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ABSTRACT

The recruitment of circulating leukocytes and resident glial cells to sites of CNS 

inflammation is dependent on the chemokine gradients they encounter and the chemokine 

receptors they express. Multiple sclerosis (MS), subacute sclerosing panencephalitis 

(SSPE) and coeliac disease (CD), with associated neurological complications, are 

neuroinflammatory diseases with different aetiologies, but which share common CNS 

neuropathological features including large perivascular inflammatory cell infiltrates, 

microglial hyperplasia and reactive astrocytosis. The results of this study suggest that in 

SSPE CNS the interferon-y-inducible a  chemokines IP-10 and Mig, predominantly 

expressed by astrocytes and microglia, play a role in lesion formation. In contrast, the p- 

chemokine MCP-la, expressed both by perivascular macrophages and resident microglia, 

plays a role in the recruitment of inflammatory cells into CD cerebellar tissue. The highest 

levels of a- and p-chemokine expression were detected in actively demyelinating MS 

lesions with high levels of inflammation and widespread demyelination. In these lesions, 

RANTES was predominantly expressed by the endothelium, MCP-1, IP-10 and Mig by 

reactive astrocytes, and MLP-ip by microglia. These findings suggest not all 

neuroinflammatory diseases with common pathological features share a common 

chemokine profile.

The highest level of chemokine receptor expression was also associated with 

chronic active MS lesions: infiltrating T-lymphocytes predominantly expressing CXCR3 

and CCR5, and foamy macrophages within the lesion predominantly expressing CCR3, 

CCR5 and CCR8. In vitro studies confirmed the production o f chemokines and the 

expression of chemokine receptors by isolated rat astrocytes and microglia following



cytokine stimulation. The results of this study suggest chemokines play a critical role in 

the recruitment of cells to sites of inflammation in the CNS.
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CHAPTER 1

INTRODUCTION

1.1 MULTIPLE SCLEROSIS (MS)

Multiple sclerosis (MS) is an inflammatory disease of the central nervous system 

(CNS) that results in the formation of large areas of demyelination known as plaques. It 

has been suggested that autoreactive T-lymphocytes induce an immune attack on the CNS 

leading to chronic T-cell mediated inflammation, and ultimately to damage of the myelin 

sheath and the cells responsible for the production and maintenance of myelin, the 

oligodendrocytes (Storch & Lassmann, 1997). Epidemiological studies, however, suggest 

that the pathogenesis of this disease is more complicated and is influenced by a 

combination of genetic and environmental factors (Ebers, 1996; Oksenberg et al., 1996).

1.1.1 AETIOLOGY OF MULTIPLE SCLEROSIS

MS is the most common primary demyelinating disease of the CNS in man in 

temperate climates. The incidence of MS varies with latitude: at high latitudes (40-60 

parallels above and below the equator) the incidence is 30 per 100,000 of the population, 

this decreases to 10 per 100,000 in lower latitudes and virtually disappears at the equator 

(Allen & Kirk, 1992).

Genetic studies have shown an increased incidence of MS in monozygotic twins 

(concordance rate 20-30%), and in siblings and dizygotic twins (concordance rate 4-5%) 

(Mumford et al., 1994). The ability to respond to an antigen, whether foreign or self, is 

mainly determined by the human leukocyte antigen (HLA) gene (Oksenberg & Hauser,
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1997), in particular the major histocompatibility complex (MHC) class I and II regions of 

the HLA gene (Oksenberg et al., 1996). HLA class II molecules have two main immune 

response functions. Firstly, the HLA class II molecules on the surface of antigen 

presenting cells (APC) bind processed antigen and present it to CD4+ T-lymphocytes, 

which are then activated and initiate an immune response. Secondly, the HLA class II 

molecules present on the stromal cells o f the thymus help determine the specificity of the 

immune response through the positive and negative selection of T-cells (Oksenberg et al., 

1996). The association between certain haplotypes of MHC and MS was first reported in 

1972 (Bertrams et al., 1972), and it has been suggested that MHC class II in particular 

plays a critical role in determining the susceptibility of an individual to MS (Oksenberg & 

Hauser, 1997). A predisposition to MS has been associated with the HLA-A3, HLA-B7 

and HLA-DR2 alleles (Oksenberg et al., 1996). In particular, a relationship between the 

DR2 haplotype and susceptibility to MS has been established, and demonstrates that the 

DR2 allele, or a gene closely linked to the DR2 region, is associated with MS (Oksenberg 

et al., 1996).

1.1.2 CLINICAL FEATURES OF MULTIPLE SCLEROSIS

MS patients commonly present with limb weakness, ataxia, nystagmus and optic 

neuritis (Hohol et al., 1995). Onset of disease typically occurs in adults between the ages 

of 20-40 (Hohol et al., 1995), with a higher disease incidence in females compared to 

males (approximately 2:1) (Oksenberg et al., 1996). Diagnosis is by high resolution 

magnetic resonance imaging of the CNS to identify plaques (Stone et al., 1995), and by 

examination of the cerebrospinal fluid (CSF) to detect an increase in the y-globulin/albumin 

ratio and y-globulin oligoclonal bands (Brosnan & Raine, 1996). The majority o f patients
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exhibit a classic relapsing-remitting disease course characterised by episodes of clinical 

worsening followed by remission, although some cases are chronic progressive and do not 

display the pattern of acute relapse. Most patients ultimately progress to a state of severe 

disability with neurological impairment (Hohol et al., 1995).

1.1.3 MS LESION CLASSIFICATION

Current literature classifies MS CNS tissue into (i) normal appearing white matter 

(NAWM) (ii) acute MS lesions (iii) subacute plaques or (iv) chronic silent plaques 

(Lassmann et al., 1998). NAWM, as its name suggests, shows no apparent phenotypic 

difference to normal control CNS tissue (Allen & Kirk, 1992). The CNS in both control 

and NAWM is under immunological surveillance and hence displays some T-lymphocytes 

associated with small venules. Acute MS lesions are characterised by perivascular cuffs 

containing lymphocytes and macrophages centred around venules and low levels of 

demyelination, especially in the periventricular white matter, the optic nerve and tract, the 

corpus callosum, the brainstem and the upper cervical spinal cord (Brosnan & Raine, 

1996). Subacute lesions contain large numbers of lipid-containing macrophages, and large 

perivascular inflammatory infiltrates (Lucchinetti et al., 1996). Older chronic silent lesions 

are immunologically silent, in terms of inflammation, and comprise large astroglial scars 

and demyelination (Raine, 1990) (Section 2.1.1).

1.2 INFLAMMATION IN THE CENTRAL NERVOUS SYSTEM tCNS)

The CNS in MS is characterised by perivascular cuffs of inflammation primarily 

consisting of T-lymphocytes and macrophages recruited from the circulation, large 

confluent plaques of demyelination, reactive astrocytosis and microglial hyperplasia.
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1.2.1 T-LYMPHOCYTE SURVEILLANCE OF THE CNS

Neuronal function requires a micro-environment which is precisely controlled. The 

blood-brain barrier (BBB) and the blood-CSF barrier isolate the brain and spinal cord from 

changes elsewhere in the body which may have an adverse effect. The BBB is composed 

of endothelial cells, attached to each other by tight junctions, and astrocyte end feet 

processes, and has restricted permeability (England & Wakely, 1991).

The concept of immune privilege was originally defined as the protection of tissue 

grafted to certain sites, and was later extended to describe the seclusion of particular areas 

of the body from immune surveillance. The CNS was originally thought to be an 

immunologically privileged site separated from the immune reactions of the rest o f the 

body by the BBB (Kajimura et al., 1990). However, a small number of T-cells are present 

in normal human CNS tissue, suggesting a role for T-lymphocyte surveillance of the CNS 

in the absence of a sophisticated lymphatic drainage system (Nikcevich et al., 1997). 

These T-lymphocytes, when triggered by a specific antigen, can induce a local immune 

response (Gold et al., 1997). In MS it is generally considered that T-lymphocytes 

penetrate the BBB and, through a cascade of reactions, ultimately cause the formation of 

plaques of demyelination throughout the white matter. Examples of other tissues that 

utilise specialised immunological defence mechanisms are the retina, the cornea, the 

anterior chamber of the eye, the testis and the liver (Streilein, 1995).

1.2.1.1 RECRUITMENT OF T-LYMPHOCYTES INTO THE CNS

The BBB is composed of endothelial cells and surrounding glia which prevent the 

passage of high molecular weight substances into the CNS (Shibata & Mori, 1988). The 

crucial event in MS lesion formation is the transendothelial migration of leukocytes. T-cell
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transmigration requires the expression of complementary adhesion molecules on the 

surface of the BBB endothelium, and the production of matrix metalloproteinases (MMPs) 

to disrupt the BBB and the CNS extracellular matrix (Storch & Lassmann, 1997).

A three-step model for leukocyte transmigration has been proposed based on in 

vivo and in vitro investigations: (I) leukocytes are captured and roll along the endothelium 

(II) the cells are activated and adhere to the vessel wall and (III) transmigrate into the 

CNS (Pardi et al., 1992; Picker & Butcher, 1992), as shown in Figure 1.

Figure 1 Transmigration of leukocytes into the CNS

Capture and rolling

Leukocyte

Selectins
Integrins

BBB

CNS parenchyma

chemotactic gradient

Initially the leukocytes weakly attach to the endoluminal side of the BBB via a 

selectin-mediated process, and roll along the vascular wall enabling the cells to sample the 

local environment (Bevilacqua & Nelson, 1993). Chemokines, low molecular weight 

chemoattractant cytokines, activate and mediate the directional migration of leukocytes 

along their concentration gradient (Karpus et al., 1995) (Section 1.4). Chemokine-
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mediated activation of the leukocytes stimulates firm adhesion o f the cells to the 

endothelium through the interaction o f p-2 integrins, such as the integrins leukocyte 

function associated antigen-1 (LFA-1) on lymphocytes and its complementary molecule 

intercellular adhesion molecule-1 (ICAM-1) on the endothelium (Hynes, 1992). The 

leukocytes then flatten and transmigrate across the endothelium along chemotactic 

gradients (Butcher & Picker, 1996). Within the CNS the leukocytes, which can respond to 

several chemokines, migrate along one chemotactic gradient, then another until they reach 

their target. Their ultimate position is determined by the chemokine receptors they express 

and the chemokine gradients they encounter (Campbell et a l, 1997) (Section 1.5).

Several groups have examined the phenotype of lymphocytes present in MS 

lesions, with conflicting results. It has been reported that infiltrating cells around small 

venules are predominantly CD4+ T-lymphocytes (Compston et al, 1991), other studies 

report a predominance of CD8+ T-cells (Woodroofe et al., 1986; Esiri et al., 1989), while 

others have found equal numbers of both CD4+ and CD8+ cells throughout the lesion 

(Boyle & McGeer, 1990). These discrepancies may reflect differences in disease stage, 

and may indicate that different lymphocyte subpopulations are involved in the pathogenesis 

of MS lesion formation, at different stages o f disease progression.

It has been suggested that activated T-lymphocytes cross the BBB and are induced 

to secrete cytokines by their interaction with APC expressing MHC class II, resulting in 

further impairment of the BBB and recruitment of leukocytes into the CNS (Compston et 

al, 1991). Most studies suggest this multifocal perivascular inflammation precedes 

macrophage-mediated myelin loss, and imply myelin degradation is a result o f either 

immunoregulatory molecules, such as cytokines, released by leukocytes or o f T-cell 

antigen-specific mechanisms. However, it should be noted that the detection o f myelin
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breakdown products in macrophages does not indicate if it is a consequence or a cause of 

myelin degradation (Lucchinetti et a l, 1996), and that myelin breakdown has been 

detected outside regions of leukocyte infiltration, suggesting demyelination may precede 

inflammation (Rodriguez & Scheithauer, 1994).

Experimental autoimmune encephalomyelitis (EAE) is an animal model with 

clinical and pathological similarities to MS. At the height o f the disease, paralysis o f the 

animal reflects chronic perivenular inflammation of the CNS. Different immunisation 

procedures in various animal strains produces varied clinical patterns o f EAE. For 

example, acute EAE is a monophasic inflammatory disease induced in susceptible animals 

following active immunisation with myelin basic protein (MBP) and complete Freund’s 

adjuvant (CFA); whilst chronic relapsing EAE is a chronic, multi-phasic inflammatory 

demyelinating disease induced following immunisation with myelin proteolipid protein 

(PLP) and CFA (Begolka et al., 1998) .

At present, little is known about the mechanisms involved in the down-regulation 

of inflammation in the CNS in MS during remission. In EAE, T-cell apoptosis, 

programmed cell death, is the major mechanism o f T-cell clearance (Schmied et al., 1993). 

Apoptosis has been reported in active MS lesions (Bauer et al., 1995). T-cell activation 

requires two signals: occupancy o f the T-cell receptor by peptide complexed with MHC 

class II molecules, and interaction between CD28 expressed on T-cells and the B7 family 

of co-stimulatory molecules expressed on the surface o f antigen presenting cells (APC) 

(Nikcevich et al., 1997). It has been suggested that an imbalance of antigen stimulation or 

a lack of co-stimulation may lead to the apoptosis o f T-cells rather than their activation 

(Storch & Lassmann, 1997).
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1.2.1.2 TARGET ANTIGEN OF T-LYMPHOCYTES

The topographical distribution of inflammatory lesions in the CNS in MS is 

determined by the antigen specificity o f the T-cell response (Berger et al., 1997). In EAE 

activated T-cells recognise components of the myelin sheath as target antigens (Steinman,

1996). Clinical studies have shown that MS patients produce an immune response to 

antigens such as MBP, myelin oligodendrocyte glycoprotein (MOG), or PLP found in 

myelin or oligodendrocytes (Steinman, 1996), suggesting myelin and its associated 

proteins are the key target antigens for T-cells. Some MS patients, however, have 

inflammation in areas devoid o f myelin such as the retina (Birch et al., 1996), suggesting a 

non-myelin associated antigen may be the target of disease.

In EAE a T-cell mediated inflammatory response in the CNS can be induced by 

either MBP, MOG, PLP, glial fibrillary acidic protein (GFAP) or S-lOOp protein (Kojima, 

et al., 1994; Adelmann et al., 1995; Lorentzen et al., 1995). It is o f interest to note that 

the S-lOOp protein, an astrocytic protein, is capable of mediating an intense inflammatory 

response both in the white matter of the CNS and in the retina in rats (Kojima, et al.,

1994).

1.2.1.3 CLASSIFICATION OF T-LYMPHOCYTES

Within the CNS T-cells activate resident glial cells and infiltrating leukocytes via 

the secretion of signal molecules known as cytokines. Cytokines enable communication 

between cells through their action on high affinity receptors on their target cell (Paul & 

Seder, 1994). CD4+ T-cells can be divided into ThI, Th2 and ThO subgroups depending 

on the cytokines they express (Mossman & Coffinann, 1989). ThI helper cells mediate
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cellular immune responses, are involved in the development o f chronic inflammatory 

conditions, and secrete cytokines such as interferon (IFN)-y, tumor necrosis factor (TNF)- 

oc and lymphotoxin (LT) (Romagnani, 1994). Th2 cells upregulate IgE production, are 

prominent in the pathogenesis o f allergic diseases and produce interleukin (IL)-4, IL-5 and 

IL-10 (Abbas et a l, 1996). The TH0 cells produce a combination o f ThI and Th2 

associated cytokines. Both TH1 and TH2 cells are able to interact and down-regulate each 

other through their secreted cytokine products (Olsson, 1995).

1.2.1.4 THi AND TH? CYTOKINE PROFILES IN MS

Cytokines are small, 15-25kDa, secreted soluble proteins which enable 

communication between cells (Paul & Seder, 1994) (Section 1.3). These cellular signals 

can be subdivided into those which enhance inflammatory reactions, the pro-inflammatory 

cytokines predominantly expressed by ThI cells, and those which oppose inflammatory 

reactions, the anti-inflammatory cytokines predominantly expressed by Th2 cells (Lucas & 

Hohlfeld, 1995).

Current evidence suggests MS is primarily mediated by ThI cells (Hohlfeld et al.,

1995), which secrete proinflammatory cytokines. These cytokines stimulate the expression 

of adhesion molecules on the BBB endothelium and result in leukocyte infiltration into the 

CNS (Paul & Seder, 1994), as well as the induction o f chemokine expression which 

continues the local inflammatory response by further recruiting and activating 

inflammatory cells (Schall & Bacon, 1994). Pro-inflammatory cytokines also activate 

resident glial cells and infiltrating inflammatory cells in MS, and are thought to be the 

major mediators of tissue damage (Brosnan & Raine, 1996) (Section 1.3.1).
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Th2 cytokines play an important role in the regulation of TH1 cytokines (O’Garra 

& Murphy, 1996). TH2 cytokines can inhibit ThI responses (Fiorentino et al., 1991), 

suggesting they have an immunoregulatory role in the development o f MS lesions.

1.2.2 ANTIGEN PRESENTING CELLS IN THE CNS

APC are defined as cells that express MHC class II molecules together with a 

group of co-stimulatory molecules, and that are able to process and present antigen to T- 

cells (Weller et al., 1996). Astrocytes phagocytose cell debris, may express MHC class II 

antigens, and process and present antigen in vitro (Hart & Fabry, 1995), but it is not 

known whether astrocytes serve as APC in MS. Macrophages, microglia and perivascular 

cells express MHC class II and co-stimulatory molecules in MS, and are considered to be 

the major APC in the CNS (Hart & Fabry, 1995).

1.2.2.1 MICROGLIA AND HAEMATOGENOUS MACROPHAGES

Microglia, resident brain macrophages, were first described as CNS cells that are 

distinct from astroglia and oligodendroglia by del Rio-Hortega in 1932. The expression o f 

the surface antigens, leukocyte common antigen (CD45) and the IgG Fc receptor I (CD64) 

suggest that microglia are derived from the bone marrow (Lassmann et al., 1993). 

Throughout development o f the CNS, amoeboid microglia act as scavengers removing 

waste material (Oehmichen, 1983), whilst during post-natal development they differentiate 

into ramified microglia and form an immunoregulatory network throughout the CNS 

(Streit et al., 1988). Microglia react locally to brain injury by hypertrophy and an increase 

in expression of MHC class II, suggesting these cells play an important role in the immune 

response of the CNS (Woodroofe et al., 1986; Hayes et al., 1987). There is also evidence
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that microglia are in contact with abnormal myelin intemodes, suggesting they may play a 

role in demyelination in MS (Prineas et a l, 1984).

In MS, lymphocytes and macrophages/monocytes are recruited from the circulation 

into the CNS and form perivascular cuffs of inflammation. In the normal CNS, microglia 

can easily be identified by their characteristic ramified, branched morphology. However, 

during an inflammatory response microglia transform into amoeboid macrophage-like cells, 

and are difficult to distinguish from the haematogenously-derived macrophages (Li et al., 

1993).

1.2.2.2 THE ROLE OF MACROPHAGES IN MS PATHOLOGY

Demyelinating MS lesions contain high numbers o f lipid-containing macrophages 

(Bruck et al., 1996). Several reports suggest that infiltrating macrophages play a major 

role in lesion formation (Esiri & Reading, 1987; Cuzner et al., 1988; Adams et al., 1989), 

while others suggest that haematogenous macrophages are found primarily in the 

perivascular cuffs in MS lesions, and that resident microglia are the main phagocytic cell 

(Ulvestad et al., 1994). EAE studies have shown that if monocytes/macrophages are 

removed from the circulation then clinical symptoms are reduced in the relapsing-remitting 

disease, but are not affected in chronic-progressive EAE (Huitinga et al., 1990). These 

findings suggest that different macrophage-subpopulations may be involved in the 

pathogenesis o f plaque formation at different stages of disease progression.

An increased expression of HLA class II-DR on macrophages and microglia in MS 

lesions has been reported, suggesting they act as accessory cells in lymphocyte activation 

at the induction stage of inflammatory demyelination (Woodroofe et al., 1986). Microglial 

activation, with increased MHC class II expression, occurs at the early stages o f EAE
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(McCombe et al., 1994). Expression is pronounced on perivascular microglial cells and 

suggests a role for activated microglia in antigen presentation at the BBB. In vitro studies 

have shown that activated macrophages produce cytokines, proteases, and oxygen radicals 

which are capable of damaging the oligodendrocyte-myelin complex (Giovannoni & 

Hartung, 1996), however, it is as yet unknown what initiates this attack in vivo.

1.2.2.3 ASTROCYTES

Astrocytes are supporting cells o f the CNS, and are involved in the nutritive 

support of neurones. They have many functions including the uptake of potassium 

released during neuronal activity and the storage o f glycogen (England & Wakely, 1991). 

Reactive astrocytosis is a prominent feature of MS lesions, and is particularly abundant at 

the plaque edge (Brosnan & Raine, 1996). Astrocytosis is characterised by astrocyte 

proliferation and extensive hypertrophy o f the cell body and cytoplasmic processes, as well 

as extensive synthesis of GFAP (Eng et al., 1996). Following an insult astrocytes can form 

an astrocytic scar to separate affected areas from the rest o f the CNS, however this scar 

may prevent remyelination in MS (Eng et al., 1994).

Astrocytes have been shown to express a wide variety of factors including MHC 

molecules, adhesion molecules, reactive nitrogen species, and cytokines (Cannella & 

Raine, 1995). Although in vitro experiments have demonstrated IFN-y-stimulated 

astrocytes express MHC class II, this role of antigen presentation has not been 

conclusively demonstrated in MS lesions (Bo et al., 1994). Immunocytochemistry studies 

have shown that astrocytes express both pro- and anti-inflammatory cytokines (Cannella & 

Raine, 1995), as well as reactive nitrogen intermediates (Lee et al., 1995). Nitric oxide, 

particularly in conjunction with reactive oxygen species released by macrophages, could
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directly damage oligodendrocytes and the BBB (Brosnan & Raine, 1996). Astrocytes 

have been shown to express chemokines in the acute phase o f MS and activate adhesion 

molecule expression associated with lymphocyte trafficking (Miyagishi et al., 1997), 

suggesting a significant role o f resident glial cells in the accumulation o f inflammatory cells 

into the CNS in MS.

1.3 CYTOKINES

Cytokines are small, secreted proteins which enable communication between cells 

(Paul & Seder, 1994). A single cytokine is often produced by more than one cell type, and 

is capable o f different effects on several target cells. Cytokines rarely exert their actions 

alone, rather they act together and have many feedback mechanisms (Giovannoni & 

Hartung, 1996).

1.3.1 CYTOKINE EXPRESSION IN MS

Both in vivo and in vitro studies indicate that cytokines play a role in the induction 

and regulation of MS pathology (Brosnan et al., 1995). IFN-y, a pro-inflammatory 

cytokine, amplifies TH1 development and inhibits Th2 proliferation (Fitch et al., 1993). 

IFN-y plays an important role in the activation of macrophages (Cavaillon, 1994), the 

regulation o f MHC class II (Woodroofe et al., 1989), the induction of adhesion molecule 

expression on endothelial cells (Brosnan et al., 1995), and induces the expression of 

cytokines by resident glial cells (Traugott & Lebonn, 1988; Woodroofe & Cuzner, 1993). 

Studies have shown IFN-y is primarily expressed by inflammatory cells in the perivascular 

cuffs in MS lesions (Woodroofe & Cuzner, 1993), and by some microglia and astrocytes
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within the plaque (Traugott & Lebon, 1988). Administration of IFN-y to MS patients has 

been reported to increase the number o f disease relapses (Panitch et a l, 1987).

IL-10, a Tr2 cytokine (Mossmann & Coffinan, 1989), is one o f the few cytokines 

known to inhibit the action of IFN-y-induced macrophage-activation (Fiorentino et al., 

1991). In MS lesions this anti-inflammatory cytokine is exclusively expressed by 

astrocytes (Brosnan et al., 1995), and is commonly seen in astrocyte end-feet near blood 

vessels, suggesting a role in BBB regulation (Cannella & Raine, 1995).

IL-1 induces the expression o f adhesion molecules on the BBB endothelium 

(Pober, 1988), activates T-lymphocytes (Dinarello, 1989), stimulates astrocyte 

proliferation (Giulian et al., 1998), and stimulates the secretion o f TNF-a and IL-6 by 

astrocytes (Lee et al., 1993). This pro-inflammatory cytokine is primarily expressed by 

macrophages within acute and chronic active MS lesions, and by microglia in the adjacent 

non-demyelinated white matter (Brosnan et al., 1995).

TNF-a is closely related to LT (Brosnan et al., 1995). Both pro-inflammatory 

cytokines induce the expression o f adhesion molecules on endothelial cells and astrocytes 

(Pober, 1988; Hurwitz et al., 1992). In acute MS lesions TNF-a and LT are 

predominantly expressed by macrophages, some astrocytes and endothelial cells within the 

plaque, and by microglia in the adjacent white matter (Cannella & Raine, 1995). Elevated 

levels o f TNF-a have been detected in the CSF and peripheral blood of MS patients before 

relapse, suggesting a role for this cytokine in disease progression (Rieckmann et al., 1994).

TGF-P blocks macrophage activation (Bogdan et al., 1992) and prevents the 

adhesion of leukocytes on endothelial cells (Gamble & Vadas, 1988). This anti

inflammatory cytokine is associated with the blood vessel endothelium and surrounding 

extracellular matrix in MS (Brosnan et al., 1995).

14



Other cytokines associated with MS include IL-4, IL-6 and IL-12. IL-4 is 

predominantly expressed by microglia, foamy macrophages and lymphocytes at the edge of 

actively demyelinating plaques (Brosnan et al., 1995). IL-6, however, is present in all 

perivascular leukocytes in active MS lesions (Woodroofe, 1995), suggesting a role for this 

cytokine in lesion development. Levels o f IL-12 have been detected in the blood, but not 

the CSF, of chronic progressive MS patients (Nicoletti et al., 1996), while increased levels 

o f IL-12 mRNA have been detected in acute MS lesions (Windhagen et al., 1995).

1.3.2 CYTOKINE EXPRESSION IN EXPERIMENTAL AUTOIMMUNE

ENCEPHALOMYELITIS (EAE)

EAE, an animal model o f inflammatory demyelinating disease, is a ThI CD4+ cell- 

mediated autoimmune disease which shares many of the clinical and histological features 

associated with MS (Bradl & Linington, 1996). Distinct patterns of cytokine expression 

are associated with lesion development in EAE.

The first cytokines to appear in the CNS during EAE are LT, expressed by 

lymphocytes, and IL-12, expressed by macrophages, coinciding with the appearance of 

inflammatory cells shortly before onset o f clinical signs o f disease (Issazadeh et al., 1995). 

Later during the acute phase of disease IFN-y (Reeno et al., 1994) and TNF-a (Issazadeh 

et al., 1995) are primarily expressed by infiltrating ThI lymphocytes and macrophages 

respectively. TGF-(3 expression by CD8+ T-cells peaks before onset o f recovery 

(Issazadeh et al., 1995), while IL-10 secretion by Th2 cells increases dramatically in the 

recovery phase o f disease (Kennedy et al., 1992). Expression o f IL -la by infiltrating and 

resident macrophages, and IFN-y by infiltrating T-lymphocytes is associated with the 

chronic stage of EAE (Kennedy et al., 1992).
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The pro-inflammatory cytokines, including TNF-a and IFN-y, are directly 

responsible for tissue damage in EAE (Merrill et al., 1992). The encephalitogenic capacity 

of T-cells correlates with their ability to produce TNF-a (Powell et al., 1990). Over

expression of TNF-a by resident astrocytes or neurons in TNF-a transgenic mice results in 

chronic infiltration of the CNS by lymphocytes which are autoreactive for myelin, reactive 

astrocytosis and microgliosis (Probert et al., 1995; Probert et al., 1997). Astrocyte- 

specific expression of transmembrane TNF, in TNF-a transgenic mice, has been shown to 

result in a spontaneous neurological disorder manifested by ataxia, seizures, and paralysis 

and bears histological evidence o f chronic CNS inflammation and myelin degeneration 

(Akassoglou et al., 1997). EAE studies have shown that injecting antibodies against TNF- 

a  or LT into the animals results in a decrease in disease severity (Ruddle et al., 1990), and 

correlated with a down-regulation o f vascular cell adhesion molecule (V-CAM) expression 

(Barten & Ruddle, 1994). Although expression o f TNF-a in the CNS clearly results in a 

pathology similar to that seen in MS lesions, it is not possible to solely attribute the 

inflammatory demyelinating response to TNF-a.

Administration of IL-4 (Racke et al., 1994), IL-6 (Gijbels et al., 1995) or TGF-p 

(Johns et al., 1991) has been shown to suppress disease induction in EAE, suggesting an 

immunoregulatory role o f these cytokines in MS lesion formation (Paul & Seder, 1994). 

Administration of IFN-y, however, results in an increase in disease severity (Billiau, 1995). 

Reports have indicated that IL-12 can re-induce paralysis in Lewis rats following recovery 

from actively induced EAE (Smith et al., 1997), suggesting IL-12 may contribute to 

relapse in patients with MS. Inhibiting the activity of pro-inflammatory cytokines is a 

central theme in many strategies used to control disease in EAE, and MS (Raine, 1995).
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1.4 CHEMOKINE S

Chemokines (chemoattractant cytokines) are important in the pathogenesis o f 

immune-mediated inflammation in the CNS, and are involved in the activation and 

directional migration o f cells to sites of inflammation (Karpus et al., 1995; Baggiolini, 

1998). There is also evidence that chemokines are involved in modulating normal 

homeostatic mechanisms in the CNS; for example, IL-8 has been shown to enhance the 

survival o f rat hippocampal neurones in vitro (Araujo & Cotman, 1993). Chemokines are 

small, secreted, 8-12kDa, heparin-binding cytokines which mediate the chemotaxis of 

various cell types including neutrophils, monocytes, T-lymphocytes, basophils, eosinophils 

and fibroblasts (Oppenheim et al., 1991; Schall, 1991; Van Damme, 1994). During the 

past few years many new chemokines have been discovered. To date, chemokines can be 

divided into at least four subfamilies depending on the presence and position o f a 

conserved motif of four cysteine residues: the a-chemokines (CXC chemokines) which 

have one amino acid residue separating the first two cysteine residues; the p-chemokines 

(CC chemokines) in which the first two cysteine residues are adjacent; the y-chemokines 

(C chemokines) that lack two (the first and third) o f the four conserved cysteine residues; 

and the 8-chemokines (CX3C chemokines) which have three intervening amino acids 

between the first two conserved cysteine residues (Schall & Bacon, 1994; Rollins, 1997). 

The majority of known chemokines are members of either the a- or p-chemokine families. 

The structural classification o f chemokines has been shown to relate to their biological 

properties (Schall & Bacon, 1994). The a-chemokines act primarily on neutrophils, whilst 

the p-chemokines are associated with chronic inflammation and primarily act on 

monocytes and lymphocytes (Vaddi et al., 1997). The structural fold of the polypeptide
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chain is very similar in both a- and p-chemokines, suggesting that chemokines share a 

similar three-dimensional structure (Lodi et al., 1994).

1.4.1 q-CHEMOKINES

a-chemokines can be further subdivided into those which have an ELR amino acid 

motif (glutamic acid-leucine-arginine) at their N-terminus and those which do not (Taub & 

Oppenheim, 1994). Those with the ELR motif, including IL-8, are potent neutrophil 

chemoattractants (Baggiolini, 1998), while the non-ELR a-chemokines, such as the IFN-y- 

inducible chemokines monokine induced by IFN-y (Mig) and IFN-y-inducible protein-10 

(IP-10), chemoattract lymphocytes but not neutrophils (Taub et al., 1993; Liao et al., 

1995; Loetscher et al., 1996a). Although the BBB has been shown to express the required 

adhesion molecules, neutrophil infiltration is not a feature o f CNS inflammation (Bell & 

Perry, 1995; Scott et al., 1996). Most ELR-chemokines are angiogenic whereas non-ELR 

chemokines are angiostatic (Vaddi et al., 1997).

1.4.1.1 INTERFERON-v-INDUCIBLE CHEMOKINES

The first indication that chemokines may be part of an immune response was the 

discovery that recombinant IFN-y induced IP-10 gene expression in human monocytes 

(Luster et al., 1985). Although IP-10 was one o f the first chemokines to be identified, a 

functional role in the recruitment o f leukocytes to sites o f inflammation has only recently 

been established. Mig was identified by differential screening o f a cDNA library prepared 

from lymphokine-activated macrophages (Farber et al., 1990). The genes for IP-10 and 

Mig have been mapped to adjacent positions at chromosome 4q21, within 16kb o f each
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other (Lee & Farber, 1996). These chemokines display approximately 37% amino acid 

sequence identity, suggesting a close evolutionary relationship (Luster et al., 1985).

The a-chemokines IP-10 and Mig are both dramatically induced by IFN-y (Luster 

et al., 1985; Farber, 1990; Farber, 1993) and promote monocyte and T-lymphocyte 

migration in vitro (Taub et al., 1993; Liao et al., 1995). Although IFN-y appears to be a 

specific inducer of Mig gene expression, IP-10 gene expression can also be induced by 

IFN-a, IFN-p, LPS and viruses (Baggiolini, 1998). IP-10 mRNA has been detected in 

astrocyte and microglial cell cultures (Vanguri, 1994; Vanguri & Farber, 1995), in 

astrocytes in inflammatory lesions in the CNS in EAE (Ransohoff et al., 1993), and in 

neurones and astrocytes in the CNS following ischemic injury (Wang et al., 1998), 

suggesting these a-chemokines may play a role in the accumulation of inflammatory cells 

into the CNS in MS.

1.4.2 p-CHEMOKINES

P-chemokines are primarily associated with the chemoattraction of lymphocytes, 

monocytes, basophils and eosinophils to sites o f inflammation (Baggiolini & Dahinden, 

1994; Taub & Oppenheim, 1994; Baggiolini, 1998), and include RANTES (regulated upon 

activation, normal T-cell expressed and secreted), macrophage inflammatory proteins 

(MIPs) and monocyte chemoattractant proteins (MCPs) (Oppenheim et al., 1991). This 

family o f cytokines are also involved in the up-regulation o f integrin molecule expression 

by lymphocytes and facilitate T-cell adhesion to endothelial cells (Lloyd et al., 1996). The 

expression of multiple chemokines at different stages o f lesion formation may, in part, 

determine the cellular composition of the inflammatory infiltrate.
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1.4.2.1 MACROPHAGE INFLAMMATORY PROTEINS

MIP-1 was originally identified as an endotoxin-induced macrophage product with 

chemoattractant and activating properties (Wolpe et a l, 1988). Further purification of 

MIP-1 identified two distinct proteins, MIP-1 a  and MIP-1 p (Sherry et al., 1988). The 

mature forms o f MIP-1 a  and MIP-1 p are approximately 70% identical in their genetic 

sequence (Schall et al., 1991), and are primarily chemotactic for subsets of T-lymphocytes 

and macrophages (Taub et al., 1993; Hayashi et al., 1995). There is also evidence that 

MIP-1 p, but not M IP-la, increases endothelial adherence by T-cells (Tanake et al., 1993). 

Chemotaxis assays have shown that M IP-la is a potent chemoattractant for human blood 

monocytes, while MIP-1 p has a minimal effect on monocyte migration in vitro (Uguccioni 

et al., 1995).

M IP-la is primarily produced by mononuclear cells, neutrophils, inflammatory 

fibroblasts and astrocytes (Karpus et al., 1995), whilst MIP-1 p expression is primarily 

associated with monocytes and macrophages (Wilson et al., 1990; Seebach et al., 1995). 

Both chemokines have been detected in inflammatory diseases including atherosclerosis 

(Taub & Oppenheim, 1994), EAE (Miyagishi et a l, 1997) and MS (Simpson et al, 1998), 

suggesting these chemokines may play a role in the activation and recruitment of 

leukocytes to sites o f inflammation.

1.4.2.2 MONOCYTE CHEMOATTRACTANT PROTEINS

Monocyte chemoattractant protein (MCP)-l is the best characterised p-chemokine 

and is associated with the chemotaxis of monocytes and T-cells both in vivo and in vitro 

(Zachariae et al., 1990; Baggiolini et al., 1994; Ransohofif et al., 1996). MCP-1 is 

produced by a variety of immune and non-immune cells, and is associated with a number
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of inflammatory states including rheumatoid arthritis (Villiger et al., 1992), psoriasis 

(Gillitzer et al., 1993), atherosclerosis (Koch et al., 1993), EAE (Ransohoff et al., 1993; 

Glabinski et al., 1996) and MS (McManus et al., 1998a; Simpson et al., 1998). Studies 

have shown that MCP-1 induces the migration of T-lymphocytes through an endothelial 

cell barrier (Carr et al., 1994), suggesting a role for MCP-1 in the recruitment of 

inflammatory cells into the CNS during an inflammatory response.

To date five MCP proteins (MCP-1, -2, -3, -4 and -5) have been identified, and 

have been shown to share approximately 65% amino acid identity (Proost et al., 1996; 

Garcia-Zepeda et al., 1996; Sarafi et al., 1997). MCP-1, -2, -3, -4 and -5 chemoattract 

monocytes (Uguccioni et al., 1995; Garcia-Zepeda et al., 1996; Sarafi et al., 1997), T- 

lymphocytes (Loetscher et al., 1994; Taub et al., 1995) and basophils (Weber et al., 1995; 

Garcia-Zepeda et al., 1996), suggesting a role in leukocyte chemotactic migration to sites 

of inflammation. MCP-1, -2 and -3 have been shown to specifically stimulate the 

directional migration of T-lymphocytes and monocytes in vivo, suggesting they may play 

an important role in immune cell recruitment to sites o f antigenic challenge (Taub et al.,

1995).

1.4.2.3 RANTES

RANTES expression is associated with T-lymphocytes (Schall et al., 1990; Kuna et 

al., 1993 and Godiska et al., 1995), stimulated astrocytes (Noe et al., 1996; Barnes et al.,

1996) and cytokine-stimulated endothelial cells (Marfaing-Koka et al., 1995). This pro- 

inflammatory chemokine is a potent chemoattractant for eosinophils, basophils, monocytes 

and CD45RO/CD4+ T-lymphocytes (Schall, 1992; Kameyoshi et al., 1992; Alam et al., 

1993). Recent studies have demonstrated RANTES expression in inflammatory diseases
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including atherosclerosis (Taub & Oppenheim, 1994), EAE (Miyagishi et al., 1997) and 

MS (Simpson et al., 1998).

It is o f interest to note that unlike other a- and P-chemokines which are only 

expressed following cellular activation, RANTES is constitutively expressed by 

unstimulated T-lymphocytes (Schall et al., 1988), and expression is decreased upon CD3 

ligation (Schall, 1991). RANTES is chemotactic for monocytes and memory T-cells, but 

not neutrophils (Schall et al., 1990). Recent findings suggest that this is one o f the first 

chemotactic signals expressed in the CNS in MS, and is involved in the initial recruitment 

of leukocytes across the BBB (Simpson et al., 1998).

1.4.3 y-CHEMOKINES

y-chemokines possess only cysteines 2 and 4 of the standard chemokine four- 

cysteine residue motif, but the carboxyl end shares a high proportion o f amino acid 

similarity with the p-chemokines (Kelner et al., 1994). To date lymphotactin is the only 

known member o f this chemokine subfamily, and is a potent chemoattractant for T- 

lymphocytes, but has no effect on monocyte or neutrophil migration (Kelner et al., 1994; 

Kennedy et al., 1995).

1.4.4 8-CHEMOKINES

Fractalkine, also known as neurotactin, is the only known member o f the 8- 

chemokine family, and is predominantly expressed in the heart, lung, and by endothelial 

cells and microglia in the brain (Pan et al., 1997). Unlike other known chemokines, 

fractalkine is a type I membrane protein containing a chemokine domain at the amino 

terminus tethered on a long mucin-like stalk. Fractalkine has been shown to promote
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adhesion of monocytes and T-lymphocytes to cells expressing the chemokine, but has no 

effect on neutrophils (Bazan et al., 1997).

1.4.5 CHEMOKINE EXPRESSION IN MS

It has been demonstrated that the level of M IP-la is significantly elevated in the 

CSF of MS patients during relapse and remission compared to non-inflammatory 

neurological diseases (Miyagishi et al., 1995), suggesting chemokines may play a role in 

the migration and accumulation o f leukocytes to inflammatory lesions in the CNS in MS.

Recent studies have reported the expression o f M IP-la and MIP-p by microglia 

and haematogenous macrophages, MCP-1 predominantly by astrocytes, and RANTES by 

perivascular T-cells and astrocytes in actively demyelinating MS lesions (McManus et al., 

1998a; Simpson et al., 1998). Expression of M IP-la is also associated with astrocytes in 

the MS lesion (Simpson et al., 1998).

In cultured human astrocytes, TNF-a enhances the expression o f MCP-1 mRNA 

(Bama et al., 1994), and pre-treatment with IFN-y significantly increases TNF-a- 

stimulated MCP-1 expression (Hayashi et al., 1995). It has been proposed that reactive T- 

cells infiltrating the CNS are induced to secrete pro-inflammatory cytokines which 

stimulate chemokine expression by resident glial cells, and which in turn results in further 

recruitment o f inflammatory cells into the CNS in MS (Miyagishi et al., 1997). Circulating 

PLP-specific CD8+ T-lymphocytes obtained from MS patients have been shown to secrete 

M IP-la, MIP-1 P, IP-10 and pro-inflammatory MMPs (Biddison et al., 1997), suggesting 

these cells may contribute to MS pathology.
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1.4.6 CHEMOKINE EXPRESSION IN EAE

In the acute phase o f EAE, CD4+ T-cells and macrophages predominate over CD8+ 

T-cells and B-cells, whilst in the chronic phase of disease the numbers of CD8+ T-cells is 

dramatically increased (Hickey & Gonatas, 1984; Traugott, 1985). Differential expression 

o f chemokines may play a role in the selective recruitment o f specific lymphocyte subsets, 

and may explain the different inflammatory cell profiles during lesion development.

Several reports have indicated that chemokine mRNA expression is upregulated at 

the onset of EAE, and has been found to immediately follow leukocyte entry into the CNS 

(Hulkower et al., 1993; Ransohofif et al., 1993; Godiska et al., 1995; Miyagishi et al.,

1997), suggesting a role for chemokines in the development or regulation of an 

inflammatory response. In situ hybridisation and immunocytochemistry studies have 

shown the mRNA expression of RANTES, M IP-la and MIP-1 p by T-lymphocytes 

located in the perivascular region of the CNS in EAE, suggesting that circulating T-cells 

which have crossed the BBB are the major sources of these chemokines (Berman et al., 

1996; Miyagishi et al., 1997). IP-10 and MCP-1 are expressed by astrocytes adjacent to 

sites o f inflammatory insults, and are associated with onset o f disease (Ransohofif et al., 

1993). The expression o f RANTES is also associated with astrocytes and 

macrophages/microglia; while M IP-la and MIP-1 p are associated with mononuclear cells 

around blood vessels (Miyagishi et al., 1997).

CNS production o f M IP-la, but not MCP-1, have been shown to correlate with 

the development of severe clinical disease (Karpus et a l, 1995). Studies have shown that 

both acute and relapsing paralytic EAE can be prevented by the administration o f anti- 

M lP-la antibodies (Karpus et al., 1995), suggesting M IP-la plays a prominent role in the 

development of disease.
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1.5 CHEMOKINE RECEPTORS (CCR)

The majority of chemokines induce a response by a haptotactic mechanism, that is 

they are immobilised on the surface of the target cell (Rot, 1993). Chemokine receptors 

can be divided into three subfamilies depending on the ligands they bind: the CXC 

receptors (CXCR1-4), the CC receptors (CCR1-8) and the orphan receptors (BOB and 

Bonzo) (Bacon, 1997). Orphan receptors are so called because, as yet, it is not known 

which ligands they bind. To date, two o f the known chemokine receptors bind only one 

ligand: CXCR1 binds IL-8, and CXCR4 binds stromal-cell derived factor-1 (SDF-1) 

(Premack & Schall, 1996). The majority of chemokine receptors are shared receptors, that 

is they are capable o f binding more than one ligand (Premack & Schall, 1996).

There is a large degree o f homology both between and within CXCR and CCR 

families: 33% between CXCR1 and CCR1, and 69% between CCR2B and CCR5 (Bacon,

1997). The intracellular and extracellular loops o f these seven transmembrane domain 

receptors are highly conserved, but the amino- and carboxyl-terminals show great variation 

(Bacon, 1997).

The Duffy antigen receptor for chemokines (DARC) is a non-selective, non

signalling chemokine receptor identical to the Duffy blood group antigen (Horuk et al., 

1993). This erythrocyte chemokine receptor may play a role in limiting circulating 

chemokine levels, thereby maximising the sensitivity o f haematogenous leukocytes to 

locally elevated chemokine concentrations (Makita et al., 1996). It has been reported that 

pathogens, in particular Herpesviridae, encode chemokine receptor homologues (Olcese et 

al., 1994; Qin et al., 1996), suggesting these organisms may gain a competitive advantage 

against host defences by blocking locally produced chemokines.

25



Figure 2 Chemokine receptors: schematic structural representation
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1.5.1 CHEMOKINE-INDUCED CELL SIGNALLING

Chemokines mediate their effects by binding to seven-transmembrane domain high 

affinity G-protein-coupled receptors (Horuk, 1996) (Figure 2). The Py subunits of the G- 

proteins are believed to activate phosphoinositide-specific phosphohpase C, thereby 

generating inositol 1,4,5-trisphosphate (IP-3) and diacylglycerol (DAG) through hydrolysis 

of phosphoinositide bisphosphate (Bokoch, 1995). The IP-3 binds specific receptors in the 

plasma membrane and on the endoplasmic reticulum, thereby inducing the release of 

intracellular calcium. The calcium, in conjunction with DAG, then activates protein kinase 

C (PKC) which in turn activates a cascade of signal transduction events both within the 

cytoplasm and nucleus (Bokoch, 1995). Chemokine-receptor signalling is frequently, but
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not always, pertussis-toxin sensitive, indicating heterogeneity in the system (Ransohoff & 

Tani, 1998).

The heterotrimeric G-proteins may also play a role in the activation o f the 

Ras/MAPK (mitogen-activated protein kinase) pathway, while the GTP-binding proteins 

of the Ras superfamily, such as RhoA, have been implicated in the JNK/SAPK (c-jun 

kinase/stress-activated protein kinase) and phosphoinositide-3 kinase activation pathway 

(Crespo et al., 1994; Minden et al., 1995). Whether the activation o f Ras/MAPK and/or 

the small molecular weight GTP-binding proteins is secondary to heterotrimeric G-protein 

activation, or is a direct consequence of chemokine binding is, as yet, unknown.

As well as the generation o f IP-3, the subsequent mobilisation o f intracellular free 

calcium, and the activation of the small GTP-binding proteins, chemokine-receptor binding 

also stimulates the polymerisation o f actin (Newton & Vaddi, 1997). The actin filament 

network mainly determines the shape of a cell, hence polymerisation, which occurs at the 

leading edge of the migrating cell, results in the formation of lamellopodia in the direction 

of the chemotactic gradient (Newton & Vaddi, 1997).

1.5.2 a-CHEMOKINE RECEPTORS

The differential expression of chemokine receptors may explain the localisation 

and/or the specific recruitment of cells, such as ThI or Th2 lymphocytes, to sites of 

inflammation (Mackay, 1996). Table 1 shows the known a-chemokine receptors (CXCR) 

and the ligands they bind (Baggiolini, 1998).

Expression of CXCR1 and CXCR2, the two IL-8 chemokine receptors, is 

restricted to natural-killer (NK)-like cells within the T-cell lineage (Carr et al., 1994). The 

majority o f chemokine receptors, however, are expressed by many leukocyte subgroups, as
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well as epithelia and neuronal cells (Mackay, 1996). To date CXCR2 binds all known 

ELR-a-chemokines, while CXCR3 binds all known non-ELR-a-chemokines (Liao et al., 

1995; Premack & Schall, 1996). CXCR3 is highly expressed on IL-2-activated T- 

lymphocytes and NK cells (Qin et a l, 1998), and displays Iigand-specificity for IP-10 and 

Mig (Loetscher et al., 1996), suggesting these chemokines may play a role in the selective 

recruitment of activated T-cells to sites o f inflammation.

Table 1 a-Chemokine Receptors and their Ligands

Receptor Ligand

CXCR1 IL-8

CXCR2 IL-8, GRO-cc, -P, -y, ENA-78, NAP-2

CXCR3 IP-10, Mig

CXCR4 SDF-1

CXCR4, also known as fusin, is a specific chemokine receptor in that it binds one 

known ligand, SDF-1 (Premack & Schall, 1996). SDF-1 has been shown to block entry of 

the T-cell line-tropic form of HTV-1 in vitro (Bleul et al., 1996; Oberlin et al., 1996), 

suggesting CXCR4 may act as a receptor for HIV-1 infection.

1.5.3 B-CHEMOKINE RECEPTORS

The mechanism(s) by which chemokines induce the directional migration o f 

leukocytes along their concentration gradient are poorly understood. Table 2 shows the 

known p-chemokine receptors (CCR) and the ligands they bind (Baggiolini, 1998).
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Table 2 P-Chemokine Receptors and their Ligands.

Receptor Ligand

CCR1 MCP-1, -3, M IP-la, RANTES

CCR2A&2B MCP-1, -3, -5

CCR3 Eotaxin, RANTES, MCP-2, -3, -4

CCR4 M IP-la, MCP-1, RANTES

CCR5 M IP -la ,-ip , RANTES

CCR6 MIP-3a

CCR7 MIP-3P

CCR8 TARC, MIP-lp

CCR1 and CCR2 expression is upregulated in IL-2-activated T-cells and correlates 

with the ability of these cells to migrate to RANTES and MCP-1 in vitro (Loetscher et al.,

1996). Chemotaxis assays have shown memory T-lymphocytes migrate to RANTES 

(Schall et al., 1990) suggesting these cells express the RANTES receptors CCR1, CCR4 

and/or CCR5 (Mackay, 1996).

CCR3 is expressed by eosinophils, basophils, Th2 cells and microglia (Ponath et 

al., 1996; He et al., 1997). The expression of CCR3 on polarised TH2 cells, both in vivo 

and in vitro, has been shown to correlate with IL-4 production (Sallusto et al., 1998), 

suggesting a mechanism o f leukocyte recruitment during allergic inflammation. CCR5 is 

expressed by macrophages/monocytes, ThI lymphocytes, granulocyte precursors and 

microglia (Choe et al., 1996; Deng et al., 1996; He et al., 1997). Recent in vitro studies 

have shown enrichment o f chemokine receptors, in particular CCR2 and CCR5, on the 

membrane at the leading edge of migrating T-cells in response to chemokines (Nieto et al.,
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1997), indicting that chemokine receptors may act as a sensor mechanism for chemotactic 

signals. Both CCR3 and CCR5 have been detected on resident glial cells in the CNS of 

simian immunodeficiency virus (SlV)-infected macaque monkeys (Westmoreland et al.,

1998), and have been shown to act as co-receptors for M-tropic HIV entry into microglia. 

MEP-3a, also known as liver activation-related chemokine (LARC), was recently

identified and found to mediate its chemotactic properties through the chemokine receptor 

CCR6 (Greaves et al., 1997). MIP-3p, a recent addition to the p-chemokine family, is a 

pro-inflammatory peptide which exerts its action via CCR7 (Rossi et al., 1997). Both 

CCR6 and CCR7 have been detected on T-lymphocytes (Greaves et al., 1997), but much 

remains to be determined about the expression of these receptors.

CCR8, the most recent addition to the CCR family, has been shown to bind thymus 

and activation-regulated cytokine (TARC) and MIP-lp as ligands (Bemardini et al.,

1998). It has been suggested that binding to CCR8 may regulate activation, migration and 

proliferation of lymphoid cells (Bemardini et al., 1998).

1.5.4 EXPRESSION OF CHEMOKINE RECEPTORS BY T-LYMPHOCYTES

It is generally assumed that chemokines attract lymphocytes to sites o f 

inflammation based on ligand specificity and expression o f specific chemokine receptors. 

In vitro studies have shown that a shape change is elicited seconds after an attractant is 

added to a leukocyte suspension (Baggiolini, 1998). This stimulation results in the 

formation of lamellipodia following the polymerisation of actin, and in the upregulation 

and activation of integrins (Baggiolini, 1998), suggesting a role in the adherence and 

transmigration o f leukocytes across the endothelium to sites of chemokine expression.
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The migration of T-lymphocytes to the appropriate tissue site is a highly regulated 

process. Factors which determine whether a ThI- or a Tn2-response occur at a site of 

inflammation are largely unknown. Chemokine receptor expression varies considerably in 

lymphocytes. CCR1, CCR2 and CCR5 are up-regulated by IL-2, whereas other 

stimulatory conditions, such as exposure to anti-CD3 antibodies, down-regulate receptor 

expression and chemotaxis (Baggiolini, 1998). Recent studies have reported the 

preferential expression of the chemokine receptors CXCR3 and CCR5 on TH1 cells, and 

the expression of CCR4 and CCR3, on TH2 cells (Bonecchi et al., 1998), which may, in 

part, explain the selective recruitment of T-cell subsets to inflammatory sites.

1.5.5 CHEMOKINE RECEPTOR EXPRESSION IN THE CNS IN MS

At present little is known about the expression of chemokine receptors in MS 

lesions. However, an increased expression o f receptors for the chemotactic agonists C5a, 

IL-8 and FMLP (a bacterial N-formyl peptide) has been reported on foamy macrophages 

and reactive astrocytes in chronic active MS lesions, with much lower levels detected in 

chronic-silent lesions (Muller-Ladner et al., 1996), suggesting that an increase in 

expression of chemokine receptors is restricted to inflammatory lesions, and that lesion- 

specific mechanisms may regulate receptor expression.

1.5.6 CHEMOKINE RECEPTORS AND HIV

The discovery that chemokine receptors act as co-receptors for HIV infection o f a 

cell has resulted in substantial interest in the cellular distribution o f these receptors. T-cell 

line-tropic (T-tropic) HIV-1 viruses use CXCR4 as a co-receptor (Feng et al., 1996), 

whereas macrophage-tropic (M-tropic) viruses use CCR3 and CCR5 (Choe, et al., 1996;
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Dragic et al., 1996). Mutation o f the gene encoding CCR5 provides homozygotes with a 

strong resistance against M-tropic HIV infection (Libert et al., 1998).

Studies have shown that chemokines are strong inhibitors of HIV replication 

(Cocchi et al., 1995). The entry of HIV-1 into target cells can be prevented by blocking 

the CCR3 co-receptor with eotaxin (He et al., 1997). Likewise, MIP-lp has been shown 

to inhibit the entry o f M-tropic HIV-1 strains into target cells by blocking CCR5 (Cocchi 

et al., 1996).

The SIV-infected macaque, the animal model o f HIV (Persidsky et al., 1995), 

displays increased levels o f chemokines associated with the endothelium and/or 

perivascular macrophages in areas o f perivascular inflammatory cell cuffing in the CNS 

(Sasseville et al., 1996). Recent reports have indicated enhanced expression of CCR3, 

CCR5 and CXCR4 by perivascular macrophages and multi-nucleated giant cells, CXCR3 

by perivascular lymphocytes, and CCR3 and CCR5 by resident glial cells in SIV-infected 

macaque (Westmoreland et al., 1998). The results of these studies suggest that multiple 

chemokines and their receptors may play a role in the recruitment o f leukocytes into the 

CMS in HIV and SIV-encephalomyelitis.

1.5.7 REGULATION OF RECEPTOR EXPRESSION

The anti-inflammatory cytokine IL-10 has been shown to upregulate the expression 

of CCR1, CCR2 and CCR5 in human monocytes (Sozzani et al., 1998). Conversely, 

expression o f CCR2 and, to a lesser extent, CCR1 and CCR5 can be down-regulated in 

peripheral blood mononuclear cells by bacterial lipopolysaccharide (LPS), IL-1 and TNF-a 

acting on receptor mRNA stability (Sica et al., 1997). IFN-y has been shown to inhibit 

CCR3 and CCR4, and upregulate CXCR3 and CCR1 expression (Sallusto et al., 1998).
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These findings suggest that pro-inflammatory signals may decrease chemokine receptor 

expression to retain leukocytes at the inflammatory site and to prevent their reverse 

transmigration (Randolph & Furie, 1996).

1.6 SUBACUTE SCLEROSING PANENCEPHALITIS

The measles virus (MV) is a highly contagious pathogen which causes acute 

measles, and is the aetiological agent that induces subacute sclerosing panencephalitis 

(SSPE) (Ogata et a l, 1997). Complications o f measles are uncommon, but can be fatal 

when the CNS is affected (Gogate et al., 1996). Persistence o f the MV in the CNS of 

otherwise healthy individuals can result in SSPE, or in subacute measles encephalomyelitis 

(SME) in immunocompromised patients (Gogate et al., 1996). Approximately one per 

million of the population per year contract SSPE, which is twice as likely to occur in males 

as in females (Norrby & Kristensson, 1997).

SSPE is a rare, fatal form o f encephalitis which results in a general destruction of 

both the white and grey matter in the CNS, in particular the cerebral cortex and brainstem, 

and to a lesser extent the cerebellum and spinal cord (Norrby & Kristensson, 1997). Onset 

of the disease usually occurs 10-15 years after the initial childhood infection (Cosby & 

Brankin, 1995).

1.6.1 THE PATHOGENESIS OF SSPE

SSPE is a slowly progressive, always fatal form of encephalitis which, like MS, is 

characterised by perivascular cuffs of inflammation, extensive leukocyte infiltration, 

demyelination and gliosis within the lesion (Kreth et al., 1982; Esiri et al., 1989; Allen et
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al., 1996). The perivascular cuffs consist mainly of MHC class II-positive cells, whilst 

parenchymal lesions also contain B-cells (Nagano et al., 1991).

At present there is disagreement over the T-cell profile in SSPE, as previously 

discussed in MS (Section 1.2.1.1). Some groups state that CD4+ T-cells are the major 

lymphocyte infiltrate in the CNS and are also present in greater numbers in the CSF of 

SSPE patients (Marrosu et al., 1983; Nagano et a l, 1991), whilst others state that CD8+ 

T-lymphocytes predominate over CD4+ T-cells both in SSPE lesions and in the CSF 

(Czlonkowska et al., 1986; Esiri et al., 1989).

Cytotoxic T-cell recognition o f virus-infected cells play an important role in viral 

clearance (Doherty, 1985). MV-infected cells express MHC class I, which triggers 

antigen-recognition in cytotoxic T-lymphocytes, and results in MHC class I-specific 

cytotoxic T-lymphocyte mediated lysis (Gogate et al., 1996). Lack of MHC class I 

expression on neurons may result in viral persistence in the CNS as the neurons are not 

under cytotoxic T-cell surveillance (Gogate et al., 1996). One possible therapeutic 

treatment in the early stages of SSPE may be to administer IFN-y to induce MHC class I 

expression, and stimulate cytotoxic T-cell-mediated lysis of the infected cells (Gogate et 

al., 1996).

1.6.2 ENTRY OF MEASLES VIRUS INTO THE CNS

It is generally considered that MV enters the CNS across the BBB either indirectly 

through infected T-lymphocytes, or by direct infection o f the endothelial cells (Cosby & 

Brankin, 1995). In normal CNS, CD46, a membrane co-factor protein, prevents the 

deposition of complement factors on host cells, thereby preventing lysis o f the cells by 

complement (Liszewski et al., 1991; Loveland et al., 1993). CD46 has been identified as

34



the cellular receptor for MV (Dorig et al., 1993; Naniche et al., 1993). In vitro 

experiments have shown that some forms o f MV down-regulate the expression o f CD46 

on the cell surface (Schneider-Schaulies et al., 1995). Recent reports have shown that in 

normal CNS, CD46 is detected at low levels on neurons and astrocytes, however, in SSPE 

CNS, CD46 is not detected within the lesion, but is detected at normal levels in the 

adjacent normal appearing white matter (Ogata et al., 1997). As yet, the significance of 

the down-regulation o f CD46 is unknown, but it has been suggested that it could increase 

the vulnerability o f the cell to complement thereby inducing cell lysis (Ogata et al., 1997).

1.6.3 CYTOKINE EXPRESSION IN THE CNS IN SSPE

Cytokines are expressed by infiltrating leukocytes and resident glial cells in the 

CNS in SSPE, suggesting they may play a role in the pathogenesis o f the lesion formation 

(Nagano et al., 1994). IL-lp expression is associated with astrocytes, macrophages, some 

reactive microglia and endothelial cells in SSPE lesions (Nagano et al., 1994). IL-1 has 

been shown to induce reactive astrocytosis in vitro (Guilian et al., 1988), a common 

feature in the CNS in SSPE. Elevated levels o f IL-1 p were also detected in the CSF of 

SSPE patients, compared to MS and other neurological diseases (Mehta et al., 1997), 

indicating this pro-inflammatory cytokine may play a role in the pathogenesis o f SSPE.

IL-2 is produced by antigen-activated T-lymphocytes, and plays an important role 

in the proliferation and differentiation o f effector cells (Kroemer & Wick, 1989). This pro- 

inflammatoiy cytokine has been detected in lymphocytes in the perivascular cuffs and 

surrounding tissue in SSPE (Nagano et al., 1994). IL-6, detected in astrocytes and 

macrophages within the lesion (Nagano et al., 1994), induces differentiation o f cytotoxic 

T-cells in the presence of IL-2 (Uyttenhove et al., 1988).
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IFN-y has been detected in T-lymphocytes, astrocytes, macrophages and 

endothelial cells within the SSPE lesion (Nagano et a l, 1994). It has been suggested that 

IFN-y may stimulate microglia to secrete TNF-a (Zajicek et al., 1992). Reports have 

shown that IFN-y and TNF-a act synergistically to induce MHC class II expression on 

resident glia (Beneviste et al., 1989), suggesting these cytokines may contribute to immune 

responses in the SSPE lesion.

TNF-a has been detected in astrocytes and foamy macrophages within the SSPE 

lesion, while LT expression was detected in T-cells and macrophages in the perivascular 

cuffs and parenchymal lesions (Nagano et al., 1994). TNF-a and LT have been implicated 

in demyelination and growth of the lesion in SSPE, as they are capable of damaging 

oligodendrocytes directly causing a breakdown of the myelin sheath (Selmaj et al., 1991). 

TNF-a is able to increase vascular permeability and increase expression o f adhesion 

molecules, suggesting a role for this cytokine in the recruitment o f leukocytes from the 

circulation (Pober et al., 1987; Shijo et al., 1989; Probert, 1997). Expression of 

chemokines and their receptors are, as yet, uncharacterised in SSPE CNS lesions.

1.7 COELIAC DISEASE (CD1

Coeliac disease (CD), also known as gluten-sensitive enteropathy, is a permanent 

intolerance to gliadin and is characterised by villous atrophy o f the small intestine (Kelly et 

al., 1990). Flattening of the villi and ciypt hyperplasia result in malabsorption o f nutrients, 

hence CD normally presents as weight loss and associated specific deficiency syndromes 

(Kelleher et al., 1984). The prevalence of CD is 1 per 1000 of the population, although it 

is becoming evident that a greater number of the population have clinically silent CD 

(Troncone et al., 1996).
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Like MS, CD is immunologically mediated and is influenced by environmental and 

genetic factors (Troncone et al., 1996). CD is thought to be transmitted in a non- 

Mendelian manner but, as yet, no single specific HLA gene marker has been found 

(Cornell, 1996). The majority of CD patients express the haplotype HLA-DQ2, whilst the 

remainder express HLA-DQ8 (Nilsen et al., 1995). The abnormal immunological response 

to ingested gluten, in genetically susceptible individuals, can be prevented by strict 

adherence to a gluten-free diet.

Inflammation is often observed in the lamina propria and surface epithelium of the 

small intestine in CD (Cornell, 1996) It has been suggested that the binding o f gluten to 

the intestinal mucosa becomes a target for immunological reactions (Strober, 1976). 

Gluten challenge in CD patients induces a dose-dependent increase in CD8+ T- 

lymphocytes in the jejunal villous epithelium (Brandtzaeg et al., 1989), suggesting a role 

for these cells in the CD pathology (Halstensen & Brandtzaeg, 1993).

1.7.1 T-LYMPHOCYTE POPULATIONS IN COELIAC DISEASE

In normal intestinal epithelium the majority o f intraepithelial lymphocytes express 

the ap T-cell receptor (TCR) (90%), as opposed to the y5 TCR (10%) (Spencer et al., 

1989; Savilhati et al., 1990). In the jejunal epithelium o f CD patients the proportion of 

lymphocytes expressing y8 TCR increases (Spencer et al., 1989; Savilhati et al., 1990), and 

remains high whether the patient is placed on a gluten-free diet or not (Savilhati et al., 

1990). Although the role o f y5 cells is, at present, unknown it has been suggested that an 

increase in T-cells expressing y5 TCR , along with the gene markers associated with CD, 

are necessary for the development of CD lesions (Holme et al., 1992).
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Immunological assays on T-cell clones isolated from CD mucosa indicated both a 

Th1 and TH0 cytokine profile, with IFN-y being the major cytokine produced (Nilsen et al.,

1995). In peripheral blood mononuclear cell (PBMC) cultures from CD patients, IFN-y 

was produced in response to gliadin-derived peptides (Cornell and Mothes, 1993). These 

findings suggest that IFN-y may be involved in the pathogenesis associated with CD 

(Nilsen et al., 1995). It has been suggested that cytokine expression may cause an increase 

in the permeability o f the small intestine epithelium (Madara & Salford, 1989), 

upregulation of epithelial HLA class II (Sollid et al., 1987), and growth and differentiation 

of B-cells (McGhee et al., 1989), all o f which are evident in the active CD intestinal lesion.

1.7.2 NEUROLOGICAL COMPLICATIONS OF COELIAC DISEASE

It has recently been reported that more than 50% of patients with neurological 

complications of unknown aetiology have cryptic gluten sensitivity (Hadjivassiliou et al., 

1996; Hadjivassiliou et al., 1998). These neurological complications include cerebellar 

ataxia, dementia, peripheral neuropathy, and vasculitis o f the CNS (Cooke, 1976; Collin et 

al., 1991). Large perivascular inflammatory cell infiltrates have been detected centred 

around small venules in cerebellar CNS tissue from CD patients with associated 

neurological complications (Hadjivassiliou et al., 1996; Hadjivassiliou et al., 1998). Cases 

of rapid, unremitting neurological deterioration resulting in death, and cases o f 

neurological deterioration becoming static have both been reported in CD patients 

(Hadjivassiliou et al., 1996; Hadjivassiliou et al., 1998).

Sera of patients with untreated CD contain IgA and IgG anti-gliadin antibodies

(AGA) (Dieterich et al., 1997). AGA are produced at the site o f tissue damage following

gluten challenge (Falchuk & Strober, 1974), and may have a role in tissue damage via

complement activation (Doe et al., 1973). Recent reports state over 50% o f patients with
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neurological dysfunction of unknown origin have circulating AGA, suggesting these 

antibodies may be neurotoxic to the CNS, either directly or indirectly (Hadjivassiliou et al,

1996). AGA, however, are not unique to CD patients, and have been detected in patients 

with other gastrointestinal disorders (Troncone & Ferguson, 1991). To date, neither a 

cytokine nor chemokine expression profile have been characterised in the CNS of CD 

patients with associated neurological complications.
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1.8 THE AIM OF THIS STUDY

The aim of this study has been to characterise the expression of chemokines and

their receptors in neuroinflammatory diseases of the CNS, and to assess their role in

disease pathogenesis.

• The expression of the a-chemokines IP-10 and Mig, and their receptor CXCR3 were 

examined in multiple sclerosis at different stages o f lesion development, in SSPE and 

CD CNS tissue using immunocytochemical (ICC) analysis.

• Expression of the P-chemokines M IP-la, MIP-lp, MCP-1 and RANTES was 

examined at the protein level by ICC and at the mRNA level by non-radioactive in situ 

hybridisation (ISH). The chemokine profiles in the three CNS inflammatory diseases 

were compared.

• The presence o f the p-chemokine receptors CCR3, CCR5 and CCR8 in MS CNS were 

investigated by RT-PCR and Western Blotting, and their cellular localisation detected 

by ICC and ISH.

• Factors which induce chemokine and chemokine receptor expression in rat astrocyte 

and microglial primary cell cultures were investigated by ELISA, ICC and ISH.

• Chemokine receptor expression by peripheral blood mononuclear cells was 

investigated by ICC.
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CHAPTER 2

MATERIALS AND METHODS

2.1 HUMAN CNS TISSUE

2.1.1 MS TISSUE

Table 3 Age, sex, death to snap-freezing (D-F) time data and duration o f disease in

multiple sclerosis (MS) and normal control (NCI tissue samples

Age (yr) Sex (M/F) D-F (h) Duration of MS (yr)

MS cases (n=13) 47.6 (29-65) (3/10) 26 (9-52) 14.25 (7-22)

NC cases (n=6) 43.33 (28-67) (1/5) 24.33 (9-40) N/A

The cause of deat i o f the MS patients was bronchopneumonia (11), pulmonary embolism

(1) and cerebrovascular accident (1). The cause of death of the control patients was 

cardiac arrest (2), peritonitis (1), road traffic accident (1), haemorrhage (1) and myocardial 

infarction and coronary artery thrombosis (1). N/A: not applicable.

Human MS and normal control CNS tissue samples were obtained from the 

Multiple Sclerosis Laboratory, Institute o f Neurology, London (Newcombe & Cuzner, 

1993; Appendix 1), as summarised in Table 3. Post-mortem CNS tissue, 1cm3, was snap- 

frozen in isopentane cooled on liquid nitrogen, wrapped in tin foil and stored in an airtight 

container at -70°C. 10pm thick sections were cut in a cryostat (Bright Instruments) at 

-20°C, and were screened histologically by haematoxylin to assess perivenular
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inflammatory cuffing and by oil red O staining to show the extent of recent demyelination. 

The histological evaluation was scored by two independent observers. To assess the 

degree o f inflammation present, the tissue scored a minimum of 0 if no perivascular 

infiltrates were observed, and a maximum of 5 if large perivascular inflammatory cuffs 

were present. To assess the degree of demyelination present, the tissue scored a minimum 

of 0 if no demyelination was present, and a maximum of 5 if large confluent plaques were 

present. Based on these observations the MS tissue was categorised into four groups 

which represent the sequence of events in lesion formation: (i) normal appearing white 

matter (NAWM), (ii) acute lesions with perivascular inflammation and ongoing 

demyelination, (iii) chronic active lesions with demyelination and inflammation, and (iv) 

chronic silent demyelinated plaques (Lassmann et al., 1998). NAWM had a similar 

phenotypic profile to normal control CNS tissue, and displayed no demyelination (Figure 

3a) and few T-lymphocytes associated with small venules (Figure 3b). Acute MS lesions 

contained a small amount of demyelination (Figure 3c), and perivascular cuffs o f T-cells 

and macrophages centred around venules (Figure 3d). Chronic active lesions displayed 

hypertrophic astrocytes, lipid-containing macrophages (Figure 3e) and large perivascular 

inflammatory cuffs (Figure 3f). Chronic silent lesions comprised large demyelinated 

astroglial scars (Figure 3g), and were immunologically silent (Figure 3h).
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Figure 3 MS Lesion Classification

Based on the degree o f demyelination, indicated by oil red O staining, and the levels of 

inflammation, indicated by CD4+ immunostaining, MS CNS tissue was categorised into 

four groups which represented the sequence o f events in MS lesion formation. NAWM 

(sample 419-29) displayed (a) no demyelination and (b) few T-lymphocytes associated 

with small venules, (c) Acute MS lesions (sample 414-24) displayed some demyelination 

and (d) perivascular leukocyte cuffing centred around small venules, (e) Subacute lesions 

(sample 413-36) contained large numbers o f lipid-containing macrophages and (f) large 

perivascular inflammatory infiltrates, (g) Chronic inactive MS lesions (sample 440-72) 

contained large demyelinated plaques (indicated by p) with no on-going demyelination and 

(h) were immunologically silent. (Magnification x220)



Figure 3 MS Lesion Classification
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Figure 3 MS Lesion Classification Contd.
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2.1.2 SSPE CNS TISSUE

Table 4 Age, sex, death to snap-freezing (D-F) time data and duration o f disease in

a SSPE tissue sample

Age (yr) Sex (F/M) D-F (h) Duration of SSPE (yr)

SSPE case (n=l) 20 0/1 4 unknown

The cause of death of the SSPE patient was a heavy viral load in the frontal cortex 

resulting in acute and fatal encephalitis.

Two blocks of frozen SSPE tissue from one case were obtained from Dr. L. 

Cosby, The Queen’s University o f Belfast, Belfast (Table 4). Post-mortem CNS tissue, 

approximately 1cm3, was stored in an airtight container at -70°C until required for 

sectioning. The tissue blocks (10pm sections) were screened histologically using 

haematoxylin to assess perivascular cuffing. Unlike MS, demyelination was not a 

prominent feature of the SSPE nor CD CNS tissue used in this study. The CNS in SSPE 

was characterised by perivenous infiltration with plasma cells and lymphocytes (Figure 4), 

hypertrophy of astrocytes and proliferation o f microglia with marked gliosis.
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Figure 4 Immunopathology of SSPE

A prominent feature o f SSPE CNS white matter is extensive perivascular CD4+ T- 

lymphocyte infiltratioa (Magnification x450)

Figure 5 Immunopathology of CD

One characteristic feature o f CD cerebellar CNS tissue is perivenular CD4+ T-lymphocyte 

infiltration. (Magnification xl 90)



Figure 4 Immunopathology of SSPE

Figure 5 Immunopathology of CD
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2.1.3 CD CNS TISSUE

Table 5 Age, sex, death to snap-freezing (D-F) time data and duration o f disease in

a CD tissue sample

Age (yr) Sex (F/M) D-F (h) Duration of CD (yr)

CD case (n=l) 63 0/1 18 unknown

The cause of deat i o f the CD patient was advanced cerebellar atrophy.

One cerebellum from a patient with CD and associated neurological dysfunction 

was obtained from Dr. C. Smith, Royal Hallamshire Hospital, Sheffield (Table 5). Large 

blocks o f post-mortem CNS cerebellar tissue were snap-frozen. Smaller blocks were cut 

(approximately 1cm3) from the larger block, and the samples stored in an airtight container 

at -70°C until required for sectioning. The cerebellar white matter in CD was 

characterised by large perivascular cuffs containing T-lymphocytes and macrophages 

(Figure 5), and by reactive astrocytes, similar in histology to the MS and SSPE tissue 

samples used in this study.

2.2 IMMUNOCYTOCHEMISTRY (ICQ

Immunocytochemistry (ICC) is a method employed to visualise the distribution of 

proteins within a tissue section, or cell preparation, using antibodies raised against the 

antigen o f interest. Several techniques have evolved to visualise the antigen-antibody 

complex including direct or indirect labelling of the antibody with fluorescent labels or 

enzyme conjugates, such as peroxidase or alkaline phosphatase. The resultant complex 

can be viewed using a microscope, and the cellular localisation of the protein determined.
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Counterstains are often required to visualise the cellular architecture. These complement 

the antibody labelling colours and are compatible with the detection system selected.

2.2.1 3 STEP AVIDIN-BIOTIN PEROXIDASE IMMUNOCYTOCHEMISTRY 

Materials

• Polysine microscope slides (BDH, UK)

• Slide racks (BDH, UK)

• Glass slide dishes (BDH, UK)

• Fixative: either methanol (-20°C) (Sigma, UK)

or acetone (4°C) (Sigma, UK)

• lOxPBS stock 0.02M KH2PO4 (Sigma, UK)

0.13M K2HPO4 (Sigma, UK)

1. 5M NaCl (Sigma, UK)

Adjusted to pH7.4 using NaOH

PBS 1 OxPBS diluted ten-fold in d.H20

Mouse or rabbit ABC Vectastain Elite Kit™ (Vector Laboratories Ltd., UK) 

0.2% 3,3’ diaminobenzidine tetrahydrochloride (Sigma, UK)

Ethanol (Sigma, UK)

Xylene (Sigma, UK)

DPX mountant (BDH, UK)

Method

Human CNS tissue (10pm) was sectioned at -20°C in a cryostat (Bright 

Instruments, UK), collected on Polysine microscope slides and stored in an airtight 

container at -70°C until required. Sections were warmed to room temperature (RT), fixed
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for lOmin in the appropriate fixative (methanol at -20°C for the CD68 antibody, or acetone 

at 4°C for the remaining antibodies used in this study), and air-dried for approximately 

lOmin.

The sections were then placed in a humid chamber containing lx  phosphate 

buffered saline (PBS), blocked for 30min at RT using 50pl of the appropriate serum 

diluted 3:200 in PBS (normal horse serum for monoclonal antibodies, normal goat serum 

for rabbit polyclonal antibodies), prior to incubation with the primary antibody for 30min 

at RT (Table 6). The optimal antibody dilution which gave minimum background staining 

was selected from a series o f antibody titrations (Section 2.2.2).

The sections were washed in PBS, with stirring, three times over lOmin. The 

avidin and biotinylated horse-radish peroxidase macromolecular complex (ABC) method 

with biotinylated secondary antibody was used as part of the mouse (biotinylated horse 

anti-mouse secondary antibody used in conjunction with monoclonal primary antibodies) 

or rabbit (biotinylated goat anti-rabbit secondary antibody used in conjunction with rabbit 

polyclonal primary antibodies) ABC Vectastain Elite Kit™. The sections were incubated in 

a humid chamber at RT with 50pl of the appropriate biotinylated secondary antibody 

diluted 1:200 in PBS for 30min. This step introduced biotin onto the section at the 

location o f the primary antibody.

Following three 5min washes in PBS, the slides were incubated for 30min at RT 

with 50pl o f the Vectastain® Elite ABC reagent. At least 30min before use, the ABC 

reagent was prepared by diluting equal volumes of reagent A and reagent B 1:100 in PBS. 

The ABC reagent bound to the biotin residues on the secondary antibody, introducing the 

peroxidase enzyme onto the sections at the site of the antigen. Following a brief wash in 

PBS, the sections were placed in the substrate 3,3’ diaminobenzidine tetrahydrochloride
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(DAB) for 5min (Section 2.2.2) (Figure 6). The DAB reacted with the enzyme to produce 

an insoluble brown precipitate, thereby enabling the site o f antigen to be readily visualised. 

The sections were counterstained in Mayer’s haematoxylin, for 20 seconds, and washed 

briefly in dH^O. The sections were dehydrated in a graded series o f ethanol (EtOH) (70%, 

80%, 95% and 100% for 2min each), cleared in xylene for 2min and mounted in DPX. 

The slides were examined using interference contrast on an Olympus BX-60 microscope, 

and photographed using 200ASA Kodak colour print film.

Sections incubated with blocking serum instead o f primary antibody were included 

as a negative control. Isotype specific antibody controls (Sigma, UK) were also included 

to confirm the specificity o f the staining pattern. The IgG preparations were applied to the 

sections at the same concentrations as the primary antibody, and indicated whether staining 

was specific for the antigen of interest, or whether it was due to non-specific adsorption of 

the primary antibody to tissue sites (Section 2.2.3).
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Figure 6 Avidin-Biotin Peroxidase Immunocytochemistry

Non-specific binding of the antibody to the tissue was prevented by incubating the section 

for 30min in serum from the animal in which the secondary antibody used in the 

investigation was made. The section was then incubated for 30min with the primary 

antibody directed against the antigen of interest. After washing the slides in PBS, the 

sections were incubated for a further 30min with the appropriate biotinylated secondary 

antibody. Following another wash in PBS the sections were incubated for 30min with the 

Vectastain® Elite ABC reagent, which binds to the biotin residues on the secondary 

antibody, thereby introducing the peroxidase enzyme onto the sections at the site of the 

antigen. To enable visualisation of the antibody complex, DAB substrate was added and 

reacted with the enzyme to produce an insoluble brown reaction product.

□  □  □  Enzyme substrate (DAB)
^  □  3  □□ |  □

•  A  • Avidin/Biotinylated enzyme complex

• o ^ o *  (ABC)O O
Biotinylated secondary Ab

Primary Ab 

■___ Section
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Table 6 Source and specificity of antibodies used in immunocvtochemistrv

Ab Specificity Isotype Ig Cone. Dilution Source

CD4 IgGi 50pg/ml 1:100 Sigma

CD8 IgG, 200pg/ml 1:100 Sigma

CD25 IgGi 190pg/ml 1:100 Dako

CD68 IgG2 430pg/ml 1:200 Dako

CCR3 rlgG - 1:500 SKB’

CCR5 rlgG - 1:500 sk b ’

CCR8 rlgG - 1:500 sk b ’

CXCR3 IgG! 500pg/ml 1:300 R&D Systems

GFAP IgGi 6.5mg/ml 1:250 Sigma

IFN-y rlgG 1 mg/ml 1:200 PeproTech Ltd.

IP-10 rlgG 1 mg/ml 1:200 PeproTech Ltd.

M IP-la IgG2A 500pg/ml 1:250 R&D Systems

MIP-ip IgG2B 500pg/ml 1:250 R&D Systems

Mig rlgG 1 mg/ml 1:200 PeproTech Ltd.

MCP-1 IgGi 500pg/ml 1:250 R&D Systems

RANTES CT
Q 9 500pg/ml 1:250 R&D Systems

All antibodies used in this study were either mouse monoclonal or rabbit polyclonal (r). 

*CCR antibodies are, as yet, uncharacterised and were a kind gift from Dr. J. White at 

SmithKline Beecham, USA.
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2.2.2 3.3 ’DIAMINOBENZIDINE TETRAHYDRQCHLORIDE

Materials and Equipment

• 0.2% 3,3’ diaminobenzidine tetrahydrochloride (Sigma, UK)

• PBS (Section 2.2.1)

• 30% hydrogen peroxide (Sigma, UK)

Method

To enable visualisation of the antibody complex the peroxidase substrate 

3,3’diaminobenzidine (DAB) was used. DAB, a potential carcinogen, was made in the 

fume cupboard following the manufacturers instructions. lOOmg DAB was dissolved in 

500ml PBS, and 200pl o f 30% hydrogen peroxide (H2O2) added. The sections were left in 

DAB until the required intensity o f stain developed (approximately 5min). DAB produced 

a red/brown precipitate that was insoluble in alcohol, therefore the sections were 

permanently mounted following dehydration through a graded series o f ethanol and 

clearing through xylene.

2.2.3 ANTIBODY CONTROLS AND TITRATIONS

ICC of both control (Figure 7a) and inflammatory CNS tissue (Figure 7b) in the 

absence of a primary antibody displayed minimal background staining, indicating the 

specificity o f the antibodies used. Similarly, isotype specific immunoglobulins (Ig) used at 

the same Ig concentration as the antibodies (Table 6) did not stain the tissue (Figure 7c). 

No difference in the pattern or staining intensity was seen between MS tissue o f different 

post-mortem delays, suggesting this delay has not affected the immunoreactivity o f the 

cellular proteins.
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Figure 7 Antibody controls

Immimostaining of (a) control (sample 480-18) and (b) MS (sample 396-98) CNS tissue in 

the absence o f primary antibody displayed minimal background staining, indicating the 

specificity o f the antibodies used in this study. (c) Similarly, isotype specific 

immunoglobulins, such as IgGi shown here, did not stain the tissue (sample 413-41). 

Sections were counterstained with haematoxylin. (Magnification x220)



Figure 7 Antibody controls
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Antibody titration experiments were used to determine the antibody dilution which 

provided specific staining of the antigen with minimal background staining. A range of 

dilutions were selected for each antibody used in this study which encompassed the 

manufacturers recommended dilution. For example, the CCR5 antibody was titrated using 

doubling dilutions from 1:60 through to 1:1000 (Figure 8). The optimal antibody dilution 

of 1:500, as shown in Table 6, was selected as it gave the lowest levels o f background 

staining together with the highest specific antigen staining.

2.3 IN SITU HYBRIDISATION

In situ hybridisation (ISH) is a technique used to localise cellular DNA and RNA. 

Oligonucleotide probes, complementary to the sequence o f interest, can be labelled with 

3H or 35S and detected by autoradiography, or they can be labelled with digoxigenin or 

biotin and detected by non-radioactive techniques.

2.3.1 NON-RADIOACTIVE IN SITU HYBRIDISATION

To avoid accidental RNAse contamination of the sections from sources in the 

laboratory the ISH method described below was carried out under RNAse-free conditions. 

Disposable sterile gloves were worn throughout the preparation o f materials and solutions, 

and during the ISH procedure. As gloves remain RNAse-free only if they do not come 

into contact with contaminated glassware and surfaces, it was necessary to change gloves 

frequently throughout the experiment. All solutions were prepared using RNAse-free 

glassware and were autoclaved. The d.KhO and PBS solutions used in the procedure were 

also treated with 0.02% diethyl pyrocarbonate (DEPC) (Sigma, UK), which is a strong,
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Figure 8 Antibody titration

Antibody titration experiments were used to determine the optimal antibody dilution 

(sample 488-110). Titrations with anti-CCR5 antibody were performed using doubling 

dilutions from 1:60 through to 1:2000, and the optimal antibody dilution selected, (a) The 

1:120 dilution of CCR5 was associated with high levels of background staining, (b) This 

was reduced when a dilution factor o f 1:250 was used, (c) A dilution factor of 1:500 

displayed minimal background staining with the highest level o f specific antigen staining, 

(d) 1:1000 dilutions of CCR5 had little specific antigen stain. Brown DAB substrate 

indicates positive staining. Sections were counterstained with haematoxylin. 

(Magnification x220)



Figure 8 Antibody titration
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but not absolute, inhibitor of RNAases. All equipment was baked in an oven overnight 

(o/n) at 140°C to further ensure no RNAse contamination o f the sections.

The following controls were applied to all ISH procedures performed in this study. 

Initial ISH using a 30 base oligo-poly-dT probe (R&D Systems, UK) confirmed the 

presence o f intact mRNA in all cell types in both control (Figure 9a) and inflammatory 

(Figure 9b) CNS tissue. ISH using hybridisation buffer alone, in place o f digoxigenin- 

labelled probes, on the section acted as a negative control, showed minimal background 

staining and confirmed the specificity o f the probes used in this study (Figure 9c).

2.3.1.1 PREHYBRIDISATION TREATMENT 

Materials

• RNAse-free Polysine microscope slides (BDH, UK)

• slide racks (BDH, UK)

• glass slide dishes (BDH, UK)

• 4% paraformaldehyde (Sigma, UK) in PBS

The solution was stirred on a hotplate at 60°C in a fume

cupboard until the HCHO completely dissolved, sterile 

filtered and cooled to RT before use.

• PBS (Section 2.2.1) containing 0.02%

DEPC (Sigma, UK)

• Triethanolamine (TEA) 0.1M TEA (Sigma, UK)

0.15MNaCl (Sigma, UK)

adjusted to pH8.0 with 0.25% acetic anhydride

• Acetic acid (Sigma, UK)

• EtOH (Sigma, UK)
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Figure 9 ISH  controls

ISH using an oligo-poly-dT probe indicated the presence o f intact mRNA in all cell types 

in (a) control (sample 480-18) and (b) MS (sample 413-41) CNS tissue (Magnification 

xl90). (c) ISH using hybridisation buffer in place o f digoxigenin-labelled probes showed 

minimal background staining and confirmed the specificity o f the probes used in this study 

(sample 413-64). Purple/black colour indicates positive mRNA staining. (Magnification 

x220, unless otherwise stated)



Figure 9 ISH  controls
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• d.EfcO containing 0.02% DEPC (Sigma, UK)

• Chloroform (Sigma, UK)

• 20xSSC buffer (Sigma, UK)

Method

Sections (10pm) were collected on RNAse-free Polysine microscope slides and 

stored in an airtight container at -70°C until required. Sections were warmed to RT, and 

fixed in freshly prepared sterile 4% paraformaldehyde (HCHO) in PBS for 5min. 

Following three 5min washes, with stirring, in PBS the sections were washed in 0.1 M 

triethanolamine, adjusted to pH8.0 in a fume cupboard with 0.25% acetic anhydride, for 

lOmin, then rinsed again in PBS. The sections were dehydrated in a graded series o f 

EtOH (70%, 80%, 95% and 100% for 2min each), placed in chloroform in a fume 

cupboard for 5min to delipidate the sections, returned to 95% EtOH for 2min, air-dried 

and placed in a humid chamber containing 2x sodium saline citrate (SSC).

2.3.1.2 HYBRIDISATION

Materials

• De-ionised formamide

10% BioRex Resin (BioRad, UK) in formamide (Sigma, UK) was 

mixed on a magnetic stirrer under sterile conditions. After 30min the 

solution was decanted into a sterile bottle using methanol-sterilised 

filter paper.

• Denatured sheared herring sperm DNA

1% sheared herring sperm DNA (Boehringer-Mannheim, UK) was 

boiled in H2O for lOmin, and cooled on ice for lOmin before use.

• Hybridisation Buffer
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The following components were mixed in a sterile 50ml tube in the order 

shown:

5ml de-ionised formamide (Sigma, UK)

2.5ml 20x SSC (Sigma, UK)

The solution was warmed to 50°C, and the following added:

Ig dextran sulphate (Sigma, UK)

The contents o f the tube were mixed at 50°C until the polymer dissolved, 

and the following added:

lml 50xDenhardt’s solution (Sigma, UK) 

lOOpl denatured sheared herring sperm DNA (Boehringer- 

Mannheim, UK)

400pl sterile d.H20 

The tube was kept at 50°C until required.

• Parafilm (Fahrenheit, UK)

• 20xSSC buffer (Sigma, UK)

Method

Approximately 30pl of the digoxigenin-labelled oligonucleotide probe cocktail 

(Table 7; Table 8) diluted in hybridisation buffer was added to the sections, and lightly 

covered with a square of parafilm approximately the same size as the section. Care was 

taken to ensure no air-bubbles were present on the section. The optimal probe dilution 

which gave minimum background staining was selected from a series o f probe titrations (a 

similar method as described in Section 2.2.3). The sections were incubated o/n with the 

probe at 37°C in a sealed humid chamber containing 2xSSC. The sections were washed in 

2xSSC for lh  at RT, lxSSC for lh  at RT, and lxSSC for 30min at 37°C, with stirring. 

The slides were then processed for immunological detection.
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Table 7 Source and specificity of probes used in in situ hybridisation

Probe Dilution Source

CCR3 1:500 Synthesised in-house*

CCR5 1:500 Synthesised in-house*

IFN-y 1:200 R&D Systems, UK

MCP-1 1:400 R&D Systems, UK

M IP-la 1:400 R&D Systems, UK

MIP-ip 1:400 R&D Systems, UK

RANTES 1:400 R&D Systems, UK

*The chemokine receptor probes were synthesised in-house by Vlr A. Fairclough.

Table 8 Sequence of digoxigenin-labelled oligonucleotide probes used in in situ 

hybridisation studies

Probe Sequence

CCR3 3’dig-AAA GAA CCA GCT CTG TCT CTC CAT CCA CAG 5’

CCR5 3’dig-CGG AGC CCT GCC AAA AAA TCA ATG TGA AGC 5’

IFN-y ©R&D Systems

MCP-1 ©R&D Systems

M IP-la ©R&D Systems

MIP-lp ©R&D Systems

RANTES ©R&D Systems
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2.3.1.3 IMMUNOLOGICAL DETECTION

Materials

•  slide racks (BDH, UK)

• glass slide dishes (BDH, UK)

• Buffer 1 0.1M Tris (Sigma, UK)

0.15MNaCl (Sigma, UK)

Adjusted to pH 7.5 using HC1

• Buffer 1 containing 2% normal sheep serum (NSS) (Sigma, UK)

• Alkaline phosphatase conjugated sheep anti-digoxigenin antibody (Boehringer- 

Mannheim, UK)

• Benchtop shaking platform (New Brunswick Scientific, UK)

• Buffer 1 containing 1% NSS (Sigma, UK)

• Buffer 2 0.1M Tris (Sigma, UK)

0.1M NaCl (Sigma, UK)

Adjusted to pH 9.5 using HC1

• Sigma fast™ 5-bromo-4-chloro-3-indolyl-phosphate/ nitro blue tetrazolium 

tablets (0.15mg/ml BCIP/ 0.3mg/ml NBT) (Sigma, UK)

• PBS containing 50% glycerol (Sigma)

Method

Following a lmin wash in buffer 1, the sections were placed in buffer 1 containing 

2% normal sheep serum (NSS) for 30min at RT. The sections were then incubated with 

lOOpl of alkaline phosphatase conjugated sheep anti-digoxigenin antibody, diluted 1:500 in 

buffer 1 containing 1% NSS, in a humid chamber for 3-5h. The sections were washed 

with shaking in buffer 1 for lOmin at RT, followed by a lOmin wash with shaking in buffer 

2 for lOmin, before being incubated with lOOpl o f the substrate Sigma fast™ BCIP/NBT.
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The sections were left o/n at RT to allow the stain to develop, washed in d.B^O and 

mounted in PBS/glycerol. The slides were examined on an Olympus BX-60 microscope, 

and photographed using 200ASA Kodak colour print film.

2.3.2 SYNTHESIS OF OLIGONUCLEOTIDE PROBES

An amidite, a fully protected nucleotide, is the basic building block in probe 

synthesis. In order to produce an oligonucleotide four different amidites were needed 

which corresponded to the bases adenine (A), cytosine (C), guanine (G) and thymine (T). 

The oligonucleotide probes were synthesised by Mr A. Fairclough, Department of 

Biomedical Sciences, Sheffield Hallam University, based on published methods (Kling, 

1997). Oligonucleotide chemokine receptor sequences for CCR3 and CCR5 were 

obtained from Genebank UK, and an oligo™ program used to design the probes. The 

reaction cycle o f oligonucleotide synthesis consisted of four main steps: (I) deprotection, 

(II) coupling, (III) capping and (IV) oxidation of the amidite, each stage separated by 

washes.

The first stage was deprotection of the amidite (Figure 10). This step involved the 

removal o f the dimethyltrityl group (DMTr) to expose the hydroxyl group at position 5 of 

the 2-deoxyribose unit, and the subsequent activation o f the phosphoramidite by tetrazole. 

The coupling stage resulted in the formation o f an intemucleotide bond between the 5’ 

hydroxyl group and the phosphorous containing group at the 3’ position o f the incoming 

protected nucleotide. The capping step terminated any unreacted 5’ hydroxyl groups. 

Finally, the phosphite linkage was oxidised to phosphate by iodine. These steps were 

repeated, adding one nucleotide to the chain each time, until an oligonucleotide o f the 

required sequence and length was obtained.

63



Figure 10 A fully protected amidite

O>DMTr

O

2.3.2.1 LABELLING OLIGONUCLEOTIDE PROBES WITH DIGOXIGENIN 

Materials

• Labelling reaction mix:

The following components were mixed in a sterile Eppendorf on ice, in the order 

shown:

4pl 5x tailing buffer (Boehringer-Mannheim, UK)

4pl 5mM C0 CI2 solution (Sigma, UK)

lpl 2.5mM dATP (Boehringer-Mannheim, UK)

lpl ImM DIG-11-dUTP (Boehringer-Mannheim, UK)

lOOpM oligonucleotide

lpl 50U/pl terminal transferase (Boehringer-Mannheim, UK)

d.PEO to a final volume o f 20pl
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• 2% glycogen solution (Sigma, UK)

• 0.2M EDTA solution, pH 8.0 (Sigma, UK)

• 4MLiCl (Sigma, UK)

• EtOH (Sigma, UK)

Method

The chemically synthesised single-stranded oligonucleotides were reacted in a final 

synthesis step with an amino-linker phosphoamidite (Boehringer Mannheim, UK), creating 

a 3’-terminal aminofimction. To introduce the digoxigenin label at the 3’ position, a 

labelling reaction mix was made up in a sterile eppendorf on ice, as shown above. The 

tube was incubated at 37°C for 15min, then placed on ice. lp l glycogen solution was 

mixed with 200pl EDTA solution, and 2pi o f the resultant solution added to the eppendorf 

to stop the reaction. The digoxigenin-labelled probe was precipitated with 2.5pl LiCl and 

75pl prechilled (-20°C) EtOH, for 2h at -20°C. The pellet was washed with 50pl cold 

ethanol by centrifugation, dried under vacuum and dissolved in 20pl d.H20 . The probe 

was stored at -70°C until required.

2.4 PCR ANALYSIS OF CCR EXPRESSION

The expression o f CCR mRNA was investigated in control and MS CNS tissue 

using the reverse transcriptase polymerase chain reaction (RT-PCR). These experiments 

were performed with the assistance o f Mr C. Murdoch, Department o f Molecular Biology 

and Biotechnology, Sheffield University. To prevent contamination of the samples, sterile 

equipment and disposable, sterile gloves were used throughout the experiment.
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2.4.1 RNA EXTRACTION FROM HUMAN CNS TISSUE

Materials

• Sterile 0.5ml Eppendorf (BDH, UK)

• Tri-Reagent (Sigma, UK)

Method

Three 25 pm MS or control CNS sections were cut in a cryostat and collected 

using sterile, chilled forceps into a sterile, chilled Eppendorf. The sections were triturated 

with 0.5ml Tri Reagent until the sample dissolved. Tri Reagent, a mixture o f guanidine 

thiocyanate and phenol in a monophase solution, simultaneously isolated RNA, DNA and 

protein on lysis o f the tissue sample.

2.4.2 RNA ISOLATION 

Materials

• Chloroform (Sigma, UK)

• Sorvall Super T21 Centrifuge (DuPont, UK)

• Isopropanol (Sigma, UK)

• EtOH (Sigma, UK)

• Sterile pure H2O (Gibco, UK)

• GeneQuant II spectrophotometer (Pharmacia, UK)

Method

0.2ml of chloroform was added to the Eppendorf per ml of Tri Reagent, the tube 

was capped and shaken vigorously. After standing at RT for 2-15min, the Eppendorf was
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centrifuged at 2,415g (Sorvall Super T21 Centrifuge) for 15min at 4°C. The upper 

aqueous layer was transferred to a sterile Eppendorf, and mixed with 0.5ml isopropanol 

per ml of Tri Reagent used. After 5-lOmin at RT the tube was centrifuged at 2,415g for 

lOmin at 4°C. The supernatant was removed and the RNA pellet washed in 1ml 75% ice- 

cold EtOH per ml Tri Reagent. The sample was vortexed, centrifuged at l,514g for 5min 

at 4°C, and air-dried for lOmin. The RNA pellet was resuspended in 25jul sterile pure 

H2O, and the sample stored at -70°C until required.

To calculate the RNA concentration of the sample, 5 pi was added to 995pi d.H20 

and the absorbance at 260nm was recorded using a spectrophotometer. The RNA 

concentration (pg/pl) was calculated using the equation:

RNA concentration (pg/pl) = absorbance at 260nm x dilution factor x 0.04

2.4.3 REVERSE-TRANSCRIPTASE POLYMERASE CHAIN REACTION fRT-PCR) 

Materials

• RT Reaction Mix (40pl)

2pl sterile d.H20 (Gibco, UK)

8pl 5xRT buffer (Gibco, UK)

8pl KC1 (Gibco, UK)

16pl dNTPs (lOmM) (Gibco, UK)

1 pi oligo (dT) primer (Gibco, UK)

1 pi AMV reverse transcriptase (Gibco, UK)

4pl RNA template

• No RT Reaction Mix (34pl)

3 pi sterile d.H20

8pl 5xRT buffer (Gibco, UK)

8pl KC1 (Gibco, UK)
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lOpl dNTPs (lOmM) (Gibco, UK) 

lp l oligo (dT) primer (Gibco, UK)

4pl RNA template

• Biometra trio-thermoblock (Biometra, UK)

Method

For each RNA sample from the previous RNA extraction experiment, a reverse 

transcription step was performed to convert the mRNA into cDNA. A reaction was also 

set up without the reverse transcriptase (RT) enzyme to ascertain if the final RT-PCR 

product was from genomic DNA or mRNA. The reaction mixes were set up, the contents 

of the tubes overlayed with mineral oil to prevent evaporation during the experiment, and 

the tubes incubated in a Biometra trio-thermoblock using the following incubation 

programme, based on published methods (He et al., 1997):

37.5°C for 60min 

99°C for 5min 

4°C for oo

2.4.4 PCR FOR CHEMOKINE RECEPTOR EXPRESSION 

Materials

• PCR Reaction Mix (23 pi)

12.75pl sterile d.H20 (Gibco, UK)

2pl 1 Ox buffer (Gibco, UK)

2.5pl MgCl2 (Gibco, UK)

0.25 pi Primer A

0.25 pi Primer B

0.25pl Taq DNA polymerase (Gibco, UK)
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5 pi cDNA template

• Biometra trio-thermoblock (Biometra, UK)

Method

To investigate if the control and MS CNS samples contained chemokine receptor 

cDNA, a PCR step was carried out using specific primers for CCR3 and CCR5 (a kind gift 

from Dr P. Monk, Department o f Molecular Biology and Biotechnology, Sheffield 

University). The CCR3 and CCR5 primer sequences are shown in Table 9.

Table 9 CCR3 and CCR5 primer sequences.

Primer Sequence

CCR3 5’-TCC TTC TCT CTT CCT ATC-3’ 
3’-GGC AAT TTT CTG CAT CTG-5’

CCR5 5’-AAT CTT CTT CAT CAT CCT-3’ 
3’-TCT CTG TCA CCT GCA TAG-5’

A PCR reaction mix was set up, the contents overlayed with mineral oil, and the 

tube incubated in a thermal cycler using the following incubation programme. The 

incubation programme used was based on reported methods (He et al., 1997):

95°C for 5min

95°C for lmin ^

58°C for lmin - 35 cycles

72°C for lmin >

72°C for 6min

55°C for 5min

4°C for oo

69



2.4.5 VISUALISATION OF PCR PRODUCTS 

Materials

• lOxTBE 0.9M Tris Base (Sigma, UK)

0.9M Boric Acid (Sigma, UK)

0.025M EDTA (Sigma, UK)

• 2% agarose gel 2g agarose/100ml lxTBE

Microwave for lmin

• Loading dye 50% glycerol

0.2% bromophenol blue 

0.1MEDTA

• Ethidium bromide (Sigma, UK)

• Phi X 174 DNA/ Hae III molecular weight marker (Promega, UK)

• PCR samples

Method

To visualise the products o f the PCR reaction the final PCR solution (15pl plus 5 pi 

loading dye) was run on a 2% agarose gel containing lOmg/ml ethidium bromide, at 100V 

for approximately 50min. Ethidium bromide binds to the DNA helix and fluoresces under 

UV light, enabling visualisation o f the PCR product. A marker (Phi X 174 DNA/ Hae III 

marker) (72-1353 base pairs) was also run on the gel, to enable the size o f the PCR 

products to be calculated.
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2.5 WESTERN BLOT ANALYSIS OF CCR EXPRESSION

In this study Western blotting was used to confirm the antigen specificity of the 

uncharacterised chemokine receptor antibodies, which were a kind gift from Dr J. White, 

SmithKline Beecham, USA. Western blot techniques enable detection o f antigens in a 

tissue or cell culture homogenate using electrophoresis to separate the antigens into 

molecular weight bands and immunochemistry to visualise the target antigen (Laemmli, 

1970). To prevent contamination of the samples, sterile equipment and disposable, sterile 

gloves were used throughout the experiment.

2.5.1 CNS SAMPLE PREPARATION 

Materials

• Separating Gel Buffer 1.5M Tris (Sigma, UK)

14mM SDS (Sigma, UK)

Adjusted to pH8.8 using HC1

• Water bath (Fahrenheit, UK)

• Sorval TC6 Centrifuge (DuPont, UK)

Method

Three 25pm MS or control CNS sections were cut in a cryostat and collected in a 

sterile, chilled Eppendorf using sterile, chilled forceps. The samples were suspended in 

separating gel buffer by syringe homogenisation, and placed in a water bath at 80°C to 

solubilise the protein. Following centrifugation at 120g for 5min at 4°C, the supernatant 

was removed and stored at -20°C until required. The amount o f protein extracted from the 

tissue was calculated using the bicinchoninic acid test (BCA) (Sigma, UK).
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2.5.2 BCA METHOD OF PROTEIN DETERMINATION

The BCA test is used to determine the amount o f protein present in a solution 

(Smith et al., 1985). Using spectrophotometer readings from a known range of protein 

concentrations, a standard curve is plotted. The unknown amount of protein in a solution 

can then be determined based on its absorbance at the same wavelength.

Materials

• Bovine serum albumin (Sigma, UK)

• Protein extracted from CNS samples

• d.H20

• Separating gel buffer (Section 2.5.1)

• BCA reagent (Sigma, UK)

• 96 well plate (Becton Dickinson, UK)

• Plate reader (LabSystems, UK)

Method

20pl o f bovine serum albumin (BSA) standards (ranging from 0.5-10mg/ml BSA in 

d.H20 ) or 20pl o f supernatant samples were placed in a 96 well plate. Appropriate blanks 

were included, 20pl d.H20  or 20pl separating gel buffer. 200pl BCA reagent (0.4ml 4% 

copper sulphate solution in 20ml BCA) was added to each well. After 30min at RT the 

absorbance was read at 570nm, and the amount of protein present in the samples 

calculated.

2.5.3 SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS 

Materials
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• Sample Buffer 0.25M Tris (Sigma, UK)

0.14M SDS (Sigma, UK)

16% glycerol (Sigma, UK)

10% p-mercaptoethanol (Sigma, UK) 

2.5mMbromophenol blue (Sigma, UK) 

Adjusted to pH6.8 using HC1

• SDS Gel

Lower gel (12% acrylamide-bisacrylamide)

3.0ml 1M Tris (Sigma, UK)

3.2ml Acrylamide-bisacrylamide (30%) 

(Sigma, UK)

1.62ml d.H20

80pl SDS (10%) (Sigma, UK)

80pl freshly prepared APS (ammonium 

persulphate solution, 10%) (Sigma, 

UK)

20pl TEMED (Sigma, UK)

Stacking gel (5%) 2.5ml 0.5M Tris (Sigma, UK)

1.2ml Acrylamide-bisacrylamide (30%) 

(Sigma, UK)

6.3ml d.H20

lOOpl SDS (10%) (Sigma, UK)

80jul APS (10%) (Sigma, UK)

20pl TEMED (Sigma, UK)

• 1 OxSDS Tank Buffer 0.25M Tris (Sigma, UK)

1.86M Glycine (Sigma, UK)

35mM SDS (Sigma, UK)

• See Blue Molecular Weight marker (19.2-104kDa) (Sigma, UK)

• Coomassie Blue Stain 45.5% methanol (Sigma, UK)

0.9% acetic acid (Sigma, UK)

1.5mM Coomassie blue (Sigma, UK)
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• Destain 45.5% methanol (Sigma, UK) 

0.9% acetic acid (Sigma, UK)

Method

The samples were heated in sample buffer (in a 2:1 ratio) in a water bath at 70°C 

for lOmin. A 12% acrylamide-bisacrylamide gel (10cm x 10cm x 1mm) was prepared, 

10pi o f molecular weight markers or samples added to each lane, and the gel run at 150V 

for lh  at RT. To visualise the protein bands on the gel, when required, it was placed in 

Coomassie Blue stain o/n and rinsed in destain until the bands were visible.

2.5.4 WESTERN BLOT 

Materials

• PVDF membrane (0.2pm) (BioRad Laboratories, UK)

• Transfer tank (Fahrenheit, UK)

• Towbin Transfer Buffer 0.2M glycine (Sigma, UK)

PVDF membrane (0.2pm) was cut to approximately the same size as the SDS gel 

(10cm2), and placed in methanol for 10-15sec. The membrane was then placed in transfer

• Blocking Solution

• TBS

• TTBS

0.025M Tris (Sigma, UK)

2.6mMSDS (Sigma, UK)

20% methanol (Sigma, UK)

0.15M NaCl 

0.01M Tris

Adjust to pH8.0 using HC1

1L TBS plus 0.5% Tween 80 (Sigma, UK)

1L TTBS plus 5% Marvel milk powder

Method
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buffer for 30min at RT, as were the sponges, gel and 3pm pore filter paper. One comer of 

the gel and filter paper were cut to facilitate their orientation. The cassette was assembled 

(Figure 11), ensuring all components remained saturated in transfer buffer. The cassette 

was placed in a transfer tank, containing transfer buffer, on a magnetic stirrer and run at 

100V for lh  at 4°C. The PVDF paper was then placed in blocking solution for lh  at 37°C, 

or o/n at 4°C, before undergoing immunological detection.

Figure 11 Assembly of Transfer Cassette

black cassette leaf
sponge(x2)

filter paper (x3)
SDS gel

PVDF paper
filter paper (x3)

sponge (x2)
grey cassette leaf

—» to cathode

—» to anode

2.5.5 IMMUNOLOGICAL DETECTION OF CCR 

Materials

• Benchtop shaking platform (New Brunswick Scientific, UK)

• TTBS (Section 2.5.4)

• Rabbit ABC Vectastain Elite Kit™ (Vector Laboratories Ltd., UK)

• 0.2% DAB (Sigma, UK) (Section 2.2.2)

Method

The following procedures were carried out at RT on a benchtop shaking platform, 

unless otherwise stated. After being washed three times in TTBS over 30min, the blot was



incubated with 30ml of the rabbit polyclonal primary antibodies against CCR3, CCR5 or 

CCR8 (Table 6) (diluted 1:500 in PBS) for lh. Following three washes in TTBS over lh, 

the blot was incubated for lh with 30ml goat anti-rabbit biotinylated secondary antibody 

(part o f the rabbit Vectastain Elite ABC™ kit), diluted 1:200 in TBS. The blot was then 

washed three times in TTBS over lh, and incubated with the Vectastain ABC complex 

(diluted 1:100 in PBS) for lh. Following a brief wash in TTBS, the antigen-antibody 

complex was visualised by placing the blot in DAB substrate for 5min. The blot was then 

briefly washed in TTBS, and the PVDF left to dry at RT.

2.6 CELL CULTURE

To assess which factors induce the expression of chemokines and chemokine 

receptors by glial cells, the following experiments were carried out on primary rat 

astrocyte and microglial cell cultures.

2.6.1 PREPARATION OF MIXED GLIAL CELL SUSPENSION 

Materials

• 30x 30 day old Sprague Dawley rats

• methanol-sterile filter paper (Whatmann UK)

• Mcllwain chopper (The Mickle Lab. Engineering Co., Surrey, UK)

• 500ml glass bottle (Fahrenheit, UK)

• 1.25% w/v Trypsin type III in EBSS+ (Sigma, UK)

• 1000 U/ml Collagenase type XI in EBSS+ (Sigma, UK)

• 200 pg/ml DNase type II in EBSS+ (Sigma, UK)

• Earle’s balanced salt solution+ (EBSS with Ca2+ and Mg2+) (Gibco, UK)
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• Newborn calf serum (NBS) (Gibco, UK)

• Earles balanced salt solution (EBSS without Ca2+ and Mg2+) (Gibco, UK)

• 132jam and 80pm nylon mesh (J. Stanniar & Co., Manchester, UK)

• Sorvall RT 6000D centrifuge (DuPont, UK)

Method

The following experiments were carried out in a lamina flow hood under sterile 

conditions, unless otherwise stated. Thirty, 30 day old Sprague Dawley rats were killed by 

cervical dislocation. The brains were removed using sterile scissors and forceps, and 

placed in a petri dish on ice. The meninges were removed by rolling the brains on 

methanol-sterile filter paper, and any visible blood vessels were removed using forceps. 

The tissue was chopped in 0.4mm slices in two planes at 90° on a Mcllwain chopper and 

placed in a sterile 500ml glass bottle. Trypsin type III, collagenase type XI and DNase 

type II were added to the bottle at lml/g of tissue. Earles balanced salt solution+ (EBSS 

with Ca2+ and Mg2+) was added at 7ml/g of tissue. The mixture was incubated at 37°C 

with constant stirring on a magnetic stirrer for 15min. After this time the mixture was 

divided into approximately 30ml per 50ml tube. The enzyme digestion was arrested by the 

addition of 10ml newborn calf serum (NBS), and 10ml EBSS' (EBSS without Ca2+ and 

Mg2+) to the tubes, and the mixture spun at 13.5g for lOmin at 4°C. The supernatant was 

discarded, and the pellet placed in a sterile 500ml bottle, and the enzyme digestion and 

centrifugation steps repeated. Following centrifugation, the pellet was resuspended in 

EBSS' and filtered through methanol sterilised 132pm and 80pm nylon mesh using a 

syringe plunger into a sterile petri dish. EBSS' was added to the resultant mixed glial cell 

suspension to bring the final concentration to 5ml/g tissue, and the suspension spun at 

13.5g for lOmin at 4°C.
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2.6.2 OPSONISATION OF ERYTHROCYTES

Materials

• EBSS* (Gibco, UK)

• anti-erythrocyte antibody (Dako, UK)

• EBSS+ (Gibco, UK)

• Sorvall RT 6000D centrifuge (DuPont, UK)

Method

This procedure was carried out one day before the erythrocyte-antibody complex 

was to be used. Human venous blood was collected by venepuncture in heparinised tubes, 

and spun at 13.5g for lOmin at 4°C. The plasma and bufly coat overlying the red blood 

cells (RBC) were removed, and the RBC washed twice in EBSS* by centrifugation at 

13.5g for lOmin. The RBC were resuspended at 2%v/v in human anti-erythrocyte 

antibody (1:600) in EBSS+, and incubated with gentle shaking for 30min at RT. The 

erythrocyte-antibody complex was washed in EBSS* by centrifugation, the pellet 

resuspended in EBSS+ at 2%v/v, and stored at 4°C until required.

2.6.3 ISOLATION OF MICROGLIA FROM A MIXED GLIAL CELL SUSPENSION 

Materials

• EBSS+(Gibco, UK)

• EBSS* (Gibco, UK)

• Percoll Preparation

Isolation of microglia from a mixed glial cell preparation required Percoll 

adjusted to a density o f 1.086g/ml. This was achieved by adding together: 

62ml Percoll (Pharmacia, UK)

28ml d.H20
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1 Oml 1 OxBME (basal medium eagle) (Gibco, UK)

• Sorvall RT 6000D centrifuge (DuPont, UK)

• 1 OxBME (Gibco, UK)

• C-DMEM Preparation

In a laminar flow hood, under sterile conditions the following were added 

to Dulbecco’s modification of Eagle’s minimum essential medium 

(DMEM):

10% heat-inactivated FCS (Gibco, UK)

1% penicillin-streptomycin solution (Gibco, UK)

(5000U penicillin, 5000pg streptomycin solution)

The FCS was heat-inactivated by placing in a waterbath at 55°C for 30min.

Method

The pellet (from Section 2.6.1) was resuspended in EBSS+, and made up to half the 

original volume. An equal volume o f antibody-coated erythrocytes (Section 2.6.2) was 

added, and the suspension incubated at 37°C for 30min. Following centrifugation at 13.5g 

for lOmin at 18°C, the pellet was resuspended in EBSS’ at lOml/g of starting tissue. 25ml 

of the suspension was carefully layered over 25ml of Percoll, and centrifuged at 53.7g for 

20min at 18°C with the brake off. The cloudy middle layer contained astrocytes and 

oligodendrocytes and was carefully removed using a pipette (Section 2.6.4). The pellet 

contained rosetted microglia, and was resuspended in EBSS' to approximately lml/g of 

starting tissue, and divided into 5ml quantities. The erythrocytes were lysed by addition of 

40ml ice-cold sterile d.F^O for 45sec. The tonicity was restored by addition o f 4.5ml lOx 

BME (basal medium eagle). The tubes were centrifuged at 13.5g for lOmin at 4°C, and a 

second lysis step performed. The pellet was resuspended in 3ml C-DMEM, the cells 

counted on a haemocytometer and then resuspended to 5x105 cells/ml in C-DMEM.
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2.6.4 ISOLATION OF ASTROGLIA FROM A MIXED GLIAL CELL SUSPENSION

Materials

• EBSS+ (Gibco, UK)

• Sorvall RT 6000D centrifuge (DuPont, UK)

• C-DMEM (Gibco, UK) (Section 2.6.3)

Method

The mixed astrocyte/oligodendrocyte suspension obtained from 2.6.3 was diluted 

two-fold in EBSS+ and centrifuged at 53.7g for 20min at RT. The pellet was washed 

twice in EBSS+ and resuspended in DMEM to give a final cell suspension of lx l0 5 

cells/ml. The astrocyte suspension was placed in a 75cm3 flask, and incubated at 37°C.

2.6.5 ISOLATION OF ASTROGLIA FROM NEONATAL RATS 

Materials

• methanol-sterilised filter paper (Whatmann, UK)

• Nylon mesh (132pm and 80pm) (J. Stanniar & Co., Manchester, UK)

• C-DMEM (Gibco, UK) (Section 2.6.3)

• 0.25% Trypsin/ ImM EDTA solution (Gibco, UK)

• Sorvall RT 6000D centrifuge (DuPont, UK)

Method

Twelve brains from one litter of neonatal rats were removed, and the meninges 

removed by rolling on methanol-sterilised filter paper. After filtration through methanol- 

sterilised 132pm and 80pm nylon mesh the cells were centrifuged. The pellet was

80



resuspended in C-DMEM, and plated out into two 75cm3 flasks. After 3-4 days the cells 

were removed by trypsinisation: the media was discarded, 2.5ml Trypsin/EDTA added, the 

flask gently shaken, and the Trypsin/EDTA discarded. This action removed any cells 

which were not strongly adhered to the flask. A further 2.5ml Trypsin/EDTA was added, 

and the flask incubated at 37°C. Following a 3-5min incubation, the flask was shaken 

vigorously to remove the adherent astrocytes from the bottom o f the flask. The cell 

suspension was centrifuged at 13.5g for 5min, adjusted to 5x105 cells/ml in C-DMEM, and 

plated out into 96 well plates.

2.6.6 DETECTION OF CHEMOKINE AND CHEMOKINE RECEPTOR

EXPRESSION BY PRIMARY RAT GLIAL CELLS BY ICC 

Materials

• 1 mg/ml PMA stock solution(Sigma, UK)

• C-DMEM (Gibco, UK) (Section 2.6.3)

• 4% HCHO (Sigma, UK) (Section 2.3.1.1)

• 8 well chamber slides (LabSystems, UK)

Method

Primary rat microglia or astrocyte cell suspensions (400pl) were plated out into 8 

well chamber slides at 2x105 cells/400pl C-DMEM/well. After 3 days, the media was 

changed and 4 wells of the 8 well chamber slide stimulated with 20pg/ml PMA (Sigma, 

UK) (Figure 12). After 24h, the media was discarded and the cells fixed in 4% 

paraformaldehyde at 4°C for lOmin. Chemokine and chemokine receptor expression by
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both the stimulated and unstimulated cells was examined by ICC and/or ISH, using the 

methods described earlier (Section 2.2.1 and Section 2.3).

Figure 12 Chamber slide o f stimulated/unstimulated rat primary glial cells

Stimulated Unstimulated
(20jig/ml PMA) li

u  ____________________

2xl05cells per well

2.6.7 DETECTION OF CHEMOKINE AND CHEMOKINE RECEPTOR 

EXPRESSION BY PRIMARY RAT ASTROCYTES BY ELISA 

Materials

• 1 OOpg/ml recombinant rat IFN-y stock solution (Sigma, UK)

• 100pg/ml lipopolysaccharide (LPS) stock solution (Sigma, UK)

• EBSS+ (Gibco, UK)

• 4% HCHO (Sigma, UK) (Section 2.3.1.1)

• EtOH (Sigma, UK)

• PBS (Section 2.2.1)

• Mouse or rabbit ABC Vectastain Elite Kit™ (Vector Laboratories, UK)

• Vectastain-alkaline phosphatase™ kit (Vector Laboratories Ltd., UK)

• Alkaline Phosphate Substrate E l 04

2ml diethanolamine (Sigma, UK) was dissolved in 8ml d.PLO.

20mg Sigma 104® phosphatase substrate (Sigma, UK) and 20.3mg MgCl 

(Sigma, UK)was dissolved in 10ml d.FLO.
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The two solutions were mixed together, and used immediately. 

• Plate reader (LabSystems, UK)

Method

200|xl/well of the astrocyte cell suspension (5x105 cells/ml) were plated out into a 

96 well plate. After 3 days the cells were stimulated with increasing concentrations of 

IFN-y (1, 10 or 100 IU/ml) (as shown in Figure 13), or stimulated with increasing 

concentrations o f LPS (0.01, 0.1, 0.5 or lOpg/ml). All experiments were performed in 

triplicate.

Figure 13 IFN-y-stimulation o f rat primary astrocytes

ELISA IFN-y (IU)
etection of <- 0 -» <- 1 -» <- 10 <-100->
MCP-1 O 0 0 0 0 0 0 0 0 0 0 0
IP-10 0 0 0 0 0 0 0 0 0 0 0 0
Mig 0 0 0 0 0 0 0 0 0 0 0 0

CXCR3 0 0 0 0 0 0 0 0 0 0 0 0
CCR3 0 0 0 0 0 0 0 0 0 0 0 0
CCR5 0 0 0 0 0 0 0 0 0 0 0 0
CCR8 0 0 0 0 0 0 0 0 0 0 0 0

-ve 0 0 0 0 0 0 0 0 0 0 0 0

After 24h the cells were washed in warm EBSS+, and fixed in 4% 

paraformaldehyde for lOmin. If intracellular staining o f chemokines was being 

investigated the cells were permeabilised in EtOH for lOmin at 4°C, if cell surface antigen 

expression was being examined the cells were not permeabilised. Detection o f chemokine 

and chemokine receptor expression was examined using a similar method described in
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section 2.2.1, using 3-step ABC alkaline phosphatase ICC (ABC-AP) (Vectastain-AP™ 

kit, Vector Laboratories Ltd., Peterborough, UK).

The cells were blocked for 30min at RT with 200pl of the appropriate serum 

diluted 3:200 in PBS (normal horse serum for monoclonal antibodies, normal goat serum 

for rabbit polyclonal antibodies). The blocking serum was discarded, and the cells 

incubated for 30min at RT with 200pl of the primary antibody raised against the antigen of 

interest (Table 6). Following three 5min washes in PBS, the cells were incubated with 

200pl biotinylated secondary antibody, diluted 1:200 in PBS, for 30min at RT 

(biotinylated horse anti-mouse secondary antibody used in conjunction with monoclonal 

primary antibodies, or biotinylated goat anti-rabbit secondary antibody used in conjunction 

with rabbit polyclonal primary antibodies).

Following three 5min washes in PBS, the cells were incubated for 30min at RT 

with 200pl ABC-AP reagent. Both ABC-AP reagents A and B were diluted 1:100 in 

PBS, and mixed together at least 30min before use. The ABC-AP reagent bound to the 

biotin residues on the secondary antibody, introducing the alkaline phosphatase enzyme 

onto the cells at the site of the antigen.

Following a brief wash in PBS, the cells were incubated with the substrate Sigma 

104® for 20min at RT. The Sigma 104® reacted with the enzyme to produce a yellow 

colour. To determine the optical density of the substrate, and hence the relative degree of 

chemokine/chemokine receptor expression by the cells, the plate was read in a plate-reader 

(LabSystems, UK) at 405nm.
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2.7 PERIPHERAL BLOOD MONONUCLEAR CELL CYTOSPINS

Materials

• 5ml peripheral venous blood

• Histopaque (Sigma, UK)

• PBS (Section 2.2.1)

• Sorvall RT 6000D centrifuge (DuPont, UK)

• RPMI (Sigma, UK) (containing 10% heat-inactivated FCS (Gibco, UK), and 

1% penicillin-streptomycin (5000U penicillin, 5000pg streptomycin solution) 

(Gibco, UK)

• 1 OOpg/ml LPS stock solution (Sigma, UK)

• 50% Methanol/acetone (Sigma, UK)

• Cytospin centrifuge (Shandon, UK)

Method

The following experiment was performed on peripheral venous blood obtained 

from two healthy volunteers, on three separate occasions. Each experiment was run in 

triplicate. Peripheral venous blood (5ml) was collected by venepuncture into an EDTA 

tube, and diluted 1:1 with PBS. The resultant cell suspension was pipetted over 10ml 

histopaque in a sterile 50ml tube, and spun at 30.2g for 20min at 18°C with the brake off. 

The cloudy interface was collected and washed once in RPMf (Boyum, 1968). The pellet 

was resuspended in 1ml RPMI, the number o f peripheral blood mononuclear cells (PBMC) 

present calculated using a haemocytometer and the resultant cell suspension adjusted to 

lx l 06 cells/ml. 200jul of the suspension was aliquoted into sterile Eppendorfs. The cells 

were then stimulated with LPS (lOpg/ml) for 12h or 24h at 37°C. Unstimulated cells, in
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RPMI alone, acted as a negative control. 200pl o f the cell suspension was added to slides 

in a cytospin centrifuge at 11.2g for 3min. The slides were removed, fixed for 5min in 

50% methanol/acetone at 4°C, air-dried and stored at 4°C until required. Chemokine 

receptor expression was examined using the ICC method described earlier (Section 2.2.1).
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CHAPTER 3

g-CHEMOKINE AND CXCR3 EXPRESSION IN INFLAMMATORY LESIONS IN

THE CNS

3.1 INTRODUCTION

a-chemokines which do not possess an ELR amino acid motif at their N-terminus, 

such as the IFN-y-inducible chemokines IP-10 and Mig, are associated with the specific 

chemoattraction of activated T-lymphocytes (Liao et al., 1995). The CNS in MS, SSPE 

and CD is characterised by perivascular cuffs o f inflammation consisting o f T-lymphocytes 

and macrophages recruited from the circulation, suggesting IP-10 and Mig may play a role 

in the recruitment o f leukocytes expressing the IP-10/Mig chemokine receptor, CXCR3, 

into the CNS during disease pathogenesis. As these chemokines are both dramatically 

induced by IFN-y, the expression of this pro-inflammatory cytokine was also investigated. 

IP-10, Mig and CXCR3 expression was detected using a three step avidin-biotin 

peroxidase immunocytochemistry technique (Section 2.2). IFN-y was detected both at the 

protein and mRNA level using ICC (Section 2.2) and non-radioactive ISH methods 

(Section 2.3), respectively.

3.2 RESULTS

3.2.1 a-CHEMOKINE EXPRESSION IN INFLAMMATORY LESIONS IN THE 

CNS: DETECTION BY ICC
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ICC is a method employed to visualise an antigen o f interest in cells and/or in tissue 

sections. In this study ICC was used to detect IFN-y, IP-10, Mig and CXCR3 proteins 

within the CNS o f control, MS, SSPE and CD tissue samples.

3.2.1.1 CONTROL CNS TISSUE

The four control CNS tissue samples used in this study displayed few CD4+ and 

CD8+ T-lymphocytes associated with the blood vessel endothelium. IFN-y protein was 

detected in cells associated with the blood vessel (Figure 14a). Both IP-10 (Figure 14b) 

and Mig (Figure 14c) displayed weak, diffuse staining of the endothelium and some 

surrounding glial cells. Although the IP-10 and Mig antibodies were used at the same 

optimal Ig concentration, a more intense staining pattern for IP-10 than Mig was visible in 

all tissue samples, suggesting IP-10 is expressed at a greater level than Mig in control 

CNS. CXCR3 was weakly associated with the blood vessel endothelium (Figure 14d).

IgG subclass specific antibodies, used as negative controls, did not stain the 

sections. Similarly, substitution of the primary antibody with blocking serum did not result 

in any visible staining pattern. These findings indicate the specificity o f the antibodies used 

in this study.

3.2.1.2 MS CNS TISSUE

An elevated level o f IFN-y (Figure 15a), IP-10 (Figure 15b), Mig (Figure 15c) and 

CXCR3 (Figure 15d) ICC staining was observed in the two NAWM CNS tissue samples 

used in this study. The pro-inflammatory cytokine and chemokines were detected both in
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Figure 14 Immunocvtochemical detection of IFN-y, IP-10, Mig and CXCR3 in

control CNS

(a) IFN-y, (b) IP-10, (c) Mig and (d) CXCR3 proteins were detected in blood vessel 

endothelial cells, and some resident glial cells in control CNS tissue (sample 480-18). 

(Magnification x220)



Figure 14 Immunocvtochemical detection o f IFN-y, IP-10, Mig and CXCR3 in

control CNS
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Figure 15 Tmmiinncytochemtcal detection o f IFN-y. IP-10. Mig and CXCR3 in

MSNAWM

(a) IFN-y, (b) IP-10, (c) Mig and (d) CXCR3 proteins were detected in cells associated 

with the blood vessel endothelium, and some resident glial cells (arrow) in NAWM 

(sample 419-29). The arrow represents one example o f a positively staining cell, several 

others are visible on the section. (Magnification x220)



Figure 15 Immunocytochemical detection of IFN-y, IP-10, Mig and CXCR3 in

MS normal appearing white matter
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T-lymphocytes associated with endothelium, and with surrounding glial cells. In NAWM, 

CXCR3 was associated with glial cells and endothelial-associated cells.

In three acute MS CNS lesion samples, with increased numbers of perivascular 

leukocytes, expression of IFN-y (Figure 16a), IP-10 (figure 16b), Mig (Figure 16c) and 

CXCR3 (Figure 16d) staining was increased and was associated with these infiltrating 

inflammatory cells.

A distinct profile o f a-chemokine expression was observed in three actively 

demyelinating MS lesions with high levels o f inflammation: IFN-y protein was associated 

with T-lymphocytes in the perivascular cuffs, macrophages and astrocytes within the 

plaque (Figure 17a), and was restricted to reactive astrocytes in the adjacent non

demyelinated white matter (Figure 17b). Staining on serial sections with anti-CD68 (to 

stain macrophages) (Figure 17c) and anti-GFAP (to stain astrocytes) (Figure 17d) 

confirmed the phenotype of these cells. Antibodies to IP-10 showed this protein was 

present in the IFN-y-positive macrophages (Figure 18a) and astrocytes (Figure 18b). 

Staining with the Mig antibody showed a similar, but less intense, pattern o f expression to 

IP-10, staining both macrophages (Figure 18c) and astrocytes (Figure 18d). The IP- 

10/Mig receptor CXCR3 was associated with T-lymphocytes within the plaque, and also 

with astrocytes both within the lesion (Figure 18e) and in the adjacent non-demyelinated 

white matter (Figure 181).

Chronic inactive MS lesions are immunologically silent, that is they contain no 

inflammatory cells such as infiltrating T-lymphocytes or macrophages, and comprise large 

astroglial scars. IFN-y (Figure 19a), IP-10 (Figure 19b), Mig (Figure 19c) and CXCR3 

(Figure 19d) immunostaining of one chronic silent MS plaque indicated protein levels had
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Figure 16 Immunocvtochemical detection of IFN-y. IP-10. Mig and CXCR3

in acute MS lesions

An increased pattern of (a) IFN-y, (b) IP-10, (c) Mig and (d) CXCR3 staining was 

associated with the increased number o f perivascular inflammatory cells, and some 

surrounding glial cells (arrow) in acute MS lesions (sample 395-71). The arrow represents 

one example of a positively staining cell, several others are visible on the section. 

(Magnification x220)



Figure 16 Immunocvtochemical detection of IFN-y. IP-10, Mig and CXCR3

in acute MS lesions
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Figure 17 Immunocvtochemical detection o f IFN-y in subacute MS lesions 

In actively demyelinating MS tissue, IFN-y protein was (a) associated with T-cells in the 

perivascular cuffs and foamy macrophages (arrow) within the lesion (indicated by p) 

(sample 444-69), and (b) associated with reactive astrocytes (arrow) in the adjacent non

demyelinated white matter (sample 488-67). Immunostaining on serial sections with (c) 

anti-CD68 and (d) anti-GFAP antibody confirmed the cellular localisation of IFN-y 

protein. The arrow represents one example of a positively staining cell, several others are 

visible on the section. (Magnification x220)



Figure 17 Immunocytochemical detection of IFN-y in subacute MS lesions
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Figure 18 Immunocvtochemical detection o f IP-10. Mig and CXCR3 in subacute MS

lesions

Immunostaining for IP-10 and Mig displayed a similar pattern of stain as IFN-y: (a,b) IP- 

10 and (c,d) Mig protein were predominantly associated with macrophages (arrow) within 

the actively demyelinating MS lesion (indicated by p) (sample 444-69) and with astrocytes 

in the adjacent non-demyelinated white matter (sample 488-67). CXCR3 was associated 

with (e) T-lymphocytes (small arrow) and astrocytes within the lesion (large arrow), and 

with (f) glial cells in the non-demyelinated white matter adjacent to the MS lesion (large 

arrow) (sample 488-67). The arrows represent one example of a positively staining cell, 

several others are visible on the section. (Magnification x220)



Figure 18 Inununocvtochemical detection of IP-10, Mig and CXCR3 in subacute MS

lesions
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Figure 18 Immunocytochemical detection o f IP-10. Mig and CXCR3 in subacute MS

lesions Contd.
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Figure 19 Immunocytochemical detection oflFN-y, IP-10, Mig and CXCR3

expression in chronic inactive MS lesions 

(a) IFN-y, (b) IP-10, (c) Mig and (d) CXCR3 protein were very weakly associated with 

the blood vessel endothelium in chronic silent MS lesions (sample 440-88). (Magnification 

x220)



Figure 19 Immunocytochemical detection o f IFN-y. IP-10, Mig and CXCR3

expression in chronic inactive MS lesions
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returned to control levels, in that expression was weakly associated with the blood vessel 

endothelium.

3.2.1.3 SSPE CNS TISSUE

The CMS in the two SSPE CNS tissue samples used in this study were 

characterised by large perivascular cuffs o f inflammation, and reactive astrocytes in the 

white matter. Overall, SSPE tissue displayed a similar, though not as intense, pattern o f a- 

chemokine staining to chronic active MS lesions. IFN-y protein was detected in T- 

lymphocytes in the perivascular cuffs, and was also present in astrocytes in the white 

matter adjacent to the small blood vessels (Figure 20a). Both IP-10 (Figure 20b) and Mig 

(Figure 20c) protein were detected in perivascular leukocytes and adjacent reactive 

astrocytes. As in the MS tissue, IP-10 staining was more intense than Mig, suggesting IP- 

10 may be expressed at a higher level than Mig in inflammatory lesions in the CNS in 

SSPE. CXCR3 expression gave a similar pattern of staining to the MS CNS samples. The 

CXCR3 protein was associated both with perivascular T-lymphocytes and with the a- 

chemokine-positive reactive astrocytes (Figure 20d).

3.2.1.4 CD CNS TISSUE

The CNS in CD was characterised by perivascular cuffs containing infiltrating T- 

lymphocytes, and reactive astrocytes. T-lymphocytes were also present in the surrounding 

parenchyma. Unlike MS and SSPE CNS tissue samples, no a-chemokine protein was 

detected in CD CNS tissue (Figure 21a,b). The experiments were repeated in triplicate, 

and gave the same results.
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Figure 20 Immunocytochemical detection of IFN-y, IP-10, Mig and CXCR3

expression in SSPE QMS 

(a) IFN-y (Magnification x450), (b) IP-10 and (c) Mig protein were associated with 

perivascular lymphocytes (small arrow) and reactive astrocytes (large arrow) in the CNS in 

SSPE. (d) CXCR3 was associated with perivascular T-lymphocytes (small arrow) and the 

a-chemokine-positive astrocytes (large arrow). The arrows represent one example of a 

positively staining cell, several others are visible on the section. (Magnification x220, 

unless otherwise stated)



Figure 20 Immunocytochemical detection o f IFN-y, IP -10, Mig and CXCR3

expression in SSPE CNS
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Figure 21 Immunocytochemical detection of IP-10 and Mig expression in CD 

cerebellar CNS tissue

Neither (a) IP-10 nor (b) Mig were detected in the cerebellum in CD. (Magnification 

x220)
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3.2.2 IN  SITU  HYBRIDISATION

ICC is a method employed to visualise a protein using an antibody detection 

system, but this method does not define if a cell is synthesising the protein of interest or if 

the protein has been adsorbed by the cell. One technique to visualise which cells are 

expressing the mRNA of the protein o f interest is non-radioactive ISH.

3.2.2.1 ISH STAINING FOR IFN-y

To confirm the cellular source o f IFN-y, ISH was carried out on serial sections 

from the subacute MS blocks which displayed the highest level o f IFN-y protein staining, 

and on control tissue. As yet, ISH probes for IP-10 and Mig are not commercially 

available, hence experiments to confirm the cellular source o f these chemokines were not 

performed. Control CNS showed a similar pattern of staining as the ICC experiments with 

IFN-y mRNA associated with some cells resembling T-cells surrounding blood vessels 

(Figure 22a), further confirmation that the oligo anti-sense probes do not bind non- 

specifically to CNS tissue. Actively demyelinating MS lesions showed IFN-y mRNA was 

predominantly expressed by T-lymphocytes in the perivascular cuff (Figure 22b).
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Figure 22 ISH investigation of IFN-y mRNA expression in control and actively 

demvelinating MS CNS 

(a) IFN-y mRNA was expressed by T-cells associated with the blood vessel endothelium in 

control CNS (sample 480-18) (Magnification xl90). (b) IFN-y mRNA was predominantly 

expressed by T-lymphocytes in the perivascular cuff in actively demyelinating MS CNS 

tissue (sample 488-67). Purple/black precipitate indicates positive mRNA staining. 

(Magnification x220, unless otherwise stated.)



Figure 22 ISH  investigation of IFN-y mRNA expression in control and actively 

demvelinating MS CNS
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Table 10 Summary of IP-10. Mig and CXCR3 protein distribution in three subacute

MS lesions, and in two SSPE and one CD CNS tissue sample

Inflammatory cuff Lesion

Chemokine/
Receptor

Disease Leukocytes Endothelium Macrophages/
Microglia

Astrocytes

IP-10

MS + + +++ +++

SSPE + - ++ ++

CD - - - -

Mig

MS + - ++ ++

SSPE + + + +

CD - - - -

CXCR3

MS +++ + ++ ++

SSPE +++ + + ++

CD - - - -

Key: no staining associated with the cells

+: weak staining

++: strong staining

all cells stained strongly positive

The table above summarises the chemokine and chemokine receptor staining pattern seen 

in CNS tissue from three neuroinflammatory disease states, and reflects the scores o f two 

independent observers.
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3.3 DISCUSSION

Although MS, SSPE and CD, with associated neurological complications, are 

neuroinflammatory diseases with different aetiologies, the CNS in each o f these diseases 

displays similar pathological features, such as large perivascular cuffs containing 

inflammatory cells recruited from the circulation. The a-chemokines IP-10 and Mig are 

involved in the activation and directional migration o f activated T-lymphocytes to sites o f 

inflammation (Karpus et al., 1995; Baggiolini, 1998), and may play an important role in the 

pathogenesis o f these diseases. Table 10 summarises the results obtained in this study, 

showing the expression of IP-10, Mig and their specific chemokine receptor CXCR3 in the 

three neuroinflammatory states. The results of this study indicate neither IP-10 nor Mig 

play a role in the recruitment of inflammatory cells into the cerebellum in CD, suggesting 

leukocyte infiltration into the CNS is mediated by another mechanism. Both SSPE and 

actively demyelinating MS CNS tissue, however, displayed an intense pattern o f a- 

chemokine staining.

Control and NAWM CNS tissue displayed low levels o f IP-10 and Mig associated 

with endothelial cells, some T-lymphocytes and, in NAWM, resident glial cells, suggesting 

these a-chemokines may play a role in the normal traffic of T-cells across the BBB. An 

increased expression of IP-10 and Mig protein was observed in acute MS lesions. The 

highest level of a-chemokine expression was observed in subacute MS lesions and in 

SSPE CNS tissue, whilst immunologically silent chronic inactive lesions displayed 

dramatically lower levels. This transient expression of IP-10 and Mig during MS lesion 

formation reflects the amount of inflammation observed in the four lesion types, and 

suggests these chemokines may play a role in the recruitment o f leukocytes from the 

circulation into the CNS in MS.
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The pro-inflammatory cytokine IFN-y has been shown to play an important role in 

the activation of macrophages (Cavaillon, 1994), the regulation o f MHC class II 

expression (Woodroofe et al., 1989), the induction o f adhesion molecule expression on 

endothelial cells (Brosnan et al., 1995), the induction of cytokine expression (Woodroofe 

& Cuzner, 1993), and the induction o f chemokine expression by resident glial cells (Luster 

et al., 1985; Farber, 1990; Farber, 1993). IFN-y has been shown to significantly increase 

MCP-1 expression by murine glial cells (Hayashi et al., 1995), suggesting a role for this 

cytokine in stimulating chemokine expression in resident glial cells in neuroinflammatory 

lesions. IFN-y mRNA has been detected in T-lymphocytes in the perivascular cuffs 

(Woodroofe & Cuzner, 1993), and in microglia and astrocytes in chronic MS lesions 

(Traugott et al., 1988), and has been detected in the CSF o f MS patients (Horwitz et al., 

1997). In SSPE lesions, IFN-y has been detected in endothelial cells, T-lymphocytes, 

astrocytes and macrophages (Nagano et al., 1994). This study’s findings that IFN-y 

protein is associated with the blood vessel endothelium, infiltrating T-lymphocytes and 

resident glial cells in MS and SSPE CNS tissue confirm these reports.

Both IP-10 and Mig are dramatically induced by IFN-y (Luster et al., 1985; Farber, 

1990; Farber, 1993). Elevated levels of these a-chemokines have been demonstrated in a 

number of disease processes including renal failure (Gomez-Chiarri et al., 1996), adult 

respiratory distress syndrome (Neville et al., 1995), stroke (Wang et al., 1998) and EAE 

(Ransohoff et al., 1993; Godiska et al., 1995; Glabinski et al., 1997), all pathological 

conditions characterised by leukocyte accumulation. Within the CNS, IP-10 has been 

detected in astrocytes adjacent to infiltrated inflammatory leukocytes in both murine EAE 

(Ransohoff et al., 1993; Glabinski et al., 1995) and following occlusion o f the middle 

cerebral artery in spontaneously hypertensive rats (Wang et al., 1998). In actively
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demyelinating MS lesions and in SSPE tissue used in this study, astrocytes and 

macrophages were found to express IP-10 and Mig. These findings are in agreement with 

reported studies which have shown IP-10 mRNA and protein expression in both astrocytes 

and microglial IFN-y-stimulated cell cultures (Vanguri et al., 1994; Vanguri & Farber, 

1995). In this study the cells were identified as astrocytes and macrophages by the co

localisation of the chemokine and staining for GFAP and CD68 in cells o f identical 

morphology on serial sections using ICC.

IP-10 and Mig share a number of biological activities including the promotion o f T- 

cell chemotaxis in vitro (Taub et al., 1993; Liao et al., 1995), inhibition o f tumor cell 

growth in mouse models o f disease (Arenberg et al., 1996; Sgadari et al., 1996), and 

inhibition of angiogenesis induced by ELR-containing chemokines (Strieter et al., 1995). 

Despite their similarities, there is evidence that the activities of IP-10 and Mig are not 

identical. In contrast to IP-10, Mig has been reported to have no effect on monocyte 

chemotaxis but specifically chemoattracts activated T-lymphocytes (Liao et al., 1995). In 

this regard Mig resembles lymphotactin, which is also a T-cell specific chemoattractant.

IP-10 and Mig show reciprocal desensitisation on human T-cells (Liao et al., 1995) 

suggesting they share a common receptor. This was confirmed by the cloning o f the IP- 

10/Mig receptor CXCR3 which is highly expressed on activated, but not resting, T- 

lymphocytes and mediated chemotaxis in response to IP-10 or Mig, but not to other 

chemokines (Loetscher et al., 1996). This study reports the expression o f CXCR3 by T- 

lymphocytes in the perivascular cuff, and suggests that the a-chemokines IP-10 and Mig 

selectively recruit activated lymphocytes from the circulation to sites o f CNS 

inflammation.
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IP-10 has also been shown to induce concentration-dependent migration o f a C6 

glial cell line and rat microglia (Wang et al., 1998; Cross & Woodroofe, 1999). The effect 

of IP-10 on the C6 glial cells was chemokinetic, that is to say the cells were activated by 

IP-10 and increased their random movement (Wang et al., 1998). The current 

investigation shows the expression of CXCR3 by astrocytes, which immunostain positively 

for IP-10 and Mig, suggesting that these chemokines are secreted by glial cells and may 

interact with receptors on their surface in an autocrine or paracrine manner to maintain cell 

function and/or further stimulate glial cell activation and movement.

In culture, astrocytes can be stimulated to express MHC, present antigens to T-cell 

lines, and to produce a number of inflammatory cytokines (Fontana et al., 1984; Frei et al., 

1985; Freiz et al., 1985; Beneviste et al., 1990). It has been proposed that in 

demyelinating lesions, astrocytes may produce chemokines in response to cytokines 

expressed by inflammatory cells in the perivascular cuffs (Ransohoff et al., 1993), and that 

in response to the chemokines produced by astrocytes, mononuclear cells migrate into the 

parenchyma where demyelination occurs (Miyagishi et al., 1997).

While the CNS in MS, SSPE and CD, with associated neurological complications, 

exhibit similar pathological characteristics, the mechanisms o f cell recruitment to these 

sites o f inflammation appears to differ. Like MS and SSPE, the CNS in CD is 

characterised by large perivascular cuffs containing inflammatory cells recruited from the 

circulation. However, unlike MS and SSPE, IP-10 and Mig do not appear to contribute to 

leukocyte recruitment in CD CNS. These findings suggest that the activation and 

directional migration of inflammatory cells to sites o f inflammation in the cerebellum o f 

CD patients is not influenced by these non-ELR a-chemokines, but by another mechanism.
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In contrast to CD CNS tissue, high levels o f both IP-10 and Mig were detected in 

SSPE and actively demyelinating MS tissue. The results of this study suggest the 

following sequence o f events: (i) Activated perivenular ThI-lymphocytes and adjacent 

glial cells express IFN-y. (ii) This pro-inflammatory cytokine induces the expression of IP- 

10 and Mig in surrounding glial cells, (iii) The local production o f a-chemokines is 

involved in the selective recruitment of further activated T-cells and resident glial cells 

expressing the IP-10/Mig receptor, CXCR3, to sites of inflammation.

Although intracerebral injection o f IFN-y into rodents does not result in 

demyelination (Sethna & Lampson, 1991), the use o f anti-IFN-y antibodies in EAE 

enhances resistance to disease (Lublin et al., 1993), suggesting a role for IFN-y in MS 

lesion formation. Based on these findings, one possible therapeutic treatment of MS and 

SSPE may be to neutralise the actions o f IFN-y, thereby preventing IFN-y-induced 

chemokine expression by resident glial cells.
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CHAPTER 4

B-CHEMOKINE EXPRESSION IN INFLAMMATORY LESIONS IN THE CNS

4.1 INTRODUCTION

p-chemokines are associated with chronic inflammation, and are primarily involved 

in the activation and selective chemoattraction of monocytes and T-lymphocytes 

(Baggiolini & Dahinden, 1994; Lloyd et al., 1996; Baggiolini, 1998). Therefore, this study 

investigated the protein and mRNA expression of the p-chemokines M IP-la, MIP-lp, 

MCP-1 and RANTES, to determine their involvement in leukocyte recruitment to 

inflammatory lesions of the CNS using ICC (Section 2.2)and ISH (Section 2.3) techniques.

4.2 RESULTS

4.2.1 B-CHEMOKINE EXPRESSION IN INFLAMMATORY LESIONS IN THE 

CNS: DETECTION BY ICC

4.2.1.1 CONTROL CNS TISSUE

Immunostaining of four control CNS tissue blocks for the chemokines M IP-la 

(Figure 23a) and MCP-1 (Figure 23b) displayed weak staining associated with blood 

vessel endothelial cells and a few microglia in the surrounding parenchyma. Weak, difiiise 

staining o f RANTES was associated with the endothelium (Figure 23c). MIP-lp protein, 

however, was expressed by endothelial cells and at low levels by microglia throughout the 

white matter of control samples (Figure 23d).
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Figure 23 p-chemokine expression in control CNS tissue

Immunostaining of control CNS tissue (sample 413-34) for (a) M IP-la, (b) MCP-1, and 

(c) RANTES indicated the chemokine proteins were weakly associated with endothelial 

cells, (d) MIP-lp was expressed at low levels by the blood vessel endothelium and by 

microglia (arrow) throughout the white matter. The arrow represents one example o f a 

positively staining cell, several others are visible on the section. (Magnification x220)



Figure 23 B-chemokine expression in control CNS tissue
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4.2.1.2 MS CNS TISSUE

Expression o f M IP-la, MIP-lp and MCP-1 in two MS NAWM tissue blocks 

displayed a similar chemokine staining pattern to control CNS tissue. However, an 

increased RANTES expression was associated with endothelial cells (Figure 24a), 

suggesting this chemokine may be involved in the early stage of MS lesion formation. 

Two acute MS lesions, with a small number of inflammatory cells around venules, 

expressed enhanced staining o f RANTES associated with the endothelium (Figure 24b), 

MCP-1 associated with some astrocytes (Figure 24c), and MIP-ip associated with 

macrophage-like cells surrounding the blood vessel and in the adjacent parenchyma (Figure 

24d).

Four CNS blocks from actively demyelinating lesions, with high levels o f 

inflammation, displayed a complex pattern of chemokine staining. Within the plaque, 

MCP-1 protein was detected in cells displaying the morphological characteristics o f 

macrophages and astrocytes (Figure 25a). In the adjacent non-demyelinated white matter 

surrounding the lesion, MCP-1 protein expression was restricted to reactive astrocytes 

(Figure 25b). Staining on serial sections with anti-CD68 (Figure 25c) and anti-GFAP 

antibodies (Figure 25d) confirmed the phenotype of these cells. Anti-RANTES antibody 

indicated the presence of this protein in endothelial cells, lymphocytes in the perivascular 

cuff, and astrocytes within the lesion (Figure 25e). Staining with anti-CD4+ T-cell 

antibody on a serial section confirmed the cellular source o f RANTES (Figure 25f). No 

enhanced RANTES staining was detected in the adjacent apparently normal white matter. 

M IP-la was detected in macrophage and astrocyte-like cells (Figure 25g), whilst MIP-lp 

was expressed by CD68 positive cells within the plaque, and by microglia in the 

neighbouring non-demyelinated white matter (Figure 25h). The M IP-la and MIP-ip
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Figure 24 p-chemokine expression in NAWM and acute MS CNS tissue 

(a) Elevated levels o f RANTES were associated with the endothelium in MS NAWM 

(sample 396-98). (b) Immunostaining of acute MS tissue (sample 413-54) indicated 

RANTES expression associated with the endothelium (arrow head), perivascular 

leukocytes (small arrow) and glial cells (large arrow), (c) MCP-1 was associated with 

some astrocytes (arrow), and (d) MIP-lp was associated with perivascular macrophages 

and microglia (arrow). The arrows represent one example o f a positively staining cell, 

several others are visible on the section. (Magnification x220)



Figure 24 p-chemokine expression in NAWM and acute MS CNS tissue
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Figure 25 p-chemokine expression in chronic active MS CNS tissue '

(a) MCP-1 protein was associated with macrophages (small arrow) and astrocytes (large 

arrow) within actively demyelinating MS lesions, and (b) was restricted to reactive 

astrocytes (large arrow) in the adjacent non-demyelinated white matter (sample 413-41). 

The cellular localisation o f MCP-1 was confirmed using (c) anti-CD68 and (d) anti-GFAP 

antibodies on serial sections, (e) RANTES protein was detected in endothelial cells (arrow 

head), perivascular T-lymphocytes (small arrow) and adjacent astrocytes (large arrow) 

within MS lesions (sample 413-41). (f) Staining with anti-CD4 T-cell antibody confirmed 

the cellular source o f RANTES. (g) M IP-la protein was associated with macrophages 

(small arrow) and astrocytes (large arrow) within the actively demyelinating MS lesion 

(sample 413-41). (h) MIP-lp protein was associated with macrophages (small arrow) 

within the chronic active MS lesions, and microglia (large arrow) in the adjacent non- 

demyelinated white matter. The arrows represent one example o f a positively staining cell, 

several others are visible on the section. (Magnification x220)
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Figure 25 P-chemokine expression in actively demyelinating MS CNS tissue Contd.
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antibodies were used at the same optimal Ig concentration, and a more intense stain for 

MIP-ip was evident. This may reflect a greater expression o f MIP-lp in the CNS in MS 

lesions. The intensity of chemokine staining was greatest in the perivascular inflammatory 

site and gradually decreased from the lesion centre out into the adjacent white matter.

One chronic inactive plaque which was demyelinated and had no inflammation 

displayed weak immunostaining of glial cells by RANTES (Figure 26a), with MIP-lp also 

weakly associated with microglia throughout the tissue(Figure 26b). No immunostaining 

for M IP-la (not shown) nor MCP-1 (Figure 26c) was visible.

It has been reported by Ulvestad et al. (1994) that antibody binding to the Fc 

receptor on microglia can result in non-specific staining. However, this only occurred in 

the absence of blocking serum, which was included in all the staining procedures carried 

out in this study. Also, isotype specific control included in this study gave negative 

staining, confirming the specificity o f the chemokine staining pattern.

4.2.1.3 SSPE CNS SAMPLES

Unlike MS lesions, neither M IP-la (Figure 27a), MIP-lp (Figure 27b), MCP-1 

(Figure 27c) nor RANTES (Figure 27d) were expressed above control levels in two SSPE 

CNS tissue blocks. To confirm this result the experiment was performed in triplicate. The 

incubation time with the primary antibody was also increased, to see if it had an effect on 

p-chemokine staining. However, there was no detectable expression o f the p-chemokines 

M IP-la, MIP-ip, MCP-1 nor RANTES in the CNS in SSPE.
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Figure 26 (3-chemokine expression in chronic silent MS CNS tissue

In chronic inactive MS lesions (a) RANTES was associated with some glial cells (arrow), 

and (b) MIP-lp protein was associated with microglia (arrow), (c) MCP-1 protein was not 

present. The arrows represent one example of a positively staining cell, several others are 

visible on the section. (Magnification x220)



Figure 26 p-chemokine expression in chronic silent MS CNS tissue
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Figure 27 p-chemokine expression in SSPE CNS tissue

Neither (a) M IP-la, (b) MIP-ip, (c) MCP-1, nor (d) RANTES were detected in SSPE 

CNS tissue. (Magnification x220)
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4.2.1.4 CD CNS TISSUE

As in the SSPE tissue samples, neither MIP-ip (not shown), MCP-1 (Figure 28a) 

nor RANTES (not shown) were detected above control levels in CD CNS. M IP-la, 

however, was detected in perivascular macrophage-like cells and in microglia in the 

surrounding parenchyma (Figure 28b). Staining on serial sections with CD68 confirmed 

the cellular source o f this chemokine (Figure 28c).

4.2.2 B-CHEMOKINE EXPRESSION IN INFLAMMATORY LESIONS IN MS:

DETECTION BY ISH

ISH studies were carried out on control CNS tissue and on serial sections from MS 

blocks displaying a strong pattern of p-chemokine ICC staining, to confirm the cellular 

source of the chemokines. Control tissue was mostly negative for chemokine mRNA 

expression, except for low levels o f MIP-ip mRNA associated with cells resembling 

microglia (not shown). Tissue from actively demyelinating MS CNS tissue displayed a 

distribution of chemokine mRNA closely resembling the pattern o f immunostaining as 

described previously (Section 4.2.1.2). MIP-lp mRNA was expressed by cells within the 

plaque, and corresponded to the ICC staining of CD68 positive cells, with many o f the 

positive cells located in the perivascular cuffs (Figure 29a), whilst MCP-1 mRNA was 

distributed predominantly in cells with large pale nuclei and astrocytic morphology, and in 

a few macrophage-like cells (Figure 29b). This is further evidence for higher levels of 

chemokine expression adjacent to the endothelium than in the surrounding white matter.
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Figure 28 p-chemokine expression in CD CNS tissue

Neither MIP-ip, (a) MCP-1, nor RANTES were present in the cerebellum in CD. (b) 

M IP-la protein was associated with perivascular macrophages (small arrow), and with 

macrophage-like cells (large arrow) in the surrounding white matter, (c) Immunostaining 

with anti-CD68 antibody on serial sections confirmed the cellular localisation o f M IP-la. 

The arrows represent one example o f a positively staining cell, several others are visible on 

the section. (Magnification x220)



Figure 28 B-chemokine expression in CD CNS tissue
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Figure 29 B-chemokine expression, detection bv ISH

ISH studies indicated MIP-lp mRNA was predominantly expressed by (a) perivascular 

macrophages in chronic active MS lesions, (b) ISH for MCP-1 mRNA expression 

indicated the chemokine was predominantly expressed by astrocytes and macrophages in 

actively demyelinating MS lesions, confirming ICC studies (Magnification x450). 

(Magnification x220, unless otherwise stated)
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Table 11 Distribution of B-chemokine staining in four subacute MS lesions, and in

two SSPE and one CD CNS tissue sample

Inflammatory cuff Lesion

Chemokine Disease Leukocytes Endothelium Macrophages/
Microglia

Astrocytes

M IP-la

MS + + + +

SSPE - - - -

CD +++ - +++ -

MIP-ip

MS +++ + +++ -

SSPE - - - -

CD - - - -

MCP-1

MS +++ + +++ +++

SSPE - - - -

CD - - - -

RANTES

MS + ++ - +

SSPE - - - -

CD - - - -

Key: no staining associated with the cells

+: weak staining

++: strong staining

+++: all cells stained strongly positive

The table above summarises the p-chemokine staining pattern seen in CNS tissue from 

three neuroinflammatory disease states, and reflects the scores o f two independent 

observers.
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4.3 DISCUSSION

P-chemokines are associated with chronic inflammation, and are important in the 

pathogenesis o f immune-mediated inflammatory diseases o f the CNS (Taub & Oppenheim, 

1994; Baggiolini, 1998). The binding of a chemokine to a receptor on a target cell surface 

is important for both activation of the cell and stimulation o f cell migration, while binding 

to the extracellular matrix-associated glycosaminoglycans may provide a chemokine 

gradient along which a cell can migrate (Liao et al., 1995; del Pozo et al., 1997). As 

stated earlier MS, SSPE and CD, with associated neurological complications, share 

common CNS pathological features, such as inflammatory infiltrates recruited from the 

circulation. Therefore to determine the role of p-chemokines in these neuroinflammatory 

diseases, the present study examined the expression o f the p-chemokines M IP-la, MIP- 

1 p, MCP-1 and RANTES. The results o f these studies are summarised in Table 11.

In this study, endothelial and microglial cell-associated chemokine expression was 

detected in control and NAWM CNS tissue, suggesting a role for p-chemokines in the 

normal trafficking o f T-lymphocytes across the BBB. Expression o f the p-chemokines 

investigated in this study reflected the degree o f inflammation present in the MS tissue, 

suggesting a role for the chemoattractant cytokines in the specific recruitment o f 

circulating leukocytes into the CNS during disease progression.

Chemokines are a component o f CNS inflammation during the course o f EAE, a 

CD4+ T-cell mediated animal model of MS (Hulkower et al., 1993; Ransohoff et al., 1993; 

Godiska et al., 1995; Glabinski et al., 1996; Glabinski et al., 1997). MCP-1 primarily 

chemoattracts monocytes/macrophages, but has also been shown to stimulate T- 

lymphocyte migration (Mantovani et al., 1993; Carr et al., 1994). MCP-1 mRNA has been 

detected in the spinal cord in acute phase EAE (Hulkower et al., 1993) and localised in
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astrocytes both during EAE in SJL/J mice and in actively demyelinating MS lesions 

(Ransohoff et al., 1993; McManus et al., 1998a). Increased expression of MCP-1 mRNA 

and protein have been detected in mouse astrocytes following mechanical injury to the 

brain (Glabinski et al., 1996), as well as in macrophages and endothelial cells (Berman et 

al., 1996). The results o f this study, which suggest MCP-1 is expressed by astrocytes and 

macrophages within actively demyelinating MS lesions, are in agreement with reported 

EAE and MS studies (Ransohoff et al., 1993; Glabinski et al., 1996; Calvo et al., 1996; 

Glabinski et al., 1997; McManus et al., 1998a). Primary glial cell cultures from BALB/c 

and SJL/J mice have shown MCP-1 to be produced by cytokine-stimulated astrocytes, 

with little or no MCP-1 detected in stimulated microglia (Jiang et al., 1992), which 

supports this study’s findings that astrocytes and not microglia express MCP-1 in non- 

demyelinated white matter surrounding the MS lesion. In this study, the cell populations 

were identified as astrocytes or macrophages by their nuclear morphology, by co

localisation of the chemokine and staining for GFAP and CD68 in cells of identical 

morphology on serial sections using ICC techniques, and by the distribution of 

hybridisation products within these cells using non-radioactive ISH techniques.

MCP-1 has been reported to upregulate the expression of adhesion molecules on 

human monocytes (Shyy et al., 1993; Hayashi et al., 1995), implying a role in adhesion and 

diapedesis during the transendothelial migration of inflammatory cells across the BBB. 

The results of the present study suggest that MCP-1, produced by resident glial cells in 

MS CNS tissue, continues the local inflammatory response by forming chemotactic 

gradients within the CNS. The infiltrating mononuclear phagocytes have the ability to 

produce cytokines that may further modify the activation state of the astrocytes resulting 

in MCP-1 production which may then cause further inflammatory cell recruitment. It has
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been suggested that astrocyte expression of MCP-1 may by governed by TNF-a, a product 

of activated macrophages (Glabinski et a l, 1996).

Astrocytes occupy a unique position at the BBB and are thought to contribute to 

local inflammatory reactions within the CNS. As well as MCP-1, astrocytes are also 

capable o f expressing RANTES when co-stimulated with TNF-a, IL-ip and IFN-y in vitro 

(Barnes et al., 1996), suggesting astrocytes play a crucial role in the recruitment of 

leukocytes from the circulation during an inflammatory response. The present study 

demonstrates RANTES expression is associated with astrocytes surrounding blood 

vessels, as well as endothelial cells and T-lymphocytes in actively demyelinating MS 

lesions. Other studies have reported the expression of RANTES by antigen-activated T- 

lymphocytes (Schall et al., 1990; Kuna et al., 1993; Godiska et al., 1995), by astrocytes 

infected in vitro with Newcastle disease virus (Noe et al., 1996), and by HUVECs in the 

presence of TNF-a and IFN-y (Marfaing-Koka et al., 1995). RANTES has been shown to 

preferentially chemoattract CD4+ memory T-lymphocytes (Schall et al., 1993; Taub et al., 

1994). The present study shows a diffuse pattern o f chemokine staining associated with 

the endothelium, and suggests RANTES is released from its cellular source and binds to 

the extracellular matrix. RANTES may form a chemotactic gradient and recruit 

inflammatory cells from the circulation into the CNS and the MS lesion. The results o f this 

study suggest that infiltrating lymphocytes are also stimulated to produce RANTES, 

although the precise mechanism of stimulation of both the endothelium and T-cells is, as 

yet, unclear. MMPs have been identified in astrocytes, microglia and inflammatory cells in 

active MS lesions (Cuzner et al., 1996). These proteins have the potential to degrade 

basement membrane and other matrix components, suggesting both MMPs and
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chemokines are important in leukocyte migration across the BBB (Goetzl et al., 1996; 

Biddison et al., 1997).

RANTES and MIP-lp expression have been reported to correlate with the 

appearance o f inflammatory cells in the CNS in rat brain stab injury (Ghimikar et a l, 

1996), suggesting a role for both these chemokines in inflammatory events in traumatic 

brain injury. MIP-lp protein was associated with reactive astrocytes and macrophages at 

the site of injury (Ghimikar et al., 1996). The present study shows M IP-la and MIP-lp 

expression associated with macrophages and microglia, both within the MS lesion and in 

the surrounding white matter, with M IP-la, and not MIP-lp, also weakly staining 

astrocytes. As was observed in chronic active MS lesions, M IP-la expression was also 

associated with macrophages in CD CNS samples. These findings correlate with other 

studies which have reported diffuse immunostaining o f MIPs around the cell bodies o f 

monocytes and macrophages in meningoencephalitis-infected mice (Wilson et al., 1990; 

Seebach et al., 1995), and suggest these chemokines may play a role in the recruitment of 

T-lymphocytes and macrophages to the site o f inflammation in MS and CD CNS tissue 

(Taub et al., 1993; Hayashi et al., 1995).

Both M IP-la and MIP-ip can trigger uropod formation and the redistribution of 

cell adhesion molecules, such as ICAM-1, following adherence of T-lymphocytes to either 

endothelial cell adhesion molecules or extracellular matrix proteins (Biddison et al., 1997). 

Reports have indicated that the p-chemokines M IP-la, MIP-ip and RANTES are 

associated with a TH1 immune response (Schrum et al., 1996), suggesting MS, like the 

animal model EAE, is also predominantly a TH1-mediated disease.

The findings of this study suggest that p-chemokines M IP-la, MIP-ip, MCP-1 

and RANTES do not contribute to SSPE pathology, and that other mechanisms, such as

124



the a-chemokines IP 10 and M ig, are involved in the recruitment of inflammatory cells and 

resident glial cells to sites o f CNS inflammation in this disease. In contrast, expression of 

M IP-la in CD cerebellar tissue by resident and perivascular infiltrating macrophages may 

play a role in the recruitment of leukocytes into the CNS in this disease. Reports have 

indicated M IP-la preferentially chemoattracts activated CD8+ T-lymphocytes (Taub et al., 

1993). Immunostaining o f the CD cerebellar tissue used in this study, however, showed 

equal numbers o f CD4+ and CD8+ T-cells present, suggesting other mechanisms, in 

conjunction with M IP-la expression, are involved in inflammatory cell recruitment into 

the CNS.

In MS tissue, the endothelium and perivascular cells may be stimulated, by ThI 

cytokines, to produce RANTES which chemoattracts mononuclear cells from the 

circulation into the CNS. Resident glial cells may be stimulated to continue the local 

inflammatory response: astrocytes expressing MCP-1, RANTES and M IP-la, and 

macrophages expressing MIP-lp, M IP-la and MCP-1.
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CHAPTER 5

B-CHEMOKINE RECEPTOR EXPRESSION IN INFLAMMATORY LESIONS

IN THE CNS IN MS

5.1 INTRODUCTION

The results of this study have shown that chronic active MS lesions display the 

highest level of p-chemokine expression (Chapter 4). Table 12 summarises the ligand 

specificity of the p-chemokine receptors o f interest in this study. Within the CNS 

leukocytes, which can respond to several chemokines, migrate along one chemotactic 

gradient, then another until they reach their target. Their ultimate position is determined 

by the chemokine receptors they express and the chemokine gradients they encounter 

(Campbell et al., 1997).

Table 12 B-chemokine receptor ligand specificity

Receptor Ligand

CCR3 RANTES, MCP-2,-3, -4

CCR5 RANTES, M IP -la ,-lp

CCR8 TARC, MIP-ip

Specific chemokine receptors may be expressed by the different cell types being 

recruited. Leukocytes may also express different chemokine receptors at different times: 

one chemokine receptor may be involved in activation and directional migration o f the 

leukocyte from the circulation, while another may play a role in the directional migration
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of the leukocyte within the tissue to the site o f inflammation. RT-PCR (Section 2.4), ICC 

(Section 2.2) and ISH (Section 2.3) experiments were performed to investigate the 

expression o f CCR in chronic active MS lesions compared to control CNS.

5.2 RESULTS

5.2.1 DETECTION OF CCR BY RT-PCR

To determine if CCR3 and/or CCR5 were expressed in actively demyelinating MS 

lesions and/or control CNS tissue, RNA samples from the two tissue types were reverse 

transcribed and subjected to 35 cycles o f PCR amplification. Two approaches were used 

to minimise artefacts due to potential genomic contamination. Firstly, the RT-PCR 

reaction was run in the absence of reverse transcriptase. Secondly, a parallel PCR was run 

using primers of the housekeeping gene p-2 microglobulin (B2M). No PCR products 

were detected when the reverse transcriptase was omitted (Figure 30, 31). The B2M PCR 

product was found in both control and MS CNS tissue (Figure 30, 31). A PCR band for 

CCR3 (Figure 30a) and CCR5 (Figure 30b) were both visible in control CNS tissue and 

had a size o f 1050 base pairs, consistent with the predicted size of the product. A PCR 

band for CCR3 (Figure 31a) and CCR5 (Figure 31b) was also visible in the MS tissue 

samples, suggesting the chemokine receptors are expressed both in control and MS CNS 

tissue.
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Figure 30 Detection of CCR3 and CCR5 expression in control CNS tissue samples by

RT-PCR

Both (a) CCR3 and (b) CCR5 were detected in control CNS tissue, and had a size o f 1050 

base pairs, consistent with their predicted size. Further evidence for the specificity of the 

reaction product was the detection o f an identical PCR product in RNA extracted from a 

plasmid containing the CCR insert (CCR3 PuC/ CCR5 PuC). Detection of the 

housekeeping gene p-2 microglobulin (B2M), and no visible band in the negative control 

lane (Neg) indicated the absence of genomic contamination.

Figure 31 Detection of CCR3 and CCR5 expression in actively demyelinating MS 

CNS tissue samples bv RT-PCR 

(a) CCR3 and (b) CCR5 were also detected in chronic active MS lesions.



Figure 30 Detection o f CCR3 and CCR5 expression in control CNS tissue samples by

RT-PCR
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Figure 31 Detection of CCR3 and CCR5 expression in actively demyelinating MS 

CNS tissue samples by RT-PCR
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5.2.2 PHENOTYPE OF CELLS EXPRESSING CCR3. CCR5 AND CCR8

Although p-chemokine receptor expression was detected in actively demyelinating 

MS CNS tissue by RT-PCR (Section 5.2.1), the phenotype of the cells expressing CCR 

could not be determined by this technique. To investigate which cells the p-chemokines 

were acting upon, the expression o f the chemokine receptors CCR3, CCR5 and CCR8 in 

actively demyelinating MS sections, were investigated by ICC and confirmed by ISH 

studies.

5.2.2.1 CCR DETECTION BY ICC

The P-chemokine antibodies used in this study were a kind gift from Dr. J. White, 

SmithKline Beecham, USA. The most intense pattern o f p-chemokine receptor expression 

was detected in actively demyelinating MS lesions, correlating with the highest level of P- 

chemokine expression. CCR3 was associated with foamy macrophages within the plaque 

and with some microglia and astrocytes in the adjacent normal appearing white matter 

(Figure 32a). Immunostaining with antibodies against CCR5 and CCR8 displayed a similar 

pattern of staining. Both CCR5 (Figure 32b) and CCR8 (Figure 32c) were associated with 

foamy macrophages within the MS lesion, and with some microglia in the adjacent 

apparently normal white matter. CCR5, however, was also associated with infiltrating T- 

lymphocytes in the inflammatory cuff.

5.2.2.2 CCR DETECTION BY ISH

To confirm which cells were expressing the P-chemokine receptors, ISH 

experiments were performed using probes synthesised in-house by Mr A. Fairclough. The 

results of these experiments confirmed that foamy macrophages within the chronic active
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Figure 32 p-chemokine receptor expression in chronic active MS lesions: detection by 

ICC

(a) CCR3, (b) CCR5 and (c) CCR8 were predominantly expressed by foamy macrophages 

within chronic active MS lesions (small arrow). Expression of CCR5 was also associated 

with T-lymphocytes in the perivascular cuff (large arrow). The arrows represent one 

example o f a positively staining cell, several others are visible on the section. 

(Magnification x220)



Figure 32 B-chemokine receptor expression in chronic active MS lesions: detection by
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Figure 33 CCR3 and CCR5 mRNA expression in actively demvelinating MS lesions

ISH experiments confirmed (a) CCR3 and (b) CCR5 were associated with foamy 

macrophages within the actively demyelinating MS lesion (small arrow), with CCR5 also 

being expressed by perivascular T-lymphocytes (large arrow). The arrows represent one 

example o f a positively staining cell, several others are visible on the section. 

(Magnification x220)



Figure 33 CCR3 and CCR5 mRNA expression in actively demvelinating MS lesions
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MS lesion were predominantly expressing CCR3 (Figure 33a) and CCR5, with CCR5 also 

been detected on perivascular T-lymphocytes (Figure 33b). The pattern of ISH staining 

clearly resembled the ICC results obtained in Section 5.2.2.1.

5.2.3 DETECTION OF CCR3. CCR5 AND CCR8 IN MS CNS BY WESTERN

BLOTTING

The CCR antibodies used in this study were a gift from Dr J. White, SmithKline 

Beecham, and were uncharacterised. To confirm protein had been successfully extracted 

from the CNS tissue, an SDS gel was run (Figure 34a). To confirm the antibodies 

recognised their specific CCR, and did not cross-react with other antigens, Western 

blotting experiments were performed as described in Section 2.5.

Actively demyelinating MS lesions are characterised by extensive astrocyte 

hypertrophy and GFAP synthesis. To act as a positive control, Western blotting for GFAP 

was included. These experiments indicated the highest levels of GFAP were present in 

chronic inactive MS CNS tissue compared to control and other MS CNS tissue (Figure 

34b). The highest levels of CCR3 (Figure 34c) and CCR5 protein (Figure 34d) were also 

detected in actively demyelinating MS lesions, confirming previous ICC and ISH studies 

(Sections 5.2.2.1 and 5.2.2.2). The bands detected in this study had a molecular weight of 

approximately 35kDa. Recent papers have reported the molecular weight o f chemokine 

receptors as 35kDa (Bemardini et al., 1998), confirming the specificity o f the antibodies 

used.
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Figure 34 Detection of GFAP, CCR3 and CCR5 in control and MS CNS tissue by

Western Blotting

(a) An SDS gel was run to confirm the extraction of protein from the MS and control CNS 

tissue, (b) The highest levels o f GFAP were detected in chronic inactive MS lesions, 

associated with extensive astrocyte hypertrophy and GFAP synthesis. A 35kDa band was 

predominantly detected in actively demyelinating MS CNS tissue, confirming the 

specificity o f the (c) CCR3 and (d) CCR5 antibodies used in this study, and supporting 

previous findings.



Figure 34 Detection o f GFAP, CCR3 and CCR5 in control and MS CNS tissue by

Western Blotting
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Table 13 Distribution of chemokine receptor staining in four actively demvelinating

MS lesions

Inflammatory cuff Lesion

Chemokine
receptor

Leukocytes Endothelium Macrophages/
Microglia

Astrocytes

CCR3 - - +++ +

CCR5 +++ - +++ -

CCR8 + - +++ -

Key: no staining associated with the cells

+: weak staining

++: strong staining

+++: all cells stained strongly positive

The table above summarises the chemokine receptor staining pattern seen in actively 

demyelinating MS CNS tissue, and reflects the scores o f two independent observers.

5.3 DISCUSSION

Leukocyte migration is essential for immune surveillance o f the CNS, and for 

targeting immune cells to sites of antigenic challenge. Activated and memory T-cells 

express higher levels of some adhesion molecules which facilitate their binding to inflamed 

endothelium (Qin et al., 1998), but this does not fully explain the selective recruitment of 

inflammatory cells. The P-chemokines M lP-la, MIP-ip, MCP-1 and RANTES induce
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monocyte chemotaxis in vitro, but they vary both in their ability to attract and activate 

neutrophils, lymphocytes, basophils and eosinophils, and in their monocyte chemotactic 

potency (Combadiere et a l, 1996). The selective action o f chemokines may be explained 

by the different chemokine receptor profile expression o f the specific target cells.

Given that chemokine receptors play a role in leukocyte migration, attention has 

recently focused on identifying relevant chemokine receptors on T-lymphocytes. 

Expression o f CCR3, the receptor for RANTES and MCPs, has been detected on 

polarised Th2 cells, both in vivo and in vitro (Sallusto et al., 1998), suggesting a 

mechanism of leukocyte recruitment during allergic inflammation. CCR5, the receptor for 

RANTES, M IP-la and MTP-ip, has been reported to be associated with activated and 

memory TH1 cells (Bleul et al., 1997), which correlates to findings that memory and 

activated T-cells, but not naive T-lymphocytes, respond to RANTES, M IP-la and MIP- 

ip  in chemotaxis assays (Schall et al., 1990). CCR5 and CXCR4 are generally 

reciprocally expressed on T-cells (Bleul et a l, 1997), suggesting their expression facilitates 

T-cell positioning in inflamed tissues. CCR8, the receptor for MIP-ip, is also expressed 

by activated T-lymphocytes (Bemardini et al., 1998). This study reports expression o f 

CCR5 by infiltrating T-lymphocytes, and suggests MS, like its animal model EAE, is 

predominantly a TH1-mediated immune response.

Chemokines have been demonstrated to influence the differentiation of naive T- 

lymphocytes into either ThI or Th2 cells: M IP-la induces differentiation into ThI cells, 

while MCP-1 induces differentiation into TH2 cells (Sallusto et al., 1998). IL-2 has been 

shown to play a role in upregulating CCR1, CCR2 and CCR5 expression by T- 

lymphocytes, whilst stimulation with other molecules, such as anti-CD3 and/or anti-CD28 

antibodies have been shown to downregulate receptor expression and chemotaxis (Qin et
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al, 1998). These findings suggest that T-cells may migrate in response to chemokines 

following IL-2-mediated proliferation (Qin et al., 1998).

It is increasingly apparent that chemokine receptor expression is not limited to cells 

of the immune system but includes a wide variety of cells including neurons and resident 

glia (Horuk et al., 1997; Rottman et al., 1997). In addition to chemokine receptor 

expression in perivascular leukocytes, this study reports constitutive expression o f CCR3, 

CCR5 and CCR8 by glial cells, morphologically compatible with astrocytes and microglia, 

in both control and MS CNS tissue. The observation that chemokine receptors are 

expressed by glial cells in control CNS contributes to our understanding of chemokine 

receptor distribution in normal CNS tissue, although more research is required to 

understand the role played by chemokines and their receptors in the normal CNS.

Expression of C5a, IL-8 and FMLP receptors by astrocytes and microglia have 

been reported in MS lesions (Muller-Ladner et al., 1996). The detection o f chemokine 

receptors on glial cells is not unique to MS CNS tissue. Macaque monkeys infected with 

SIV have been shown to express CCR3 and CCR5 on glial cells (Westmoreland et al., 

1998). Also, human and rat microglial cell cultures have been shown to migrate along 

chemokine gradients in chemotaxis assays, suggesting they express chemokine receptors 

(Cross et al., 1998). Studies have shown that human microglial and astroglial cell cultures 

express CCR3 and CCR5 (He et al., 1997).

The results o f this study suggest leukocytes expressing CCR5, and to a lesser 

extent CCR8, are chemotactically recruited into the CNS in MS. The findings that 

astrocytes and microglia also express these receptors, as well as CCR3, suggests that 

chemokines secreted by glial cells may interact with their corresponding receptors to 

maintain normal cell function and/or mediate communication between glia (Westmoreland 

et al., 1998).
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CHAPTER 6

INDUCTION OF CHEMOKINE AND CHEMOKINE RECEPTOR EXPRESSION BY 

RAT PRIMARY GLIAL CELLS AND PERIPHERAL BLOOD MONONUCLEAR

CELLS

6.1 INTRODUCTION

Chemokines and their receptors are important for the selective attraction o f specific 

subsets of leukocytes. As shown earlier, chemokines are predominantly expressed by 

resident glial cells, as well as infiltrating leukocytes, in inflammatory lesions in the CNS 

(Chapter 3,4). Chemokine receptors have also been shown to be expressed by resident 

glial cells (Chapter 5). To confirm the type o f cells expressing chemokine receptors, and 

to determine which factors stimulate and/or regulate chemokine and chemokine receptor 

expression, the induction of these peptides was investigated in rat glial cell cultures in vitro 

using ELISA (Section 2.6), ICC (Section 2.2) and ISH (Section 2.3) techniques.

6.2 RESULTS

6.2.1 INDUCTION OF MIP-1B EXPRESSION BY RAT MICROGLIA

As shown in Chapter 4, microglia predominantly expressed MIP-ip in chronic 

active MS lesions. Expression of MIP-lp by primary rat microglial cell cultures, 

stimulated with 20pg/ml PMA, was investigated using ISH. Immunostaining with an anti- 

CD68 antibody confirmed the cells were o f the macrophage phenotype (Figure 35a). ISH
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Figure 35 MIP-IB expression by rat microglia, detection bv ISH

(a) Immunostaining with anti-CD68 antibody confirmed the phenotype o f the cells as 

microglia, (b) ISH with oligo-poly-dT confirmed the presence o f intact mRNA in all cells, 

(c) Unstimulated microglia expressed low levels o f MIP-lp mRNA, compared to (d) 

PMA-stimulated glial cells. (Magnification x220)



Figure 35 MIP-IB expression bv rat microglia, detection by ISH
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using an oligo-poly-dT probe confirmed the presence o f intact mRNA in the microglial cell 

cultures (Figure 35b). Unstimulated cells expressed low levels o f MIP-lp mRNA above 

negative control levels (Figure 35c). PMA-stimulated microglial cells, however, displayed 

a marked increase in MIP-ip mRNA expression (Figure 35d).

6.2.2 INDUCTION OF MCP-1. M IP-la AND RANTES EXPRESSION BY 

RAT ASTROCYTES

As shown in Chapter 4 MCP-1, M IP-la and RANTES were expressed by 

astrocytes in actively demyelinating MS lesions. Primary rat neonatal astrocytes were 

stimulated with 20pg/ml PMA, and the expression o f these p-chemokines investigated by 

ICC. MCP-1 (Figure 36a), M IP-la (Figure 36c) and RANTES (Figure 36e) expression 

by rat astrocytes were all dramatically induced by PMA stimulation.

6.2.3 INDUCTION OF IP-10 AND MIG EXPRESSION BY RAT ASTROCYTES

As shown in Chapter 3, IP-10 and Mig were expressed by astrocytes in chronic 

active MS lesions. These chemokines are known to be dramatically induced by IFN-y. 

Chamber slides o f primary neonatal rat astrocytes were stimulated with IFN-y, and the 

expression o f IP-10 and Mig investigated using ICC. Stimulated rat astrocytes were found 

to express higher levels o f IP-10 (Figure 37a) and Mig (Figure 37c) protein compared to 

unstimulated glial cells (Figure 37b,d).
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Figure 36 MCP-1, M IP-la and RANTES expression in PMA-stimulated rat 

astrocytes, detection bv ICC 

PMA stimulation (20pg/ml) o f rat astrocytes induced a higher expression o f (a) MCP-1, 

(c) M IP-la and (e) RANTES protein compared to unstimulated astrocyte production of

(b) MCP-1, (d) M IP-la and (f) RANTES. (Magnification x220)



Figure 36 MCP-1, M IP-la and RANTES expression in PMA-stimulated rat 

astrocytes, detection by ICC
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Figure 36 MCP-1. M IP-la and RANTES expression in PMA-stimulated rat 

astrocytes, detection by ICC Contd.
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Figure 37 Induction of IP-10 and Mig production in IFN-y-stimulated rat

astrocytes

The pro-inflammatory cytokine IFN-y (lOIU/ml) induced the expression of (a) IP-10 and

(c) Mig in rat astrocytes, when compared to unstimulated expression o f (b) IP-10 and (d) 

Mig. (Magnification x220)



Figure 37 Induction of IP-10 and Mig production in IFN-y-stimulated rat

astrocytes
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6.2.4 CHEMOKINE RECEPTOR EXPRESSION BY GLIAL CELL CULTURES:

DETECTION BY ICC

In chronic active MS lesions, CXCR3 (Chapter 3) and CCR3 (Chapter 5) were 

detected on reactive astrocytes. Unstimulated rat astrocytes expressed low levels of 

(Figure 38a) CXCR3 and (Figure 38b) CCR5. Expression of both CXCR3 (Figure 38c) 

and CCR3 (Figure 38d) was shown to be increased following 24h stimulation with IFN-y. 

Stimulation with LPS, however, resulted in a marked decrease in expression of CCR3 

(Figure 38e), but increased CXCR3 expression (Figure 381).

6.2.5 CHEMOKINE AND CHEMOKINE RECEPTOR EXPRESSION BY RAT

ASTROCYTES: DETECTION BY ELISA

Rat astrocytes were cultured in 96 well plates for 24h in the presence of IFN-y (1- 

100 IU) or LPS (0.1-lpg/ml). Following these treatments the cells were examined for 

chemokine or chemokine receptor expression by ELISA, and the results statistically 

analysed by Anova one-way analysis. A significant decrease in IP-10 expression was 

detected following stimulation with 10 IU IFN-y (P<0.05) (Figure 39a). IFN-y, however, 

had no statistically significant effect on Mig expression by rat astrocytes (Figure 39b). 

These results, in contrast to general opinion, suggest that at high concentrations the pro- 

inflammatory cytokine IFN-y decreases IP-10 production by astrocytes, and has no effect 

on Mig expression.

In contrast to previous findings (Section 6.2.4), the expression o f CXCR3 by rat 

astrocytes was not significantly affected by changes in IFN-y concentration. (Figure 39c). 

Both CCR3 (Figure 39d) and CCR5 (Figure 39e) expression decreased as the 

concentration of IFN-y increased (P<0.01 at 100IU IFN-y), suggesting the pro-
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Figure 38 CXCR3 and CCR3 expression by rat astrocytes

Both (a) CXCR3 and (b) CCR5 were expressed at low levels by unstimulated rat 

astrocytes. An increased expression o f (c) CXCR3 and (d) CCR3 receptor expression was 

induced following 24 hour IFN-y-stimulation (lOIU/ml). Stimulation with LPS 

(lOOpg/ml), however, resulted in a (e) decrease in CXCR3 expression, and (f) an increase 

in CCR3 expression, compared to unstimulated astrocytes. (Magnification xl90)



Figure 38 CXCR3 and CCR3 expression by rat astrocytes
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Figure 38 CXCR3 and CCR3 expression by rat astrocytes Contd.
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Figure 39 ELISA investigation o f a-chemokine expression and chemokine

receptor expression in IFN-y-stimulated (0-100 IU) rat astrocytes 

The effect o f IFN-y on chemokine and chemokine receptor expression by rat astrocytes is 

shown below (mean ± SE) (n=6). Significant changes from pre-treatment levels are 

indicated [P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***)]. (a) Stimulation o f rat 

astrocytes with IFN-y resulted in a significant decrease (P<0.05) in IP-10 expression. 

IFN-y had no significant effect on (b) Mig nor (c) CXCR3 expression. This pro- 

inflammatory cytokine, however, down-regulated both (d) CCR3 (P<0.01) and (e) CCR5 

(P<0.01) expression by rat astrocytes. In contrast, IFN-y stimulated a significant 

upregulation in CCR8 expression (P<0.01).



Figure 39 ELISA investigation o f a-chemokine expression and chemokine

receptor expression in IFN-y-stimulated (0-100 IU) rat astrocytes 
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Figure 39 ELISA investigation o f q-chemokine expression and chemokine

receptor expression in IFN-y-stimulated (0-100 IU) rat astrocytes Contd. 

d CCR3 expression by IFN-y-stimulated rat astrocytes

°-751 
0.7 --

0.65 -j
0.6 -  J

o 0.55 --
O 05 

0.45 -|
0.4 --
0.35 -*
0.3 $

0 1 10 100 
IFN-gamma (IU)

e CCR5 expression by IFN-y-stimulated rat astrocytes

0.75 
0.7 

0.65 
0.6 

o 0.55
O 05 

0.45
0.4

0.35
0.3

f CCR8 expression by IFN-y-stimulated rat astrocytes

0.75 -r
0.7 --

0.65 --
0.6

m©0.55 --
so 0.5 4

0.45 --
0.4 4
0.35 --
0.3 --

0 1 10 100 
IFN-gamma (IU)

0 1 10 100 
IFN-gamma (IU)

*
4 r

*
-EE-

147



inflammatory cytokine plays a role in arresting the migration of astrocytes once they have 

reached their target, by downregulating receptor expression. The astrocytes, however, 

showed a significant increase in CCR8 expression (P<0.01, following stimulation with 

100IU IFN-y) (Figure 39f), suggesting a potential mechanism o f astrocyte recruitment to 

sites o f inflammation.

Overall, expression o f the p-chemokines M IP-la (Figure 40a), MCP-1 (Figure 

40b) and RANTES (Figure 40c) by rat astrocytes was not significantly affected by 

increasing concentrations o f LPS. In general, CXCR3 (Figure 40d), CCR3 (Figure 40e) 

and CCR5 (Figure 40f) expression decreased as the levels of LPS increased. However, at 

low levels of LPS stimulation (O.Olpg/ml) receptor expression was significantly elevated. 

These findings indicate that chemokine receptor expression by astrocytes can be regulated 

and may play a role in the migration of resident glial cells within the CNS during an 

inflammatory insult.

6.2.6 CYTOSPINS

The CNS in MS is characterised by large perivascular cuffs containing leukocytes 

recruited from the circulation. For chemokines to recruit specific cells to sites o f 

inflammation, requires the expression of complementary chemokine receptors by these 

cells. In vivo investigations have shown CXCR3, CCR5 and CCR8 are predominantly 

expressed by infiltrating leukocytes in actively demyelinating MS lesions (Chapters 3,5). 

These haematogenous cells have also been shown to express the proinflammatory cytokine 

IFN-y (Chapter 3). To confirm these findings, and to investigate which factors may play a
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Figure 40 B-chemokine and chemokine receptor expression in LPS-stimulated 

rat astrocytes

The effect of LPS stimulation on (a) M IP-la, (b) MCP-1, (c) RANTES, (d) CXCR3, (e) 

CCR3 and (f) CCR5 is shown below (mean ± SE) (n=6). Significant changes from pre

treatment levels are indicated [P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***)]. LPS had 

no significant effect on chemokine expression by rat astrocytes. However, at low levels o f 

LPS stimulation (O.Olpg/ml), expression o f CXCR3, CCR3 and CCR5 by rat astrocytes 

was significantly elevated (P < 0.05).



Figure 40 B-chemokine and chemokine receptor expression in LPS-stimulated rat

astrocytes
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Figure 40 B-chemokine and chemokine receptor expression in LPS-stimulated rat

astrocytes Contd.

d CXCR3 expression by LPS-stimulated rat astrocytes
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role in controlling chemokine receptor by circulating leukocytes in vivo, receptor 

expression by PBMC following cytokine stimulation was examined in vitro.

To confirm PBMC had been isolated from human peripheral venous blood cytospin 

slides were immunostained with antibodies against CD4+ (Figure 41a), CD8+ (Figure 41b) 

and CD68 (Figure 41c) (Section 2.7). The positive staining observed indicated the 

isolation of circulating T-lymphocytes and macrophages.

6.2.6.1 IFN-y EXPRESSION BY PBMC

ISH experiments demonstrated IFN-y is predominantly expressed by T- 

lymphocytes in the perivascular cuffs in actively demyelinating MS lesions (Chapter 3). 

Stimulation of PBMC with 20pg/ml PMA for 4h at 37°C showed a marked increase in 

IFN-y expression (Figure 42), suggesting that infiltrating leukocytes contribute to the local 

inflammatory response by secreting this pro-inflammatory cytokine.

6.2.6.2 CHEMOKINE RECEPTOR EXPRESSION BY PBMC

In chronic active MS lesions, CXCR3, CCR5 and to a lesser extent CCR8 were 

detected on perivascular leukocytes as well as on resident glial cells (Chapters 3,5). The 

purpose of this study was to investigate which factors may be involved in the regulation of 

CCR expression. PBMC were isolated and stimulated with 100IU IFN-y for 24h at 37°C. 

The majority of unstimulated PBMC did not express CXCR3 (Figure 43 a), but did express 

CCR3 (Figure 43c) and CCR5 (Figure 43e) at low levels, and CCR8 (Figure 43g) at 

higher levels. Expression of CXCR3 by IFN-y-stimulated PBMC was increased (Figure 

43b), as was CCR3 (Figure 43d) and CCR5 (Figure 43f). CCR8 expression, however, 

decreased in the presence of IFN-y (Figure 43h).
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Figure 41 Phenotypic characterisation of PBMC

To confirm the phenotype of the cells present in the PBMC sample, the cells were stained 

with (a) anti-CD4+, (b) anti-CD8+ and (c) anti-CD68 antibodies (Magnification x450). 

(Magnification x220, unless otherwise stated)



Figure 41 Phenotypic characterisation o f PBMC
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Figure 42 Induction o f IFN-y expression by PBMC following PMA-stimulation

r20^g/mll (Magnification xl 90)

Unstimulated PBMC PMA-stimulated PBMC
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Figure 43 Chemokine receptor expression in IFN-y-stimulated ( lOOItD PBMC 

(a) Few unstimulated PBMC expressed CXCR3. (b) Receptor expression was upregulated 

following stimulation with 100IU IFN-y. Unstimulated PBMC expressed low levels o f (c) 

CCR3 and (e) CCR5. Again, (d) CCR3 and (f) CCR5 receptor expression was 

upregulated following stimulation with IFN-y. (g) CCR8, however was expressed at high 

levels by resting PBMC, and (h) egression was down-regulated following IFN-y- 

stimulation.



Figure 43 Chemokine receptor expression in IFN-y-stimulated PBMC
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Figure 43 Chemokine receptor expression in IFN-y-stimulated PBMC Contd.
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6.3 DISCUSSION

The control of leukocyte and resident glial cell migration to sites of antigenic 

challenge in the CNS in MS is dependent on the combined actions of chemokines and their 

receptors. Chemokines and chemokine receptors have been shown to be expressed by 

resident glial cells in actively demyelinating MS lesions (Chapter 3,4,5), astrocytes 

predominantly expressing CXCR3, CCR3, CCR5, CCR8, MCP-1, IP-10, Mig and to a 

lesser extent RANTES and MIP-la, and microglia predominantly expressing CCR3, 

CCR5 and MLP-ip. In this study, in vitro studies were performed to confirm these in vivo 

findings.

It has been suggested that chemotactic factors secreted by reactive astrocytes, such 

as IP-10 and MCP-1, may be responsible for the infiltration of haematogenous cells into 

the CNS (Ransohoff et al., 1993; Eng et al., 1996; Ghimikar et al., 1996; Ransohoff et al., 

1996; McManus et al., 1998a). Both in vivo and in vitro experiments have shown reactive 

astrocytes are a cellular source for MCP-1 (Ransohoff et al., 1993; McManus et al., 

1998a), RANTES (Noe et al., 1996), IP-10 (Glabinski et al., 1997), and MIP-la (Murphy 

et al., 1995).

The present study confirmed, by ICC but not by ELISA, that astrocytes can be 

induced in vitro to express MCP-1, RANTES, MIP-la, IP-10 and Mig. With the 

exception of IP-10, which demonstrated a decrease in expression following IFN-y 

stimulation, no significant changes in chemokine expression by astrocytes were detected by 

ELISA. The opposing ICC and ELISA results may be explained by a loss of cells during 

the ELISA procedure. Further experiments are required to confirm cell number before and 

after the technique. The ELISA method used in this study did not block endogenous 

alkaline phosphatase activity. However, a negative control omitting the primary antibody
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was included in all ELISA experiments. This reading, which reflected endogenous alkaline 

phosphatase activity, was subtracted from all other plate readings.

The ICC findings suggest pro-inflammatory cytokine-stimulation of astrocytes in 

vivo induces chemokine expression, and these chemokines continue the inflammatory 

response by activating both leukocytes and resident glial cells, and by playing a role in the 

selective recruitment of these cells to sites of inflammation.

Reactive astrocytosis and microglial hyperplasia are prominent features of 

inflammatory lesions in the CNS in MS. Macrophages have been reported to be a cellular 

source of MIP-lp (Wilson et al., 1990; Seebach et al, 1995; Ghimikar et al., 1996; 

Miyagishi et al., 1997). This study shows an increase in MIP-ip mRNA expression by 

PMA-stimulated rat microglial cells, providing further evidence of the role of glial cells in 

the accumulation of inflammatory cells into the CNS.

Previous studies have identified astrocytes expressing CXCR3, CCR3 and CCR5 

(Chapter 3, 5; He et al., 1997; Westmoreland et al., 1998). This study reports an increase 

in CCR8 expression by astrocytes following IFN-y stimulation, suggesting this pro- 

inflammatory cytokine may increase the migratory response of astrocytes to MIP-lp 

chemotactic gradients. Stimulation of astrocytes with IFN-y or LPS, however, resulted in 

a decrease in CCR3 and CCR5 receptor expression, suggesting receptor expression may 

be down-regulated to retain migrating astrocytes at sites of inflammation, and possibly to 

limit excessive recruitment (Sica et al, 1997).

PMA-stimulated PBMC displayed an increase in IFN-y expression. ICC 

investigations indicated that IFN-y increased expression of IP-10 and Mig by rat 

astrocytes, confirming in vivo findings (Chapter 3; Glabinski et al., 1997). Combining 

these results, one can speculate that haematogeous leukocytes infiltrate the CNS and,
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following antigen recognition, secrete the pro-inflammatory cytokine IFN-y, which in turn 

induces chemokine production by astrocytes. The expression of IP-10 and Mig results in 

the additional recruitment of cells expressing the receptor CXCR3 to sites of CNS 

inflammation. Chemotaxis assays have demonstrated that both microglial and astroglial 

cell cultures migrate along an IP-10 chemotactic gradient (He et al., 1997; Cross et al., 

1999), indirectly confirming the expression of CXCR3 by CNS resident glial cells reported 

here.

Following activation, T-lymphocytes acquire effector functions, such as cytokine 

production, and different migratory capacities (Mackay, 1993; Romagnani, 1994). The 

results of this study indicate that CXCR3, CCR3, CCR5 and CCR8 are expressed by 

PBMC, and that expression is increased, with the exception of CCR8 whose expression is 

decreased, following stimulation with IFN-y. These findings correlate with previous 

reports that CXCR3 is present on the majority of peripheral blood T-cells, in particular on 

TrI and ThO cells (Sallusto et al., 1998). The responsiveness of these cells to IP-10 and 

Mig may favour the migration of ThI and ThO cells to sites of inflammatory reactions 

dominated by IFN-y production (Kaplan et al., 1987). In contrast to CXCR3, reports 

indicate that CCR3 is selectively expressed on TH2 cells, eosinophils and basophils 

(Sallusto et al., 1997; Uguccioni et al., 1997). This sharing of chemokine receptors 

between TH2 and effector cells is likely to represent a mechanism for the generation of 

allergic reactions (Sallusto et al., 1998).

CCR5 is expressed in peripheral blood macrophages and T-cells (Raport et al.,

1996), while CCR8 is expressed my human monocytes (Tiffany et al., 1997). Reports 

have shown that CCR5 is preferentially expressed on TrI compared to Th2 cells, and 

expression is increased upon activation of T-lymphocytes (Sallusto et al., 1998). In
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support of this study, expression of CCR3 and CCR5 in monocytoid U937 cells has been 

shown to be increased following IFN-y stimulation (Zella et al., 1998). The results of this 

study show that chemokine receptor expression by PBMC is dependent on the activational 

state of the cells.

The differential expression of chemokine receptors by astrocytes and PBMC may 

play a role in the selective migration of leukocytes and resident glial cells to sites of 

inflammation in the CNS. Chemotactic factors secreted by astrocytes and microglia are 

responsible for the accumulation of inflammatory cells into the CNS. Inhibiting receptor 

function may be a possible therapeutic target for MS, and possibly other inflammatory 

conditions in the CNS, such as CD or SSPE.
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CHAPTER 7

DISCUSSION

Chemokines have been shown to stimulate leukocyte-endothelial attachment by up- 

regulating integrin expression on leukocytes, both in vivo and in vitro (Ransohoff & Tani, 

1998). This family of chemoattractant cytokines has also been shown to play a prominent 

role in the activation and directional migration of cells, both resident glia and leukocytes, 

to sites of inflammation in the CNS (Karpus et al., 1995; Baggiolini, 1998). The ultimate 

position of these cells within inflammatory lesions is determined by the chemokine 

gradients they encounter, and the chemokine receptors they express (Campbell et al.,

1997).

Several groups have shown that chemokines are an important component of CNS 

inflammation during the course of EAE (Hulkower et al., 1993; Ransohoff et al., 1993; 

Godiska et al., 1995; Glabinski et al., 1996; Miyagishi et al., 1997), MS (McManus et al., 

1998a; Simpson et al., 1998), and following ischemic injury (Wang et al., 1998). The 

purpose of this study was to investigate and compare the role of chemokines in three 

neuroinflammatory diseases: MS, SSPE and CD with associated neurological 

complications, and, if chemokines were detected, to determine which factors may be 

responsible for the induction of chemokine and chemokine receptor expression.

Pro-inflammatory cytokines have been shown to stimulate adhesion molecule 

expression by the BBB endothelium (Paul & Seder, 1994), to activate resident glial cells 

(Brosnan et al., 1996), and to induce chemokine expression (Schall & Bacon, 1994; 

Barnes et al., 1996; McManus et al., 1998b), suggesting a role in the activation and
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recruitment of cells to sites of inflammation. In particular, IFN-y has been shown to play 

an important role in the activation of macrophages (Cavaillon, 1994) and the induction of 

cytokine expression, such as TNF-a, by glial cells (Barnes et al., 1996). IFN-y has been 

detected in perivascular T-cells (Woodroofe & Cuzner, 1993) and, to a lesser extent, in 

resident glial cells (Traugott et al., 1988) in chronic active MS lesions. This pro- 

inflammatory cytokine has been also been detected in endothelial cells and macrophages in 

SSPE CNS lesions (Nagano et al., 1994). The present study confirmed these findings, 

demonstrating IFN-y mRNA was predominantly expressed by perivascular T-lymphocytes, 

with some mRNA expression associated with resident glial cells, both in SSPE and chronic 

active MS lesions. These results suggest that, following activation, perivascular T-cells 

are induced to secrete IFN-y, and that this pro-inflammatory cytokine contributes to the 

local inflammatory response.

The a-chemokines IP-10 and Mig are both dramatically induced by IFN-y (Luster 

et al., 1985; Farber, 1990; Farber, 1993). The present study demonstrated that in chronic 

active MS lesions and SSPE CNS tissue, expression of both IP-10 and Mig proteins were 

associated with reactive astrocytes and macrophages. These cell types also immunostained 

positively for IFN-y protein. In vitro ICC studies indicated IFN-y-stimulated rat astrocytes 

displayed an increased expression of IP-10 and Mig. Cumulatively, these findings suggest 

the pro-inflammatory cytokine IFN-y is secreted by perivenular T-cells and stimulates 

surrounding astrocytes and macrophages to secrete the a-chemokines IP-10 and Mig in 

MS and SSPE CNS lesions, a-chemokine expression was not detected in CD cerebellar 

tissue, suggesting neither IP-10 nor Mig play a role in CD pathogenesis.

In vitro studies have shown IFN-y, in conjunction with other cytokines, is also 

capable of inducing P-chemokine expression, such as MCP-1, in glial cells (Barnes et al.,
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1996). Elevated levels of p-chemokines have been detected in inflammatory CNS lesions: 

MCP-1 mRNA was detected in the spinal cord during acute EAE (Hulkower et al, 1993), 

localised in astrocytes during EAE in mice (Ransohoff et al., 1993), and predominantly 

detected in astrocytes in subacute MS lesions (McManus et al., 1998a; Simpson et al.,

1998). RANTES expression has been detected in antigen-activated T-lymphocytes (Schall 

et al., 1990; Kuna et al., 1993; Godiska et al., 1995), in astrocytes infected with Newcastle 

disease virus (Noe et al., 1996), and in post-mortem MS CNS tissue by PCR detection 

(Hvas & Bernard, 1998).

The expression of RANTES and MIP-lp was reported to correlate with the 

appearance of inflammatory cells in the CNS in rat brain stab injury, with MIP-ip 

associated with reactive astrocytes and macrophages at the site of injury (Ghimikar et al.,

1996). A recent study has reported a dose- and time-dependent induction of MIP-la and 

MIP-lp expression by human foetal microglia following IL-ip, TNF-a or LPS stimulation 

(McManus et al., 1998b). Other studies have also reported difliise immunostaining of  

MIPs associated with monocyte and macrophage cell bodies in mice with experimental 

listeria meningoencephalitis (Wilson et al, 1990; Seebach et al., 1995).

The present study confirmed the cellular source of p-chemokine expression in 

actively demyelinating MS lesions, and showed that chemokines were expressed by 

infiltrating leukocytes and resident glial cells in a highly regulated and specific pattern 

(Figure 44): MCP-1 and MIP-la were predominantly expressed by astrocytes, MIP-lp by 

macrophages, and RANTES by blood vessel endothelial cells, perivascular leukocytes and 

astrocytes within the plaque. In the non-demyelinated white matter adjacent to the lesion, 

astrocytes stained positive for MCP-1 and microglia for MIP-lp.
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Figure 44 Chemokine and chemokine receptor expression in actively demyelinating

MS lesions
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Reactive astrocytosis and microglial hypertrophy are prominent features of CNS 

inflammation (Woodroofe et al., 1986; Hayes et al., 1987; Brosnan & Raine, 1996). Both 

glial cell types are capable of chemokine production (Ransohoff et al., 1993; Ghimikar et 

al., 1996; Noe et al., 1996; McManus et al., 1998a; Simpson et al., 1998), suggesting they 

may be stimulated to secrete chemoattractant cytokines and contribute to the inflammatory 

response. In vitro studies have shown that astrocytes are a cellular source of MCP-1 (Eng 

et al., 1996), RANTES (Noe et al., 1996), and MIP-la (Murphy et al., 1995). The 

present study confirmed these observations. Rat astrocyte cultures were induced to 

express these chemokines following PMA-stimulation. Similarly, this study demonstrated 

an increase in MIP-lp mRNA expression by PMA-stimulated rat microglia, confirming 

reports that macrophages are a potential source of MIP-ip (Wilson et al, 1990; Seebach 

et al., 1995; Ghimikar et al., 1996; Miyagishi et al., 1997).

These findings suggest perivascular cells are stimulated to secrete RANTES and 

IFN-y, and these signals play a role both in the recruitment of circulating leukocytes into 

the CNS in MS, and in the activation of glial cells. Resident glial cells may then continue 

the local inflammatory response, secreting both a- and P-chemokines. In addition to a 

chemoattractant role, it has been proposed that the interaction of chemokines and their 

receptors may also play a role in maintaining normal cell function and in enabling 

communication between glial cells (Westmoreland et al., 1998).

Elevated levels of MIP-la have been detected in the CSF of patients with MS 

(Bennetts et al., 1997), while administration of anti-MIP-la antibodies have been shown 

to prevent EAE (Karpus et al., 1995). These reports suggest a prominent role for MIP-la 

in MS disease progression. Similarly, MIP-la appears to play a role in leukocyte 

recruitment in CD. In CD cerebellar tissue MIP-la protein was localised in macrophages
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both in the perivascular inflammatory cuffs and in the adjacent white matter. Of the 

chemokines investigated in this study, only MIP-la was detected in CD CNS. In vitro 

studies have shown MIP-la preferentially chemoattracts CD8+ T-lymphocytes (Taub et 

al., 1993). In this study, however, equal numbers of CD4+ and CD8+ T-lymphocytes were 

detected in CD inflammatory cuffs. These findings suggest MIP-la may play a role in the 

recruitment of inflammatory cells into the cerebellum of CD patients with associated 

neurological complications, and that another as yet unknown mechanism may also 

contribute to disease pathology.

In contrast to MS CNS tissue, SSPE samples displayed little, if any, pattern of p- 

chemokine staining, suggesting that, of the chemokines investigated in this study, only the 

a-chemokines IP-10 and Mig play a role in the CNS inflammatory response in SSPE. IP- 

10 and Mig specifically chemoattract activated T-lymphocytes, suggesting infiltrating T- 

cells play a prominent role in the pathogenesis of SSPE.

The recruitment of leukocytes from the circulation into the CNS is dependant on 

the expression of adhesion molecules on the BBB endothelium, and CNS chemotactic 

signals (Butcher & Picker, 1996). Following activation, T-lymphocytes acquire different 

migratory capacities (Mackay et al., 1993; Romagnani, 1994). The results of this study 

demonstrated the chemokine receptors CXCR3, CCR3, CCR5 and CCR8 were expressed 

by PBMC and, following stimulation with IFN-y, receptor expression was increased, with 

the exception of CCR8 which had decreased expression. These findings suggest that 

differential chemokine receptor expression may contribute to the selective recruitment of 

leukocytes into the CNS.

Reports have indicated CXCR3 and CCR5 are preferentially expressed on TrI 

lymphocytes, while CCR3 is selectively expressed on Th2 cells (Raport et al., 1996;
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Sallusto et al., 1997; Uguccioni et al., 1997; Sallusto et al., 1998). CCR8 has also been 

shown to be expressed by activated T-cells (Bemardini et al., 1998). Current evidence 

suggests MS is primarily mediated by TH1 cells, which secrete pro-inflammatory cytokines 

(Hohlfeld et al., 1995). In the present study, both CXCR3 and CCR5 were predominantly 

expressed by perivascular leukocytes in MS lesions, confirming MS is a predominantly 

TrI-mediated inflammatory disease (Figure 44). Recently, a common deletion mutation in 

the gene for the MIP-la receptor CCR5 has been described (Bennetts et al., 1997). 

Homozygotes for the mutation fail to express this receptor. A group of unrelated 

relapsing-remitting MS patients were screened for this mutation, but the CCR5 deletion 

mutation was not found to be protective against MS (Bennetts et al., 1997), suggesting 

CCR5 is not an essential component in MS.

The expression of chemokine receptors is not limited to haematogenous 

leukocytes, but has been shown to include a number of CNS cells (Muller-Ladner et al., 

1996; Horuk et al., 1997; Rottman et al., 1997; He et al., 1997; Westmoreland et al.,

1997). In MS, expression of C5a, IL-8 and FMLP receptors is associated with astrocytes 

and microglia (Muller-Ladner et al., 1996). CCR3 and CCR5 have been detected on glial 

cells in macaque monkeys infected with SIV (Westmoreland et L, 1998), while microglial 

and astrocyte cell cultures have also been shown to express CCR3 and CCR5 (He et al.,

1997). The present study confirms the expression of CXCR3, CCR3, CCR5 and CCR8 by 

resident glial cells in MS CNS tissue, and suggests a mechanism for the recruitment of glial 

cells to sites of inflammation (Figure 44).

CXCR3 was detected on perivascular leukocytes and surrounding astrocytes in 

both MS and SSPE CNS tissue. Current evidence suggests CXCR3 is selectively 

expressed by activated T-lymphocytes (Loetscher et al., 1996). To date, there are no
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reports of IP-10/Mig receptor expression by resident glial cells. In vitro migration assays, 

however, have clearly demonstrated a concentration-dependent stimulation of microglia 

and C6 glial cell migration to IP-10 (Wang et al., 1998; Cross & Woodroofe, 1999), and 

indirectly confirm the expression of CXCR3 by glial cells.

In summary, upregulation of adhesion molecule expression by the BBB, 

chemotactic signals by resident CNS glial cells, and chemokine receptor expression by 

circulating leukocytes are important in the selective recruitment of haematogeous 

inflammatory cells to sites of inflammation in the CNS. The selective expression o f CCR5 

and CCR3 by ThI and Th2 cells respectively provides a mechanism for the migration of 

specific T-cell subsets during an inflammatory response. The different chemokine profiles 

detected in MS, SSPE and CD CNS tissue samples contribute to our understanding of the 

mechanism of cell recruitment, both haematogenous inflammatory cells and resident glial 

cells, to sites of CNS inflammation.

Cytokines are considered to play an important role in immunological diseases, such 

as MS. Several therapeutic strategies involving disruption of the cytokine network have 

evolved, not all with beneficial results (Billiau, 1995). In EAE, administration o f IFN-y 

was found to have a beneficial effect, while in a clinical trial involving a small number of 

MS patients, systemic treatment with IFN-y was associated with relapses at a higher 

frequency than before treatment (Panitch et al., 1987; Billiau, 1995). A current, and more 

successful, treatment for MS is the administration of IFN-P (Paty & Li, 1993). IFN-P 

opposes the action of IFN-y, and has been shown to be effective in the treatment of 

relapsing-remitting MS (Paty & Li, 1993).

Immunity to EAE has been induced following vaccination with naked DNA 

encoding the CC chemokines MIP-la or MCP-1 (Youssef et al., 1998). This is a novel
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mechanism of expressing antigen in vivo in order to elicit a humoral and cellular immune 

response. Administration of MIP-ip naked DNA vaccine was found to significantly 

aggravate EAE, while RANTES naked DNA had no significant effect on disease 

progression (Youssef et al, 1998). Anti-inflammatory therapies based on blocking 

chemokine receptors have also been shown to be effective in murine models of arthritis 

(Gong et al., 1997), and suggest that blocking chemokine receptors with truncated 

chemokines may provide a potential therapeutic treatment for neuroinflammatory diseases 

such as MS, SSPE and CD.
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FUTURE WORK

As this study has demonstrated, the interaction of chemokines with their 

corresponding chemokine receptors may play a major role in the activation and directional 

migration of specific cells, both circulating leukocytes and resident glia, to sites of 

inflammation in the CNS in MS. Due to restricted supplies of cerebellar tissue from CD 

patients with associated neurological complications and SSPE cases, this study was unable 

to conclusively characterise chemokine profiles in these neuroinflammatory diseases. 

Therefore, it would be beneficial to continue investigating both chemokine and chemokine 

receptor expression in SSPE and CD, along with other neuroinflammatory disease states 

such as Alzheimer’s disease, and to expand the number of chemokines investigated to 

include neurotactin, IL-8 and GRO-a.

This study has reported the expression of a limited number of chemokine receptors 

in MS lesions. To fully characterise chemokine receptor expression, future work will 

include other chemokine receptors, such as CCR4. It is hoped that the combined results of 

these studies will provide an insight into the chemokine receptor profile of perivascular T- 

lymphocytes, T-cells which have migrated into the surrounding white matter, and resident 

glial cells. Future work may also reveal a correlation between chemokine receptor 

expression and T-cell subtypes infiltrating MS CNS tissue. Continuing investigations into 

chemokine receptor expression by glial and T-cells, both in vivo and in vitro, and assessing 

which factors may contribute to the regulation of their expression may provide useful 

insights into mechanisms of preventing the actions of chemokines, thereby inhibiting the 

recruitment of cells to sites of inflammation.

169



CHAPTER 8

REFERENCES

Abbas, A.K., Murphy, K.M. and Sher, A. (1996) Functional diversity of helper T- 

lymphocytes. Nature, 383, 787-793.

Adams, C.W.M., Poston, R.N. and Buk, S.J. (1989) Pathology, histochemistry and 

immunocytochemistry of lesions in acute multiple sclerosis. Journal of the 

Neurological Sciences, 92, 291-306.

Adelmann, M., Wood, J., Benzel, I., Fiori, P., Lassmann, H., Matthieu, J.M., Gardinier, 

M.V., Dommair, K. and Linington, C. (1995) The N-terminal domain of the 

myelin oligodendrocyte glycoprotein (MOG) induces acute demyelinating 

experimental autoimmune encephalomyelitis in the Lewis rat. Journal of 

Neuroimmunology, 63, 17-27.

Akassoglou, K., Probert, L., Kontogeorgos, G. and Kollias, G. (1997) Astrocyte-specific 

but not neuron-specific transmembrane TNF triggers inflammation and 

degeneration in the central nervous system of transgenic mice. Journal of 

Immunology, 158, 438-445.

Alam, R., Stafford, S. and Forsythe, P. (1993) RANTES is a chemotactic and activating 

factor for human eosinophils. Journal of Immunology, 150, 3442-3447.

Allen, I.V. and Kirk, J. (1992) in Greenfield’s Neuropathology (fifth edition) Ed. J. H. 

Adams and L.W. Duchen. Edward Arnold, London. Chapter 9 Demyelinating 

diseases. 447-520.

170



Allen, I.V., McQuaid, S., McMahon, J., Kirk, J. and McConnel, R. (1996) The 

significance of measles virus antigen and genome distribution in the CNS in SSPE 

for mechanisms of viral spread and demyelination. Journal of Neuropathology and 

Experimental Neurology, 55,471-480.

Araujo, D.M. and Cotman, C.W. (1993) Tropic effects of interleukin-4, interleukin-7 and 

interleukin-8 on hippocampal neuronal cultures- potential involvement of glial- 

derived factors. Brain Research, 600, 49-55.

Arenberg, D., Kunkel, S., Polverini, P., Morris, S., Burdick, M., Glass, M., Taub, D., 

Iannettoni, M., Whyte, R. and Streiter, R. (1996) Interferon-y-inducible protein 

10 (IP-10) is an angiostatic factor that inhibits human non-small cell lung cancer 

(NSCLC) tumorigenesis and spontaneous metastases. Journal of Investigative 

Medicine, 44, 371.

Amason,B. (1995) The role of cytokines in multiple sclerosis. Neurology, 45, S54-S55.

Bacon, K. (1997) Chemokines and chemokine receptors: Therapeutic targets in

inflammation. Drug News and Prospectives, 10,133-143.

Baggiolini, M. and Dahinden, C.A. (1994) CC chemokines in allergic inflammation. 

Immunology Today, 15,127-133.

Baggiolini, M., Dewald, B. and Moser, B. (1994) Interleukin-8 and related chemotactic 

cytokines- CXC and CC chemokines. Advances in Immunology, 55, 97-179.

Baggiolini, M. (1998) Chemokines and leukocyte trafficking. Nature, 392, 565-568.

Bama, B.P., Pettay, J., Barnett, G.H., Zhou, P., Iwasaki, K. and Estes, M.L. (1994) 

Regulation of monocyte chemoattractant protein-1 expression in adult human non

neoplastic astrocytes is sensitive to tumor necrosis factor (TNF) or antibody to the 

55kDa TNF receptor. Journal of Neuroimmunology, 50,101-107.

171



Barnes, D.A., Huston, M., Holmes, R., Beneviste, E.N., Yong, V.W., Scholz, P. and 

Perez, H.D. (1996) Induction of RANTES expression by astrocytes and 

astrocytoma cell lines. Journal of Neuroimmunology, 71, 207-214.

Barten, D.M. and Ruddle, N.H. (1994) Vascular cell adhesion molecule-1 modulation by 

tumor necrosis factor-a in multiple sclerosis. Journal of Neuroimmunology, 51, 

123-133.

Bauer, J., Wekerle, H. and Lassmann, H. (1995) Apoptosis in brain-specific autoimmune 

diseases. Current Opinions in Immunology, 7, 839-843.

Bazan, J.F., Bacon, K.B., Hardiman, G., Wang, W., Soo, K., Rossi, D., Greaves, D.R., 

Zlotnik, A. and Schall, T.J. (1997) A new class of membrane-bound chemokine 

with a CX3C motif. Nature, 385, 640-644.

Begolka, W.S., Vanderlugt, C.L., Rahbe, S.M. and Miller, S.D. (1998) Differential 

expression of inflammatory cytokines parallels progression of central nervous 

system pathology in two clinically distinct models of multiple sclerosis. Journal of 

Immunology, 161, 4437-4446.

Bell, M.D. and Perry, V.H. (1995) Adhesion molecule expression on murine cerebral 

endothelium following the injection of a proinflammagen or during acute neuronal 

degeneration. Journal of Neurocytology, 24, 695-710.

Beneviste, E.N., Sparacio, S.M. and Bethea, J.R. (1989) Tumor necrosis factor-a 

enhances interferon-y-mediated class II antigen expression on astrocytes. Journal 

of Neuroimmunology, 25, 209-219.

Bennetts, B.H., Teutsch, S.M., Buhler, M.M., Heard, R.N.S. and Stewart, G.J. (1997) 

The CCR5 deletion mutation fails to protect against multiple sclerosis. Human 

Immunology, 58, 52-59.

172



Berger, T., Weerth, S., Kojima, K., Linington, C., Wekerle, H. and Lassmann, H. (1997) 

Experimental autoimmune encephalomyelitis: the antigen specificity of T- 

lymphocytes determines the topography of lesions in the central and peripheral 

nervous system. Laboratory Investigation, 76, 355-364.

Berman, J.W., Pettay, J., Barnett, G.H., Zhou, P., Iwasaki, K. and Estes, M.L. (1996) 

Localisation of monocyte chemoattractant peptide-1 expression in the central 

nervous system in experimental autoimmune encephalomyelitis and trauma in the 

rat. Journal of Immunology, 156,3017-3023.

Bemardini, G., Hedrick, J., Sozzani, S., Luini, W., Spinetti, G., Weiss, M., Menon, S., 

Zlotnik, A., Mantovani, A., Santoni, A. and Napolitano, M. (1998) Identification 

of the CC chemokines TARC and macrophage inflammatory protein-lp as novel 

functional ligands for the CCR8 receptor. European Journal of Immunology, 28, 

582-588.

Bertrams, J., Kuwert, E. and Liedtke, U. (1972) HLA antigens and multiple sclerosis. 

Tissue Antigens, 2,405-408.

Bevilacqua, M.P. and Nelson, R.M. (1993) Selectins. Journal of Clinical Investigation, 

91, 379-387.

Biddison, W.E., Taub, D.D., Cruikshank, W.W., Center, D.M., Connor, E.W. and Honma, 

K. (1997) Chemokine and matrix metalloproteinase secretion by myelin 

proteolipid protein-specific CD8+ T cells. Journal of Immunology, 158, 3046- 

3053.

Billiau, A. (1995) Interferons in multiple sclerosis: warning from experiences. 

Neurology, 45, S50-53.

173



Birch, M.K., Barbosa, S., Blumhardt, L.D., O’Brien, C., Harding, S.P. (1996) Retinal 

venous sheathing and the blood-retinal barrier in multiple sclerosis. Archives of  

Ophthalmology, 114, 34-39.

Bleul, C.C., Farzan, M., Choe, H., Parolin, C., Clark-Lewis, I., Sodroski, J. and Springer, 

T.A. (1996) The lymphocyte chemoattractant SDF-1 is a ligand for LESTR/fusin 

and blocks HIV entry. Nature, 382, 829-832.

Bleul, C.C., Wu, L., Hoxie, J.A., Springer, T.A. and MacKay, C.R. (1997) The HIV 

coreceptors CXCR4 and CCR5 are differentially expressed and regulated on 

human T lymphocytes. Proceedings of the National Academy of Sciences of the 

United States of America, 94,1925-1930.

Bo, L., Mork, S., Kong, P.A., Nyland, H., Pardo, C.A. and Trapp, B.D. (1994) 

Detection of MHC class II antigens on macrophages and microglia, but not on 

astrocytes and endothelia in active multiple sclerosis lesions. Journal of

Neuroimmunology, 51, 135-146.

Bogdan, C., Paik, J., Vodovotz, Y. and Nathan, C. (1992) Contrasting mechanisms for 

suppression of macrophage cytokine release by transforming growth factor-p and 

interleukin-10. Journal of Biological Chemistry, 267,23301-23308.

Bokoch, G.M. (1995) Chemoattractant signalling and leukocyte activation. Blood, 86, 

1649-1660.

Bonecchi, R., Bianchi, G., Bordignon, R.P., D’Ambrosio, D., Lang, R., Borsatti, A., 

Sozzani, S., Allavena, P., Gray, P.A., Mantovani, A. and Sinigalia, F. (1998) 

Differential expression of chemokine receptors and chemotactic responsiveness of  

type 1 T helper cells (This) and Th2s. Journal of Experimental Medicine, 187, 

129-134.

174



Boyle, E.A. and McGeer, P.L. (1990) Cellular immune response in multiple sclerosis 

plaques. American Journal of Pathology, 137,575-584.

Boyum, A. (1968) Isolation of mononuclear cells and granulocytes from human blood. 

Scandanavian Journal of Clinical and Laboratory Investigations, 21, S97, 77.

Bradl, M. and Linington, C. (1996) Animal models of demyelination. Brain Pathology, 6, 

303-311.

Brandtzaeg, P., Halstensen, T.S., Kett, K., Krajci, P., Kvale, D., Rognum, T.O., Scott, H. 

and Sollid, L.M. (1989) Immunobiology and immunopathology of human gut 

mucosa- humoral immunity and intraepithelial lymphocytes. Gastroenterology, 97, 

1562-1584.

Brosnan, C.F., Cannella, B., Battistini, L. and Raine, C.S. (1995) Cytokine localisation in 

multiple sclerosis lesions: localisation with adhesion molecule expression and 

reactive nitrogen species. Neurology, 45, S16-S21.

Brosnan, C.F. and Raine, C.S. (1996) Mechanisms of immune injury in multiple sclerosis. 

Brain Pathology, 6, 243-257.

Bruck, W., Sommermeier, N., Bergmann, M., Zettl, U., Goebel, H.H., Kretzschmar, H.A. 

and Lassmann, H. (1996) Macrophages in multiple sclerosis. Immunobiology, 

195, 588-600.

Butcher, E.C. and Picker, L.J. (1996) Lymphocyte homing and homeostasis. Science, 

272, 60-66.

Calvo, C-F., Yoshimura, T., Gelman, M. and Mallat, M. (1996) Production o f monocyte 

chemoattractant protein-1 by rat brain macrophages. European Journal of 

Neuroscience, 8, 1725-1734.

175



Campbell, J.J., Foxman, E.F. and Butcher, E.C. (1997) Chemoattractant receptor cross 

talk as a regulatory mechanism in leukocyte adhesion and migration. European 

Journal of Immunology, 27,2571-2578.

Cannella, B. and Raine, C.S. (1995) The adhesion molecule and cytokine profile of 

multiple sclerosis lesions. American Journal of Physiology, 263, Cl-Cl 6.

Carr, M.W., Roth, S.J., Luther, E., Rose, S.S. and Springer, T.A. (1994) Monocyte 

chemoattractant protein-1 acts as a T-lymphocyte chemoattractant. Proceedings of 

the National Academy of Sciences of the United States of America, 91, 3652-3656.

Cavaillon, J.M. (1994) Cytokines and macrophages. Biomedical Pharmacotherapy, 48, 

445-453.

Choe, H., Farzan, M., Sun, Y., Sullivan, N., Rollins, B., Ponath, K.D., Wu, L.J., MacKay, 

C.R., LaRosa, G., Newman, W., Gerard, N., Gerard, C. and Sodroski, J. (1996) 

The P-chemokine receptors CCR3 and CCR5 facilitate infection by primary HIV-1 

isolates. Cell, 85,1135-1148.

Cocchi, F., DeVico, A.L., Garzino-Demo, A., Arya, S., Gallo, R.C. and Lusso, P. (1996) 

Identification of RANTES, MIP-1 alpha and MIP-lbeta as the major HIV 

suppressive factors produced by CD8+ T cells. Science, 270,1811-1815.

Collin, P., Pirttila, T., Nurmikko, T., Somer, H., Erila, T. and Keyrilainen, O. (1991) 

Coeliac disease, brain atrophy and dementia. Neurology, 41, 372-375.

Combadiere, C., Ahuja, S.K., Tiffany, A.L. and Murphy, P.M. (1996) Cloning and 

functional expression of CC CKR5, a human monocyte CC chemokine receptor 

selective for MIP-1 a, MIP-1 p and RANTES. Journal of Leukocyte Biology, 60, 

147-152.

176



Compston, A., Scolding, N., Wren, D. and Noble, M. (1991) The pathogenesis of 

demyelinating disease: insights from cell biology. Trends in Neuroscience, 14, 

175-182.

Cooke, W.T. (1976) in Handbook of clinical neurology (metabolic and deficiency 

diseases of the nervous system, part II). Amsterdam: North-Holland Publishing 

Company. Neurological manifestations of malabsorption, vol. 28. 225-241.

Cornell, H.J. and Mothes, T. (1993) The activity of wheat gliadin peptides in in vitro 

assays for coeliac disease. Biochemica et Biophysica Acta, 1181,169-173.

Cornell, H.J. (1996) Coeliac disease: A review of the causative agents and their possible 

mechanisms of action. Amino Acids, 10, 1-19.

Cosby, S.L. and Brankin, B. (1995) Measles virus infection of cerebral endothelial cells 

and effect on their adhesive properties. Veterinary Microbiology, 44,135-139.

Crespo, P., Xu, N., Simonds, W.F. and Gutkind, J.S. (1994) Ras-dependent activation of 

MAP-kinase pathway mediated by G-protein py subunits. Nature, 369, 418-420.

Cross, A.K. and Woodroofe, M.N. (1999) Chemokines induce migration and changes in 

actin polymerisation in adult rat microglia and a human foetal cell line in vitro. 

Journal of Neuroscience Research, 55, 17-23.

Cuzner, M.L., Hayes, G.M., Newcombe, J. and Woodroofe, M.N. (1988) The nature of 

inflammatory components during demyelination in multiple sclerosis. Journal of  

Neuroimmunology, 20, 203-209.

Cuzner, M.L., Gveris, D., Strand, C., Loughlin, A.J., Paeman, L., Opdenakker, G. and 

Newcombe, J. (1996) The expression of tissue type plasminogen activator, matrix 

metalloproteinases and endogenous inhibitors in the central nervous system in

177



multiple sclerosis: Comparison of stages in lesion evolution. Journal of

Neuropathology and Experimental Neurology, 55, 1194-1204.

Czlonkowska, A., Korlak, J. and Iwinska, B. (1986) Subacute sclerosing 

panencephalomyelitis and progressive multiple sclerosis: T-cell subsets in blood 

and CSF. Neurology, 36, 992-993.

del Pozo, M.A., Cabanas, C., Montoya, M.C., Ager, A., Sanchez-Mateos, P., and 

Sanchez-Madrid, F. (1997) ICAMs redistributed by chemokines to cellular 

uropods as a mechanism for recruitment of T lymphocytes. Journal of Cell 

Biology, 137,493-508.

del Rio-Hortega, P. (1932) in Cytology and cellular pathology of the nervous system Vol. 

2. Ed. WPenfield. Hafiier Publishing Company, New York. Microglia. 481-534.

Deng, H.K., Liu, R., Ellimeier, W., Choe, S., Unutmaz, D., Burichart, M., DiMarzio, P., 

Marmon, S., Sutton, R.E., Hill, C.M., Davis, C.B., Peiper, S.C., Schall, T.J., 

Littman, D.R. and Landau, N.R. (1996) Identification of a major co-receptor for 

primary isolates of HIV-1. Nature, 381, 667-673.

Dieterich, W., Volta, U., Donner, P., Riecken, E.O. and Schuppan, D. (1997) 

Identification of the autoantigen in coeliac disease. Gastroenterology, 112, A359.

Dinarello, C.A. (1989) Interleukin-1 and its biological related cytokines. Advances in 

Immunology, 44, 153-203.

Doe, W.F., Booth, C.C. and Brown, D.L. (1973) Evidence for complement-binding 

immune complexes in adult coeliac disease, Crohn’s disease and ulcerative coilitis. 

Lancet, 1,402-403.

Doherty, P.C. (1985) T-cells and viral infections. British Medical Bulletin, 41, 7-14.

178



Dorig, R.E., Marcil, A., Chopra, A. and Richardson, C.D. (1993) The human CD46 

molecule is a receptor for measles virus (Edmonson strain). Cell, 75,295-305.

Dragic, T., Litwin, V., Allaway, G.P., Martin, S.R., Huang, Y.X., Nagashima, K.A., 

Cayanan, C., Maddon, P.J., Koup, R.A., Moore, J.P. and Paxton, W.A. (1996) 

HIV-1 entry into CD4+ cells is mediated by the chemokine receptor CC-CKR-5. 

Nature, 381, 667-673.

Ebers, G.C. (1996) Genetic epidemiology of multiple sclerosis. Current Opinions in 

Neurology, 9,155-158.

Eng, L.F., Ghimikar, R.S. and Lee, Y.L. (1996) Inflammation in EAE: role of 

chemokine/cytokine expression by resident and infiltrating cells. Neurochemical 

Research, 21, 511-525.

England, M.A. and Wakely, J. (1991) in A colour atlas of the brain and spinal cord. 

Wolfe Publishing Ltd. Structural features of the central nervous system. 10-171.

Esiri, M.M. and Reading, M.C. (1987) Macrophage populations associated with multiple 

sclerosis plaques. Neuropathology and Applied Neurobiology, 13, 237.

Esiri, M.M., Reading, M.C., Squier, M.V. and Hughes, J.T. (1989) Immunocytochemical 

characterisation of the macrophage and lymphocyte infiltrate in the brain in six 

cases of human encephalitis of varied aetiology. Neuropathology and Applied 

Neurobiology, 15, 289-305.

Falchuk, Z.M. and Strober, W. (1974) Gluten-sensitive enteropathy: synthesis of anti- 

gliadin antibody in vitro. Gut, 15,947-952.

Farber, J.M. (1990) A macrophage mRNA selectively induced by y-interferon encodes a 

member o f the platelet factor 4 family of cytokines. Proceedings o f the National 

Academy of Sciences of the United States of America, 87, 5238-5242.

179



Farber, J.M. (1993) HuMig: A new human member o f the chemokine family of

cytokines. Biochemical and Biophysical Research Communications, 192, 223-228.

Feng, Y., Broder, C.C., Kennedy, P.E. and Berger, E.A. (1996) HIV-1 entry cofactor: 

Functional cDNA cloning of a seven-transmembrane, G-protein-coupled receptor. 

Science, 272, 872-877.

Fiorentino, D.F., Zlotnik, A., Vieira, P., Mosmann, T.R., Howard, M., Moore, K.W. and 

Ogarra, A. (1991) IL-10 acts on the antigen-presenting cell to inhibit cytokine 

production by Thl cells. Journal of Immunology, 146,3444-3451.

Fiorentino, D.F., Zlotnik, A., Mossmann, T.R., Howard, M. and Ogarra, A. (1991) IL-10 

inhibits cytokine production by activated macrophages. Journal of Immunology, 

147, 3815-3822.

Fitch, F.W., McKisick, M.D., Lancki, D.W. and Gajewski, T.F. (1993) Differential 

regulation of murine T-lymphocyte subsets. Annual Review of Immunology, 11, 

29-48.

Fontana, A., Freiz, W. and Werkerle, H. (1984) Astrocytes present myelin basic protein 

to encephalitogenic T-cell lines. Nature, 307, 273-276.

Frei, K., Bodmer, S., Schwerdel, C. and Fontana, A. (1985) Astrocytes o f the brain 

synthesise interleukin 3-like factors. Journal of Immunology, 135, 4044-4047.

Freiz, W., Endler, B., Reske, K., Wekerle, H. and Fontana, A. (1985) Astrocytes as 

antigen-presenting cells. I. Induction of la antigen expression on astrocytes by T- 

cells via immune interferon and its effects on antigen presentation. Journal of  

Immunology, 134, 3785-3793.

Gamble, J.R. and Vadas, M.A. (1988) Endothelial adhesiveness for blood neutrophils is 

inhibited by transforming growth factor-p. Science, 242, 97-99.

180



Garcia-Zepeda, E.A., Combardiere, C., Rothenberg, M.E., Sarafi, M., Hamid, Q., 

Murphy, P.M. and Luster, A.D. (1996) Human monocyte chemoattractant protein 

(MCP)-4: a novel CC chemokine with activities on monocytes, eosinophils and 

basophils, induced in allergic and non-allergic inflammation, that signals through 

the CC chemokine receptors (CCR)-2 and -3. Journal of Immunology, 157, 5613- 

5626.

Ghimikar, R.S., Lee, Y.L., He, T.R. and Eng, L.F. (1996) Chemokine expression in rat 

stab brain wound injury. Journal of Neuroscience Research, 46, 727-733.

Gijbels, K., Brocke, S., Adams, J.S. and Steinman, L. (1995) Antibodies to IL-6 reduces 

experimental autoimmune encephalomyelitis and is associated with elevated levels 

of IL-6 bioactivity in central nervous system and circulation. Journal of Molecular 

Medicine, 1, 795-805.

Gillitzer, R., Wolff, K., Tong, D., Muller, C., Yoshimura, T., Hartmann, A.A., Stingl, G. 

and Berger, R. (1993) MCP-1 mRNA expression in basal keratinocytes of 

psoriatic lesions. Journal o f Investigative Dermatology, 101, 127-131.

Giovannoni, G. and Hartung, H.P. (1996) The immunopathogenesis of multiple sclerosis 

and Guillain-Barre syndrome. Current Opinions in Neurology, 9, 165-177.

Giulian, D., Li, J., Leara, B. and Keenen, C. (1994) Phagocytic microglia release 

cytokines and cytotoxins that regulate the survival of astrocytes and neurons in 

culture. Neurochemistry International, 25, 227-233.

Glabinski, A.R., Balasingham, V., Tani, M., Kunkel, S.L., Strieter, R.M., Yong, V.W. and 

Ransohoff, R.M. (1996) Chemokine monocyte chemoattractant protein-1 is 

expressed by astrocytes after mechanical injury to the brain. Journal of 

Immunology, 156, 4363-4368.

181



Glabinski, A., Tani, M., Streiter, R., Tuohy, V. and Ransohoff, R.M. (1997) 

Synchronous synthesis of alpha- and beta-chemokines by cells of diverse lineage in 

the central nervous system of mice with relapses of chronic experimental 

autoimmune encephalomyelitis. American Journal of Pathology, 150,617-630.

Godiska, R., Chantry, D., Dietsch, G.N. and Gray, P.W. (1995) Chemokine expression in 

murine experimental allergic encephalomyelitis. Journal of Neuroimmunology, 58, 

167-176.

Goetzl, E., Banda, M. and Leppert, D. (1996) Matrix metalloproteinases in immunity. 

Journal of Immunology, 156,1-4.

Gogate, N., Swoveland, P., Yamabe, T., Verma, L., Woyciechowska, J., Tamowska- 

Dziduszko, E., Dymecki, J. and Dhib-Jalbut, S. (1996) Major histocompatibility 

complex class I expression on neurons in subacute sclerosing panencephalomyelitis 

and experimental subacute measles encephalomyelitis. Journal of Neuropathology 

and Experimental Neurology, 55,435-443.

Gold, R., Hartung, H-P. and Lassmann, H. (1997) T-cell apoptosis in autoimmune 

diseases: termination of inflammation in the nervous system and other sites with 

specialised immune-defence mechanisms. Trends in Neuroscience, 20, 399-404.

Gomez-Chiarri, M., Oritz, A., Gonzalez-Cuadrado, S., Seron, D., Emancipator, S.N., 

Hamilton, T.A., Barat, A., Plaza, J.J., Gonzalez, E. and Egido, J. (1996) 

Interferon-inducible protein-10 is highly expressed in rats with experimental 

nephrosis. American Journal of Pathology, 148,301-311.

Gong, J.H., Ratkay, L.G., Waterfield, J.D. and Clark-Lewis, P. (1997) An antagonist of  

MCP-1 inhibits arthritis in the MRL-lpr mouse model. Journal of Experimental 

Medicine, 186,131-137.

182



Greaves, D.R., Wang, W., Dairaghi, D.J., Dieu, M.C., de Saint-Vis, B., Franz-Bacon, K., 

Rossi, D., Caux, C., McClanahan, T., Gordon, S., Zlotnik, A. and Schall, T.J. 

(1997) CCR6, a CC chemokine receptor that interacts with macrophage 

inflammatory protein 3a and is highly expressed in human dendritic cells. Journal 

of Experimental Medicine, 186, 837-844.

Guilian, D., Woodward, J., Young, D.G., Krebs, J.F. and Lachman, L.B. (1988) 

Interleukin-1 injected into mammalian brain stimulates astrogliosis and 

neovascularisation. Journal of Neuroscience, 8, 2485-2490.

Hadjivassiliou, M., Gibson, A., Davies-Jones, G.A.B., Lobo, A.J., Stephenson, T.J. and 

Milford-Ward, A. (1996) Does cryptic gluten sensitivity play a part in 

neurological illness? Lancet, 347, 369-371.

Hadjivassiliou, M., Grunewald, R., Chaitopadhyay, A.K., Davies-Jones, G.A.B., Gibson,

A., Jarrat, J.A., Kandler, R.H., Lobo, A., Powell, T. and Smith, C.M.L. (1998) 

Clinical, radiological, neurophysiological, and neuropathological characterisations 

of gluten ataxia. Lancet, 352,1582-1585.

Halstensen, T.S. and Brandtzaeg, P. (1993) Activated T lymphocytes in the coeliac 

lesion: non-proliferative activation (CD25) of CD4+ a/p cells in the lamina propria 

but proliferation (Ki-67) of a/p and y/8 cells in the epithelium. European Journal 

of Immunology, 23, 505-510.

Hart, M.N. and Fabry, Z. (1995) CNS antigen presentation. Trends in Neuroscience, 18, 

475-481.

Hayashi, M., Luo, Y., Laning, J., Streiter, R.M. and Dorf, M.E. (1995) Production and 

function of monocyte chemoattractant protein-1 and other p-chemokines in murine 

glial cells. Journal of Neuroimmunology, 60,143-150.

183



Hayes, G.M., Woodroofe, M.N. and Cuzner, M.L. (1987) Microglia are the major cell 

type expressing MHC class II in human white matter. Journal of 

Neuroimmunology, 19, 177-189.

He, J., Chen, Y., Farzan, M., Choe, H., Ohagen, A., Gartner, S., Busciglio, J., Yang, X., 

Hofmann, W., Newman, W., Mackay, C.R., Sodroski, J. and Gabuzda, D. (1997) 

CCR3 and CCR5 are co-receptors for HIV-infection of microglia. Nature, 385, 

645-649.

Hickey, W.F. and Gonatas, N.K. (1984) Suppressor T-lymphocytes in the spinal cord of 

Lewis rats recovered from acute experimental allergic encephalomyelitis. Cellular 

Immunology, 85,284-288.

Hohol, M.J., Orav, E.J. and Weiner, H.L. (1995) Disease steps in multiple sclerosis. 

Neurology, 45, 251-255.

Hohlfeld, R., Meinl, E., Weber, F., Zipp, F., Schmidt, S., Sotigiu, S., Goebels, N., Voltz, 

R., Spuler, S., Iglesias, A. and Wekerle, H. (1995) The role of autoimmune T 

lymphocytes in the pathogenesis of multiple sclerosis. Neurology, 45, S33-S38.

Holme, K., Maki, M., Savilahti, E., Lipsanen, V., Laippala, P. and Koskimies, S. (1992) 

Intraepithelial y8 T-cell-receptor lymphocytes and genetic susceptibility to coeliac 

disease. Lancet, 339, 1500-1503.

Horuk, R., Chitnis, C.E., Darbonne, W.C., Colby, T.J., Rybicki, A., Hadley, T.J. and 

Miller, L.H. (1993) A receptor for the malarial parasite plasmodium-vivax, the 

erythrocyte receptor. Science, 261,1182-1184.

Horuk, R. and Peiper, S.C. (1996) Chemokines: molecular double agents. Current 

Biology, 6, 1581-1582.

184



Horuk, R., Martin, A.W., Wang, Z-X., Schweitzer, L., Gerassimides, A., Guo, H., Lu, Z- 

H., Hesselgesser, J., Perez, H.D., Kim, J., Parker, J., Hadley, T.D. and Peiper, S.C. 

(1997) Expression of chemokine receptors by subsets of neurons in the central 

nervous system. Journal of Immunology, 158, 2882-2890.

Horwitz, M.S., Evans, C.F., McGavem, D.B., Rodriguez, M. and Oldstone, M.B.A. 

(1997) Primary demyelination in transgenic mice expressing interferon-y. Nature 

Medicine, 3, 1037-1041.

Huitinga, I., van Rooijen, N., de Groot, C.J.A., Uitdehaag, B.M.J. and Dijkstra, C.D. 

(1990) Suppression of experimental allergic encephalomyelitis in Lewis rats after 

elimination of macrophages. Journal of Experimental Medicine, 172,1025-1033. 

Huitinga, I., Ruuls, S.R., Jung, S., van Rooijen, N., Hartung, H.P. and Dijkstra, C.D.

(1995) Macrophages in T cell-mediated, demyelinating, and chronic relapsing 

experimental autoimmune encephalomyelitis in Lewis rats. Clinical Experimental 

Immunology, 100, 344-351.

Hulkower, K., Brosnan, C.F., Aquino, D.A., Cammer, W., Kulshrestha, S., Guida, M.P., 

Rapport, D.A. and Berman, J.W. (1993) Expression of CSF-1, c-fins, and MCP-1 

in the central nervous system of rats with experimental allergic encephalomyelitis. 

Journal of Immunology, 150, 2525-2533.

Hurwitz, A.A., Lyman, W.D., Guida, M.P., Calderon, T.M., Berman, J.W. (1992) TNF- 

a  induces adhesion molecule expression on human fetal astrocytes. Journal of 

Experimental Medicine, 176, 1631-1636.

Hvas, J. and Bernard, C.C.A. (1998) Molecular detection and quantitation o f the 

chemokine RANTES mRNA in neurological brain. APMIS, 106, 598-604.

185



Hynes, R.O. (1992) Integrin: versatility, modulation, and signalling in cell adhesion. Cell, 

69,11-25.

Issazadeh, S., Mustafa, M., Ljungdahl, A., Hojeberg, B., Dagerlind, A., Elde, R. and 

Olsson, T. (1995) Interferon-y, interleukin-4 and transforming growth factor p in 

experimental allergic encephalomyelitis in Lewis rats; dynamics of cellular mRNA 

expression in the central nervous system and lymphoid cells. Journal of 

Neuroscience Research, 40, 579-590.

Jiang, Y.L., Beller, D.I., Frendl, G. and Graves, D.T. (1992) Monocyte chemoattractant 

protein-1 regulates adhesion molecule expression and cytokine production in 

human monocytes. Journal of Immunology, 148, 2423-2428.

Johns, L.D., Flanders, K.C., Rahnes, G.E. and Sriram, S. (1991) Successful treatment of 

experimental allergic encephalomyelitis by transforming growth factor P-l. Journal 

of Immunology, 147,1792-1796.

Kajiwara, K., Ito, H. and Fukumoto, T. (1990) Lymphocyte infiltration into normal rat 

brain following hyperosmotic blood-brain barrier opening. Journal of 

Neuroimmunology, 27,133-140.

Kameyoshi, Y., Dorschner, A., Mallet, A., Christophers, E. and Schroder, J. (1992) 

Cytokine RANTES released by thrombin-stimulated platelets is a potent attractant 

for human eosinophils. Journal of Immunology, 176, 587-592.

Kaplan, G., Luster, A.D., Hancock, G. and Cohn, Z.A. (1987) The expression of a y 

interferon-induced protein (IP-10) in delayed immune responses in human skin. 

Journal of Experimental Medicine, 166,1098-1108.

Karpus, W.J., Lukacs, N.W., McRae, B.L., Strieter, R.M., Kunkel, S.L. and Miller, S.D.

(1995) An important role for the chemokine macrophage inflammatory protein-1

186



alpha in the pathogenesis of the T-cell mediated autoimmune-disease experimental 

allergic encephalomyelitis. Journal of Immunology, 155,5003-5010.

Kelleher, D., Whelan, C.A. and Weir, D.G. (1984) Lymphocyte-T subsets in chronic 

inflammatory bowel disease- analysis with monoclonal antibodies. Irish Journal of 

Medical Sciences, 153, 360.

Kelly, C.P., Feighery, C.F., Gallagher, R.B. and Weir, D.G. (1990) Diagnosis and 

treatment of gluten-sensitivity enteropathy. Advances in Intestinal Medicine, 35, 

341-364.

Kelner, G.S., Kennedy, J., Bacon, K.B., Kleyensteuber, S., Largaespada, D.A., Jenkins, 

N.A., Copeland, N.G., Brazan, J.F., Moore, K.W. and Zlotnik, A. (1994) 

Lymphotactin: a cytokine that represents a new class of chemokine. Science, 266, 

1395-1399.

Kennedy, M.K., Torrance, D.S., Picha, K.S., and Mohler, K.M. (1992) Analysis of 

cytokine mRNA expression in the central nervous system o f mice with 

experimental autoimmune encephalomyelitis reveals that IL-10 mRNA expression 

correlates with recovery. Journal of Immunology, 149, 2496-2505.

Kennedy, J., Kelner, G.S., Kleynesteuber, S., Schall, T.J., Weiss, M.C., Yssel, H., 

Schneider, P.V., Cocks, B.G., Bacon, K.A. and Zlotnik, A. (1995) Molecular 

cloning and functional characterisation of human lymphotactin. Journal of 

Immunology, 155, 203-209.

Kling, J. (1997) Peptide, oligonucleotide synthesis: key in molecular studies. Scientist, 

11, 16-17.

187



Knall, C., Young, S., Nick, J.A., Buhl, A.M., Worthen, G.S. and Johnson, G.L. (1996) 

Interleukin-8 regulation of the Ras/Raf7mitogen-activated protein kinase pathway 

in human neutrophils. Journal of Biological Chemistry, 271, 2832-2838.

Koch, A.E., Kunkel, S.L., Pearce, W.H., Shah, M.R., Parikh, D., Evanofif, H.L., Haines, 

G.K., Burdick, M.D. and Streiter, R.M. (1993) Enhanced production of the 

chemotactic cytokines interleukin-8 and monocyte chemoattractant protein-1 in 

human aortic aneurysms. American Journal of Pathology, 142, 1423-1431.

Kojima, K., Berger, T., Lassmann, H., Hinze-Selch, D., Zhang, Y., Germann, J., Reske, 

K., Wekerle, H. and Linington, C. (1994) Experimental autoimmune 

panencephalitis and uveoretinitis transferred to the Lewis rat by T-lymphocytes 

specific for the SlOOp molecule, a calcium binding protein of astroglia. Journal of 

Experimental Medicine, 180, 817-829.

Kreth, H.W., Dunker, R., Rodt, M. and Meyermann, R. (1982) Immunohistochemical 

identification of T-lymphocytes in the central nervous system of patients with 

multiple sclerosis and subacute sclerosing encephalomyelitis. Journal of  

Neuroimmunology, 2,177-183.

Kroemer, G. and Wick, G. (1989) The role of interleukin-2 in autoimmunity. 

Immunology Today, 10, 246-251.

Kuna, P., Reddigara, S.R., Schall, T.J., Rucinski, D., Sadick, M. and Kaplan, A.P. (1993) 

Characterisation of the human basophil responses to cytokines, growth factors, and 

histamine releasing factors of the intercrine/chemokine family. Journal of  

Immunology, 150,1932-1943.

Laemmli, U.K. (1970) Western Blotting. Nature, 227, 680-688.

188



Lassmann, H., Schmied, M., Vass, K. and Hickey, W.F. (1993) Bone marrow-derived 

elements and resident microglia in brain inflammation. Glia, 7,19-24.

Lassmann, H., Raine, C.S., Antel, J. and Prineas, J.W. (1998) Immunopathology of 

multiple sclerosis: Report on an international meeting held at the Institute of 

Neurology of the University of Vienna. Journal of Neuroimmunology, 86, 213- 

217.

Lee, S.C., Liu, W., Dickson, D.W., Brosnan, C.F. and Berman, J.W. (1993) Cytokine 

production by human fetal astrocytes. Journal of Neuroimmunology, 150, 2659- 

2667.

Lee, S.C., Dickson, D.W. and Brosnan, C. (1997) Interleukin-1, nitric oxide and reactive 

astrocytes. Brain Behaviour and Immunity, 9, 345-354.

Lee, H-H. and Farber, J.M. (1996) Localisation of the gene for the human MIG cytokine 

on chromosome 4q21 adjacent to IP 10 reveals a chemokine “mini-cluster”. 

Cytogenetics and Cell Genetics, 74, 225-231.

Li, H., Newcombe, J. and Cuzner, M.L. (1993) Characterisation and distribution of 

phagocytic macrophages in multiple sclerosis plaques. Neuropathology and 

Applied Neurobiology, 19, 214-223.

Liao, F., Rabin, R., Yannelh, J., Koniaris, L., Vanguri, P. and Farber, J. (1995) Human 

Mig chemokine: Biochemical and functional characterisation. Journal o f  

Experimental Medicine, 182, 1301-1314.

Libert, F., Cochaux, P., Beckman, G., Samson, M., Aksenova, M., Cao, A., Czeizel, A., 

Claustres, M., de la Rua, C., Ferrari, M., Ferrec, C., Glover, G., Grinde, B., Guran, 

S., Kucinskas, V., Lavinha, J., Mercier, B., Ogur, G., Peltonen, L., Rosatelli, C., 

Schwartz, M., Spitsyn, V., Timar, L., Beckman, L., Parmentier, M. and Vassart,

189



G. (1998) The ACCR5 mutation conferring protection against HIV-1 in Caucasian 

populations has a single and recent origin in North Eastern Europe. Human 

Molecular Genetics, 7, 399-406.

Liszewski, M.K., Post, T.W. and Atkinson, J.P. (1991) Membrane cofactor protein 

(MCP or CD46): newest member of the regulators of complement activation gene 

cluster. Annual Review of Immunology, 9,431-455.

Lloyd, A.R., Oppenheim, J.J., Kelvin, D.J. and Taub, D.D. (1996) Chemokines regulate 

T-cell adherence to recombinant adhesion molecules and extracellular matrix 

proteins. Journal of Immunology, 156,932-938.

Lodi, P.J., Garrett, D.S., Kuszewski, J., Tsang, M.L-S., Weatherbee, J.A., Leonard, W.J., 

Gronenberg, A.M. and Clore, G.M. (1994) High-resolution solution structure of 

the beta-chemokine hMIP-l-beta by multidimensional NMR. Science, 263, 1762- 

1767.

Loetscher, P., Seitz, M., Clark-Lewis, I., Baggiolini, M. and Moser, B. (1994) Monocyte 

chemotactic proteins MCP-1, MCP-2, and MCP-3 are major attractants for human 

CD4+ and CD8+ T-lymphocytes. FASEB Journal, 8,1055-1060.

Loetscher, M., Gerber, B., Loetscher, P., Jones, S., Piali, L., Clark-Lewis, I., Baggiolini, 

M. and Moser, B. (1996a) Chemokine receptor specific for IP-10 and Mig: 

Structure, function and expression in activated T-lymphocytes. Journal of  

Experimental Medicine, 184, 963-969.

Loetscher, P., Seitz, M., Baggiolini, M. and Moser, B. (1996b) Interleukin-2 regulates 

CC receptor expression and chemotactic responsiveness in T-lymphocytes. Journal 

of Experimental Medicine, 184, 569-578.

190



Lorentzen, J.C., Issazadeh, S., Storch, M., Mustafa, M.I., Lassmann, H., Linington, C., 

Klareskog, L., Olsson, T. (1995) Protracted, relapsing and demyelinating 

experimental autoimmune encephalomyelitis in DA rats immunised with syngeneic 

spinal cord and incomplete Freund’s adjuvant. Journal of Neuroimmunology, 63, 

17-27.

Loveland, B.E., Johnstone, R.W., Russel, S.M., Thorley, B.R. and McKenzie, I.F.C.

(1993) Different membrane cofactor protein (CD46) isoforms protect transfected 

cells against antibody and complement mediated lysis. Transplant Immunology, 1, 

101-108.

Lublin, F.D., Knobler, R.L., Kalman, B., Goldhaber, M., Marini, J., Perrault, M., 

Dimperio, C., Joseph, J., Alkan, S.S. and Komgold, R. (1993) Monoclonal anti

gamma interferon antibodies enhance experimental allergic encephalomyelitis. 

Autoimmunity, 16, 267-274.

Lucas, K. and Hohlfeld, R. (1995) Differential aspects of cytokines in the 

immunopathology of multiple sclerosis. Neurology, 45, S4-S5.

Lucchinetti, C.F., Brack, W., Rodriguez, M. and Lassmann, H. (1996) Distinct patterns 

of multiple sclerosis pathology indicates heterogeneity in pathogenesis. Brain 

Pathology, 6,259-274.

Luster, A.D., Unkeless, J.C. and Ravetch, J.V. (1985) y-interferon transcriptionally 

regulates an early-response gene containing homology to platelet proteins. Nature, 

315, 672-676.

Mackay, C.R. (1993) Homing of naive, memory and effector lymphocytes. Current 

Opinions in Immunology, 5, 423-427.

191



Mackay, C.R. (1996) Chemokine receptors and T cell chemotaxis. Journal of 

Experimental Medicine, 184, 799-802.

Madara, J.L. and Stafford, J. (1989) Interferon-y directly affects barrier function of 

cultured intestinal epithelial monolayers. Journal of Clinical Investigation, 83, 724- 

727.

Makita, N., Bennet, P. and George, A.J. (1996) Molecular determinants of beta (1) 

subunit-induced gating modulation in voltage-dependent Na+ channels. Journal of  

Neuroscience, 16, 7117-7127.

Mantovani, A., Sozzani, S., Bottazzi, G., Peri, G., Sciacca, F.L., Locati, M. and Colotta, 

F. (1993) in The Chemokines. Eds. I.J. Lindley, J. Westwick and S, Kunkel. New 

York. Monocyte chemotactic protein-1 (MCP-1): signal transduction and 

involvement in the regulation of macrophage traffic in normal and neoplastic tissue. 

47-57.

Marfaing-Koka, A., Devergne, O., Gorgone, G., Portier, A., Schall, T., Galanaud, P. and 

Emilie, D. (1995) Regulation and production of the RANTES chemokine by 

endothelial cells. Synergistic induction by IFN-y and TNF-a, and inhibition by IL- 

4andIL-13. Journal of Immunology, 154,1870-1878.

Marrosu, M.G., Ennas, M.G., Murru, M.R., Marrosu, G., Cianchetti, C. and Manconi, 

P.E. (1983) Surface markers on lymphocytes from human cerebrospinal fluid: 

identification by monoclonal antibodies. Journal of Neuroimmunology, 5, 325- 

331.

McCombe, P.A., de Jersey, J. and Pender, M.P. (1994) Inflammatory cells, microglia and 

MHC class II antigen-positive cells in the spinal cord of Lewis rats with acute and

192



chronic relapsing experimental autoimmune encephalomyelitis. Journal of 

Neuroimmunology, 51,153-167.

McGhee, J.R., Mestecky, J., Elson, C.O. and Kiyono, H. (1989) Regulation of IgA 

synthesis and immune responses by T-cells and interleukins. Journal of Clinical 

Immunology, 9,175-199.

McManus, C., Berman, J.W., Brett, F.M., Staunton, H., Farrell, M. and Brosnan, C. 

(1998a) MCP-1, MCP-2 and MCP-3 expression in multiple sclerosis lesions: an 

immunohistochemical and in situ hybridisation study. Journal of 

Neuroimmunology, 86,20-29.

McManus, C.M., Brosnan, C.F. and Berman, J.W. (1998b) Cytokine induction of MIP- 

la  and MIP-1 p in human fetal microglia. Journal of Immunology, 160, 1449- 

1455.

Mehta, P.D., Kulczcki, J., Mehta, S.P., Coyle, P.K. and Wisniewski, H.M. (1997) 

Increased levels of interleukin-ip and soluble intercellular adhesion molecule-1 in 

cerebrospinal fluid of patients with subacute sclerosing panencephalitis. Journal of 

Infectious Diseases, 175, 689-692.

Merrill, J.E., Kono, D.H., Clayton, J., Ando, D.G., Hinton, D.R. and Hofinan, F.M. 

(1992) Inflammatory leukocytes and cytokines in the peptide-induced disease of 

experimental allergic encephalomyelitis in SJL and B10.PL mice. Proceedings of 

the National Academy of Sciences of the United States of America, 89, 574-578.

Minden, A., Lin, A., Claret, F.X., Abo, A. and Karin, M. (1995) Selective activation of  

the JNK signalling cascade and c-jun transcriptional activity by the small GTPases 

Rac and Cdc42Hs. Cell, 81,1147-1157.

193



Miyagishi, R., Kikuchi, S., Fukazawa, T. and Tashiro, K. (1995) Macrophage

inflammatory protein-la in the cerebrospinal fluid of patients with multiple

sclerosis and other neurological diseases. Journal of the Neurological Sciences, 

129, 223-227.

Miyagishi, R., Kikuchi, S., Takayama, C., Inoue, Y. and Tashiro, K. (1997) Identification 

of cell types producing RANTES, MIP-1 a  and MIP-1 p in rat experimental 

autoimmune encephalomyelitis by in situ hybridisation. Journal of

Neuroimmunology, 77, 17-26.

Mossman, T.R. and Coffman, R.L. (1989) ThI and Th2 cells. Different patterns of 

lymphokine secretion lead to different functional properties. Annual Review of 

Immunology, 7,145-173.

Muller, A.F., Donnelly, M.T., Smith, C.M.L., Grundman, M.J., Holmes, G.K.T. and 

Toghill, P.J. (1996) Neurological complications of coeliac disease- a rare but 

continuing problem. American Journal of Gastroenterology, 91, 1430-1435.

Muller-Ladner, U., Jones, J.L., Wetsel, R.A., Gay, S., Raine, C.S. and Bamum, S.R.

(1996) Enhanced expression of chemotactic receptors in multiple sclerosis lesions. 

Journal of the Neurological Sciences, 144,135-141.

Mumford, C.J., Wood, N.W., Kellar-Wood, H., Thorpe, J.W., Miller, D.H. and 

Compston, D.A.S. (1994) The British Isles survey of multiple sclerosis in twins. 

Annals of Neurology, 33, 281-285.

Murphy, G.M., Jia, X-C., Song, Y., Ong, E., Shrivastava, R., Bocchini, V., Lee, Y.L. and 

Eng, L.F. (1995) Macrophage inflammatory protein 1-a mRNA expression in an 

immortalised microglial cell line and cortical astrocyte cultures. Journal of 

Neuroscience Research, 40, 755-763.

194



Nagano, I., Nakamura, S., Yoshioka, M and Kogure, K. (1991) Immunocytochemical 

analysis of the cellular infiltrate in brain lesions in subacute sclerosing 

panencephalomyelitis. Neurology, 41,1639-1642.

Naniche, D., Varior-Krishnan, G., Cervoni, F., Wild, T.F., Rossi, B., Rabourdin-Combe, 

C. and Gerlier, D. (1993) Human membrane cofactor protein (CD46) acts as a 

cellular receptor for measles virus. Journal of Virology, 67, 6025-6032.

Neville, L.F., Abdullah, F., McDonnell, P.M., Young, P.R., Feuerstein, G.Z. and 

Rabinovici, R. (1995) mob-1 expression in IL-2-induced ARDS: regulation by 

TNF-a. American Journal of Physiology, 269, L884-L890.

Newcombe, J. and Cuzner, M.L. (1993) in How to run a Brain Bank. Eds. F.F. Cruz- 

Sanchez and E. Tolosa. Organisation and research applications of the U.K. 

Multiple Sclerosis Society Tissue Bank. Journal of Neural Transcripts (Suppl.), 

39,155-163.

Newton, R.C. and Vaddi, K. (1997) Biological responses to C-C chemokines. Methods 

in Enzymology, Chapter 12, vol. 287,174-186.

Nicoletti, F., Patti, F., Cocuzza, C., Zaccone, P., Nicoletti, I., Marco, R. and Reggio, A.

(1996) Elevated levels of serum IL-12 in chronic progressive multiple sclerosis. 

Journal of Neuroimmunology, 70, 87-90.

Nieto, M., Frade, J.M.R., Sancho, D., Mellado, M., Martinez, A, C. and Sanchez-Madrid,

F. (1997) Polarisation of chemokine receptors to the leading edge during 

lymphocyte chemotaxis. Journal of Experimental Medicine, 186, 153-158.

Nikcevich, K.M., Gordon, K.B., Tan, L., Hurst, S.D., Kroepfl, J.F., Gardinier, M., 

Barrett, T.A. and Miller, S.D. (1997) IFN-y-activated primary murine astrocytes

195



express B7 costimulatory molecules and prime naive antigen-specific T cells. 

Journal of Immunology, 158, 614-621.

Nilsen, E.M., Lundin, K.E.A., Krajci, P., Scott, H., Sollid, L.M. and Brandtzaeg, P. 

(1995) Gluten specific, HLA-DQ restricted T-cells from coeliac mucosa produce 

cytokine with a Thl or ThO profile dominated by interferon y. Gut, 37, 766-776.

Noe, K.H., Fisher, S.N., Dhib-Jalbut, S.S. and Shin, M.L. (1996) Induction of cytokine 

RANTES by virus in astrocytes. Journal of Neurochemistry (Suppl.), 66, S71D

Norrby, E. and Kristensson, K. (1997) Measles virus in the brain. Brain Research 

Bulletin, 44, 213-220.

Oberlin, E., Amara, A., Bachelerie, F., Bessia, C., Virelizier, J.L., Arenzana-Seisdedos, F., 

Schwartz, O., Heard, J.M., Clark-Lewis, I., Legler, D.F., Loetscher, M., 

Baggiolini, M. and Moser, B. (1996) The CXC chemokine SDF-1 is the ligand for 

LESTR/fusin and prevents infection by T-cell-line adapted HTV-1. Nature, 382, 

833-835.

Oehmichen, M. (1983) Inflammatory cells in the central nervous system. Progress in 

Neuropathology, 5, 277-335.

O’Garra, A. and Murphy, K. (1996) Role of cytokines in development of Thl and Th2 

cells. Chemical Immunology, 63,1-13.

Ogata, A., Czub, S., Ogata, S., Cosby, S.L., McQuaid, S., Budka, H., ter Meulen, V. and 

Schneider-Schaulies, J. (1997) Absence of measles virus receptor (CD46) in 

lesions of subacute sclerosing panencephalitis brains. Acta Neuropathology, 94, 

444-449.

Oksenberg, J.R., Seboun, E. and Hauser, S.L. (1996) Genetics of demyelinating diseases. 

Brain Pathology, 6, 289-302.

196



Oksenberg, J.R. and Hauser, S.L. (1997) New insights into the immunogenetics of  

multiple sclerosis. Current Opinions in Neurology, 10,181-185.

Olcese, R., Qin, N., Schneider, T., Neely, A., Wei, X.Y., Stefani, E. and Bimbaumer, L.

(1994) The amino terminus of a calcium-channel beta-subunit sets rates of channel 

inactivation independently of the subunit effects on activation. Neuron, 13, 1433- 

1438.

Olsson, T. (1995) Cytokine-producing cells in experimental autoimmune encephalomyelitis 

and multiple sclerosis. Neurology, 45 SI 1-S15.

Oppenheim, J.J., Zachariae, C.O.C., Mukaida, N. and Matsushima, K. (1991) Properties 

of the novel proinflammatory supergene “intercrine” family. Annual Review of 

Immunology, 9, 617-648.

Pan, Y., Lloyd, C., Zhou, H., Dolich, S., Deeds, J., Gonzalo, J.A., Vath, J., Gosselin, M., 

Ma, J., Dussault, B., Woolf, E., Alperin, G., Culpepper, J., Gutierrez-Ramos, J.C. 

and Gearing, D. (1997) Neurotactin, a membrane-anchored chemokine 

upregulated in brain inflammation. Nature, 387, 611-617.

Panitch, H.S., Hirsch, R.L., Haley, A.S. and Johnson, K.P. (1987) Exacerbations of 

multiple sclerosis in patients treated with IFN-y. Lancet, 1, 893-895.

Pardi, R., Inverardi, L. and Bender, J.R. (1992) Regulatory mechanisms in leukocyte 

adhesion- flexible receptors for sophisticated travellers. Immunology Today, 13, 

224-230.

Paty, D.W. and Li, D.K.B. (1993) Interferon-beta-lb is effective in relapsing-remitting 

multiple sclerosis. II. MRI analysis of a multicenter, randomised, double-blind, 

placebo-controlled trial. Neurology, 43, 662-667.

197



Paul, W.E. and Seder, RA. (1994) Lymphocyte responses and cytokines. Cell, 76, 241- 

251.

Picker, L.J. and Butcher, E.C. (1992) Physiological and molecular mechanisms of 

lymphocyte homing. Annual Review of Immunology, 10,561-591.

Pober, J.S., Lapierre, L.A., Stolpen, A.H., Brock, T.A., Springer, T.A., Fiers, W., 

Bevilacqua, M.P., Mendrick, D.L. and Gimbrone, M.A. (1987) Activation of 

cultured human endothelial cells by recombinant lymphotoxin: comparison with 

tumor necrosis factor and interleukin-1 species. Journal o f Immunology, 138, 

3319-3324.

Pober, J.S. (1988) Cytokine-mediated activation of vascular endothelium. American 

Journal of Pathology, 133, 1411-1423.

Ponath, P.D., Qin, S.X., Post, T.W., Wang, J., Wu, L., Gerard, N.P., Newman, W., 

Gerard, C. and Mackay, C.R. (1996) Molecular cloning and characterisation of 

the human eotaxin receptor expressed selectively on eosinophils. Journal of 

Experimental Medicine, 183,2437-2448.

Powell, M.B., Mitchell, D., Lederman, J., Buckmeier, J., Zamvil, S.S., Graham, M., 

Ruddle, N.H. and Steinman, L. (1990) Lymphotoxin and tumor necrosis factor- 

alpha production by myelin basic protein-specific T-cell clones correlates with 

encephalitogenicity. International Immunology, 2, 539-544.

Premack, B.A. and Schall, T.J. (1996) Chemokine receptors: Gateways to inflammation 

and infection. Nature Medicine, 2, 1174-1178.

Presidski, Y., Nottet, H.S.L.M., Sasseville, V.G., Epstein, L.G. and Gendleman, H.E. 

(1995) The development of animal models systems for HIV-1 encephalomyelitis 

and associated dementia. Journal of Neuro virology, 1, 229-243.

198



Prineas, J.W., Kwon, E.E., Stemberger, N.H. and Lennon, V.A. (1984) Continual 

breakdown of myelin-associated glycoprotein and myelin basic protein in actively 

demyelinating multiple sclerosis lesions. Journal of Neuroimmunology, 6, 251- 

264.

Probert, L., Akassoglou, K., Pasparakis, M., Kontogeorgos, G. and Kollias, G. (1995) 

Spontaneous inflammatory demyelinating disease in transgenic mice showing 

central nervous system-specific expression of tumor necrosis factor a. 

Proceedings of the National Academy of Sciences of the United States of America, 

92,11294-11298.

Probert, L., Akassoglou, K , Kassiotis, G., Pasparakis, M., Alexopoulou, L. and Kollias,

G. (1997) TNF-a transgenic and knockout models of CNS inflammation and 

degeneration. Journal of Neuroimmunology, 72, 137-141.

Proost, P., Wuyts, A. and Van Damme, J. (1996) Human monocyte chemotactic 

proteins-2 and -3: structural and functional comparison with MCP-1. Journal of 

Leukocyte Biology, 59, 67-74.

Qin, N., Olcesse, R., Zhou, J.M., Cabello, O.A., Bimbaumer, L. and Stefani, E. (1996) 

Identification of a second region of the beta-subunit involved in regulation of 

calcium channel inactivation. American Journal of Physiology and Cell Physiology, 

40, C1539-C1545.

Qin, S., Rottmen, J.B., Myers, P., Kassam, N., Weinblatt, M., Loetscher, M., Koch, A.E., 

Moser, B. and MacKay, C.R. (1998) The chemokine receptors CXCR3 and 

CCR5 mark subsets of T cells associated with certain inflammatory reactions. 

Journal of Clinical Investigation, 101, 746-754.

199



Racke, M.K., Bono mo, A., Scott, D.E., Cannella, B., Levine, A., Raine, C.S., Shevach, 

E.M. and Rocken, M. (1994) Cytokine-induced immune deviation as a therapy 

for inflammatory autoimmune disease. Journal of Experimental Medicine, 1961- 

1966.

Raine, C.S. (1995) Multiple sclerosis: TNF revisited, with a promise. Nature Medicine, 

1,211-214.

Raine, C.F. (1990) in Textbook of Neuropathology (second edition) Eds. R.L. Davis and

B. Robertson. Demyelinating disease. 535-620.

Randolph, G.J. and Furie, M.B. (1996) Mononuclear phagocytes egress from an in vitro 

model of the vascular wall by migrating across endothelium in the basal to apical 

direction: role of intracellular adhesion molecule 1 and the CD 11/CD 18 integrins. 

Journal of Experimental Medicine, 183, 451-462.

Ransohoff, R.M., Hamilton, T.A., Tani, M., Stoler, M., Shick, H.E., Major, J.A., Estes, 

M.L., Thomas, D.M. and Tuohy, V.K. (1993) Astrocyte expression of mRNA 

encoding IP-10 and JE/MCP-1 in experimental allergic encephalomyelitis. FASEB 

Journal, 7, 592-600.

Ransohoff, R.M., Glabinski, A. and Tani, M. (1996) Chemokines in immune-mediated 

inflammation of the central nervous system. Cytokine Growth Factor Reviews, 7, 

35-46.

Ransohoff, R.M. and Tani, M. (1998) Do chemokines mediate leukocyte recruitment in 

post-traumatic CNS inflammation? Trends in Neuroscience, 21,154-159.

Raport, C.J., Gosling, J., Schweickart, V.L., Gray, P.W. and Charo, I.F. (1996) 

Molecular cloning and functional characterisation of a novel human CC chemokine

200



receptor (CCR5) for RANTES, MIP-lp and MtP-la. Journal of Biological 

Chemistry, 271,17161-17166.

Renno, T., Lin, J.Y., Piccirillo, C., Antel, J. and Owens, T. (1994) Cytokine production 

by cells in cerebrospinal fluid during experimental allergic encephalomyelitis in 

SJL/J mice. Journal of Neuroimmunology, 49,1-7.

Rieckmann, P., Martin, S., Weichselbraun, I., Albrecht, M., Kitze, B., Weber, T., Tumani,

H., Brooks, A., Luer, W., Helwig, A. and Poser, S. (1994) Serial analysis of  

circulating adhesion molecules and TNF receptor in serum from patients with 

multiple sclerosis: sICAM-1 is an indicator for relapse. Neurology, 44, 2367- 

2372.

Rodriguez, M. and Scheithauer, B. (1994) Ultrastructure of multiple sclerosis. 

Ultrastructural Pathology, 18, 3-13.

Rodriguez, M., Pavelko, K. and Coffinan, R. (1995) Gamma interferon is critical for 

resistance to Theiler’s virus-induced demyelination. Journal of Virology, 69, 7286- 

7290.

Rollins, B.J. (1997) Chemokines. Blood, 90, 909-928.

Romagnani, S. (1994) Lymphokine production by human T-cells in disease states. 

Annual Review of Immunology, 12,227-257.

Rossi, D.L., Vicari, A.P., Franz-Bacon, K., McClanahan, T.K. and Zlotnik, A. (1997) 

Identification through bioinformatics of two new macrophage proinflammatory 

human chemokines MIP-3a and MIP-3p. Journal of Immunology, 158, 1033- 

1036.

201



Rot, A. (1993) Neutrophil attractant/activation protein-1 (interleukin-8) induces in vitro 

neutrophil migration by haptotactic mechanism. European Journal of Immunology, 

23, 303-306.

Rottman, J.B., Ganley, K.P., Williams, K., Lijun, W., MacKay, C.R. and Ringler, D.J.

(1997) Cellular localisation of the chemokine receptor CCR5: correlation to 

cellular targets of HIV infection. American Journal of Pathology, 151, 1341-1351.

Ruddle, N.H., Bergmann, C.M., McGrath, M.L., Lingenheld, E.G., Grunnet, M.L., 

Padula, S.J. and Clark, R.B. (1990) An antibody to lymphotoxin and tumor 

necrosis factor prevents experimental allergic encephalomyelitis. Journal of 

Experimental Medicine, 172,1193-1200.

Sallusto, F., Mackay, C.R. and Lanzavecchia, A. (1997) Selective expression of the 

eotaxin receptor CCR3 by human T helper 2 cells. Science, 277, 2005-2007.

Sallusto, F., Lenig, D., Mackay, C.R. and Lanzavecchia, A. (1998) Flexible programs of 

chemokine receptor expression on human polarised T helper 1 and 2 lymphocytes. 

Journal of Experimental Medicine, 187, 875-883.

Sarafi, M.N., Garcia-Zepeda, E.A., MacLean, J.A., Charo, I.F. and Luster, A.D. (1997) 

Murine monocyte chemoattractant protein (MCP)-5: a novel CC chemokine that is 

a structural and functional homologue of human MCP-1. Journal o f Experimental 

Medicine, 185, 99-109.

Sasseville, V.G., Smith, V.V., Mackay, C.R., Pauley, D.R., Heyes, M.P. and Lackner, 

A.A. (1996) Chemokine expression in simian immunodeficiency-induced AIDS 

encephalomyelitis. American Journal o f Pathology, 141, 1021-1030.

202



Savilhati, E., Arato, A. and Verkasalo, M. (1990) Intestinal gamma/delta bearing T 

lymphocytes in coeliac disease and inflammatory bowel diseases in children. 

Paediatric Research, 28, 579-581.

Schall, T.J., Jongstra, J., Dyer, B.J., Jorgensen, J., Clayberger, C., Davis, M.M. and 

Krensky, A.M. (1988) A human T-cell specific molecule is a member of a new 

gene family. Journal of Immunology, 141,1018-1025.

Schall, T.J., Bacon, K., Toy, K.J. and Goeddel, D.V. (1990) Selective attraction of 

monocytes and T-lymphocytes of the memory phenotype by cytokine RANTES. 

Nature, 347, 669-671.

Schall, T.J. (1991) Biology of the RANTES/sis cytokine family. Cytokine, 3,165-170.

Schall, T.J., Bacon, K., Camp, R.D., Kaspari, J.W. and Goeddel, D.V. (1993) Human, 

macrophage inflammatory protein a  (MIP-lcc) and MIP-ip chemokines attract 

distinct populations of lymphocytes. Journal of Experimental Medicine, 177, 

1821-1826.

Schall, T.J. and Bacon, K.B. (1994) Chemokines, leukocyte trafficking and inflammation. 

Current Opinion in Immunology, 6, 865-873.

Schmied, M., Breitschopf, H., Gold, R., Zischler, H., Rothe, G., Wekerle, H. and 

Lassmann, H. (1993) Apoptosis of T-lymphocytes in experimental autoimmune 

encephalomyelitis. Evidence for programmed cell death as a mechanism to control 

inflammation in the brain. American Journal of Pathology, 143,446-452.

Schneider-Schaulies, J., Dunster, L.M., Kobune, F., Rima, B. and Meuler, V.T. (1995) 

Differential down-regulation of CD46 by measles virus strains. Journal o f  

Virology, 69, 7257-7259.

203



Schrum, S., Probst, P., Fleischer, B. and Zipfel, F. (1996) Synthesis of the CC- 

chemokines MIP-la, MIP-lp and RANTES is associated with a type 1 immune 

response. Journal of Immunology, 157,3598-3604.

Scott, V.E.S., Dewaard, M., Lio, H.Y., Gumett, C.A., Venzke, D.P., Lennon, V.A. and 

Campbell, K.P. (1996) p-Subunit heterogeneity in N-type Ca2+channels. Journal 

of Biological Chemistry, 271, 3207-3212.

Seebach, J., Bartoldi, D., Frei, K., Spanaus, K.S., Ferrero, E., Widmer, U., Isenmann, S., 

Streiter, R.M., Schwab, M. and Pfister, H. (1995) Experimental Listeria 

meningoencephalitis. Macrophage inflammatory protein-la and -2 are produced 

intrathecally and mediate chemotactic activity in cerebrospinal fluid of infected 

mice. Journal of Immunology, 155,4367-4375.

Selmaj, K., Raine, C.S., Cannelia, B. and Brosnan, C.F. (1991) Identification of  

lymphotoxin and tumor necrosis factor in multiple sclerosis lesions. Journal of 

Clinical Investigation, 87, 949-954.

Sethna, M.P. and Lampson, L.A. (1991) Immune mediation within the brain: 

Recruitment of inflammatory cells and increased major histocompatibility antigen 

expression following intracerebral injection of interferon-gamma. Journal of 

Neuroimmunology, 34,121-132.

Sgadari, C., Angiolillo, A., Chemey, B., Pike, S., Farber, J., Koniaris, L., Vanguri, P., 

Burd, P., Sheikh, N., Gupta, G., Teruya-Feldstein, J. and Tosato, G. (1996) 

Interferon-inducible protein-10 identified as a mediator of tumor necrosis in vivo. 

Proceedings of the National Academy of Sciences of the United States o f America, 

93,13791-13796.

204



Sherry, B., Tekamp-Olson, P., Gallegos, C., Bauer, D., Davatelis, G., Wolpe, S.D., 

Masiarz, F., Coit, D. and Cerami, A. (1988) Resolution of the two components of 

macrophage inflammatory protein-1, and cloning and characterisation of one of 

these components, macrophage inflammatory protein la . Journal o f Experimental 

Medicine, 168, 2251-2259.

Shibata, S. and Mori, K. (1988) The ultra-structure of the blood-brain barrier in brain 

tumors. Advances in Neurological Sciences, 32, 974-984.

Shijo, K., Tsuda, S., Hayami, T., Asahi, T. and Kawaharada, H. Increase in permeability 

of human endothelial monolayer by recombinant human lymphotaxin. Biochemical 

and Biophysical Research Communications, 162,1431-1437.

Shyy, Y.J., Wickham, L.L., Hagan, J.P., Hsien, H.J., Hu, Y.L., Telian, S.H., Valente, A.J., 

Sung, K.L.P. and Chien, S. (1993) Human monocyte colony-stimulating factor 

stimulates gene-expression of monocyte chemoattractant protein-1 and increases 

adhesion of monocytes to endothelial monolayers. Journal of Clinical 

Investigation, 92, 1745-1751.

Sica, A., Saccani, A., Borsatti, A., Power, C., Wells, T.N.C., Luini, W., Polentarutti, N., 

Sozzani, S. and Mantovani, A. (1997) Bacterial lipopolysaccharide rapidly inhibits 

expression of C-C chemokine receptors in human monocytes. Journal of 

Experimental Medicine, 185, 969-974.

Simpson, J.E., Newcombe, J., Cuzner, M.L. and Woodroofe, M.N. (1998) Expression of  

monocyte chemoattractant protein-1 and other P-chemokines by resident glia and 

inflammatory cells in multiple sclerosis lesions. Journal of Neuroimmunology, 84, 

238-244.

205



Smith, P.K., Krohn, R.I., Hermanson, G.T., Mallia, A.K., Gartner, F.H., Provenzand, 

M.D., Fujimoto, E.K., Goeke, N.M., Olson, N.M. and Klenk, D.C. (1985) 

Measurement of protein using bicinchoninic acid. Analytical Biochemistry, 150, 

76-85.

Smith, T., Hewson, A.K., Kingsley, C.I., Leonard, J.P. and Cuzner, M.L. (1997) 

Interleukin-12 induces relapse in experimental allergic encephalomyelitis in the 

Lewis rat. American Journal of Pathology, 150, 1909-1917.

Sollid, L.M., Gaudemack, G., Markussen, G. and Thorsby, E. (1987) Induction of 

various HLA class II molecules in a human colonic adenocarcinoma cell lines. 

Scandinavian Journal of Immunology, 25,175-180.

Sozzani, S., Ghezzi, S., Iannolo, G., Luini, W., Borsatti, A., Polentarutti, N., Sica, A., 

Locati, M., Mackay, C., Wells, T.N.C., Biswas, P., Vicenzi, E., Poli, G. and 

Mantovani, A. (1998) Interleukin-10 increases CCR5 expression and HIV 

infection in human monocytes. Journal of Experimental Medicine, 187, 439-444.

Spencer, J., Isaacson, P.G., Diss, T.C. and MacDonald, T.T. (1989) Expression of 

disulphide-linked and non-disulphide-linked forms of the T-cell receptor 

gamma/delta heterodimer in human intestinal intraepithelial lymphocytes. 

European Journal of Immunology, 19,1335-1338.

Steinman, L. (1996) Multiple sclerosis: a co-ordinated attack against myelin in the central 

nervous system. Cell, 85,299-302.

Stone, L.A., Smith, M.E., Albert, P.S., Bash, C.N., Maloni, H., Frank, J.A. and 

McFarlane, H.F. (1995) Blood-brain barrier disruption on contrast enhanced MRI 

in patients with mild relapsing-remitting multiple sclerosis. Neurology, 45, 1122- 

1127.

206



Storch, M. and Lassmann, H. (1997) Pathology and pathogenesis of demyelinating 

diseases. Current Opinion in Neurology, 10,186-192.

Strieter, R.M., Polverini, P.J., Kunkel, S.L., Arenberg, D.A., Burdick, M.D., Kasper, J., 

Dzuiba, J., Damme, J.V., Walz, A., Marriott, D., Chan, S.Y., Roezniak, S. and 

Shanafelt, A.B. (1995) The functional role of the ELR motif in CXC chemokine- 

mediated angiogenesis. Journal of Biological Chemistry, 270, 27348-27357.

Streilein, J.W. (1995) Unravelling immune privilege. Science, 270, 1158-1159.

Streit, W.J., Graeber, M.B. and Kreutzberg, G.W. (1988) Functional plasticity of 

microglia. Glia, 1, 301 -307.

Strober, W. (1976) Gluten-sensitive enteropathy. Clinical Gastroenterology 5,429-452.

Tanaka, Y., Adams, D.H., Hubscher, S., Hirano, H., Siebenlist, U. and Shaw, S. (1993) 

T-cell adhesion induced by proteoglycan-immobilised cytokine MIP-lp. Nature, 

361, 79-82.

Taub, D.D., Conlon, K., Lloyd, A., Oppenheim, J. and Kelvin, D.J. (1993) Preferential 

migration of activated CD4+ and CD8+ T cells in response to MIP-a and MIP-lp. 

Science, 260, 355-358.

Taub, D.D., Lloyd, A., Conlon, K., Ortalso, J., Harada, A., Matsushima, K., Kelvin, D. 

and Oppenheim, J. (1993) Recombinant human interferon-inducible protein-10 is 

a chemoattractant for human monocytes and T-lymphocytes and promotes T-cell 

adhesion to endothelial cells. Journal of Experimental Medicine, 177, 1809-1815.

Taub, D.D. and Oppenheim, J.J. (1994) Chemokines, inflammation and the immune 

system. Therapies in Immunology, 1,229-236.

207



Taub, D.D., Proost, P., Murphy, W.J., Anver, M., Longo, D.L. and Van Damme, J.

(1995) Monocyte chemotactic protein-1 (MCP-1), -2, and -3 are chemotactic for 

human T-lymphocytes. Journal of Clinical Investigation, 95,1370-1376.

Tiffany, H.L., Lautens, L.L., Gao, J-L., Pease, J., Locati, M., Combadiere, C., Modi, W., 

Bonner, T.I. and Murphy, P.M. (1997) Identification of CCR8: A human 

monocyte and thymus receptor for the CC chemokine 1-309. Journal of 

Experimental Medicine, 186,165-170.

Traugott, U. (1985) Characterisation and distribution o f lymphocyte subpopulations in 

multiple sclerosis plaques versus autoimmune demyelinating lesions. Springer 

Seminar Immunopathology, 8, 71-95.

Traugott, U. and Lebon, P. (1988) Interferon-y and la antigen are present on astrocytes 

in active chronic multiple sclerosis lesions. Journal of the Neurological Sciences, 

84, 257-264.

Troncone, R. and Ferguson, A. (1991) Anti-gliadin antibodies. Journal of Paediatric 

Gastroenterology and Nutrition, 12, 150-158.

Troncone, R., Greco, L. and Auricchio, S. (1996) Gluten-sensitive enteropathy. 

Paediatric Gastroenterology, 43, 355-373.

Turner, L., Ward, S.G. and Westwick, J. (1996) RANTES-activated human T- 

lymphocytes: A role for phosphoinositide 3 kinase. Journal of Immunology, 155, 

2437-2444.

Uguccioni, M., D’Apuzzo, M., Loetscher, P., Dewald, B. and Baggiolini, M. (1995) 

Actions of the chemotactic cytokines MCP-1, MCP-2, MCP-3, RANTES, MIP-la 

and MIP-ip on human monocytes. European Journal of Immunology, 25, 64-68.

208



Uguccioni, M., Mackay, C.R., Ochensberger, B., Loetscher, P., Rhis, S., LaRosa, G.J., 

Rao, P., Clark-Lewis, I., Baggiolini, M. and Dahinden, C.A. (1997) High 

expression of the chemokine receptor CCR3 in human basophils. Role in 

activation by eotaxin, MCP-4 and other chemokines. Journal o f Clinical 

Investigation, 100, 1137-1143.

Ulvestad, E., Williams, K., Mork, S., Antel, J. and Nyland, H. (1994) Phenotypic 

differences between human monocytes/macrophages and microglial cells studied in 

situ and in vitro. Journal of Neuropathology and Experimental Neurology, 53, 

492-501.

Uyttenhove, C., Coulie, P.G. and Van Snick, J. (1988) T cell growth and differentiation 

induced by interleukin-HPl/IL-6, the murine hybridoma/plasmacytoma growth 

factor. Journal of Experimental Medicine, 167, 1417-1427.

Vaddi, K., Keller, M. and Newton, R.C. (1997) in The Chemokine Facts book. 

Academic press, Inc., San Diego, CA.

Van Damme, J.V. (1994) in The Cytokine Handbook. Ed. A. Thompson. Academic 

press, NY. Interleukin-8 and related molecules. 185-208.

Vanguri, P. (1994) Interferon-gamma-inducible genes in primary glial cells of the central 

nervous system- comparisons of astrocytes and microglia and Lewis rats and 

Brown-Norway rats. Journal of Neuroimmunology, 56, 35-43.

Vanguri, P. and Farber, J.M. (1995) IFN and virus-inducible expression of intermediate- 

early gene, CRG-2/IP-10, and a delayed gene I-A-Alpha, in astrocytes and 

microglia. Journal of Immunology, 152,1411-1418.

209



Villiger, P.M., Terkletaub, R. and Lotz, M. (1992) Production of monocyte 

chemoattractant protein-1 by inflamed synovial tissue and synoviocytes. Journal of 

Immunology, 149, 722-727.

Wang, X., Ellison, J.A., Siren, A-L., Lysko, P.G., Yue, T-L., Barone, F.C., Shatzman, A. 

and Feuerstein, G.Z. (1998) Prolonged expression of interferon-inducible protein- 

10 in ischemic cortex after permanent occlusion of the middle cerebral artery in rat. 

Journal of Neurochemistry, 71, 1194-1204.

Weber, M., Uguccioni, M., Ochennsberger, B., Baggiolini, M., Clark-Lewis, I. and 

Dahinden, C.A. (1995) Monocyte chemotactic protein MCP-2 activates human 

basophil and eosinophil leukocytes similar to MCP-3. Journal of Immunology, 

154,4166-4172.

Weller, R.O., Engelhardt, B and Phillips, M.J. (1996) Lymphocyte targeting o f the 

central nervous system: A review of afferent and efferent CNS immune pathways. 

Brain Pathology, 6, 275-288.

Westmorelane, S., Rottman, J.B., Williams, K.C., Lackner, A.A. and Sasseville, V.G. 

(1998) Chemokine receptor expression on resident and inflammatory cells in the 

brain of macaques with simian immunodeficiency virus encephalomyelitis. 

American Journal of Pathology, 152, 659-665.

Wilson, S.D., Billings, P.R., D’Eustachio, P., Fournier, R.E., Geissier, E., Lalley, P.A., 

Burd, P.R., Housman, D.E., Taylor, B.A. and Dorf, M.E. (1990) Clustering of 

the cytokine genes on mouse chromosome 11. Journal of Experimental Medicine, 

171, 1301-1314.

Windhagen, A., Newcombe, J., Dangond, F., Strand, C., Woodroofe, M.N., Cuzner, M.L. 

and Hafler, D.A. (1995) Expression of costimulatory molecules B7-1 (CD80),

210



B7-2 (CD86), and interleukin-12 cytokine in multiple sclerosis. Journal of 

Experimental Medicine, 181,381-386.

Wolpe, S.D., Davatelis, G., Sheny, B., Beutler, B., Hesse, D.G., Nguyen, H.T., 

Moldawer, L.L., Nathan, C.F., Lowry, S.F. and Cerami, A. (1988) Macrophages 

secrete a novel heparin-binding protein with inflammatory and neutrophil 

chemokinetic properties. Journal of Experimental Medicine, 167, 570-581.

Woodroofe, M.N., Bellamy, A.S., Feldmann, M., Davison, A.N. and Cuzner, M.L. (1986) 

Immunocytochemical characterisation of the immune reaction in the central 

nervous system in multiple sclerosis: possible role for microglia in lesion growth. 

Journal of the Neurological Sciences, 74,135-152.

Woodroofe, M.N., Hayes, G.M. and Cuzner, M.L. (1989) Fc receptor density, MHC 

antigen expression and superoxide production are increased by interferon-y treated 

microglia isolated from adult rat brain. Immunology, 68,421-426.

Woodroofe, M.N., Sama, G.S., Wadhwa, M., Hayes, G.M., Loughlin, A.J. and Cuzner, 

M.L. (1991) Detection of interleukin-1 and interleukin-6 in adult rat brain, 

following mechanical injury, by in vivo microdialysis: evidence of a role for 

microglia in cytokine production. Journal of Neuroimmunology, 75,170-175.

Woodroofe, M.N. and Cuzner, M.L. (1993) Cytokine mRNA expression in inflammatory 

multiple sclerosis lesions: detection by non-radioactive in situ hybridisation. 

Cytokine, 5, 583-588.

Woodroofe, M.N. (1995) Cytokine production in the central nervous system. 

Neurology, 45, S6-S10.

Youssef, S., Wildbaum, G., Maor, G., Lanir, N., Gourlavie, A., Grabie, N. and Karin, N. 

(1998) Long-lasting protective immunity to experimental autoimmune

211



encephalomyelitis following vaccination with naked DNA encoding C-C 

chemokines. Journal of Immunology, 161,3870-3879.

Zachariae, C.O.C., Anderson, A.O., Thompson, H.L., Appella, E., Mantovani, A., 

Oppenheim, J.J. and Matsushima, K. (1990) Properties of monocyte chemotactic 

and activating factor (MCAF) purified from a human fibrosarcoma cell-line. 

Journal of Experimental Medicine, 171, 2177-2181.

Zajicek, J.P., Wing, M., Scolding, N.J. and Compston, D.A.S. (1992) Interactions 

between oligodendrocytes and microglia. A major role for complement and tumor 

necrosis factor in oligodendrocyte adherence and killing. Brain, 115, 1611-1631.

Zella, D., Barabitskaja, O., Bums, J.M., Romerio, F., Dunn, D.E., Revello, M.G., Gema, 

G., Reitz, M.S., Gallo, R.C. and Weichold, F.F. (1998) Interferon-gamma 

increases expression of chemokine receptors CCR1, CCR3 and CCR5, but not 

CXCR4 in monocytoid U937 cells. Blood, 91, 4444-4450.

212



PUBLICATIONS RELEVANT TO THE THESIS

Simpson, J.E., Newcombe, J., Cuzner, L. and Woodroofe, M.N. (1998) Expression of 

monocyte chemoattractant protein-1 and other p-chemokines by resident glial cells 

in multiple sclerosis lesions. Journal of Neuroimmunology, 84, 238-249.

Published Abstracts

Hadjivassiliou, M., Simpson, J.E., Woodroofe, M.N., and Grunewald, R. (1998) 

Investigation of the mechanism of neural damage in patients with gluten sensitivity 

and neurological dysfunction. Neuropathology and Applied Neurobiology 

(Abstract Booklet for the 96th meeting of the British Neuropathological Society), 

1.

Simpson, J.E., Newcombe, J., Cuzner, L. and Woodroofe, M.N. (1997) Expression of 

chemokines and their receptors in inflammatory lesions in multiple sclerosis. 

Immunology, 92, 68.

Simpson, J.E. and Woodroofe, M.N. (1998) IP-10, Mig and CXCR3 expression in 

multiple sclerosis at different stages of lesion development. Neuropathology and 

Applied Neurobiology (Abstract Booklet for the 96th meeting of the British 

Neuropathological Society), 3-4.

Simpson, J.E., Newcombe, J., Cuzner, L. and Woodroofe, M.N. (1998) Beta-chemokine 

receptor (CCR) expression in inflammatory lesions in the central nervous system in 

multiple sclerosis. Immunology, 95,40.

213



Simpson, J.E., Hadjivassiliou, M., Grunewald, R., Smith, C., Davies-Jones, G.A.B. and 

Woodroofe, M.N. (1998) Investigation of the mechanism of neural damage in 

patients with gluten sensitivity and neurological dysfunction. Journal of

Neuroimmunology, 90, 32.

Simpson, J.E. and Woodroofe, M.N. (1998) IP-10, Mig and CXCR3 expression in 

multiple sclerosis at different stages of lesion development. Journal of

Neuroimmunology, 90, 78.

214



APPENDIX 1

Age, sex, death to snap-freezing fD-F) time data and duration of disease in multiple 

sclerosis (MS) and normal control (NO tissue samples

The following data is from tissue used in the studies reported in this thesis. ORO 

and cuffing was scored on a scale o f 0 to 5 for ORO and haematoxylin staining. 0 is what 

would be expected in normal control white matter. The first figure is the score for ORO- 

positive macrophages to show the extent of recent or on-going demyelination; the second 

figure is the score for perivenular inflammatory cuffing obtained from haematoxylin 

staining. The sections were cut in duplicate immediately before, in the middle and after 

serial section.

Key:

c cervical P parietal

Cer cerebellum Po pole

D subcortical Q MS plaque

DD disease duration R right

DFT time between death and sample snap-freezing SC spinal cord

F frontal Sv subventricular

G grey matter T transverse

L left Th thoracic

MS multiple sclerosis Tr trigone

NC normal control V ventricular

0 occipital W white matter
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morphological subtypes have been defined including 
intra-parenchymous resident microglia, reactive amoeboid 
macrophages and perivascular macrophages (Hayes et al., 
1987). The presence o f infiltrating monocytes is associated 
with the activation o f resident CNS cells such as astrocytes 
and microglia, and results in astrogliosis and the transfor
mation o f ramified microglia into their amoeboid pheno
type (Streit et al., 1988). Both glial cell types contribute to 
inflammatory reactions in the CNS, although the precise 
role o f the two glial cell populations and the cytokines 
they express during inflammatory responses is unclear.

Mononuclear cell populations infiltrating the CNS play 
a major role in the development o f CNS tissue damage. 
Chemokines are important in the pathogenesis o f immune- 
mediated inflammation in the nervous system (Karpus et 
al., 1995) and are involved in the activation and directional 
migration o f leukocytes to inflammatory sites. It has been 
suggested that astrocytes may amplify the immune re
sponse by non-specifically attracting blood-derived 
mononuclear cells after their activation by stimuli in the 
perivascular cuff (Tani and Ransohoff, 1994; Glabinski et 
al., 1995b). To further our understanding o f inflammatory 
diseases of the CNS, such as MS, it is essential to investi
gate mechanisms o f leukocyte recruitment and glial cell 
activation. Therefore, we have examined the expression of 
the /3-chemokincs MCP-1, M I P -la , MIP-1/3 and 
RANTES at different stages o f MS lesion development in 
the CNS of patients with MS.

2. M aterials and m ethods 

2.7. Human CNS tissue

Human MS and normal control CNS tissue samples 
were obtained from the Multiple Sclerosis Society Tissue 
Bank at the Multiple Sclerosis Laboratory, Institute of 
Neurology, London (Newcombe and Cuzner, 1993; Table 
1). Post-mortem CNS tissue, 1 cm3, was snap-frozen in 
isopentane on liquid nitrogen and stored in airtight contain
ers at — 70°C. The cryostat blocks were screened histologi
cally by haematoxylin and eosin to assess perivenular

Table 1
Age, sex, death to snap-freezing (D -F ) time data and duration of disease 
in MS and normal control tissue samples

Age
(yr)

Sex
(F /M )

D -F
(h)

Duration o f MS 
(yr)

MS cases 44.1 5 / 2 24.1 15.0
(n  =  7) (29 -62 ) (9 -51 ) (7 -2 6 )
NC cases 35.6 1 /2 21.6 N /A
(n  =  3) (28-40) (9 -3 0 )

The cause o f death of the MS patients was bronchopneumonia.
The causes o f death o f the control patients were peritonitis (1) and 
cardiac arrest (2).

Table 2
Source and specificity of the monoclonal antibodies used in immunocyto- 
chemistry o f chemokines and cell markers in human CNS tissue

Antibody specificity Isotype Ig concentration Dilution Source3

CD4 IgG, 50 /rg /m l 1:100 Sigma
CD8 IgG, 200 p g /m \ 1:100 Sigma
CD68 IgG2 430 /Ag/ml 1:200 Dako
GFAP IgG, 6.5 m g/m l 1:200 Sigma
MIP-1 a IgG2A 500 jLtg/ml 1:250 R&D
MIP-1/3 IgG2B 500 / ig /m l 1:250 R&D
MCP-1 IgG, 500 /rg /m l 1:250 R&D
RANTES IgG, 500 /Ag/ml 1:250 R&D

aSigma Chemical, Poole, Dorset BH17 7BR; Dako, High Wycombe, 
Bucks HP13 5RE; R&D Systems Europe, Abingdon 0X 1 4  3YS.

inflammatory cuffing and by oil red O (ORO) staining to 
show the degree o f demyelination. The histological evalua
tion was scored by two independent observers. Based on 
these observations the MS tissue was categorised into four 
groups which represent the sequence o f events in lesion  
formation: (i) normal appearing white matter, (ii) acute 
lesions with perivascular inflammation and ongoing de
myelination, (iii) subacute lesions with demyelination and 
inflammation, and (iv) chronic inactive demyelinated 
plaques.

2.2. Immunocytochemistry

Human CNS tissue (10 /zm) was sectioned in a cryostat 
(Bright Instruments), collected on Polysine microscope 
slides (BDH) and stored in an airtight container at — 70°C. 
Sections were warmed to room temperature (RT), fixed for 
10 min in acetone at 4°C, air-dried and then blocked with 
normal horse serum, diluted 1 in 50, prior to incubation 
with a primary mouse monoclonal antibody (as shown in 
Table 2) for 30 min at RT. The optimal antibody dilution 
which gave minimum nonspecific background staining was 
selected from a series o f antibody titrations. The avid in- 
biotin complex (ABC) method with biotinylated horse 
anti-mouse secondary antibody was used as part o f the 
mouse ABC Vectastain Elite Kit™ (Vector Laboratories, 
Peterborough, UK) with 3,3' diaminobenzidine as the sub
strate. Mayer’s haemotoxylin was used as a counterstain. 
The sections were dehydrated in a graded series o f ethanol, 
cleared in xylene and mounted in DPX (BDH). Sections 
incubated with blocking serum in the absence o f primary 
antibody were included as a negative control. Isotype 
specific antibody controls were also included to confirm  
the specificity o f the chemokine staining pattern.

2.3. In situ hybridisation

In situ hybridisation (ISH) was performed as described 
previously (Woodroofe and Cuzner, 1993). Briefly, snap- 
frozen 10 /im  CNS sections were collected on RNAase-free 
Polysine glass slides (BDH). The sections were warmed to 
RT, fixed in 4%  paraformaldehyde, acetylated using 0.25%  
acetic anhydride in 0.1 M triethanolamine, before dehydra-
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Fig. 2. Im m unocytochem istry  o f  tw o actively dem yelinating  plaques w ith high levels o f  inflam m ation , staining for chem okines and cell phenotype m arkers 
using the avid in-b io tin  peroxidase technique. Fig. 2a and b are from  one active M S plaque (death to snap-freezing  tim e 9 hours), and the rem aining figures 
from  a second active MS plaque (death  to snap-freezing  tim e 13 hours). The sections have been counterstained  w ith haem atoxylin  w hich stains nuclei blue. 
A characteristic  feature o f  MS is the form ation o f perivascular cuffs contain ing  infiltra ting  (a) C D 4 + T  cells and (b )C D 8 + T  cells, (c) The MCP-1 
antibody stains two cell populations w ithin acute MS lesions. The nuclear m orphology o f  the larger cell population  is suggestive o f  reactive astrocytes 
(large arrow ), while the m orphology o f  the sm aller cell population  suggests m acrophages are also expressing  M CP-1 (sm all arrow ), (d) E xpression  of 
MCP-1 outside the active MS plaque is restric ted  to reactive  astrocytes. S taining using cell phenotype m arkers confirm s the cellu lar source o f  M CP-1 as (e) 
astrocytes (G FA P ) and (f) m acrophages (C D 68). (g) RA NTES expression  is seen as d iffuse staining o f  b lood vessel endothelial cells (sm all arrow ), 
lym phocytes in the perivascular cu ff (arrow  head) and surrounding astrocytes (large arrow ). M IP-lcv and  M IP -l/3  expression  is associated  w ith the 
staining o f  CD 68 positive m acrophages and m icroglia, (h) MIP-1 a  stain ing  o f  m acrophages w ithin plaque, and insert o f  positive  stain ing  astrocyte 
(m agnification  X 7 I0 )  (i) M IP -l/3  expression  w ithin MS lesion. M agnification X 190 unless o therw ise stated.

tion in ethanol and overnight hybridisation at 37°C with a 
digoxigenin-labelled oligonucleotide probe cocktail for the 
chemokines MCP-1, MIP-1 a ,  MIP-1 (3 and RANTES (R &  
D Systems, UK), diluted 1:400 in hybridisation buffer. 
Sections were washed in 2 X SSC for 1 h at RT, 1 X SSC 
for 1 h at RT and 1 X SSC for 30 min at 37°C. The slides 
were then processed for imm unological detection, first 
blocking with normal sheep serum followed by alkaline 
phosphatase conjugated sheep anti-digoxigenin antibody 
(Boehringer-M annheim , UK) with the substrate Sigma 
fast™ B C IP /N B T . The sections were mounted in 
P B S /g lycero l. Initial ISH using an oligo-poly-dT probe 
confirmed the presence of intact mRNA in all cell types. 
Incubation with hybridisation buffer alone was included as 
a negative control to dem onstrate the specificity o f the 
hybridisation products with the chemokine probes.

3. Results

3. /. Immunocytochemistry studies

Post-mortem tissue from three control patients and seven 
clinically diagnosed MS patients were imm uno-stained 
using the av id in-b io tin  peroxidase method. The MS sam 
ples used in this study included: one white matter sample 
from three control cases, two normal appearing white

matter (NAW M ) blocks with a small degree of inflam m a
tion and no dem yelination from two cases, six actively 
dem yelinating lesions with high levels o f inflammation 
and a small num ber of ORO positive cells from four cases, 
five dem yelinating lesions with high levels o f ORO posi
tive cells and low levels o f inflam m atory cells from four 
cases, and one chronic lesion from one case.

Immunocytochemical staining (ICC) of both control and 
actively dem yelinating MS CNS tissue in the absence of a 
primary antibody displayed minimal background staining, 
indicating the specificity o f the positive staining seen with 
the chemokine and cell marker antibodies. Similarly iso
type specific imm unoglobulins used at the same concentra
tion did not stain the tissue non-specifically (not shown). 
Control CNS samples displayed very few C D 4 + and CD8 + 
T lymphocytes associated with the blood vessel endothe
lium (Fig. la). ICC for the chem okines MIP-1 a  (Fig. lb) 
and MCP-1 (not shown) both displayed weak staining 
associated with endothelial cells and a few positive stain
ing microglia in the surrounding parenchym a. W eak, dif
fuse RANTES imm unostaining o f control tissue was asso
ciated with the endothelium  (Fig. Ic). MIP-1 (3 was weakly 
expressed by blood vessel endothelial cells and was also 
expressed at low levels by microglia throughout the white 
matter o f control samples (Fig. Id). No difference in the 
pattern or intensity o f im m unostaining was seen between 
the 9 h and the 26 h post-mortem delay control tissue
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Fig. 3. Initial non-radio-active ISH using an oligo-poly-dT probe displays the presence o f intact mRNA in all cell types in both (a) control and (b) actively 
demyelinating MS CNS tissue. Minimal staining is observed with a negative control on (c) control CNS tissue. In situ hybridisation on serial sections from 
acute MS lesions shown in Fig. 2 display a similar pattern of mRNA expression to the ICC chemokine immunostaining. (d) MCP-1 mRNA expression in 
the perivascular cuff (magnification X710), with an insert o f MCP-1 mRNA expression in cells with large pale nuclei and astrocytic morphology 
(magnification X710). The same plaque is shown in Fig. 2(c). (e) MIP-1 /3 mRNA expression is associated with macrophages in the MS lesion, and with 
microglia in the surrounding NAWM. (f) High power MIP-1/3 mRNA expression (magnification X710). The same plaque is shown in Fig. 2(i). The 
sections are not counterstained. Magnification X 190 unless otherwise stated.

samples, which suggests that the longer post-mortem delay 
has not altered the immunoreactivity o f the cellular pro
teins. This post-mortem time covered the time-range for 
the death to snap-freezing time o f the MS tissue shown in 
Figs. 2 and 3, which was 9 -1 3  h.

CNS samples with a small number o f inflammatory 
cells around venules expressed enhanced staining of 
RANTES associated with blood vessel endothelial cells, 
MCP-1 associated with some surrounding astrocytes, and 
MIP-1/3 associated with macrophage-like cells both in the 
perivascular cuff and surrounding parenchyma (not shown).

Enhanced RANTES expression associated with blood ves
sel endothelial cells was seen in NAW M  blocks from MS 
patients, suggesting this chemokine is associated with an 
early stage o f MS lesion formation. CNS blocks from 
active demyelinating lesions with high levels o f inflamma
tion displayed a complex pattern o f chemokine expression 
as described below. Fig. 2 shows the specific pattern o f  
chemokine staining in MS lesions with active demyelina- 
tion and high levels o f inflammation.

A characteristic feature o f MS is the formation of 
perivascular cuffs around a CNS blood vessel, consisting
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Table 3
Distribution of chemokine expression in acute MS lesions

Chemokine Inflammatory cuff Plaque Nondemyelinated white matter adjacent to the plaque

Leukocytes Endothelial cells Macrophages Astrocytes Macrophages/microglia Astrocytes

MIP-1 a  +  -  +  +  +  -
MIP-1 j3 +  +  +  -  ■ + + + . -  + +  -
MCP-1 +  +  +  -  +  +  +  +  +  +  -  +  +  +
RANTES +  + +  -  +

—: No staining associated with the cells.
+ :  Weak staining.
+  + :  Strong staining.
+  +  + : All cells stained strongly positive.

of infiltrating C D 4+ and C D 8+ T cells, as shown in Fig. 
2a and b. Table 3 gives a summary o f chemokine distribu
tion in active MS lesion formation. Anti-MCP-1 mono
clonal antibody indicated the presence o f MCP-1 protein 
within the plaque in cells displaying the morphological 
characteristics o f macrophages and astrocytes (Fig. 2c). It 
is o f interest that MCP-1 was expressed both by 
macrophages and astrocytes within lesions, and was re
stricted to reactive astrocytes in the adjacent non-de- 
myelinated white matter around lesions (Fig. 2d). Staining 
on serial sections using anti-GFAP and anti-CD68 antibod
ies confirmed the phenotype o f these cells (Fig. 2e,f). 
Antibody to RANTES showed the presence o f the 
chemokine in endothelial cells, lymphocytes in the perivas
cular cuff and astrocytes in the lesion, with no enhanced 
staining o f astrocytes in the surrounding white matter (Fig. 
2g). MIP-1 a  was expressed by macrophages and astro
cyte-like cells (Fig. 2h), while MIP-1/3 was expressed by 
CD68 positive cells within the plaque and by the resident 
CNS macrophages, microglia, in the neighbouring non-de- 
myelinated white matter (Fig. 2i). The antibodies against 
MIP-1 a  and -1/3 were used at the same optimal immuno
globulin concentration (as shown in Table 2). A more 
intense staining for MIP-1/3 than MIP-1 a  was seen, 
which is evidence for an elevated level o f MIP-1 (3 in MS 
lesions. The intensity o f chemokine staining was greatest 
in the perivascular inflammatory site and gradually de
creased from the lesion centre out into the adjacent white 
matter.

Chronic inactive plaques with demyelination and no 
inflammation displayed weak immunostaining o f the blood 
vessel endothelium by RANTES and MIP-1/3, with MIP- 
1 /3 also weakly associated with microglia throughout the 
tissue. No immunostaining for MIP-1 a  or MCP-1 was 
visible (not shown).

3.2. In situ hybridisation studies

ISH studies were carried out on control CNS tissue and 
on serial sections from blocks displaying a strong pattern 
o f chemokine ICC staining to confirm the cellular source 
o f the chemokines. Initial ISH using an oligo-poly-dT  
probe confirmed the presence o f intact mRNA in all cell 
types in both control (Fig. 3a) and MS (Fig. 3b) sections.

ISH using a negative control without digoxigenin-labelled 
probes on both control (Fig. 3c) and MS CNS (not shown) 
showed minimum background staining with the antibody, 
indicating that the positive staining seen with the 
chemokine probes is specific.

Control tissue was mostly negative for chemokine 
mRNA expression (Fig. 3c), except for low levels o f 
MIP-1 /3 mRNA associated with cells resembling mi
croglia, further confirmation that the oligo anti-sense probes 
do not bind non-specifically to CNS tissue. Tissue from 
actively demyelinating MS CNS displayed a distribution of 
chemokine mRNA closely resembling the pattern of im
munostaining as described above. MCP-1 mRNA was 
distributed predominantly in cells with large pale nuclei 
and astrocytic morphology, and in a few smaller 
macrophage-like cells (Fig. 3d). The distribution of MCP-1 
mRNA showed a similar pattern of staining to the ICC for 
MCP-1 on serial sections. MIP-1 (3 mRNA was expressed 
by cells within plaques (Fig. 3e,f) corresponding to the 
ICC staining of CD68 positive cells, with many o f the 
positive cells located in the perivascular cuffs. This is 
further evidence for higher levels o f chemokine expression 
adjacent to the endothelium than in the surrounding white 
matter.

4. Discussion

Chemokines are important in the pathogenesis o f im- 
mune-mediated inflammatory diseases o f the CNS. The 
present study shows a transient expression of the 
chemokines during the time course of MS. Chemokine 
staining in control CNS samples showed weak, diffuse 
RANTES expression associated with the blood vessel en
dothelium, weak staining of MIP-1 a  and MCP-1 associ
ated with endothelial cells and a few cells in the surround
ing parenchyma, and low levels o f MIP-1 /3 protein associ
ated with the endothelium and microglia throughout the 
white matter. NAWM from MS CNS tissue displayed 
enhanced RANTES expression associated with blood ves
sel endothelial cells and an absence o f other chemokine 
expression, suggesting RANTES is the first chemokine 
associated with MS lesion formation. MS white matter 
tissue with a small degree of inflammation expressed
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enhanced RANTES, MCP-1 and MIP-1/3 expression asso
ciated with blood vessel endothelium, astrocytes and 
macrophages, respectively. Active lesions displayed a dis
tinct pattern o f chemokine expression: MCP-1 and MIP-1 a  
predominantly expressed by astrocytes, MIP-1/3 by 
macrophages, and RANTES by blood vessel endothelium, 
perivascular cells and astrocytes within plaques. Astrocytes 
stained positive for MCP-1 and microglia for MIP-1/3 in 
the nondemyelinated white matter surrounding the active 
lesion. Chronic inactive MS plaques displayed weak dif
fuse immunostaining of RANTES associated with the blood 
vessel endothelium and MIP-1/3 associated with the en
dothelium and microglia throughout the tissue. It has been 
reported by Ulvestad et al. (1994) that antibody binding to 
the Fc receptor on microglia can result in nonspecific 
staining. However, this only occurred in the absence of 
blocking serum, which was included in all the staining 
procedures carried out in the present study. Also, isotype 
specific controls included in this investigation gave nega
tive staining, confirming the specificity o f the chemokine 
staining pattern.

The best characterised /3-chemokine is MCP-1 (Kuratsu 
et al., 1989; Baggiolini et al., 1994), described as a 
monocyte chemoattractant both in vivo (Zachariae et al., 
1990) and in vitro (Yoshimura, 1993). MCP-1 is produced 
by a variety o f immune and nonimmune cells, and is 
associated with a number o f inflammatory states including 
rheumatoid arthritis (Villiger et al., 1992), psoriasis (Gil- 
litzer et al., 1993), allogenic immune responses (Christen
sen et al., 1993), atherosclerosis (Koch et al., 1993), 
fulminant hepatic failure (Czaja et al., 1994), and inflam
matory bowel disease (Grimm et al., 1996). Chemokines 
are a component o f CNS inflammation during the course 
o f experimental autoimmune encephalomyelitis (EAE) 
(Hulkower et al., 1993; Ransohoff et al., 1993; Glabinski 
et al., 1995a,b; Godiska et al., 1995), a C D 4+ T cell 
mediated inflammatory disease which is a model o f MS 
(Kennedy et al., 1987). Chemokine expression has been 
reported to correlate with astrocyte activation including 
elevation o f GFAP mRNA accumulation (Tani et al., 
1996). MCP-1 mRNA has been detected in spinal cord of 
acute phase EAE (Hulkower et al., 1993) and localised in 
astrocytes during EAE in SJL /J mice (Ransohoff et al., 
1993). Increased expression o f MCP-1 mRNA and protein 
have been detected in mouse astrocytes following mechan
ical injury to the brain (Glabinski et al., 1996), as well as 
in macrophages and endothelial cells (Berman et al., 1996).

It has been suggested that astrocytes may amplify the 
immune response by attracting blood-derived mononuclear 
cells after activation by cells in the perivascular cuff (Tani 
and Ransohoff, 1994; Glabinski et al., 1995b). Our find
ings that astrocytes and macrophages within the MS lesion 
express MCP-1 during inflammation and demyelination of 
the CNS are in agreement with reported EAE studies 
(Ransohoff et al., 1993; Glabinski et al., 1996; Calvo et al., 
1996). Primary glial cell cultures from B A L B /c  and SJL /J

mice have shown MCP-1 to be produced by cytokine- 
stimulated astrocytes, with little or no MCP-1 detected in 
stimulated microglia (Jiang et al., 1992), which supports 
our findings that astrocytes and not microglia express 
MCP-1 in non-demyelinated white matter surrounding the 
MS lesion. In this study, the cell phenotypes were identi
fied as astrocytes or macrophages by their nuclear mor
phology, by co-localisation o f the chemokine and staining 
for GFAP and CD68 in cells of identical morphology on 
serial sections using ICC techniques, and by the distribu
tion o f hybridisation products within these cells using 
nonradioactive ISH. Matrix metalloproteinases (MMPs) 
which have the potential to degrade basement membrane 
and other matrix components allowing extravasation of 
inflammatory cells have been identified in astrocytes, mi
croglia and inflammatory cells in acute MS lesions (Cuzner 
et al., 1996). Thus, this present finding reported here on 
the localisation o f chemokine expression would suggest 
that both MMPs and chemokines are important effectors 
for cell migration across the blood brain barrier.

The precise role o f MCP-1 in the infiltration o f blood 
monocytes into diseased CNS tissue remains to be deter
mined. MCP-1 has been reported to upregulate the expres
sion o f adhesion molecules on human monocytes (Shyy et 
al., 1993; Hayashi et al., 1995), implying a role in adhe
sion and diapedesis during the transendothelial migration 
of inflammatory cells across the blood brain barrier. Our 
results suggest that MCP-1 produced by resident glial cells 
continues the local inflammatory response by forming 
chemotactic gradients within the CNS. The infiltrating 
mononuclear phagocytes have the ability to produce cy
tokines that may further modify the activation state o f the 
astrocytes resulting in MCP-1 production which may then 
cause further inflammatory cell recruitment.

Astrocytes occupy a unique position at the blood brain 
barrier and are thought to contribute to inflammatory 
reactions within the CNS. As well as MCP-1, astrocytes 
are also capable o f expressing RANTES when co-stimu- 
lated by T N F-a, IL-1/3 and interferon-y (IF N -y) in vitro 
(Barnes et al., 1996), suggesting that astrocytes play a 
crucial role in the recruitment o f monocytes and leuko
cytes from the circulation during an inflammatory re
sponse. Our study demonstrates RANTES expression is 
associated with astrocytes surrounding blood vessels, as 
well as endothelium and associated lymphocytes. Other 
groups have reported the expression o f RANTES by anti- 
gen-activated T cells (Schall et al., 1990; Kuna et al., 
1993; Godiska et al., 1995), by astrocytes infected in vitro 
with Newcastle disease virus (Noe et al., 1996), by pri
mary rat and human astrocyte cultures and the astrocytoma 
cell line CH235 in response to T N F-a, IL-1/3 IFN-y  
(Bames et al., 1996); and by HUVECs in the presence of 
TNF-cr and IFN-y (Marfaing-Koka et al., 1995). In our 
study, the pattern o f diffuse extracellular staining associ
ated with the endothelium suggests the chemokine is re
leased from its cellular source and binds to the extracellu
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lar matrix. RANTES may form a chemotactic gradient and 
recruit inflammatory cells from the circulation into the MS 
lesion. It appears that infiltrating T lymphocytes are also 
stimulated to produce RANTES, although the precise 
mechanism of stimulation o f both the endothelium and 
leukocytes is unclear.

RANTES and MIP-1 jS expression have been reported 
to correlate with the appearance of inflammatory cells in 
the CNS o f rat brain stab injury, suggesting a possible role 
for these chemokines in inflammatory events in traumatic 
brain injury (Ghimikar et al., 1996). We report expression 
o f MIP-1 a  and MIP-1 jS associated with macrophages and 
microglia both in the MS lesion and in the surrounding 
white matter, with MIP-1 a  also weakly staining astro
cytes. The pattern of staining of MIP-1 a  was weakly 
associated with the macrophages, whereas staining of MIP- 
1 j3 showed a similar but enhanced intensity o f staining 
and more widespread distribution. Future experiments in
tend to quantify the amount o f MIP-1 a  and MIP-1 (3 
produced in MS lesions by Western blot analysis. Expres
sion of both the MIP-1/3 protein and mRNA was closely  
associated with macrophages. These results correlate with 
other groups who have shown MIP-1 (3 to be associated 
with the diffuse staining around the cell bodies o f mono
cytes and macrophages (W ilson et al., 1990; Seebach et 
al., 1995), therefore this chemokine may have a role in the 
inflammatory response. Further experiments to combine 
ICC and ISH are underway to confirm the co-localisation 
of chemokine mRNA to specific cell populations.

We propose the endothelium and perivascular cells are 
stimulated by an unknown mechanism to express RANTES 
which chemoattracts mononuclear cells from the circula
tion across the blood brain barrier into the CNS. Resident 
glial cells may be stimulated to continue the local inflam
matory response: astrocytes expressing MCP-1, RANTES 
and MIP-1 a ,  and macrophages expressing MIP-1 a ,  MIP- 
1 /3 and MCP-1. Future work may reveal agents that will 
inhibit the chemoattraction of phagocytic monocytes to 
sites o f inflammation by blocking chemokine receptors, 
and may ultimately lead to a therapeutic treatment for MS.

Acknowledgements

This work is supported by The W ellcome Trust. We 
would like to thank the Multiple Sclerosis Society Tissue 
Bank for supplying MS and control CNS tissue for this 
study.

References
Adams, C.W.M., Poston, R.N., Buk, S.J., 1989. Pathology, histochem

istry and immunocytochemistry of lesions in acute multiple sclerosis.
J. Neurol. Sci. 92, 291-306.

Baggiolini, M., Dewald, B., Moser, B., 1994. Interleukin-8 and related
chemotactic cytokines— CXC and CC chemokines. Adv. Immunol.
55, 97-179 .

Bames, D.A., Huston, M„ Holmes, R., Benveniste, E.N., Yong, V.W., 
Scholz, P., Perez, H.D., 1996. Induction of RANTES expression by 
astrocytes and astrocytoma cell lines. J. Neuroimmunol. 71, 207-214.

Berman, J.W., Guida, M.P., Warren, J., Amat, J., Brosnan, C.F., 1996. 
Localisation of monocyte chemoattractant peptide-1 expression in the 
central nervous system in experimental autoimmune encephalomyeli
tis and trauma in the rat. J. Immunol. 156, 3017-3023.

Calvo, C.-F., Yoshimura, T., Gelman, M„ Mallat, M., 1996. Production 
of monocyte chemotactic protein-1 by rat brain macrophages. Eur. J. 
Neurosci. 8, 1725-1734.

Christensen, P.J., Rolfe, M.W., Standiford, T.J., Burdick, M.D., Toews,
G.B., Streiter, R.M., 1993. Characterisation of the production of 
monocyte chemoattractant protein-1 and IL-8 in an allogenoic im
mune response. J. Immunol. 151, 1205-1213.

Cuzner, M.L., Gveris, D„ Strand, C., Loughlin, A.J., Paemen, L., Opde- 
nakker, G., Newcombe, J., 1996. The expression of tissue type 
plasminogen activator, matrix metalloproteases and endogenous in
hibitors in the central nervous system in multiple sclerosis: Compari
son of stages in lesion evolution. J. Neuropathol. Exptl. Neurol. 55 
(12), 1194-1204.

Czaja, M.J., Geerts, A., Xu, J., Schmiederberg, P., Ju, Y., 1994. Mono
cyte chemoattractant protein-1 (MCP-1) expression occurs in toxic rat 
liver injury and human liver disease. J. Leukoc. Biol. 55, 120-126.

Ghirnikar, R.S., Lee, Y.L., He, T.R., Eng, L.F., 1996. Chemokine 
expression in rat stab wound brain injury. J. Neurosci. Res. 46, 
727-733.

Gillitzer, R., Wolff, K., Tong, D„ Muller, C., Yoshimura, T„ Hartmann, 
A.A., Stingl, G., Berger, R., 1993. MCP-1 mRNA expression in basal 
keratinocytes o f psoriatic lesions. J. Invest. Dermatol. 101, 127-131.

Glabinski, A.R., Tani, M., Aras, S., Stoler, M.H., Tuohy, V.K., Ranso
hoff, R.M., 1995a. Regulation and function of central nervous system 
chemokines. Int. J. Dev. Neurosci. 13, 153-165.

Glabinski, A.R., Tani, M., Tuohy, V.K., Tuthill, R.J., Ransohoff, R.M., 
1995b. Central nervous system mRNA accumulation follows initial 
leukocyte entry at the onset o f acute murine experimental allergic 
encephalomyelitis. Brain Behav. Immunity 9, 315-330.

Glabinski, A.R., Balasingam, V., Tani, M., Kunkel, S.L., Strieter, R.M., 
Yong, V.W., Ransohoff, R.M., 1996. Chemokine monocyte chemo
attractant protein-1 is expressed by astrocytes after mechanical injury 
to the brain. J. Immunol. 156, 4363-4368.

Godiska, R., Chantry, D., Dietsch, G.N., Gray, P.W., 1995. Chemokine 
expression in murine experimental allergic encephalomyelitis. J. 
Neurimmunol. 58, 167-176.

Grimm, M.C., Elsbury, S.K.O., Pavli, P., Doe, W.F., 1996. Enhanced 
expression and production of monocyte chemoattractant protein-1 in 
inflammatory bowel disease mucosa. J. Leukoc. Biol. 59, 804-812.

Hayashi, M„ Luo, Y., Laning, J., Strieter, R.M., Dorf, M.E., 1995. 
Production and function of monocyte chemoattractant protein-1 and 
other beta chemokines in murine glial cells. J. Neuroimmunol. 60, 
143-150.

Hayes, G.M., Woodroofe, M.N., Cuzner, M.L., 1987. Microglia are the 
major cell type expressing MHC class II in human white matter. J. 
Neurol. Sci. 80, 25-37 .

Hulkower, K., Brosnan, C.F., Aquino, D.A., Cammer, W., Kulshrestha, 
S., Guida, M.P., Rapoport, D.A., Berman, J.W., 1993. Expression of 
CSF-1, c-fms, and MCP-1 in the central nervous system of rats with 
experimental allergic encephalomyelitis. J. Immunol. 150, 2525-2533.

Jiang, Y.L., Beller, D.I., Frendl, G., Graves, D.T., 1992. Monocyte 
chemoattractant protein-1 regulates adhesion molecule expression and 
cytokine production in human monocytes. J. Immunol. 148, 2423- 
2428.

Karpus, W.J., Lukacs, N.W., McRae, B.L., Strieter, R.M., Kunkel, S.L., 
Miller, S.D., 1995. An important role for the chemokine macrophage 
inflammatory protein-1 alpha in the pathogenesis of the T-cell-media- 
ted autoimmune-disease experimental allergic encephalomyelitis. J. 
Immunol. 155, 5003-5010.



J.E. Simpson et al. /  Journal o f Neuroimmunology 84 (1998) 238-249 249

Kennedy, M.K., Clatch, R.J., Dal Canto, M.C., Trotter, J.L., Miller, S.D., 
1987. Monoclonal antibody-induced inhibition o f relapsing EAE in 
SJL/J mice correlates with inhibition of neuroantigenic-specific cell- 
mediated immune responses. J. Neuroimmunol. 16, 345-364.

Koch, A.E., Kunkel, S.L., Pearce, W.H., Shah, M.R., Parikh, D., Evanoff,
H.L., Haines, G.K., Burdick, M.D., Streiter, R.M., 1993. Enhanced 
production of the chemotactic cytokines interleukin-8 and monocyte 
chemoattractant protein-1 in human aortic aneurysms. Am. J. Pathol. 
142, 1423-1431.

Kuna, P., Reddigari, S.R., Schall, T.J., Rucinski, D„ Sadick, M., Kaplan, 
A.P., 1993. Characterisation of the human basophil response to 
cytokines, growth factors, and histamine releasing factors o f the 
intercrine/chemokine family. J. Immunol. 150, 1932-1943.

Kuratsu, J., Leonard, E.J., Yoshimura, T„ 1989. Production and charac
terisation of human glioma cell-derived monocyte chemotactic factor. 
J. Nat. Cancer Inst. 81, 347-351.

Marfaing-Koka, A., Devergne, O., Gorgone, G., Portier, A., Schall, T„ 
Galanaud, P., Emilie, D„ 1995. Regulation and production of the 
RANTES chemokine by endothelial cells. Synergistic induction by 
IFN-y plus TNF-a and Inhibition by IL-4 and IL-13. J. Immunol. 
154, 1870-1878.

Newcombe, J., Cuzner, M.L., 1993. Organisation and research applica
tions o f the U.K. Multiple Sclerosis Society Tissue Bank. In: Cruz- 
Sanchez, F.F., Tolosa, E. (Eds.), How to Run a Brain Bank, J. Neural 
Trans. (Suppl.) 39, pp. 155-163.

Noe, K.H., Fisher, S.N., DhibJalbut, S.S., Shin, M.L., 1996. Induction of 
cytokine RANTES by virus in astrocytes. J. Neurochem. 66, S71D.

Oppenheim, J.J., Zachariae, C.O.C., Mukaida, N., Matsushima, K., 1991. 
Properties of the novel proinflammatory supergene ‘intercrine’ fam
ily. Ann. Rev. Immunol. 9, 617-648.

Raine, C.S., Cannclla, B„ Duijvestijn, A.M., Cross, A.H., 1990. Homing 
to central nervous system vasculature by antigen-specific lymphocyte: 
II. Lymphocyte endothelial-cell adhesion during the initial stages of 
autimmune demyelination. Lab. Invest. 63 (4), 476-489.

Ransohoff, R.M., Hamilton, T.A., Tani, M„ Stoler, M., Shick, H.E., 
Major, J.A., Estes, M.L., Thomas, D.M., Tuohy, V.K., 1993. Astro
cyte expression of mRNA encoding cytokines IP-10 and JE/MCP-1 
in experimental allergic encephalomyelitis. FASEB J. 7, 592-600.

Schall, T.J., 1991. Biology of the rantes/sis cytokine family. Cytokine 3, 
165-170.

Schall, T.J., Bacon, K„ Toy, K.J., Goeddel, D.V., 1990. Selective 
attraction of monocytes and T lymphocytes of the memory phenotype 
by cytokine RANTES. Nature 347, 669-671.

Seebach, J., Bartholdi, D„ Frei, K., Spanaus, K.S., Ferrero, E., Widmer, 
U., Isenmann, S., Streiter, R.M., Schwab, M., Pfister, H., 1995. 
Experimental Listeria meningoencephalitis. Macrophage inflamma
tory protein-1 a  and -2 are produced intrathecally and mediate chemo

tactic activity in cerebrospinal fluid o f infected mice. J. Immunol. 
155, 4367-4375.

Shyy, Y.J., Wickham, L.L., Hagan, J.P., Hsien, H.J., Hu, Y.L., Telian, 
S.H., Valente, A.J., Sung, K.L.P., Chien, S., 1993. Human monocyte 
colony-stimulating factor stimulates the gene-expression of monocyte 
chemoattractant protein-1 and increases the adhesion of monocytes to 
endothelial monolayers. J. Clin. Invest. 92, 1745-1751.

Smith, M.E., Sommer, M.A., 1992. Association between cell-mediated 
demyelination and astrocyte stimulation. In: Yu, A.C.H., Hertz, L., 
Norenberg, M.D., Sykova, E., Waxman, S.G. (Eds.), Progress in 
Brain Research. Amsterdam, Elsevier pp. 411-422.

Streit, W.J., Graeber, M.B., Kreutzberg, G.W., 1988. Functional plasticity 
of microglia: a review. Glia 1, 307-310.

Tani, M„ Ransohoff, R.M., 1994. Do chemokines mediate inflammatory 
cell invasion of the central nervous system parenchyma. Brain Pathol. 
4, 135-143.

Tani, M„ Glabinski, A.R., Tuohy, V.K., Stoler, M.H., Estes, M.L., 
Ransohoff, R.M., 1996. In situ hybridisation analysis o f glial fibrillary 
acidic protein mRNA reveals evidence of biphasic astrocyte activation 
during acute experimental allergic encephalomyelitis. Am. J. Pathol. 
148, 889-896.

Taub, D.D., Oppenheim, J.J., 1994. Chemokines, inflammation and the 
immune system. Ther. Immunol. 1, 229-246.

Ulvestad, E., Williams, K., Mork, S., Antel, J., Nyland, H„ 1994. 
Phenotypic differences between human monocytes/macrophages and 
microglial cells studied in situ and in vitro. J. Neuropathol. Exp. 
Neurol. 53, 492-501.

Van Damme, J., 1994. Interleukin-8 and related molecules. In: Thomp
son, A. (Ed.), The Cytokine Handbook. Academic Press, New York, 
pp. 185-208.

Villiger, P.M., Terkeltaub, R., Lotz, M„ 1992. Production of monocyte 
chemoattractant protein-1 by inflammed synovial tissue and synovio
cytes. J. Immunol. 149, 722-727.

Wilson, S.D., Billings, P.R., D ’Eustachio, P., Fournier, R.E., Geissier, E., 
Lalley, P.A., Burd, P.R., Housman, D.E., Taylor, B.A., Dorf, M.E., 
1990. Clustering o f the cytokine genes on mouse chromosome 11. J. 
Exp. Med. 171, 1301-1314.

Woodroofe, M.N., Cuzner, M.L., 1993. Cytokine mRNA expression in 
multiple sclerosis lesions: detection by non-radioactive in situ hybridi
sation. Cytokine 5, 583-588.

Yoshimura, T„ 1993. cDNA cloning of guinea-pig monocyte chemo
attractant protein-1 and expression of the recombinant protein. J. 
Immunol. 150, 5025-5032.

Zachariae, C.O.C., Anderson, A.O., Thompson, H.L., Appella, E., Man- 
tovani, A., Oppenheim, J.J., Matsushirpa, K„ 1990. Properties of 
monocyte chemotactic and activating factor (MCAF) purified from a 
human fibrosarcoma cell-line. J. Exp. Med. 171, 2177-2181.



Preparation o f  Manuscripts
(continued from inside front cover)

Illustrations: Line drawings (including graphs) should be drawn in black ink on white paper or on tracing paper with blue or faint grey rulings; graduation 
will not be reproduced. Lettering should be large enough to permit photographic reduction. If figures are not to be reduced their format should not exceed 
13.0 x 20 cm (the typing area of the Journal). Photographs (or half-tone illustrations) must be of good quality, submitted as black and white prints on glossy 
paper, and have as much contrast as possible. The degree of reduction will be determined by the publisher, but in general it should be assumed that the same 
degree of reduction will be applied to all figures in the same paper. For photomicrographs, where possible, a scale should appear on the photograph. Color 
plates will be reproduced at the expense of the author(s). Illustrations should be clearly marked on the reverse side with the number, orientation (top) and 
author’s name; a soft pencil or preferably a felt-tipped pen should be used for marking photographs. The illustrations should be numbered with Arabic 
numerals. The legends should be typed separately.
Tables: Tables should be compiled on separate sheets with double spacing, numbered with Arabic numerals and provided with a short descriptive title, a 
legend and/or footnotes identified by superscripts a,b,c’, etc.
References: These should be cited in the text by author(s)’ name(s) and year of publication (Harvard System). When referring to a work of more than two 
authors, the name of the first author should be given, followed by et al. Examples: (Emery, 1969); (Roy and Dubowitz, 1970); (Craig et al., 1978). All refer
ences cited in the text should be given at the end of the paper, typed with double spacing and arranged in alphabetical order of first author. More than one 
paper from the same author(s) in the same year must be identified by the letters a, b, c, etc. placed after the year of publication. References must consist of 
names and initials of all authors, year, title of paper referred to, abbreviated title of periodicals, volume number, and first and last page numbers. Periodicals, 
books and edited books should accord with the following examples, respectively.

Mendelzon, D.H., Previato, J.O. and Parodi, A.J. (1986) Characterization of protein-linked oligosaccharides in trypanosomatid flagellates. Mol. 
Biochem. Parasitol. 18,354—367.

Bradshaw, J. (1986) Basic Experiments in Neuropsychology. Elsevier, Amsterdam, pp. 143-163.
Hamor, T.A. and Martin, I.L. (1983) The benzodiazapines. In: G.P. Ellis and G.B. West (Eds.), Progress in Medicinal Chemistry, Vol. 20. Elsevier, 

Amsterdam, pp. 157-223.
Journal titles should be abbreviated according to the List o f Serial Title Word Abbreviations (International Serials Data System, 20 rue Bachaumont, 

75002 Paris, France. ISBN 2-904938-02-8). This Journal should be cited in the list of references as J. Neuroimmunol.

Electronic manuscripts: Electronic manuscripts have the advantage that there is no need for the rekeying of text, thereby avoiding the possibility of intro
ducing errors and resulting in reliable and fast delivery of proofs. For the initial submission of manuscripts for consideration, hardcopies are sufficient. For 
the processing of accepted papers, electronic versions are preferred. After final acceptance, your disk plus one, final and exactly matching printed version 
should be submitted together. Double density (DD) or high density (HD) diskettes (3V2 or 5V4 inch) are acceptable. It is important that the file saved is in 
the native format of the wordprocessor program used. Label the disk with the name of the computer and wordprocessing package used, your name, and the 
name of the file on the disk. Further information may be obtained from the Publisher.

Proofs, Reprints and Page Charge

One set of proofs will be sent to the author(s) to be checked for typographical errors. No alteration to the text, tables or legends will be accepted. In case of 
two or more authors please indicate to whom the proofs should be sent. Fifty reprints are provided free of charge. Additional copies (minimum 100) may be 
ordered at prices shown on the reprint order form.

Journal of Neuroimmunology has no page charges

Subscriptions and Advertisem ents

Subscription information: Journal o f Neuroimmunology (ISSN 0165-5728). For 1998, Vols. 81-89 (9 volumes in 18 issues) are scheduled for publication. 
Subscription prices are available upon request from the Publisher. Subscriptions are accepted on a prepaid basis only and are entered on a calendar year 
basis. Issues are sent by surface mail except to the following countries where Air delivery via SAL mail is ensured: Argentina, Australia, Brazil, Canada, 
Hong Kong, India, Israel, Japan, Malaysia, Mexico, New Zealand, Pakistan, PR China, Singapore, South Africa, South Korea, Taiwan, Thailand, USA. For 
all other countries airmail rates are available upon request. Claims for missing issues should be made within six months of our publication (mailing) date.

Orders, claims, and product enquiries: please contact the Customer Support Department at the Regional Sales Office nearest you: 
New York 
Elsevier Science 
P.O. Box 945
New York, NY 10159-0945 
USA
Tel. (+1)212-633-3730 
[Toll free number for North 
American customers:
1-888-4ES-INFO (437-4636)]
Fax (+1)212-633-3680 
E-mail usinfo-f@elsevier.com

Amsterdam
Elsevier Science
P.O. Box 211
1000 AE Amsterdam
The Netherlands
Tel. (+31)20-485-3757
Fax (+31)20-485-3432
E-mail nlinfo-f@elsevier.nl

Tokyo
Elsevier Science 
9-15, Higashi-Azabu 1-chome, 
Minato-ku, Tokyo 106 
Japan
Tel. (+81)3-5561-5033 
Fax (+81)3-5561-5047 
E-mail info@elsevier.co.jp

Singapore
Elsevier Science
No. 1 Temasek Avenue
#17-01 Millenia Tower
Singapore 039192
Tel. (+65)434-3727
Fax (+65)337-2230
E-mail asiainfo@elsevier.com.sg

The Journal o f  Neuroimmunology is the official Journal of the International Society for Neuroimmunology. Information regarding the subscription rate 
available to members can be obtained from the Publisher or Dr. C.J. Lucas, TNO Prevention and Health, Dept, o f Immunology and Infectious Diseases, 
Zemikedreef 9,2333 CK Leiden, The Netherlands.

Enquiries concerning manuscripts and proofs: questions arising after acceptance o f the manuscript, expecially those relating to proofs, should be 
directed to Journal of Neuroimmunology, Elsevier Science Ireland Ltd., Bay 15K, Shannon Industrial Estate, Shannon, Co. Clare, Ireland; Tel.: +353 61 
471944; Fax: +353 61 472144.

Information for advertisers: Advertising orders and enquiries can be sent to: International: Elsevier Science, Advertising Department, The Boulevard, 
Langford Lane, Kidlington, Oxford, OX5 1GB, UK; Tel.: +44 1865 843565; Fax: +44 1865 843976. USA & Canada: Tino DeCarlo, Advertising Sales 
Director, Elsevier Science Inc., 655 Avenue of the Americas, New York, NY 10010-5107, USA; Tel.: +1 212 6333815; Fax: +1 212 6333820; E-mail: 
t.decarlo@eIsevier.com. Japan: Elsevier Science Japan, Marketing Services, 1-9-15 Higashi-Azabu, Minato-ku, Tokyo 106, Japan; Tel.: +81 3 55615033; 
Fax: +81 3 55615047.

Printed in The Netherlands

©  The paper used in this publication meets the requirements of ANSI/NISO Z39.48-1992 (Permanence of Paper)

mailto:usinfo-f@elsevier.com
mailto:nlinfo-f@elsevier.nl
mailto:info@elsevier.co.jp
mailto:asiainfo@elsevier.com.sg
mailto:t.decarlo@eIsevier.com

