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Abstract 
Acute experimental allergic encephalomyelitis (EAE) is widely used as an animal model 
for multiple sclerosis (MS). EAE reflects the inflammatory phase of the disease, such as 
blood-brain barrier damage and infiltration of T cells and monocyte-derived macrophages 
in the central nervous system. To identify novel pathways involved in the pathogenesis of 
EAE we studied alterations in gene transcription and protein expression in the course of 
acute EAE induced in the Lewis rat. Longitudinal microarray analysis of the cerebellum 
and brainstem revealed strong transcriptional regulation of three novel groups of genes 
participating in neuroinflammatory processes, which followed distinct kinetics in the 
course of EAE. Expression of the first group was highly increased before disease onset 
and declined while EAE progressed, whereas expression of the second group strongly 
correlated with clinical signs of EAE. Expression of the third group of genes initially 
followed clinical scores, but remained elevated in the recovery phase. In addition, we 
found enhanced expression of endogenous antioxidant enzyme systems, which 
correlated with disease severity. Immunohistochemical verification showed increased 
expression levels of antioxidant enzymes in the vicinity of EAE-associated leukocyte 
infiltrates, predominantly in reactive astrocytes and infiltrated macrophages. More 
importantly, similar areas were found positive for nitrotyrosine, indicating the occurrence 
of local oxidative stress associated with macrophages and astrocytes. Treatment with 
the antioxidant α-lipoic acid, which inhibits monocyte infiltration and reduces the 
development of clinical signs in acute EAE, prevents the expression of endogenous 
antioxidant enzymes in brains of EAE animals. Activation of the antioxidant enzyme 
pathway may reflect an adaptive defense mechanism to control an oxidative attack. Our 
data identified novel gene clusters and proteins regulated in the course of EAE, which 
may provide future targets for treatment strategies in neuroinflammatory diseases. 
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Introduction 
Multiple sclerosis (MS) is a chronic demyelinating disease of the central nervous system 
(CNS), marked by the presence of infiltrated immune cells and concurrent inflammation 
throughout the brain and spinal cord. Experimental autoimmune encephalomyelitis (EAE) 
is a widely used animal model for MS, which shares a number of clinical features with 
MS, including optic neuritis, paralysis and ataxia1. In the rat, EAE can be induced by 
immunization with either spinal cord homogenate or single myelin components, such as 
myelin basic protein (MBP). Active immunization of Lewis rats with MBP in complete 
Freund’s adjuvant (CFA) leads to the generation of encephalitogenic T cells that 
recognize autologous MBP and induce acute EAE, a highly reproducible disease that is 
characterized by a monophasic and transient disease course2. Generally, the disease is 
characterized by the development of acute ascending paralysis that starts at the tail and 
progresses to the hind limbs, which is followed by complete recovery3. 
Histopathologically, acute EAE is marked by the presence of high numbers of infiltrated 
T cells and monocyte-derived macrophages in the CNS4. Magnetic resonance imaging 
(MRI) and immunohistochemical studies suggest that disturbance of blood-brain barrier 
integrity is apparent in an early stage and precedes monocyte infiltration, visualized by a 
contrast agent based on ultra small particles of iron oxide4;5.  

Numerous pro-inflammatory mediators are involved in the development of EAE. 
Chemokines like CCL2, CCL3, and CCL5 mediate cellular influx in the CNS, whereas 
cytokines like interferon-γ, interleukin-1β, and tumor necrosis factor-α facilitate 
inflammatory processes. Activation of the lipoxygenase and cyclooxygenase pathway, 
leading to the generation of leukotrienes and prostaglandins and thromboxanes, 
contributes to the disease6;7. Furthermore, adhesion molecule expression is enhanced in 
acute EAE8;9. Microarray studies performed in various EAE models revealed strong 
induction of groups of genes involved in inflammatory processes, such as antigen 
presentation and processing, chemokines and their receptors, adhesion molecules, 
cyclooxygenase, lipoxygenase, and complement components10-14. However, the 
expression and dynamic changes of cellular and humoral networks in different phases of 
acute EAE is yet unknown. In addition, knowledge on adaptive responses in the CNS of 
animals suffering from EAE is limited.  

Besides above-mentioned molecules, reactive oxygen species (ROS) are 
considered crucial in the development of disease. ROS contribute to several processes 
underlying MS and EAE pathology, including leukocyte migration across the blood-brain 
barrier, demyelination, oligodendrocyte damage and axonal injury15-20. Free radical-
induced damage is detected in active MS lesions by the presence of nitrotyrosine, an 
end product and biochemical marker for peroxynitrite formation 21. In EAE, protective 
effects of exogenous administered antioxidants have been described, indicating that 
ROS are involved in the development of EAE16;22-25.  

High levels of ROS may lead to oxidative stress, which induces the transcriptional 
activation of antioxidant and detoxification enzymes, an adaptive mechanism to maintain 
redox balance and to protect cells against ROS-mediated toxicity. Transcription of these 
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enzymes is mediated via the nuclear factor-E2-related factor (Nrf2)-antioxidant response 
element (ARE) pathway (reviewed by26). Thus far, expression of antioxidant enzymes in 
different phases of EAE and their correlation with clinical symptoms is unknown, which is 
the focus of the current study. 

In this study, alterations in gene transcription and protein expression in the course of 
time of acute EAE in the Lewis rat were studied using microarray analysis. We analyzed 
the gene expression profile in the cerebellum and brain stem, two predilection sites for 
leukocyte infiltration, before the onset of disease, at the start of disease, at the peak of 
disease and in the recovery phase. Our data revealed strong transcriptional regulation of 
genes involved in inflammatory processes, such as antigen presentation and processing, 
complement activation, chemotaxis, and signal transduction. Three groups of genes 
could be identified that differ in their expression profile in the course of EAE. Some of 
these changes were shown to be adaptive responses of the CNS towards infiltrating 
cells. Interestingly, we observed enhanced expression of various endogenous 
antioxidant enzyme genes at the peak of the disease, which was validated by 
quantitative PCR and immunohistochemistry. We propose that enhanced gene and 
protein expression of antioxidant enzymes in the CNS of EAE rats reflects an 
endogenous defence mechanism to counteract the detrimental effects of locally 
produced ROS.  
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Materials and Methods 
Induction of acute EAE in Lewis rats 
Acute EAE was induced in 8-11 week old male Lewis rats (200-250 g; Harlan CPB Zeist, 
The Netherlands), which were kept under standard laboratory conditions. Acute EAE 
was induced as described earlier4;16. Briefly, at day 0, rats were injected subcutaneously 
in one hind footpad with 20 µg guinea pig MBP in phosphate buffered saline (PBS) 
mixed with complete Freund’s adjuvant (CFA; Difco Laboratories, Detroit, MI) and 
mycobacterium tuberculosis (H37Ra; Difco Laboratories, Detroit, MI). EAE induction was 
performed under isoflurane anaesthesia. Control animals were injected with PBS mixed 
with CFA. Neurological aberrations were scored daily and graded from 1 to 5: 0, no 
clinical signs; 0.5 partial loss of tail tonus; 1, complete loss of tail tonus; 1.5, unsteady 
gait; 2, partial hind limb paralysis; 2.5 complete hind limb paralysis; 3, paralysis of the 
complete lower part of the body up to the diaphragm; 4, paraplegia; 5, death due to EAE. 
At day 9 after EAE induction (no clinical signs), at the start of clinical symptoms (day 11; 
Figure 1), peak of disease (day 14), and end of disease (day 17) animals were 
sacrificed. CFA control animals were sacrificed at day 14. Because acute EAE in the 
Lewis rat is characterized by significant leukocyte infiltration and associated pathological 
changes in the brain stem and cerebellum4, we processed these parts of the CNS for 
microarray analysis, quantitative PCR, and histological examination. 
 
Total RNA isolation 
Total RNA from cerebellum and brain stem was isolated with the Trizol method 
(Invitrogen, Carlsbad, CA, USA). RNA was dissolved in RNAsecure (Ambion Inc., Austin, 
TX, USA) and stored at -80ºC. The yield and quality of total RNA was determined by 
measuring the absorbance of an aliquot of the stock at a wavelength of 260 and 280 nm 
and by using an Agilent 2100 Bioanalyzer.  
 
Microarray analysis 
1 µg of total RNA was linearly amplified (at ServiceXS) by T7 RNA amplification and Cy3 
or Cy5 was incorporated during the cDNA synthesis according to manufacturer’s 
instructions (Agilent Technologies, Palo Alto, CA, USA). Equal amounts of Cy3 and Cy5 
labeled samples were hybridized 17 hrs on a rat Agilent Oligo Microarray. For the 
cerebellum, samples of two EAE animals and two CFA control animals per time point 
were hybridized separately in a loop style experimental setup, using four microarrays per 
time point. Because of the small sample size, the samples of the brainstem of two 
animals per time point were pooled after RNA isolation and hybridized in a direct dye 
swap, using two microarrays per time point. The arrays were scanned with an Agilent 
G2565AA dual laser Microarray scanner. The resulting images were analyzed with the 
Agilent Feature Extraction Software (www.agilent.com). In brief, in a first step outliers 
were detected, than the values were corrected for background and normalized using the 
linear/Lowess method as described in the Agilent feature extraction manual. The 
resulting intensities of the spots were used for calculation of absolute difference and 

 137 



Chapter 6 
 

ratios for EAE vs. CFA control animals. The data analysis was performed using the 
Spotfire software for Functional Genomics, selecting genes by filtering on ratio and 
difference. We considered a gene up- or down-regulated if the change in gene 
expression was visible in all four different hybridizations with a ratio EAE vs. CFA control 
of minimal 1.5. 

For further analysis, clinical scores were normalized. Minimum clinical scores were 
set at 0%, whereas maximum clinical scores were set at 100%. Similarly, fold changes in 
mRNA expression were normalized for all individual genes, with minimum fold change in 
the course of EAE set at 0% and maximum fold change at 100%. Subsequently, relative 

least square differences (variance score ∑ −
scoreclin

scoregenscoreclin
.

)..( 2

) between 

normalized clinical scores and normalized fold changes were calculated for each gene. 
This parameter allowed filtering of data on basis of variations in gene expression with 
respect to clinical scores. 
 
Real-time quantitative PCR  
cDNA was prepared starting with 2 µg of total RNA of 2 rats at day 9, 7 rats at day 11 
and 14, and 6 rats at day 17 of EAE. Samples were pretreated for 30 min with DNAse 
(Ambion Inc., Austin, TX, USA) in first strand buffer and reversely transcribed using the 
reverse transcriptase Superscript II (Invitrogen, Carlsbad, CA, USA) for 1 hr at 42oC. 
Quantification of cDNA by real time PCR makes use of the observation that the early 
cycles of PCR are characterized by an exponential increase in target amplification. The 
accumulation of PCR product is measured using Sybergreen II. Primers were designed 
using the software package Primer Express (Applied Biosystems, Foster City, CA, USA) 
preferably in the 3’ UTR. The primer sequences are, for NQO1, forward primer (FP) 
TGGATAGTTCTGCCACGGCT and reverse primer (RP) 
CGGCTACACCTCTCCCTGATT; SOD2, FP GGGAGTCCAAGGTTCAGGCT and RP 
GGTTCCTTGCAGTGGGTCCT; HO-1, FP CCAGCCACACAGCACTACGTAA and RP 
CCAGGTAGCGGGTATATGCGT. PCR conditions were identical for all genes (Amplitaq 
gold, 3 mM Mg2+, 40 cycles of 15 sec 95ºC and 1 min 60ºC). For each gene a separate 
standard curve was prepared using 8 fold dilutions of genomic DNA. Expression levels of 
the housekeeping gene alpha tubulin (TUBA) were used as control for good cDNA 
synthesis and normalization.  
 
Immunohistochemistry 
The cerebellum and brainstem of three sacrificed animals per time point were dissected, 
snap-frozen in liquid nitrogen and stored at –80°C. For immunohistochemical staining, 5 
µm cryosections were air-dried and fixed in acetone for 10 minutes. Sections were 
preincubated for 30 minutes with 20% animal serum, the source of which was 
determined by the specific secondary antibody used. Afterwards, sections were 
incubated overnight at 4˚C with the monoclonal mouse anti-rat monocyte/macrophage 
marker ED1 (1:200, produced at the Department of Molecular Cell Biology and 
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Immunology, VU University Medical Center and commercially available via Serotec, 
Oxfordshire, UK) 27, with polyclonal rabbit anti-human heme oxygenase 1 antibodies 
(HO-1, 1:1000, Stressgen Bioreagents, Ann Arbor, USA), polyclonal sheep anti-human 
manganese-containing superoxide dismutase antibodies (MnSOD or SOD2, 1:300, The 
Binding Site, Birmingham, UK), or polyclonal rabbit anti-rat NAD(P)H:quinone 
oxidoreductase 1 antibodies (NQO1, 1:1000, kindly provided by Dr. Schultzberg, 
Department of Pathology, Karolinska Institute, Huddinge University Hospital, Sweden). 
For the detection of nitrotyrosine residues, three rats per time point were perfused with 
4% formalin. Cerebellum and brainstem were dissected, post-fixed in 4% formalin for 
one week, and embedded in paraffin. 8 µm thick sections were dewaxed and 
endogenous peroxidase activity was blocked with 1% hydrogen peroxide in methanol, 
after which sections were microwaved for 10 minutes in 0.1 M citric acid (pH 6). Sections 
were incubated with anti-nitrotyrosine (purified rabbit antiserum 1:100, a kind gift from Dr. 
C.E. Teunissen, Dept. of Molecular Cell Biology and Immunology, VU University Medical 
Center, Amsterdam, the Netherlands). Subsequently, sections were incubated with 
appropriate secondary biotinylated antibodies (Zymed, San Francisco, CA, U.S.A.) for 
one hour at room temperature and with ABC according to the manufacturer's description 
(Dako, Glostrup, Denmark). Diaminobenzidine (DAB) was used as chromogen. Sections 
were counterstained with haematoxylin. All antibodies were diluted in PBS containing 
0.1% bovine serum albumin, which also served as a negative control.  

For colocalization studies, cryosections were preincubated for 30 minutes with 20% 
animal serum, the source of which was determined by the specific secondary antibody 
used. Then, sections were incubated with antibodies directed against the various 
antioxidant enzymes. To detect HO-1 and NQO1 we used biotinylated swine anti-rabbit 
(1:500, Zymed, San Francisco, CA, U.S.A.) and for SOD2 sections were incubated with 
biotinylated donkey anti-sheep (1:300, Jackson Immunoresearch, Westgrove, PA, 
U.S.A). Streptavidin-labeled Alexa-594 was used as fluorochrome (Molecular Probes, 
Eugene, OR, U.S.A.). To visualize infiltrated macrophages and activated microglia we 
used mouse anti-rat ED1. Alexa-488-labeled goat anti-mouse (Molecular Probes, 
Eugene, OR, U.S.A.) was used as secondary antibody. Fluorescence analysis was 
performed with a Leica TCS SP2 AOBS confocal laser-scanning microscope (Leica 
Microsystems, Heidelberg, Germany).  
 
Statistical analysis 
Quantitative PCR data were analyzed statistically by means of single-column t-test. 
Statistical significance was defined as p < 0.05. 
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Results  
Acute EAE 
Acute EAE rats developed a monophasic disease course (Figure 1a). At day 9 post 
immunization none of the animals showed clinical signs. At day 11, animals started to 
lose tail tonus (mean clinical score of 0.1 ± 0.21) and at day 14 all animals were clinically 
ill (mean clinical score of 2.6 ± 0.12, peak of disease). All animals were completely 
recovered at day 17 while the CFA control animals did not show any clinical signs at any 
time point (data not shown). The presence of inflammatory cells in the CNS of EAE 
animals was analyzed in the brain stem and cerebellum (Figure 1b). In CFA control 
animals and EAE animals at day 9, no ED1-positive cellular infiltrates were present (data 
not shown), whereas at day 11 low numbers of monocyte-derived macrophages were 
found in the cerebellum and brainstem of EAE animals. At day 14, massive influx of 
monocyte-derived macrophages was observed, predominantly in perivascular cuffs. At 
day 17, although animals had recovered, macrophages were still present in the CNS, but 
to a lesser extent than at day 14, as described earlier4.  
 

 
 
Figure 1. Clinical scores and monocyte infiltration in acute EAE. (A), Time course of clinical scores in acute 
EAE in the Lewis rat. Lewis rats were immunized with MPB emulsified in CFA at day 0 (n=14). Neurological 
symptoms were scored daily (see materials and methods). Data represent mean ± SEM. (B), 
Immunohistochemistry for ED1, indicating macrophage infiltrates in the brain stem of rats suffering from acute 
EAE at the start of disease (day 11), the peak of disease (day 14), and the end of disease (day 17). Magnification 
20x, counterstained with haematoxylin. 
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Table 1. Differentially expressed genes in the cerebellum and brain stem in the course of acute EAE. 
 

Days post immunization Accession 
number Symbol Discription Tissue 

9 11 14 17 
Antigen presentation/processing 
AJ003232 RT1-DB1 RT1 class II, locus Db1 BS NDD NDD 2.19 3.73 

CER NDD 1.07 3.87 4.41 BF555960 RT1-BA RT1 class II, locus Ba 
BS NDD 1.65 7.72 8.67 

CER NDD 1.33 2.90 3.06 BM392398  Similar to lysosomal thiol reductase precursor BS NDD 1.33 6.55 4.48 
BQ211478 RT1-DA RT1 class II, locus Da BS NDD 1.28 4.38 8.00 

CER -1.05 1.10 2.44 3.19 NM_012512 B2M Beta-2 microglobulin BS 1.14 1.62 9.49 8.47 
CER NDD 1.09 2.19 3.17 NM_012645 RT1-AW2 RT1 class Ib, locus Aw2 BS NDD 1.25 5.46 7.13 
CER NDD 1.35 4.07 3.10 NM_012708 PSMB9 Proteasome (prosome, macropain) subunit, beta 

type 9 BS NDD 2.09 13.53 6.74 

NM_017257 PSME2 Rattus norvegicus protease (prosome, 
macropain) 28 subunit, beta (Psme2) BS 1.06 1.37 5.32 2.52 

NM_017264 PSME1 Rattus norvegicus protease (prosome, 
macropain) 28 subunit, alpha (Psme1) BS NDD 1.27 5.22 3.82 

NM_030836 APPILS Leucyl-specific aminopeptidase PILS BS NDD NDD 3.22 2.19 
CER NDD NDD 3.43 2.39 NM_080767 PSMB8 Proteasome (prosome, macropain) subunit, beta 

type 8 BS NDD 1.59 7.44 4.96 
Transcription related 

CER NDD NDD 2.52 3.21 AI071474  Similar to retrovirus integration site  
BS NDD NDD 3.19 3.32 

AW531248  Similar to AT motif-binding factor  CER NDD NDD 2.44 3.02 
BF282124 C2TA MHC class II transactivator BS NDD NDD 3.72 2.73 
BF284803  Similar to interferon regulatory factor 7  BS NDD 1.49 2.54 3.48 

CER NDD 1.80 3.09 1.78 BI289280  Similar to BCL3  BS NDD 1.92 4.00 2.70 
BQ207656  Similar to HLX  BS NDD NDD 4.58 3.83 
NM_013154 CEBPD CCAAT/enhancerbinding, protein (C/EBP) delta BS -1.38 1.90 3.82 1.52 
NM_017187 HMGB2 High mobility group box 2 BS NDD 1.42 8.88 2.49 
NM_019218 NEUROD1 Neurogenic differentiation 1 BS 2.45 -1.11 -4.16 -7.74 

BS NDD 1.41 4.03 2.50 NM_031642 COPEB Core promoter element binding protein BS NDD 1.38 3.25 2.38 
NM_032612 BS NDD NDD 3.47 2.66 
BQ782274 STAT1 Signal transducer and activator of transcription 1 BS NDD 1.42 7.33 5.52 
X06769  Rat c-fos CER NDD -3.15 1.32 NDD 
Apoptosis 

CER NDD 1.56 5.33 4.77 AA818798 LOC252929 Rattus norvegicus cathepsin Y  BS NDD 1.70 12.67 7.75 
CER NDD NDD 4.14 4.01 AA925871 CTSC Mus musculus cathepsin C (Ctsc) 
BS NDD 1.47 12.32 5.65 

BF523891 PBEF Pre-B-cell colony-enhancing factor BS NDD NDD 3.45 1.51 
NM_012762 CASP1 Caspase 1 BS NDD 1.39 4.87 3.42 
NM_012939 CTSH Cathepsin H BS NDD NDD 2.00 3.19 
NM_017097 CTSC Cathepsin C BS NDD NDD 6.32 3.35 
NM_023987 BIRC2 Inhibitor of apoptosis protein 1 BS NDD NDD 3.94 NDD 

CER NDD NDD 2.72 3.59 
BS NDD NDD 4.62 4.44 NM_053538 

AA925353 LAPTM5 Lysosomal-associated protein transmembrane 5 
BS NDD 1.13 3.17 3.48 

NM_130741 LCN2 Lipocalin 2 BS NDD NDD 10.10 3.96 
CER NDD NDD 5.64 4.61 NM_133416 BCL2A1 BCL2-related protein A1 BS NDD 2.29 9.03 6.32 

Chemokines, cytokines and receptors 
CER NDD 1.89 3.10 3.54 AA819788   
BS NDD 2.00 6.95 7.98 

AW433947  Similar to T-cell differentiation antigen  BS NDD NDD 4.85 2.81 
CER NDD NDD 3.59 3.10 

AW531805  

Similar to This ORF is capable of encoding 404aa 
which is homologous to two human interferon-
inducible proteins, 54 kDa and 56 kDa proteins; 
ORF (LOC309526) 

BS NDD 3.01 9.13 8.09 

AW917984  Mus musculus chemokine (C-C motif) receptor 5 
(Ccr5) BS NDD NDD 3.60 2.95 

CER NDD NDD 3.29 2.67 BF550914  Similar to LRG-47  BS NDD NDD 6.39 4.13 
BF555614  Transcribed sequence with weak similarity to CER NDD NDD 2.26 5.36 
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  protein ref:NP_006410.1 (H. sapiens) small 
inducible cytokine B subfamily BS NDD NDD 6.57 9.01 

NM_019233 SCYA20 Rattus norvegicus chemokine (C-C motif) ligand 
20 (Ccl20) BS NDD NDD 6.90 NDD 

CER NDD NDD 3.73 2.72 
BS NDD NDD 4.08 2.29 
BS NDD NDD 3.14 1.90 NM_031512 IL1B Interleukin 1 beta 

BS NDD NDD 3.14 1.90 
CER NDD NDD 9.13 3.68 NM_031530 CCL2 Chemokine (C-C motif) ligand 2 BS NDD 3.12 14.67 3.70 
CER NDD 2.64 26.45 10.23 NM_139089 CXCL10 Chemokine (C-X-C motif) ligand 10 
BS NDD 7.03 30.46 14.96 

BF555791 CXCL11 Chemokine (C-X-C motif) ligand 11 BS NDD NDD 5.42 NDD 
NM_053783 IFNGR Interferon gamma receptor BS -1.12 NDD 2.67 3.50 
Complement 

CER 1.07 1.32 3.09 2.81 
AA800318 SERPING1 

Serine (or cysteine) proteinase inhibitor, clade G 
(C1 inhibitor), member 1, (angioedema, 
hereditary) BS 1.30 1.58 5.62 5.25 

AI411618  Similar to C1q C chain  BS NDD 1.19 3.09 3.61 
CER NDD 1.40 2.74 3.38 AI412156 PPT2 Palmitoyl-protein thioesterase 2 BS NDD NDD 2.70 6.93 

M92059 ADN adipsin BS NDD NDD 3.53 2.06 
CER NDD NDD 10.74 10.61 NM_016994 C3 Complement component 3 BS NDD 2.19 17.68 22.86 
CER -1.16 1.35 3.66 3.87 NM_019262 C1QB Complement component 1, q subcomponent, beta 

polypeptide BS -1.10 1.35 6.27 6.20 
CER NDD 1.23 2.82 3.05 NM_130409 CFH Complement component factor h 
BS NDD NDD 4.30 4.31 

NM_138900 C1S Complement component 1, s subcomponent BS NDD 1.21 3.35 2.84 
CER NDD NDD 2.89 3.21 NM_053619 C5R1 Complement component 5, receptor 1 
BS NDD NDD 5.57 4.27 

CER NDD 1.40 2.74 3.38 AI412156 PPT2 Complement component 4a BS NDD NDD 2.70 6.93 
NM_172222 C2 Complement component 2 BS NDD 1.16 3.73 4.66 
Cluster of differentiation antigens 
AA874924  Similar to MD-1  BS NDD 1.25 3.17 2.60 

BE099994  
Transcribed sequence with weak similarity to 
protein sp:P20138 (H.sapiens) CD33_HUMAN 
Myeloid cell surface antigen CD33 precursor 

BS NDD NDD 5.09 4.45 

CER NDD NDD 2.25 3.13 
BQ782626  

Rattus norvegicus similar to T-cell surface 
glycoprotein CD3 gamma chain precursor (T-cell 
receptor T3 gamma chain) BS NDD NDD 5.29 3.35 

NM_012523 CD53 CD53 antigen BS NDD NDD 2.89 3.21 
NM_012924 CD44 CD44 antigen BS NDD 1.22 4.25 1.96 
NM_019295 CD5 CD5 antigen BS NDD NDD 5.80 3.88 
NM_022634 LST1 Leukocyte specific transcript 1 BS NDD NDD 3.72 NDD 
NM_030848 BST1 Bone marrow stromal cell antigen 1 BS NDD NDD 3.27 NDD 
NM_139103 CD48 CD48 antigen BS NDD 1.18 3.86 3.23 
Signal transduction 
AA819134  Transcribed sequences BS NDD NDD 3.07 3.07 
AA892316  Transcribed sequences BS NDD NDD 3.54 3.61 

CER NDD NDD 5.99 3.05 AA901350  Transcribed sequences 
BS NDD 2.10 9.92 5.18 

AA925583  Similar to B cell linker protein BLNK  BS NDD NDD 2.75 3.41 
CER NDD 1.37 5.05 4.82 AI010476  Similar to EN-7 protein  
BS NDD 1.69 9.37 6.89 

CER NDD NDD 2.75 3.48 
AI012085  

Transcribed sequence with strong similarity to 
protein ref:NP_057512.1 (H.sapiens) NESH 
protein [Homo sapiens] BS NDD NDD 4.66 4.93 

AI113328  Similar to Bruton agammaglobulinemia tyrosine 
kinase  BS NDD NDD 3.64 3.12 

AI176755  
Similar to Protein-tyrosine phosphatase, non-
receptor type 8 (Hematopoietic cell protein-
tyrosine phosphatase 70Z-PEP)  

BS NDD NDD 3.73 2.29 

CER NDD NDD 5.11 5.18 AI177752 PTPRC, 
LCA, CD45 Protein tyrosine phosphatase, receptor type, C BS NDD 1.96 14.98 12.84 

AI500952 SLA Src-like adaptor BS 1.54 NDD 4.51 3.08 
CER NDD 1.25 2.86 3.44 AW915488 LOC361537 DAP12 BS NDD 1.38 5.09 4.33 

AW918482  Similar to guanylate binding protein 5  BS NDD 1.30 4.41 2.73 

BE108276  Mus musculus Shc SH2-domain binding protein 1 
(Shcbp1) BS NDD NDD 4.63 NDD 
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BI298715  

Similar to Phosphatidylinositol-4,5-bisphosphate 
3-kinase catalytic subunit, delta isoform (PI3-
kinase p110 subunit delta) (PtdIns-3-kinase p110) 
(PI3K) (p110delta) 

BS NDD NDD 3.30 2.38 

BM391938  Similar to adaptor protein; DOKL  BS NDD NDD 2.62 3.05 
BQ191871  Similar to Lsp1 protein  BS NDD 1.51 4.34 2.08 

BQ191979  Similar to TRALPUSH; no opposite paired repeat 
protein  BS NDD NDD 4.64 3.15 

CA508940 PUMAG Interferon-gamma inducible gene, Puma-g BS NDD 1.30 3.69 3.14 
CB544973 MAPKAPK2 MAP kinase-activated protein kinase 2 BS NDD 1.17 3.11 5.24 
NM_012515 BZRP Benzodiazepin receptor BS NDD 1.54 6.77 3.85 
NM_012759 BS NDD NDD 4.59 3.93 
AA925725 VAV1 Vav 1 oncogene BS NDD NDD 3.35 2.57 

NM_019335 PRKR Protein kinase, interferon-inducible double 
stranded RNA dependent BS NDD NDD 3.22 2.77 

NM_021841 Gabra6 Rattus norvegicus gamma-aminobutyric acid A 
receptor, alpha 6 (Gabra6) BS 2.19 -1.22 -4.20 -7.45 

NM_022751 MVP Major vault protein BS NDD 1.25 5.05 2.85 

NM_023021 KCNN4 Intermediate conductance calcium-activated 
potassium channel BS NDD NDD 3.74 2.76 

NM_053542 GNA15 Guanine nucleotide binding protein, alpha 15 CER NDD NDD 2.87 3.31 
NM_053542 GNA15 Guanine nucleotide binding protein, alpha Gna15 BS NDD 1.29 4.89 4.88 
NM_053847 MAP3K8 Mitogen-activated protein kinase kinase kinase 8  BS NDD NDD 2.49 3.65 

NM_053908 PTPH6 Protein tyrosine phosphatases, non-receptor type 
6 BS NDD 1.34 5.34 3.97 

CER NDD NDD 2.77 3.46 NM_057124 P2RY6 Pyrimidinergic receptor P2Y, G-protein coupled, 6 BS NDD 1.39 4.28 4.58 
NM_130413 SCAP2 Src family associated phophoprotein 2 BS NDD 1.15 3.08 2.32 

NM_130421 LCP2 Lymphocyte cytosolic protein 2 (SH2 domain-
containing leukocyte protein of 76kD) BS NDD NDD 2.90 3.30 

CER NDD NDD 4.76 3.21 NM_133624 GBP2 Guanylate binding protein 2, interferon-inducible 
BS NDD 2.42 10.85 5.63 

NM_139090 ALK7 Activin receptor-like kinase 7 BS 1.59 NDD -2.66 -3.03 
CER NDD NDD 5.00 3.29 NM_139342 RIPK3 Receptor-interacting serine-threonine kinase 3 
BS NDD 1.98 8.75 4.12 

NM_053608 KCNJ13 Potassium inwardly-rectifying channel, subfamily 
J, member 13 BS 1.14 NDD -2.57 -5.01 

NM_133634 GBP2 Guanylate binding protein 2, interferon-inducible BS NDD 2.42 10.85 5.63 
Oxidative stress 
AA874884 HMOX1 Heme oxygenase 1 BS NDD 1.14 3.22 2.11 

CER NDD NDD 8.13 7.31 AI137330 CYBB Endothelial type gp91-phox gene BS NDD 1.54 14.38 12.30 
BF565335  Similar to p40-phox  BS NDD 1.46 4.61 2.88 
NM_173304 CYP2D5 Cytochrome P450CMF1b BS NDD NDD 3.89 5.95 
NM_024160 CYBA Cytochrome b558 alpha-subunit BS NDD 1.26 5.20 3.20 
Adhesion 
AF268593 ITGAM Integrin alpha M BS NDD NDD 4.29 4.41 

CER NDD 1.36 3.79 2.85 NM_031832 LGALS3 Lectin, galactose binding, soluble 3 BS NDD 2.22 9.99 4.17 
Structure proteins 

AA925693  Homology to Rat gene encoding cytoplasmic 
beta-actin BS 1.16 1.17 3.59 2.27 

AI112564  Mus musculus scinderin (Scin) BS NDD NDD 4.61 2.82 
AI385133  Similar to h2-calponin  BS NDD NDD 5.02 2.67 
NM_017009 GFAP Glial fibrillary acidic protein BS 1.11 1.79 3.85 2.64 
NM_031140 VIM vimentin BS NDD 1.24 3.09 1.34 
NM_130411 CORO1A Coronin, actin binding protein 1A BS 1.19 1.53 7.17 3.98 
Others 

BE108837  Similar to CENTROMERIC PROTEIN E (CENP-E 
PROTEIN)  BS NDD NDD 3.14 NDD 

AA818849  
Transcribed sequence with moderate similarity to 
protein ref:NP_077024.1 (H.sapiens) hypothetical 
protein FLJ11354 [Homo sapiens] 

BS NDD NDD 6.45 6.30 

CER NDD NDD 4.47 5.64 AA819034 BS -1.33 1.31 4.71 4.88 
CER NDD 3.04 7.25 7.84 BF398773 

ISG12(B) Putative ISG12(b) protein 

BS -1.51 1.34 5.93 5.67 

AA849743  

Transcribed sequence with moderate similarity to 
protein pdb:1LBG (E.coli) B Chain B, Lactose 
Operon Repressor Bound To 21-Base Pair 
Symmetric Operator Dna, Alpha Carbons Only 

BS NDD NDD 3.10 3.83 
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CER -1.14 1.38 8.85 7.82 AA858732 LYZ lysozyme BS NDD 2.32 15.89 13.17 
CER -1.43 -1.13 -1.31 -3.63 AA900269  Rattus norvegicus similar to haemoglobin alpha 

chain  BS -1.39 -1.32 -1.71 -3.44 
AI011757 LOC304966 Transmembrane receptor FcgammaRIII-X BS NDD 1.44 5.32 4.70 

AI012552  
Transcribed sequence with weak similarity to 
protein pir:S57447 (H.sapiens) S57447 HPBRII-7 
protein - human 

BS NDD NDD 3.08 2.81 

AI102920  Similar to ubiquitin-conjugating enzyme E2C; 
DNA segment, Chr 2, ERATO Doi 695, expressed  BS NDD NDD 3.50 NDD 

AI233452  CDK104 BS NDD NDD 4.85 4.25 
AI236332 SAT Spermidine/spermine N1-acetyl transferase BS -1.37 1.13 3.50 2.46 

AI406759  

Similar to carbonic anhydrase VIII; CA-related 
protein; carbonic anhydrase-related protein; 
carbonic anhydrase-like sequence; carbonate 
anhydratase  

BS 2.37 -1.22 -2.23 -3.33 

BF288995  Similar to triggering receptor TREM-2A  BS NDD -1.22 1.57 4.75 
BF407610 HSPA1A Heat shock 70kD protein 1A BS -1.60 1.81 -1.91 -3.13 

BF550246  Transcribed sequence with strong similarity to protei
ref:NP_001302.1 (H.sapiens) cysteine-rich protein 1 BS NDD NDD 3.01 1.97 

CER -2.17 1.32 3.35 2.08 BF556648  Rat metallothionein-2 and metallothionein-1 
genes, complete cds BS -1.65 1.43 9.09 3.38 

BI290606  
Transcribed sequence with weak similarity to 
protein sp:Q9UMW8 (H.sapiens) UBPI_HUMAN 
Ubiquitin carboxyl-terminal hydrolase 18 

BS NDD 1.48 4.25 5.08 

BI292657 RBM3 RNA binding motif protein 3 BS 2.06 NDD 3.27 2.43 
CER NDD 1.74 3.71 3.26 BM385476 DAMP1 DAMP-1 protein BS NDD 1.72 10.52 6.69 
CER NDD NDD 3.29 4.37 BM386830  Similar to Breast cancer associated protein 

BRAP1  BS NDD NDD 4.81 6.47 
BM387864  Similar to FLI-LRR associated protein-1  BS NDD NDD 5.43 3.29 

BQ189985  Similar to high affinity immunoglobulin gamma Fc 
receptor I  BS NDD 1.37 4.36 4.08 

CER NDD NDD 3.55 3.02 
BQ196451  

Similar to serine (or cysteine) proteinase inhibitor, 
clade B, member 1b; serine (or cysteine) 
proteinase inhibitor, clade B BS NDD NDD 6.79 4.36 

BQ205023  Similar to Protein Phosphatase 2C beta isoform 
(PP2C-beta)  BS NDD NDD 3.78 2.30 

CB545156  

Similar to serine (or cysteine) proteinase inhibitor, 
clade B, member 1b; serine (or cysteine) 
proteinase inhibitor, clade B, (ovalbumin), 
member 1b  

BS NDD NDD 3.53 2.47 

CB548080  Similar to Cask-interacting protein 2  CER NDD NDD NDD -3.09 
NM_012618 S100A4 S100 calcium-binding protein A4 BS 1.18 1.21 5.28 2.78 
NM_012681 TTR transthyretin BS 1.23 1.18 -1.85 -5.57 
NM_012687 TBXAS1 Thromboxane A synthase 1 BS NDD NDD 3.03 2.53 

CER NDD 1.26 7.25 6.74 NM_012771 LYZ lysozyme 
BS NDD 2.08 23.50 15.01 

CER NDD NDD 3.99 3.30 NM_012823 ANX3 Annexin III (Lipocortin III) BS NDD 1.66 8.16 7.38 
NM_012907 APOBEC1 Apolipoprotein B editing complex 1 BS NDD NDD 3.94 3.61 

CER 1.11 1.82 4.33 4.24 NM_019289 ARPC1B Actin related protein 2/3 complex, subunit 1B BS 1.10 1.70 11.05 6.99 
NM_019359 CNN3 Calponin 3, acidic BS 1.12 1.15 3.60 1.85 
NM_022268 PYGL Liver glycogen phosphorylase BS NDD 1.35 7.20 6.01 

CER NDD 1.52 3.38 NDD NM_022393 MGL Macrophage galactose N-acetyl-galactosamine 
specific lectin BS NDD 1.61 5.42 NDD 

NM_022402 ARBP Acidic ribosomal protein P0 BS 1.08 1.00 3.04 2.53 
NM_030832 FABP7 Fatty acid binding protein 7 BS 1.18 1.28 3.27 2.60 
NM_031136 TMSB4X Thymosin beta-4 BS -1.11 1.34 3.02 2.10 

CER NDD NDD 4.90 4.14 NM_031634 MEFV Mediterranean fever BS NDD NDD 9.34 7.02 
CER NDD NDD 2.51 3.42 NM_031741 Slc2a5 Rattus norvegicus solute carrier family 2, member 

5 (Slc2a5) BS NDD NDD 4.69 6.09 
NM_031971 HSPA1A Heat shock 70kD protein 1A BS -1.76 2.33 -1.92 -3.45 
NM_053299 UBD Ubiquitin D BS NDD NDD 5.97 4.78 
NM_053687 SLFN4 Schlafen 4 BS NDD NDD 4.31 5.00 

CER -1.10 1.19 3.31 3.00 NM_053843 FCGR3 Fc receptor, IgG, low affinity III BS NDD 1.35 7.18 3.50 
CER NDD 1.24 3.90 3.87 NM_133298 GPNMB Glycoprotein (transmembrane) nmb 
BS NDD 1.36 9.89 4.98 

NM_134390 TORID TORID BS NDD NDD 2.60 3.17 
X73371 FCGR2B Fc receptor, IgG, low affinity IIb CER NDD NDD 5.76 5.16 
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   BS NDD 1.85 9.45 6.51 
AJ302054 DLM1  BS NDD NDD 3.97 4.72 
AW524529 NREP  BS 1.83 1.09 -3.02 -2.91 

BQ211140  
Similar to mouse T-cell activation Rho GTPase 
activating protein; clone MGC:31468 
IMAGE:4483459 

BS NDD 1.68 5.32 3.89 

NM_134353 PABPC1 Similar to Mouse pentylenetetrazol-related mRNA 
PTZ-17 (3UTR of E3.1) BS 1.14 1.31 3.89 2.77 

AA858647 NP Nucleoside phosphorylase BS 1.10 1.22 4.36 2.71 
CER NDD NDD 3.47 3.83 AW526982 TLR2 Toll-like receptor 2 variant 1 BS NDD NDD 5.77 5.19 

BE107038 MSN Moesin BS NDD 1.17 4.38 2.72 
BE114643 LAMP1 Lysosomal membrane glycoprotein 1 BS NDD NDD 2.77 3.90 
BF556415 UBE4A Ubiquitin conjugation factor E4 A CER NDD 3.00 NDD NDD 

CER NDD NDD 3.66 4.47 BI285246 FUT4 Alpha 1,3-fucosyltransferase Fuc-T (similar to 
mouse Fut4) BS NDD NDD 3.57 3.19 

NM_031549 TAGLN Transgelin BS NDD 1.15 3.54 1.81 
NM_031776 GDA Guanine deaminase BS NDD 1.68 4.18 3.03 
NM_032082 HAO3 Hydroxyacid oxidase (glycolate oxidase) 3 CER NDD NDD NDD -4.91 
NM_053372 SLPI Secretory leukocyte protease inhibitor BS NDD 1.33 5.19 3.33 
NM_138913 OAS1 25 oligoadenylate synthetase BS NDD 2.00 6.20 9.01 
NM_139194 TNFRSF6  BS NDD NDD 3.72 1.93 

 
Gene expression regulation was examined by microarray analysis in the cerebellum and brain stem of Lewis rats 
at day 9, 11, 14, and 17 of acute EAE. Gene expression was compared to that in CFA control rats. Differentially 
expressed genes with a fold change >3 are listed and grouped by biological function. RNA expression was studied 
in 2 rats per time point in 4 microarrays per time point. CER, cerebellum; BS, brainstem; NDD, not differentially 
detected. 
 
 
Microarray analysis of acute EAE 
RNA expression was studied in the cerebellum and brainstem of EAE rats using rat 
Agilent Oligo Microarray before onset of clinical disease (day 9 after immunization), at 
the onset of disease (day 11), at the peak of disease (day 14), and after recovery (day 
17) and compared to RNA expression in CFA control animals. After normalization of the 
raw data, data were filtered and a threshold was set at a fold change of >1.5. This low 
stringent filtering revealed 825 differentially expressed genes in the cerebellum and 2264 
in the brain stem. When the stringency was increased to a fold change >3, 80 
differentially expressed genes were found in the cerebellum and 240 in the brain stem. 
Differentially expressed genes with fold change >3 are grouped according their functions 
in Table 1.  

Next, gene expression alterations in the course of time were analysed using relative 
least square differences, i.e. variance score, between clinical score and changes in 
expression for each gene. This approach revealed three groups of genes with distinct 
expression patterns in the course of acute EAE (Table 2 and Figure 2). Expression of the 
group of genes with highest variance score (> 10.000) did not correlate with the clinical 
scores. The majority of these genes revealed normal or elevated expression at day 9 
before the onset of disease, which rapidly decreased with disease progression. This 
group, which we name ‘preclinical’ genes, includes predominantly CNS genes, like 
neurogenic differentiation 1 (neuroD1), Gabra6, and molecules involved in signal 
transduction, such as c-fos and Src-like adaptor. Expression of the group of genes with 
the lowest variance score (< 1000) correlated with the course of clinical scores, with low 
expression at day 9, increased expression at day 11, which further increases at day 14, 
and low fold changes at day 17. We propose to name this group of genes ‘clinical’ 
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genes, which includes various chemokines and leukocyte specific antigens (Table 2). 
Expression of the third group of genes with an intermediate variance score initially 
followed clinical scores, but remained elevated in the recovery phase. This group of 
genes, the ‘recovery’ genes, includes various complement factors, Fc receptors, a 
number of genes involved in antigen presentation and processing, and the endogenous 
antioxidant heme oxygenase-1 (HO-1). Regulated gene expression was validated for a 
selected number of genes at day 14 and day 17 of EAE using real-time quantitative 
PCR, which confirmed the microarray data for the majority of the genes (data not 
shown).  
 
 
 

 
Figure 2. Microarray analysis reveals three distinct patterns of gene expression in the course of acute 
EAE. Calculation of least square differences between normalized clinical scores and normalized fold changes 
reveals that three groups of genes can be distinguished; group 1, with enhanced expression in the first phase of 
EAE (‘preclinical’), group 2, which follows the course of clinical scores (‘clinical’), and group 3, with expression that 
remains increased in the recovery phase of EAE (‘recovery’). The genes are listed in table 2. 
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Table 2. Time-course analysis of mRNA expression reveals three distinct gene expression patterns in the 
course of acute EAE. 
 

Accession number Discription 

1 Preclinical genes 
NM_019218 Neurogenic differentiation 1 
X06769 c-fos 
AI500952 Src-like adaptor 
NM_021841 gamma-aminobutyric acid A receptor, alpha 6 (Gabra6) 
NM_139090 Activin receptor-like kinase 7 
NM_053608 Potassium inwardly-rectifying channel, subfamily J, member 13 
AA900269 haemoglobin alpha chain 
AI406759 carbonic anhydrase VIII 
BF288995 triggering receptor TREM-2A  
BF407610 Heat shock 70kD protein 1A 
BI292657 RNA binding motif protein 3 
CB548080 Cask-interacting protein 2  
NM_012681 transthyretin 
NM_031971 Heat shock 70kD protein 1A 
NM_032082 Hydroxyacid oxidase (glycolate oxidase) 3 
  
2 Clinical genes 
NM_017257 protease (prosome, macropain) 28 subunit, beta (Psme2) 
NM_017187 High mobility group box 2 
BF523891 Pre-B-cell colony-enhancing factor 
NM_023987 Inhibitor of apoptosis protein 1 
NM_130741 Lipocalin 2 
NM_019233 chemokine (C-C motif) ligand 20 
NM_031530 Chemokine (C-C motif) ligand 2 
NM_139089 Chemokine (C-X-C motif) ligand 10 
BF555791 Chemokine (C-X-C motif) ligand 11 
NM_022634 Leukocyte specific transcript 1 
NM_030848 Bone marrow stromal cell antigen 1 
BE108276 Shc SH2-domain binding protein 1 
NM_031140 vimentin 
BE108837 Centromeric protein E 
AI102920 ubiquitin-conjugating enzyme E2C 
NM_012618 S100 calcium-binding protein A4 
NM_019359 Calponin 3 
NM_022393 Macrophage galactose N-acetyl-galactosamine specific lectin 
BF556415 Ubiquitin conjugation factor E4 A 
  
3 Recovery genes 
BF555960 RT1 class II, locus Ba 
BM392398 lysosomal thiol reductase precursor  
NM_012512 Beta-2 microglobulin 
NM_012645 RT1 class Ib, locus Aw2 
BF284803 interferon regulatory factor 7 
NM_031642 Core promoter element binding protein 
AA818798 cathepsin Y  
NM_053783 Interferon gamma receptor 
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AI411618 C1q C chain  
AI412156 Palmitoyl-protein thioesterase 2 
NM_019262 Complement component 1, q subcomponent, beta polypeptide 
NM_130409 Complement component factor h 
NM_138900 Complement component 1, s subcomponent 
AI412156 Complement component 4a 
NM_172222 Complement component 2 
AA874924 MD-1 
AI010476 EN-7 protein 
AW915488 DAP12 
CA508940 Interferon-gamma inducible gene, Puma-g 
NM_053542 Guanine nucleotide binding protein, alpha Gna15 
AA874884 Heme oxygenase 1 
AA858732 lysozyme 
AI011757 Transmembrane receptor FcgammaRIII-X 
BM385476 DAMP-1 protein 
BQ189985 high affinity immunoglobulin gamma Fc receptor I 
NM_019289 Actin related protein 2/3 complex, subunit 1B 
NM_053843 Fc receptor, IgG, low affinity III 
NM_133298 Glycoprotein (transmembrane) nmb 
NM_138913 25 oligoadenylate synthetase 
 
 
mRNA expression of antioxidant enzymes in the course of acute EAE 
Microarray analysis revealed that a number of genes involved in redox regulation 
showed enhanced expression in the brainstem and cerebellum in the course of acute 
EAE. Since ROS play an important role in the pathology of MS and EAE, we studied 
regulation of gene expression of antioxidant enzymes in the course of EAE in more detail 
using real-time quantitative PCR. Figure 3 shows fold changes of mRNA levels of HO-1, 
superoxide dismutase 2 (SOD2), and NAD(P)H:quinine oxidoreductase 1 (NQO1) in the 
brainstem in the course of acute EAE. Before the onset of disease at day 9, gene 
expression of HO-1, NQO1 and SOD2 was unchanged compared to CFA controls. At 
day 11, expression of HO-1 (1.9 ± 0.45 times increased expression compared to CFA 
control, figure 3A and D) and SOD2 (1.7 ± 0.50 fold change, Figure 3B and D) was 
slightly increased, whereas NQO1 showed reduced expression (0.7 ± 1.10 fold change, 
p<0.05, Figure 3C and D). At day 14, mRNA expression of HO-1 (6.2 ± 1.29 fold change, 
p<0.01, Figure 3A and D), SOD2 (2.2 ± 0.33 fold change, p<0.05, Figure 3B and D), and 
NQO1 (1.6 ± 0.18 fold change, p<0.05, Figure 3C and D) was significantly increased. 
During the recovery phase at day 17, expression of SOD2 and NQO1 returned to 
baseline level, whereas HO-1 expression was still significantly increased (4.4 ± 0.98 fold 
change, p<0.05, Figure 3A and D). 
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Figure 3. Quantitative real-time PCR analysis of genes coding for endogenous antioxidant enzymes in the 
course of acute EAE. Gene expression of antioxidant enzymes HO-1 (A), SOD2 (B), and NQO1 (C) was 
analyzed using quantitative PCR in the brainstem of EAE animals at day 9 (n=2), 11 (n=7), 14 (n=7), and 17 (n=6) 
of EAE. mRNA expression is expressed as fold change compared to CFA control animals for each individual 
animal. Dotted line indicates fold change 1.0 (unchanged mRNA expression compared to CFA control animals), 
solid line indicates mean fold change per time point. (D), Summary of gene expression of the antioxidant enzymes 
in A,B, and C. Data are expressed as fold change (mean ± SEM, compared to CFA control). *, p<0.05, **, p<0.01, 
statistically different from 1.0, by means of single-column t-test. 
 
 
Protein expression of antioxidant enzymes in the course of acute EAE 
To investigate whether enhanced transcription of genes encoding endogenous 
antioxidant enzymes is reflected by increased protein expression, and to identify the 
cellular source, we studied the distribution of several antioxidant enzymes in the brain 
stem and cerebellum in the course of acute EAE. In the brainstem and cerebellum of 
CFA control animals we observed a weak immunostaining of SOD-2 (Figure 4A), HO-1 
(Figure 5A) and NQO1 (data not shown) in glial cells. In addition, HO-1 was clearly 
expressed by Purkinje cells (Figure 5A). At day 11, but particularly at the peak of the 
disease, antioxidant enzymes, including SOD-2 (Figure 4B-D) and HO-1 (Figure 5B-D), 
were markedly upregulated in the vicinity of ED1-positive perivascular infiltrates in both 
brain stem and cerebellum. SOD2 (Figure 4B, D, E) and NQO1 (data not shown) were 
mainly expressed by infiltrating macrophages, while HO-1 immunoreactivity was 
predominantly associated with astrocytes surrounding infiltrated macrophages (Figure 
5B, D, E).  
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Figure 4. SOD2 protein expression in EAE brain tissue. (A), Weak SOD2 immunostaining of blood vessels 
(arrow) and glial cells (arrowhead) in brain tissue of CFA control animals. (B), At day 14, SOD-2 immunoreactivity 
is strikingly increased in areas with perivascular leukocyte infiltrates. SOD-2-immunoreactivity (C) markedly 
colocalised with infiltrating macrophages (D, E). (A, B, C), Magnification 20x, counterstained with haematoxylin. 
(D, E), Magnification 40x. 
 
 
Enhanced nitrotyrosine staining in EAE lesions  
Since gene transcription of HO-1, SOD2, and NQO1 can be induced by oxidative stress, 
we studied whether oxidative damage is present in EAE lesions. To detect the presence 
of oxidative damage in the CNS of rats suffering from acute EAE, brain sections were 
stained with polyclonal antibodies directed against nitrotyrosine, a marker for 
peroxynitrite-induced damage. Nitrotyrosine immunoreactivity was present in 
macrophage infiltrates and in microglia surrounding infiltrated macrophages at day 14 
and 17 of EAE (Figure 6), indicating the presence of oxidative injury in EAE lesions. 
 
Reduced expression of antioxidant enzymes in EAE animals treated with the antioxidant 
α-lipoic acid 
Treatment of EAE animals with the antioxidant α-lipoic acid inhibited clinical signs and 
macrophage infiltration (Figure 7A, as reported before16). To extend previously reported 
data with those obtained in the present study, brain stem sections of EAE animals 
treated with α-lipoic acid were stained for HO-1 and SOD2. In the CNS of α-lipoic acid 
treated EAE animals, expression of antioxidant enzymes HO-1 (Figure 7B) and SOD2 
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(Figure 7C) was completely reduced at day 14 compared to vehicle treated animals. 
These reductions were in line with the reduction in inflammatory infiltrates and clinical 
scores obtained with α-lipoic acid treatment. Weak expression of HO-1 and SOD2 in glial 
cells α-lipoic acid treated EAE animals was similar to the expression of these antioxidant 
enzymes in CFA control animals. 
 
 

 
 

Figure 5. HO-1 protein expression in EAE brain tissue. (A), In brain tissue of CFA control animals anti-HO-1 
stained Purkinje cells (arrow). (B), Enhanced HO-1 immunostaining in close vicinity to perivascular macrophage 
infiltrates. HO-1 staining (C) showed no clear overlap with ED1-positive macrophages (D), but localized to 
astroglial cells (E, merged picture of C and D). (A, B, C), Magnification 20x, counterstained with haematoxylin. (D, 
E), Magnification 40x. 
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Discussion 
The present study provides detailed transcriptional changes of groups of genes in the 
course of time of acute EAE using microarray analysis. We demonstrate that 
transcription of a significant number of genes in the cerebellum and brainstem is altered 
in the three phases of EAE (preclinical, clinical, and recovery) compared to controls. 
Upregulated genes represent a number of cellular and humoral networks that are 
pertinent to EAE and consistent with changes observed in MS. We identified three 
groups of genes that have different kinetics in the course of EAE. Interestingly, clinical 
signs and cellular infiltration were paralleled by enhanced transcription of a group of 
antioxidant enzymes, which was unknown thus far. Enhanced gene expression of 
antioxidant enzymes was also reflected in increased antioxidant enzyme protein 
expression, which correlated with disease severity. Antioxidant enzymes were found in 
infiltrated monocyte-derived macrophages and in astrocytes within EAE lesions. Similar 
areas were found positive for nitrotyrosine, indicating the occurrence of oxidative stress. 
Treatment with the antioxidant α-lipoic acid, which inhibits the development of clinical 
signs and monocyte infiltration in acute EAE16, reduced the expression of antioxidant 
enzymes, suggesting that enhanced expression of antioxidant enzyme systems in EAE 
lesions is caused by leukocyte infiltration and concomitant oxidative stress. 

We analyzed alterations in gene expression in the cerebellum and brain stem at four 
distinct time points after induction of acute EAE. Comparison of normalized gene 
expression profiles with normalized clinical scores revealed three groups of genes with 
distinct expression patterns in the course of acute EAE. Since we used stringent filtering 
for least square differences, we postulate that groups of genes that follow similar course 
of expression represent homogeneous cellular or humoral compartments in the CNS. 
 

 
 

Figure 6. Nitrotyrosine immunohistochemistry in EAE brain stem. Oxidative stress is raised in the CNS at day 
14 and day 17 of acute EAE as indicated by nitrotyrosine staining. Nitrotyrosine production was most extensive in 
leukocyte infiltrates. Magnification 40x, counterstained with haematoxylin. 
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Time-course analysis: genes with ‘preclinical’ expression 
Expression of the first group of genes followed a course that was very distinct from the 
clinical scores. We propose to name this group ‘preclinical’ genes, since the majority of 
genes revealed high expression at the start of disease, which declined when the disease 
progressed. A number of genes belonging to this group, such as neuroD1 and Gabra6, 
are specifically expressed in the CNS. NeuroD1 is involved in the regulation of 
neurodevelopment. Gabra6 is a ligand-gated chloride channel subunit, regulated by 
gamma-amino butyric acid (GABA), the major inhibitory neurotransmitter in the 
mammalian brain. Also represented in the ‘preclinical’ group are molecules involved in 
signal transduction, such as c-fos and Src-like adaptor. Interestingly, enhanced gene 
expression of c-fos has been described in active and inactive MS lesions28. Since 
enhanced expression of these genes precedes cellular infiltration and clinical signs, this 
group may represent genes that are dysregulated within the CNS upon the induction of 
inflammation. Since this group represents genes that are expressed in an early phase of 
the disease and may play a role in the development of EAE, this group may also contain 
interesting targets for therapeutic use.  
 
Time-course analysis: genes with ‘clinical’ expression 
The time-course of differentially expressed genes in the second group reflected the 
disease development in terms of severity of the disease and paralleled cellular influx in 
the CNS. We propose to name this group ‘clinical’ genes, since expression of genes 
within this group is primarily enhanced at the peak of EAE. The ‘clinical’ group included a 
number of chemokines, which play a role in the recruitment of inflammatory cells. Among 
the most strikingly upregulated genes were the chemokines CXCL10 and CCL2, 
chemoattractants for activated T cells and monocytes/macrophages. CXCL10 and CCL2 
showed significant enhanced expression from day 11 to day 17, with maximum 
expression at day 14. In previous studies, CXCL10 gene expression was also  
 
 

 
 

Figure 7. Reduced protein expression of antioxidant enzymes in EAE animals treated with the antioxidant 
α-lipoic acid. (A), Immunohistochemistry for ED1 in the brainstem of α-lipoic acid treated EAE animals sacrificed 
at day 14 after immunization, indicating that α-lipoic acid completely inhibits macrophage infiltration in the CNS. 
(B, C), Weak HO-1 (B) and SOD2 (C) immunostaining of glial cells (arrow) in the brain stem of α-lipoic acid treated 
EAE animals. Magnification 20x, counterstained with haematoxylin. 
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considerably increased during EAE12;13. Infiltration of pathogenic T cells into the CNS 
has been correlated with the expression of CXCL1029. CCL2 and its receptor CCR2 are 
thought to play a crucial role in recruiting infiltrating inflammatory cells to the CNS (for 
review see30. CCL2 is mapped on an EAE susceptibility locus31 and treatment with anti-
CCL2 antibodies reduces disease severity32. Moreover, CCR2 knockout mice are 
resistant to EAE33. Accordingly, enhanced expression of CCL2 and CXCL10 has been 
reported in post-mortem CNS tissue of MS patients34-37.  

Interestingly, we found the upregulation of various prosomes (Psme1, 2, 8, 9), which 
followed the expression pattern of the ‘clinical’ group. Prosomes play a role in the 
activation of the proteasome and the generation of peptides for MHC class I mediated 
antigen presentation and are probably expressed by infiltrated macrophages or activated 
glial cells38. 

Most likely, the ‘clinical’ group mainly represents gene expression by infiltrated 
lymphocytes and monocytes. However, activated brain endothelial cells, microglia, and 
astrocytes may also be a source of increased RNA levels of ‘peak-pathology’ genes. For 
instance, it has been described that astrocytes and microglia produce inflammatory 
cytokines during neuroinflammation39;40, which may account for our findings.  
 
Time-course analysis: genes with ‘recovery’ expression 
Interestingly, a high number of genes were still differentially expressed in the recovery 
phase of EAE. Expression of these genes initially followed clinical scores, but remained 
elevated at day 17. We propose to term this group ‘recovery’ genes. Within this third 
group, we found several genes involved in antigen presentation and processing, 
including MHC class II molecules and β-2-microglobulin, which plays a role in the 
assembly and surface expression of MHC class I molecules. In addition, this group of 
genes included various complement factors like complement components C1q, C2, and 
C4a. Previous studies also showed enhanced expression of complement components 
and molecules involved in antigen presentation and processing during EAE11-13. In the 
recovery phase, macrophages are still present in the CNS. The presence of 
macrophages may account for ongoing enhanced expression of inflammatory genes and 
macrophage receptors without causing clinical symptoms41. In addition, enhanced gene 
expression in the recovery phase of EAE may be involved in the induction of tolerance 
and may be associated with the monophasic course of the disease42. Furthermore, CNS 
cells, such as astrocytes, may be actively involved in the recovery of EAE, inducing 
enhanced gene transcription43.  
 
Expression of endogenous antioxidant enzymes in the course of acute EAE 
Since oxidative stress is a hallmark of MS and EAE and microarray analysis revealed 
altered expression of a number of redox related genes, expression of redox enzymes in 
the course of EAE was studied in more detail. Quantitative PCR and 
immunohistochemistry showed that expression of the antioxidant enzymes HO-1, SOD2, 
and NQO1 was increased in the course of acute EAE. HO-1, SOD2, and NQO1 are 
phase II detoxification enzymes, which are involved in the protection against ROS-
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mediated toxicity. Transcription of these enzymes is mediated via the Nrf2-ARE pathway, 
which is activated in response to oxidative stress. In MS lesions, gene expression of 
SOD and GPx, both ARE-regulated genes, is significantly increased44. Interestingly, 
upregulation of HO-1, SOD, and catalase via specific enzyme inducers or viral vectors 
has been shown to ameliorate EAE45-47, suggesting a protective role of ARE-regulated 
enzymes in the development of the disease. 

Enhanced gene expression of SOD2 and NQO1 was predominantly found at the 
peak of disease and returned to baseline levels at the end of disease, following the 
expression pattern of group 2 (‘clinical’ expression). In line with our hypothesis that the 
‘clinical’ group represents mRNA originating from infiltrated leukocytes, SOD2 and NQO1 
are primarily expressed by macrophages within inflammatory EAE lesions. Recently, we 
showed a similar cellular source for the antioxidant enzyme NQO1 in MS lesions48. Gene 
expression of HO-1 was enhanced at the peak of disease and remained elevated in the 
recovery phase, thus following the expression pattern of ‘recovery’ genes. Protein 
expression of HO-1 was mainly found in astrocytes in inflammatory EAE lesions, and 
less in infiltrated macrophages. Astrocytes expressing enhanced levels of HO-1 may be 
involved in repair of damage caused by inflammation. Previously, a significant increase 
in HO-1-immunoreactive astrocytes was reported in spinal cord lesions from MS patients 
compared to spinal white matter of normal subjects49. In the CNS, expression of 
Nrf2/ARE driven enzymes preferentially occurs in astrocytes and much less in neurons, 
microglia or oligodendrocytes50-53. In addition, it has been described that the Nrf2/ARE 
pathway plays an important role in antioxidant defence in macrophages54, which 
corresponds to our findings that endogenous antioxidant enzymes are predominantly 
expressed in astrocytes and infiltrated macrophages within EAE lesions.  

In the vicinity of infiltrated macrophages, enhanced nitrotyrosine immunoreactivity 
was detected, which was previously observed in other EAE models55-57, demonstrating 
the local occurrence of oxidative damage in EAE lesions. In addition, we show that 
treatment with the antioxidant α-lipoic acid, which prevents monocyte infiltration and 
reduces the development of clinical signs in acute EAE16, decreases the expression of 
endogenous antioxidant enzymes in brains of EAE animals. These data suggest that 
infiltrated macrophages, which are known to produce high levels of ROS upon activation, 
are the major source of local oxidative stress in EAE lesions. 

In conclusion, the present study shows a comprehensive overview of transcriptional 
changes in acute EAE in the Lewis rat in time. We identified yet unknown groups of 
genes participating in different mechanisms underlying neuroinflammation, including 
genes involved in detoxification of oxidants, which may provide novel targets for future 
treatment strategies in MS. In addition, we observed enhanced expression of 
endogenous antioxidant enzymes, which was primarily found in reactive astrocytes and 
infiltrated macrophages and correlated with disease severity. Our data suggest that 
infiltrated monocyte-derived macrophages cause local oxidative stress by the production 
of ROS, thus inducing alterations in the cellular redox balance and transcriptional 
activation of the Nrf2/ARE pathway, which eventually leads to enhanced expression of 
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antioxidant enzymes. Our data provide novel insights into gene clusters involved in 
different phases of neuroinflammatory diseases. 
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