csk4  exerted a greater effect on 
inflammatory markers in cells prepared from 
CD200'^' mice, and therefore we predicted that its 
effect on LTP would be genotype-specific. 
Application o f  Pam3 Csk4  (20 ng/m l) to 
hippocampal slices prepared from wildtype mice 
for 60 min prior to TBS inhibited LTP (3 slices  
from 3 m ice) compared with untreated controls (15 
slices from 11 mice; p < 0.001; Figure 9a). A 
lower concentration o f  Pam3 Csk4  (10 n-g/ml), 
applied for 20 min prior to TBS, did not affect 
LTP in slices prepared from wildtype mice (4 
slices from 3 mice; Figure 9b), but significantly 
reduced LTP in slices prepared from C D 200'' 
m ice (6 slices from 5 m ice) compared with control 
(12 slices from 7 mice; p < 0.05; Figure 9c).

DISCUSSION
The loss o f  C D200 has a significant impact on 

activation o f  microglia in response to 
inflammatory stimuli, probably because o f  
increased expression o f  TLR4 and TLR2 in vitro  
and in vivo. Whereas LTP in Schaffer collateral- 
C A l synapses was markedly impaired in slices 
prepared from CD200-deflcient mice under control 
conditions, activation o f  TLR4 and TLR2, by LPS 
and Pam3 Csk4  respectively, exerted a more 
profound effect on LTP in slices prepared from 
C D 200’ ' mice. We propose that the increased 
expression o f  TLR4 and TLR2 provides a 
plausible explanation for the increased 
responsiveness o f  C D 2 0 0 m ic e  to inflammatory 
stimuli.

LPS and Pam3 Csk4  increased the release o f  
proinflammatory cytokines, 1L-1(3, IL-6 and TNFa

from mixed glial cultures, confirming previously- 
described effects o f  TLR4 and TLR2 (21,24,25). 
Both agonists exerted a greater effect on release o f  
proinflammatory cytokines in mixed glia prepared 
from CD200'^‘ mice, compared with wildtype 
m ice. Thus tonic activation o f  C D200 receptor by 
C D 200 is required to modulate inflammatory 
cytokine production. This concurs with data 
indicating that the interaction o f  neurons and 
m icroglia by means o f  C D200 receptor 
engagem ent by CD200 decreased microglial 
activation and production o f  IL-1(3 (8). In the 
current study in which a mixed glial preparation 
was used, we propose that the modulating effect is 
a consequence o f  the interaction between 
m icroglia and astrocytes, which we demonstrate 
express CD200. It is known that C D200 is widely  
expressed on numerous cell types although, in the 
case o f  astrocytes, expression to date has been 
reported only on reactive astrocytes in lesions 
from postmortem brains o f  individuals with 
multiple sclerosis (7). An interesting possibility is 
that the relatively activated state o f  microglia in a 
purified microglial culture may be a consequence 
o f  the loss o f  the CD200-controlled modulating 
effect o f  astrocytes.

The present findings in glia mirror those 
observed in peritoneal macrophages; thus 
stimulation with LPS and peptidoglycan, and also 
poly l;C, increased release o f  TNFa and IL-6 to a 
greater extent in macrophages prepared from 
CD200' ' m ice compared with wildtype m ice (26). 
Similarly alveolar macrophages prepared from 
CD200'^' m ice, when stimulated ex vivo  with LPS 
or IFNy, expressed more MHCII and released 
more inflammatory cytokines than macrophages 
from wildtype mice (27). It has been known for 
many years that astrocytes are capable o f  
modulating m icroglial/macrophage function. They 
have been shown to modulate LPS-induced 
changes in inducible nitric oxide synthase and NO  
production (28,29) and expression o f  MHCII (30); 
effects which have been attributed to astrocytic 
release o f  soluble factors like transforming growth 
factor (TGF)p. The present findings uncover 
another mechanism by which astrocytes can 
modulate microglial activation.

Several studies have established that responses 
to insults which induce inflammatory changes are 
exacerbated in C D 200'' mice. Thus the symptoms 
and inflammation associated with experimental
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autoimmune encephalom yelitis, Toxoplasm a  
encephalitis, experimental autoimmune 
uveoretinitis, collagen-induced arthritis and facial 
nerve transaction and are more profound in 
CD200-deficient m ice (9,10,31). In addition, the 
response to an influenza dose o f  
haemagglutination was much more severe 
(inducing som e fatalities) in C D 200-deficient, 
compared with wildtype, m ice (27). Although it 
has been shown that CD200R activation by a 
C D 200Fc ameliorates the symptoms associated  
with these conditions, and although C D 200R- 
mediated regulation o f  macrophages relies on the 
binding o f  dok2 to the PTB binding m otif in the 
cytoplasm ic region o f  CD200R and the subsequent 
recruitment and activation o f  RasGAP (32), the 
mechanism by which these changes lead to 
dampening the activation o f  macrophage/microglia 
remains to be fully explained. In this study we 
show that increased expression o f  both TLR4 and 
TLR2 was observed in glia prepared from C D 200’ 
■ m ice and this may, at least in part, provide an 
explanation for the susceptibility o f  C D 200'' m ice 
to inflammatory stimuli. Both TLR2 and TLR4 
ultimately lead to activation o f  NFkB and, in this 
study, the increased receptor expression in glia  
prepared from CD200'^‘ m ice is coupled with 
increased expression o f  phosphorylated licB, 
which is indicative o f  NFkB activation. These 
changes clearly provide one possible explanation 
for the increased responsiveness o f  these cells to 
LPS and Pam3 Csk 4  in the present study, and 
perhaps also in other models.

Loss o f  CD200 increases expression o f  markers 
o f  microglial activation in mixed glial cultures; 
C D 200 deficiency was associated with enhanced  
expression o f  both CD40 and CD68 mRNA, 
although not C D I l b  mRNA. In parallel, flow  
cytometry revealed that these markers, and also 
MHCII, were increased on C D llb -p o sitiv e  cells 
prepared from CD200'^' mice. Previous studies 
have highlighted the importance o f  the interaction 
between C D200 and C D200R in maintaining the 
quiescent state o f  microglia, and have revealed that 
the age-related and A(i-induced increases in 
m icroglial activation are coupled with decreased 
C D 200 expression on neurons (8,14,21). The 
present observations also concur with the findings 
that under resting conditions, spinal cord m icroglia 
adopt an inflammatory morphology expressing  
more C D l lb  (9) and the number o f  CD45^CD1 Ib^

cells prepared from retina o f  CD200' ' m ice was 
increased (10).

In the past decade it has becom e clear that 
neuroinflammatory changes, coupled with 
increased microglial activation, negatively affect 
synaptic plasticity in aged, LPS-treated and AP- 
treated rats (15,33-35). These observations are 
corroborated in this study where we directly 
associate the loss o f  C D200 with microglial 
activation and a deficit in LTP. The evidence 
indicates that slices prepared from CD200' ' mice 
do not display LTP to the same degree as slices 
prepared from wildtype mice. One possible 
explanation for this is that TNFa, which is 
increased in hippocampal tissue prepared from 
these m ice, is released from activated microglia 
and inhibits LTP. We demonstrate that TNFa  
inhibits TBS-induced LTP in m ouse Schaffer 
collateral-CAl synapses, which concurs with 
previous evidence indicating that it exerts a similar 
effect on tetanus-induced LTP in rats, in vitro and 
in vivo (17,19,23).

In addition to the decrease in LTP observed in 
untreated slices prepared from C D 200'' mice, the 
data indicate that a subthreshold concentration o f  
LPS or Pam3 Csk4 , which exerts minimal effects on 
LTP in wildtype mice, markedly impairs LTP in 
slices prepared from CD200'^' mice. These 
findings show for the first time that activation o f  
TLR2 leads to inhibition o f  LTP and further 
em phasizes the protective effect o f  CD200- 
CD200R interaction such that a deficit in CD200  
leads to increased susceptibility to inflammatory 
stimuli. At this point it is unclear whether the 
effects o f  LPS or Pam3 Csk4  on LTP are secondary 
to changes in glia, or are a consequence o f  a direct 
effect on neuronal TLR4 and TLR2. In this regard 
it is important to note that while som e groups have 
reported neuronal expression o f  most TLRs both in 
vitro  and in vivo  (36),(37), others have been unable 
to demonstrate expression o f  TLR2 on neurons 
(38). The implication o f  this finding for the 
present study is that the mechanism underlying the 
Pam3 Csk4 -induced depression in LTP may result 
from its ability to release IL-ip,  IL-6 and TNFa  
from glia; each o f  these inflammatory cytokines 
has been shown to inhibit LTP (17,39,40).

While there is an accumulating body o f  
evidence indicating that CD200 deficiency is 
associated with increased inflammatory changes in 
several tissues including the brain, the effect on



neuronal function is relatively unexplored. Here 
we report that activation of TLR4 and 2 
exacerbates neuroinflammatory changes in the 
absence of CD200 and, importantly, demonstrate 
that CD200 deficiency also exerts a negative effect 
on LTP. A key factor underlying these changes is

increased expression of these receptors. The 
findings highlight the importance of CD200 as a 
potential therapeutic target in disorders which are 
characterised by neuroinflammatory changes, 
coupled with loss of synaptic function.
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FIGURE LEGENDS

Figure 1. TLR2- and TLR4-induced increases in inflammatory cytokines are enhanced in glia prepared from 
CD200'^‘ mice.
Incubation of mixed glia prepared from wildtype mice in the presence of LPS (100 ng/ml; a-c) or Pam3 Csk4  

(Pam; 100 ng/ml; d-f) increased supernatant concentrations of IL-l(i, IL-6 and TNFa (a-c; ***p < 0.001;
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AN O V A ; n=6-8) and the effect o f  LPS and Pam 3 Csk 4  was significantly  greater in cells prepared from  CD200'^‘ 
mice < 0.001; A N O V A ; n =  4).

Figure 2. M HCll* C D l lb" and C D 40 ’̂ C D l Ib^ cells are increased in glia prepared from  C D 200 ‘̂ ‘ m ice.
The m ean percentage C D l l b '  cells w hich also stained positively for M H C IT  (top panels) and C D 40 (low er 
panels). D ata is presented as target proteins versus side scatter (SSC). R ight hand panels illustrate 
representative overlays.

Figure 3. C D 200 is expressed on astrocytes.
CD 200 expression was observed on G LA ST+ cells from  purified astrocytic cultures obtained from  w ild type (a) 
but not C D 2 0 0 '' (b) m ice. C D 200 w as observed in m em brane, but not cytosolic, fractions prepared from 
purified astrocytes obtained from  w ildtype m ice. G FA P expression w as observed in the cytosolic fraction (c).

Figure 4. Expression o f  TLR 2 and TLR 4 is increased in g lia prepared from C D 200 ‘̂ ' m ice.
TLR4 m R N A  (a) and TLR 2 m R NA  (d) and the num ber o f  C D l lb* cells w hich stained positively for TLR4 
(b,c) and TLR2 (e,f) w ere increased in glia prepared from  C D 200 ‘̂ ', com pared w ith w ildtype, m ice (*p <  0.05; 
student’s t-test for independent m eans; n = 5). (g) A sam ple im m unoblot and m ean data from  densitom etric 
analysis reveal that phosphorylated iK B a is increased in cells prepared from  CD200'^', com pared with w ildtype, 
m ice (*p < 0.05; studen t’s t-test for independent m eans; n =  4-6).

Figure 5. M arkers o f  m icroglial activation are increased in cells prepared from  CD200'^' mice.
(a,b) Expression o f  CD 40 m R N A , but not C D l lb  m R N A , was significantly  greater in m ixed g lia  prepared from 
C D 200‘̂ ", com pared with w ildtype, m ice (*p < 0.05; studen t’s t-test for independent m eans; n=4-5). (c-f) Flow 
cytom etric analysis revealed that the percentage o f  C D l lb* cells w as sim ilar in w ildtype and CD200'^' (c) but 
the percentage o f  C D l lb ' cells w hich also  stained positively for C D 40 (d.e) and M H C ll (f,g) was significantly  
greater in m ixed glia obtained from CD200'^‘, com pared w ith w ildtype, m ice (*p <  0.05; ***p <  0.001; 
student’s t-test for independent m eans; n=4-8).

Figure 6. The increase in hippocam pal expression o f  TLR 2 and TLR 4 in CD200"^' m ice is coupled w ith a 
deficit in LTP.
(a) G reater num bers o f  C D l lb*C D 45'““' cells w ere found in h ippocam pus o f  CD200'^‘, com pared with w ildtype, 
m ice (***p < 0.001; studen t’s t-test for independent m eans) and expression o f  C D 200R  expression (b) and 
C D 40 (c) w as greater in tissue prepared from  C D 200 ‘̂ ', com pared w ith w ildtype, mice. TLR2 (d) and TLR 4 (f) 
expression on C D l lb^CD45'°* cells was greater in tissue prepared from  CD200'^', com pared w ith w ildtype, 
m ice, w hile TLR2 m R N A  (e) and TLR 4 m RNA  (g) expression w ere significantly  increased in hippocam pal 
tissue prepared from  CD200'^', com pared with w ildtype, m ice (*p < 0.05; **p < 0.01; student’s t-test for 
independent m eans; n = 5). (h) T heta-burst stim ulation (TB S; arrow ) induced LTP in C A l synapses o f  
hippocam pal slices prepared from w ildtype m ice (15 slices from  11 m ice). LTP, m easured as m ean %  EPSP 
slope in the last 5 min o f  the experim ent, w as significantly  reduced in slices prepared from  C D 200’ ' m ice 
relative to  w ild type m ice (p  < 0.001; 12 slices from  7 m ice). Sam ple recordings im m ediately before, and 60 min 
follow ing TBS are show n for w ildtype and CD200'^‘ m ice (scale bars: lm V /20m s).

Figure 7. Increased h ippocam pal expression o f  T N F a  in CD200'^' m ice m ay underlie the associated deficit in 
LTP.
IL - la  and IL-1(3 w ere sim ilar in tissue prepared from  w ild type and CD200'^‘ m ice (a,b) but T N F a  was 
significantly  increased (p < 0.05; student’s t-test for independent m eans; c) as revealed by sam ple im m unoblots 
and analysis o f  densitom etric data. A pplication o f  T N F a  (3 ng/m l) to hippocam pal slices significantly  im paired 
LTP relative to vehicle controls (p < 0.05; unpaired S tuden t’s t-test; 3 slices from  2 m ice; d). Sam ple EPSP 
traces im m ediately prior to , and 60 min follow ing TBS are presented  (scale bars: lm V /20m s).

Figure 8. LTP is attenuated by LPS in C D 2 0 0 '' m ice
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(a) Perfusion o f  LPS (20  n g /m l) for 60  min prior to T B S (arrow ) decreased LTP in s lices  prepared from  
w ildtype m ice (5 s lices  from 5 m ice) and the mean % EPSP slop e in the last 5 min o f  the experim ent w as  
sign ifican tly  decreased com pared with control s lices  (p <  0 .0001 ; 15 s lices  from 11 m ice), (b and c) LTP in 
slices  prepared from  w ild type m ice  w as unaffected by perfusion o f  10 ng/m l LPS for 20  min prior to T B S  (b; 7 
slices  from  6 m ice relative to control 15 s lices  from 11 m ice), but LTP w as attenuated in s lices  from  C D 200  '' 
m ice (c; p <  0 .05; 13 s lices  from 9 m ice relative to control 12 s lices  from  7 m ice). Sam ple EPSP traces 
im m ediately prior to, and 60  m in fo llow in g  T B S  are presented (sca le  bars; I m V /20m s).

F igu re  9. LTP is attenuated by Pam 3 C sk 4  in C D 200"' m ice
(a) Perfusion o f  PamaCst^t (2 0  ng/m l) for 60  min prior to T B S  (arrow ) decreased LTP in s lices  prepared from  
w ild type m ice (3 s lices  from  3 m ice) and the m ean % EPSP slop e in the last 5 min o f  the experim ent was 
sign ifican tly  decreased com pared with control s lices  (15  s lices  from II m ice; p <  0 .0 0 1 ). (b and c) LTP in 
s lices  prepared from w ild type m ice w as unaffected by perfusion o f  10 ng/m l Pam 3 C sk 4  for 20  m in prior to T BS  
(b; 4 s lices  from 3 m ice relative to control 15 s lices  from 11 m ice). H ow ever, LTP w as attenuated in s lices  from  
CD200'^‘ m ice fo llo w in g  treatment w ith 10 |ig /m l PamaCsIC) (c; 6 s lices  from 5 m ice relative to control 12 slices  
from 7 m ice; p <  0 .05 ). Sam ple EPSP traces im m ediately prior to, and 60  min fo llow in g  T B S  are presented  
(sca le  bars: lm V /2 0 m s).

A cknow led gem en ts: T his w ork w as funded by S c ien ce  Foundation Ireland and T he Health R esearch Board, 
Ireland. T he authors w ish  to thank Dr Jonathon D. S ed gw ick  for the g ift o f  C D 2 0 0 '' m ice.

12



IL
-1

11 
(p

gf
tn

O

FIGURE1

(a)

Con LPS 
Wddtype CD200'

20000

10000-

Witdlype CD200'

WikXype CD200'

(d)

30-|

f  20-1
2 ^0'

0 -

(e)

5000-1 

4000- 

^  3000- 

^  2000- 

1000- 

0 -

(f)

1500-1

f  1000- I
^  500-

0-

13



SSC 
SSC 

C
D

40

C D 4 0 MHCII

cn O

e

Fluorescence Intensity

ol

CO
CO.
02

s

Fluorescence Intensity

FIG
U

R
E

2



FIGURE 3
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FIGURE 7
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