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STUDIES INTO EVENTS AT THE BLOOD-BRAIN BARRIER 

by Ian Galea 

Neuroinflammatory diseases such as multiple sclerosis are characterized by exacerbations which 
result in considerable morbidity and health economic cost. There is evidence that systemic 
infections precipitate such exacerbations and contribute to neurodegeneration, the underlying 
substrate of progressive accumulation of disability. For this to happen, the peripheral immune 
system signals to the central nervous system (CNS) across the blood-brain ban'ier (BBB), resulting 

. in the induction of inflammation within the brain. Such immune-to-brain signalling may occur via 
several routes; three such mechanisms were investigated. 

First, prostaglandin E2 (PGE2) is considered to be the inflammatory mediator responsible for 
various CNS responses to systemic inflammation such as fever and sickness behaviour. Whether it 
plays a role in the induction of cytokine expression within the brain was unknown. De novo 
cytokine transcription within the brain occurs during systemic inflammation and is thought to be 
one of the mechanisms underlying exacerbation ofneuroinflammatory disease. It is shown that 
intraperitoneal administration of indomethacin, which inhibits PGE2 synthesis, did not prevent the 
upregulation ofTNFu, ILl~ and IL6 mRNA which occurs in the brain during systemic endotoxin 
challenge in rats. This suggests that exacerbation of neuroinflammatory disease following a 
systemic infection occurs via a prostaglandin-independent pathway. Future research efforts are 
therefore needed to identify the humoral mediator(s) signalling CNS cytokine induction during 
systemic inflammation. 

Second, cerebral CD163-positive macrophages and endothelial cells are the cellular constituents 
of the BBB which are activated during systemic inflammation. However their relative contribution 
to immune-to-brain signalling was not known. Therefore, cerebral CD163-positive macrophages 
were selectively depleted using an intracerebroventricular infusion of clodronate liposomes. This 
technique was optimized in order to preserve the peripheral immune system's response to systemic 
inflammatory challenge. It was observed that depletion of cerebral CD163-positive macrophages 
did not affect immune-to-brain signalling after a systemic endotoxin challenge as assessed by 
studying several events which are considered to reflect the brain's response to systemic 
inflammation: fever, de novo transcription of the cytokines TNFu, ILl~ and IL6, IL1~ protein 
expression and upregulation of microglial phosphorylated ERK 112. This shows that the role of 
cerebral CD163-positive macrophages in immune-to-brain signalling is not essential. Therefore the 
cerebral endothelium is mainly responsible for the inflammatory pathway across the BBB, and 
represents a potential therapeutic target. 

Third, the role of CD8 T cells in neuroinflammatory disease is increasingly being recognized. In 
order to initiate inflammation, neuroantigen-specific CD8 T cells need to infiltrate the brain. Here, 
a novel route whereby CD8 T cells gain access to the CNS in an antigen-dependent manner is 
described. An in vivo model of antigen-specific CD8 T cell recruitment was developed by injecting 
cognate antigen in the striatum of CD8 TCR-transgenic mice using a minimally invasive technique. 
Upregulation ofMHC Class I was observed on the luminal side of endothelial cells: it was 
temporally and spatially associated with the CD8 T cell infiltrate. Intravenous injection of blocking 
MHC I antibody resulted in a marked reduction in CNS-infiltrating CD8 T cells. This shows that 
luminal MHC Class I expression by cerebral endothelium directs antigen-specific CD8 T cell 
traffic into the brain in vivo and represents a novel therapeutic target in inflammatory neurological 
diseases. 



Contents 

Chapter 1 Introduction 

1 Overview 2 

1.1 Relapse is a feature of various neuroinflammatory 2 
diseases 

1.2 Triggers of relapse 3 

1.3 The short and long term implications of relapse 4 

1.3.1 Short term morbidity 4 

1.3.2 Long-term effects: progression of underlying disease 5 

1.4 Systemic infection and neurodegeneration 6 

1.5 The immune-brain interface 6 

1.5.1 Cerebral blood vessels 7 

1.5.2 The leptomeninges 9 

1.5.3 The circumventricular organs 9 

1.5.4 The choroid plexus 9 

1.6 Mechanisms of relapse in neuroinflammatory disease 10 

1.6.1 Humoral route 10 

1.6.1.1 Humoral route: direct entry 12 

1.6.1.2 Humoral route: relay mechanism at the immune-brain 12 
interface 

1.6.2 Cellular influx into the central nervous system 17 

1.6.2.1 T cell stimulation 18 

1.6.2.2 Transendothelial migration of T cells 20 

1.7 Aims 22 

Chapter 2 Materials and methods 

2.1 Animals 25 

2.2 Reagents for intracranial injection 27 

2.3 Reagents for intravenous injection 27 

2.4 Multilamellar liposomes 27 



Chapter 3 

2.5 

2.6 

2.7 

2.7.1 

2.7.2 

2.7.3 

2.7.3.1 

2.7.3.2 

2.7.4 

2.7.5 

2.8 

2.8.1 

2.8.2 

2.9 

2.10 

2.11 

2.12 

2.13 

2.13.1 

2.13.2 

2.13.3 

2.13.4 

2.14 

2.15 

2.16 

2.17 

3.1 

3.2 

3.2.1 

LPS injections 

Immunization 

Surgery 

Telemetry capsule implantation 

Intracerebroventricular liposome infusion 

Intracranial injections 

Antigen injections 

Other injections 

Optic nerve crush 

Stab lesions 

Telemetric measurement of core body temperature 

Minimization of factors potentially affecting telemetry 
data 

Analysis of telemetry data 

Cardiac puncture and serum processing 

Perfusion and tissue processing 

Immunohistochemistry 

Enzyme-linked immunosorbent assay 

Semi-quantitative real time reverse transcriptase PCR 

mRNA extraction 

cDNA synthesis 

RT-PCR 

Standard curve 

T cell culture 

FACS 

Quantification of cells 

Statistics 

Inhibition of prostaglandin synthesis does not prevent 
de novo cytokine transcription in the brain 
parenchyma during systemic inflammation 

Introduction 

Results 

De novo cytokine transcription within the brain after 
systemic LPS challenge 

29 

30 

30 

30 

31 

31 

34 

34 

34 

37 

37 

37 

39 

39 

40 

40 

43 

44 

44 

44 

44 

46 

46 

47 

47 

49 

51 

52 

52 



Chapter 4 

Chapter 5 

3.2.2 

3.2.3 

3.3 

3.4 

4.1 

4.2 

4.2.1 

4.2.2 

4.2.3 

4.2.4 

4.2.5 

4.2.6 

4.2.7 

4.3 

4.4 

5.1 

5.2 

De novo cytokine transcription within the brain after 
systemic LPS challenge occUlTed despite indomethacin 
treatment 

Indomethacin suppressed the febrile response to systemic 
LPS challenge 

Discussion 

Materials and methods 

Characterization and optimization of the clodronate 
liposome technique to deplete CD163-positive 
macro phages in rats 

Introduction 

Results 

leV infusion of 50~l of clodronate liposomes completely 
depletes meningeal and perivascular macrophages but 
not evo macrophages 

Kupffer cell and splenic red pulp macrophage numbers 
recover ten days after leV infusion of 50~1 of clodronate 
liposomes 

leV infusion of 50I-LI of clodronate liposomes attenuates 
the circulating cytokine response to systemic endotoxin 
challenge 

leV infusion of clodronate liposomes affects the 
circulating cytokine response to systemic endotoxin 
challenge and depletes cerebral eD163-positive 
perivascular macrophages in a dose-dependent fashion 

leV infusion of 50~1 of clodronate liposomes results in 
their leakage to the periphery 

Liposome leakage from brain to periphery is a protracted 
process 

Optimization of the clodronate liposome technique 

Discussion 

Materials and methods 

Cerebral CD163-positive macrophages in immune-to­
brain signalling 

Introduction 

Results 

54 

54 

54 

59 

61 

62 

62 

64 

71 

71 

73 

78 

78 

79 

83 

85 

87 



5.2.1 

5.2.2 

5.2.3 

5.2.4 

5.2.5 

5.3 

5.4 

Chapter 6 

6.1 

6.2 

6.2.1 

6.2.2 

6.2.3 

6.2.4 

6.2.5 

6.3 

6.4 

Chapter 7 

7.1 

7.2 

7.2.1 

7.2.2 

7.2.3 

An intact cerebral CD163-positive macrophage 
population is not essential for the febrile response to 
systemic inflammation 

Systemic endotoxin challenge induces gene transcription 
of the cytokines TNFa, ILl~ and IL6 in the fi'ontoparietal 
cortex 

Cerebral CD163-positive macrophage depletion does not 
affect de novo cytokine expression in the brain occurring 
during systemic inflammation 

The contribution of cerebral endothelium to the cytokines 
assayed was insignificant 

CD163-positive rnacrophages are excluded at the blood-
brain interface 

Discussion 

Materials and methods 

Mannose receptor expression specifically reveals 
murine cerebral perivascular macrophages 

Introduction 

Results 

Control animals 

Acute inflammatory model 

Excitotoxic model 

Wallerian degeneration model 

Chronic neurodegeneration model 

Discussion 

Materials and methods 

The role of cerebral endothelial cells and perivascular 
macrophages in antigen-specific CD8 T cell traffic 
into the brain 

Introduction 

Results 

Antigen-specific CD8 T cell traffic into the brain 

The role of cerebral perivascular macrophages 

The role of cerebral endothelium 

87 

87 

89 

93 

96 

96 

99 

105 

106 

106 

110 

110 

112 

112 

112 

116 

122 

123 

123 

127 

130 



Chapter 8 

7.3 

7.4 

Discussion 

Materials and methods 

Summary & Discussion 

References 

137 

141 

148 

154 



Chapter 1 

1.1 

1.2 

1.3 

1.4 

Chapter 2 

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

2.8 

Chapter 3 

3.1 

3.2 

3.3 

Chapter 4 

4.1 

Figures 

The cerebral perivascular macrophage 

Exacerbation of central nervous system inflammation following a 
systemic infection: humoral and cellular routes 

Temporospatial spread of immune activation from circumventricular 
organs to surrounding nuclei 

The prostaglandin synthetic pathway 

The CL4 transgenic mouse 

Clodronate-loaded multilamellar liposomes 

Fourth ventricular infusion 

Lateral ventricular infusion 

Intrastriatal injection 

Intrahippocampal injection 

Telemetric measurement of core body temperature ofrats 

CL4 CD8 T cells after culture protocol 

De novo cytokine transcription in the rat brain during systemic 
inflammation 

Indomethacin did not significantly affect cytokine mRNA 
upregulation in frontoparietal cortex after systemic endotoxin 
challenge 

Indomethacin dosing regimen used resulted in sufficient 
bioavailability in the CNS 

Complete depletion of perivascular macrophages in brain 
parenchyma after ICV infusion of50~1 clodronate liposomes in the 

8 

·11 

13 

16 

26 

28 

32 

33 

35 

36 

38 

48 

53 

55 . 

56. 

63 



4th ventricle 

4.2 Complete depletion of meningeal macrophages after ICV infusion of 63 
50111 clodronate liposomes in the 4th ventricle 

4.3 No depletion ofED2-positive macrophages in the area postrema 65 
after infusion of 50111 clodronate liposomes in the 4th ventricle 

4.4 No depletion ofED2-positive macrophages in the subfomical organ 66 
after infusion of 50111 clodronate liposomes in the 4th ventricle 

4.5 No depletion ofED2-positive macrophages in the organum 67 
vasculosum laminae terminalis after infusion of 50111 clodronate 
liposomes in the 4th ventricle. 

4.6 No depletion ofED2-positive macrophages in the choroid plexus 68 
after infusion of 50111 clodronate liposomes in the 4rth ventricle 

4.7 Kupffer cells in liver and red pulp macrophages in spleen on day 10 69 
post ICV infusion of 5Olliliposomes 

4.8 Hepatic and splenic macrophages after ICV liposome infusion 70 

4.9 ICV clodronate liposome infusion attenuated the circulating 72 
cytokine response to systemic endotoxin challenge in a dose-
dependent manner 

4.10 ICV clodronate liposome infusion depleted ED2-positive 74 
macrophages in a dose-dependent manner 

4.11 Cervical lymph nodes on day 9 after infusion of 50111 DiI-labelled 75 
liposomes in the 4th ventricle 

4.12 Liver on day 9 after infusion of 50111 DiI-labelled liposomes in the 76 
4th ventricle 

4.13 Spleen on day 9 after infusion of 50111 DiI-labelled liposomes in the 77 
4th ventricle 

4.14 The optimized technique did not affect the circulating cytoklne 80 
response to systemic endotoxin challenge 

4.15 Transependymal and transpial routes for ICV liposomes 82 

Chapter 5 

5.1 An intact cerebral CD163-positive macrophage popUlation is not 88 
essential for the febrile response to systemic inflammation 

5.2 De novo cytokine transcription in the rat brain during systemic 90 
inflammation 

5.3 Liposome infusion does not affect de novo cytokine expression in 91 
the brain occurring during systemic inflammation. 

5.4 Cerebral CD163-positive macrophage depletion does not affect de 92 
novo cytokine expression in the brain occurring during systemic 
inflammation 



5.5 IL 1 ~ protein in the right frontoparietal cortex 94 

5.6 Phosphorylation ofERKl12 in the model used 95 

Chapter 6 

6.1 Mannose receptor expression in naIve brain 108 

6.2 Localization of the PVM in the perivascular space by confocal 109 
microscopy 

6.3 Perivascular macrophages in different pathologies 111 

6.4 Perivascular macrophages in chronic neurodegenerative disease 113 

Chapter 7 

7.1 An antigen-specific model of CDS T cell infiltration into the brain 125 

7.2 Antigen-specific CDS T cell infiltration in non-transgenic mice 126 

7.3 Antigen-specific CDS T cell infiltration into the brain: simultaneous 128 
HA & Cw3 injection 

7.4 Non-antigen specific CDS T cell infiltration into the brain 129 

7.5 Cerebral perivascular macrophage depletion did not affect antigen- 131 
specific CD8 T cell infiltration into the brain 

7.6 Endothelial MHC Class I in antigen-specific CDS T cell infiltration 132 
into the brain 

7.7 Luminal endothelial MHC Class I upregulation 134 

7.8 Luminal endothelial MHC Class I plays a role in antigen-specific 135 
CDS T cell traffic into the brain 

7.9 Brain-infiltrating CDS T cells are not activated in the model of 136 
antigen-specific CDS T cell traffic used 

7.10 MHC-dependent trans endothelial CDS T cell migration into the 138 
brain 



Cbapter2 

2.1 

2.2 

Tables 

Antibodies used for immunohistochemistry and F ACS 

Quantitative real time polymerase chain reaction primer and probe 
sequences 

42 

45 



Acknowledgements 

I would like to thank the following people with whom I collaborated during the course of 

this work: Tracey A Newman, Leigh M Felton, Delphine Boche, Martine Bemardes-Silva, 

Penny A Forse, Sara Waters and Karin Palin (at the eNS Inflammation Group, University 

of Southampton); Roland S Liblau (at INSERM U563, Purpan University Hospital, 

Toulouse); Christine D Dijkstra, Nico van Rooijen and Babs 0 Fabriek (at the Department 

of Molecular Cell Biology, Free University, Amsterdam). 

I would also like to extend my acknowledgements to the following people for their help 

with advice, discussions, reagents, andlor technical support: Sonia Quaratino, Mmiin J 

Glennie, Tim Elliott, Anthony P Williams, Colm Cunningham, Sandra J Campbell, Debbie 

Bucks, Emma L Rankine, Matt Cuttle, Anton Page and Roger Alston (at the University of 

Southampton); Jacques P Zappulla, Julie Cabarrocas and Eliane Piaggio (at lNSERM 

U563, Purpan University Hospital, Toulouse); John W McCauley (at the Compton 

Laboratory, Institute for Animal Health, Newbury); Pedro R Lowenstein (at the Gene 

Therapeutics Research Institute, University of California, Los Angeles) 

The work described here has been funded by the European Union (Grant QLG3-CT-2002-

00612) and the Multiple Sclerosis Society (Grants 667/01 and 784/03). 

Lastly I would like to thank Hugh Perry for his stirling supervision and my wife Marylyse 

for her unstinting support. 



ACTH 

AD 

ANOVA 

APC 

APP 

AUC 

ATP 

BBB 

CD 

cDNA 

CFA 

CI 

CL 

CNPase 

CNS 

COX 

CpG 

CPM 

CR 

CRD 

CRR 

CSF 

CSL 

CVO 

DAB 

Dil 

DMEM 

DNA 

EAE 

ED2 

Abbreviations 

adrenocorticotrophic hormone 

Alzheimer's disease 

analysis of variance 

antigen-presenting cell 

amyloid precursor protein 

area under curve 

adenosine triphosphate 

blood-brain barrier 

cluster differentiation 

complementary deoxyribonucleic acid 

complete Fruend's adjuvant 

confidence interval 

clone 

2 '3' -cyclic-nucleotide 3' -phosphodiesterase 

central nervous system 

cyclooxygenase 

unmethylated cytosine-guanine dinucleotide 

choroid plexus macrophage 

complement receptor 

carbohydrate recognition domain 

corticotrophin-releasing hormone 

cerebrospinal fluid 

carbohydrate-specific lectin 

circumventricular organ 

3,3' -diaminobenzidine 

1,1' -dioctadecyl-3,3,3',3' -tetramethy I indQcarbocyanine perchlorate 

Dulbecco's modified Eagle's medium 

deoxyribonucleic acid 

experimental autoimmune encephalomyelitis 

antibody named after E Dopp, who developed- it 



EDTA 

ELISA 

ERK1I2 

ET 

ED 

FACS 

FcR 

FCS 

FITC 

g 

GAPDH 

GFAP 

HA 

HLA 

HPA 

HPLC 

HTLV 

hrs 

ICAM 

ICV 

IFN 

Ig 

IHC 

IL 

ILIRA 

1.p. 

i.v. 

KD 
KA 

kDa 

kg 

LAL 

LFA 

ethy lenediaminetetraacetic acid 

enzyme-liked immunosorbent assay 

extracellular signal-regulated kinase 112 

endothelin 

endotoxin units 

fluorescence-assisted cell sorting 

Fc receptor 

foetal calf serum 

fluorescein isothiocyanate 

grammes 

glyceraldehyde-3 -phosphate 

glial fibrillary acidic protein 

haemagglutinin 

human leucocyte antigen 

hypothalamo-pituitary -adrenocortical 

high performance liquid chromatography 

human T celllymphotropic virus 

hours 

intercellular adhesion molecule 

intracerebroventricular 

interferon 

immunoglobulin 

immunohistochemistry 

interleukin 

interleukin-l receptor antagonist 

intraperitoneal 

intravenous 

dissociation constant 

kainic acid 

kilodaltons 

kilo gramme 

Limulus amoebocyte lysate assay 

lymphocyte function associated antigen 



LFB 

LPS 

LTA 

M 

MAP2 

MBP 

mg 

MHC 

mm 

ml 

mm 

MM 

MOG 

MOM 

mPGES 

MR 

MR 

MRI 

mRNA 

MS 

n 

NBF 

nm 

NSAID 

OD 

ONC 

ORO 

PAMP 

PBS 

PC 

peR 

pERKI12 

PFU 

Luxol Fast Blue 

lipopolysaccharide 

lipoteichoic acid 

molar 

microtubule-associated protein 2 

myelin basic protein 

milligrammes 

major histocompatibility complex 

minutes 

millilitres 

millimetres 

meningeal macrophages 

myelin oligodendrocyte glycoprotein 

mouse-on-mouse 

microsomal prostaglandin E2 synthase 

magnetic resonance 

mannose receptor 

magnetic resonance imaging 

messenger ribonucleic acid 

multiple sclerosis 

number 

neutral buffered formalin 

nanometres 

non-steroidal anti-inflammatory drug 

optical density 

optic nerve crush 

Oil Red 0 

pathogen-associated molecular pattern 

phosphate-buffered saline 

personal computer 

polymerase chain reaction 

phosphorylated extracellular signal-regulated kinase 112 

plaque-forming units 



PG 

p.l. 

PLP 

polyIC 

PPAR 

PVM 

rRNA 

RT-PCR 

SE 

sec 

TCR 

TGF 

TNF 

tPA 

tRNA 

VCAM 

VLA 

Jlg 

JlI 

Jlm 

prostaglandin 

post infusion or post injection 

proteolipid protein 

polyriboinosinic-polyribocytidylic acid 

peroxisome proliferator-activated receptor 

perivascular macrophage 

ribosomal ribonucleic acid 

real-time (reverse transcriptase) polymerase chain reaction 

standard error 

seconds 

T cell receptor 

transforming growth factor 

tumour necrosis factor 

tissue plasminogen activator 

transfer ribonucleic acid 

vascular cell adhesion molecule 

very late antigen 

mlCrogrammes 

microlitres 

micrometres 



Chapter 1 

Introduction 



Introduction 

1 Overview 

Inflammation is a physiological process which evolved to help the body deal with injury 

and infection. It results in activation of cells in the tissue involved, a local increase in blood 

flow, and an influx ofleucocytes which serve to eliminate the infectious agent and to clear 

compromised tissue. This occurs at the price of some local tissue damage, which is usually 

repairable, so the benefits of inflammation far outweigh its consequences. However, if 

inflammation is prolonged or occurs out of its physiological context, tissue damage is 

excessive, the consequences far outweigh the benefits and inflammation becomes 

pathological. This is accentuated in tissues which have a poor capacity for repair, such as 

the central nervous system (CNS). 

Once inflammation is established within the central nervous system, it can manifest itself 

clinically in two ways. Firstly, it can result in acute clinical deficit as a result of 

abnormalities in electrical conduction, for example, slowing of conduction due to 

demyelination or conduction block mediated by inflammatory mediators such as nitric 

oxide l
. This is potentially reversible if the inflammation subsides. Secondly, clinical deficit 

can arise from neuronal or axonal death (neurodegeneration), a largely irreversible event. 

Therefore the clinical picture in neuroinflammatory disease is characterized by 

exacerbations, which may remit, as well as by accumulation of permanent neurological 

deficit. 

1.1 Relapse is a feature of various neuroinflammatory diseases 

The archetypal neuroinflammatory disease is multiple sclerosis (MS). It is increasingly 

being recognized that a significant inflammatory component occurs in Alzheimer's disease 

(ADi. Neurodegeneration is a core feature in both conditions. It is a hallmark in AD and 

preferentially affects the temporal lobes. Neurodenegeration in MS has only been recently 

appreciated, occurs early on during the disease and affects theCNS more globally 

compared to AD3. On a background of this ongoing neurodegeneration, both conditions are 

characterized by clinical exacerbations, "relapses" in MS and "delirium" in AD, which 

2 



remit to varying extents. The fluctuating nature of behavioural and psychiatric symptoms 

in AD is a common clinical observation which has been borne out clearly by natural 

history studies4. A relapsing-remitting course is characteristic ofneuroinflammation and 

indeed, an inflammatory disease is the prime differential diagnosis when a patient presents 

with a relapsing-remitting neurological picture. Other less common neuroinflammatory 

diseases may also be characterized by relapses, such as acute disseminated 

encephalomyelitis5
, primary eNS angiitis6

, neuro-Behget's disease7 or neurological 

involvement in Sjogren's syndrome8
. 

1.2 Triggers of relapse 

Relapses may be triggered by intrinsic or extrinsic factors. That intrinsic factors exist has 

been illustrated several times when animals with chronic relapsing forms of experimental 

autoimmune encephalomyelitis (EAE), a: model ofMS, were housed under sterile 

conditions: relapses still occurred9. Intrinsic factors have not been studied in detail but 

could include the following mechanisms. The first is "epitope spreading" which occurs 

when T cell responses during an autoimmune process are first detectable against one 

particular epitope but then occur against an increasing number of epitopes within the same 

molecule ("intramolecular spread") or within other molecules (" intermolecular 

spreadll)10,1l. The second is a vicious cycle whereby eNS inflammation from a preceding 

relapse releases brain antigens for peripheral priming of a second relapse: there is evidence 

that a cryolesion increases the cerebral burden of disease in EAE six-fold but this is nearly 

halved by cervicallymphadenectomy12. The third is stochastic fluctuations in the immune 

response: this has been forecasted for T cell reactivity by a mathematical model13
• 

Extrinsic triggers are more appealing since they represent more amenable targets for 

therapeutic intervention. Serial magnetic resonance imaging (MRI) studies of brain and 

spinal cord in patients with early relapsing-remitting MS showed a strong association 

between brain and spinal cord activity14. That brain and spinal cord lesions occur 

concurrently implies a systemic trigger for disease activity. Although several possible 

extrinsic triggers have been investigated, the strongest association is with infections: 

approximately 1/3 of relapses in MS are associated with a systemic infection15
-
19. This is 

likely to be an underestimate because of the existence of inflammatory activity in clinically 

non-eloquent areas of the brain and the high frequency of asymptomatic infections, both of 
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which would have been missed by the studies. A causative role of systemic infections in 

relapse, as opposed to an association between the two, is impossible to prove in 

observational studies. However there are indicators favouring a causative role. The first is 

the temporal relationship. Median time between the onset of systemic infection and 

occurrence ofMS exacerbation is 8 days17. The second is the fact that infection-related 

relapses lead to more sustained clinically detectable damage than other exacerbations15. 

The third is a growing body of evidence on the role of systemic inflammation in triggering 

relapses in EAE. This has been shown for pathogens prevalent in conventional animal 

facilities20, virus2\ lipopolysaccharide (LPS)22, bacterial superantigen23 and IL1224. 

Delirium is a recognized manifestation of systemic infections in AD25. Since an episode of 

delirium increases the risk of developing dementia threefold26, it is possible that infections 

precipitate delirium in preclinical cases of AD. Again it is difficult to establish cause and 

effect in observational studies, but simulation in experimental models provides valuable 

information. In preclinical murine prion disease, systemic administration of endotoxin 

resulted in exaggeration of sickness behaviour compared to controls27. 

1.3 The short and long term implications of relapse 

The investment into studying relapses has to be justified by an economic analysis of the 

consequences of relapse. In an American study, the average healthcare cost of an MS 

relapse in 2002 was calculated to be $12,870, $1,847 and $243 for severe, moderate and 

mild cases respectively28. In another American study, the occurrence of delirium in patients 

with dementia was associated with substantial health care costs compared to a control 

group of patients with dementia alone29. These studies do not take into account the national 

economic losses occurring as a result of loss of productivity. 

1.3.1 Short term morbidity 

Relapses are accompanied by a wide variety of morbidities. The most obvious is the acute 

psychiatric or neurological deficit occurring at presentation. However there are several 

under-recognized consequences of relapses. For instance, it has been shown using a battery 

of neuropsychological tests that cognitive problems occur in patients during an MS 

relapse30. These symptoms would go undetected during a routine neurological evaluation 
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yet are likely to impact significantly on the patient's life. In addition exacerbations of 

symptoms increase the likelihood of depression; one of the mechanisms is a heightening of 

patients' levels of uncertainty about their illness31
. There are also indirect morbidities 

arising out of the acute psychiatric or neurological deficits such as venous 

thromboembolism resulting from immobility, aspiration pneumonias as a consequence of 

swallowing difficulties, and head injuries or fractures after falls. 

1.3.2 Long-term effects: progression of underlying disease 

Although the contribution of exacerbations to progression of underlying disease is 

intuitive, recent evidence shows that the relationship between these two factors is not 

straightforward. Natural history studies have shown that relapse frequency is associated 

with time to onset of disability but not progression once disability is established32
. A 

similar result has been borne out by MRI studies examining the relationship between brain 

lesion load and cerebral atrophy. Accumulation of lesion load in the first 5 years of the 

disease, but not later, was correlated with subsequent brain atrophy over a 14 year follow­

up period33
. Anti-inflammatory treatment at different stages of the disease has yielded 

comparable results. Patients with early relapsing remitting and secondary progressive MS . 

(mean disease duration of2.7 and 11.2 years respectively) were leucodepleted with 

Campath-IH. This resulted in a profound reduction of relapses in both groups but 

progression of disability was only arrested in patients with early relapsing-remitting 

disease34
• Less potent immunomodulatory agents such as interferons and glatiramer acetate 

reduce relapses with little effect on disability progression whatever the stage of the 

disease35
. 

It therefore seems that inflammation and neurodegeneration are coupled in the early phases 

ofthe disease. This inflammation underlies relapse generation and is accessible to 

manipulation by anti-inflammatory treatments. If sufficiently immunosuppressive, 

treatments at this stage are able to curtail both inflammation and neurodegeneration, as has 

been seen with Campath-1H34 and natalizumab36
. As the disease progresses, the clinical 

picture is dominated by a self-perpetuating neurodegenerative process which is 

independent of relapses and unresponsive to any immunosuppression. Despite the lack of 

association with clinically overt inflammation at this stage, it remains possible that this 

neurodegeneration is related to inflammation occurring behind the blood-brain barrier 
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(BBB), as has been demonstrated in a delayed-type hypersensitivity modee7
• Indeed 

positron emission tomography studies using radiolabelled PKlll95, which binds to a 

benzodiazepine receptor expressed by activated microglia, have shown that cerebral 

atrophy is related to microglial activation within normal appearing white matter38. 

In AD, episodes of delirium are significantly associated with a higher risk of developing 

dementia26, a decline in the performance of activities of daily living39, a shorter time to 

permanent institutionalization4o, and increased mortality26. However such associations are 

not proof of causality. 

1.4 Systemic infection and neurodegeneration 

Systemic infection is the best known trigger of relapses, and the relationship between 

relapses and neurodegeneration has been discussed above. Little is known about the effect 

of systemic infections on ongoing neurodegeneration; There are no studies looking into 

this issue in MS. In AD, a pilot study revealed sustained cognitive decline for at least two 

months after the resolution ofa systemic infection41 . There is recent data from animal 

studies demonstrating biological plausibility of the hypothesis that systemic infections 

accelerate ongoing neurodegeneration. A significant increase in neuronal apoptosis was 

observed after systemic endotoxin challenge in a murine prion model of chronic 

neurodegeneration42. Similarly chronic LPS administration to presymptomatic SODl G37R 

mice, which model motor neurone disease, exacerbated the degeneration of motor axons 

and shortened the life span of the mice43 . 

In summary, there is substantial evidence that systemic infections result in exacerbation of 

ongoing neuroinflammation and neurodegeneration, and this might be accompanied by a 

clinically overt event: relapse in MS and delirium in AD. 

1.5 The immune-brain interface 

Rational design of therapies aimed at reducing the impact of relapses in neuroinflammatory 

conditions necessitate a knowledge of the underlying mechanisms. Although the eNS was 

traditionally thought to be shielded by the BBB, it is now recognized that regulated contact 
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with the circulation occurs at four distinct anatomical areas, collectively referred to as the 

immune-brain interface: 

(1) cerebral blood vessels 

(2) the leptomeninges 

(3) the circumventricular organs 

(4) the choroid plexus 

Since the genesis of relapses during systemic inflammation depends on cross-talk between 

the peripheral immune system and the brain, this has to occur across the immune-brain 

interface at these areas. 

1.5.1 Cerebral blood vessels 

In terms of surface area, the BBB at cerebral blood vessels represents the largest 

contribution to the immune-brain interface. It serves to protect the brain from acute insults 

such as infections and metabolic disturbances, and therefore maintains the stable milieu 

required for efficient neural activity. Rather than representing an absolute barrier, it allows 

for the regulation of traffic of cells and molecules into and out of the brain. It is a complex 

structure composed of cerebral endothelium, endothelial and glial basement membranes, 

and astrocytic foot processes. Pericytes are mesenchyme-derived cells enclosed within the 

endothelial basal lamina. CDl63-positive macrophages occupy the potential perivascular 

space between endothelial and glial basement membranes (Figure 1.1). Several features of 

cerebral endothelium contribute to barrier function: lack of endothelial fenestrations, the 

presence of continuous tight junctions, lower endocytotic/transcytotic capacity, efflux 

transport systems, and a combination of intracellular and extracellular enzymes with broad 

specificity44. CDl63-positive perivascular macrophages are constitutively phagocytic and 

are effective scavengers of the perivascular space45 . They have the capacity to detect 

potential microbial threats at the BBB by their surface expression of several pathogen­

associated molecular pattern receptors such as DC-SIGN, the mannose receptor, CD14 and 

scavenger receptor A 46. All cell types around the BBB (astrocytes, neurons, perivascular 

macrophages and pericytes) have been shown to contribute to the induction of barrier 

characteristics in cerebral endothelium44
• 
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Figure 1.1. The cerebral perivascular macrophage. A is a cartoon 
illustrating the location of the cerebral perivascular macrophage between the 
glial and endothelial basement membranes at the blood-brain barrier. The 
photomicrograph in B shows two cerebral perivascular macrophages, stained 
brown after immunohistochemistry with ED2 antibody against CD 163. 



1.5.2 The leptomeninges 

The meninges, which cover the entire surface of the brain and spinal cord, are composed of 

the outer dural meninges and the inner leptomeninges, separated by the subarachnoid 

space. The dura mater is outside the BBB since the endothelium of the vessels supplying it 

lacks tight junctions. The leptomeninges is composed of the outer arachnoid layer and the 

inner pia mater. Cells in the outer layer of the arachnoid are joined by numerous 

desmosomes and tight junctions47 and pial vessel endothelia have structural characteristics 

ofBBB-containing vessels48
• CD163-positive macrophages are present on the pial surface 

of the brain and represent an important component of its barrier function since their 

depletion results in a significantly worse outcome in experimental pneumococcal 

meningitis in rats49
• 

1.5.3 The circumventricular organs 

The circumventricular organs (CVOs) are well-defmed areas of the CNS which lie outside 

the BBB. To compensate for this, tight junctions between the processes oftanycytes and 

astrocytes isolate the CVOs from brain parenchyma50. Similarly, specialized ependymal cells 

at the ventricular border of CVOs possess tight junctions5o• The CVOs include the area 

postrema, the subfomical organ, the median eminence and the organum vasculosum 

laminae terminalis. Neurons in these areas are in direct contact with the exterrial 

environment and relay information to neural structures within the BBB. Compared to brain 

parenchyma, CVOs have an enriched immune environment as shown by the expression of 

a variety of molecules involved in both innate and acquired immunity51. 

1.5.4 The choroid plexus 

The choroid plexus is a vascular organ which ramifies throughout the ventricular system 

and is mainly responsible for cerebrospinal fluid (CSF) formation. It is a villous structure 

composed of blood vessels covered with cuboidal epithelium. Tight junctions are found 

between the epithelial rather than endothelial cells of the choroid plexus5o, which therefore 

lies outside the BBB. 
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1.6 Mechanisms of relapse in neuroinflammatory disease 

Relapse of neuroinflammatory disease during systemic inflammation implies an interaction 

across the immune-brajp interface, which represents the brain's foremost contact with its 

external environment. Since systemic inflammation is accompanied by circulating 

inflammatory mediators and activated cells, relapse may thus occur as a consequence of 

humoral or cellular routes across the immune-brain interface (Figure 1.2). 

1.6.1 Humoral route 

During a systemic infection, a variety of inflammatory mediators are released into the 

circulation as part of a genetically programmed response to fight infection, clear cellular 

debris, repair tissue damage and restore homeostasis. Some of these molecules are derived 

from components of the infectious agent itself, like LPS, lipoteichoic acid (LTA), CpG and 

polyriboinosinic-polyribocytidylic acid (polyIC), collectively referred to as pathogen­

associated molecular patterns (PAMP). Other molecules signify the host's response to 

infection and include cytokines, prostaglandins, acute-phase reactants, heat-shock proteins, 

hormones, enzymes, enzyme inhibitors, antibodies and complement proteins. Such 

circulating inflammatory mediators give rise to the myriad manifestations of infection, 

including localized inflammation, fever, sickness behaviour, systemic hypotension, and in 

extreme cases, multi-organ dysfunction. 

Neuroinflammatory disease is driven by cytokines secreted by both glia and invading 

haematogenous macrophages. There is experimental evidence that further increases in 

CNS cytokine concentrations exacerbate the disease process in models of both MSS2 and 

ADs3. Thus augmentation of central cytokines as a result of systemic infection may 

exacerbate neuroinflammatory disease. The molecular basis of this mechanism is the 

phenomenon of "priming"S4. In vitro and in vivo studies have shown that macrophages 

exposed to a pro-inflammatory stimulus display a heightened response to a second 

inflammatory stimulusss,s6. Thus macrophages may be "primed" or "conditioned" by an 

inflammatory environment to over-react to further stimulation. It is therefore not surprising 

that in 3 different models of chronic neurodegeneration (amyloid precursor protein 

transgenic mice, presenilin-l transgenic mice and pre-clinical murine prion disease), there 

is an exaggerated central cytokine response to systemic endotoxin challenge27,s7,s8. 

10 



pneumoma 

Figure 1.2. Exacerbation of central nervous system 
inflammation following a systemic infection: humoral 
and cellular routes. 
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Similarly, in a rodent optic nerve crush model ofMS, the innate inflammatory response 

along the visual pathways is exacerbated by a peripheral challenge of endotoxin: microglia 

are increased in number and transcribe higher levels of pro-inflammatory cytokines59. 

1.6.1.1 Humoral route: direct entry 

It has been traditionally held that the direct entry of soluble mediators into the brain is 

restricted because of the BBB. However, the existence of saturable active transport 

mechanisms for the three major cytokines TNF u, IL 1 ~ and IL6 has been demonstrated in 

mice60. Since less than 1 % of cytokines present in the blood are transported into the brain, 

this system is thought to be of dubious importance in the case of cytokines such as IL 1 ~ 

which is rarely present in serum concentrations more than 100 pg/ml while it might be of 

more consequence in the case of IL6 which is usually present in much larger amounts61 ,62. 

Unlike cytokines, prostaglandins are an exception in that they are small lipophilic 

molecules capable of diffusion across membranes. It has been shown in rabbits that 

cytokines facilitate the direct entry of circulating prostaglandin E2 into the brain63 . 

1.6.1.2 Humoral route: relay mechanism at the immune-brain interface 

Despite the presence of the BBB, there is no doubt that the brain can respond to systemic 

inflammation. Regions in the CNS constituting the immune-brain interface are the fIrst to 

respond as shown by many studies looking at mRNA and/or protein ofI_KB64,65, IL1~66-68, 

TNFu69, Type 1 ILl receptor70, IL6 receptor71
, cyclooxygenase 2 (COX2)72-77, microsomal 

prostaglandin E2 synthase (mPGES)72, and CDI478
. There is strong evidence ofa relay 

mechanism operating at three anatomical locations of the immune-brain interface: 

parenchymal blood vessels, meninges and CVOs. Four independent groups (led by M. 

Herkenham and C.B. Saper in the United States, S. Rivest in Canada and R. Dantzer in 

France) have produced evidence of a biphasic response after systemic immune activation. 

This is characterized by a rapid initial fIrst phase of stimulation of brain structures lying 

immediately outside the BBB at these three sites (endothelium of parenchymal blood 

vessels, the meninges and CVOs), followed by a second delayed and prolonged phase of 

activation of structures within the BBB at these sites (parenchyma, outer cortex and peri­

CVO nuclei respectively). As an example,Figure 1.3 illustrates the temporospatial spread 
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Figure 1.3. Temporospatial spread of immune activation from 
circumventricular organs (red) to surrounding nuclei (blue) 



of immune activation from some CVOs to surrounding nuclei. This has been shown to be 

the case using different markers including c-fos mRNA79, I-KB mRNA64,65, IL1P mRNA67, 

IL1P protein80 and TNFa. mRNA69,81. The fIrst phase usually occurs around 1-2 hours 

following the systemic immune stimulus and it then dies down to be followed by a second 

phase a few hours later. Differences between studies include level of activation, extent of 

spread, and timing of phases, but an essential feature is the biphasic nature of the response. 

Such a biphasic response argues against a predominant role for direct entry of circulating 

humoral mediators and suggests the existence of a relay mechanism whereby cells at the 

immune-brain interface respond fIrst and then relay the inflammatory message into the 

brain. The cells implicated in this mechanism are endothelial cells and CD163-positive 

macrophages. This is based on observational evidence of COX2 upregulation by both cell 

types during systemic inflammation using immunohistochemistry and in situ 

hybridization72,74,82,83. As yet, there are no interventional studies of the functional 

contribution ofthese cells to immune-to-brain signalling. This is essential information 

which is required for rational design oftherapies aimed at manipulating immune-to-brain 

signalling. 

Cerebral endothelial cells and CD163-positive perivascular macrophages are equipped to 

respond to circulating humoral mediators. On stimulation, cerebral endothelial cells 

transcribe mRNA for receptors such as Type 1 ILl receptor70,84,85, TNF receptor86, IL6 

receptor71 and CD1478
. Depending on activation status, CD163-positive macrophages also 

express a variety of receptors enabling them to sense the haemal milieu, including Type 1 

ILl receptor, CR3, FcR receptor, mannose receptor, scavenger receptor types I and II, DC­

SIGN and CD1446. Despite the fact that CD163-positive macrophages are situated 

abluminal to endothelial cells at the BBB, they have been reported to take up intravenously 

injected substances such as fluorescently labelled acetyl-low density lipoprotein and 

horseradish peroxidase, but whether this occurs as a result of direct uptake by the 

macrophages or transendothelial transport is unclear87. Given that these macrophages 

express the Type I IL 1 receptor83 and are capable of secreting IL 1 p88, there is potential for 

amplifIcation of endothelial signals at the immune-brain interface. 

Because of the marked upregulation and colocalization ofCOX2 and mPGES in vascular 

cells at the immune-brain interface, the molecular identity of the secondary mediator 
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responsible for relaying the inflammatory message into the brain is thought to be 

prostaglandin E2 (PGE2)72. Prostaglandin synthesis is a stepwise process (Figure 1.4) 

starting with mobilization of arachidonic acid from membrane phospholipids by 

phospholipase A2, followed by conversion to PGG2 and then PGH2 by COX, of which 

there are two types. COX1 is expressed constitutively and produces housekeeping PGs 

while COX2 is undetectable under basal conditions but is rapidly upregulated during 

inflammation89
• PGH2 may be converted to several PGs by various synthases: microsomal 

PGE2 synthase (mPGES) is responsible for PGE2 synthesis. PGE2 is a small lipophilic 

molecule and is therefore an ideal candidate as a secondary messenger. Interestingly the 

basal (i.e. abluminal)to apical (i.e. luminal) ratio ofPGE2 release by cultured murine 

cerebral endothelial cells in vitro was 4: 190 and PGE2 immunoreactivity was observed on 

the parenchymal side of the cerebral endothelium in endotoxin-treated rats91
, in support of 

a role as an inflammatory messenger. 

PGE2 has been shown to mediate several CNS responses to systemic inflammation: 

1. Fever, by acting on EP3 receptors in the preoptic area, ventrolateral medulla and 

nucleus of the tractus solitarius92
,93. Fibres from all three areas project to the parvocellular 

component of the paraventricular hypothalamic nucleus which is thought to constitute the 

main thermoregulatory centre61
• 

2. Hyperalgesia, by binding to EPI receptors in the ventromedial hypothalamus and EP3 

receptors in the preoptic area and diagonal band of Broca94
• 

3. Hypothalamo-pituitary-adrenocortical axis (HPA) activation, by agonizing EPI and 

EP3 receptors on corticotrophin-releasing hormone (CRR) positive parvocellular neurones 

in the paraventricular hypothalamic nucleus95
• These neurones project to the external layer 

of the median eminence where CRR is released to be carried by the hypophyseal portal 

system to the anterior pituitary resulting in adrenocorticotropic (ACTH) hormone secretion 

into the circulation. In tum, ACTH stimulates adrenocortical cells to synthesize and release 

corticosteroids. 

4. Sickness behaviour. Inhibition of COX2 by NSAIDs has shown that PGs mediate the 

behavioural consequences of systemic IL1~ challenge96 and EAE97 in mice. In addition, a 
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Figure 1.4. The prostaglandin synthetic pathway 
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randomized controlled crossover trial demonstrated a significant effect of aspirin on 

fatigue in MS patients98
. 

Whether PGE2 also mediates the de novo transcription of cytokines seen in the brain after 

systemic inflammation is still unknown. This is important since the prostaglandin synthetic 

pathway and the prostaglandin receptor family represent potential therapeutic targets in 

immune-to-brain signalling. 

1.6.2 Cellular influx into the central nervous system 

The CNS has an intrinsic innate immune capacity by virtue of a network of microglia and 

CDl63-positive macrophages, which are activated during neuroinflammation. This may be 

accompanied by infiltration of a variety of circulating leucocytes into the brain. Such 

infiltration is a hallmark ofMS and has only recently been recognized in animal models of 

AD99
,lOO. T and B lymphocytes represent the adaptive immune response to an antigen while 

monocytes and granulocytes form part of the innate peripheral immune system. 

T cells are thought to initiate the antigen-driven immune attack in MS. Transfer ofT cells 

from animals immunized against a CNS antigen into naive recipients results in EAE, which 

strikingly resembles MS101
• This is the case with both CD4 and CD8 T cells l02

. A trial of 

an altered peptide ligand based on the myelin basic protein (MBP) sequence in MS patients 

resulted in relapses which were accompanied by a 1000 fold increase in T cell reactivity 

against MBpI03
, demonstrating that T cells playa role in initiating relapses in MS. 

Other leucocytes participate in the effector phase of the immune attack. Depletion of 

peripheral monocytes using intravenous clodronate liposomes arrests EAE104
. Antibodies 

secreted by B cells augment demyelination 105, and lymphoid neogenesis within the CNS in 

established neuroinflammation is thought to playa role in disease maintenance106
• 

Granulocytes are only seen in infiltrates in severe or hyperacute cases ofEAE107 but a 

recent study has suggested a role in the effector phase ofEAE108 possibly by regulating the 

recruitment of lymphocytes. 
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Systemic infection results in stimulation of circulating T cells as well as enhancing their 

trans endothelial migration. Since T cells are thought to initiate neuroinflammation in MS, 

this represents a potential mechanism underlying relapse following a systemic infection. 

1.6.2.1 T cell stimulation 

Systemic infection may result in T cell stimulation in two ways: antigen-specific and 

bystander. 

Antigen-specific stimulation occurs as a result ofT cell receptor (TCR) ligation. The 

antigen is processed by antigen-presenting cells (APCs) into smaller peptides which are 

displayed on their surface in the context of major histocompatability molecules (MHC). 

Interaction between the MHC-peptide complex and the TCR leads to T cell stimulation. 

CD8 and CD4 T cells recognize MHC Class I and MHC Class II -restricted peptides 

respectively. Molecular mimicry between microbial and neural antigens is thought to play 

a role in the initiation of encephalitogenic T cell responses in MS. Thus· a viral infection 

might trigger activation ofT cells bearing a TCR which cross-reacts with neural antigen. 

Although molecular mimicry WCJ.S initially sought on the basis of amino-acid sequence 

similarities109
, it is now thought to be much more degenerate. Thus single amino acid 

similarities at TCR and MHC anchor positions are enoughllO
. Indeed, it was calculated that 

a single TCR might have the capacity to recognize one million different peptide-MHC 

combinationsll1
. Extending the concept further, it now seems that there does not even need 

to be any amino acid similarity as long as the additive stimulatory potency of all amino 

acids exceeds a certain threshold1l2
• 

Bystander stimulation occurs via TCR-independent pathways, and is not well 

characterized. Several instances of bystander activation have been described: 

(1) Contact-dependent activation of CD4 T cells. LPS administration induced relapse 

after monophasic EAE in mice previously immunized with MBP peptide. This was shown 

to occur as a result of TCR-independent activation ofCD4 T cells which depended on 

contact with CD4-negative splenic cells. Half of this bystander stimulation was inhibited 

by the addition of a cocktail of antibodies directed against a variety of B7 family 

co stimulatory molecules22
• 
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(2) ILl5-dependent proliferation of memory CD8 T cells. There is evidence that both 

viral and bacterial products induce a prominent burst of bystander memory CD8 T cell 

proliferation, for example after exposure to LPS l13
, polyIC1l4 and CpGllS

. This 

phenomenon is a true bystander effect and is not secondary to degeneracy ofMHC Class I 

- TCR interactions since it still occurred in a ~2-microglobulin-/- systemllS
. IL15 has been 

shown to be the common [mal effector, downstream of Type I IFN, IFNy, IL12 or IL18 116
. 

(3) Dendritic cell activation by provision of danger signal. The immune system's 

response to an antigenic challenge is sensitive to the context in which this occurs 117. 

Danger signals may come from self (e.g. heat shock proteins, IFNu, hyaluron breakdown 

products, CpG, CD40L) or non-self (e.g. LPS, LTA, polyIC). Thus cytokines released 

during systemic infection or products from the infecting organism itself may act as natural 

adjuvants to stimulate an immune response against a CNS antigen, initiating a relapse. This 

has been shown to be mediated by dendritic cells expressing receptors for danger signals 

(e.g. toll-like receptors) which upregulate MHC and costimulatory molecules in response 

to these signals leading to proliferation of antigen-specific T cells 118. Viral, bacterial or 

parasitic infections may also break down tolerance of circulating CD4 and CD8 T cells to 

autoantigensl19,120 as a result of provision of danger signals121 . Thus although the T cell 

response is antigen-specific, the danger signal is not. It is relevant that co stimulation is 

equally effective whether it is delivered by the same APC (cis-co stimulation) or separately 

by two different APCs (trans-costimulation)122. In the latter case, it has been shown that the 

two signals need not be delivered simultaneously123. This means that the danger signal 

provided by the systemic infection may be spatially and temporally separated from 

encephalitogenic T cell activation. 

(4) Superantigen-induced activation of T cells. Superantigens are bacterial or viral 

products which hyperstimulate T cells nonspecifically124 and have been shown to induce 

relapse in EAE23. They bind to the V~ region of particular subsets of T cell receptors and 

non-polymorphic regions of class II MHC molecules, outside of the peptide binding 

groove. As a consequence, superantigen recognition is not classically MHC restricted, and 

both CD4 and CD8 T cells respond125. 

T cell stimulation results in proliferation, cytokine secretion and cytotoxicity. CD4 T cells 

secrete a wide array of cytokines and direct the adaptive immune response by facilitating 
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antigen-specific activation of CD8 T cells and B cells. CD8 T cell activation leads to 

synthesis of cytokines (TNFa, TNF~ and IFNy) and acquisition of cytotoxic function by 

expression of perf orin, granzymes and fas ligand. T cell stimulation also results in 

upregulation of surface molecules which enhance their capacity for trans endothelial 

migration, which places them in close proximity to their target within the brain. 

1.6.2.2 Transendothelial migration of T cells 

Systemic infections may result in enhanced trans endothelial migration of T cells into the 

brain, setting the stage for a relapse. There is a wealth of in vitro evidence showing that 

transendothelial migration of T cells is markedly increased with cytokine or pathogen­

induced activation of either T cells or endothelium or both126
-
133

. T cells from EAE animals 

exhibited increased adhesion to cerebral endothelium in vitro, and this was increased 

further after LPS administration134
• An intravital microscopy study showed that injected 

activated T cells only rolled and arrested when cerebral endothelium was pre-activated by 

LPS or TNFa135. Importantly, blockade of trans endothelial migration ofT cells in both 

EAE136 and MS36 ameliorated disease course, showing that changes in T cell traffic into 

the CNS correlate with disease activity. 

Transendothelial migration ofT cells is a 3 step process137
: 

(1) Rolling. Circulating T cells "roll" along the surface of endothelium via the interaction 

of endothelial E- and P-selectins with glycoconjugates on the T cell surface, alternately 

engaging and disengaging. 

(2) Adhesion. Rolling is arrested when chemokines bound to glycosaminoglycans on the 

outer surface of endothelial cells interact with chemokine receptors on the surface of the 

rolling T cell. This results in a conformational change of integrins on the T cell surface 

increasing their avidity for Ig superfamily proteins on the endothelial cell surface. 

Examples of such integrinlIg superfamily pairs are LFAIIICAMI and VLA4NCAMl. 

The firm adhesion which ensues is essential for diapedesis. 

(3) Diapedesis, or transendothelial migration, then follows. 

Brain-infiltrating T cells will only initiate disease if they recognize their cognate antigen 

within the CNS. Various studies have shown that T cell infiltration into the brain occurs 
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independently of antigen specificity138-143. Activated CD4 T cells reactive against neural or 

irrelevant antigens were transferred into animals and it was observed that they infiltrated 

the brain equally well. However, whether antigen specificity is a feature of CD8 T cell 

infiltration is unknown. In some experiments138,139, CD8 T cells were present amongst the 

transferred cells but no efforts were made to elucidate whether the antigen specificity of 

CD8 T cells was influencing their infiltration into the brain. 

In support of CNS antigen-specific CD8 T cell traffic, several studies have reported 

oligoclonal dominance ofCD8 T cells in the CNS. Mice immunized with a myelin 

oligodendrocyte protein peptide (MOG 35-55) develop EAE and on day 10, tetramer 

staining revealed that 56% of brain infiltrating CD8 T cells were specific for MOG 37-

50144. Oligoclonal dominance ofCD8 T cells was also seen in CSP145 and plaques146 from 

MS patients. This has been largely interpreted as oligo clonal expansion within the CNS 

compartment. Whether CNS antigen-specific CD8 T cell infiltration contributes to this 

oligo clonal dominance is unknown. 

CNS antigen-specific CD8 T cell infiltration is important given the recent realization of the 

role ofCD8 T cells in MS102,147. A role in disease initiation was shown when systemic 

transfer ofMBP or MOG specific CD8 T cells into mice induced severe EAE148,149: 

initiation of a relapse can only occur if the infiltrating CD8 T cells are antigen-specific. 

D sing intravital microscopy it has been shown that circulating memory CD8 T cells but not 

CD4 T cells from MS patients in the first 24 hours into a relapse exhibit increased 

migration across murine cerebral endothelium15o, leading the authors to suggest that CD8 T 

cells might playa major role in disease initiation in humans. 

CD8 T cells also playa significant role in disease maintenance. Por instance, they 

outnumber CD4 T cells in the parenchyma ofMS plaques151 and a high prevalence of 

circulating neuroantigen-specific CD8 T cells, but not CD4 T cells, was seen in patients 

with MS 152. In support of a pathogenic role, CD8 T cells correlated with axon injury in 

acute MS plaques153 and MRI features of tissue damage154, and granzyme B-expressing 

CD8 T cells were seen contacting injured axons with polarization of cytotoxic granules 

towards the axon102. CD8 T cell-related neuropathology may be mediated directly by 

encephalitogenic CD8 T cells155 or may occur indirectly as a result of bystander damage by 

co-infiltrating CD8 T cells with irrelevant antigen specificities156,157. However the overall 
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contribution of bystander damage has been shown to be smaU158
,159. Therefore CNS 

antigen-specific CD8 T cell traffic is impOliant during ongoing neuropathology. 

1.7 Aims 

The studies repOlied in this thesis aimed to investigate several events occurring at the 

immune-brain interface which may be implicated in the genesis of neuroinflammatory 

relapse: 

(1) Prostaglandins in immune-to-brain signalling. PGs have been shown to mediate 

several brain responses to systemic inflammation: fever, hyperalgesia, activation of the 

HPA axis and sickness behaviour. All these responses can be inhibited by NSAIDs. It 

remains to be shown whether NSAIDs affect the expression of the major cytokines TNFa, 

IL1~ and IL6 which occurs in the brain during systemic inflammation. Such cytokine 

expression is thought to underlie relapse genesis and/or accelerated neurodegeneration 

following a systemic infection. Therefore the effect of an archetypal NSAID, 

indomethacin, on the de novo transcription of cytokines within the rat brain during 

systemic endotoxin challenge was investigated (Chapter 3). 

(2) CD163-positive macrophages in immune-to-brain signalling. Two cell types at the 

immune-brain interface are known to respond to systemic inflammation: cerebral 

endothelial cells and CDl63-positive macrophages. It is thought this cellular activation at 

the immune-brain interface plays a crucial role in relaying the inflammatory message into 

the brain. However this is based on observational evidence namely the upregulation of 

COX2 by these cells. Functional studies of the relative contribution of cerebral endothelial 

cells and CDl63-positive macrophages in immune-to-brain signalling are awaited. 

Therefore an intracerebroventricular (ICV) infusion of clodronate liposomes in rats was 

used to deplete CDl63-positive macrophages, and dissect the roles of these two cell types. 

Since ICV infusion of clodronate liposomes resulted in leakage to the periphery and 

suppression of the cytokine response to systemic endotoxin challenge, it was first 

necessary to optimize the clodronate liposome technique (Chapter 4). Then, de novo 

transcription of cytokines within the brain during systemic endotoxin challenge was 

investigated in rats which had previously received an ICV infusion of clodronate or control 

liposomes using the optimized technique (Chapter 5). 
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(3) Antigen-specific CD8 T cell traffic. It has been shown that CD4 T cells cross the BBB 

to infiltrate the brain irrespective of their antigen specificity. Whether the same can be said 

for CD8 T cells is not known. Antigen-specific CD8 T cell traffic into the brain is 

important since it has been shown to be responsible for initiation of relapse and subsequent 

tissue damage. In order to investigate this, a MHC Class I restricted TCR transgenic mouse 

was utilized in which >95% ofCD8 T cells recognize a haemagglutinin peptide160
. 

Cerebral perivascular macrophages (PVMs) are considered to be the prime APC at the 

BBB and therefore are highly relevant to antigen-specific T cell traffic into the brain. 

However the technology to study PVMs in mice was not available. Therefore a new 

surface marker which specifically reveals murine PVMs was identified and the clodronate 

liposome technique was adapted for use in mice (Chapter 6). Antigen-specific CD8 T cell 

traffic into the brain was then investigated using intrastriatal injections of cognate 

(haemagglutinin peptide) or irrelevant antigen (Chapter 7). The tools developed in Chapter 

6 were used in order to further study CD8 T cell traffic into the brain. 
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Chapter 2 

Materials and methods 



Materials and methods 

2.1 Animals 

Adult male Wistar or Lewis rats weighing circa 200g and BALB/c mice weighing circa 

20g were purchased from Harlan (Bicester, UK). Animals were housed in a conventional 

. animal facility under a 12h light:12h dark schedule and controlled environmental 

conditions with pelleted food and water ad libitum. 

CL4 transgenic mice were a gift from Professor Roland Liblau at INSERM U563, Pm·pan 

University Hospital, Toulouse. CL4 transgenic mice express the Val0 V~8.2 T cell 

receptor (TCR) from clone 4 (CL4), a CD8 T cell clone from a BI0.D2 mouse previously 

immunized with influenza virus (strain AlPR/8/34 Mt Sinai), specific for the peptide 

IYSTVASSL restricted by the Kd major histocompatibility complex Class I molecule160
. 

Heterozygous CL4 mice had been fully backcrossed (>8 generations) onto the BALB/c 

genetic background. They had also been backcrossed with Thy 1.1 +1+ BALBI c mice for 2 

generations to achieve homozygozity for Thyl.l. The CL4 mice were heterozygous for the 

transgene and they were maintained by breeding with Thyl.l +1+ BALB/c mice: transgenic 

offspring was obtained at roughly Mendelian rates. Offspring were screened for 

transgenicity one or two weeks after weaning. Their tail tips were clipped (Imm) and a 

drop of blood collected in heparin coated plastic capillary tubes. This blood was analyzed 

by fluorescence-assisted cell sorting (FACS) as described below. Transgenic and non­

transgenic mice were clearly and unequivocably distinguishable (Figure 2.1). The 

transgenic colony was bred and maintained in individually ventilated cages in a separate 

room in the same conventional facility. 

Rats and mice typically weighed 250g and 25g respectively when used. The experiments 

were carried out under Home Office Licence and in accordance with the Animals 

(Scientific Procedures) Act, 1986. 
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Figure 2.1. The CL4 transgenic mouse 
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2.2 Reagents for intracranial injection 

The haemagglutinin peptide (IYSTVASSL) and control Kd-binding peptide (Cw3 peptide, 

RYLKNGKETL) were bought from Alta Bioscience, Birmingham, UK and were certified 

to be 95% pure as assessed by high performance liquid chromatography. The ME7 prion 

brain homogenate was derived from the brains of 22 week old C57BLl6J mice post­

inoculation showing clinical signs of disease (10% w/v in sterile phosphate-buffered saline 

(PBS)). Replication-defective human type 5 adenovirus vector (Ad70-3) was a gift from 

Professor Jack Gauldie, McMaster University, Ontario. Lipopolysaccharide (LPS) from 

Salmonella abortus equi (L5886, Lot no 69F4003) and kainic acid were purchased from 

Sigma, Poole, UK. 

2.3 Reagents for intravenous injection 

LPS from E coli strain 0111 :B4 (L2630, Lot no 42K4120 and L4391, Lot no 092K4019) 

and indomethacin were from Sigma, Poole, UK. Indomethacin was dissolved by sonication 

in 0.2M Tris HCI (pH8.2). Red fluorescent polystyrene fluospheres of 0.02 and 111m 

diameters (Cat no F8786 and F13083 respectively) from Molecular Probes (Cambridge, 

UK) were used. The anti-Kd antibody SF1-1.1.1O was a gift from Philippe Kourilsky, 

Pasteur Institute, Paris. IgG2aK was used as control IgG (Sigma, Poole, UK). Biotinylation 

of both SF1-1.1.10 and IgG2aK was performed as per instructions using the EZ-Link Sulfo­

NHS-LC-Biotinylation Kit (Pierce Biotechnologies, Perbio Science UK Ltd, UK). All 

antibodies were dialyzed before injection to remove NaN3 or Tris using 10kDa MW cut.;.off 

Slide-A-Lyzer dialysis cassettes (Pierce Biotechnologies, Perbio Science UK Ltd, UK). 

2.4 Multilamellar liposomes 

Liposomes are phagocytosed and intracellular accumulation of clodronate is toxic by 

forming a non-hydrolyzable analogue of ATp161 and triggering apoptosis162 (Figure 2.2). 

When infused intracerebroventricularly (ICV), they have been shown to result in complete 

depletion of CD 163-positive macrophages from day 4 to day 10 after the procedure163
• 
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Multilamellar mannosylated liposomes were prepared as described before164
. Briefly, 

178mg phosphatidylcholine (Lipoid GmbH, Ludwigshafen, Germany) and 27mg 

cholesterol (Sigma Chemicals) were dissolved in 8ml chloroform which was added to 

9.25mgp-amino-phenyl-a-D-mannopyranoside (Sigma Chemicals) dissolved in 5ml 

methanol in a 500ml round-bottom flask. This was dried in vacuo on a rotary evaporator to 

form a film. The molar ratio ofphosphatidylcholine I cholesterol I mannoside was 7:2:l. 

The lipid film was dispersed in 10ml of phosphate buffered saline (PBS, 0.15MNaCI in 

10mM phosphate buffer, pH 7.4) for the preparation of PBS-containing mannosylated 

liposomes. To enclose the clodronate, 2.5g (a gift of Roche Diagnostics, Mmmheim, 

Germany) was dissolved in 10ml milliQ (set at pH 7.3 with NaOH) in which the lipid film 

was dispersed and the preparations were kept for 2 hours at room temperature, sonicated 

for 3 minutes, washed and resuspended in 10ml of PBS. The size of the liposomes ranged 

from 0.2 to 3l-tm. 

F or tracking purposes, liposomes were labelled with the fluorescent dye DiI (1,11-

dioctadecyl-3,3,31,31-tetramethyl indocarbocyanine perchlorate; D282; Molecular Probes, 

Eugene, USA). DiI was dissolved in absolute ethanol at a concentration of2.5mg/ml, 

sonicated for 5 minutes and stored at 4°C. DiI was added to 1 mlliposome suspension in a 

fmal concentration of 62.5l-tglml and incubated for 30 minutes at 37°C in a waterbath. The 

suspension was washed three times with 2ml PBS (24000g, 15 minutes) to remove free 

DiI, and the pellet was resuspended in 400 l-tl PBS. 

2.5 LPS injections 

Rats were intraperitoneally (i.p.)or intravenously (i.v.) injected with a solution of LPS 

from E coli strain 0111 :B4 (Sigma, Poole, UK) in sterile saline between 9 and lOAM (light 

phase). If there were prolonged periods (> 5 minutes) between injections of individual rats, 

this was taken into account when the rats were perfused, when serum was withdrawn and 

in the fmal analysis of telemetry data. Fresh LPS solution in sterile saline was made on the 

day for each experiment. Since LPS is not very soluble, the preparation was vortexed for 5 

minutes when first prepared and then re-vortexed before each injection to ensure 

homogeneity. Initially LPS L2630 Lot no 42K4120 was used; this was changed to L4391 

Lot no 092K4019 when stocks ran out. Bioequivalence was ensured by correcting for 
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endotoxin activity on LAL assay as certified by the manufacturer. The LAL assay is based 

on detection ofthe Lipid A component ofLPS, which is the moiety responsible for its 

endotoxic activity. The validity of this approach was confirmed by observing that the area­

under-the-curve for the febrile responses after both doses ofLPS did not differ 

significantly. 

2.6 Immunization 

Antigen was emulsified in complete Freund's adjuvant (Sigma, Poole, UK) using a 

homogenizer. Immunizations were done by intradermal injection of 100!!1 of active or 

control emulsion in the left thigh under isofiurane/02 anaesthesia. 

2.7 Surgery 

Homeostatic blankets were used during prolonged surgery. Aseptic technique was used. 

Skin and muscle were sutured using Ethicon Vicryl and Mersilk sutures respectively 

(Johnson & Johnson International, Brussels, Belgium). Animals were allowed to recover in 

a temperature-controlled box following surgery before being returned to their cages. 

2.7.1 Telemetry capsule implantation 

This surgery was performed under isofiurane/02 anaesthesia. Rats were fed blackcurrant 

jelly for a few days before surgery. This was done in order to encourage ingestion of 

analgesic-containing j elly post-operatively. TAl OT AF20 telemetry capsules (Data 

Sciences International, Minnesota, USA) were implanted intraperitoneally under aseptic 

conditions through a right paramedian laparotomy, The skin over the abdomen was 

prepared by shaving and swabbing with chlorhexidine-alcohol. A right paramedian skin 

incision was made followed by blunt dissection ofthe fascial plane between the skin and 

abdominal muscle medially till the rectus sheath was identified. The muscle layer was then 

opened slightly medial to the overlying skin incision by blunt dissection. When the parietal 

peritoneum was reached, it was slit open and the capsule inserted into the peritoneal cavity. 

Muscle and skin layers were sutured separately using absorbable and non-absorbable 

material respectively (see above). The rats were administered subcutaneous buprenorphine 
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(Temgesic, Schering-Plough, Hertfordshire, UK) (O.OSmg/kg) post-operatively and then 

fed buprenorphine-containing blackcurrant jelly (O.Smg/kg) the day afterwards. 

2.7.2 Intracerebroventricular liposome infusion 

This surgery was performed under isoflul'ane/02 anaesthesia. An operating microscope was 

used. Anaesthetized rats had the skin overlying the skull prepared by shaving and 

swabbing with chlorhexidine-alcohol. They were then fixed in a stereotaxic frame. A 

midline incision was made. Lateral and rostro-caudal coordinates were taken and a bun" 

hole was drilled. The dura was slit open. A Hamilton syringe fitted with a 27G needle was 

loaded with liposome suspension: this suspension was gently vortexed before each 

injection to ensure homogeneity. The syringe was fixed in a holder on the stereotaxic arm, 

which was positioned to the same lateral and rostro-caudal coordinates. The needle tip was 

gently lowered through the burr hole to the required depth in the brain. The required 

volume ofliposome suspension was infused slowly ICV (3 rd or 4th ventricle) at a rate of 

2/lVminute. In order to minimize reflux into the subarachnoid space overlying the injection 

site, the needle was left in place for 2.S minutes before being slowly withdrawn over 

another 2.5 minutes. The following coordinates were used: 4th ventricle: bregma -11.6mm, 

lateral Omm, depth 8.2mm (Figure 2.3); lateral ventricle: bregma -O.8mm, lateral 1.41nm, 

depth 4.4mm (Figure 2.4) (The Rat Brain in Stereotaxic Coordinates, by Paxinos & 

Watson, 4th edition, 1998, Academic Press, California, USA). 

A modification of the technique was developed for mice (see Chapter 6). Eight /ll of 

mannosylated liposomes were infused into each lateral ventricle slowly over 12.S minutes 

using a pulled glass capillary (co-ordinates: -O.22mm, lateral1mm and depth 2mm). On 

each side, the capillary was left in situ for 2.5 minutes, withdrawn partially and left for a 

further 2.5 minutes before being removed completely to avoid reflux of liposomes along 

the injection tract. 

2.7.3 Intracranial injections 

Stereotaxic intracranial injections were performed in mice anaesthetized with 

intraperitoneal Avertin (1.2S% 2,2,2-tribromoethanol in tertiary amyl alcohol) at a dose of 

O.1mV5g body weight. Mice had the skin overlying the skull prepared by shaving and 
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Figure 2.3 

Fourth ventricular infusion 
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Figure 2.4 

Lateral ventricular infusion 
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swabbing with chlorhexidine-alcohol. They were then fixed in a stereotaxic frame. A 

midline incision was made. Lateral and rostro-caudal co-ordinates were taken and a burr 

hole was drilled. The dura was slit open. 

2.7.3.1 Antigen injections 

A pulled glass micropipette was used to deliver the antigen slowly into the striatum in a 

volume ofO.5lll of vehicle over a period of 1 minute. The tip of such a pulled glass 

micropipette is sterile and ultrafme, measuring a few micrometers in diameter. Injections 

invariably contained a trace of Colanyl Blue to help with localization of the lesion during 

subsequent tissue processing. This dye has been previously shown to be immunologically 

inert (Tracey A Newman, personal communication). In order to minimize reflux along the 

injection tract, the needle was left in place for 1 minute before being slowly withdrawn 

over another minute. The following coordinates were used for striatal antigen injections: 

bregma Imm, lateral 1.6mm, depth 2.6mm (Figure 2.5) (The Mouse Brain in Stereotaxic 

Coordinates, by Paxinos & Watson, 2nd edition, 2002, Academic Press, California, USA). 

2.7.3.2 Other injections 

Other injections were done in the hippocampus of mice (Figure 2.6) using the following 

coordinates: bregma-1.94mm, lateral1.5mm, depth 1.37mm (The Mouse Brain in 

Stereotaxic Coordinates, by Paxinos & Watson, 2nd edition, 2002, Academic Press, 

California, USA). A pulled glass micropipette was also used for LPS and kainic acid 

injection. For prion disease, mice were bilaterally injected in the dorsal hippocampus with 

1/-11 ofME7 prion brain homogenate using a Hamilton syringe fitted with a blunt 26S 

needle. 

2.7.4 Optic nerve crush 

The mouse right optic nerve was crushed intraorbitally under an operating microscope with 

jeweller forceps for 10 seconds as described before165
. 
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Figure 2.5 

Intrastriatal injection 
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Figure 2.6 

Intrahippocampal injection 
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2.7.5 Stab lesions 

Striatal stab lesions were perfonned by lowering a sterile pointed scalpel blade into the 

right striatum using the following coordinates: bregma Imm, lateral1.6mm, depth 2.6mm 

(The Mouse Brain in Stereotaxic Coordinates, by Paxinos & Watson, 2nd edition, 2002, 

Academic Press, California, USA). 

2.8 Telemetric measurement of core body temperature 

Temperature readouts of rats implanted with telemetry capsules were obtained after 

implantation (baseline), after ICV liposome infusion, and after LPS challenge. This was 

done using a telemetry system from Data Sciences International, Minnesota, USA (Figure 

2.7). Each implanted rat was housed individually with a younger unoperated male 

conspecific. Radiofrequency signals emitted by the capsules were picked up by RPC-l 

receivers placed under individual cages. These receivers were wired to a data exchange 

matrix which was connected toa plug-in card on a PC. Raw data was processed by a 

custom programme (Dataquest A.R.T.) after inputting the calibrations for individual 

capsules (supplied by the company). Temperature readings were taken every 5 minutes. 

Each temperature reading represented a moving average of the temperature recordings 

taken over a 10 second period. Since recording was done at a rate of 250Hz, this represents 

a moving average of2500 readings. 

2.8.1 Minimization of factors potentially affecting telemetry data 

Since the read-out was core body temperature which is sensitive to a variety of factors such 

as surgery, environmental temperature, light/dark cycle and stress, efforts were made to 

minimize these effects. During the intraperitoneal implantation of telemetry capsules, care 

was taken to avoid infection such as disinfection of instruments between each case and of 

the skin before incision. The rats were then left to convalesce for at least 10 days before 

being used in experiments to ensure that any peritoneal inflammation had subsided. A 

week before inclusion in the experiments they were transferred to the telemetry room in 

order to ensure adaptation to their new environment. Each operated rat was housed with an 

age-matched same-sex (male) rat in separate cages: this pairing was maintained throughout 

the experiment. Environmental enrichment in the cages was identical and did not vary. 
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Cages were changed once every 5 days; some bedding from the dirty cages was transfened 

to the respective new cages to help the animals settle in quicker. The schedule of cage­

cleaning was organized such that it was done at least 4 days before LPS administration. 

Rats were handled between 3 and 5 times a week to get them used to the operator: this was 

done between 9AM and llAM, which was the period during which they were injected 

with LPS in the actual experiments. Animal technicians perfOlmed their maintenance tasks 

during this period as well. Otherwise the rats were left undisturbed. 

2.8.2 Analysis of telemetry data 

Telemetry data was imported into Excel and analyzed uniformly throughout the study. Any 

delay between individual rat injections was conected by shifting the datasets appropriately: 

Missing values were extrapolated using the linear trend function in Excel with the 

preceding and succeeding values as input. Fever was plotted over time. Data was examined 

closely by looking at the temperature charts of each individual rat. To observe group 

differences, the temperature readings of individual rats at each time point were averaged 

for experimental and control groups. All chart data presented in this thesis was derived in 

this way. Fever was quantified by using area-under-the-curve (AVC) analysis of 

temperature curves. AVC was derived using the formula (Xl+X2 .... +xn)5 where x were the 

individual temperature readings taken every 5 minutes and was measured in °Cmin. The 

AVC during the experiment was subtracted from the AVC during the same time frame on 

the preceding day for each rat. This change in Ave was used as a measure oftemperature 

change that respects individual animal temperature baselines. The period analyzed was 

chosen to be from the onset of the second phase of fever to dark onset. The first phase was 

ignored since the observed effect of lev liposome infusion on fever was always restricted 

to the second phase. Despite the fact that fever continued beyond dark onset, it was 

decided to stop analysis at that point since light-dark cycling affects the animals' activity 

and temperature, thus being a potentially confounding factor. 

2.9 Cardiac puncture and serum processing 

Rats were terminally anaesthetized with 20% sodium pentobarbital2Yz hours after i.p. LPS 

injection. The heart was accessed via a midline sternotomy, the pericardium was excised 

and blood was drawn slowly through a left ventricular puncture. It was slowly transferred 
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into a polypropylene eppendorf and allowed to clot at room temperature for 2 hours. All 

subsequent processing was done at 4°C. It was centrifuged at high speed for 10 minutes, 

the serum was drawn off and re-centrifuged for 10 minutes, before being divided into 

smaller aliquots and frozen at -70°C until use. 

2.10 Perfusion and tissue processing 

All animals were terminally anaesthetized with 20% sodium pentobarbital (Sagatal, Rhone 

Merieux Ltd., Harlow, Essex, UK) and transcardially perfused with 0.9% w/v heparinized 

saline. This was followed by perfusion with 4% paraformaldehyde or 10% neutral buffered 

formalin (NBF) in some cases. Tissue (brain, liver, spleen and cervical lymph nodes) was 

rapidly dissected. For fresh frozen tissue, samples were quickly embedded in Tissue-Tek 

OCT compound (Sakura Finetek Europe B.V, Zoeterwoude, NL) and frozen in isopentane 

on dry ice. For fixed frozen tissue, they were post-fixed in 4% paraformaldehyde for 4-6 

hours. They were then transferred to a cryoprotectant solution (30% sucrose in O.IM 

phosphate buffer) at 4°C for circa 48 hours, till the tissue sunk. Tissue was then cut into 

the required blocks, embedded in OCT and frozen in isopentane on dry ice. Blocks were 

stored at -20°C until use. For formalin-fixed tissue, samples were allowed to post-fix in 

10% NBF for about 7 days before being dehydrated through serial concentrations of 

alcohol followed by Histoclear, and embedded in wax. 

Tissue harvesting for RT-PCR was done very quickly. An appropriate 3mm slice of the 

brain containing the region of interest (frontoparietal cortex) was cut. The tissue was 

punched out and transferred immediately into RNAlater reagent (Qiagen, West Sussex, 

UK). Samples were incubated overnight in the reagent at 2-8°C and then transferred, still 

in the reagent, to -20°C for storage. 

2.11 Immunohistochemistry 

Coronal sections of 10)lm thickness were cut on a cryostat or microtome, dried at 37°C for 

30 minutes (frozen sections) or at 59°C for 10 minutes (wax-embedded sections) and 

processed for indirect immunohistochemistry. W ax-embedded sections were fust dewaxed 

in xylene and rehydrated through serial concentrations of alcohol. All incubations were 
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carried out at room temperature. If quenching was needed, this was done using 0.3% H20 2 

in methanol for 20 minutes, followed by a wash in O.lM PBS. If antigen retrieval was 

required for formalin-fixed sections, this was done using microwave (3 minutes in citrate 

buffer, cooling for 5 minutes, re-microwave for 3 minutes in citrate buffer). After being 

washed in O.lM PBS, sections were pre-adsorbed with 10% normal serum of the 

appropriate animal species for 30 minutes and then incubated for 1 ~ hours with the 

primary antibody. Table 2.1 lists all the primary antibodies used in these studies. After 

washing, sections were incubated with biotinylated secondary antibody of the appropriate 

specificity for 30 minutes, washed again and then incubated with avidin-biotin-peroxidase 

complex 01ectastain Elite ABC) for 30 minutes. After another wash, the peroxidase was 

visualized using 0.05% 3,3'-diaminobenzidine (DAB) as chromogen and 0.05% hydrogen 

peroxide as substrate. All the sections were counterstained with Cresyl Violet or 

haematoxylin and dehydrated before mounting in DePeX (BDH Laboratory supplies, 

Poole, UK). Negative control sections were incubated in the absence of the primary 

antibody. Normal sera, biotinylated secondary antibodies, and avidin-biotin-peroxidase 

complex were purchased from Vector Laboratories, Burlingame, California. For antibodies 

raised in mouse, the MOM kit was used 01ector Laboratories). For Luxol Fast Blue (LFB) 

histochemistry, sections were dehydrated in 95% alcohol and then incubated in a 0.1 % 

LFB solution at 60°C for 90 minutes, washed in 70% alcohol and distilled water, and 

differentiated in 0.01 % lithium carbonate solution, followed by dehydration and mounting 

in DePeX. For Oil red 0 (ORO) histochemistry, sections were incubated in a 0.3% 

ORO/dextrin solution at room temperature for 20 minutes, rinsed in water, and mounted in 

an aqueous medium. Images were captured on a PC using LeicaQwin software 

(Cambridge, UK). 

For double immunofluorescence, the same protocol was used but incubations were carried 

out in a dark box. The biotinylated secondary antibody step was substituted by an 

appropriate AlexaFluor-conjugated secondary; otherwise streptavidin-conjugated . 

AlexaFluors were used (Molecular Probes, Cambridge Bioscience, Cambridge, UK). 

Sections were mounted in Mowiol (Harlow Chemical, Harlow, UK) and visualized with a 

LSM 510 Meta confocal laser scanning microscope (Carl Zeiss, Germany). Images were 

examined with the Zeiss LSM 5 Image Examiner software. 
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Clone Antigen Species Dilution Source . -- n I 

APP rabbit anti-peptide polyclonal 1:200 Zymed 
ED2 CD163 mouse anti-rat monoclonal 1:200 Serotec 
KT3 CD3 mouse anti-rat monoclonal 1:200 Serotec 
YTS191.1 CD4 mouse anti-rat monoclonal 1:200 Serotec 
EDI CD68 mouse anti-rat monoclonal 1:200 Serotec 
FAll CD68 rat anti-mouse monoclonal 1:100 Serotec 
YTSI0S.18 CD8 mouse anti-rat monoclonal 1:200 Serotec 
ll-SB CNPase mouse anti-human monoclonal 1:200 Sigma 

GFAP rabbit anti-cow polyclonal I:S000 DAKO 
glut! rabbit polyclonal 1:2500 gift (JL Mankowski) 
granzyme B rabbit anti-peptideQolyclonal 1:20 Abcam 

SD3 mannose receptor rat anti-mouse monoclonal 1:200 Serotec 
HM-2 MAP2 mouse anti-rat monoclonal 1:200 Sigma 
anti-MBP MBP mouse anti-cow monoclonal I:S0 Chemic on 
2GS lV1HC Class I mouse anti-mouse monoclonal 1:200/800 Serotec 
ER-HRS2 lV1HC Class I rat anti-mouse monoclonal 1:200 Abcam 
OX6 lV1HC Class II mouse anti-rat monoclonal 1:200/3000 Serotec 
A60 NeuN mouse anti-mouse monoclonal I:S000 Chemicon 

pERKI12 rabbit anti-peptide polyclonal 1:200 Cell Signaling 
OX7 Thyl.l mouse anti-rat monoclonal 1:200 Serotec 
AS yl-laminin rat anti-mouse monoclonal 1:2S0 Labvision 

CT-CD8a CD8 (R-PE) rat anti-mouse monoclonal 0.1 Jlg/l 0° cells Caltag 
PC6l.S.3 CD25 rat anti-mouse monoclonal 0.2Jlg/I0° cells Serotec 
F23.1 V~8.2 (FITC) mouse anti-mouse monoclonal 0.1 Jlg/l 0° cells Pharmingen 

Table 2.1. Antibodies used for immunohistochemistry (IHC) and FACS 



2.12 Enzyme-linked immunosorbent assay 

Serum cytokines TNFa, IL1~ and IL6 were assayed using commercial ELISA kits as per 

manufacturer's instructions (R&D Systems, Abingdon, UK). Briefly, serum was incubated 

in wells coated with primary antibody for 2 hours. After washing, the wells were incubated 

with horseradish peroxidase-conjugated secondary antibody for 2 hours, washed again and 

then loaded with substrate solution (tetramethylbenzidine and H20 2). The chromogenic 

reaction was stopped with dilute hydrochloric acid and optical density read at 450nm with 

correction at 570nm. A standard curve as well as positive and negative controls were run 

within each ELISA run. The standard curve was run using serial dilution of recombinant 

cytokine in buffer: this was supplied with the kit as was the positive control. NaIve rat 

serum was used as negative control. During the initial run with each cytokine ELISA, a 

spike-and-recovery curve was done i.e. a standard curve was also run in naIve rat serum to 

exclude significant effects from serum inhibitors. Recovery of >90% was deemed 

satisfactory. All incubations were carried out in duplicate. Data was entered into an Excel 

spreadsheet. Data from duplicate wells was averaged and the average zero standard optical 

density subtracted. A standard curve was obtained by plotting OD values on the y-axis and 

cytokine concentration on the x-axis and the line of best fit determined using linear 

regression. Concentrations read from the standard curve were multiplied by the appropriate 

dilution factor used during the ELISA. Values below the lowest point on the standard 

curve were considered to be below the detection threshold of the kit and were assumed to 

be equal to the lowest value for statistical purposes. This is because sample values of zero 

interfere with logarithmic transformation which was necessary when serum cytokine levels 

did not follow a normal distribution. 

Brain samples were homogenized in O.lM PBS containing a protease inhibitor cocktail 

(lOnM disodium EDTA, 5mM benzamidine HCL.H20, 100mM E-amino-N-caproic acid 

and 0.02mM AEBSF.HCI) using a rotor and centrifuged at 4°C. Total protein and IL1~ in 

supernatant were assayed using Biorad DC protein (Biorad, UK) and ELISA kits (R&D 

Systems, Abingdon, UK) respectively, as per manufacturers' instructions. 
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2.13 Semi-quantitative real time reverse transcriptase peR (RT-PCR) 

All experimental procedures involving the extraction of messenger RNA (mRNA) from 

tissue and its subsequent reverse transcription into complimentary DNA (cDNA) were 

done under strict RNase-free conditions. 

2.13.1 mRNA extraction 

Tissue samples were taken out of RNA later solution and weighed quickly: samples were 

typically 30llg in weight. After rapid homogenization using a rotor and Qiashredder 

columns (Qiagen, West Sussex, UK), total RNA was extracted from tissue using RNeasy 

mini columns (Qiagen). These columns contain a silica gel based membrane which 

selectively binds RNA molecules >200 nucleotides long in the presence ofa special high 

salt buffer and ethanol. This results in enrichment for mRNA since tRNA and rRNA are 

usually smaller. Contaminating DNA was removed by on-column digestion with RNase­

free DNase I (Qiagen) according to the manufacturer's instructions. RNA yields were 

determined by spectrophotometry at 260nm. Isolated RNA was stored at -80°C till cDNA 

synthesis. 

2.13.2 cDNA synthesis 

cDNA was synthesised from mRNA using RT-Gold reagents (Applied Biosystems, UK) 

according to the manufacturer's instructions. 

2.13.3 RT-PCR 

Taqman technology was used. All equipment and reagents were supplied by Applied 

Biosystems (UK) unless otherwise stated. All primers and probes were synthesized using 

sequences which had been published or used by colleagues in the laboratory (Table 2.2). 

These sequences were double-checked using Primer Express software to ensure that they 

spanned an intron-exon boundary thereby increasing their specificity for cDNA and 

excluding genomic DNA. Probes were labelled at the 5' end with F AM or VIC as a 

reporter dye and at the 3' end with T AMRA as a quencher dye. Primers and probes for 
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Cytokine Primer / probe Sequence 5'-3' -I 

TNFa forward CCAGGAGAAAGTCAGCCTCCT 

TNFa reverse TCATACCAGGGCTTGAGCTCA 

TNFa probe AGAGCCCTTGCCCTAAGGACACCCCT 

ILl~ forward CACCTCTCAAGCAGAGCACAG 

ILl~ reverse GGGTTCCATGGTGAAGTCAAC 

ILl~ probe TGTCCCGACCATTGCTGTTTCCTAGG 

IL6 forward CGAAAGTCAACTCCATCTGCC 

IL6 reverse GGCAACTGGCTGGAAGTCTCT 

IL6 probe TCAGGAACAGCTATGAAGTTTCTCTCCG 

Table 2.2. Quantitative real time polymerase chain reaction (RT -PCR) primer and probe sequences 



glyderaldehyde-3-phosphate dehydrogenase (GAPDH), which was used as a housekeeping 

gene, were purchased in kit form. 

All reactions were carried out using an Opticon Monitor R T -PCR machine (MJ Research 

Inc, USA). Reactions were performed in volumes of25pL containing 1 ilL cDNA 

(equivalent to 20ng RNA), reverse and forward primers, probe, and Taqman universal 

Mastermix as per manufacturer's instructions. Cycling conditions were as follows: 50°C x 

2 min, 95° x 10 min and 40 cycles of [95° x 15 sec, 60° x 1 min, plate read]. Samples were 

assayed in duplicate and quantified using a standard curve, as described below. 

2.13.4 Standard curve 

In order to prepare mRNA that could be used to generate a relative standard curve for R T­

PCR, 3 male Wistar rats were injected intrastriatally with 1 Ilg LPS dissolved in sterile 

saline. These treatments are known to induce robust expression of cytokines including 

TNFa, ILl~ and IL6 (Leigh M Felton, personal communication). The striatum was 

harvested and frozen immediately. RNA was extracted and cDNA synthesized as described 

above. This cDNA was then diluted serially in DNase-free water (1:1, 1 :5, 1 :25, 1 :125, 

1 :625, 1 :3125) and used during each RT -PCR run as a relative standard curve of target 

gene expression (in arbitrary units). All results were normalized to the measurement of the 

housekeeping gene GAPDH in the same samples. 

2.14 T cell culture 

Single cell suspensions were prepared from spleen and lymph nodes of CL4 mice and non- . 

transgenic littermates, and depleted of red blood cells by incubation with 0.83% NH4CI 

(Sigma, Poole, UK) for 10 minutes at room temperature. CL4 CD8 T cells were purified by 

positive selection. Briefly, the CL4 cell suspension was incubated with anti-CD8a 

monoclonal antibody (CT-CD8a; Caltag, USA) for 45 minutes at 4°C, washed and then 

microbeads coupled to goat anti-rat IgG (Miltenyi Biotech, UK) were added for 15 minutes 

at 4°C, followed by another wash. Magnetic separation was performed on columns (MS 

columns; Miltenyi Biotech, UK). The purified population consisted of>98.5% CDS cells, 

as revealed by F ACS analysis. CL4 CD8 T cells were stimulated with irradiated syngeneic 

splenocytes (2500 rads) in a ratio of 1: lOin complete DMEM (Invitrogen, UK) 
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supplemented with 10% FCS (Invitrogen, UK) and containing I mM HA peptide, I ng/ml 

IL2 (R&D, UK), and 20 ng/ml ILI2 (R&D, UK). On day 3, the cultures were fed with 

fresh medium containing Ing/ml IL-2. On day 6, cells were harvested and living cells were 

collected by Ficoll density separation (Amersham Biosciences, UK) and washed in DMEM 

three times. F ACS analysis of these cells consistently showed that they were CD8, V~8.2 

and CD25-positive (Figure 2.8). 

2.15 FACS 

A few ilL of blood or 106 resuspended cells were incubated with primary antibody for 10 

minutes at RT or 30 minutes on ice respectively. Primary antibodies used are listed in 

Table 2.1. They were either directly conjugated with fluorochromes or else followed by a 

second incubation with the appropriate fluorochrome-conjugated secondary antibody. For 

blood, red cells were lysed by adding 2ml of proprietary lysis buffer (BD F ACS Lysis 

Buffer, BD Biosciences) for 15 minutes at RT. Multiple staining was done by sequential 

steps involving not more than one secondary antibody. The appropriate control isotypes 

were used. Washing steps were done using Cellwash (BD Biosciences) and centrifugation 

at 200g for 5 minutes. F ACS analysis was performed using a F ACSCalibur flow cytometer 

(BD Biosciences) and the data was analysed using CellQuest software (BD Biosciences). T 

cells were gated according to their forward and side scatter characteristics. 

2.16 Quantification of cells 

This was done manually under light microscopy. The operator was blinded to the identity 

ofthe slides counted. Cells were counted using a graticule under a high power objective 

(x40 or x25) and density of cells converted to a value per mm2
, CDl63-positive 

macrophages, Kupffer cells, splenic red pulp macrophages and endothelial cells were 

counted in several regions within the same section. In the case of CD8 T cells, these were 

counted in one area in the central most densely infiltrated region of the lesion. In all cases 

several sections from the same animal, and several animals from each experimental group 

(as denoted by number n) were analyzed and counts averaged. 
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Figure 2.8. CL4 CD8 T cells after culture protocol 
(percentage of cells shown) 
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2.17 Statistics 

Advice was sought from a professional statistician (Prof Prescott, Department of 

Mathematics, University of Southampton). Sample size calculations were done using 

Epicalc 2000 version 1.02 (freeware). The alpha level was set at 0.05 and the power at 

80%. Analysis was performed using Excel, SPSS and SigmaS tat. Data was assessed for 

normality with the Kolmogorov-Smimov test. Logarithmic transformation was canied out 

to normalize data when necessary. Equality of variance was assessed using Levene's test 

(significance value of statistic >0.1 was taken to indicate rejection of the null hypothesis 

i.e. variances are equal). Variability of data was assessed by considering the inean, 

standard deviation and coefficient of variation (standard deviation/mean). Parametric data 

was analyzed using t-test for two independent samples and ANOV A for multiple 

independent samples. For post-hoc analysis, Bonfenoni's or Tamhane's T2 methods were 

used when variances were homogenous or non-homogenous respectively. The latter was 

only done if sample sizes were equal. Non-parametric data was rendered parametric by 

logarithmic transformation and analyzed as above. Otherwise it was analyzed using the 

Mann-Whitney test for two independent samples and the Kruskal-Wallis test for multiple 

independent samples. Significance was assumed to have been reached at p<0.05. 95% 

confidence limits were calculated for both means and differences between means where 

appropriate. Graphical representation of results was done using Excel or SigmaPlot. Enor 

bars represented 1 standard enor or 1 quartile for normal and non-parametric data 

respectively. 
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Inhibition of prostaglandin synthesis does not prevent 

de novo cytokine transcription in the brain parenchyma 

during systemic inflammation 



Inhibition of prostaglandin synthesis does not prevent de novo cytokine transcription 

in the brain parenchyma during systemic inflammation 

3.1 Introduction 

Non-steroidal anti-inflammatory drugs (NSAIDs) have proved to be very effective in the 

management of systemic inflammatory diseases such as rheumatoid arthritis. It is therefore 

a widely held belief that NSAIDs similarly exert a direct anti-inflammatory effect in the 

central nervous system {CNS). However several lines of evidence argue against this. 

In multiple sclerosis (MS), an archetypal inflammatory disease of the CNS, a small open­

label study in which 8 patients were scanned by magnetic resonance (MR) imaging before 

and after a 7 day course of ibuprofen (1.6mg/day) found that there was no statistically 

significant difference observed in the number or volume of active lesions 166. In addition 

NSAIDs are commonly prescribed drugs in MS for a variety of indications such as back 

pain or headache, yet no effect ofNSAIDs on relapse frequency has been reported. 

In Alzheimer's disease (AD) epidemiological studies have shown that NSAIDs are 

moderately effective in primary preventionl67-169 but this protective effect disappears 2 

years prior to the onset of clinical dementia170-172. The early pathology in AD is 

characterized by high cerebrospinal (CSF) prostaglandin E2 (PGE2) levels which correlate 

positively with survival173. This suggests that traditional anti-inflammatory properties of 

NSAIDs, including cyclooxygenase inhibition, cannot account for their protective effects 

in AD. Since low fibrillar A~ deposits precede microglial inflammation174, their newly 

recognized anti-amyloidogenic effects175 may be responsible. 

Whether NSAIDs modify neuroinflammation directly therefore remains a question. 

Cytokines are the major orchestrators of inflammation in the CNS. The clinical course of 

neuroinflammatory diseases is frequently punctuated by exacerbations which are 

characterized by upregulation in pro inflammatory cytokine expression and microglial 

activation; such exacerbation in ongoing neuroinflammation is thought to underlie relapses 

in MS and delirium in AD54. It is now known that a significant number of these 

exacerbations are triggered by systemic infection15,25. Circulating cytokines do not readily 
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cross the blood-brain barrier (EBB) during a systemic infection but de novo transcription 

of cytokines is seen within the brain parenchymal 76 . The cerebral vasculature has the 

synthetic machinery enabling it to respond to blood-borne cytokines by synthesizing 

lipophilic prostaglandins which can diffuse across the BBB 72. These prostaglandins have 

the potential to modulate inflammation within the brain parenchyma. Whether 

prostaglandins diffusing across the BBB are responsible for triggering the de novo 

transcription of cytokines within the brain is unknown. 

For these reasons, NSAIDs and their effect on cytokine-mediated neuroinflammation in 

vivo is a fundamental clinical issue which does not deserve ambiguity. In order to address 

this question, it was decided to study the effect of an archetypal NSAID, indomethacin, on 

the de novo transcription of cytokines that occurs within the brain after a peripheral 

infection. Peripheral inflammation was modelled using an intravenous injection of 

lipopolysaccharide (LPS) in indomethacin pre-treated or control rats. Transcription of the 

cytokines TNFa, ILl~, and IL6 in the cortex was studied using semi-quantitative real-time 

reverse transcriptase polymerase chain reaction (RT-PCR). It is shown that indomethacin 

does not prevent de novo cytokine transcription in the brain parenchyma. 

3.2 Results 

3.2.1 De novo cytokine transcription within the brain after systemic LPS challenge 

An established experimental model of systemic infection using LPS was employed. Rats 

(n=5) receiving 500I-Lg/kg LPS intravenously showed signs of a peripheral infection: they 

developed a fever, adopted a hunched posture, exhibited piloerection and their cage 

activity decreased. Control rats (n=5) receiving saline intravenously did not demonstrate 

any of these signs. Three hours after intravenous injection, the rats were terminally 

anaesthetized and briefly perfused with saline. Brains were quickly dissected and the right 

frontoparietal cortex was harvested for RT-PCR analysis of the cytokines TNFa, ILl~ and 

IL6. There was a significant upregulation of all three cytokine transcripts after LPS 

(p<O.Ol by two-tailed Student's t test, Figure 3.1). 
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Figure 3.1. De novo cytokine transcription in the rat brain during 

systemic inflammation. Rats were challenged with 200Jlg/kg LPS or 

saline Lv. (n=5 per group) and right frontoparietal cortex was 

harvested 3 hours later for cytokine mRNA analysis by RT-PCR. A 

significant upregulation (*) of1NFa (p<O.OOl, 95% CI = 4.7 - 7.8), 

ILl~ (p=O.008, 95% CI = 1.6 - 7.7) and IL6 (p=O.003, 95% CI = 2.6 

- 8.5) was seen (2-tailed Student's t-test). 
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3.2.2 De novo cytokine transcription within the brain after systemic LPS challenge 

occurred despite indomethacin treatment 

In a second experiment, rats were pre-treated with an intraperitoneal injection of 

indomethacin (15mg/kg) or vehicle 30 minutes prior to intravenous injection ofLPS (n=6 

per group). This represents a high dose of indomethacin and is sufficient to result in 

complete suppression of inducible PGE2 synthesisl77. The right frontoparietal cortex was 

harvested three hours after LPS administration as above and analyzed by R T -PCR. 

Indomethacin did not significantly affect the de novo transcription of cytokines seen in the 

brain after systemic administration ofLPS (Figure 3.2). 

3.2.3 Indomethacin suppressed the febrile response to systemic LPS challenge 

In order to confirm this result, it was necessary to ensure that the indomethacin was 

sufficiently bioavailable at the time ofLPS administration (i.e. to rule out possible 

scenarios such as insufficient dose, poor absorption etc). Fever is a PGEz-dependent CNS 

event which is fully reversible by indomethacin61
• The previous experiment was therefore 

repeated while measuring core body temperature using intraperitoneally-implanted 

telemetric thermistors (n=5 per group). Hyperthermia was seen in saline pre-treated 

animals 2Yz hours after LPS injection. Indomethacin pre-treatment resulted in complete 

suppression of this fever (Figure 3.3). 

3.3 Discussion 

In this proof-of-principle study, a simple experimental design was used to show that 

indomethacin does not prevent cytokine transcription in the brain parenchyma during 

systemic inflammation. In these experiments mRNA rather than protein was assayed in 

order to study de novo cytokine transcription as opposed to blood-to-brain transport of 

serum cytokines. Additionally, by perfusing animals prior to tissue collection it was 

ensured that all cytokine transcripts measured originated from CNS tissue. 

NSAIDs inhibit cyclooxygenase (COX) and therefore prostaglandin synthesis. The role of 

prostaglandin E2 (PGE2) in inflammation is complex since it depends on its biological 

context. There is no doubt that PGE2 is predominantly pro-inflammatory in the systemic 
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Figure 3.2. Indomethacin did not significantly affect cytokine 

mRNA upregulation in frontoparietal cortex after systemic 

endotoxin challenge. Two groups of rats (n=6 each) were pre-treated 

with an i.p. dose of indomethacin (lSmg/kg) or vehicle respectively, 

30 minutes before receiving SOOJlg/kg LPS i. v. Cortical samples were 

harvested 3 hours later and analyzed by RT-PCR for TNFu, ILl~, and 

IL6 mRNA. No significant differences in cytokine mRNA levels were 

seen (p>O.OS by Mann-Whitney test). 
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Figure 3.3. Indomethacin dosing regimen used resulted in sufficient 
bioavailability in the eNS. Core body temperature was measured 
telemetrically in two groups of rats (n=5 each) which were pre-treated 
with an i.p. dose of indomethacin (15mg/kg) or vehicle respectively, 30 
minutes before receiving 500~g/kg LPS i.v. Indomethacin abolished the 
hyperthermia seen in rats pre-treated with vehicle. AVC during the 
experiment was subtracted from the AVC during the same time on the 
preceding day. This change in AVC was used as a measure of 
temperature change that respects individual animal temperature 
baselines. Comparison of change in AVC between the two groups of rats 
revealed that indomethacin significantly lowered core body temperature 
(p=0.009 by 2-tailed Student t-test, 95% CI = 62-321 °Cmin). 
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compartment given the vast clinical experience with cyclo-oxygenase-2-specific 

antagonists in conditions like rheumatoid arthritis. Indeed, indomethacin reduced 

production of LPS-induced PGE2 and cytokine production in whole blood178. On the other 

hand, most studies point towards an anti-inflammatory effect ofPGE2 within the CNS 

compartment: it downregulates microglial activation in vitro179
, intracerebral injection of 

PGE2 in endotoxaemic rats downregulates microglial activation and transcription of IL-l p 

and TNFa180, and PGE2 inhibition enhances transcription of genes associated with the 

CNS innate immune system in endotoxaemic mice181 . However, it is being increasingly 

recognized that NSAIDs are more pharmacologically complex than previously thought. 

Besides inhibiting COX, they are effective PPARy agonists and this property results in 

downregulation of cytokine transcription182. These apparently conflicting inflammatory 

effects ofNSAIDs might therefore explain why systemic administration does not overall 

prevent de novo cytokine production within the CNS. 

The efficacy ofNSAIDs in MS has never been properly studied. Barkhoff et al used MRI 

to follow 8 patients receiving ibuprofen for a week166, which therefore represents a short 

study with a small number of patients. However the results from this study would support 

the hypothesis that NSAIDs do not modify the inflammatory course of MS. In contrast, 

there is early evidence that NSAIDs might be beneficial in the treatment of complex 

behavioural aspects of multiple sclerosis. Indomethacin inhibited EAE-associated sickness 

behaviour in mice97 and a randomized controlled crossover trial demonstrated a significant 

effect of aspirin on fatigue in MS patients98 . These observations are most likely to be 

related to the inhibition ofPGE2-mediated immune-to-brain signalling, a pathway which is 

known to mediate complex behavioural changes in the context of inflammation96
. In the 

light of the current findings, it is therefore proposed that inflammation contributes to 

disease manifestation in MS by two distinct pathways: (1) a prostaglandin-dependent 

pathway that underlies some ofthe behavioural symptoms ofMS, including fatigue, and 

(2) a prostaglandin-independent pathway leading to cytokine induction within the CNS 

which drives the tissue damage characteristic ofMS pathology. Thus although NSAIDs 

may alleviate some behavioural symptoms in MS including fatigue, it is unlikely that they 

will affect disease progression. This needs further clinical investigation, and it would 

therefore be useful for future clinical studies ofNSAIDs in MS fatigue to incorporate MR 

lesional activity as a secondary outcome measure. 

57 



Long-term use ofNSAIDs lowers the risk of developing AD as concluded by all meta­

analyses to dateI67-169. There is evidence to suggest that NSAIDs lose their protective effect 

about 2 years before the onset of clinical dementiaI70-172. It is thus no surprise that 

randomized controlled trials of treatment of AD with NSAIDs have failed I83,184. The early 

pathological phase of Alzheimer's disease offers the initial clues as to the mechanism of 

NSAID-mediated protection. Compared with controls, CSF PGE2 levels are higher in 

patients with mild memory impairment, but lower in those with more advanced 

Alzheimer's disease, and initial PGE2 levels are associated with prolonged survival173 . 

Early pathology is characterized by upregulation in neuronal COX2 expression and low 

amounts of low-fibrillar A~ deposits but no microglial activationl74. This suggests that the 

preventive effect ofNSAIDs in the preclinical years is not related to cyclo-oxygenase 

inhibition or other direct anti-inflammatory activity. Moreover the study here shows that 

NSAIDs, specifically indomethacin, do not prevent cytokine-mediated inflammation in the 

brain in vivo. It is therefore more likely that an alternative mechanism underlies NSAID­

mediated protection and indeed, evidence is accumulating that NSAIDs such as 

indomethacin exert anti-amyloidogenic effects via several pathways 175. 

NSAIDs have been shown to reduce both glial inflammation and amyloid burden in animal 

models of ADI85-187, but the relationship between these two processes is not clear. Since 

inflammation is amyloidogenicl88,189 and amyloid is pro-inflammatoryI90, the observed 

effects ofNSAIDs could be secondary to their anti-amyloidogenic or anti-inflammatory 

properties or both. The data presented here indicates that the decrease in inflammation 

occurring after administration ofNSAIDs in vivo is more likely to result from a reduction 

in amyloid burden rather than from a direct anti-inflammatory effect of these drugs. Future 

pharmacological research should therefore concentrate on the anti-amyloidogenic rather 

than anti-inflammatory properties ofNSAIDs. 

Systemic infections trigger relapses in MS 15 and delirium in AD25. The brain responds to a 

systemic infection by mounting a febrile response and initiating de novo cytokine 

transcription behind the BBBI76. The seminal observation that cerebral vasculature can 

respond to circulating cytokines by synthesizing PGE2 provided a plausible mechanism72. 

Fever is prostaglandin-dependent61 but whether the same applies to cytokine synthesis is 

unknown. The results above, whereby indomethacin inhibited hyperthermia but not de 

novo cytokine transcription, suggest that exacerbation in neuroinflammation following a 
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systemic infection occurs via a prostaglandin-independent route. Identifying the 

mechanism underlying such relapses is important for the rational development of drugs in 

AD and MS. 

3.4 Materials and methods 

Male Wi star rats weighing circa 200g were obtained from Harlan (Bicester, UK). The 

animals were housed under standard conditions and all procedures were calTied out under 

the Home Office Animals Act 1986 (UK). LPS (E coli 0111:B4) and indomethacin were 

purchased from Sigma (poole, UK). In telemetry experiments, rats were implanted 

intraperitoneally with temperature sensors (Data Sciences International, Minnesota, USA) 

10 days prior to the experiment. Temperature data was acquired continually every 5 

minutes and processed using Dataquest and Excel. Area-under-curve (AUC) analysis was 

performed using the following formula (Xl+XZ .... +xn)5 where x were the individual 

temperature readings taken every 5 minutes. The AUC during the experiment was then 

subtracted from the AUC during the same time frame on the preceding day to obtain a 

measure of change in temperature for each rat. In a separate experiment, 3 hours after 

receiving LPS, the rats were tenninally anaesthetized with sodium pentobarbital and 

transcardially perfused with heparinized 0.9% saline. Brains were rapidly removed and the 

right frontoparietal cortex was punched out and snap-frozen in liquid nitrogen. Total RNA 

was extracted using RNeasy mini columns (Qiagen, UK). Taqman semi-quantitative RT­

PCR was performed using Applied Biosystems reagents as previously described191
. 

Primers and probes were designed using Primer Express software and crossed an intron­

exon boundary. Data was assessed for normality using the Kolmogorov-Smirnov test and 

analysed by Student's t-test if normal or by Mann-Whitney U test if non-parametric. For 

more details, please refer to Chapter 2. 
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Characterization and optimization of the clodronate liposome technique to deplete 

CD163-positive macrophages in rats 

4.1 Introduction 

CD163 expression distinguishes a subset of macro phages in the brain which are located in 

the brain regions acting as an immune-brain interface i.e. the perivascular space of cerebral 

blood vessels (perivascular macrophages) in brain parenchyma including circumventricular 

organs (CVOs), the meninges (meningeal macrophages) and the choroid plexus (choroid 

plexus macrophages) (see Chapter 1). CD163 is a member of the scavenger superfamily192, 

has been identified as the haemoglobin scavenger receptor193, and plays a role in cell 

adhesion194, including adhesion to endothelial cells195. In the rat,monocytes express 

CD163 only after entering the tissue and differentiating into macrophages196. In keeping 

with this, chimeric experiments have shown that cerebral CD 163 macrophages are bone 

marrow derived197 and undergo a steady turnover, this being faster for meningeal 

macrophages (70% versus 30% for perivascular macrophages in 3 months)198. In the rat, 

. CD163 is the antigen recognized by the mouse monoclonal antibody ED2. 

A method to selectively deplete cerebral CDl63-positive macrophages in the rat was 

described in 2001 163. It employed an infusion of50~1 ofa concentrated suspension of 

mannosylated clodronate liposomes in the 4th ventricle over 25 minutes. Since CD163-

positive macrophages are the only constitutively phagocytic cells in the healthy central 

nervous system (CNS), they selectively take up the liposomes. Mannosylation of the 

liposomes would be expected to favour their uptake since these macrophages express the 

mannose receptor (see Chapter 6199). Once ingested, the phospholipid bilayers of the 

liposomes are disrupted under the influence of lysosomal phospholipases and the 

clodronate is released. Intracellular accumulation of clodronate is toxic by forming a non­

hydrolyzable analogue of ATp161 and triggering apoptosis162. 

In the above study, depletion was assessed at 8 time points after infusion up to 36 days. 

Complete depletion of cerebral CD163-positive macrophages was achieved from day 4 to 

day 10 post intracerebroventricular (ICV) liposome infusion, with a slow repopulation 

starting at day 14. Systemic effects were studied by quantification of hepatic Kupffer cell 
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density and blood monocyte counts at each time point. Although there was evidence of 

temporary depletion of these cell populations, nonnal counts were restored by a week post 

ICV infusion. 

The ultimate intention was to employ this technique to investigate the role ofCD163-

positive macrophages in the CNS cytokine response to systemic infection (see Chapter 5). 

In order to do this, it was planned to measure fever and CNS cytokine mRNA after 

systemic endotoxin challenge of rats which had previously received clodronate or control 

liposomes ICV. Since Kupffer cell numbers were shown to normalize between 7 and 10 

days while cerebral CDl63-positive repopulation was evident between 10 and 14 days163, 

the window of opportunity for systemic endotoxin challenge was considered to be between 

8 and 12 days. 

Before proceeding with the actual experiment, it was important to verify the depletion of 

CDl63-:positive macrophages using the clodronate liposome technique, especially in the 

specific brain regions constituting the immune-brain interface. It was also necessary to 

ensure that the peripheral immune system of animals receiving clodronate liposomes ICV 

had recovered sufficiently to be able to mount a circulating cytokine response to endotoxin 

challenge identical to that of animals receiving controlliposomes. It is shown that 

complete depletion was observed all over the brain except for the CVOs. However serum 

levels ofTNFu, IL1B and IL6 after endotoxin challenge were lower in clodronate-treated 

rats. The technique was therefore optimized. 

4.2 Results 

4.2.1 lCV infusion of 50fll of clodronate liposomes completely depletes meningeal 

and perivascular macrophages but not CVO macrophages 

In order to confirm the effectiveness of the published protocol, depletion was checked at 

several relevant time points post-procedure: three, ten and eleven days after infusion of 

50~1 ofa concentrated suspension ofmannosylated clodronate liposomes into the 4th 

ventricle (minimum ofn=3 per group). There was complete depletion of CD 163-positive 

perivascular macrophages (PVMs) (Figure 4.1) and meningeal macrophages (MMs) 
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Figure 4.1. Complete depletion of perivascular macrophages in brain 
parenchyma after ICV infusion of 5011-1 clodronate liposomes in the 4th 
ventricle. Brain sections were processed for ED2 immunohistochemistry 
(brown). Representative images of brain parenchyma are shown. A: PBS 
liposomes; B: c1odronate liposomes. Scale bar = O.02mm . 
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Figure 4.2. Complete depletion of meningeal macrophages after ICV 
infusion of 5011-1 clodronate liposomes in the 4th ventricle. Brain sections 
were processed for ED2 immunohistochemistry (brown). Representative 
images of meninges in the hippocampal fissure are shown. A: PBS 
liposomes; B: c1odronate liposomes. Scale bar = O.02mm. 
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(Figure 4.2) throughout the brain at days 3 and 10. Small numbers of round immature 

meningeal macrophages were seen on day 11. 

Careful examination of sections from throughout the brain revealed that PVMs were still 

present in the following regions: the sensorial CVOs (area postrema (Figure 4.3), 

subfomical organ (Figure 4.4) and organum vasculosum laminae terminal is (Figure 4.5)) 

and the choroid plexus (Figure 4.6). It was difficult to quantify macrophages because of 

the small size of these areas. There are two possible reasons explaining incomplete 

depletion in these regions. The fIrst is that these areas are heavily vascularized (personal 

observation) and therefore have a high density ofPVMs. Secondly, tight junctions are 

present between ependymal cells at the ventricular surface of sensorial CVOs and between 

the cuboidal epithelial cells of the choroid plexus, thus providing a formidable obstruction· 

to the passage of liposomes from the ventricles to the interstitium5o. 

4.2.2 Kupffer cell and splenic red pulp macrophage numbers recover ten days after 

leV infusion of 50 pI of clodronate liposomes 

For future application of the liposome technique, it was necessary to ensUre that the 

peripheral immune system of animals receiving clodronate liposomes ICV had recovered 

sufficiently to be able to mount a circulating cytokine response to endotoxin challenge 

identical to that of animals receiving controlliposomes. Hepatic and splenic macrophages 

are the two largest macrophage populations in the body. Indeed it has been shown that 

depleting hepatic and splenic macrophages with i.v. clodronate liposomes results in 

abrogation of the febrile response200
. It was therefore important to ensure that hepatic and 

splenic macrophage populations in rats which had received clodronate and control 

liposomes ICV were identical within the window of opportunity of endotoxin challenge; . 

Thus Kupffer cells (n=5 per group) and splenic red pulp macrophages (n=3 per group) 

were counted 10 days after ICV infusion of 50l!1 of clodronate or controlliposomes. There 

were no significant differences in the density of these macrophages in the liver and spleen 

of rats which had previously received clodronate or controlliposomes ICV (Figures 4.7 & 

4.8). It was noted however that in clodronate-treated animals, some Kupffer cells had a 

different morphology, being smaller, more rounded and with finer and shorter processes. 
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Figure 4.3. No depletion of CD163-positive macrophages (brown) in the area 
postrema after infusion of SOIlI clodronate liposomes in the fourth ventricle. A,B: 
PBS liposomes; C,D: clodronate liposomes. Scale bars: A,C = O.lmm; B,D = O.Olmm. 
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Figure 4.4. No depletion of CD163-positive macrophages (brown) in the subfornical 
organ after infusion of 50~1 clodronate liposomes in the fourth ventricle. A,B: PBS 
liposomes; C,D: cIodronate liposomes. Scale bars: A,C = O.lmm; B,D = O.Olmm. 
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Figure 4.5. No depletion of CD163-positive macrophages 
(brown) in the organum vasculosum laminae terminalis after 
infusion of 50l-ll clodronate liposomes in the fourth ventricle. 
A,B: PBS liposomes; C,D: clodronate liposomes. Scale bars: 
A,C = O.lmm; B,D = O.Olmm. 
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Figure 4.6. No depletion of CD163-positive macrophages (brown) 
in the choroid plexus after infusion of 50J.ll clodronate liposomes 
in the fourth ventricle. A: PBS liposomes; B: c1odronate liposomes. 
Scale bar = O.OImm. 
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Figure 4.7. Red pulp macrophages in spleen and Kupffer cells 
in liver on day 10 post ICV infusion of 50/-Llliposomes. ED2 
IHC. A,B: splenic red pulp; C,D: liver. A,C: PBS Iiposomes; B,D: 
clod ron ate liposomes. Scale bar = O.02lTI1TI. 
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Figure 4.8. Hepatic and splenic macropbages after ICV liposome 

infusion. ED2-positive Kupffer cells in liver (n=3 per group) and red 

pulp macrophages in spleen (n=5 per group) were quantified on day 9 

after ICV infusion of 50/-11 c1odronate or controlliposomes: no 

statistically significant difference was seen (2-tailed Student's t-test: 

p=0.384 for liver and p=0.248 for spleen). 
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4.2.3 ICV infusion of 50 pI of clodronate liposomes attenuates the circulating 

cytokine response to systemic endotoxin challenge 

Although there was no difference in the numbers of hepatic and splenic macrophages on 

day 10 after ICV infusion of clodronate and controlliposomes, this was not considered 

sufficient to indicate equivalent capacity for cytokine synthesis for several reasons. Firstly, 

an abnormal morphology was noted in some Kupffer cells in clodronate-treated rats. 

Secondly, both free and liposomal clodronate have been shown to inhibit endotoxin­

induced cytokine production in vitro by RAW 264 cells in sub-cytotoxic conditions20I
. 

Thirdly, it is difficult to assess absolute macrophage numbers elsewhere in the body such 

as lymph nodes or tissues, or indeed other cells,which also· contribute to the circulating 

cytokine response to endotoxin challenge. In order to assess the peripheral immune system 

directly, it was decided to assay serum TNFa, ILl~ and IL6 2Yz hours after i.p. 

administration oflipopolysaccharide (LPS) (300 000 EU/kg ofE coli 0111 :B4) to rats 9 

days after ICV infusion of clodronate or controlliposomes (n=4 per group). 

The group treated with 50~1 of clodronate liposomes had a significantly lower serum 

TNFa response to endotoxin challenge when compared to the controlliposome group 

(Figure 4.9). IL1~ and IL6leveis were also lower in clodronate-treated rats (145 ± 51 and 

1820 ± 571 pg/ml respectively) compared to control rats (227 ± 58 and 6579 ± 1884 pg/ml 

respectively) although these differences failed to reach statistical significance (p=0.328 and 

p=0.052 on Student's t test). It thus became clear that the ICV clodronate liposome 

infusion was affecting the peripheral immune system. 

4.2.4 ICV infusion of clodronate liposomes affects the circulating cytokine response 

to systemic endotoxin challenge and depletes cerebral CD163-positive 

perivascular macrophages in a dose-dependent fashion 

In order to investigate whether the peripheral immune system's blunted cytokine response 

was related to the amount of clodronate liposomes infused ICV, a dose-response study was 

performed. Rats were infused ICV with 50~1 of controlliposomes (n=12) or 10,20 and 

50~1 of clodronate liposomes (n=3, 6 & 4 respectively). Volumes refer to the original 

concentrated suspensions. The 10 and 20~1 doses were made up to 25~1 with sterile PBS. 
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Figure 4.9. ICV clodronate liposome infusion attenuated the 

circulating cytokine response to systemic endotoxin challenge in a 

dose-dependent manner. Rats received ICV infusions of several 

doses of c1odronate (n=13 total) or controlliposomes (n=12 total) 

followed by an i.p. injection of 200Ilg/kg LPS. Serum was collected 

2Y2 hours later for TNFa assay by ELISA. A dose-response was seen 

(one-way ANOVA: p<O.OOl; Bonferroni post hoc comparison: p<O.05 

for 20llL [*] and p<O.Ol for 50llL [**]). Data was normalized by 

logarithmic transformation. 
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After 9 days, rats were challenged with i.p. LPS (300 000 EU/kg ofE coli 0111 :B4). They 

were terminally anaesthetized 2Yz hours later, and blood was collected by cardiac puncture. 

They were then perfused and the brains harvested for histology. There was a clear dose­

response relationship with respect to both the serum cytokine response to endotoxin 

challenge (Figure 4.9) and CD163-positive macrophage depletion (Figure 4.10). 

4.2.5 lCV infusion of 50111 of clodronate liposomes results in their leakage to the 

periphery 

A direct communication exists between the subarachnoid space and the peripheral 

circulation through the cribriform plate, nasal lymphatics, deep cervical lymph nodes and 

thence into the blood202
. Leakage of liposomes from the ventricles to the circulation along 

this route was considered to be the most likely explanation for the observed blunting of the 

circulating cytokine response to endotoxin challenge after ICV infusion of clodronate 

liposomes. 

In order to investigate this possibility, 50111 of DiI-labelled clodronate liposomes were 

infused ICV and the rats were perfused after 3 and 9 days for histology (n=3 per group). 

DiI is a very stable lipophilic dye which is known to persist for at least 2 weeks in vivo 

after i.v. injection of DiI-labelled liposomes2
0

3
• Brain, cervical lymph nodes, liver and 

spleen were harvested. Immunofluorescence microscopy revealed the presence of dye in all 

the organs, most marked on day 9. In the brain, DiI was seen in the perivascular spaces and 

in the ependyma but was strongest in the meninges at both time points. DiI signal was 

picked up in the cervical lymph nodes, liver and spleen (Figures 4.11, 4.12 & 4.13), 

confIrming the leakage of liposomes. In the cervical lymph nodes they preferentially 

accumulated in the subcapsular sinus, which is the fIrst port of entry into lymph nodes in 

general (Figure 4.11). In the liver they were found in the hepatic sinusoids and spaces of 

Disse (Figure 4.12). Their localization in the spleen was widespread but greater in the red 

pulp and marginal zones as compared to the white pulp (Figure 4.13). Confocal 

microscopy was used in order to study the cellular localization of dye. In the cervical 

lymph nodes (Figure 4.11) and spleen (Figure 4.13), DiI colocalized with EDl-positive 

macrophages while in the liver it was present within ED2-positive Kupffer cells (Figure 

4.12). All macrophage populations in the spleen had ingested DiI including macrophages 
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Figure 4.10. ICV clodronate liposome infusion depleted CD163-

positive macropbages in a dose-dependent manner. Rats received 

ICV infusions of several doses of c1odronate (n=13 total) or control 

liposomes (n=12 total) followed by an i.p. injection of 200J.lg/kg LPS. 

Rats were perfused 212 hours later. Brains were harvested and processed 

for immunohistochemistry with ED2, which recognizes CD163. CD163-

positive macrophages were quantified. A dose-response was seen (one­

way ANOVA: p<O.OOI; Bonferroni post hoc comparison: p<O.05 for 

20J.lL [*] and p<O.OI for 50J.lL [**]). 
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Figure 4.11. Cervical lymph nodes on day 9 after infusion of 50JlI Dil-Iabelled liposomes in the 
fourth ventricle. A-B (epifluorescence): DiI-labelled liposomes preferentially accumulate in the 
subcapsular sinus of cervical lymph nodes. C-D (confocal microscopy): DiI-labelled liposomes are 
present in the cytoplasm and lysosomes of lymph node macrophages. Green: macrophage lysosomal 
marker EDl. Confocal sections were 0.43Jlm in thickness. Scale bars: A,B = O.2mm; C,D = O.Olmm. 
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Figure 4.12. Liver on day 9 after infusion of50Jll DiI-labeUed liposomes in the fourth ventricle. A-B (epi­
fluorescence): DiI-labelled liposomes preferentially accumulate in the hepatic sinusoids and spaces ofDisse. C-F 
(confocal microscopy): DiI-labelled liposomes are present within Kupffer cell processes. Green: Kupffer cell 
surface marker ED2. DAPI (blue) was used as a nuclear counterstain. All confocal sections are 0.43Jlm thick 
except D (O.99Jlm). Scale bars: A = O.lmm; B = O.04mm; C-F = O.OOSmm. 
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Figure 4.13. Spleen on day 9 after infusion of 50J..lI DiI-labeUed liposomes in the fourth 
ventricle. A (epifluorescence): DiI-labelled liposomes preferentially accumulate in the splenic red 
pulp and marginal zones. B-C (confocal microscopy): DiI-labelled liposomes are present within 
splenic macrophages. Green: macrophage marker EDl. Confocal sections B&C are l.7J..lm and 0.54 
J..lm in thickness respectively. Scale bars: A = 0.04mm; B = 0.05mm; C = 0.005mm. 



in the red pulp, marginal zones and white pulp (Figure 4.13). The subcellular localization 

ofDiI was studied: it colocalized with lysosomes as shown by double immunofluorescence 

with EDl, which is a lysosomal marker (Figure 4.11). 

4.2.6 Liposome leakage from brain to periphery is a protracted process 

The presence ofDiI in macrophages of peripheral organs on days 3 and 9 after ICV 

liposome infusion confIrmed leakage from the ventricles to the circulation. However DiI is 

a lipophilic dye and its presence might persist beyond the effects of the liposomes which 

carried it. For this reason, it was not possible to study the kinetics of this leakage with DiI 

labelling ofliposomes. In particular it was not clear whether the leakage occurred only 

during the ICV infusion or was an ongoing process. This was important information 

needed for optimization of the technique to reduce the effects of leakage on the peripheral 

immune system. 

In order to reproduce the systemic effects of predominant leakage during the ICV infusion, 

as opposed to ongoing leakage, rats received a bolus i.v. injection of SOIlI of clodronate or 

controlliposomes (i.e. the same dose as that was initially administered ICV). On day 9, 

their serum TNFa response was assayed 21'2 hours after i.p. administration ofLPS (300 

000 EU/kg ofE coli 0111:B4). There was no signifIcant difference between groups (4128 

± 3311 pg/ml in clodronate liposome group and 4323 ± 1796 pg/ml in controlliposome 

group, p=0.958 on two-tailed Student'st test). Thus the systemic immune effects of the 

leakage occurring after ICV administration of SOIlI of clodronate liposomes could not be 

simulated by intravenous infusion of the same dose of clodronate liposomes. This 

suggested that, even if leakage of liposomes from the CNS to the circulation occurred 

during the ICV infusion, there was a substantial ongoing leakage which continued to affect 

the peripheral immune system up to at least day 9 after the infusion. One possible 

mechanism is a depot effect of clodronate-Ioaded cell debris from effete CD 163-positive 

macrophages within the CNS causing gradual leakage to the periphery. 

4.2. 7 Optimiza~ion of the clodronate liposome technique 

Optimization of the technique was necessary for its application to study the interaction 

between the eNS and the periphery. The target was reasonable depletion of cerebral 
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CDI63-positive macrophages while maintaining the circulating cytokine response to 

systemic endotoxin challenge. Two approaches were possible: 

(1) delaying the i.p. LPS injection further to allow the peripheral immune system to 

recover. The major disadvantage of this approach was the repopulation of cerebral CD163-

positive macrophages which was observed to start on day 11 post ICV infusion. 

(2) optimizing the infusion technique in order to minimize leakage to the periphery fi.-om 

the outset. 

Since the previous experiment suggested that leakage was a slow and gradual process, it 

was decided to pursue the second approach. The ICV clodronate liposome infusion was 

optimized by varying the following factors: dose of originalliposome suspension, volume 

infused, duration of infusion and site of injection. In order to minimize leakage into the 

subarachnoid space, infusions were performed considerably more rostrally than the 4th 

ventricle. The right iateral ventricle was [mally chosen, rostral to the interventricular 

foramen of Munro. The optimum dose was found to be 15111 of the original suspension 

made up to 25111 with PBS, and infused in the right lateral ventricle over 12.5 minutes. This 

optimized technique did not affect the circulating TNFa response to endotoxin challenge 

(Figure 4.14) while achieving 65% depletion ofCDl63-positive macrophages in the 

septum and a more focal depletion in the right frontoparietal cortex and striatum (98% and 

95% respectively). All meningeal CDl63-positive macrophages were depleted. 

4.3 Discussion 

ICV infusion of clodronate liposomes results in depletion of cerebral CDl63~positive 

macrophages and is therefore a useful tool to investigate the role of these macrophages in 

immune-to-brain signalling. Before employing this technique in further experiments, it was 

fIrst characterized. The published protocol completely depleted CDl63-positive 

macrophages throughout most of the CNS though incomplete depletion was observed in 

the CVOs and choroid plexus. This was thought to be secondary to the presence of tight 

junctions between cells lining the ventricular surface of these organs. Repopulation of 

CDI63-positive macrophages was fIrst seen in the meninges on day 11 and is consistent 

with their bone marrow origin197
• 
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Figure 4.14. The optimized technique did not affect the circulating 

cytokine response to systemic endotoxin challenge. Serum TNFa 

levels 2'li hours after 200Jlg!kg LPS i.p. in animals treated with 

c1odronate or controlliposomes (n=5 per group) using the optimized 

method (see text) 9 days previously. No statistically significant 

difference was seen (2-tailed Student's t-test: p=O.582). Data was 

normalized by logarithmic transformation. CLOD = c1odronate. 
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There are two routes by which the ICV-infused liposomes (measuring O.2-3Jllll in 

diameter) may reach CD163-positive macrophages throughout the CNS: the 

transependymal and transpial routes (Figure 4.15). The asymmetry in depletion ofCD163-

positive macrophages observed with unilateral intraventricular infusions of clodronate 

liposomes shows that the trans ependymal route is dominant. The transpial route would not 

result in such a difference since liposomes flowing out of the right lateral ventricle would 

errierge from the ventricular system into the subarachnoid space to infiltrate both 

hemispheres equally via the transpial route. The mechanism of liposome traffic along these 

routes is at best speculative: 

(1) Transependymal route. Ependymal cells do not have tight junctions but adhere to 

each other by a mannose-dependent mechanism204. This is thought to happen by virtue of 

their expression of carbohydrate specific lectin, which binds mannOse. Physical opening of 

interependymal channels O.5-2.5j.lm wide to mannosylated synthetic glycoconjugates was 

seen with electron microscopy204. It is thus possible that the mannose residues on the 

surface of the liposomes enable them to disaggregate the ependymal tight junctions and 

pass through the so formed interependymal channels thus accessing the brain parenchyma. 

(2) Transpial route. CSF flows out of the ventricular system through the foramina of 

Lushka and Magendie to circulate over the pial surface of the brain, thus reaching the 

meningeal macrophages. Penetration into the outer layers of the cortex can occur through 

openings in the pia mater which have been described in the rat and tend to occur around 

vessels in the subarachnoid space, especially at their point of entry into the brain205 . They 

are circa O.2j.lm in diameter and therefore large enough to allow passage of smaller 

liposomes. 

Given the fact that it was ultimately intended to use the clodronate liposome technique to 

study the role of CD 163-positive macrophages in immune-to-brain signalling, an intact 

circulating cytokine response to systemic inflammatory challenge was essential. Although 

Kupffer cell and splenic red pulp macrophage numbers had recovered by day 9 when the 

rats were systemically challenged with endotoxin, the circulating cytokine response was 

attenuated in a dose-dependent fashion. It was found that liposomes leaked slowly from the 

CNS to peripheral immune organs such as cervical lymph nodes, liver and spleen. The ICV 

infusion technique was optimized to preserve the circulating cytokine response to 
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endotoxin challenge, which was essential for future studies of immune-to-brain signalling. 

The optimum protocol was 15!-ll of the original suspension made up to 25!-ll and infused 

into the right lateral ventricle over 12.5 minutes. This optimized teclmique did not affect 

the circulating cytokine response to systemic LPS administration while achieving a focal 

depletion ofCDl63-positive macrophages in the right frontoparietal cortex and striatum 

(98% and 95% respectively). 

4.4 Materials and methods 

Animals, housing, preparation of liposomes, ICV infusions, LPS injections, perfusion of 

animals, immunohistochemistry, ELISA and quantification of cells are detailed in Chapter 

2. Depletion of cerebral CDl63-positive macrophages, splenic red pulp macrophages and 

hepatic Kupffer cells was assessed by counting these cell populations after 

immunohistochemistry with ED2, a monoclonal antibody against CD 163, which is 

specifically expressed by these cells. 
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Chapter 5 

Cerebral CD163-positive macrophages 

in immune-to-brain signalling 



Cerebral CD163-positive macropbages in immune-to-brain signalling 

5.1 Introduction 

N euroinflammatory diseases are characterized by exacerbations which occur in association 

with systemic infections. One third of relapses in multiple sclerosis (MS) are infection­

related and lead to more sustained clinical deficit than non-infection related relapses1S
. In 

Alzheimer's disease (AD) patients, delirium is fi'equently precipitated by systemic 

infections206
, which are associated with accelerated cognitive decline41

,207. The pathway for 

inflammatory signals across the blood-brain barrier (BBB) is therefore an appropriate 

therapeutic target. 

The brain parenchyma is shielded from the circulation by the presence of blood-brain and 

blood-cerebrospinal fluid barriers. Yet, a delayed and distinct inflammatory response is 

observed within the brain during systemic inflammation176
. The brain's contact with its 

external environment is limited to three anatomical areas which represent the immune­

brain interface: cerebral blood vessels, meninges and circumventricular organs. Circulating 

inflammatory molecules can theoretically access the brain parenchyma constituting a direct 

humoral route60
,63. However the brain's inflammatory response during systemic 

inflammation occurs in a biphasic manner64
,69,78,79. The first to respond are cells at the 

immune-brain interface, followed by a second delayed and prolonged phase of cellular 

activation within the brain parenchyma. This biphasic response argues against a 

predominant role for direct entry of circulating humoral mediators and suggests the 

existence of a relay mechanism whereby cells at the immune-brain interface respond first 

and then relay the inflammatory message into the brain. 

The two main cells at the blood-brain barrier, endothelial cells and CD163-positive 

perivascular macrophages, have both been implicated in immune-to-brain signalling. This 

has been inferredon the basis of observational studies which used immunohistochemistry 

or in situ hybridization to look at the response of these cells to systemic 

inflammation72
,74,82,83. However there are no studies interrogating the individual role of 

these two cell types in immune-to-brain signalling and their relative functional contribution 
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remains unknown. This is clearly important for therapeutic manipulation of immune-to­

brain signalling. 

CD163-positive macrophages are found at each of the three immune-brain interfaces: the 

perivascular space of cerebral blood vessels, meninges and choroid plexus 199. Their 

location between the glial and endothelial basement membranes might be considered to 

make them inaccessible to therapeutic intervention. Cerebral CD163-positive macrophages 

are constitutively phagocytic 45 and undergo steady turnover by virtue of their bone marrow 

origin197
,198. Transfer of genetically-modified haematopoietic cells which give rise to this 

population of macrophages is a form of gene therapy that has been shown to be technically 

feasible208,2o9. However engraftment was not specific, with replacement of all macrophage 

populations in the body, including microglia. By virtue oftheir location, cerebral 

endothelial cells are more accessible than CD163-positive macrophages. Moreover, 

endothelial cells at the BBB are sufficiently specialized to be able to offer several 

possibilities for targeted drug delivery21o. 

In order to dissect the contribution of cerebral CD163-positive macrophages and 

endothelial cells to immune-to-brain signalling, the former population was depleted using 

the optimized clodronate liposome technique described in Chapter 4. Immune-to-brain 

signalling after a systemic endotoxin challenge was assessed by looking at several events 

which are considered to reflect the brain's response to systemic inflammation. The first 

was fever, which is a complex prostaglandin-dependent phenomenon involving the 

interplay of several brain regions211 , but ultimately mediated by the diencephalon61 . 

Secondly, as cytokine expression within the brain is thought to underlie exacerbations in 

human neuroinflammatory diseases 54 , de novo cytokine transcription within the brain was 

studied using real-time reverse-transcriptase polymerase chain reaction CRT-PCR). In order 

to confirm translation of message, ILl~ protein was then assayed. Finally phosphorylation 

ofERK1I2, an event downstream of cytokine expression, was investigated. It is shown that 

cerebral CD163-positive macrophages are not essential for immune-to-brain signalling. 

Cerebral endothelial cells are able to fully execute this process in the absence ofCD163-

positive macrophages. 
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5.2 Results 

5.2.1 An intact cerebral CDl63-positive macrophage population is not essential for 

the febrile response to systemic inflammation 

Since fever is initiated by the CNS, its occurrence in the context of systemic inflammation 

is a sign that an inflammatory message has crossed the BBB and induced a transcriptional 

programme within key areas in the brain61
. The meninges are responsible for 7j oflL1P 

produced within the CNS during systemic endotoxin challenge212 and its neutralization by 

ICV administration oflLl receptor antagonist (ILlRA) attenuated fever213
. The optimized 

clodronate liposome technique achieved complete depletion of meningeal CD 163-positive 

macrophages, which are responsible for IL1P production in the meninges212
. In order to 

investigate the role of CD 1 63-positive macrophages in fever generation, telemetry was 

used to measure the hyperthermic response to systemic endotoxin challenge 9 days after 

ICV liposome infusion. Both clodronate and controlliposome treated animals reacted 

identically, with typical signs of sickness behaviour including a hunched posture, 

piloerection, and decreased cage activity. No significant difference in febrile response was 

observed between the two groups (Figure 5.1, fever index was 158.6 ± 66.1 °Cmin and 

253.6 ± 69.9 °Cmin in control and clodronate liposome treated animals respectively, 

p=0.353). This indicated that an intact cerebral CD163-positive macrophage population 

was not essential for immune-to-brain signalling in the context of fever and sickness 

behaviour. However, it was possible that more crucial thermoregulatory areas such as the 

hypothalamus and circumventricular organs, which were not depleted ofCDl63-positive 

macrophages (see Chapter 4), were responding directly to systemic inflammation thereby 

maintaining fever in this experiment. These brain regions also receive neural input from 

the periphery during systemic inflammation resulting in their activation independent of any 

immune-to-brain signalling mediated by cerebral CD163-positive macrophages or 

endothelial cells61
• 

5.2.2 Systemic endotoxin challenge induces gene transcription of the cytokines 

TNFa, fLIP and fL6 in the frontoparietal cortex 

Fever was used as a readout in the above experiment. Since there was no significant 

difference between experimental groups, it was possible that brain regions incompletely 
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Figure 5.1. An intact cerebral CD163-positive macrophage population 
is not essential for the febrile response to systemic inflammation. Rats 
were implanted with sensor capsules intraperitoneally and core body 
temperature was measured continuously using telemetry. A fortnight later, 
they received an ICV infusion of 15/ll clodronate or controlliposomes (n=5 
per group). After 9 days, they were challenged with an i.p. injection of 
200/lg/kg LPS. No statistically significant difference in febrile response was 
seen using area-under-curve analysis (see text). 
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depleted of CD 163-positive macrophages were compensating to sustain fever generation. 

A different approach was therefore utilized, taking advantage of the focal near total 

depletion ofCD163-positive macrophages in the right frontoparietal cortex. 

Systemic inflammation is accompanied by a delayed de novo expression of cytokines 

behind the BBB176. In order to study de novo cytokine expression within the right 

frontoparietal cortex, TNFa, ILl~ and IL6 mRNA were assayed using semi-quantitative 

real-time polymerase chain reaction (RT-PCR). This mRNA approach does away with the 

possibility that cytokine protein diffusing from other brain regions or the circulation is 

included in the analysis. The frontoparietal cortex was specifically chosen for analysis in 

order to avoid brain regions which are known to be activated directly or indirectly by vagal 

projections from the periphery during systemic inflammatory challenge61 . 

In order to characterize de novo cytokine expression in the frontoparietal cortex in the 

model used, a baseline experiment was first performed. Animals were challenged 

systemically with endotoxin; and TNFa, ILl~ and IL6 mRNA in right frontoparietal cortex 

were assayed 3 hours later using RT-PCR. Significant transcription of these cytokine genes 

occurred in endotoxin treated animals; none occurred in animals receiving vehicle (Figure 

5.2). De novo transcription of cytokines within the brain during systemic inflammation is 

therefore another sign that an inflammatory message has crossed the BBB. 

5.2.3 Cerebral CD 163-positive macrophage depletion does not affect de novo 

cytokine expression in the brain occurring during systemic inflammation 

The focal depletion achieved in the right frontoparietal cortex by the optimized technique 

made it possible to study the role of cerebral CD163-positive macrophages in immune-to­

brain signalling by assaying de novo transcription of cytokines in this brain region after 

systemic endotoxin challenge. It was first established that ICV infusion of control 

liposomes per se did not affect the central cytokine response to systemic endotoxin . 

challenge (Figure 5.3). Then, animals received a clodronate or controlliposome ICV 

infusion, and 9 days later were challenged with endotoxin systemically. No significant 

differences in TNFa, ILl~ and IL6 mRNA levels in the frontoparietal cortex were detected 

between c1odronate and controlliposome treated animals (Figure 5.4). This shows that 
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Figure 5.2. De novo cytokine transcription in the rat brain during 

systemic inflammation. Rats were challenged with 200)lg/kg LPS or 

saline i. v. (n=5 per group) and right frontoparietal cortex was 

harvested 3 hours later for cytokine mRNA analysis by RT-PCR. A 

significant upregulation (*) ofTNFa (p<O.OOI, 95% CI = 4.7 -7.8), 

ILI~ (p=O.008, 95% CI = 1.6 -7.7) and IL6 (p=O.003, 95% CI = 2.6 

- 8.5) was seen (2-tailed Student's t-test). 
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Figure 5.3. Liposome infusion does not affect de novo cytokine 

expression in the brain occurring during systemic inflammation. 

Cytokine mRNA upregulation in right frontoparietal cortex after an 

Lv. challenge of 200/lglkg LPS was not affected by ICV infusion of 

controlliposomes 9 days previously compared to naIve rats (n=5 per 

group). No statistically significant difference was observed in TNFa 

(p=O.751), ILl~ (p=O.895) and IL6 (p=O.918) mRNA between groups 

(2-tailed Student's t-test). 
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Figure 5.4. Cerebral CD163-positive macrophage depletion does 

not affect de novo cytokine expression in the brain occurring 

during systemic inflammation. Right frontoparietal cortex cytokine 

mRNA levels (by RT-PCR) 3 hours after 500Jlg!kg LPS i.v. in 

animals pre-treated with c1odronate or controlliposomes (n=4 per 

group) using the optimized method (see text) 9 days previously. No 

statistically significant difference was observed in TNFa (p=O.782), 

ILl~ (p=O.084) and IL6 (p=O.920) mRNA between groups (2-tailed 

Student's t-test). 
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cerebral CDI63-positive macrophages are not necessary for the elaboration of cytokine 

synthesis within the CNS during systemic inflammation. 

The cytokine mRNAupregulation observed in the right frontoparietal cortex after systemic 

immune challenge could have occurred in the absence of protein synthesis. ILI~ protein 

was therefore measured by enzyme-linked immunosorbent assay (ELISA) in the right 

frontoparietal cortex of endotoxin-challenged animals 9 days after ICV clodronate or 

controlliposome infusion. No significant difference in ILI~ protein was observed between 

clodronate and controlliposome treated animals (Figure 505). 

502.4 The contribution of cerebral endothelium to the cytokines assayed was 

insignificant 

Cytokines secreted by brain parenchyma, but not cerebral endothelium, represent evidence 

that immune-to-brain signalling has occurred across the BBB. If endothelium-derived IL I ~ 

was present in large amounts in the samples analyzed by ELISA above, it could have 

obscured the effect of CD I 63-positive macrophage depletion on parenchyma-derived IL I~. 

However, cytokine secretion by cerebral endothelium is known to be strongly polarized 

favouring luminal release214. Therefore most ILI~ secreted by the cerebral endothelium 

would not have been included in the brain samples, as they were harvested after thorough 

perfusion. Nevertheless, it was important to determine whether the cerebral endothelium 

was responsible for secretion of significant amounts ofILI~ in the model employed. The 

expression of phosphorylated ERK1I2 (PERK I 12) was therefore studied using 

immunohistochemistry. ILI~ results in phosphorylation ofERKI12215 and rat cerebral 

endothelium is known to express pERKI12 in response to ILI~216. Therefore cerebral 

endothelial cells would be expected to express pERKII2 if they were responsible for 

significant synthesis ofILI~, which would act in an autocrine and/or paracrine manner. In 

naIve brains or after injection of sterile saline as a control, pERKII2 was only detectable in 

some neurons (Figure 506a). After systemic endotoxin challenge, neurones and microglia 

boldly upregulated pERKII2 expression in both control and clodronate liposome pre­

treated animals (Figure 506b). Endothelial cells did not express pERKII2 (Figure 506b,c), 

showing that endothelium-derived ILI~ secretion was negligible and that it was unlikely to 

have contributed significantly to total IL I ~ measured in the brain samples above. The 

persistence ofpERKI12 upregulation in neurones and microglia after systemic endotoxin 
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Figure 5.5. !LIP protein in the right frontoparietal cortex. IL~ 

protein levels were measured by ELISA in right frontoparietal cortex 

3 hours after SOOJlg/kg LPS Lv. in animals pre-treated with c1odronate 

(n=6) or controlliposomes (n=7) using the optimized method (see 

text) 9 days previously. No statistically significant difference was 

seen (2-tailed Student's t-test: p=O.S64). No ILl~ was detected after 

Lp. saline injection of rats receiving controlliposomes ICV 9 days 

previously. 
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Figure 5.6. Phosphorylation of ERK1I2 in the model used. Rats were challenged with 
sterile saline or SOOJ.lg/kg LPS i.v. 9 days after ICV infusion of control or clodronate 
liposomes using the optimized method (n=4 each group). Brain sections were processed for 
immunohistochemistry for pERKII2, which was visualized using DAB (brown). pERKII2 
immunoreactivity was restricted to some neurons in the animals receiving controlliposomes 
ICV and saline i.v. (A). After systemic LPS challenge, upregulation in pERKII2 was noted in 
neurones and microglia (arrows) in both control (B) and clodronate liposome (C) pre-treated 
animals. Endothelial expression ofpERK1I2 was not seen (arrowhead in C). Scale bar = 
O.OSmm. 



challenge despite depletion of cerebral CD163-positive macrophages also conoborates the 

fmding that these macrophages are not essential for immune-to-brain signalling. 

5.2.5 CD163-positive macrophages are excluded at the blood-brain interface 

In the above experiments, clodronate liposomes were used to dissect the immune-to-brain 

signalling roles of CD 1 63-positive macrophages and endothelial cells at the BBB. It was 

found that despite their strategic location, CD163-positive macrophages do not contribute 

significantly to this signalling process. One possible reason is that endothelium is the 

component ofthe BBB which is in direct contact with the circulation. Cerebral CD163-

positive perivascular macrophages are situated between the endothelial basement 

membrane and glia limitans. Whether they are in direct contact with circulating blood has 

not been entirely excluded. Cerebral CD163-positive perivascular macrophages have been 

reported to take up intravenously injected substances such as fluorescently labelled acetyl­

low density lipoprotein and horseradish peroxidase87
, but whether this occurs as a result of 

direct uptake by the macrophages or transendothelial transport is unclear. Electron 

microscopy failed to identify cellular processes of these macrophages extending to the 

vascular space (William F Hickey, personal communication). In order to resolve this issue, 

intravenous injection of red fluorescent polystyrene micro spheres was used to investigate 

whether cerebral CD163-positive macrophages are capable of direct uptake of material 

from the circulation. Rats were injected intravenously with red fluospheres of either 1 flm 

or O.lf.Lffi diameter (5xl08/kg and 5xlO ll/kg respectively) followed by perfusion at 3,6 and 

24 hours (at least n=2 per group). Uptake was seen by macrophages in lung, liver, spleen 

and lymph nodes but not by CD 1 63-positive macrophages in the brain at any time point. 

This shows that CD163-positive macrophages are excluded from the blood-brain interface, 

which is fully constituted by endothelial cells. 

5.3 Discussion 

Both endothelial cells and CD163-positive macrophages lying at the immune-:-brain 

interface have been implicated in immune-to-brain signalling72
,74,82,83. However this is 

based on the observation of cyclooxygenase 2 (COX2) upregulation by both cell types 

after systemic immune challenge and the precise identity of the vascular cell or cells 

functionally responsible for immune-to-brain signalling has not been resolved. Such 
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infonnation is essential for the rational design of therapies to antagonize the inflammatory 

pathway across the BBB. In order to differentiate between the functional contributions of 

cerebral endothelial cells and CD 163-positive macrophages, the latter population was 

depleted using an ICV infusion of clodronate liposomes. It is shown that several aspects of 

immune-to-brain signalling, ranging from behavioural to molecular, remained intact after 

this intervention. Therefore, cerebral CD 163-positive macrophages do not contribute 

significantly and, by exclusion, endothelial cells are the prime mediators of immune-to­

brain signalling. 

It is interesting that cerebral CD163-positive macrophages have been reported to 

upregulate COX2 expression during systemic inflammatory challenges in the absence of an 

endothelial cell response73,83. This might be a result of a lower threshold of activatioil 

expected of a myeloid cell compared to an endothelial cell in certain situations and might 

be seen to contradict the findings here. However the physiological relevance of COX2 

expression is uncertain since its mere observation does not necessarily translate into 

effective immune-to-brain signalling function. Moreover recent data suggests that COX2 

expression is irrelevant to some aspects of immune-to-brain signalling. For instance, 

NSAIDs did not prevent de novo transcription of cytokines (see Chapter 3) and other pro­

inflammatory genes within the CNS 181, and ibuprofen was not observed to suppress active 

MS lesions on gadolinium-enhanced magnetic resonance imaging (MRI)166. 

The expression ofCD163 is associated with the alternatively activated phenotype of 

macrophages which do not secrete the pro-inflammatory cytokines TNFa, ILl~ and IL6 

but synthesize the anti-inflammatory cytokines ILlO and TGF~ instead217. CD163 is the 

haptoglobin-haemoglobin receptor193 and the consequent delivery of haemoglobin to these 

macrophages is thought to further downregulate classical pro-inflammatory activity by 

virtue of heme metabolites which have potent anti-inflammatory effects218. Moreover 

exposure to endotoxin results in shedding of soluble CD163219 which is anti­

inflammatory22o. It is therefore possible that CD163-positive macrophages have an anti­

inflammatory role at the BBB which is not detectable by the experimental approaches used 

here and which is overridden by the endothelial pro-inflammatory response to systemic 

endotoxin challenge. 
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There are several reasons why endothelial cells are the prime players of immune-to-brain 

signalling. It is demonstrated here that endothelial cells are solely responsible for the 

physical interface of the brain with the circulation. In addition the density of endothelial 

cells in rat brain is up to 25 fold higher than that ofCD163-positive macrophages (personal 

observation). Therefore any role of these macrophages to immune-to-brain signalling is 

likely to be dwarfed by the endothelial contribution. It is still possible that cerebral CD163-

positive macrophages playa minor role in immune-to-brain signalling which may be 

compensated for by endothelial cells. However depletion ofthese macrophages shows that 

they are not essential for immune-to-brain signalling. Therefore manipulation ofCD163-

positive macrophages at the BBB, as suggested by some209,221, loses its attraction as a 

therapeutic option. Cerebral endothelial cells are also more accessible and various 

strategies have been developed to target drugs to these cells by making use of their 

expression of specific molecules, such as peptide and transferrin receptors, involved in 

receptor-mediated endocytosis210. 

Activation of cells lying at the immune-brain interface is complemented by other immune­

to-brain signalling pathways which can be classified as either humoral or neural222. In the 

humoral route, direct entry of circulating cytokines occurs via a saturable active transport 

mechanism at the BBB60. However it has been suggested that insufficient quantities of 

cytokines enter the brain following acute intravenous administration to account for CNS 

responses to acute infection61,62. In any case de novo transcription of cytokine genes was 

used to complement other readouts in the experiments described here. The neural route is 

another potentially important route of immune-to-brain signalling which is mediated by 

neural connections between individual systemic compartments and the CNS. Areas of the 

neural axis exposed to peripheral organs or the circulation (e.g. circumventricular organs, 

vagal and somatic afferents) project to specific areas of the brain (e.g. brainstem, 

hypothalamus and hippocampus) to induce neuronal and glial activation and behavioural 

changes61 . By studying frontoparietal cortex and striatum, these brain regions were avoided 

in the analysis of cytokine mRNA after systemic endotoxin challenge. Therefore the neural 

route is unlikely to account for the preservation of immune-to-brain signalling seen after 

depletion of cerebral CD163-positive macrophages. 

The transfer of an inflammatory message across the BBB is important in a range of 

biological responses to ongoing systemic infection or inflammation in both health and 
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disease. In otherwise healthy individuals with a systemic infection, immune-to-brain 

signalling results in a co-ordinated set of responses refened to collectively as "sickness 

behaviour". This includes lethargy, anhedonia, anorexia, fever and social withdrawal. It is 

geared towards protecting the host. However in chronic disease, immune-to-brain 

signalling becomes disadvantageous. People with chronic systemic inflammatory diseases 

such as cancer suffer from continuous fatigue, cognitive dysfunction and affective 

symptoms223
• When chronic inflammation affects the brain directly, as in MS and AD, 

systemic infections result in exacerbation of ongoing neuroinflammation54
. This can occur 

in the absence of any breakdown in the BBB as detected by gadolinium enhancement on 

Tl-weighted MRI in MS 15,16. AD is not usually associated with BBB breakdown unless 

cerebrovascular pathology is present224
,225. 

Therapeutic intervention in these pathological situations necessitates a solid understanding 

of the key players involved. The inflammatory response ofthe CNS during systemic 

infection is delayed, occurs fIrst at the immune-brain interface and is followed by a second 

inflammatory wave which progressively penetrates the brain parenchyma. This suggests 

the involvement of a relay mechanism at the immune-brain interface. Several observational 

studies have identified cerebral CD163-positive macrophages and endothelial cells as 

being responsible for this signal transduction. In this chapter, interventional evidence was 

presented showing that the role of cerebral CD163-positive macrophages in immune-to­

brain signalling is not essential. By exclusion, the cerebral endothelium is mostly 

responsible for the inflammatory pathway across the BBB. Further research efforts in . 

modulating immune-to-brain signalling should therefore target this cell. 

5.4 Materials and methods 

5.4.1 Animals 

Adult male Wistar rats, from Harlan (Bicester, UK), weighing 200-300g were used in all 

experiments. They were housed in cages under a 12hlight:12h dark schedule and 

controlled environmental conditions with pelleted food and water ad libitum. The 

experiments were can-ied out under Home OffIce Licence and in accordance with the 

Animals (ScientifIc Procedures) Act 1986, UK. 
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5.4.2 Reagents 

LPS from E. coli 0111:B4 was purchased from Sigma (poole, UK). The manufacturer's 

quoted endotoxin activity was 30,000,000 EU/mg (catalogue no L2630 Lot no 110K4060). 

Red fluorescent polystyrene fluospheres of 0.02 and 1pm diameters (Cat no F8786 and 

F13083 respectively) from Molecular Probes (Cambridge, UK) were used. 

5.4.3 Telemetry 

A radio-telemetry system (Data Sciences International, Minnesota, USA) was used to 

remotely monitor core body temperature ofrats. Briefly, rats were implanted with sensor 

capsules intraperitoneally under isoflurane anaesthesia. Oral buprenorphine (0.5mg/kg) 

was used for postoperative analgesia. Rats were allowed to recover for at least 10 days. 

Continuous temperature was collected before and during experiments by means of 

receivers placed under the animals' cages. Fever was quantified by using area-under-the­

curve (AVC) analysis of temperature curves. AVC was derived using the formula 

(Xl+X2 .... +xn)5 where x were the individual temperature readings taken every 5 minutes 

and was measured in °Cmin. The AUC during the experiment was subtracted from the 

AUC during the same time frame on the preceding day for each rat. This change in AUC 

was used as a measure of temperature change that respects individual animal temperature 

baselines. 

5.4.4 Liposomes 

Multilamellar mannosylated liposomes were prepared as described in Chapter 2. The size 

of the liposomes ranged from 0.2 to 311m. 

5.4.5 leV infusions 

Rats were deeply anaesthetized with isoflurane in 02 and mounted on a stereotaxic frame. 

Clodronate or PBS-containing mannosylated liposomes were infused using a Hamilton 

syringe fitted with a 27G needle. Two protocols were used: 50111 into the 4th ventricle over 

25 minutes and 15111 (diluted up to 25111 with PBS) into the right lateral ventricle over 12.5 

minutes. The latter protocol was developed after several attempts at alternative protocols. 

100 



5.4.6 Blood and tissue processing 

Rats were subjected to tenninal anaesthesia with 20% sodium pentobarbital. Blood was 

obtained immediately by cardiac puncture, allowed to clot at room temperature for 2 hours, 

and centrifuged at 4 o~ for 2 x 10 minutes. Serum was frozen at -70°C till further use. 

Animals were thoroughly transcardially perfused with 0.9% w/v heparinized saline. For 

RT-PCR and ELISA, right frontoparietal cortex and striatum (avoiding injection site) were 

harvested quickly and frozen. Samples for RT-PCR were transfelTed immediately into 

RNAlater reagent (Qiagen, West Sussex, UK) before -20°C storage. For 

immunohistochemistry, rats were perfused with 4% parafonnaldehyde or 10% neutral 

buffered formalin. Brain, liver, spleen, lung and/or cervical lymph nodes were rapidly 

dissected. For fixed frozen tissue, samples were post-fixed in 4% parafonnaldehyde for 4-6 

hours and then cryoprotected by immersion in 30% sucrose in O.lM phosphate buffer at 

4°C for circa 48 hours. Tissue blocks were embedded in Tissue-Tek OCT compound 

(Sakura Finetek Europe B.V, Zoeterwoude, NL) and frozen in isopentane on dry ice. 

Blocks were stored at -20°C until use. For fonnalin-fixed tissue, samples post-fixed in 10% 

NBF for about 7 days before dehydration through serial concentrations of alcohol, clearing 

in Histoclear, and wax-embedding. For histology, coronal sections of 1 o 11m thickness were 

cut on a cryostat or microtome. 

5.4.7 Immunohistochemistry 

Wax-embedded sections were first dewaxed in xylene and rehydrated through serial 

concentrations of alcohol. All incubations were calTied out at room temperature. If 

quenching was required, this was done using 0.3% H20 2 in methanol for 20 minutes, 

followed by a wash in O.lM phosphate-buffered saline. If antigen retrieval was required for 

fonnalin-fixed sections, this was done using a microwave (3 minutes in citrate buffer, 

cooling for 5 minutes, re-microwave for 3 minutes in citrate buffer). After being washed in 

O.lM phosphate-buffered saline, sections were pre-adsorbed with 10% nonnal serum of the 

appropriate animal species for 30 minutes and then incubated for 1 Y2h with the primary 

antibody. Primary antibodies used are listed in Chapter 2. After washing, sections were 

incubated with biotinylated secondary antibody of the appropriate specificity for 30 

minutes, washed again and then incubated with avidin-biotin-peroxidase complex 

(Vectastain Elite ABC from Vector Laboratories, Burlingame, California) for 30 minutes. 
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After another wash, the peroxidase was visualized using 0.05% 3,3' -diaminobenzidine as 

chromogen and 0.05% hydrogen peroxide as substrate. All the sections were 

counterstained with Cresyl Violet or haematoxylin and dehydrated before mounting in 

DePeX (BDH Laboratory supplies, Poole, UK). Negative control sections were incubated 

in the absence of the primary antibody. Normal sera, biotinylated secondary antibodies, 

and avidin-biotin-peroxidase complex were purchased from Vector Laboratories 

(peterborough, UK). Images were captured on a PC using LeicaQwin software 

(Cambridge, UK). 

5.4.8 Quantification of cells 

This was done manually under light microscopy. The operator was blinded to the identity 

of the slides counted. Cells were counted using a graticule under a high power objective 
2 . 

(x25 or x40) and the density of cells was converted to a value per mm . In all cases, at least 

4 sections from the same animal, and several animals from each experimental group (as 

denoted by number n) were analyzed and counts averaged. 

5.4.9 Semi-quantitative RT-PCR 

This was performed as detailed in Chapter 2. Briefly, samples were homogenized using a 

rotor and Qiashredder columns (Qiagen, Crawley, UK). Total RNA was extracted using 

RNeasy mini columns (Qiagen) and contaminating DNA degraded with RNase-free DNase 

1 (Qiagen), all according to the manufacturer's instructions. RNA yields were determined 

by spectrophotometry at 260 nm. Taqman semi-quantitative RT-PCR was performed using 

Applied Biosystems reagents (Warrington, UK) as previously described191
• Primers and 

probes were designed using Primer Express software (Applied Biosystems) and crossed an 

intron-exon boundary. Their sequences are listed in Chapter 2. 

5.4.10 Protein assay and ELISA 

These were performed as detailed in Chapter 2. 
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5.4.11 Statistics 

Data was analyzed using SPSS version 14. NOlmality was assessed by the Kolmogorov­

Smirnov te,st. Non-parametric data was normalized by log transfOlmation. Analysis was 

done using Student's t-test for two independent samples and one way ANOVA for multiple 
- . 

independent samples. For post-hoc analysis, Bonfen-oni's method was used since variance 

was homogenous. The confidence level was 95%. Significant evidence against the null 

hypothesis was accepted at p:S0.05 
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Chapter 6 

Mannose receptor expression specifically reveals murine 

cerebral perivascular macrophages 



Mannose receptor expression specifically reveals murine cerebral perivascular 

macrophages 

6.1 Introduction 

Cerebral perivascular macrophages (PVMs) are interesting cells by virtue of their location 

at the blood-brain barrier (BBB). They are situated between the endothelial basement 

membrane and the glia limitans226. They are the only cells in the brain parenchyma which 

display constitutive phagocytic potential45 and immunophenotypical markers of activation 

such as MHC class II, B7, CD40 and FcR227. They are the fIrst cells to respond to 

inflammation within the brain in various experimental settings such as EAE228, neuronal 

damage229 and intracerebroventricular injection ofIFN-y or TNF_a 230. They also readily 

respond to peripheral immune activation after systemic lipopolysaccharide 

administration69,73,79,83. Moreover, they have been shown to be capable of effective antigen 

presentation197,231. Thus they are ideally situated to respond to pro-inflammatory stimuli 

arising from both within the brain and from the periphery. 

Cerebral PVMs have mostly been studied in the rat because of the availability of the 

monoclonal antibody ED2, which recognizes CD 163. CD 163 is a member of the scavenger 

receptor Type B family and has several functions: haemoglobin scavenging193, cell 

adhesion194,195, and perhaps an anti-inflammatory role22o. In the rat central nervous system 

(CNS), ED2 selectively labels perivascular, meningeal and choroid plexus macrophages in 

both normal and inflamed CNS 196. Recently a monoclonal antibody (EDHu-1) recognizing 

human CD163 and thus perivascular macrophages, has become available193 . Studying 

cerebral PVM biology in the mouse has been hampered by the lack of availability of such a 

selective marker. This was essential for further studies on the role of cerebral PVMs in T 

cell traffIc into the brain, which used TCR transgenic mice (see Chapter 7). Although 

murine CD163 has been cloned232, an anti-mouse CD163 antibody is still lacking. The 

monoclonal antibody 2F8 recognizes the murine scavenger receptor A which is limited to 

PVMs in the normal brain 87. However this receptor is expressed by microglia during 

different forms of injury233, making it hard to study cerebral PVMs selectively in 

pathological conditions. 
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In order to further characterize the murine cerebral PVMs' expression profile, a number of 

monoclonal antibodies to mouse macrophage antigens were systematically studied. This 

was also expected to help in gaining more insight into the function of cerebral PVMs. One 

of the antibodies studied was the monoclonal antibody 5D3 which recognizes the mannose 

receptor (MR). The MR is a Type I transmembrane C-type lectin which best recognizes 

branched mannose-containing carbohydrate structures on both microbial and host 

proteins234
. Its extracellular portion includes 8 carbohydrate recognition domains (CRDs) 

and an N-terminal cysteine-rich domain (CR), which display separate lectin activities. It is 

expressed by tissue macrophages, hepatic and lymphatic endothelium, glomerular 

mesangial cells and "perivascular microglia" in the normal brain235
• Its functions include 

receptor-mediated endocytosis and phagocytosis, modulatiol1 of microbicidal potential, cell 

adhesion, stimulation of cytokine secretion, targeting of antigen to MHC Class II pathway 

and antigen trafficking in lymphoid organs236
. 

MR expression was investigated in the normal CNS as well as in several models of 

pathology. In particular, it was interesting to determine whether the MR was still 

selectively expressed on cerebral PVMs in these models. The data presented here clearly 

shows that the MR is exclusively expressed by perivascular macrophages (PVMs), 

meningeal macrophages (MMs) and choroid plexus macrophages (CPMs) in the normal 

CNS, as is the case with ED2 in the rat. Moreover its expression remains limited to these 

macrophages even under conditions of acute and chronic neurodegeneration and following 

an inflammatory challenge. Mannose receptor expression by macrophages situated at 

blood-brain (perivascular), brain-CSP (meningeal) and CSP-blood (choroid plexus) 

interfaces supports a functional role of these cells in responding to external stimuli such as 

infection. 

6.2 Results 

6.2.1 Control animals 

Sections from the brains of three naIve C57BLl6J mice and from the intact contralateral 

optic nerves of mice with a right ONC were incubated with the anti-MR antibody. Three 

populations of macrophages were clearly stained: PVMs, meningeal macrophages (MMs) 

and choroid plexus macrophages (CPMs), reminiscent ofED2 staining in the rat (Figure 
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6.1a,c). PVMs were seen exclusively around vessels and located abluminal to endothelial 

cells and separate from the surrounding brain parenchyma. Double immunofluorescence 

showed MR-positive cells sandwiched between the yl-laminin-chain-positive endothelial 

and glial basement membranes (Figure 6.2). The cells had stout cell bodies and bore 

elongated flattened processes which both encircled and ran longitudinally along the 

vessels. They were particularly noticeable at bifurcations/trifurcations. Few cells in the 

white matter tracts such as the corpus callosum and the normal optic nerve were revealed 

by the anti-MR antibody. 

Perivascular and meningeal macrophages, which were considered to express the MR in the 

above experiment, are known to be the only constitutively phagocytic cells in the nonnal 

CNS45
. Indeed, this is in keeping with MR expression since one of the MR's described 

functions is receptor-mediated endocytosis236
• Moreover, the MR-positive cells were 

located at sites (perivascular spaces and meninges) which are readily accessible to 

intracerebroventricularly injected substances. This is reminiscent ofED2-positive 

macrophages in the rat brain, which have been shown to be selectively depleted after 

intracerebroventricular injection of clodronate-Ioaded liposomes163
. Liposomes are 

phagocytosed and intracellular accumulation of clodronate is toxic by forming a non­

hydrolyzable analogue of ATp161 and triggering apoptosis162
. Clodronate-Ioaded liposomes 

were therefore injected intracerebroventricularly in control mice to interrogate the function 

ofMR-positive cells and verify their identity as PVMs. In these mice, no mannose receptor 

could be detected in perivascular spaces after immunohistochemistry with the 5D3 

monoclonal antibody (Figure 6.1). Sections of brains from naIve or PBS-containing 

liposome injected mice revealed MR positivity during the same immunohistochemistry 

experiment. This showed that the MR expressing cells were constitutively phagocytic, 

which confIrms their identity as PVMs. 

Meningeal macrophages were also depleted (Figure 6.1), though not completely. This is in 

sharp contrast with the rat, where complete depletion of meningeal macrophages is 

achievable with 5-fold lower doses (on a per brain weight basis) ofintracerebroventricular 

clodronate-Ioaded liposomes163
. This might be due to a smaller subarachnoid space in the 

mouse and thus a more restricted flow of CSF over the brain surface, effecting liposomal 

delivery to the meninges. Alternatively it could mean that the mannose receptor is 

expressed by other cells in the meninges besides macrophages. 
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Figure 6.1. Mannose receptor expression in naive brain. Representative brain sections from mice injected 
intracerebroventricularly with PBS-loaded (A,C) or c1odronate-Ioaded liposomes (B,D), showing complete 
depletion of meningeal (B) and perivascular (0) macrophages. The sections were stained with the anti­
mannose receptor antibody 5D3 and counterstained with haematoxylin. (A) and (B) show the meninges 
overlying the cortex; (C) and (D) show the cerebral parenchyma. Scale bar = O.02mm. 
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Figure 6.2. Localization of the PVM in the perivascular space 
by confocal microscopy. Confocal image from a na"ive brain 
section double stained for the MR (red) and the yl-Iaminin chain 
(green), which labels both glial and endothelial basement 
membranes. The image, O.28!1-m in thickness, shows a vessel 
trifurcation with a PVM (red) characteristically located in the 
angle between two of the vessels (green) (A). The image was 
studied using the Zeiss LSM V Image Examiner software, which 
shows the PVM to be situated between the endothel ial (*) and 
glial (0) basement membranes. Image B is an orthogonal view of 
the PVM in image A, taken at the level of the green I ine. Images 
C-D are two other examples. Yellow colour represents areas of 
adhesion between the PVM and adjacent basement membrane. 
L = lumen. Scale bar = O.OSmm. 
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Choroid plexus macrophages were the least affected by the intracerebroventricular 

injection, similar to the rat (see Chapter 4). This is because tight junctions are expressed in 

the cuboidal epithelium of the choroid plexus5o. This impedes the access of 

intracerebroventricularly injected liposomes to choroid plexus macrophages. 

The immunohistochemistry protocol used in this study revealed the MR equally well in 

C57BL/6J and BALB/c mice. 

6.2.2 Acute inflammatory model 

To model an acute inflammatory injury without cell death, an intracerebral injection of 2f..Lg 

of lipopolysaccharide (LPS) was made into the right dorsal hippocampus of 3 mice, as 

described previously237. The animals were sacrificed 24 hours later. At this time point, 

neutrophil margination to cerebral endothelium and microglial activation is observed in the 

brain237. The sections were stained with the anti-MR antibody. Only the PVMs were 

revealed by the antibody, in both the injected and uninjected hemispheres (Figure 6.3a). 

While widespread upregulation of scavenger receptor, CD68, CR3 and MHC Class II on 

microglia occurs in this model233, MR expression was confmed to PVMs, MMs and CPMs; 

it was not upregulated on microglia or other cells. 

6.2.3 Excitotoxic model 

Acute cerebral inflammation associated with neuronal death was modelled by intracerebral 

injection ofthe excitotoxin kainic acid (lnM) in the right dorsal hippocampus. Mice were 

sacrificed 3 days later. Little or no neutrophil recruitment is usually observed in these 

pathological conditions whereas microglia are activate~38. The MR antibody still 

selectively and exclusively labelled PVMs around the blood vessels (Figure 6.3b), MMs 

and CPMs, with more PVMs in the ipsilateral side compared to the contralateral one. There 

was no detectable microglial expression of the MR, although it is known that microglia 

express scavenger receptor, CD68, CR3, and MHC Class II in this modee33,238. 
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Figure 6.3. Perivascular macrophages in different pathologies. Mice received intrahippocampal injections ofLPS 
(A) or kainic acid (B) or an optic nerve crush (C), and were perfused after 1, 3 and 7 days respectively. Representative 
sections stained with the anti-mannose receptor antibody 5D3 and counterstained with haematoxylin are shown. MR 
expression remains restricted to the perivascular and meningeal compartments in these different pathologies. 
Scale bars: A,B = O.02mm; C = O.04mm. 



6.2.4 Wallerian degeneration model 

The mouse right optic nerve was crushed intraorbitally. The animals were killed at 7 and 

28 days. It has been shown that microglia in the degenerating distal optic nerve segment in 

this model are activated as evidenced by F4/80 glycoprotein and CD68 expression, 

reaching a maximum at day 7 165. However the MR antibody still only revealed PVMs and 

MMs; the former were few in number (Figure 6.3c). 

6.2.5 Chronic neurodegeneration model 

Bilateral injection ofME7 prion brain homogenate was performed in the mouse dorsal 

hippocampus. This induces chronic neurodegeneration accompanied by an atypical 

inflammation which contrasts with the acute inflammation accompanying the above­

mentioned two models239. Three animals were killed during the late stage of the disease, at 

21 weeks. At this time point, marked microglial and astrocytic activation as well as T cell 

infiltration has been described240 and indeed upregulation of CR3 and CD68 was seen 

(Figure 6.4c). Once again, MR expression was limited to PVMs (Figure 6.4a,b), MMs 

and CPMs: it was upregulated on PVMs and they appeared to be more numerous compared 

to naIve mice. The strict perivascular distribution of the MR was incompatible with 

expression by CD68-positive microglia or CD3-positive T cells which were found in the 

parenchyma (Figure 6.4c,d). 

6.3 Discussion 

The results above are in agreement with a previous study showing restricted perivascular 

expression ofthe MR in the healthy adult CNS using immunohistochemistry and in situ 

hybridization235. The only other study ofMR expression in the brain241 found a more 

diverse expression of the MR including astrocytes and neurons using 

immunohistochemistry. However this group used a different antibody (a rabbit polyclonal 

antibody raised against a 22-mer from the cytoplasmic domain of MR) while 5D3, used in 

this study, is a mouse monoclonal antibody raised against a much larger fragment of the 

MR, spanning carbohydrate recognition domains 4_7242. The antibody 5D3 has been 

thoroughly characterized using immunocytochemistry, immunoprecipitation, Western blot, 

enzyme-liked immunosorbent assay and fluorescence-activated cell sorting242,243. 
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Figure 6.4. Perivascular macrophages in chronic neurodegenerative disease. Representative brain sections at the 
level of the dorsal hippocampus from mice injected with ME7 prion. They were stained with the anti-mannose receptor 
antibody 5D3 (A,B), the anti-CD68 antibody FAll (C) and the anti-CD3 antibody KT3 (D). The slides were counter­
stained with haematoxylin. MR expression has a strict perivascular distribution (A,B) incompatible with expression by 
microglia (C) and T cells (D) which are situated in the parenchyma proper. Scale bars: A, C, D = O.02mm; B = O.lmm. 



The phagocytic capacity ofMR-positive cells in the brain was explored by injecting 

clodronate-Ioaded liposomes intracerebroventricularly - these are lethal to cells which 

ingest them. It is shown that MR-positive cells possess constitutive phagocytic potential 

since they were depleted. This also confirms their perivascular location since the 

intraventricularly injected liposomes could reach these cells. Their precise location within 

the perivascular space was established using confocal microscopy - they lie between the 

endothelial and glial basement membranes. This establishes the identity of the MR-positive 

cells as perivascular macrophages. 

The liposomes used were mannosylated and one may argue that they would therefore 

target any cell which expresses mannose-binding molecules, including the MR. However it 

is quite clear that constitutive robust phagocytic ability is a prerequisite for ingestion of 

these multilamellar liposomes: they are large (size ranges from 0.2 to 3/-lm), they have 

been shown to be only taken up by perivascular macrophages in the rat163, and the non­

phagocytic ependymal epithelium, which expresses cerebellar soluble lectin (CSL), a 

mannose-binding lectin204, is not affected by this treatment. 

In the brain parenchyma it was noted that PVMs occur predominantly in grey matter: the 

corpus callosum had very few PVMs for instance. It is thus no surprise that little MR 

staining was observed in naIve optic nerve. The same has been noted with regard to ED2-

positive PVMs in the rat. This might be related to capillary density which is circa 4-fold 

higher in grey matter as opposed to white matter244. 

A spectrum of models was used to study several types of brain inflammation: acute 

inflammation accompanying excitotoxicity (kainic acidi38, acute inflammation associated 

with the presence of endotoxin (lipopolysacc~aride )237, chronic neurodegeneration (ME7 

prion diseasei40 and chronic inflammation following Wallerian degeneration (optic nerve 

crush)165. These models are characterized by different cytokine profiles59,245,246 yet this was 

not reflected in the distribution ofMR expression. In all models, MR expression was 

restricted to PVMs (as well as meningeal and choroid plexus macrophages), with no 

staining of either microglia or infiltrating haematogenous leucocytes in the parenchyma. 

Thus the identification of the MR as a PVM marker supports the notion that PVMs do not 

migrate into the parenchyma during inflammation, an issue which has been brought into 

question previousll47. The possibility still remains that they migrate but lose MR 
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expression. Also, the availability of such a marker in the mouse which retains its selectivity 

during brain pathology provides the opportunity to study this macrophage population in a 

species which is more amenable to genetic manipulation. 

The mannose receptor has various functions which are of interest with regard to its 

expression by cerebral PVMs. The first is the recognition of various microbial ligands 

(from Mycobacterium tuberculosis, Candida albicans, Pneumocystis carinii, Klebsiella 

pneumoniae, Streptococcus pneumoniae) resulting in their receptor-mediated phagocytosis 

and enhanced microbicidal activity234. Interestingly most of these pathogens are known to 

infect the eNS. Perivascular and meningeal macrophages, with the MR as a member of 

their broad armamentarium, are ideally situated to prevent infectious organisms from 

gaining access to the brain parenchyma. Indeed their depletion using liposomes resulted in 

a worsening of disease in a Streptococcus pneumoniae model of meningitis in the rat 49. 

The second identified function of the MR is recognition and clearance of endogenous 

ligands, of which several have been identified248. One of these is tissue plasminogen 

activator (tPA): the MR serves in its clearance by receptor-mediated endocytosis249. This 

function would be expected to be protective in acute inflammation accompanying 

excitotoxicity or focal ischaemia, since tP A is a key player in tissue destruction in this 

setting via activation ofplasmin250,251. 

The third role of the MR is adhesion. Binding between the MR on lymphatic endothelium 

and L-selectin on T cells was found to be important in the adherence of T cells to the 

endothelium252. The MR is not expressed on circulating rodent monocytes, so it must be 

expressed once the monocyte enters the perivascular space. It is tempting to suggest that it 

is important in tethering cerebral PVMs in the perivascular space. Interestingly brain 

microvessels display binding sites for the carbohydrate recognition domains 4-7 on the 

extracellular portion of the MR253. The MR knockout mouse should help in identifying any 

such role in adhesion254. 

A fourth hypothesized role of the MR is antigen transport. Ligand binding sites for the 

cysteine-rich domain of the MR have been detected in developing germinal centres in 

spleen and have been followed on dendritic-like cells migrating from the subcapsular area 

of lymph nodes into follicular areas255. It has thus been suggested that the MR directs 
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antigen (bound by the carbohydrate recognition domains) towards sites of developing 

clonal immune responses (by the cysteine-rich domain). It would be interesting to see 

whether such migration is seen in cervical lymph nodes following brain inflammation. A 

fully functional soluble form ofMR is generated by shedding of cellular MR by 

metalloprotease activity256 and a similar antigen transport potential has been suggested for 

soluble MR. Such a scenario is possible during CNS inflammation since interstitial fluid 

from the perivascular space is known to drain directly into nasal lymphatics and thus 

cervical lymph nodes through channels in the cribriform plate257. 

CD163, a member of the scavenger receptor Type B superfamily, is a selective PVM 

marker in ratl96 and human CNS258. Several similarities in function between CD163 and 

the MR are thus apparent. CD 163 is similarly restricted to the perivascular macrophage in 

both normal and diseased brain parenchyma, plays a role in cell adhesion194,195 and is shed 

from the cell surface in a soluble form by metalloprotease activity219. 

In summary, the experiments described in this chapter show that murine cerebral PVMs 

express the mannose receptor, which is involved in receptor-mediated phagocytosis, and 

that they are constitutively phagocytic. The mannose receptor is also expressed by MMs 

and CPMs, but not by microglia. Mannose receptor expression by macrophages located at 

the immune-brain interface supports a functional role of these cells in immunosurveillance 

ofthe brain's external environment. Moreover, mannose receptor expression remains 

restricted to these subsets of macrophages in various models of brain pathology. The 

identification of the mannose receptor as a specific marker of murine cerebral PVMs, as 

well as the optimization of the clodronate liposome technique for depletion of PVMs in 

mice, were essential for further studies of the role ofthese macrophages in T cell traffic 

into the brain, which is the topic of the next Chapter. 

6.4 Materials and methods 

6.4.1 Animals 

Female C57BL/6J mice, obtained from Harlan (Bicester, UK), were 4-6 weeks old on 

arrival and were group-housed under a 12h light:12h dark schedule. Mice were maintained 

under controlled environmental conditions with pelleted food and water ad libitum. The 
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experiments were carried out under Home Office Licence and in accordance with the 

Animals (Scientific Procedures) Act, 1986. 

6.4.2 Preparation of multilamellar liposomes 

Multilamellar mannosylated liposomes were prepared as described in Chapter 2. The size 

of the liposomes ranged from 0.2 to 311m. 

6.4.3 Intraventricular liposome infusion 

Mice were deeply anaesthetized with isoflurane in O2 and mounted on a stereotaxic frame. 

In a first experiment the published protocol for cerebral PVM depletion in the rat163 was 

adapted to the mouse on a per brain weight basis. Thus 8J...lI of clodronate or PBS­

containing mannosylated liposomes were infused into the 4th ventricle of 4 mice over 25 

minutes using a Hamilton syringe fitted with a 27G needle. This preliminary study resulted 

in suboptimal depletion despite correct localization of the injection being confirmed by 

serial sectioning of the brain around the injection site. The protocol was therefore 

modified. The liposome dose was doubled and injections were made rostrally in the lateral 

ventricles in order to facilitate access of the liposomes to the whole brain parenchyma. 

Thus, in a second experiment, 8J...lI of clodronate or PBS-containing mannosylated 

liposomes were infused into each lateral ventricle of3 mice slowly over 12.5 minutes 

using a pulled glass capillary (co-ordinates: -0.22mm, laterallmm and depth 2mm). On 

each side, the capillary was left in situ for 2.5 minutes, withdrawn partially and left for a 

further 2.5 minutes before being removed completely, to avoid reflux ofliposomes along 

the injection tract. The operated mice were sacrificed 5 days later. 

6.4.4 Controls 

Three naIve mice were used as controls for the brain pathology models, except in the case 

of the Wallerian degeneration model, where the contralateral left unoperatedoptic nerve 

was used as control. 
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6.4.5 Brain pathology models 

Experiments were carried out as described previously165,237,238,24o. All surgery was 

performed on animals anaesthetized with Avertin (2,2,2-tribromoethanol in tertiary amyl 

alcohol) at a dose ofO.1ml/5g body weight. With the exception of the Wallerian 

degeneration model, all the mice were injected stereotaxically in the dorsal hippocampus· 

(co-ordinates: bregma -1.94mm, lateral1.5mm and depth -1.37mm). A pulled glass 

micropipette was used for LPS and kainic acid injection, and a Hamilton syringe with a 

blunt 26S needle for the ME7 prion brain homogenate injection. For all anirnal models, the 

mice were allowed to recover under a warm lamp and then housed in IVC racks 

(Techniplast UK, Kettering, UK) following surgery. All the mice were sacrificed by deep 

anaesthesia with 20% sodium pentobarbital (Sagatal, Rhone Merieux Ltd., Harlow, Essex, 

UK). 

Acute inflammatory model. Three animals were injected with 1fll ofLPS (2flg/fll) 

(flalmonella abortus equi, Lot No 69F4003, Sigma Chemicals, Poole, UK) in the right 

dorsal hippocampus and sacrificed 24h later237. 

Acute neurodegeneration model. Three mice were injected with 1fll ofKA (lnM) (Sigma 

Chemicals, Poole, UK) in the right dorsal hippocampus and sacrificed three days later238 . 

Chronic neurodegeneration model. Mice were bilaterally injected in the dorsal 

hippocampus with 1fll ofME7 prion brain homogenate using a Hamilton syringe fitted 

with a blunt 26S needle240. The syringe was left in situ for an additional 1 minute to 

prevent reflux along the injection tract. The ME7 prion brain homogenate was derived 

from the brains of C57BLl6J mice at 22 weeks old post-inoculation showing clinical signs 

of disease (10% w/v in sterile PBS). Mice were sacrificed at the terminal stage of the 

disease (21 weeks, n=3). 

Wallerian degeneration model. The mouse right optic nerve was crushed intraorbitally 

under an operating microscope withjeweller forceps for 10 seconds (ONC)165. Mice were 

killed at 7 and 28 days after the injury (n=3 at each time point). 
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6.4.6 Tissue processing and immunohistochemistry 

Animals were transcardially perfused with 0.9% w/v heparinized saline under tenninal 

anaesthesia with 20% sodium pentobarbital. Brain tissue was rapidly dissected, frozen in 

Tissue-Tek OCT embedding compound (Sakura Finetek Europe B.V, Zoeterwoude, NL) 

and stored at -20cC until use. Coronal sections of 1 o 11m thickness were cut on a cryostat, 

dried, fixed in absolute alcohol for 10 minutes at 4cC and processed for indirect 

immunohistochemistry. All incubations were carried out at room temperature. The sections 

were first pre-adsorbed with 10% nonnal rabbit serum for 30 minutes and then incubated 

for 2 hours with rat monoclonal anti-mouse antibodies against the following antigens: 

mannose receptor (clone 5D3), CD68 (clone FAll), CDllb (clone 5C6), CD204 (clone 

2F8), CD3 (clone KT3) or MHC Class II (clone TIB120). After washing in O.lM 

phosphate-buffered saline, sections were incubated with biotinylated rabbit anti-rat IgG 

secondary antibody for 30 minutes, washed again and then incubated with avidin-biotin­

peroxidase complex (Vectastain Elite ABC) for 30 minutes. After another wash, the 

peroxidase was visualized using 0.05% 3,3'-diaminobenzidine (DAB) as chromogen and 

0.05% hydrogen peroxide as substrate. All the sections were counterstained with 

haematoxylin and dehydrated before mounting in DePeX (BDH Laboratory supplies, 

Poole, UK). Negative control sections were incubated in the absence of the primary 

antibody. Nonnal rabbit serum, biotinylated secondary antibody, and avidin-biotin­

peroxidase complex were purchased from Vector Laboratories (Peterborough, UK). The 

antibodies from clones 5D3, 2F8, 5C6 and TIB120 were kindly provided by Professor S 

Gordon (Sir William Dunn School of Pathology, Oxford, UK); FAll and KT3 was 

purchased from Serotec Ltd (Kidlington, UK). The immunohistochemistry protocol for the 

anti-MR antibody (5D3) was also investigated on brains fixed in 10% neutral buffered 

fonnalin, Bouin's solution, 4% paraformaldehyde and periodate-Iysine-paraformaldehyde 

(PLP). Positive staining was achieved on fonnalin-fIxed sections only if pepsin (pepsin 

0.04% in O.lM HCI, 10 minutes) or microwave (3 minutes in citrate buffer, cooling for 5 

minutes, re-microwave for 3 minutes in citrate buffer) antigen retrieval steps were 

included, the fonner giving the better results. No positive staining was seen in Bouin's 

solution, 4% parafonnaldehyde or PLP-fIxed tissue. 

For double immunofluorescence, brain sections were first blocked with 10% rabbit serum 

and then incubated overnight with mannose receptor antibody (1 :50) followed by 
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biotinylated rabbit anti-rat IgG for 45 minute and streptavidin-conjugated AF546 

(Molecular Probes, Cambridge Bioscience, Cambridge, UK) for 30 minutes. During the 

second round, sections were blocked with 10% goat serum, incubated with a rat 

monoclonal antibody against the yl chain of mouse laminin (Neomarkers, Freemont, CA, 

USA) (1 :250) for 90 minutes, followed by AF488-conjugated goat anti-rat IgG (Molecular 

Probes) for 30 minutes. Sections were mounted in Mowiol (Harlow Chemical, Harlow, 

UK) and visualized with a LSM 510 Meta confocal laser scanning microscope (Carl Zeiss 

Ltd, Germany). Images were examined with the Zeiss LSM 5 Image Examiner software. 
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Chapter 7 

The role of cerebral endothelial cells and 

perivascular macrophages in antigen-specific 

CD8 T cell traffic into the brain 



The role of cerebral endothelial cells and perivascular macrophages in antigen­

specific CDS T cell traffic into the brain 

7.1 Introduction 

The traffic ofleucocytes into the central nervous system (CNS) is a highly regulated 

process. This protects the brain against the full ravages of the systemic inflammatory 

response which would otherwise compromise the delicate homeostasis required for neural 

activity. T cells, which initiate the adaptive immune response, traffic into the brain at a 

relatively low level compared to other organs259. This is partly due to the functional 

characteristics of the blood-brain barrier (BBB) which call for more stringent requirements 

for T cell entry into the brain. Por instance the vast majority of brain-infiltrating T cells are 

of the memory or activated phenotype26o. The question of whether antigen specificity is a 

prerequisite for T cell traffic into the brain has been previously addressed. Several 

investigators have transferred activated T cells reactive against neural and irrelevant 

antigens into naIve animals and observed that both infiltrated the brain equally well138-143. 

However all these studies concentrated on CD4 T cells; although CD8 Tcells were present 

amongst the transferred cells in some experiments 138, 139, no attempt was made to elucidate 

whether the antigen specificity of the CD8 T cells was influencing their infiltration into the 

brain. 

There is reason to suspect that traffic of CD8 T cells recognizing antigens within the brain 

is favoured over that of irrelevant CD8 T cells. In mice immunized with the myelin 

oligodendrocyte glycoprotein peptide MOG 35-55, which develop experimental 

autoimmune encephalomyelitis (EAE), 56% of brain-infiltrating CD8 T cells on day 10 

were MOG-specific144. In humans with multiple sclerosis, oligoclonal dominance ofT 

cells in CSp145 and brain parenchyma146 are seen more commonly with CD8 than CD4 T 

cells. Although this has been interpreted as oligo clonal expansion within the CNS 

compartment, antigen-specific CD8 T cell infiltration CQuid also contribute since the CD8 

T cell clones were present in blood. 

CD8 T cells are instrumental in the body's response to viral encephalitides and brain 

tumours. However they are also responsible for various inflammatory neurological 
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conditions such as multiple sclerosis, HTL V -associated myelopathy and a number of 

neurological paraneoplastic syndromes 102. The crucial role of CDS T cells in multiple 

sclerosis has only recently been recognized147. That CDS T cells initiate disease was shown 

when adoptive transfer of CDS T cells specific for neural antigens (myelin associated 

glycoprotein and myelin oligodendrocyte glycoprotein) resulted in severe EAE148,149. 

However CDS T cells are also important in disease maintenance since they correlated with 

axon injury in MS plaques153 and MRI features of tissue destruction154. CDS T cell­

mediated neuropathology may be mediated directly by encephalitogenic CDS T cells155 or 

may occur indirectly as a result of bystander damage by co-infiltrating CDS T cells with 

irrelevant antigen specificities156,157. However the overall contribution of bystander damage 

has been shown to be small158,159. The factors governing antigen-specific infiltration of 

CDS T cells into the brain are therefore important in both disease induction and 

maintenance. 

In order to study antigen-specific CDS T cell traffic into the brain, antigen was injected 

into the striatum of CL4 transgenic mice in which more than 95% of CDS T cells express 

the VaIO V~8.2 T cell receptor (TCR)160. It is shown that CDS T cell infiltration only 

occurred when the cognate antigen was present within the brain parenchyma. This shows' 

that a mechanism capable of favouring antigen-specific CDS T cell infiltration exists. In 

order to elucidate the origin ofthis antigen specificity, the brain was depleted of 

perivascular macrophages (PVMs) which are considered to be the foremost antigen­

presenting cells at the BBB, but this had no significant effect on CDS T cell infiltration. It 

was found that MHC Class I expression by cerebral endothelium was luminal and when 

blocked, resulted in a marked reduction of CDS T cell infiltration. 

7.2 Results 

7.2.1 Antigen-specific CD8 T cell traffic into the brain 

In CL4 mice, CDS T cells exhibit high avidity for the HA5I2-520 peptide (HA), which is. 

Kd-restricted261 . To investigate CDS T cell traffic, antigen was injected in the right striatum 

ofCL4 mice. A small injectate volume (O.5f..LI) was delivered with a sterile finely drawn 

glass micropipette, the tip of which measures 2-IOf..Lm in diameter, in order to minimize 

tissue trauma and reflux into the periphery. Mice were sacrificed on days 1, 3, 5 and 7 
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post-injection (p.i.) (minimum n=3 per time point). Since virtually all CD8 T cells in this 

mouse express the transgenic TCR, CD8 immunohistochemistry was used to track 

infiltration of antigen-specific CD8 T cells into the brain parenchyma. Serial section 

immunohistochemistry had shown that all CD8-positive cells were CD3-positive. 

Intrastriatal injection ofHA resulted in a focal CD8 T cell infiltrate, which was strictly 

limited to the area of antigen deposition (circa 7.5mm2) as shown by a co-injected inert 

blue dye (Figure 7.1a). This T cell infiltrate peaked at day 3, reaching a density of 88 

ceUs/mm2, and had nearly disappeared by day 7 (Figure 7.1b). No CD8 T cells were seen 

in the contralateral hemisphere. Moreover, CD8 T cell infiltration did not occur at any time 

point after control intrastriatal injections of a Kd -restricted non-cognate antigen, Cw3 

peptide (Figure 7.1c). This showed that CD8 T cells were accumulating at the site of 

injection as a result of the presence of antigen. 

The CD8 T cell infiltrate observed was not a peculiarity of the CL4 transgenic mouse. 

Using a different approach in a non-transgenic animal, 3 million in vitro activated CL4 

Thy 1. I-positive CD8 T cells were transferred into Thy1.2-positive wild-type BALB/c 

recipients at the time of intra striatal HA injection (n=3). These mice were perfused after 1 

or 3 days. As expected, CD8 T cells were observed in the right striatum ofHA-injected 

animals. The vast majority of infiltrating CD8 T cells (>95%) were Thy 1. I-positive 

(Figure 7.2a-c), indicating that they were donor HA-specific CD8 T cells. No T cells were 

seen infiltrating the brains of wild-type BALB/c mice at either 1 or 3 days after receiving 

Cw3 in the right striatum and 3 or 30 million in vitro activated CL4 CD8 T cells 

intravenously (n=3 each dose) (Figure 7.2d,e). 

The marked difference in CD8 T cell infiltration between the HA and Cw3 injections in 

CL4 mice suggested that CD8 T cells were sensitive to the local presence of their cognate 

antigen in the CNS. HA is a soluble peptide and is likely to "leak" to the peripherl62. One 

possibility was that CD8 T cells were migrating into the striatum in a non-antigen specific 

way at the site of intracerebral injection after being activated in the periphery by the 

leaking HA. In order to investigate this possibility HA was injected into one hemisphere 

and Cw3 into the contralateral hemisphere of CL4 mice and they were sacrificed on day 3 

p.i. (n=3). If peripherally activated transgenic T cells were migrating non-specifically to 

the site of injection, CD8 T cells would have been expected to infiltrate the Cw3-injected 
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Figure 7.1. An antigen-specific model of CD8 T cell infiltration into the 
brain. HA peptide (cognate antigen) (A,B) or Cw3 peptide (irrelevant antigen) 
(C) were injected in the right striatum of CL4 transgenic mice. A blue inert 
tracer was used to localize the injection site. They were perfused on days 1, 3, 
Sand 7 (day 3 shown). Brains were processed for CD8 immunohistochemistry 
using DAB (brown) as chromogen. The kinetics of CD8 T cell recruitment 
after HA injection are shown in B (n=3 per time point). No CD8 T cells were 
seen after Cw3 injection. Scale bar = O.OSmm. 
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Figure 7.2. Antigen-specific CD8 T cell infIltration in non-transgenic 
mice was studied using double immunofluorescence. Three million in vitro 
activated CL4 Thy 1. I-positive CD8 T cells were injected i.v. in Thy1.2+ve 
wild-type BALB/c mice at the time of right intrastriatal HA peptide injection. 
The vast majority (>95%) of infiltrating CD8 T cells (red) on day 3 were 
Thy 1.1 +ve (green) indicating that they were antigen-specific and of donor 
origin (white arrowheads in A-C). A few recipient CD8 T cells were seen 
coinfiltrating the striatum (white arrows in A-C). No CD8 T cells were seen 
infiltrating the brain when 3 million (D) or 30 million (E) in vitro activated 
CL4 CD8 T cells were injected i.v. in wild-type BALB/c mice at the time of 
right intrastriatal Cw3 peptide injection (day 3 shown). A blue inert tracer 
was used to localize the injection site. Scale bar = 0.05mm. 
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hemisphere. However CDS T cells only infiltrated the HA-injected hemisphere; none were 

present in the contralateral hemisphere (Figure 7.3c,d). 

The above experiments showed that the transgenic CDS T cells were recruited to the brain 

only where cognate antigen was present in the parenchyma. It is currently thought that a 

basal low level of immunosurveillance by T cells occurs in the brain263
• Therefore, the 

CD8 T cells could, as part of normal surveillance, have infiltrated the parenchyma in a 

non-antigen specific fashion only to be retained if their cognate antigen was present. It was 

therefore asked whether CD8 T cells recruited into the brain in a non-antigen specific 

fashion persist for any length of time in the absence of their cognate antigen. In separate 

experiments, CL4 mice received an injection of an irrelevant adenovirus (Ad70-3) or a 

sterile stab lesion in the right striatum (n=3 each time point). Both manipulations recruited 

CD8 T cells, which were seen at day 1 and persisted till day 3 (Figure 7.4). In addition, 

when CL4 mice injected with HA in one hemisphere and Cw3 in the contralateral 

hemisphere (n=3) were perfused at an earlier time point (day 1 pj.), no CDS T cells were 

seen in the Cw3-injected hemisphere (Figure 7.3a,b). This showed that CDS T cells were 

not infiltrating the brain earlier and failing to persist till day 3 pj. in the absence of cognate 

antigen. A few CD8 T cells were seen in the HA-injected side representing the initial phase 

ofCD8 T cell migration (Figure 7.3b). It therefore seems very unlikely that background 

CD8 T cell immunosurveillance of the brain could explain the exquisite antigen specificity 

observed in this model. It is clear that the presence of cognate antigen behind the blood­

brain barrier was instrumental in directing circulating naive CD8 T cells into the brain. 

7.2.2 The role of cerebral perivascular macrophages 

It was next addressed whether antigen presentation at the blood-brain barrier (BBB) is a 

potential mechanism whereby CDS T cells specifically home in on their target behind the 

BBB. Cerebral perivascular macrophages (PVMs) are strategically located at the BBB 

between the endothelial basement membrane and the glia limitans, and are considered to be 

the brain's foremost antigen-presenting cells46
. It is known that cerebral PVMs 

constitutively express major histocompatibility complex (MHC) Class I across 

species226
,264,265. In Chapter 6, the development of tools to study cerebralPVMs in mice 

was described 199. The mannose receptor was identified as a specific marker of murine 

cerebral PVMs and a clodronate liposome technique to selectively deplete these 

127 



day 1 

day 3 

Cw3 peptide HA peptide 

• 0 , 

' . 
• 0 • 

: '.. .. • '_ • '" . ... ~ I •• 

.( ,,"'- .. . 
.. / ~. . .. . . " • •• •• ~ •• • 4 .. 

• -0 
• .' , '0 

~ " 

.' . 
PI' ••• ' / • • " ... " "~ : • ~ 
.: .. ' 

. ,. , -, 

~"" ... ; 

LEFT 

. . . '''- ... . .' . .. .. . ' .. . , , 

•• , 0, ~ . . • • • 

• • 4I:;'~ t,f, .. / "*'r .... _ . .. . . 
. " • , . I, 

_ . 'to ;... ... . .. 

?f . ~ ~ 
. ; 

I · ' . . ' . 
.. : " 

·r · . ' _' -",, ___ '", -

RIGHT 

Figure 7.3. Antigen-specific CD8 T cell infiltration into the 
brain. HA and Cw3 peptides were simultaneously injected in 
the right (B,D) and left (A,C) striatum of CL4 transgenic mice, 
which were perfused on days 1 (A,B) and 3 (C,D). A blue inert 
tracer was used to localize the injection site. Brains were 
processed for CD8 immunohistochemistry using DAB (brown) 
as chromogen, No CD8 T cells infiltrated the Cw3-injected 
hemisphere at any time point. Scale bar = O.03mm. 
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Figure 7.4. Non-antigen specific CD8 T cell infiltration 
into the brain. CD8 immunohistochemistry (brown) after 
irrelevant adenovirus injection (A,B) and a stab lesion (C,D) 
in the right striatum of CL4 mice, days 1 (A,C) and 3 (B,D). 
A blue inert tracer was used to localize the site of injection 
of adenovirus. Scale bars: A,B = O.02mm; C,D = O.Olmm. 

129 



macrophages in rats was optimized for use in mice. Using this technique, 

intracerebroventricular (ICV) infusion of clodronate liposomes results in complete 

depletion of cerebral PVMs by day 5. The liposomes are selectively phagocytosed by 

cerebral PVMs leading to progressive intracellular accumulation of sodium clodronate 

which is lethal as a result of adenosine triphosphate depletion161 and apoptosis162
. 

It was therefore investigated whether PVMs playa role in antigen-specific CD8 T cell 

traffic. CL4 mice were depleted of cerebral PVMs with an ICV infusion of clodronate­

loaded liposomes as described in Chapter 6 (n=6) (Figure 7.5a). Control CL4 mice (n=4) 

received an intracerebroventricular infusion of empty liposomes (Figure 7.5b). On day 5 

both groups of mice received an intrastriatal injection of cognate antigen, and they were 

perfused 3 days later. Similar numbers of CD8 T cells infiltrated the parenchyma in both 

the PVM-depleted and control groups (Figure 7.5c), indicating that antigen presentation 

by PVMs was not directing CD8 T cell traffic into the brain. 

7.2.3 The role of cerebral endothelium 

Since an antigen-presenting process was suspected to play an important role in CD8 T cell 

infiltration, the expression ofMHC I was studied by immunohistochemistry on days 0, 0.5, 

1, 1.5,2,2.5, 3, 5 and 7 after intrastriatal injection ofHA in CL4 mice (at least n=3 each 

time point). In naIve or uninjected animals, a basal level ofMHC I expression by 

endothelium was noted (Figure 7.6a). Constitutive MHC I expression was slightly 

upregulated upon injection ofCw3 (Figure 7.6b). After injection ofHA, there was 

dramatic upregulation ofMHC I by endothelial cells, peaking at day 3 (Figure 7.6c). This 

upregulation was largely limited to the site of antigen deposition (Figure 7.6d) and 

coinciding temporally and spatially with peak CD8 T cell infiltration. CD8 T cells were 

seen in association with MHC I -positive blood vessels at various stages of infiltration 

(Figure 7.6e,i). This raised the possibility that CD8 T cell traffic into the brain was 

facilitated by recognition of the cognate antigen presented by cerebral endothelial cells. 

For this to occur however, antigen presentation by cerebral endothelial MHC I would have 

to be luminal. 

To investigate whether the upregulated endothelial MHC I was luminally expressed, CL4 

mice received an intracerebral injection ofHA followed 3 days later by an intravenous 
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Figure 7.5. Cerebral perivascular macrophage depletion did not affect 
antigen-specific CD8 T cell infiltration into the brain. CL4 mice received 
an intracerebroventricular infusion of clodronate (A) (n=6) and control (B) 
(n=4) liposomes. Five days later, HA peptide was injected in the right striatum 
and mice were perfused after 3 days. A blue inert tracer was used to localize 
the injection site. Brains were processed for mannose receptor (A,B) and CD8 
(C) immunohistochemistry using DAB (brown) as chromogen. Complete PVM 
depletion is seen in A. This depletion did not affect CD8 T cell infiltration into 
the brain (C: 2-tailed Student's t test, p = 0.767). Scale bar = O.OSmm. 
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Figure 7.6. Endothelial MHC Class I in antigen-specific CD8 T cell 
infIltration into the brain. Immunohistochemistry for MHC Class I 
(A-E) and CD8 (F) using DAB (brown) as chromogen in naive CL4 mice 
(A) and 3 days after right intra striatal injection of Cw3 peptide (B) or HA 
peptide (C-F). Blue inert tracer was used to localize the injection site. E 
and F are serial sections. Scale bars: A-C = O.OSmm; D = O.2mm; E,F = 
O.03mm. 
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injection of200p,g biotinylated anti-Kd antibody (n=3) or biotinylated control IgG (n=3) in 

200p,1 sterile PBS. Mice were perfused 3 hours later and the biotinylated antibody was 

detected on tissue sections. Luminal expression ofMHC I was observed in the striatum and 

was restricted to the site ofCD8 T cell infiltration in animals receiving biotinylated anti-Kd 

(Figure 7.7a,b); it was below the limit of detection in the contralateral hemisphere. BBB 

breakdown was excluded by the lack of staining in sections from mice receiving the 

biotinylated control IgG (Figure 7.7c). 

In order to directly address the issue of whether luminal endothelial MHC I was 

responsible for antigen-specific CD8 T cell migration, CL4 mice received an intrastriatal 

injection ofHA on day 0 followed by an intravenous injection of200p,g anti-Kd blocking 

antibody (n=6) or control IgG (n=6) in 200p,1 sterile PBS on day 2, one day prior to peak 

CD8 T cell recruitment. Blocking ofluminal MHC I resulted in a 76% reduction in CD8 T 

cell recruitment (Figure 7.8), indicating that circulating CD8 T cells use luminal 

endothelial MHC I as a molecular address to target their cognate antigen within the brain 

parenchyma. 

CD8 T cells infiltrating the brain after intrastriatal injections ofHA in CL4 mice were not 

activated. No evidence oftissue damage was observed in brains from these mice using 

immunohistochemistry for APP, NeuN, MAP2, GFAP, CNPase and MBP as well as 

histochemistry with Luxol Fast Blue and Oil Red 0 at days 1,3,5 and 7 pj. (at least n=3 

per time point) (Figure 7.9a,b). In addition, brain-infiltrating CD8 T cells in these mice 

had the morphological characteristics of resting lymphocytes and were Granzyme B 

negative (Figure 7.9c). On the other hand when HA was injected in brains of(l) CL4 mice 

immunized 5 days previously with HA in complete Freund's adjuvant (n=9) or (2) wild­

type mice injected intravenously with 3 million in vitro activated CL4 CD8 T cells (n=8), 

extensive axon dysfunction and demyelination were seen (Figure 7.9d,e,g,h) and brain­

infiltrating CD8 T cells had a blastic morphology and were immunoreactive for Granzyme 

B (Figure 7.9f,i). Thus CD8 T cells in CL4 mice receiving intrastriatal HA alone were not 

activated in either circulating or CNS compartments, most likely because these mice were 

naive to the antigen. Given the fact that activation facilitates CD8 T cell traffic into the 

CNS266
, the model used in this study, in which CD8 T cells remained antigen-naIve, 

excluded the possibility that the anti-Kd blocking antibody could have affected the 

migratory potential of circulating CD8 T cells through changes in their activation status. 
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Figure 7.7. Luminal endothelial MHC Class I up regulation. CL4 mice 
received HA peptide injection in the right striatum. Blue inert tracer was used 
to localize the injection site. After 3 days, the mice were injected i.v. with 
200J..lg biotinylated anti-MHC Class I antibody (A,B) or biotinylated control 
IgG (C) and perfused 3 hours later. Focal upregulation of luminal MHC Class 
I expression was seen after intrastriatal HA injection (A,B). Control IgG did 
not penetrate the endothelium (C). Scale bars: A,C = O.lmm; B = O.2mm. 
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Figure 7.8. Luminal endothelial MHC Class I plays a role 
in antigen-specific CD8 T cell traffic into the brain. Mice 
injected with HA peptide in the right striatum received an i.v. 
bolus of blocking anti-MHC Class I antibody (n=6) or control 
IgG (n=6) on day 2, and were perfused on day 3. There was a 
76% reduction (95% CI = -139.5 to -40.0) in CD8 T cell 
infiltration (2-tailed Student's t test, p = 0.002). 

135 



HA peptide IA. , 
CL4 mouse 

3x l06 in vitro 
activated 

CL4 T cells 

" 

HA peptide 0 .' .' , 

wild type mouse 

APP 

, : B 

LFB Granzyme B 

. , ~ 

•• I .. . 

I I " , .... '. \ 

,tp.'-: ...; ., ...... ' , 

, 4. .. .- -; .. .. ~ ..,. : ..... , .. '" 
.. ' .. 
• • r , .. -' 

Figure 7.9. Brain-infIltrating CD8 T cells were not activated in the model 
of antigen-specific CD8 T cell traffic used. Representative sections 5 days 
after right intrastriatal injection ofHA peptide in CL4 mice immunized intra­
dermally with CFA alone (A,B,C) or HA in CFA (D,E,F) 5 days previously, and 
in wild-type littermates receiving 3 million in vitro activated CL4 CD8 T cells 
i.v. at the time of intra striatal injection (G,H,I). Blue inert tracer was used to 
localize the injection site. Brain sections were processed for amyloid precursor 
protein (A,D,G) and granzyme B (C,F,I) immunohistochemistry using DAB 
(brown) as chromogen and Luxol Fast Blue histochemistry (B,E,H). Extensive 
axon damage and demyelination were observed when CD8 T cells were primed 
against the antigen. Scale bars: O.06mm except: C = O.03mm; F = O.02mm; 1 = 
O.Olmm. 
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The lack of activation of brain-infiltrating CD8 T cells also excludes the possibility that 

proliferation within the brain after encounter with cognate antigen contributed to the size 

of the CD8 T cell infiltrate observed. 

7.3 Discussion 

The study of T cell traffic into the brain has been dominated by CD4 T cells in view of 

their perceived importance in neuroinflammatory disease. This is now changing, and CD8 

T cells are increasingly recognized as major piayers102 but relatively little is known about 

CD8 T cell traffic into the brain. Here it is shown that unlike CD4 T cells, antigen 

specificity is a factor which governs CD8 T cell infiltration into the brain. It is also 

demonstrated that the underlying mechanism favouring antigen-specific CD8 T cell lTaffic 

is luminal expression ofMHC Class I by cerebral endothelium (Figure 7.10). This cmcial 

difference between CD4 and CD8 T cell traffic into the brain is a reflection of cerebral 

endothelial cell biology. MHC Class I, but not Class II, expression by cerebral endothelium 

occurs constitutively265,267,268. Therefore the mechanism for initiating transendothelial 

antigen-specific T cell traffic into the brain only exists for CD8 T cells. 

The molecular requirements for the MHC-dependent transendothelial T cell migration 

described here exist. As elsewhere in the body, T cell infiltration into the brain is a 3 step 

process: rolling, adhesion and diapedesis26o. Strong adhesion is a requirement for 

subsequent diapedesis and this is classically thought to be mediated by interaction between 

integrins on the T cell surface and cellular adhesion molecules on the endothelium. An 

example of such a pair is LF Al and ICAM, and the strength of this interaction is 

potentiated by chemokine receptor signalling. Arrest of T cell rolling suggesting adhesion, 

similar to that seen with chemokine ligand to chemokine receptor binding269 has been 

observed after cognate MHCII -TCR interaction270. Also, MHCII -peptide-TCR interaction 

gives rise to a similar increase in avidity ofLF Al to ICAMI 271 as happens after chemokine 

receptor ligation272. Similar mechanisms might be expected to occur with MHC Class 1. 

The affmity of a typical MHCI-peptide-TCR interaction is less than that ofLFAI-ICAM 

(KD of IOllM273 and 500nM27\ respectively) but the former would be strengthened by the 

accompanying MHCI-CD8 interaction. Moreover, cognate MHCI-peptide-TCR interaction 

results in the formation of a supramolecular activation cluste175 which recmits LF A I, 

thereby strengthening overall adhesion. 
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An integral requirement of MHC-dependent CDS T cell traffic into the brain is the 

presentation of processed exogenous antigen by MHC Class Ion the luminal surface of 

cerebral endothelium. Interestingly, presentation of endogenous antigen by endothelial 

cells in peritoneum and cremasteric venules facilitates diapedesis of T cells276. Here, 

evidence is presented that cerebral endothelial cells are able to take up exogenous antigen 

and present it luminally in amounts sufficient to attract CDS T cells into the underlying 

tissue. A similar role for exogenous antigen presentation by systemic endothelium remains 

to be shown. It is likely to occur since labelled insulin-specific CDS T cells did not 

infiltrate pancreatic islets well when transferred into mutant mice in which insulin­

producing ~ cells cannot secrete their product extracellularly277. Luminal presentation of 

antigen by cerebral endothelium represents a formidable challenge compared to 

endothelium elsewhere. Firstly cerebral endothelium lacks fenestrations through which 

processed peptides may access the luminal surface of endothelial cells for extracellular 

loading ofMHC Class 1. Secondly, although it is conceivable that lateral diffusion of 

antigen-loaded MHC Class I molecules, which is well described278, can occur from 

abluminal to luminal surfaces of endothelial cells in peripheral vessels, this is impossible in 

cerebral endothelial cells since tight junctions encircle their whole perimeter and represent 

a barrier to lateral migration of transmembrane molecules279. Therefore the only way that 

intraparenchymal antigen can reach the luminal aspect of cerebral endothelium is by 

transcytosis. 

HA peptide was used in the experiments described in this chapter to simulate the 

availability of processed antigen within the extracellular milieu of brain parenchyma under 

inflammatory conditions. Various CNS proteins are released into the CSF in the course of 

neuropatbology280 which may be degraded into smaller proteins or peptides by interstitial 

enzymes. Such extracellular antigen processing may result in peptides appropriate for 

MHC I loading straightaway, as has been reported on many occasions previousll81-286. 

Alternatively antigen may be taken up by endothelial cells, processed intracellularly and 

cross-presented luminally. Although such cross-presentation by endothelial cells has been 

reported to occur in liver287, skin288 and pancreas277, it remains to be shown to occur in the 

brain. 

Classical antigen presentation to CDS T cells results in death of the antigen-presenting cell 

(APC). However endothelial cells are known to be resistant to lysis by cytotoxic T cells 
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and a number of mechanisms have been put forward to account for this observation. These 

include reduced antigen presentation compared to professional APCS289, a lower 

costimulatory molecule to MHC Class I expression rati0290 and expression of granzyme B 

inhibitors291 . In severe cases, these mechanisms are over-ridden and a T cell mediated 

vasculitis ensues as happens in graft-versus-host disease292. A haemon-hagic vasculitis with 

accompanying hypoxic tissue injury was sometimes seen in the brains of wild-type mice 

injected with in vitro activated CL4 CD8 T cells (personal observation). This probably 

happened because the CD8 T cells were sufficiently activated in vitro to over-ride the 

mechanisms which usually protect the cerebral endothelium during CD8 T cell diapedesis. 

It is possible that such CD8 T cell mediated endothelial cell damage may underlie the 

hypoxic-like tissue injury seen in EAE induced by adoptive transfer ofMBP-specific CD8 

T cells148 as well as the Type III lesions described in MS293. 

In this study, an antigen-naive system was used. CL4 mice were housed in individually 

filtered cages throughout and were not allowed to come into contact with sources of 

influenza infection. HA was injected in the striatum using a minimally invasive teclmique 

developed in a laboratory with many years of experience with stereotaxic intracranial 

injections in animals. Great care was taken to avoid reflux to the periphery and minimize 

trauma to surrounding tissue. Indeed brain-infiltrating CD8 T .cells were not activated after 

such injections in CL4 mice and there was no detectable tissue damage. Cells within the 

non-inflamed CNS are incapable of priming naive CD8 T cells294,295. In contmst, when 

CL4 mice were immunized with HA in complete Freund's adjuvant (CFA) prior to the 

intrastriatal HA injection, the infiltrating CD8 T cells were activated and extensive axon 

and myelin damage occun-ed. In agreement with a recent study296, these results suggest that 

activation is not an absolute prerequisite for CNS infiltration by CD8 T cells, as previously 

thought138,143. However, activation results in enhanced CD8 T cell traffic into the brain, as 

observed by others266 and during the course of these experiments. More importantly, such 

an antigen-naive system allowed: (1) the exclusion of the possibility that proliferation of 

CD8 T cells behind the BBB on encounter with cognate antigen was contributing to the 

size of the infiltrate observed; and (2) the study of CD8 T cell traffic into the brain after 

blocking MHC Class I without conflict with the effects of this treatment on CD8 T cell 

activation. 
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It is likely that the novel pathway described here for antigen-specific CD8 T cell traffic 

into the mouse brain also occurs in humans. Human cerebral endothelial cells 

constitutively express MHC Class f68, supporting a role in disease initiation by CD8 T 

cells reactive against antigens present behind the BBB. Also, oligoclonal dominance of 

CD8 T cells was observed within CSF145 and brain parenchyma146 from patients with MS. 

This has profound therapeutic consequences for neurological diseases mediated by CD8 T 

cell entry into the brain such as MS, HTL V-associated myelopathy and various 

paraneoplastic CNS syndromes as well as encephalitis and brain tumours. It might be 

possible to design treatments which block or augment MHC-dependent antigen-specific 

CD8 T cell traffic into the brain. This requires prior knowledge about the MHCI-peptide­

TCR interaction involved in specific conditions, and recent work is starting to make such 

information available. For example, HLA A2 was reported to be responsible for presenting 

a cdr2 peptide in American patients with paraneoplastic cerebellar degeneration297, while 

HLA A24 was present in Japanese patients298 . In seven Japanese patients with anti-Hu 

syndrome, which can manifest itself as a paraneoplastic encephalomyelitis, HLA B7 was 

involved in presenting Hu-derived peptides299. Also, it is now known that the A3 and B7 

HLA haplotypes are associated with MS300. 

In summary, it has been previously unclear how antigen-specific CD8 T cells are targeted 

to their cognate antigen within the brain. This study provides evidence that luminal 

cerebral endothelial MHC I expression is the mechanism which acts as a molecular address 

for antigen-specific CD8 T cell migration into the brain in vivo (Figure 7.10). This 

antigen-specific pathway for CD8 T cells across the BBB means that antigen-specific 

therapies aimed at blocking the migration of encephalitogenicCD8 T cells, as opposed to 

the whole T cell repertoire, are possible. 

7.4 Materials and methods 

7.4.1 Mice 

CL4 mice are transgenic for a single TCR: circa 95% of its CD8 T cells bear the Val0 

V~8.2 TCR and recognize the peptide IYSTVASSL (RA) from haemagglutinin of 

influenza virus strain AJPR/8/34 Mt Sinai in a Kd-restricted context160. The mice were 

backcrossed onto a Thyl.l BALB/c genetic background as described in Chapter 2. Wild-
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type Thyl.2 BALB/c mice were purchased from Harlan (Bicester, UK). CL4 transgenic 

mice, their non-transgenic littermates and wild-type BALB/c mice were included in 

experiments at 4-8 weeks of age. The mice were housed in individually ventilated cages 

under a 12h light:12h dark schedule and controlled environmental conditions with pelleted 

food and water ad libitum. The experiments were calTied out under Home Office Licence 

and in accordance with the Animals (Scientific Procedures) Act, 1986, UK. 

7.4.2 Liposomes 

Multilamellar mannosylated liposomes were prepared as described in Chapter 2. 

7.4.3 Reagents 

Haemagglutinin peptide HA512-520 (IYSTVASSL) and control Kd-binding peptide (Cw3 

peptide, RYLKNGKETL) were purchased from Alta Bioscience, UK. They were certified 

to be 95% pure by high performance liquid chromatography (HPLC). Replication­

defective human type 5 adenovirus vector (Ad70-3) was a gift from Prof Jack Gauldie 

(McMaster University, Ontario). The anti-Kdantibody SFl-1.1.10 was a gift of Philippe 

Kourilsky (Pasteur Institute, Paris). IgG2aK was used as control IgG (Sigma, UK). 

Biotinylation of both SF 1-1.1.1 0 and IgG2aK was performed as per instructions using the 

EZ-Link Sulfo-NHS-LC-Biotinylation Kit (Pierce Biotechnologies, Perbio Science UK 

Ltd, UK). All antibodies were dialyzed before injection to remove NaN3 or Tris using 

lOkDa MW cut-off Slide-A-Lyzer dialysis cassettes (Pierce Biotechnologies, Perbio 

Science UK Ltd, UK). 

7.4.4 Surgery 

Intracerebral injections of antigen were performed stereotaxically using a minimally 

invasive technique, taking great care to minimize tissue trauma and reflux to the periphery. 

Mice were anaesthetized with intraperitoneal A vertin (1.25% 2,2,2-tribromoethanol in 

tertiary amyl alcohol) at a dose ofO.lmV5g body weight. The vertex was prepared by 

shaving and swabbing with chlorhexidine-alcohol. Animals were then fixed in a stereotaxic 

frame and a Imm diameter bUlT hole was drilled through a small skin incision. A sterile 

fmely drawn glass micropipette, the tip·ofwhich measures 2-101lm in diameter, was used 
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to deliver antigen (0.5~g HA or Cw3, or 5xl04 PFU Ad70-3) in a volume ofO.5~tl 

phosphate-buffered saline (PBS) over a period of 1 minute. In order to minimize ret1ux 

along the injection tract, the needle was left in place for 1 minute before being slowly 

withdrawn over another minute. Injections contained a trace of autoclaved Colanyl Blue 

(Clariant, UK) to help with localization of the lesion during subsequent tissue processing 

and to track antigen deposition. This dye had been previously shown to be 

immunologically inert in the laboratory (Tracey A Newman, personal cOlmmmication). 

The following coordinates were used: bregma Imm, lateral 1.6mm and depth 2.6mm. 

Striatal stab lesions were performed by lowering a sterile pointed scalpel blade into the 

brain using the same coordinates. For intracerebroventricular infusions, 8~1 of 

mannosylated liposomes were similarly infused into each lateral ventricle slowly over 12.5 

minutes using the following co-ordinates: bregma -0.22mm, laterallmm and depth 2mm. 

On each side, the micropipette was left in place for 2.5 minutes, withdrawn partially and 

left for a further 2.5 minutes before being removed completely, again to avoid ret1ux of 

liposomes along the injection tract. 

7.4.5 Perfusion and tissue processing 

Mice were terminally anaesthetized with 20% sodium pentobarbital (Sagatal, Rhone 

Merieux Ltd., Harlow, Essex, UK) and transcardially perfused with 0.9% w/v heparinized 

saline. This was followed by perfusion with 10% neutral buffered formalin (NBF) if 

necessary. Brains were rapidly dissected. For fresh frozen tissue, samples were quickly 

embedded in Tissue-Tek OCT compound (Sakura Finetek Europe B.V, Zoeterwoude, NL) 

and frozen in isopentane on dry ice. Blocks were stored at _20DC until use. For formalin­

fIxed tissue, samples were allowed to post-fIx in 10% NBF for about 7 days before being 

dehydrated through serial concentrations of alcohol, cleared in Histoclear and embedded in 

wax. 

7.4.6 Immunohistochemistry and histochemistry 

Coronal sections of 10~m thickness were cut on a cryostat or microtome, dried at 37DC for 

30 minutes (frozen sections) or at 59DC for a few hours (wax-embedded sections) and 

processed for indirect immunohistochemistry. Wax-embedded sections were fIrst dewaxed 

in xylene and rehydrated through serial concentrations of alcohol. All incubations were 
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carried out at room temperature. Endogenous peroxidase activity was quenched using 0.3% 

H20 2 in methanol for 20 minutes, followed by a wash in O.lM phosphate-butTered saline. 

For fonnalin-fixed sections, antigen retrieval was performed using microwave (3 minutes 

in citrate buffer, cooling for 5 minutes, re-microwave for 3 minutes in citrate buffer). After 

being washed in O.lM phosphate-buffered saline, sections were pre-adsorbed with 10% 

nonnal serum of the appropriate animal species for 30 minutes and then incubated for 90 

minutes with the primary antibody. Primary antibodies used are listed in Chapter 2. After 

washing, sections were incubated with biotinylated secondary antibody of the appropriate 

specificity for 30 minutes, washed again and then incubated with avidin-biotin-peroxidase 

complex (Vectastain Elite ABC) for 30 minutes. After another wash, the peroxidase was 

visualised using 0.05% 3,3'-diaminobenzidine (DAB) as chromogen and 0.05% hydrogen 

peroxide as substrate. All the sections were counterstained with Cresyl Violet or 

haematoxylin and dehydrated before mounting in DePeX (BDH Laboratory supplies, 

Poole, UK). Negative control sections were incubated in the absence ofthe primary 

antibody. Nonnal sera, biotinylated secondary antibodies, and avidin-biotin-peroxidase 

complex were purchased from Vector Laboratories (Peterborough, UK). For antibodies 

raised in mouse, the MOM kit was used (Vector Laboratories). For double 

immunofluorescence on frozen sections, the same protocol was used but incubations were· 

carried out in a dark box. The biotinylated secondary antibody step was followed by 

incubation with streptavidin-conjugated AF488 for Thy1.1 and substituted by goat anti-rat 

AF546 for CD8 (AlexaFluor reagents from Molecular Probes, Cambridge Bioscience, 

Cambridge, UK). Sections were mounted in Mowiol (Harlow Chemical, Harlow, UK) and 

visualized with a LSM 510 Meta confocal laser scanning microscope (Carl Zeiss, 

Gennany). For Luxol Fast Blue (LFB) histochemistry, wax sections were dehydrated to 

95% alcohol and then incubated in a 0.1 % LFB solution at 60°C for 90 minutes, washed in 

70% alcohol and distilled water, and differentiated in 0.01 % lithium carbonate solution, 

followed by dehydration and mounting in DePeX. For Oil red 0 (ORO) histochemistry, 

sections were incubated in a 0.3% ORO/dextrin solution at room temperature for 20 

minutes, rinsed in water, and mounted in an aqueous medium. Images were captured on a 

PC using LeicaQwin software (Cambridge, UK). 

7.4.7 Cell culture 
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Single cell suspensions were prepared from spleen and lymph nodes of CL4 mice and non­

transgenic littermates, and depleted of red blood cells by incubation with 0.S3% NH4CI 

(Sigma, UK) for 10 minutes at room temperature. CL4 CDS T cells were purified by 

positive selection. Briefly, the CL4 cell suspension was incubated with anti-CDSa 

monoclonal antibody (CT -CDSa; Caltag, USA) for 45 minutes at 4 DC, washed and then 

microbeads coupled to goat anti-rat IgG (Miltenyi Biotech, UK) were added for 15 minutes 

at 4 DC, followed by another wash. Magnetic separation was perfol1ned on columns (MS 

columns; Miltenyi Biotech, UK). The purified population consisted of>9S.5% CDS 

splenocytes; as revealed by F ACS analysis. CL4 CDS T cells were stimulated with 

irradiated syngeneic splenocytes (2500 rads) in a ratio of 1:10 in complete DMEM 

(Invitrogen, UK) supplemented with 10% FCS (Invitrogen, UK) and containing 1 mM HA 

peptide, 1 ng/mlIL2 (R&D, UK), and 20 ng/ml IL12 (R&D, UK). On day 3, the cultures 

were fed with fresh medium containing Ing/ml IL-2. On day 6, cells were harvested and 

living cells were collected by Ficoll density separation (Amersham Biosciences, UK) and 

washed with DMEM at least three times. F ACS analysis of these cells consistently showed 

that they were CDS, V~S.2 and CD25-positive (see Figure 2.S, Chapter 2). 

7.4.8 Immunization 

On day 0, CL4 mice were immunized with an intradermal injection of 100J.lI ofPBS/CFA 

(1 : I} with or without 5!!g HA. On day 5 the animals received an intrastriatal injection of 

HA as described previously and they were perfused 5 days later. 

7.4.9 Adoptive transfer 

CL4 mice received an intrastriatal injection ofHA or Cw3 as described previously 

followed by intravenous injection of3 million in vitro activated CL4 CDS T cells in 200!!1 

DMEM. They were perfused 3 days later. 

7.4.10 Quantification 

This was done manually under light microscopy. The operator was blinded to the identity 

of the slides counted. Cells were counted using a graticule under a high power objective 

(x2S) and the density of cells was converted to a value per mm2
• In all cases, at least 4 
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lesion-centre sections (as shown by the co-injected blue dye) from the same animal, and 

several animals from each experimental group (as denoted by number n) were analyzed 

and counts averaged. 

7.4.11 Statistics 

Sample size calculations were done using Epicalc 2000 version 1.02 (freeware). The alpha 

level was set at 0.05 and the power at 80%. Data was analyzed using SPSS version 14. 

Nonnality was assessed by the Kolmogorov-Smirnov test. Equality of variance was 

assessed using Levene's test. All the data was parametric and therefore two-tailed 

Student's t-test for two independent samples was used throughout. The confidence level 

was 95%. Graphical representation of results was done using SigmaPlot version 9. 
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Chapter 8 

Summary & Discussion 



8 Summary & Discussion 

Inflammation in the central nervous system (CNS) underlies a variety of neurological 

conditions characterized by permanent disability. Multiple sclerosis (MS) is the archetypal 

example ofCNS inflammatory disease. Although Alzheimer's disease (AD) is mainly a 

neurodegenerative disorder, it is accompanied by atypical neuroinflammation54
• These 

conditions result in a markedly diminished quality of life, accumulation of irreversible 

neurological and/or cognitive deficit, and consequently carry a substantial health economic 

cost. The neuroinflammatory process in these conditions is punctuated by exacerbations 

which may manifest clinically as relapses in MS. Fluctuations in the behavioural and 

psychiatric symptoms of AD, including delirium, are commonly seen4
. There is evidence 

that exacerbations in ongoing neuroinflammation results in neuronal and axonal death42
,52, 

the substrate of permanent disability. Systemic infections are associated with clinical 

exacerbations in these diseases15
,25 and it is increasingly being recognized that such an 

association is causae7
,54. It therefore follows that systemic infections may contribute to 

neurodegeneration and hence accumulation of permanent disability. 

For a systemic infection to impact on the brain, cross-talk between the peripheral immune 

system and the CNS is necessary. Such immune-to-brain signalling occurs across the 

blood-brain barrier (BBB). Although it was formerly thought that the BBB is absolute, 

conferring "immune privilege" to the CNS, it is now increasingly accepted that this is not 

the case. Instead, the BBB allows the peripheral immune system access to the CNS, but 

this occurs in a highly regulated manner. Such immune-to-brain signalling may occur via 

humoral and cellular routes which involve the entry of circulating humoral mediators and 

immune cells into the CNS during a systemic infection. The consequence is triggering or 

worsening ofneuroinflammation. It is clearly important to understand the cellular and 

molecular mechanisms underlying these routes of immune-to-brain signalling. This 

information is necessary in order to facilitate the rational design of therapies to prevent 

clinical exacerbations and arrest disability progression. 

In the introduction to this thesis, the potential routes mediating immune-to-brain signalling 

were reviewed. This is an evolving field and it is likely that future discoveries will unearth 
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new mechanisms. Three components believed to be important in imlmme-to-brain 

signalling were studied: 

(1) Prostaglandin E2 (PGE2) signalling across the BBB. PGE2 is synthesized by cerebral 

endothelial cells and CD163-positive macrophages72,74,82,83during systemic inflammation. 

It is thought to act as an inflammatory mediator which diffuses across the BBB by virtue of 

its small size and lipophilicity301. Although PGE2 has been shown to playa role in 

mediating fever61, sickness behaviour96 and HP A axis activation95, it was unknown 

whether it is essential for inducing cytokine expression within the brain during systemic 

inflammation. De novo cytokine transcription within the brain occurs during systemic 

inflammation 176 and is thought to be one of the mechanisms underlying exacerbation of 

neuroinfiammatory disease54. Data presented here shows that administration of the non­

steroidal anti-inflammatory drug (NSAID), indomethacin, during a systemic endotoxin 

challenge did not prevent the de novo transcription of the cytokines TNFu, ILI~ and IL6 in 

the brain. This might explain why NSAIDs have not been effective in AD183,184. Futiher 

study is needed to look at the effect ofNSAIDs on other cytokines, especially anti­

inflammatory ones such as TGF~, ILIO and IL13. The results presented here suggest that 

cytokine induction within the brain during systemic inflammation is prostaglandin­

independent. This is an unexpected fmding which has prompted efforts in the CNS 

Inflammation Group (University of Southampton) to look for other potential candidates 

mediating humoral immune-to-brain signalling. A promising candidate is Substance P, 

which is a neuropeptide whose constitutive synthesis by cerebral endothelium is 

upregulated after cytokine exposure302
. Astrocytes within the brain parenchyma are able to 

respond to endothelial substance P since they express functional receptors for this peptide; 

ligation results in cytokine production303. Another interesting candidate is endothelin-1 

(ET1), which is produced by cerebral endothelial cells after cytokine stimulation304. It is 

known that ET1 secretion is heavily polarized abluminally, which is relevant for immune­

to-brain signalling305 . ET1 has been shown to stimulate cytokine production by astrocytes 

through their expression ofET-B receptors306. Other endothelial cell products which are 

potential candidates for immune-to-brain signalling include nitric oxide307, bradykinin308, 

complement proteins309 and purines310. 

(2) The role of cerebral CD163-positive macrophages and endothelial cells in 

signalling across the BBB. These cells occupy a strategic location at the BBB and have 
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been observed to respond to systemic inflammation72
,74,82,83. It has therefore been 

suggested that they playa role in immune-to-brain signalling during systemic 

inflammation221
. However the relative contribution of these two cells types was unknown. 

In experiments described here, an intracerebroventricular (ICV) infusion of clodronate 

liposomes was used to selectively deplete cerebral CDl63-positive macrophages. Immune­

to-brain signalling after a systemic endotoxin challenge was then assessed by looking at 

several events which are considered to reflect the brain's response to systemic 

inflammation: fever, de novo cytokine transcription, IL 1 ~ protein expression and 

upregulation of microglial phosphorylated ERK1I2. It is shown that cerebral CDl63-

positive macrophages are not essential for immune-to-brain signalling. Therefore, cerebral 

endothelial cells are mainly responsible for this process. These results will direct future 

research efforts on the cerebral endothelium, which is accessible to systemically 

administered drugs and sufficiently specialized to enable brain-targeted therapllO. 

CDl63-positive macrophages are the main scavengers of the cerebral perivascular 

spaces45
,87 and this has been confmned in the studies described here by their selective 

phagocytosis of liposomes. This is important in maintaining homeostasis and protecting the 

brain from potential microbial threats. It is shown here that perivascular and meningeal 

macrophages express the mannose receptor in the mouse, which is able to recognize 

pathogen-associated molecular patterns on various bacteria causing meningitis234
. Indeed 

their depletion resulted in a significantly poorer outcome in a rat model of pneumococcal 

meningitis49
. Expression of the mannose receptor by CDl63-positive macrophages has 

subsequently been confirmed in human brain in a collaboration with Babs 0 Fabriek (VU 

Medical Centre, Arnsterdami58
• 

As discussed in Chapter 5, the expression ofCD163 and the mannose receptor are 

associated with the alternatively activated phenotype of macrophages which do not secrete 

the pro-inflammatory cytokines TNFa, ILl~ and IL6 but synthesize the anti-inflammatory 

cytokines ILI0 and TGF~ instead217
. It is therefore possible that these macrophages have 

. an anti-inflammatory role at the BBB which has not been detected by the experimental 

approaches used in this thesis. It would therefore be interesting to study the effect of their 

depletion in other models of inflammation such as systemic challenges with lower doses of 

endotoxin and intracerebral endotoxin injections. 
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(3) Traffic of antigen-specific CD8 T cells across the BBB. Infiltration of the brain by T 

cells underlies various neuroinflammatory diseases and CD8 T cells have been recently 

recognized to play an important role in this respectl47 . In order to initiate inflammation, 

neuroantigen-specific CD8 T cells need to infiltrate the brain. However studies in T cell 

traffic into the brain have concentrated on CD4 T cells138-l43. They established that CD4 T 

cell traffic occurs irrespective of antigen specificity. CD8 T cell traffic into the brain was 

therefore studied using a transgenic system whereby cognate peptide antigen was injected 

into the striatum of CD8 TCR transgenic mice. It was found that antigen-specific CD8 T 

cell infiltration occurs. Further experiments were perfonned in order to elucidate the 

mechanism underlying the antigen specificity of the CD8 T cell infiltration observed in this 

model. The results showed that luminal expression of major histocompatibility complex 

(MHC) Class I by cerebral endothelium was important in directing CD8 T cells to their 

cognate antigen behind the BBB. This is an interesting result with implications for CD8 T 

cell-mediated neuroinflammatory diseases. For example, it opens the possibility of using 

rationally designed peptides in order to block the specific MHC-peptide-TCR interaction at 

the cerebral endothelium mediating traffic of encephalitogenic CD8 T cells into the brain 

in these diseases. The existence of an MHC-dependent CD8 T cell pathway across the 

BBB also raises a lot of questions. Is cerebral endothelium capable of cross-presentation as 

has been described with other endothelia277,287,288? Is the antigen-specific CD8 T cell traffic 

mechanism described here relevant in disease models and in humans? Does it playa role in 

disease initiation or maintenance or both? Finally, the role of cerebral endothelial MHC 

Class I expression in antigen-specific CD8 T cell traffic raises an interesting potential 

scenario during systemic inflammation. It is known that cerebral endothelium upregulates 

MHC Class I expression during inflammatory challenge3ll . Also, systemic infection may 

result in bystander proliferation of antigen-specific CD8 T cells1l6
. It is therefore possible 

to hypothesize that encephalitogenic CD8 T cell traffic into the CNS is favoured during a 

systemic infection. This needs further study. 

The existence of a potential mechanism for immune-to-brain signalling does not mean that 

it is an adequate target for therapeutic intervention. This is because its contribution to 

overall signalling may be minor or else because its contribution may be fully compensated 

for by other mechanisms in its absence. This philosophy has guided the direction of work 

described in this thesis. Therefore emphasis was put on functional interrogation of the 

mechanism involved by inhibition, depletion or blocking strategies. PGE2 synthesis was 
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inhibited by systemic administration of indomethacin. Cerebral CDl63-positive 

macrophages were depleted using ICV infusion of clodronate liposomes. Antibodies 

against MHC Class I were used to block CD8 T cell traffic into the CNS. 

In the course of these experiments, various models and methodologies were optimized or 

developed in order to investigate hypotheses: the optimization of the clodronate liposome 

technique to deplete cerebral CDl63-positive macrophages in rats while preserving the 

peripheral immune response to systemic inflammatory challenge, the optimization of the 

same technique for use in mice, the description of the mannose receptor as a specific 

marker of murine cerebral perivascular macrophages and the development of a model of 

antigen-specific CD8 T cell traffic into the brain using the CL4 transgenic mouse. These 

tools will be of use during future research in the field. 

A unifying theme which emerges from the work described in this thesis is the predominant 

role of the cerebral endothelial cell in immune-to-brain signalling. Dissemination of these 

fmdings will underline this fact and help direct future research towards this crucial and 

. highly specialized cell. It is hoped that in the long term, data presented here will help to 

alleviate the burden of disease in patients with inflammatory neurological conditions. 
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