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ABSTRACT 
Experimental autoimmune neuritis (EAN) is a CD4+ T cell mediated inflammatory 
autoimmune disease of peripheral nervous system (PNS) and shares many of clinical, 
immunological, electrophysiological and morphological characteristics of human 
Guillain-Barré syndrome (GBS). Hence, EAN is considered to represent a useful 
model for studying the pathogenesis and therapy of human GBS.  

The role of CC Chemokine receptor 5 (CCR5) has been investigated in CCR5 
knockout (CCR5-/-) mice with EAN induced by PNS myelin protein P0 peptide 180-
199. CCR5-/- mice showed a similar clinical course and severity of EAN as well as 
the profile of infiltrating inflammatory cells in cauda equina (CE) of mice, and the 
same levels of spleen mononuclear cell (MNC) response to specific antigen and 
mitogen when compared with wild-type mice. However, increased IP-10 and MIP-1β 
production in inflamed nerves were seen in CCR5-/- EAN mice. These results suggest 
that CCR5 deficiency does not prevent P0 peptide 180-199 immunized mice from 
EAN. Increased MIP-1β and IP-10 in inflamed nerves may compensate the CCR5 
deficiency and contribute to inflammatory cells infiltrating to the PNS. 

To investigate the effects of apolipoprotein E (apoE) on autoimmune mediated 
inflammatory neuritis, EAN was induced in apoE knockout (apoE-/-) mice. ApoE-/- 
mice exhibited a greater susceptibility to EAN, increased inflammatory cell infiltrates 
in the PNS, enhanced antigen-specific proliferation of T cells, up-regulation of Th1 
and down-regulation of Th2 auto-reactive responses, as well as enhanced antigen-
specific antibody responses as compared with wild-type mice. Enhanced antigen-
specific proliferation of T cells in apoE-/- mice is relative to the modified macrophage 
function. These data provide a strong evidence that apoE acts as an inhibitor of this 
inflammatory and demyelinating disease by up-regulating Th2 and inhibiting Th1 
responses and antigen-specific antibody formation. 

Intranasal administration of kainic acid (KA) to C57BL/6 mice resulted in 
neurodegeneration in area CA3 of hippocampus. Enhanced FAS and glial fibrillary 
acidic protein (GFAP) expression in hippocampus of mice was detected on day 7 
after KA administration by immunohistochemistry and Western blotting. Microglia 
were markedly activated on day 1 and 3, but less activated on day 5 after KA 
administration by immunohisoshemistry and flow cytometry analysis. These data 
indicated that KA administration results in an early microglial activation and a 
prolonged astrogliosis in hippocampus of C57BL/6 mice. 

To study the role of apoE in neurodegenerative disorders of central nervous 
system (CNS), apoE-/- mice received KA intranasally. After KA insult, apoE-/- mice 
exhibited lower activity, decreased rearing and stronger microglial activation, 
particularly in the lesioned area, as well as more severe neurodegeneration in the 
hippocampus. Microglial activation was confirmed by high levels of mean 
fluorescence intensity (MFI) of CD11b and CD86 expressed on microglia of the 
hippocampus of apoE-/- mice treated with KA. The percentage of CCR3 positive 
microglia in the hippocampus of apoE-/- mice was enhanced prominently after KA 
insult, though the level of RANTES expression did not differ between apoE-/- and 
wild-type mice. Our data suggest that apoE deficiency worsens neurodegeneration 
and increases microglial activation as well as CCR3 expression in KA induced 
hippocampal neurodegeneration. 

In summary, apoE is involved in the inflammatory pathogenesis of EAN and KA-
induced neurodegeneration. CCR5 deficiency in EAN can be compensated by 
increased MIP-1β and IP-10 in inflamed nerves. KA administration results in an early 
microglial activation and a prolonged astrogliosis in C57BL/6 mice. 



 

 

LIST OF PUBLICATIONS 
I. Duan RS, Chen Z, Bao L, Quezada HC, Nennesmo I, Winblad B, Zhu J 

CCR5 deficiency does not prevent P0 peptide 180-199 immunized mice from 
experimental autoimmune neuritis  
Neurobiol Dis. 2004, 16, 630-637. 
 

II. Yu S*, Duan RS*, Chen Z*, Quezada HC, Bao L, Nennesmo I, Zhu SW, 
Winblad B, Ljunggren HG, Zhu J 
Increased susceptibility to experimental autoimmune neuritis after 
upregulation of the autoreactive T cell response to peripheral myelin antigen in 
apolipoprotein E-deficient mice 
J Neuropathol Exp Neurol. 2004, 63, 120-128.   
 

III. Chen Z, Duan RS, Quezada HC, Mix E, Nennesmo I, Adem A, Winblad B, 
Zhu J 
Increased microglial activation and astrogliosis after intranasal administration 
of kainic acid in C57BL/6 mice 
J Neurobiol. 2005, 62, 207-218. 
 

IV. Duan RS, Chen Z, Dou YC, Quezada HC, Nennesmo I, Adem A, Winblad B, 
Zhu J 
Increased microglial activation and CCR3 expression in kainic acid-induced 
hippocampal neurodegeneration in apolipoprotein E deficient mice 
(submitted) 
 

 
*These authors contributed equally to this work. 
 
 
 
 



 

 

CONTENTS 
1 Introduction...................................................................................................1 

1.1 Guillain-Barré syndrome....................................................................1 
1.1.1 Clinical characteristics and subtypes of GBS........................1 
1.1.2 Epidemiology of GBS............................................................2 
1.1.3 Pathogenesis of GBS..............................................................2 
1.1.4 Treatment of GBS ..................................................................3 

1.2 Experimental autoimmune neuritis ....................................................3 
1.2.1 Pathogenesis of EAN .............................................................3 
1.2.2 Chemokines in EAN ..............................................................5 
1.2.3 Cytokines in EAN ..................................................................6 

1.3 Kainic acid induced neurodegenerative animal model......................8 
1.4 Inflammation and neurodegeneration in the CNS ...........................10 

1.4.1 Inflammation in neurodegeneration.....................................10 
1.4.2 Microglia in CNS inflammation ..........................................10 
1.4.3 Astrocytes in CNS inflammation.........................................12 

2 Aims of the studies .....................................................................................14 
3 Materials and methods................................................................................15 

3.1 Animals .............................................................................................15 
3.2 Induction of EAN and assessment of clinical signs ........................15 
3.3 Intranasal KA administration ...........................................................15 
3.4 Histopathological assessments .........................................................16 
3.5 Immunohistochemistry.....................................................................16 
3.6 Preparation of splenic MNC, T cells and peritoneal exudate cells .16 
3.7 Cell culture and proliferation assay..................................................17 
3.8 Detection of cytokines by ELISPOT and ELISA............................17 
3.9 Measurement of antigen-specific IgG antibodies by ELISA ..........18 
3.10 Isolation of infiltrating cells from the cauda equina.......................18 
3.11 Isolation of microglia.......................................................................18 
3.12 Flow cytometry analysis..................................................................19 
3.13 RT-PCR............................................................................................19 
3.14 Western blotting...............................................................................20 
3.15 Statistical analyses ...........................................................................20 

4 Results and discussion................................................................................21 
4.1 CCR5 deficiency does not prevent P0 peptide immunized mice from 
EAN (paper I) .............................................................................................21 
4.2 ApoE deficiency aggravates EAN (paper II) ...................................22 
4.3 KA induces microglial activation and astrogliosis in C57BL/6 mice 
(paper III)     ...............................................................................................24 
4.4 ApoE deficiency increases microglial activation and CCR3 expression 
in KA induced neurodegeneration (paper IV) ...........................................25 

5 Conclusions.................................................................................................27 
6 Acknowledgements ....................................................................................28 
7 References...................................................................................................30 
 



 

 

LIST OF ABBREVIATIONS 
 
AD Alzhemier’s disease  
AIDP acute inflammatory demyelinating polyneuropathy 
ANOVA one-factor analysis of variance 
APC antigen presenting cells 
BBB blood brain barrier 
BNB blood nerve barrier 
CA cornu ammonis 
CCR C-C chemokine receptor 
CE cauda equina 
CFA complete Freund's adjuvant 
CNS central nervous system 
CSF cerebrospinal fluid 
EAE experimental autoimmune encephalomyelitis 
EAN experimental autoimmune neuritis 
ELISA  enzyme-linked immunosorbent assay 
ELISPOT enzyme-linked immunosport 
GBS Guillain-Barré syndrome 
GFAP glial fibrillary acidic protein 
IFN-γ interferon-γ 
IL   interleukin 
KA kainic acid 
KO knockout 
MFI mean fluorescence intensity 
MHC  major histocompatibility complex 
MIP-1α macrophage inflammatory protein-1α 
MIP-1β macrophage inflammatory protein-1β 
MNC mononuclear cells 
mRNA messenger ribonucleic acid  
NO nitric oxide 
PBS phosphate-buffered saline 
PHA  phytohemagglutinin 
p.i.   post immunization 
PNS   peripheral nervous system 
RANTES regulated upon activation, normal T cells, 

expressed and secreted protein 
ROS reactive oxygen species 
RT-PCR reverse transcription-polymerase chain reaction 
SD   standard deviation 
TNF-α tumor necrosis factor-α 



 

  1 

1 INTRODUCTION 
1.1 GUILLAIN-BARRÉ SYNDROME  
Guillain-Barré syndrome (GBS) is an immune-mediated inflammatory disease of the 

peripheral nerves, involving both myelin sheath and axons, and named after Georges 

Charles Guillain and Jean-Alexandre Barré, two French neurologists who with another 

doctor called André Strohl described the syndrome in 1916 (Guillain et al., 1916). It is 

the most common cause of the acute flaccid paralysis in the developed countries and 

probably worldwide (Olive et al., 1997). 

 

1.1.1 Clinical characteristics and subtypes of GBS 
GBS is characterized by acute progressive and symmetrical motor weakens of the 

extremities as well as of bulbar and facial musculature. Deep tendon reflexes disappear 

within the first few days of symptom onset. The progressive phase of syndrome lasts 

from a few days to four weeks. About 73% patients reach a nadir of clinical function at 

one week and 98% at four weeks (Newswanger and Warren, 2004).   

During the recent years, according to the clinical, electrophysiological, and 

pathological features, GBS has been classified as five subtypes (Kieseier et al., 2004; 

Newswanger and Warren, 2004): (1) acute inflammatory demyelinating 

polyneuropathy (AIDP), representing the great majority of cases in Europe and North 

American; (2) acute motor axonal neuropathy (AMAN), the most prevalent form in 

China and Japan; (3) acute motor and sensory axonal neuropathy (AMSAN), which is 

distinguished by significant sensory involvement and associated with a more severe 

course and poorer prognosis (Feasby, 1994); (4) Miller Fisher syndrome (MFS), 

characterized by ophthalmoplegia, ataxia, and areflexia (Willison and O'Hanlon, 1999), 

which in a proportion of cases transitions to generalized GBS (Ter Bruggen et al., 

1998); and perhaps (5) acute pandysautonomia, characterized by the rapid onset of 

combined sympathetic and parasympathetic failure without sensory and motor 

involvement. 

Approximately 85% patients with GBS achieve a full functional recovery within 6 

to 12 months. Recovery is maximal by 18 months past onset. However, some patients 

have persistent weakness, areflexia and paresthesia. Approximately 7 to 8 percent of 

patients have permanent neurologic sequelae including bilateral footdrop, intrinsic 

hand muscle wasting, sensory ataxia, and dysesthesia (Ropper, 1992). The mortality of 

GBS is around 5-10% (Kuwabara, 2004). 
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1.1.2 Epidemiology of GBS 
The annual incidence of GBS has ranged from 0.4 to 4.0 (median 1.3) cases per 

population of 100 000 and it occurs throughout the world without geographical 

clustering (Hughes and Rees, 1997; Kuwabara, 2004). Males are more commonly 

affected than females (1.25:1), and there are slight peaks in late adolescence and young 

adulthood, as well as in the elderly. The first peak likely correlates with increased risk 

of cytomegalovirus (CMV) and Campylobacter jejuni infection, and second peak 

might be due to reduced immune suppressive mechanisms (Hughes and Rees, 1997). 

In China (McKhann et al., 1991; McKhann et al., 1993; Ho et al., 1995) and Japan 

(Kuwabara et al., 1998; Ogawara et al., 2000), a considerable number of patients with 

GBS have a type of AMAN, which has shown a summer epidemic among rural 

children in northern China but not in Japan (Kuwabara et al., 1998). 

 

1.1.3 Pathogenesis of GBS 
GBS is considered as an organ-specific immune-mediated inflammatory disorder 

emerging from a synergistic interaction of cellular and humoral immune response to 

the peripheral nerve antigens, which are still incompletely characterized (Kieseier et al., 

2004). Two thirds of patients with GBS have an antecedent acute infectious illness, 

most commonly an upper respiratory tract infection or gastroenteritis that has resolved 

by the time of the onset of neurological syndromes. Campylobacter jejuni, 

cytomegalovirus, Epstein-Barr virus (EBV) and Mycoplasma pneumonia are 

commonly identified pathogens preceding GBS (Kuwabara, 2004). Molecular mimicry 

has been postulated as a pathogenic mechanism in GBS, suggesting a homologous 

epitopes between microbe and components of peripheral nerves, which results in cross-

reactive immune response (Ang et al., 2004; Yuki et al., 2004). In GBS, activated T 

cells and macrophages in circulation cross the blood-nerve barrier (BNB) and initiate 

an inflammation in the PNS, which results in demyelination and axonal loss. Cytokines 

and chemokines, adhesion molecules, nitric oxide (NO), and matrix metalloproteinases 

(MMP) contribute to this process. Anti-myelin auto-antibodies, crossing the BNB or 

logically produced by B-cells, also can mediate demyelination by antibody-depended 

cellular cytotoxicity (ADCC) and activating complement system, or block functionally 

relevant epitopes for nerve conduction (Kieseier et al., 2004).  
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1.1.4 Treatment of GBS 
Plasmapheresis and intravenous immunoglobulin (IVIg) are the mainstay of 

immunomodulatory treatment of GBS at present. Both treatments have proven to 

exhibit beneficial effects in various control trails by favourably altering the natural 

course of the disease and combined treatment with plasmapheresis and followed by 

IVIg did not provide significant additional benefit. In contrast to other autoimmune 

disease, glucocorticoids have not been shown a benefit to GBS patients (Kieseier et al., 

2004). Cerebrospinal fluid (CSF) filtration (Wollinsky et al., 2001), IFN-β1 treatment 

(Pritchard et al., 2003) and cyclo-oxygenase-2 inhibitor (Miyamoto et al., 2002) have 

showed their therapeutic potential in GBS but need further confirmation.   

 

1.2 EXPERIMENTAL AUTOIMMUNE NEURITIS 
Experimental autoimmune neuritis (EAN) is an acute inflammatory demyelinating 

polyneuropathy that can be induced in rats, mice, rabbits and monkeys by active 

immunization with whole peripheral nerve homogenate, myelin proteins P0 or P2 and 

their neuritogenic peptides (Waksman and Adams, 1955; Gold et al., 1999; Zou et al., 

2000b), and by adoptive transfer of P2 and P0 as well as their peptide-specific CD4+ T 

cell lines (Gold et al., 2000; Maurer et al., 2002). Among the PNS myelin proteins, P0, 

P1 and P2 account for 70% and P0 alone for 45-65% of total PNS myelin proteins 

(Whitaker, 1981). P0 is a 29 KD with 219 amino acid transmembrane glycoprotein, 

with a large extracellular and a basic cytoplasmic domains and thought to be involved 

in the starting and stabilizing the compaction of the extracellular apposition of the 

myelin membrane in the PNS (Hartung et al., 1995).  

 

1.2.1 Pathogenesis of EAN 
The pathological hallmark of EAN is the infiltration of the PNS by lymphocytes and 

macrophages, which results in multifocal demyelination of axons. T cells and 

macrophages as well as the inflammatory molecules, complements and antibodies are 

involved in the pathogenesis of EAN (Fig.1) (Kieseier et al., 2004).  

Macrophages in EAN 

Macrophages play multiple roles throughout the entire EAN process (Kiefer et al., 

2001): (1) Macrophages act as antigen presenting cells (APC) by expression of MHC-I, 

MHC-II, and co-stimulatory molecules. The pro-inflammatory cytokine IFN-γ can 

increase these molecules expression and enhance their antigen presenting effect (Vass 

and Lassmann, 1990; Schmidt et al., 1992); (2) Macrophages secrete pro-inflammatory 
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cytokines, including IL-1, IL-6, IL-12 and TNF-α, which further promote T cell 

activation and induce inflammation; (3) Macrophages can strip off myelin and 

phagocytose myelin debris by Fc/complement receptors through antibody-dependent 

cellular cytotoxicity or complement mediated mechanism; (4) Macrophages secrete 

toxic mediators, such as complements, NO, MMPs and TNF-α, which cause tissue 

destruction; (5) At late phase, macrophages contribute to repair tissue by secreting 

anti-inflammatory cytokines, such as IL-10 and transforming growth factor beta (TGF-

β),  inducing T cell apoptosis, as well as promoting Schwann cell proliferation and 

remyelination. Therefore, macrophages have dual roles in EAN, i.e. disease-promoting 

or beneficial roles. 
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Fig. 1.  Schematic illustration of the pathogenesis of EAN 

 

T cells in EAN 

After the animals were immunized with myelin protein or their protein peptides, 

autoreactive T cells and B cells are activated and cross BNB under the help from 

adhesion molecules, MMPs and chemokines. Once entering into the PNS, autoreactive 

T cells are reactivated by recognizing MHC-II with PNS myelin protein antigens on 

APC. These T cells further expand clonally and release pro-inflammatory cytokines, 
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such as IL-2, IFN-γ and TNF-α. The subsequent immune response leads to 

morphological and functional changes of the BNB following the more invasion of T 

cells and monocytes/macrophages (Maurer et al., 2002; Kieseier et al., 2004). These 

Th1 dominant cytokines activate macrophages, which are pivotal effector cells to 

destruct myelin as described above. Activated T cells may provide Th2 cytokines, such 

as IL-10 and IL-4, which contribute B cells to produce auto-antibodies. 

Although less numbers of T cells compared with macrophages in the infiltrating 

inflammatory cells,  these antigen-specific T cells controls and regulates a majority of 

macrophages and other non-specific inflammatory cells (Steinman, 1996; Bauer et al., 

1998). Induction of EAN by transfering CD4 T cell line specific for P2 or P0 

protein/peptide and less severe EAN in CD4 T cell knockout mice suggested that EAN 

is mainly mediated by CD4 T cells (Linington et al., 1984; Heininger et al., 1986; Olee 

et al., 1990; Linington et al., 1992; Zhu et al., 2002).  

T cell apoptosis is an important mechanism for the termination of inflammation in 

EAN (Zetti et al., 1996; Gold et al., 1997). NO, TNF-α and FasL secreted by 

macrophages and Schwann cells may contribute the induction of T cell apoptosis (Wu 

et al., 1995; Aliprantis et al., 1996; Weishaupt et al., 2000; Wohlleben et al., 2000).  

 

1.2.2 Chemokines in EAN 
Chemokines are 70-90 amino acids in length and have been classified into four groups, 

the CXC (α), CC (β), C (γ) and CX3C (δ) subfamilies, based on the first two cysteines 

(Oppenheim et al., 1991; Baggiolini et al., 1994; Rossi and Zlotnik, 2000). 

Chemokines orchestrate the migration of cells that bear the appropriate chemokine 

receptors, which are G-protein coupled, seven-transmembrane receptors. Chemokines 

have been found to involve intimately in the development of T and B cell as well as 

dendritic cell maturation, Th1 and Th2 cell response, and pathological conditions like 

inflammation and autoimmunity (Rossi and Zlotnik, 2000; Gerard and Rollins, 2001; 

Luther and Cyster, 2001). Chemokines are produced by inflammatory cells and PNS 

cells including Schwann cells, fibroblasts and endothelial cells (Tsang and Valdivieso-

Garcia, 2003). 

Chemokines and their receptors play an important role in the recruitment of 

infiltrating T cells and macrophages to the inflammatory sites of the PNS. The 

expression of chemokines and their receptors has been studied in both EAN and GBS. 

CCR1 and CCR5 are primarily expressed by endoneurial macrophages, whereas CCR2, 

CCR4, and CXCR3 are localized to invading T-lymphocytes. CXCR3 was expressed 
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at the highest frequency by infiltrating T-cells compared to the other receptors and IP-

10 (CXCR3 ligand) was mainly produced from the endothelial cells and increased in 

both sural nerve and CSF obtained from GBS patients (Kieseier et al., 2002). Other 

studies also showed that soluble fractalkine, MCP-1 and IP-10 were increased in CSF 

of GBS (Kastenbauer et al., 2003; Press et al., 2003). In EAN, the mRNAs for MIP-

1α/β in sciatic nerve were up-regulated with peak values preceding the maximum 

disease severity as well as RANTES and IP-10 mRNA exhibited peak with the severity 

EAN by RT-PCR detection (Kieseier et al., 2000). Increased mRNAs of MCP-1, MIP-

1α and IP-10 were also found in CE of EAN (Fujioka et al., 1999). Increased MIP-

1α and MCP-1 protein in sciatic nerve was seen by immunohistochemistry in Lewis 

rats with EAN (Zou et al., 1999). Furthermore, administration of anti-MIP-1α antibody 

ameliorated the clinical course of EAN (Zou et al., 1999). 

 

1.2.3 Cytokines in EAN 
Cytokines are small soluble proteins (25 kDa) secreted by immune cells and other cells, 

and exert their activity through binding to specific receptors (Janeway et al., 2001). 

Some of cytokines involved in EAN and GBS include TNF-α, IFN-γ, IL-18, IL-12, IL-

10, IL-4 and TGF-β (Zhu et al., 1998; Tsang and Valdivieso-Garcia, 2003). The 

balance of pro- and anti-inflammatory cytokines may determine the result of EAN. 

TNF-α is a potent cytokine produced mainly by the macrophages and monocytes, 

but also by T cells , B cells, fibroblasts, and Schwann cells (Vassalli, 1992; Murwani et 

al., 1996) and exerts its effect through two distinct receptors, TNFR1 (p55) and 

TNFR2 (p75), both of which are expressed on almost all nucleated cell types 

(Vandenabeele et al., 1995). TNF-α elicits pleiotropic effects including activation and 

differentiation of macrophages, T cells, B cells, and NK cells, stimulating expression 

of MHC-I antigen, and induction of apoptosis (Vassalli, 1992). High level of TNF-α 

existed in serum of EAN rats and GBS patients (Exley et al., 1994); Furthermore, 

elevated serum concentration of TNF-α showed a positive correlation with the disease 

severity in GBS patients, and decreased TNF-α and increased soluble TNF receptors in 

the serum, particularly sTNF-RII, displayed a positive correlation with the clinical 

recovery in GBS patients following treatment (Radhakrishnan et al., 2004). Up-

regulated TNF-α mRNA expression in the inflamed nerves was found at height of 

EAN course (Zhu et al., 1997a), and rolipram, a phosphodiesterase type 4 inhibitor, 

and phosphatidylserine suppressed EAN due to down-regulating TNF-α production 
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(Maeda et al., 1994; Zou et al., 2000a). Exogenous soluble TNF receptor type I (sTNF-

RI) ameliorated murine EAN (Bao et al., 2003). 

IFN-γ is produced by T cells, NK cells and professional APC. The major functions 

of IFN-γ are to activate macrophages, increase the expression of MHC-I and MHC-II 

on the APC, deflect the immune response toward a Th1 phenotype, and modulate 

leukocyte trafficking (Schroder et al., 2004). There were elevated IFN-γ in serum of 

GBS patients (Hohnoki et al., 1998), however, another two studies reported there were 

no increased IFN-γ secreting cells in blood MNC (Press et al., 2001; Dahle et al., 2003). 

In EAN, IFN-γ positive cells were found in nerve roots from day 11 to day 13 post-

immunization (p.i.) before onset of overt disease and correlated with levels of Ia-

positive macrophages over the EAN course, which indicated that IFN-γ most likely 

locally affects macrophage functions such as migration and MHC-II (Ia) antigen 

expression (Schmidt et al., 1992). IFN-γ knockout mice show ameliorated EAN 

severity (Zhu et al., 2001) and anti-IFN-γ antibody treatment after the myelin 

immunization shorted the EAN disease course (Strigard et al., 1989). These evidences 

suggest that IFN-γ play an important pathogenetic role in EAN. 

IL-12 is a heterodimeric cytokine composed of two disulfide-linked subunits 

designated p35 and p40. IL-12 is produced by monocytes, macrophages, dendritic cells, 

neutrophils, and to a lesser extent B cells. The major action of IL-12 is on T and NK 

cells, including inducing their proliferation, IFN-γ production and increased cytotoxic 

activity. Importantly, IL-12 promotes the polarization of CD4+ T cells to the Th1 

phenotype that mediates immune response against intracellular pathogens (Watford et 

al., 2003). IL-18 was original identified as IFN-γ-inducing factor which synergizes IL-

12 to act on macrophages and dendritic cells to induce IFN-γ production. IL-18 mRNA 

is expressed in a wide range of cells including macrophages, T cells, B cells, dendritic 

cells, astrocytes and microglia (Akira, 2000). IL-18 shares the biological properties 

with IL-12, such as stimulation of IFN-γ production, enhancement of NK cell 

cytotoxicity and stimulation of Th1 cell differentiation. In EAN, IL-12 mRNA is 

expressed in cells within the inflamed nerves with time course parallel to disease 

activity (Zhu et al., 1997a). Administration of IL-12 exacerbated the chronic EAN with 

the increased IFN-γ production in inflamed nerves (Pelidou et al., 2000).  Both IL-12 

deficient mice and mice treated with anti-IL-18 monoclonal antibody exhibited 

reduced clinical severity of EAN through impaired Th1 response, i.e. decreased IFN-γ 

and TNF-α production in inflamed nerves (Bao et al., 2002; Yu et al., 2002). IL-18 is 
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up-regulated in the nerve roots of EAN rats and in serum of GBS patients (Jander and 

Stoll, 2001). These studies suggest that IL-12 and IL-18 contribute to EAN by 

enhancement of Th1 immune response. 

IL-10 is an anti-inflammatory cytokine which produced by Th2 cells, monocytes, 

macrophages and B cells. The major source of IL-10 in vivo seems to be macrophages 

(Asadullah et al., 2003). Its main function is limitation and termination of 

inflammatory responses and regulation of differentiation and proliferation of immune 

cells. IL-10 promotes the development of Th2 cytokine pattern by inhibiting the IFN-

γ production of T cells particularly via the suppression of IL-12 synthesis in accessory 

cells, and co-stimulates the proliferation and differentiation of B cells. Moreover, IL-

10 suppresses pro-inflammatory cytokine production and expression of MHC-II and 

co-stimulatory molecules of  APC (Asadullah et al., 2003). Spontaneous recovery from 

EAN in rats correlated with an expansion of Th2 cytokine. The maximal expression of 

IL-10 was observed after clinical recovery from EAN (Zhu et al., 1998). Treatment by 

IL-10 ameliorated the inflammatory response in EAN by inhibiting Th1 and enhancing 

Th2 response (Bai et al., 1997).  In GBS, elevated IL-10 secreting cells were found 

during the acute phase. Moreover, high level of IL-10-secreting MNC correlated with 

serum anti-ganglioside IgM antibody level, and with neurophysiological signs of 

axonal damage (Press et al., 2001; 2002). However other studies showed that IL-10 

was undetectable in CSF and serum IL-10 was not elevated  in GBS patients (Sivieri et 

al., 1997; Hohnoki et al., 1998).  

 

1.3 KAINIC ACID INDUCED NEURODEGENERATIVE ANIMAL MODEL 
Excess release of excitatory neurotransmitters, such as glutamate, is an important 

underlying cause of neuronal damage in stroke,  epilepsy, as well as neurodegenerative 

diseases, such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) (Doble, 1999; 

Meldrum, 2000). Glutamate receptors are divided into the metabotropic receptors that 

indirectly gate channels through second messengers and the ionotropic receptors that 

directly gate channels. The ionotropic receptors can be further divided into NMDA, 

AMPA and kainite receptors, named according to the types of synthetic agonists that 

activate them. AMPA and kainite receptors, sometimes referred together as non-

NMDA receptors, are present in the dendrites of hippocampal pyramidal neurons and 

display considerable heterogeneity (Yin et al., 1999; Ogoshi and Weiss, 2003). Kainic 

acid (KA), an non-degradable analog of glutamate, has 30-fold more potent in 

neurotoxicity than glutamate (Bleakman and Lodge, 1998). By activating kainite 
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receptors, KA elicits the increase of intracellular Ca2+, production of reactive oxygen 

species (ROS) and mitochondrial dysfunction leading to neuronal apoptosis and 

necrosis (Wang et al., 2005). KA administration enhances further release of 

endogenous excitatory amino acids (glutamate and aspartate) that secondarily activate 

microglia and astrocytes, which secrete ROS and inflammatory molecules to worsen 

the neuronal injury (Johnstone et al., 1999; Oprica et al., 2003). Activated astrocytes 

and microglia as well as neurons may also secrete chemokines to recruit microglia and 

astrocytes into inflammatory site (Johnstone et al., 1999; Bajetto et al., 2001) (Fig. 2).  
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Fig. 2. Pathogenesis of KA induced neurodegeneration 

 

Administration of KA to rodents has been used as an animal model to study 

mechanisms of neurodegenerative pathways induced by excitatory neurotransmitter 

agonists (Michaelis, 1998). KA-induced neurotoxicity varies depending on the route of 

administration and animal species. Systemic injection of KA to rats results in selective 

neuronal vulnerability in neurons in the hippocampal hilus, CA3 and CA1 subfields, 
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whereas granule cells in DG are resistant (Grooms et al., 2000). Pyramidal neurons in 

hippocampal CA3 region seem to be more sensitive to KA induced neuronal excitation. 

The molecular basis for this susceptibility may be due to the high level of KA 

receptors in this region (Malva et al., 1998). Systemic KA administration to C57BL/6 

mice did not induce the apparent hippocampal neuronal cell death. However, intranasal 

and intra-amygdala administration of KA effectively elicit selective CA3 pyramidal 

neuronal injury and death (Araki et al., 2002; Chen et al., 2002), which provides the 

possibility to study the neurodegeneration in transgenic and knockout mice. 

 

 

1.4 INFLAMMATION AND NEURODEGENERATION IN THE CNS 
Traditionally, CNS was regard as ‘immune privileged’ organ in which immune 

surveillance is limited due to the blood brain barrier (BBB). However, accumulated 

evidences have modified this view. It has been shown that resident cells in  the CNS, 

such as microglia, astrocytes and neurons, are able to produce a great repertoire of 

immunological and inflammatory molecules, including cytokines and chemokines as 

well as their respective receptors, complements, prostaglandins, coagulation factors, 

proteases and many others (McGeer and McGeer, 2001).  

 

1.4.1 Inflammation in neurodegeneration 
Emerging evidences suggest that immune and inflammatory response in the CNS is 

involved in the neurodegenerative process. Complements, pentraxins, cytokines 

(IL−1β, IL-6, TNF-α and TGF-β) and chemokines (MCP-1, MIP-α and MIP-1β) as 

well as their receptors (CCR3 and CCR5), cyclooxygenase and free radicals were 

increased in AD brain (Akiyama et al., 2000; McGeer and McGeer, 2003). The high 

levels of IL-1, IL-6, TNF-α and complements have been found in brain or CSF of PD 

patients (McGeer and McGeer, 2004). In cellular level, activated microglia, the main 

source of inflammatory molecules in the CNS, were found in both AD and PD 

(McGeer and McGeer, 2003; 2004). Furthermore, inflammatory mechanisms also 

contributed to KA induced neurodegeneration in rodents (Oprica et al., 2003; Chen et 

al., 2004). 

 

1.4.2 Microglia in CNS inflammation 
Microglia account for 10-20% total glia population and originate from mesodermal 

precursor cells of hemopoietic lineage. Microglia exert their functions similar to 
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macrophages to serve as tissue phagocytes (when required) and constitute the first line 

of defense against invading pathogens. On the other hand, as glia cells, microglia 

interact dynamically with other glia cells and neurons to fulfil the neurotrophic and 

supporting role (Vilhardt, 2005).  

Resting ramified microglia are very sensitive to the changes in the CNS 

microenvironment and rapidly become activated within hours. Microglial activation is 

a key factor in the defense of the neural parenchyma against infectious diseases, 

trauma, ischemia, brain tumors and neurodegeneration (Kreutzberg, 1996). Activated 

microglia can proliferate, migrate to the site of injury, phagocytose pathogen/or debris, 

and reveal a morphological, immunophenotypical and functional changes. Activated 

microglia can assume bushy microglia with abundant cytoplasm and ramified thick 

processes, rod-shaped microglia with a fusiform elongated body and small thin 

ramified processes, or a phagocytic state with more cytoplasm and short, thick, non-

ramified processes (Nelson et al., 2002). Activated microglia express MHC-I, MHC–II 

and co-stimulatory molecules (CD80 and CD86), as well as produce complements, 

cytokines (IL-1, IL-6, IL-12, IL-18 and TNF-α), chemokines (MIP-1α, MIP-1β, MCP-

1, RANTES and IP-10), ROS, secreted proteases, excitatory amino acids and NO, 

which contribute to local or more widespread inflammation and injury in the CNS 

(Kreutzberg, 1996; Akiyama et al., 2000; Aloisi, 2001; van Rossum and Hanisch, 

2004). On the other hand, activated microglia also secrete anti-inflammatory cytokines 

like IL-1ra, IL-10 and TGF-β, as well as neurotrophic substance like neurotrophins, 

which can down-regulate the pro-inflammatory cytokine production and promote 

neuronal regeneration (van Rossum and Hanisch, 2004). In addition, under 

inflammatory condition, a variety of constitutive and inducible receptors may promote 

migration and regulate the function of microglia (Aloisi, 2001). These receptors 

include complement receptors (CR1, CR3 and CR4), Fc receptors, cytokine and 

chemokine receptors (IFN-γR, TNFR, IL-12R, IL-18R, IL-10R, TGFβR, CCR2, 

CCR3, CCR5, CXCR4 and CX3CR1), and others (Fas and FasL) (Aloisi, 2001). 

Through binding these receptors, microglia receive signals from cytokines, 

chemokines and other molecules to communicate with asrocytes and neurons in an 

autocrine and paracrine manner. Activated microglia could also further recruit 

microglia.  

In principle, microglia activation aims at protecting CNS from injury as first line of 

inflammatory response. However, excessive and sustaining activation could aggravate 

acute or chronic neurodegeneration. The role of microglia in the neurodegenerative 



 

12 

disorders is more complex than a simple neuroprotective or diseasing-promoting role 

depending on the time of onset, severity, and duration of disease as well as other 

disease-associated factors. The different microglial effects may not necessarily be 

mutually exclusive, but their normal role could be connected to neuroprotection, 

whereas in pathological conditions microglia may become diseas-promoting cells. Fig 

3 summarizes inflammatory and trophic factors secreted and expressed by activated 

microglia. Being a source and target of inflammatory molecules, activated microglia 

play a pivotal role in neurodegenerative diseases (McGeer and McGeer, 2003; 2004; 

van Rossum and Hanisch, 2004). 

Activated microglia

Chemokines:
IL-8, IP-10, MIP-1α, MIP-1β,
MCP-1, RANTES, Pro-inflammatory cytokines:

IL-1, TNF-α, IL-6, IL-12, IL-18

Anti-inflammatory
cytokines:
IL-10, TGFβ, IL-1ra

MHC and co-stimulatory molecules:
MHC-I, MHC-II, CD80, CD86

Prostanoids and Cytotoxic molecules:
PGE2, COX-2, PGD2,
NO, free radicals, 
excitatory amino acids

Cytokine and chemokine receptors:
IFN-γR, TNFR, IL-12R, IL-18R, IL-10R, TGFβR,
CCR2, CCR3, CCR5, CXCR4, CXCR3 

Complement, Fc, and other receptors:
CR1, CR3, CR4, C1qRp,
FCγRI, RII, RIII,
Fas, FasL,
CD200R,
Prostaglandin receptors

Neurotrophins:
NGF, BDNF,
NT-3, NT-4

Activated microglia

Chemokines:
IL-8, IP-10, MIP-1α, MIP-1β,
MCP-1, RANTES, Pro-inflammatory cytokines:

IL-1, TNF-α, IL-6, IL-12, IL-18

Anti-inflammatory
cytokines:
IL-10, TGFβ, IL-1ra

MHC and co-stimulatory molecules:
MHC-I, MHC-II, CD80, CD86

Prostanoids and Cytotoxic molecules:
PGE2, COX-2, PGD2,
NO, free radicals, 
excitatory amino acids

Cytokine and chemokine receptors:
IFN-γR, TNFR, IL-12R, IL-18R, IL-10R, TGFβR,
CCR2, CCR3, CCR5, CXCR4, CXCR3 

Complement, Fc, and other receptors:
CR1, CR3, CR4, C1qRp,
FCγRI, RII, RIII,
Fas, FasL,
CD200R,
Prostaglandin receptors

Neurotrophins:
NGF, BDNF,
NT-3, NT-4  

Fig. 3. Inflammatory molecules and neurotrophins produced by activated microglia 
 

1.4.3 Astrocytes in CNS inflammation 
Astrocytes are the most numerous glial cells in the CNS and own its name to their 

irregular, roughly star-shaped cell bodies. Astrocytes have important physiological 

properties, maintaining the functional integrity of the synapse and BBB, as well as 

contributing to the extracellular matrix proteins (McGeer and McGeer, 1995; Rubin 

and Staddon, 1999). Under pathological circumstances, astrocytes affect neuronal 

function by the release of neurotrophic factors, scavenging of ROS, contributing to the 

metabolism of neurotransmitters (glutamate), and regulating extracellular pH and K+ 

levels (Benveniste, 1998; Chen and Swanson, 2003).  

After a CNS insult, astrocytes undergo a process of proliferation, morphological 

changes, and enhancement of GFAP expression, termed astrogliosis, a common 

hallmark of many neurodegenerative diseases (Hatten et al., 1991). Depending on the 

disease context, astrogliosis can be viewed as a beneficial event for promotion of 

neuronal survival by the production of growth factors and neurotrophins that support 

neuronal growth, or detrimental for neuronal function by production of inflammatory 
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molecules and the formation of glial scars. The trophic factors produced by activated 

astrocytes mainly include nerve growth factor (NGF), basic fibroblast growth factor 

(bFGF), brain-derived neurotrophic factor (BDNF) and neuregulins, which play an 

important role in recovery of neuronal function  (Chen and Swanson, 2003). In 

neurodegenerative diseases, such as AD, PD and multiple sclerosis, astrocytes secrete 

ROS, cytokines including IL-1, IL-6, IL-10, TNF-α, IFN-α, TGF-β and GM-CSF, as 

well as chemokines including RANTES, MCP-1, IL-8 and IP-10 (Dong and 

Benveniste, 2001). These inflammatory molecules further contribute to the 

inflammatory processes, recruit and activate microglia, and cause the degeneration of 

nearby neurons (Johnstone et al., 1999). Fig. 4 summarizes inflammatory molecules 

and trophic factors secreted and expressed by activated astrocytes. 

Activated astrocytes

Chemokines:
MCP-1, RANTES,
IP-10, IL-8

Pro-inflammatory cytokines and others:
ROS, IL-1, IL-6, TNF-α, IFN-α,
GM-CSF, M-CSF,G-CSF

Anti-inflammatory cytokines:
IL-10, TGF-β,

MHC-II and co-stimulatory 
molecules

Neurotrophic fators:
NGF, BDNF, bFGF, 
neuregulins

Activated astrocytes

Chemokines:
MCP-1, RANTES,
IP-10, IL-8

Pro-inflammatory cytokines and others:
ROS, IL-1, IL-6, TNF-α, IFN-α,
GM-CSF, M-CSF,G-CSF

Anti-inflammatory cytokines:
IL-10, TGF-β,

MHC-II and co-stimulatory 
molecules

Neurotrophic fators:
NGF, BDNF, bFGF, 
neuregulins  

Fig. 4. Inflammatory molecules and neurotrophic factors produced by activated astrocytes 
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2 AIMS OF THE STUDIES 
The general aims of the thesis are to study the pathogenesis and inflammation in EAN 

and KA-induced neurodegeneration in mice with emphasis on the role of cytokines, 

chemokines and apoE molecules in these disorders. 

 

The specific aims of the studies are: 

1) To define the role of CCR5 in EAN 

2) To investigate the role of apoE in the pathogenesis of EAN 

3) To study the activation of glial cells in KA induced neurodegeneration  

4) To address the effects of apoE deficiency on KA induced neurodegeneration 
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3 MATERIALS AND METHODS 
 
3.1 ANIMALS 
CCR5 knockout mice and their corresponding control mice were used in paper I. 

CCR5 knockout mice were generated on a 129/Ola × C57BL/6J genetic background 

(Kuziel et al., 2003) and subsequently backcrossed for eight generations. ApoE 

knockout mice and their corresponding control mice were used in papers II and IV. 

ApoE knockout mice were generated on a 129 × C57BL/6 (H-2b) genetic background 

and subsequently backcrossed for eleven generations. 

 

3.2 INDUCTION OF EAN AND ASSESSMENT OF CLINICAL SIGNS    
The neuritogenic P0 protein peptides, corresponding to amino acids 180-199 of rat 

PNS myelin P0 protein, were synthesized by solid-phase stepwise elongation using a 

Tecan/Syro peptide synthesizer (Multisyntech, Bochum, Germany). Mice were 

immunized twice on day 0 and 7 post-immunization (p.i.) by subcutaneous injection at 

3-4 different sites of back with 120 μ g of P0 peptide 180-199 and 0.5 mg of 

Mycobacterium tuberculosis (strain H37 RA; Difco, Detroit, USA) in 25 μl saline and 

25 μl Freund’s incomplete adjuvant (ICN Biomedicals Inc. Aurora. USA). All mice 

received 400, 200, and 200 ng pertussis toxin (Sigma, St. Louis, USA) by intravenous 

injection on days -1, 0 and +2 p.i., respectively. Using a blinded protocol, two different 

examiners assessed clinical signs of EAN immediately before immunization (day 0) 

and thereafter every day or every second day. EAN was scored as follows: 0, normal; 1, 

flaccid tail, decreased tone in whole tail or mild limb weakness; 2, sever limb 

weakness or mild hind limb paralysis; 3, moderate hind limb paraparesis; 4, severe 

hind limb paralysis; 5, severe tetraparesis. 

 

3.3 INTRANASAL KA ADMINISTRATION 
Mice were partially anaesthetized with Isofluen (Abbott Laboratories Ltd, Kent, UK) 

and held on their backs. KA (Sigma-Aldrich, Stockholm, Sweden) dissolved in water 

(10 mg/1.3 ml) was slowly and gently dropped by micropipette into the noses of mice 

at dose of 45 mg/kg. A total of 40 μl of the KA solution was delivered over 10 min (20 

μl for each naris, with a break for 2 min between instillation into each nostril). For 

volumes greater than 40 μl of KA, the first 40 μl was administered over 10 min. The 

next 40 μl of KA was then administered after a 10 min break. The clinical signs of 
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seizure were rated as follows: 0, normal; 1, immobilization; 2, rearing and falling; 3, 

seizure for less than 1 h; 4, seizure for 1–2 h; 5, seizure for 2-3 h. 

 

3.4 HISTOPATHOLOGICAL ASSESSMENTS 
In paper II, the paraffin embedded longitudinal sections (5 to 6 μm slices) of sciatic 

nerves were stained with haematoxylin-eosin for evaluation of the extent of MNC 

infiltration. Tissue areas were measured by image analysis and the results were 

expressed as cells per mm2 tissue section. 

In papers III and IV, paraffin embedded (7 μm) or frozen (12 μm) sections  from 

-1.7 mm or -1.94 relative to bregma according to the information in Franklin’s brain 

atlas (Franklin and George, 1997) were stained by Nissl’s method for evaluation of 

neuronal pathological changes. The severity and extent of neurodegeneration in the 

hippocampus were scored using a semi-quantitative grading system: 0, normal; 1, slight 

shrinkage of neurons (less 10% pyknotic neurons in CA3 area); 2, moderate shrinkage 

of neurons (l1-40% pyknotic neurons in CA3 area); 3, severe shrinkage of neurons 

(more than 40% pyknotic neurons in CA3 area); 4, slight loss of neurons (less 10% 

neuron loss in CA3 area); 5, moderate loss of neurons (11–40% neuron loss in CA3 

area); 6, severe loss of neurons (more than 40% neuron loss in CA3 area). Mean value 

of pathological changes in both sides of hippocampus was used for each mouse. 

 

3.5 IMMUNOHISTOCHEMISTRY 
Cryostat or paraffin-embedded sections were exposed to the antibodies described in 

the papers overnight at 4ºC, and followed by biotinylated secondary antibody and 

avidin-biotin complex system (Vector, CA, USA) for 30 min respectively at room 

temperature (RT). Peroxidase substrate solution 3,3'-Diaminobenzidine (DAB) 

(Sigma) was added until the desired colour (brown) was developed. Omission of 

primary antibodies served as a negative control. 

 

3.6 PREPARATION OF SPLENIC MNC, T CELLS AND PERITONEAL 
EXUDATE CELLS 

The spleens were removed and erythrocytes in spleen cell suspensions were 

osmotically lyzed.  Single cell suspension of MNC from individual mice was 

prepared. These cells were washed three times before being suspended to 2 x 106 

MNC/ml in RPMI-1640 (Gibco, UK) or Iscove’s modified Dulbecco’s (Flow Lab., 

Irvine, UK) medium supplemented with 1% (v/v) minimum essential medium (MEM) 
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and 2 mM glutamine (both from Flow Lab), 50 IU/ml penicillin, 60 μ g/ml 

streptomycin (both from Gibco). 

For isolation of T cells, MNC suspension from spleen was incubated in 25 cm2 of 

Falcon culture flask (Becton Dickinson, Franklin Lakes, NJ) with the serum-free 

medium for 2 h at 37 °C. The non-adherent cells were collected and passed through a 

nylon wool column (Kisker, Steinfurt, Germany). T cells were obtained by depletion 

of nylon wool-adherent cells. 

Five ml Dulbecco’s medium was injected into the peritoneal cavity of mice. After 

rinsing for 5 minutes, peritoneal exudate cells (PEC) were eluted from the cavity. The 

PEC were washed 3 times with medium. 

 

3.7 CELL CULTURE AND PROLIFERATION ASSAY 
MNC suspended in 200 μl portions were cultured in triplicates in round-bottomed 96-

well polystyrene microtiter plates (Nunc, Copenhagen, Denmark) at a cell density of 2

×106 cells/ml in a humidified atmosphere with 5% CO2 at 37ºC in the presence of 

P0 peptide 180-199 (10 μg/ml) or PHA (10 μg/ml Difco, Detroit, MI, USA) or the 

same volume of PBS. After 72 h incubation, cells were pulsed with 3H-

methylthymidine (1 μCi/well, Amersham, Little Chalfont, UK) and cultured for an 

additional 18 h. 

PEC (macrophages) from apoE+/+ (PEC+/+) or apoE-/- (PEC-/-) mice were mixed 

with corresponding T cells (T+/+ or T-/-) at a density of 2×106 cells/ml for cultures at a 

ratio of 1:20 (PEC: T cell). 200 μl of cell suspensions were cultured in triplicate in 

plates (Nunc). After 60 h incubation, cells were pulsed with 3H-methylthymidine (1 μ

Ci/well, Amersham, Little Chalfont, UK) and cultured for an additional 12 h. 

Cells were harvested onto glass fiber filters (Titertek, Skatron, Lierbyen, Norway). 
3H-thymidine incorporation was measured in a liquid β -scintillation counter, and 

results were expressed as counts per minute (cpm). Values used were the means from 

three separate wells. 

 

3.8 DETECTION OF CYTOKINES BY ELISPOT AND ELISA 
A solid-phase enzyme-linked immuno-spot assay (ELISPOT) was used to detect 

single cells that secreted IFN-γ and IL-4 upon antigen stimulation. Briefly, 

nitrocellulose-bottomed plates (Microtiter-HAM, Millipore, Bedford, UK) were 

coated with 100 μl of anti-rat IFN-γ and anti-rat IL-4 mAbs (CLAI, Utrecht, 

Netherlands) overnight at 4ºC. Then 200 μl containing 4 x 105 MNC were added in 
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duplicate with 10 μl aliquots of P0 peptide 180-199 (final concentration of 10 μg/ml). 

After 48 h culture, secreted and bound IFN-γ and IL-4 were visualized by sequential 

application of rabbit anti-rat  IFN-γ polyclonal antibody and rabbit anti-rat IL-4 

polyclonal antibody (CLAI), respectively, followed by biotinylated swine anti-rabbit 

IgG (Sigma) and then avidin-biotin peroxidase complex (ABC Vectastain Elite Kit, 

Vector). After peroxidase staining, the red-brown immunospots corresponding to the 

cells that had secreted IFN-γ or IL-4 were counted in a dissection microscope. 

Results were expressed as numbers of spots per 106 splenic MNC. 

Single cells suspensions of P0 peptide 180-199-primed MNC were cultured in the 

presence of P0 peptide 180-199 (10 μg/ml). The supernatants were collected after 48 

h culture. Levels of IL-10 and IL-4 in the culture supernatants were measured by 

optEIA kits (PharMingen). 

 

3.9 MEASUREMENT OF ANTIGEN-SPECIFIC IgG ANTIBODIES BY 
ELISA 

Microtiter plates (Nunc) were coated with 100 μl/well of purified P0 peptide 180-199 

(10 μg/ml) at 4ºC overnight. Uncoated sites were blocked with 10% fetal calf serum 

(FCS) for 2 h at RT. Serum samples (diluted 1:100) were added and incubated for 2 h 

at RT. Plates were then incubated for 1 h with biotinylated anti-mouse IgG (Vector), 

IgG1 (Serotec), IgG2a (PharMingen) and avidin-horseradish peroxidase conjugate 

(PharMingen), followed by substrate solution for 30 min. The reactions were stopped 

with 1M H2SO4 and ODs at 450 nm determined. 

 

3.10 ISOLATION OF INFILTRATING CELLS FROM THE CAUDA EQUINA 
Infiltrating cells in CE were isolated according to method described by Fujioka 

(Fujioka et al., 2000) with some modification. Briefly, CE fragments of spinal cords 

were carefully removed, transferred to RPMI-1640, grinded and passed through a 70 

μm cell nylon mesh (Becton Dickinson, NJ, USA). The resultant cells were suspended 

in 27% percoll in PBS and centrifuged at 1000 g for 30 min and at 4°C. The pellet was 

recovered and washed by PBS. 

 

3.11 ISOLATION OF MICROGLIA  
Briefly, mice were perfused with PBS and sacrificed. The cerebral hemispheres or 

hippocampi from both sides were dissected out and dissociated by pipetting. Following 
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trypsinization at 37 ºC for 15 min, fetal bovine serum (10% final concentration) was 

added to inactivated trypsin activity. The tissues were then dissociated with repeated 

pipetting in KRB solution [120 mM NaCl, 5mM KCl, 1.2 mM KH2PO4, 25mM 

NaHCO3, 14 mM D-glucose, 2.5 mM MgSO4, 0.3% bovine serum album (BSA)] 

containing DNase I (Sigma-Aldrich). Cell suspensions were spun down and the pellets 

were re-suspended in 30% Percoll in PBS and centrifuged at 500 g for 20 min. The 

pellets were re-suspended, passed through a 40-μm pore-size strainer (Becton 

Dickinson, NJ, USA), collected and stained for flow cytometry analysis.  

 

3.12 FLOW CYTOMETRY ANALYSIS  

Cells suspended in 50 μl PBS containing 1% bovine serum albumin were mixed with 

FITC, PE or APC conjugated antibodies described in the papers for 30 minutes at 4ºC. 

Cells were subsequently washed twice, re-suspended in 1% paraformaldehyde in PBS 

and stored at 4ºC awaiting flow cytometric analysis with the FACScan (Becton 

Dickinson, San Jose, USA). 

 

3.13 RT-PCR 
Total RNA was extracted from spleens of EAN mice using ULTRASPECTM-II RNA 

isolation system (BioSite, Stockholm, Sweden). RNA concentration and quality were 

quantified spectrophotometrically and by gel analysis. Total 0.4 μg RNA from spleen 

was reversely transcribed in 20 μl reaction buffer [2.5 μM Random Hexamer, 5 mM 

MgCl2, 50 mM KCl, 10 mM Tris-HCl (PH 8.3), 1 mM each dNTP, 20 U RNAse 

inhibitor (Applied Biosystem, foster, USA), 50 U MuLV Reverse Transcriptase 

(Applied Biosystem )]. The mix was incubated in a thermal cycler at 22°C for 10 min, 

42°C for 15 min, 99°C for 5 min and 5°C for 5 min, sequentially. Subsequent PCRs 

were carried out in the presence of 200 nM sense and antisense primer (40 nM each 

primer for cyclophilin), 2.5 mM MgCl2, 50 mM KCl, 10 mM Tris-HCl (PH 8.3), 0.2 

mM each dNTP, 2.5 U AmpliTag DNA polymerase (Applied Biosystem) and 4 μl 

cDNA, in a total volume of 25 μl. Oligonucleotide primers for mouse cyclophilin were 

used as an internal control. PCR was performed for 32 cycles in a DNA Thermal 

Cycler PTC-100 (MJ Research, Inc., Waltham, USA) respectively after the initial 

denaturation step at 95°C for 2 min and each cycle consisted of denaturation at 95°C 

(45 s), annealing (45 s, temperatures refer to the paper) and extension at 72°C (30 s). 

The PCR products were analyzed on a 1.5% agarose gel and visualized under 
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ultraviolet light. The densitometric analysis was performed using program Scion 

Image (NIH, Bethesda, MD, USA).  

 

3.14 WESTERN BLOTTING 
Mice were perfused with PBS and the hippocampi were dissected out and put into 

microcentrifuge tubes with 200 μl IP buffer [1 mM PMSF, 0.1 M Tris-Cl (pH 8.0), 

0.15 M NaCl, 5 mM EDTA and 1% Triton X-100]. After sonication, 67μl Laemmli 

buffer [248 mM Tris-Cl (pH 6.8), 40% glycerol and 8% SDS] was added. The samples 

were boiled at 100°C for 10 min and spun down at 12,000 rpm for 10 min. The 

supernatants were collected and stored at -70°C until use. Protein concentrations were 

quantified by using DC protein assay kit (Bio-Rad, Stockholm, Sweden). For protein 

separation, 100 μg of each  sample was electrophoresed on a 12% polyacrylamide gel 

and transferred to a nitrocellulose membranes followed by staining with Ponceau S 

(Sigma-Aldrich) for loading control. The membrane was then blocked in 5% nonfat 

dry milk in PBS-Tween 20 for 1 h at RT with gentle agitation. After blocking, 

membranes were incubated with corresponding antibodies overnight at 4°C and 

peroxidase-conjugated secondary antibody for 1 h at RT, respectively. ECL Western 

blotting detection reagents (Bio-Rad) were used for exposure according to the 

manufacture’s instructions. Densitometric analysis was performed using program 

Scion Image (National Institute of Health, Bethesda, MD).  

 

3.15 STATISTICAL ANALYSES 
Differences more than two groups were evaluated by one-factor analysis of variance 

(ANOVA), followed by Bonferroni post hoc test. Differences between two groups 

were tested by Student’s t-test and clinical scores by non-parametric Mann-Whitney´s 

u-test, and mortality by Fisher exact test. All tests of significance were two-sided. Data 

are presented as means ± SD or means± SEM.  The level of significance was set to p< 

0.05. 
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4 RESULTS AND DISCUSSION 
 
4.1 CCR5 DEFICIENCY DOES NOT PREVENT P0 PEPTIDE IMMUNIZED 

MICE FROM EAN (PAPER I) 
After immunization with P0 peptide 180-199 and complete Freund’s adjuvant (CFA), 

both CCR5-/- and corresponding wild-type (CCR5+/+) mice gradually appeared the 

clinical sign of EAN and exhibited a similar clinical course and severity of EAN. 

Consistent with the clinical observation, there were no significant difference in MNC 

(mainly T cell) response to P0 peptide or PHA between the CCR5-/- and CCR5+/+ mice. 

Furthermore, a similar profile of the infiltrating macrophages and CD4+ T cells in CE 

is evidence in both groups. However, increased IP-10 and MIP-1β production in sciatic 

nerves were seen in CCR5-/- mice. Chemokines MIP-1α and fractalkine were not 

found in the inflamed nerves. These results suggest that CCR5 deficiency does not 

prevent P0 peptide 180-199 immunized mice from EAN. Increased MIP-1β and IP-10 

in inflamed nerves may compensate the CCR5 deficiency and contribute to 

inflammatory cells infiltrating to the PNS. 

The relationship between chemokines and their receptors are promiscuous. 

Chemokine system is rife with redundancy and there was enormous overlap in ligand–

receptor specificity and responses (Thelen, 2001). One chemokine can bind with 

several receptors and vice versa (Bajetto et al., 2001). CCR5 can bind MIP-1α/β, 

MCP-2 and RANTES, but none of them is selective (Murphy et al., 2000). In addition 

to binding to CCR5, these chemokines also combine with other receptors, such as 

MIP-1α for CCR1 and CCR4; MIP-1β for CCR1 and CCR8; RANTES for CCR1, 

CCR3 and CCR4 and MCP-2 for CCR2 and CCR11 (Murphy et al., 2000; Rossi and 

Zlotnik, 2000). Due to such high redundancy, it is possible that CCR5 deficiency can 

be functionally compensated by other chemokines and their receptors. Previous studies 

showed that both CCR5 and MIP-1α deficient mice were susceptible to experimental 

autoimmune encephalomyelitis (EAE), which is an analogous disease of CNS. 

Increased IP-10, T cell activation gene-3 (TCA-3) and lymphotactin were found in the 

CNS of MIP-1α deficient EAE mice compared with control mice (Tran et al., 2000).  

In human, individuals carrying ∆32-CCR5 mutation are equally susceptible to colitis 

(Martin et al., 2001). 

Both MIP-1β and IP-10 are inflammatory chemokines and specialized for the 
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recruitment of effecting cells, including monocytes, granulocytes and effector T cells 

(Moser and Loetscher, 2001). MIP-1α, MIP-1β and RANTES can induce a Th1 

response via CCR5 (Luther and Cyster, 2001). After CD4 T cell activation, CCR5 is 

induced more rapidly than CCR1 (Luther and Cyster, 2001) that shares the same ligand 

MIP-1β with CCR5 and have a lower affinity to MIP-1β (Murphy et al., 2000).  In 

CCR5 deficient mice, it seems likely that MIP-1β can mediate Th1 response via CCR1 

although further studies are needed (Luther and Cyster, 2001). IP-10 is more active in 

the setting of Th1-driving immune response by binding its ligand CXCR3, which is 

preferentially expressed on Th1 cell (Moser and Loetscher, 2001). Therefore, increased 

MIP-1β and IP-10 in sciatic nerves of CCR5 deficient mice can compensate CCR5 

chemotactic function to attract inflammatory cells into the target as they developed 

EAN.  Interestingly, this compensation was not limited within the CC subfamily 

chemokine because the CXC subfamily chemokine (IP-10) were also significantly 

involved.  

The CX3C fractalkine is a unique membrane-bound chemokine, which is mainly 

expressed by neurons and endothelial cells. It can exists in either membrane anchored 

or shed soluble glycoprotein after proteolysis (Bazan et al., 1997). Soluble fractalkine 

has potent chemoattractant activity for T cells and monocytes, and the cell membrane-

anchored fractalkine, which is induced on activated primary endothelial cells, 

promotes strong adhesion of these leukocytes (Bazan et al., 1997).  Furthermore, 

fractalkine is also able to mediate the initial capture, firm adhesion, and activation of 

circulating leukocytes through the endothelium (Fong et al., 1998). In the present study, 

we did not find fractalkine expression in sciatic nerves in both groups, which indicate 

that fractalkine might not involved in the recruitment of infiltrating cells in EAN. 

 

4.2 APOE DEFICIENCY AGGRAVATES EAN (PAPER II) 
ApoE-deficient (apoE-/-) mice exhibited a greater susceptibility to EAN induced by the 

P0 peptide 180-199, as compared to wild-type (apoE+/+) mice. The augmented 

susceptibility seen in apoE-/- mice was associated with increased CD4+ T cells and 

macrophages infiltration in the PNS during the effector phase. Although the two 

groups of mice exhibited no quantitative or proportional differences in splenic 

lymphocyte populations, the apoE-/- mice showed enhanced antigen-specific 

proliferation of T cells, up-regulation of Th1 and down-regulation of Th2 auto-reactive 

responses, as well as enhanced antigen-specific antibody responses as compared with 
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wild-type mice. Enhanced antigen-specific proliferation of T cells in apoE-/- mice is 

relative to the modified macrophage function. These data provide strong evidence that 

apoE acts as an inhibitor of this inflammatory and demyelinating disease by up-

regulating Th2 and inhibiting Th1 responses and antigen-specific antibody formation. 

Peritoneal macrophages from the apoE-/- mice increased proliferation of T cells 

from both apoE+/+ and apoE-/- mice, which indicated that there was enhanced antigen 

presenting function of macrophages in apoE-/- mice. It seems that increased T cell 

proliferation in apoE-/- mice resulted from the modified or heightened function of 

macrophages rather than the T cells themselves. 

Shifting the Th1/Th2 balance towards Th1 cells may be one mechanism underlying 

increased susceptibility to EAN in apoE-/- mice. Cells from apoE-/- mice produced 

higher levels of IFN-γ, IL-12, TNF-α and lower levels of IL-10 than their counterparts. 

In EAN, Th1 cytokines predominate and mediate inflammatory damage, whereas Th2 

cytokines have been associated with remissions and recovery from disease (Zhu et al., 

1997a; 1997b; Fujioka et al., 1998; Zhu et al., 1998). The Th1 cytokines, IFN-γ, IL-12 

and TNF-α, have all been linked to disease expression in EAN (Zhu et al., 1994; 1998; 

Pelidou et al., 2000). The presence of CD4+ T cells and T cell-activation by APC are 

necessary conditions for the initiation and development of EAN. This effect is at least 

partly linked to their secretion of IFN-γ. Convincing evidence asserts that a sufficiently 

high level of IFN-γ producing cells in blood, lymph nodes and PNS tissue roughly 

parallels the presence of clinical EAN, consistent with an inflammatory role of Th1-

promoting cytokines in the pathogenesis of EAN (Zhu et al., 1994; 1998). Mice 

deficient in the IFN-γ receptor are resistant to EAN induction (Zhu et al., 2001) and 

raised IFN-γ correlates positively with increasingly severe EAN. The higher numbers 

of IFN-γ-secreting Th1 cells we detected in apoE-/- mice indicates that IFN-γ 

production accelerates EAN in these animals. 

T cells producing Th2 cytokines confer protection against EAN. For example, the 

administration of IL-4 or IL-10 markedly suppresses EAN (Bai et al., 1997; Deretzi 

et al., 1999). IL-10 may play a more critical role than IL-4 in the regulation of EAE 

(Bettelli et al., 1998). In the current study, a deficiency of apoE was found to block 

the production of IL-10 upon autoantigen stimulation, suggesting the importance of 

apoE in Th2 polarization. 

ApoE deficiency may result in an impaired BNB (Fullerton et al., 2001), which 

enhanced homing of inflammatory cells into the PNS and a heightening of their 
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function there during the effector phase. The effect might contribute to the aggravation 

of EAN. 

 

4.3 KA INDUCES MICROGLIAL ACTIVATION AND ASTROGLIOSIS IN 
C57BL/6 MICE (PAPER III) 

Intranasal administration of KA to C57BL/6 mice resulted in neurodegeneration in the 

area CA3 of hippocampus. Enhanced FAS and GFAP expression in hippocampus of 

mice was found on day 7 after KA administration detected by immunohistochemistry 

and Western blotting. Microglia in the hippocampus were activated on day 1 and 3 

after KA administration, but less activated on day 5. On day 1 and 3 after KA 

administration, CD45, F4/80, CD86, MHCII, and iNOS but not CD40 expression was 

induced or enhanced on microglia. These data indicated that KA administration results 

in an early microglial activation and a prolonged astrogliosis in C57BL/6 mice. 

FAS, the receptor for FAS ligand, plays an important role in apoptosis and its 

induction correlates with neuronal apoptosis after KA treatment (Tan et al., 2001). 

Both FAS and FAS ligand are expressed by neurons and astrocytes (Park et al., 1998; 

Bechmann et al., 1999; Choi et al., 1999). However, FAS induction in KA-induced 

exctitotoxic model is restricted in neurons but not glial cells (Tan et al., 2001). 

Although both necrosis and apoptosis take place in KA-induced hippocampal injury, 

the extent of apoptosis can partially reflect the level of neurodegeneration.  

One feature of the excitotoxic neurodegeneration is astrogliosis (Chen et al., 2002). 

GFAP expression has been shown to steadily increase from 1 to 3 days up to 1 month 

after intrahippocampal or intraperitoneal injection of KA (Bendotti et al., 2000; Ding et 

al., 2000). Our data also show a prolonged astrogliosis. 

MFI of CD45 staining is used to differentiate microglia and macrophage, with 

microglia having a moderate staining (MFI around 102) while macrophage having a 

high staining (MFI around 103) (Sedgwick et al., 1991; Aloisi et al., 2000). In the 

present study, the MFI of CD45 staining before and after KA treatment were around 

100 and 150, respectively, indicating that no macrophages infiltrated into the CNS 

after treatment with water and KA. Some studies show that CD45 is a negative 

regulator for microglial activation. Ligation to CD45 can markedly inhibit microglia  

activity via inhibition of p44/42 mitogen-activated protein kinase (MAPK) (Tan et al., 

2000a; Tan et al., 2000b). Enhancement of CD45 expression in the present study may 

reflect a mechanism for microglia to avoid over-stimulation. F4/80, a glycoprotein 

with homology to the G-protein linked 7-transmembrane hormone receptor family, is 
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considered as a marker for microglia (Lawson et al., 1993; Castano et al., 1996; 

O'Donnell et al., 2002). Enhancement of F4/80 expression indicates that microglia 

were activated after KA treatment. CD86, MHCII, and CD40 are related to antigen 

presenting function of microglia. Induction of CD86 and MHC-II may reflect the 

antigen presenting potential of activated microglia. Microglial activation has been 

shown to be necessary, but not sufficient for excitotoxin-induced neurodegeneration in 

mouse hippocampus (Tsirka et al., 1997; Rogove and Tsirka, 1998). Activated 

microglia can potentiate excitotoxin-mediated neuronal death by secreting neurotoxic 

substances, such as NO (Chao et al., 1992; Chao et al., 1995). NO can react favourably 

with another intracellular constituent, superoxide, and produce peroxynitrite, which is 

considered to be an important factor in causing cellular damage (Lipton et al., 1993). 

In microglia, NO is produced by an inducible form of NO synthase, iNOS. Induction 

of iNOS results in high level of NO for extended periods of time (Nathan and Xie, 

1994). The induction of iNOS in the present study indicates an important role of 

microglia in the genesis of neurodegeneration. Five days after KA treatment, the 

expression of most molecules (F4/80, MHCII, and iNOS) dropped to untreated levels, 

indicating a short time window for microglial activation in the present 

neurodegenerative model induced by intranasal administration of KA. 

 

4.4 APOE DEFICIENCY INCREASES MICROGLIAL ACTIVATION AND 
CCR3 EXPRESSION IN KA INDUCED NEURODEGENERATION 
(PAPER IV) 

ApoE knockout mice (apoE KO) treated with KA (ApoE KO+KA) exhibited lower 

activity, decreased rearing and stronger microglial activation, particularly in the 

lesioned area, as well as more severe neurodegeneration in the hippocampus. 

Microglial activation was confirmed by high levels of MFI of CD11b and CD86 on 

microglia of the hippocampus of ApoE KO+KA mice as compared to wild-type mice 

treated with KA. Interestingly, the percentage of CCR3 positive microglia in the 

hippocampus of apoE KO mice was enhanced prominently after KA insult, though 

the level of RANTES expression did not differ between apoE KO and wild-type mice. 

Our results suggest that apoE deficiency increases microglial activation and CCR3 

expression in KA induced hippocampal neurodegeneration. 

The open field test is now one of the most popular behavior tests in rodents. 

Rearing (vertical activity) is more directed form of exploration than locomotion 

(horizontal activity) (Deacon et al., 2002). Decreased rearing in ApoE KO+KA mice 
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reflects reduced explorative behavior in these mice, which is consistent with Deacon’s 

finding that mice with hippocampal lesion showed reduction of rearing but not 

locomotor activity (Deacon et al., 2002). Recent data also demonstrated that rats with 

lower rearing selected in the open field test have lower activity of Na+/K+-ATPase in 

the hippocampus (Alves et al., 2005). Decreased rearing in ApoE KO+KA mice on 

day 1 after KA treatment also indicated that hippocampus of apoE deficient mice is  

more susceptible to KA insult at early stage.  

One mechanism by which apoE may affect neurodegenerative diseases is by 

modulating microglia activation, which results in secretion of potentially neurotoxic 

inflammatory mediators and ROS. In this study, we evaluated and analysed microglia 

activation by detecting CD11b, MHC-II and CD86 molecule expression. CD11b is 

constitutively expressed on microglia, and combines with CD18 to form CR3 (a 

receptor for complement 3). MHC-II and CD86 are molecules related to the action of 

microglial antigen presentation. Up-regulation of these molecules is associated with 

microglia activation (Nelson et al., 2002; Kielian, 2004). Increased markedly CD11b 

and CD86 expression on microglia in ApoE KO+KA mice indicated that apoE 

deficiency promotes microglial activation, and this effect appears to be due to a direct 

interaction between apoE molecule and microglia (Laskowitz et al., 2001).  

In the inflamed CNS, microglia express numerous chemokine receptors, including 

CCR2, CCR3, CCR5, CXCR4 and CX3CR1 (Kielian, 2004), and microglia, astrocytes 

and neurons produce chemokines (Asensio and Campbell, 1999). Chemokines directly 

affect the activity and migration of microglia in neurodegeneration in an autocrine and 

paracrine manner through their receptors. For instance, CCR3- and CCR5-reactive 

microglia have been found to associate with amyloid deposits (Xia et al., 1998). Our 

data showed that increased CCR3 expression in ApoE KO+KA mice may facilitate the 

migration and accumulation of activated microglia in injured areas, which aggravated 

local inflammation and neuronal injury by producing inflammatory molecules, such as 

complement, cytokines and NO (van Rossum and Hanisch, 2004), thus resulted in 

more severe neurodegeneration.  
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5 CONCLUSIONS 
1) CCR5 deficiency does not prevent P0 peptide 180-199 immunized mice from 

EAN. Increased MIP-1β and IP-10 in sciatic nerves may compensate the CCR5 

deficiency and contribute to inflammatory cells infiltrating into the PNS. 

2) ApoE acts as an inhibitor in inflammatory and demyelinating PNS disease by 

up-regulating Th2, as well as by inhibiting Th1 responses and antigen-specific 

antibody formation.  

3) Intranasal KA administration induced early microglial activation and prolonged 

astrogliosis.   

4) ApoE deficiency aggravated KA-induced hippocampal neurodegeneration. 

Increased percentage of CCR3 positive microglia in apoE deficient mice after 

KA insult may facilitate the microglial recruitment and accumulation around 

injured areas, which may be one mechanism of more severe KA-induced 

neurodegeneration in apoE deficient mice. 
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