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Abstract

We used microarrays to compare the gene expression profile in active lesions and donor-matched normal appearing white matter

(NAWM) from brain autopsy samples of patients with secondary progressive multiple sclerosis (MS) with that from controls who died from

non-neurological diseases. The 123 genes in lesions, and 47 genes in NAWMMS were differentially expressed. Lesions distinguished from

NAWMMS by a higher expression of genes related to immunoglobulin synthesis and neuroglial differentiation, while cellular immune

response elements were equally dysregulated in both tissue compartments. Current results provide molecular evidence of a continuum of

dysfunctional homeostasis and inflammatory changes between lesions and NAWMMS, and support the concept of MS pathogenesis being a

generalised process that involves the entire CNS.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Multiple sclerosis (MS) is believed to result from an

autoimmune reaction against myelin components of the

CNS. The disease is characterized by the formation of

disseminated areas of demyelination and neuronal damage,

called lesions or plaques (Lassmann, 1998). Relapses and

residual disability after relapses are clinical correlates of

plaque formation (Confavreux et al., 2000). However, the

lesion load as depicted by standard MRI sequences and the

number of relapses are only weak determinants for the long-

term clinical outcome, as the disease tends to evolve into a

progressive course in 90% of patients (Weinshenker et al.,

1989), independent of relapses (Confavreux et al., 2000).
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Modern MRI techniques reveal that the so-called normal

appearing white matter (NAWM), the part of the brain that

do not show abnormalities in standard MRI scans, indeed

harbour abnormalities, indicative of a process of diffuse

myelin damage and neuronal loss that may result in pro-

gressive generalized brain atrophy (Filippi et al., 1998; van

Waesberghe et al., 1999; Werring et al., 2000; Lucchinetti et

al., 2000; Bjartmar et al., 2001; Griffin et al., 2002; Fulton et

al., 1999; Filippi et al., 2003). These NAWM abnormalities

commence early in disease, but are much more pronounced

in the phase of secondary progression. The underlying

molecular mechanisms that lead to these extralesional

changes remain largely unknown. Although current MS

therapies, i.e. IFN-h and glatiramer acetate, have a partially

beneficial effect on the disease based on clinical and MRI

measures, they may have little or no impact on the more

diffuse changes, and hence long-term disability (European

Study Group on Interferon beta-1b in Secondary Progres-

sive MS, 1998; Secondary Progressive Efficacy Clinical
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Trial of Recombinant Interferon-beta-1a in MS (SPEC-

TRIMS) Study Group, 2001; Molyneux et al., 2000).

The advent of DNA microarray technology and other

high-throughput methods made it possible to measure tran-

scriptional regulation of thousands of known and expressed-

sequence-tags (ESTs) simultaneously (Steinman, 2001).

This technique has allowed to define altered gene expres-

sion in PBMC of MS patients (Bomprezzi et al., 2003), and

to delineate genomic effects of MS therapy with IFN-h
(Weinstock-Guttman et al., 2003). To date, seven studies

using large-scale gene expression profiling in MS lesions

(Becker et al., 1997; Whitney et al., 1999, 2001; Chabas et

al., 2001; Lock et al., 2002; Mycko et al., 2003; Tajouri et

al., 2003) have been performed. Quantitative real-time PCR

technique was used in another study to compare the tran-

scriptional expression of 56 cytokines and related targets in

MS lesions of different evolution states (Baranzini et al.,

2000). Both approaches revealed a complex pattern of

mostly known genes related to inflammatory processes that

were differentially expressed in plaques. In contrast, there is

only one study in which NAWM of MS (NAWMMS) has

specifically been studied (Graumann et al., 2003), and no

comparative analysis with lesional tissue has been per-

formed with a comprehensive gene expression analysis

method so far. Based on earlier findings showing an over-

expression of certain matrix metalloproteinases both in

NAWMMS and lesions (Lindberg et al., 2001), we hypoth-

esized that other pathogenetically relevant changes may be

shared in between these two tissue compartments.

In this study, we compared the gene expression pattern

between active-type lesions and donor-matched NAWM

from brain autopsy samples of patients with secondary

progressive MS using AffymetrixR oligonucleotide micro-

arrays and quantitative real-time PCR (RT-PCR). We cate-

gorized differentially expressed genes according to possible

disease-relevant functions, and defined their specificity for

MS tissue by comparison with control brain white matter

from patients, who were not affected by primary neurolog-

ical diseases.
2. Materials and methods

2.1. Brain tissue samples

Autopsy material was obtained via the rapid autopsy

system of the Netherlands Brain Bank, which supplies

postmortem specimens from clinically well documented

and neuropathologically confirmed cases. Once the brain

was removed it was macroscopically examined and imme-

diately dissected following a standard protocol (Lindberg et

al., 2001). Specimens were rapidly frozen in liquid nitrogen

and stored at � 80 jC. From four MS patients, matched

lesion and NAWM (NAWMMS) tissue were studied, from

one patient (96-040) only active lesion and from one patient

(95-057) only NAWMMS tissue was available. All patients
and their next-of-kin had given written consent for autopsy,

and for use of their brain for scientific research.

2.2. Neuropathological evaluation

Staging of MS lesions was performed according to the

classification described (Van der Valk and De Groot, 2000).

Five-micrometer-thick brain tissue sections were stained

with anti-myelin basic protein antibodies (MBP; IgG, Boeh-

ringer; Mannheim, Germany) and with the neutral lipid

marker Oil Red O (ORO) to delineate areas of myelin

breakdown and demyelination. Mouse-anti-human KP1

(CD68; IgG1, Dako; Copenhagen, Denmark) and mouse

anti-human leukocyte common antigen (LCA) (CD45;

IgG1, Dako) antibodies were used to detect leukocyte

infiltration and microglial activation. Markers to detect

activated lymphocytes and astrogliosis were MHC class II

antigen (HLA-DR, Biotest; Dreieich, Germany) anti-cow

glial fibrillary acidic protein (anti-GFAP, Dako), respective-

ly. Sections were stained by the avidin–biotin horseradish

peroxidase complex method (ABC, Vector Laboratories;

Burlingame, CA) using 3,3V-diaminobenzidine tetrachloride

(DAB) as a chromogen.

2.3. Isolation of RNA from brain tissue

Approximately 100 mg of brain tissue was suspended in

1 ml RNAzol (AMS Biotechnology; Bioggio, Switzerland)

and disrupted for 20 s using FastPrep tubes and a Savant

homogenizer (Bio101; Buena Vista, CA). Total RNA was

isolated according to the manufacturer’s instruction (AMS).

DNAse I treatment (Promega; Wallisellen, Switzerland) was

applied to eliminate genomic DNA interference. Gel elec-

trophoresis and spectrophotometry (k260/k280) were used to

assess RNA quality.

2.4. Synthesis and hybridization of cRNA

Double strand cDNAwas synthesized from 20 Ag of total
RNA using a cDNA Synthesis System (Roche Diagnostics;

Rotkreuz, Switzerland) with the T7-(T)24 primer. The

MEGAScript T7 kit (Ambion; Austin, TX) was used to

transcribe the cDNA into cRNA in the presence of Biotin-

11-CTP and Biotin-16-UTP (Enzo; Farmingdale, NY)

according to the instructions supplied with the kit. After

purification with the RNeasy kit (Qiagen; Hilden, Germany),

integrity of the cRNAwas checked using gel electrophoresis.

10–20 Ag fragmented cRNA were used for hybridization to

the Human U95A array (Affymetrix GeneChipR array;

Santa Clara, CA). The array contained 12633 probe sets,

consisting of 12566 sequences for known or EST genes, and

67 sequences for control oligonucleotides.

Hybridization and staining were performed as de-

scribed previously (Lockhart et al., 1996; De Saizieu et

al., 1998). Arrays were scanned with a confocal laser

scanner (Hewlett-Packard).



Fig. 1. Differentially expressed genes in five lesions as compared to white matter from 12 non-neurologic control patients. Expression levels are reported as the

mean intensity measured using GeneChip software (Affymetrix). The scale extends from the highest mean intensity value (indicated with the strongest red

color) to the lowest value (indicated with black color). Change factor and P values refer to the comparison of mean intensity in lesion vs. mean intensity in

control WM. Sequences are indicated with Affymetrix probe sets. The gene list is truncated for the last 79 genes, change factors for up- and downregulated

genes are marked with blue and yellow, respectively. Genes with significant differential expression both in lesions and NAWMMS are highlighted with light

green.
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2.5. Expression data analysis and filtering criteria

Fluorescence intensities were analyzed with the Micro-

array Suite software, version 5.0 (Affymetrix) and expres-

sion data were analyzed with the RACE-A program

(Hoffmann-La Roche; Basel, Switzerland). The expression

level, ‘‘mean intensity’’, for each gene was determined by

calculating the mean of average differences of all replicates

(perfect match–mismatch oligonucleotides) for each probe

set. Absolute call (score values for present: 1–>0.5, mar-

ginal: 0.5, or absent: < 0.5–0) was defined by Microarray

Suite software. The data filtering criteria applied for the

analysis were as follows: for lesions: (a) change factor >1.5

or <� 1.5, (b) statistical significance (unpaired t-test)

P < 0.025, (c) mean intensity >200 fluorescence units,

indicating that the gene is expressed, (d) call >0.2 ( =more

than 20% present calls). For NAWMMS, we used identical

filtering criteria as for lesions, except for the change factor

(>1.0 or <� 1.0), due to smaller quantitative differences in

gene expression levels as compared to controls. Data

analysis software, RACE-A (Hoffmann-La Roche) calcu-

lates change factors based on the differences of mean

intensities between two conditions (comparative study),

therefore for example change factor 1 corresponds to a

twofold change.

We used cluster and TreeView software (Eisen et al.,

1998) (http://rana.lbl.gov) to create graphical presentation

of microarray data shown as normalized mean intensities

(Fig. 1). Affymetrix gene descriptions are used in Fig. 1,

whereas in Tables 2–5 the sequences are presented both

with respective gene accession numbers and gene symbols.

Probe sets for differentially expressed sequences are cate-

gorized and numbered in the order of magnitude of change

factor for lesions (#1–129) and for NAWMMS (#130–177)

(Tables 2 and 3). For easier identification of genes, this

numbering is used throughout the entire manuscript.

2.6. Validation of microarray data with real-time PCR

Total RNA (100 ng/Al final concentration) was incubat-
ed with 0.5 Ag random hexamer at 70 jC (2 min) and then

reverse-transcribed at 37 jC (1 h) in reaction mix contain-

ing of final concentration of 1� first-strand buffer, 500

AM of each deoxynucleotide triphosphates, 1 U/Al of

Moloney murine leukemia virus reverse transcriptase and

1 U/Al of ribonuclease inhibitor (RNAsin) (all reagents

from Promega; Madison, WI). cDNA was used as a

template for the realtime RT-PCR analysis based on the

5V-nuclease assay (Gibson et al., 1996) with ABI PRISMR
7000 Sequence Detection System (Applied Biosystems, PE

Europe; Rotkreuz, Switzerland) using Assay-on-Demand

primer/probe sets for all targets (Applied Biosystems).

Ribosomal 18S RNA was amplified from all samples on

each plate as a housekeeping gene to normalize expression

levels of targets between different samples, and to monitor

assay reproducibility. Relative quantitation of all targets
was calculated by the comparative cycle threshold method

outlined in user bulletin No. 2 provided by Applied

Biosystems. A nontemplate control (NTC) was included

for each target analyzed.

2.7. Statistical analysis of patient data, and of correlation of

microarray and RT-PCR data

Age and gender of patients, pH of CSF and the net

number of ‘present’ oligonucleotide sequences in-between

patient groups were compared using the Kruskal–Wallis

and the Mann–Whitney test. P values < 0.05 were consid-

ered significant. Linear regression analysis was used to

calculate the correlation coefficiency for comparison of

expression levels measured by microarray and RTPCR.

Quantitative significance of r was calculated by ANOVA.

F values < 0.01 were considered significant.
3. Results

3.1. Characterization of patient material

The clinical characteristics of MS patients and control

subjects are described in Table 1. MS patients (5 women, 1

man; mean age (range) 52 (40–81) years) were all in the

secondary progressive phase of clinically definitive MS

(Lublin and Reingold, 1996), the mean disease duration

(range) was 20 (10–49) years. None of these patients has

been treated with specific immunomodulatory therapies,

such as IFN-h or glatiramer acetate. The pH of CSF

(average [range]) were similar in the MS group and control

group (6.58 [6.30–6.95] and 6.55 [6.22–7.04], respective-

ly; P= 0.96) ensuring equal conditions for RNA stability

and quality (Preece and Cairns, 2003).

The control group consisted of patients (8 women, 4

men) who died from non-neurological diseases and whose

mean age (72 (range 51–91) years) was not different from

MS patients (P>0.05).

All MS lesions were of active demyelinating type as

identified by immunohistochemical staging criteria previ-

ously described (Van der Valk and De Groot, 2000) (not

shown). In NAWMMS and white matter tissue from controls,

no signs of inflammation or myelin loss were detectable

using the markers described in Methods (not shown).

3.2. Microarray analysis of MS tissue

Of the 12,566 probe set sequences surveyed, 35.8%,

36.5% and 35.0% were present (abs callz 0.5) in lesions,

NAWMMS and controls, respectively (P>0.05, Kruskal–

Wallis and Mann–Whitney). In MS lesions, we identified

129 sequences that were differentially regulated (94 up- and

35 downregulated) (Table 2) as compared to controls (Fig.

1, only the 50 genes with the highest up-regulation are

depicted). Accordingly, in NAWMMS, 48 sequences were

 http:\\rana.lbl.gov 


Table 1

Details of multiple sclerosis and control autopsy tissues

Patient

case no.

Diagnosis Duration of

disease (years)

Age

(years)

Gender Postmortem

delay (hh:min)

pH of

CSF

Cause of death Tissue type used for the

analysis

97-160a spMS 11 40 F 7:00 6.33 aspiration pneumonia,

cardiac failure

lesion NAWMMS

96-121a spMS 19 53 F 7:15 6.54 pneumonia lesion NAWMMS

96-040 spMS 11 35 F 5:45 6.41 cachexia lesion –

96-076 spMS 49 81 F 4:15 6.93 cachexia lesion NAWMMS

99-054 spMS 20 58 F 8:10 6.30 suicide lesion NAWMMS

95-057 spMS 10 46 M 8:10 6.95 cachexia – NAWMMS

98-125a Control – 58 F 6:15 6.31 septicaemia, pneumonia WM

94-125a Control – 51 M 6:00 6.50 liposarcoma, ileus WM

98-127a Control – 56 M 5:25 6.55 cardiac infarction WM

98-143 Control – 91 F 4:50 6.49 cachexia WM

98-148 Control – 54 F 5:35 6.40 liver cirrhosis, vascular WM

98-157 Control – 85 M 5:13 6.23 cardiac WM

95-092 Control – 63 F 6:25 6.67 suicide WM

94-063 Control – 74 F 5:35 7.04 mesenterial thrombosis WM

95-062 Control – 80 M 4:30 6.22 renal failure WM

94-074 Control – 85 F 5:11 6.95 pneumonia WM

94-123 Control – 76 F 9:20 6.50 respiratory failure WM

97-008 Control – 88 F 3:45 6.74 cachexia WM

a Same samples used previously (Lindberg et al., 2001).
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differentially expressed (31 up- and 17 downregulated)

(Table 3). Thirty-seven of the 125 sequences (30%) upregu-

lated in lesions or NAWMMS, were not detectable in control

brain tissue.

As a number of genes are represented with two or more

probe sets on the microarray, current results demonstrate

differential regulation of five genes (a-tubulin (#55,62), h-
tubulin (#69,73,78), CAP2 (#59,64,72), CAMK2G (#7,12)

(Table 2) and MAF (#130,133) (Table 3)) with independent

sequences; change factors and P values of redundant

sequences (indicated by brackets on Table 2 and 3) were

highly congruent which supports that measurements of gene

expression levels with microarrays are technically consistent

and of quantitative character.

Seventy percent (123/177) of sequences that were signif-

icantly regulated in either lesions or NAWMMS showed

transcriptional changes into the same direction in the respec-

tive other tissue compartment. However, only eight genes

reached the set significance levels for differential expression

in both lesions and NAWMMS (marked with green in Fig. 1

and Tables 2–4). In contrast, up-regulation was specific for

51 genes in lesions and for 3 genes in NAWMMS, as

expression was not different from levels in control in the

respective other MS tissue compartment (gene numbers

marked with brown background in Tables 2–4). We could

not identify any gene that showed significant inverse regu-

lation in lesions as compared to NAWMMS.

3.3. Validation of microarray data with real-time PCR

In order to validate the results of microarray analysis, we

measured the transcriptional regulation of 22 randomly

chosen genes regulated in lesions or NAWMMS using

quantitative real-time PCR (Table 4). Among those, four
out of eight targets were included that showed significant

regulation in both lesions and NAWMMS. Table 4 summa-

rizes the results of statistical analysis of all genes compar-

atively analysed: RT-PCR-based measurements confirmed

those of microarray analysis for more than 92% (20/22) of

genes, including those four, which were significantly down-

regulated in both lesions and NAWMMS. The two genes

whose differential expression could not be confirmed by RT-

PCR were FANCC (#139) and IRF5 (#145); in both, the

sequences of primer/probe sets used for RT-PCR did not

overlap with those on the gene chip.

3.4. Gene categorization

We categorized differentially expressed genes into four

functional groups, i.e. (a) transcriptional control, (b) im-

mune response, (c) neural homeostasis and (d) unknown, to

delineate specific patterns of gene regulation linked to

inflammation and degeneration in the two tissue compart-

ments of MS (Tables 2 and 3).

3.4.1. Lesions

Inflammatory changes are believed to be the pathoana-

tomical hallmark of active lesions as analyzed here. Hence,

genes involved in immune response were expected to be the

prevailing category in this tissue compartment. However,

only 21% (26/123) of differentially regulated genes fell in

this category which we subcategorized into genes involved

in humoral and cellular immune response (Table 2). Al-

though 77% (20/26) belonged to the latter group, the four

genes with the highest change factor (#21,22,23,24) as

compared to controls encode all for various immunoglobu-

lin sequences, emphasizing the preeminent role of a specific

humoral immune response in lesions. Quantitatively, their



Table 2

Categorization of differentially expressed genes in lesions
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Table 2 (continued)
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change factors ranged highest among all upregulated genes

in MS tissue. Half (13/26) of immune response genes were

downregulated. Here, the most striking feature is that many

of them, like cre-bp1 (#38), testican-3 (#39), LAMP 2 (#40),

SPOCK (#41), and TGF-h3 (#45), exert anti-inflammatory

properties, suggesting a functional deficit of genes counter-

regulating excessive inflammation.

Differentially regulated genes operative in neural homeo-

stasis formed the largest category (45/123, 37%) and out-

numbered immune-related genes by almost a factor of 2. Of

those, two thirds regulated specific functional systems, such

as vesicle recycling, cell trafficking and synaptic neuro-

transmission as opposed to genes coding for cytoskeleton

proteins (tubulins #55,62,69,73,78), and genes functionally

related to microtubules (STMN2 #49, doublecortin #75) and

actin filaments (CAP2 #59,64,72). Interestingly, reticulon

(#76), which is known to inhibit neuronal regeneration, was

upregulated, whereas presenilin (#93), which is involved in

neuronal degeneration, was downregulated. Genes for neu-

rofilament light (NF-L) and medium (NF-M) subunits were

highly upregulated (change factors 30.99 and 9.24, respec-

tively), but did not match the set significance levels

(P= 0.048 and 0.037, respectively) on microarrays. With

RT-PCR analysis instead, differential regulation in lesions

could be confirmed for both genes (P < 0.006).

3.4.2. NAWMMS

Immune-related genes represented the predominant cat-

egory regulated in NAWMMS; with 40% (19/47), the score
was almost double as high as in lesions (Table 3). Most of

these genes are involved in signaling and effector functions

of the cellular immune response, i.e. blood–brain barrier

(BBB) disruption and leukocyte extravasation (e.g. MMP-2

#146) (Rosenberg, 2002) and lymphocyte activation (e.g.

IL-1h-convertase #141), whereas only few upregulated

genes are involved in specific humoral immune response

processes. As in lesions, the anti-inflammatory genes TGF-

h3 (#156) and cre-bp-1 (#154) that downregulate MMP

activities (Blavier et al., 2001) showed decreased expression

levels. Of note, of the eight genes significantly regulated

both in NAWMMS and lesions, all but one (87%) were

downregulated.

3.4.3. Genes involved in transcriptional control or with

unknown functions

Many differentially regulated genes could not be

assigned to a specific function in MS pathogenesis. This

applies for the category of pleiotropic genes involved in

transcriptional control and a large series of genes whose

protein product (28% (35/123) in lesions, and 17% (8/47) in

NAWM) remains currently unknown.

3.5. Additional genes found to be differentially regulated in

MS in other largescale expression analysis studies

Microarray analysis could confirm upregulated expres-

sion in lesions and/or NAWMMS for only five genes (IgE
chain (#23), CACNB2 (#63), SPOCK (#41), TGF-h3
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Table 4

Validation of microarray data with real-time PCR
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(#45,156), vimentin (#162)) identified by others, but failed

to do so for 15 other genes operative for immune functions

and neural homeostasis (Table 5) (Becker et al., 1997;

Whitney et al., 1999, 2001; Chabas et al., 2001; Lock et

al., 2002; Baranzini et al., 1999). We therefore evaluated our

microarray data more closely for the latter group and

measured, where possible, expression levels by RT-PCR.

Table 5 shows that in 93% (14/15) of these genes transcrip-

tional changes in MS tissue, as measured by RT-PCR,

pointed into the same direction as described in earlier

publications, although they were not identified by micro-

array due to their failure to match set levels for statistical

significance (P < 0.025) or change factor (� 1.0>x>1.0).
4. Discussion

Since the first descriptions of MS by Cruveilhier and

Carswell in the early 19th century, the disseminated forma-

tion of focal lesions, was believed to be the pathoanatomical

hallmark of MS (Compston, 1998). In contrast, the sur-

rounding white matter seemed to be unaffected on macro-

scopic inspection. However, subtle histopathological

alterations, such as edema (Dousset et al., 1992), demyelin-

ation (Griffin et al., 2002), gliosis and axonal damage

(Bjartmar et al., 2003), can be detected there and imply an

active disease process outside of lesions which led to the

introduction of the term ‘normal appearing white matter’

(NAWM) in the early 1970s (Suzuki et al., 1973). These
NAWM changes develop independently of BBB damage

and contribute eventually to progressive brain atrophy

which is the preeminent determinant for long-term disability

(for review, see Fisher and Rudick, 2003). Microarray

technology provides an ideal tool to study the network of

transcriptional gene regulation in MS (Dyment and Ebers,

2002). Earlier studies using microarrays or other high-

throughput techniques have established pronounced differ-

ences in transcriptional gene expression in MS lesions

(Becker et al., 1997; Whitney et al., 1999, 2001; Chabas

et al., 2001; Lock et al., 2002; Tajouri et al., 2003). These

reports did not reveal a consistent pattern of gene regulation

as they based on the analysis from only one (Becker et al.,

1997; Whitney et al., 1999) or few patients (Whitney et al.,

2001; Chabas et al., 2001; Lock et al., 2002) of mixed

(relapsing–remitting/secondary progressive and primary

progressive) types of MS, and of different stages of plaque

evolution (Whitney et al., 1999, 2001; Chabas et al., 2001;

Lock et al., 2002; Tajouri et al., 2003). Lock et al. (2002)

were the first to define specific genes upregulated during

certain phases of plaque formation: the immunoglobulin Fc

receptor was found to be upregulated in chronic inactive

lesions, while G-CSF was upregulated in acute lesions.

However, all these studies focused on lesional changes, as

compared to normal control brain tissue (Becker et al.,

1997; Whitney et al., 2001; Chabas et al., 2001, 2002), or

donor-matched NAWM (Whitney et al., 1999; Tajouri et al.,

2003), which precluded the definition of a specific gene

expression pattern in NAWM in MS.
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Comparison of the genes, which were reported in the literature to be differentially expressed in MS tissue compared to control WM R
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Here we present a comparative study of gene expression

analysis in active lesions and NAWM from patients with

spMS, vis-à-vis brain tissue from age-matched control

subjects. Special emphasis was put on stratified sample

cohorts to exclude possible confounding factors such as a

tissue pH, gender and postmortem delay that could interfere

with gene expression measurements. The goal was to

delineate clusters of functionally interconnected genes that

are differentially regulated in lesions and NAWM of MS,

and to compare their relative expression between these two

compartments. Real-time PCR, the current gold standard

method for quantitation of transcriptional gene regulation,

was used to validate results of the semiquantitative micro-

array. Statistically congruent results were obtained in over

92% of comparative analysis which confirms the technical

reliability of gene chip analysis. Our main finding is that in

MS, NAWM and lesions do not form discrete compartments

with respect to transcriptional expression patterns, but show

a continuum of differential regulation. Over 70% of genes

significantly regulated in one location showed similar

changes, although quantitatively less pronounced, in the

other, whereas only a minority demonstrated transcriptional

changes restricted to either tissue compartment.

Confirming data from Lock et al. (2002), many of the

‘usual suspects’ considered important in MS, e.g. TNF-a/

h, IFN-g, IL-12, were not upregulated in the present MS

tissue specimen. The importance of comparing lesions and

NAWM in MS side-by-side is exemplified by caspase-1

(IL-1h-convertase). Others have found upregulation of this

gene on the transcriptional and protein level in different

stages of plaques as compared to normal control tissue

(Ming et al., 2002). Present results demonstrate transcrip-

tional upregulation in NAWMMS and we conclude that this

gene may not be specific for lesion formation. The

principal difference that distinguishes lesions from

NAWMMS is a far higher upregulation of genes that are

directly (Ig synthesis) or indirectly (IL-6R) related to a

specific humoral immune response. Cellular immune re-

sponse elements instead are similarly upregulated in both

lesions and NAWMMS and represent the prevailing cate-

gory in the latter. This supports the concept that the

cellular immune response is not sufficient for lesion

formation and that full-scale demyelination may be pre-

cipitated where focal antibody synthesis reaches a certain

threshold (Linington and Lassmann, 1987). Accordingly,

others have postulated that demyelination in MS results

from autoantibodies against MOG on the basis of their

detection in acute lesions of MS and EAE in marmosets,

and the induction of the latter by immunization with MOG

(Genain et al., 1999). The microarray used here is not able

to detect idiotypic rearrangement diversity and deviation

from the normal Ig repertoire. However, the pattern of

heavy and light chain gene expression in present results

is congruent with the detection of an increase of VHIg

transcripts in lesions, but not in NAWMMS (Baranzini

et al., 1999).
In lesions and in NAWMMS, most of the upregulated

cellular immune response genes alert pro-inflammatory,

while downregulated genes exert mainly anti-inflammatory

properties (testican #41), or trophic functions (EGF receptor

#35). Of special interest, two functionally linked immune

response genes, TGF-h3 and cre-bp1, were downregulated

in lesions and NAWM. Cre-bp1 serves as signal transduc-

tion element for TGF-h (Zhang et al., 2000). In return, the

transcription of TGF-h3 is dependent on the activity of cre-

bp1 (Zhang et al., 2000). Astrocyte-derived TGF-h3 is an

important regulator of neuronal survival (Krieglstein et al.,

2002), as it enhances the effect of neurotrophic factors.

TGF-h is protective against the development of EAE (Crisi

et al., 1995), while anti-TGF-h or genetic deficiency for

TGF-h leads to exacerbation of disease (Kjellen et al.,

1998). Mice lacking cre-bp1 and the related CREM undergo

progressive neurodegeneration, as neurotrophin-dependent

survival and axon extension in cultured neurons from cre-

bp1 null mice is compromised (Lonze et al., 2002). This

downregulation of anti-inflammatory immune response

genes in lesions and NAWM of MS reveal a generalized

pattern of dysinhibition of inflammation.

In active lesions, the largest number of regulated genes

is involved in neural homeostasis. Here, functional genes

(#48, dynamin; #50, synaptosome-associated protein; #60,

eenb1) which are essential for cell trafficking and exocy-

tosis in nerve terminals, as well as genes involved in

cytoskeleton homeostasis (a/h-tubulin, NF-L/M, STMN2,

CAP2, doublecortin) were upregulated. Increased intrathe-

cal release of tubulin and neurofilament proteins correlates

with clinical disability and is considered a marker of

axonal damage (Semra et al., 2002; Eikelenboom et al.,

2003). On the other hand, transcriptional overexpression

of these genes may indicate early neuroglial development

(Poddar et al., 1996; Gloster et al., 1999) and regeneration

(Sotelo-Silveira et al., 2000), and we speculate that re-

cruitment and differentiation of neuronal (Evans et al.,

2002) and glial (Simpson and Armstrong, 1999) progenitor

cells may exert reparative functions in order to compensate

for evolving cellular damage. An additional feature is that

ten upregulated genes were coding for molecules involved

in the formation or function of Na/Ca/K/Cl channels

(#52,54,57,63,66,67,68,80,163,164). For instance, the

pore-forming alpha1B subunit of the N-type Ca channel

is transcriptionally upregulated in NAWMMS. Others have

demonstrated its ectopic overexpression in axons of ac-

tively demyelinating lesions and in EAE which may lead

to excessive Ca influx, and eventually axonal degeneration

(Kornek et al., 2001). Moreover, axons exposed to nitric

oxide, one of the major endogenous toxins produced in the

course of a neuroinflammatory response as encountered in

MS (Smith et al., 1999), undergo conduction block and

degeneration, especially when electrically active, but may

be protected by ion channel blockers (Kapoor et al., 2003;

Smith et al., 2001). Thus, current results corroborate the

concept of pathways of axonal damage in MS that are
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independent of those classical inflammatory processes that

involve BBB damage and immune cell extravasation.

a- and h-globins were downregulated in MS tissue; for

the former, this was significant in lesions and NAWM.

Hemoglobin is a physiologic product of neurons (Ohyagi

et al., 1994), but its specific function in this cell type is

poorly understood. a-Globin expression is suppressed in the

peripheral nerve after injury (De Leon et al., 1991) and we

speculate its downregulation in MS tissue may similarly be

a marker of neuronal damage.

Our study has some obvious limitations. Technically,

the dynamic measuring range of microarrays is smaller

than for RT-PCR and may fail to detect subtle expres-

sional changes for genes with very high or very low

numbers of transcripts. This may be the reason, why we

could not confirm previous findings on expression of

MMP-7 and -9 by microarray. However, upregulation of

these genes was found in the fraction of present samples

analysed with RT-PCR, confirming our earlier results

(Lindberg et al., 2001) (not shown). Similarly, the reported

downregulation of highly expressed myelin components

such as PLP, MAG and MBP could be confirmed only by

RT-PCR, due to oversaturation of fluorescence signals in

microarrays and hence measurements in a non-dynamic

range. Of interest in this context, aspartoacylase, which is

almost exclusively expressed in oligodendrocytes, is

downregulated in lesions and NAWM. This enzyme uses

neuron-derived NAA as a source for the production of

free acetate for myelin lipid synthesis (Chakraborty and

Ledeen, 2003) and its downregulation may reflect im-

paired myelin synthesis in lesions and NAWMMS. Con-

ceptionally, our study is restricted to active types of

plaques from patients with long-lasting spMS. The forma-

tion of plaques is heterogeneous and has been categorized

into four different patterns according to distinct mecha-

nisms of demyelination (macrophage-mediated, Ab-medi-

ated, distal oligodendrogliopathy, primary oligodendroglia

degeneration) (Lassmann et al., 2001). Additional studies

to investigate gene expression in different types and stages

of plaque formation are therefore needed. Recently, Grau-

mann et al. reported upregulation of genes in NAWMMS

induced by ischemic preconditioning, such as HIF-1a,

which could not be confirmed in the current study. A

possible explanation for these discrepancies may be the

selection of types of MS: present data bases on tissue

specimen that derive exclusively from spMS, whereas

Graumann et al. analyse a mixture of primary progressive,

relapsing–remitting, and secondary-progressive types of

MS in one group. Another source for conflicting results

may be the differences in postmortem delay of tissue

sampling, and possibly tissue pH, known determinants of

mRNA degradation (Bauer et al., 2003; Preece and

Cairns, 2003). Although we cannot rule out that some

targets may show altered expression due to postmortem

changes, similar pH and equally short postmortem delay

in control and MS tissues in our study speak against
artefactual relative changes between these groups in cur-

rent results. In contrast, the average postmortem delay of

the tissue samples used by Graumann et al. is more than

two times longer and significantly different between MS

(11.4 h) and control (18.3 h) group (P= 0.035), the latter

ranging up to 26 h. Interestingly, others have found that

the protein expression of HIF-1a is upregulated specifi-

cally in pattern III lesions, but not in other types of active

lesion and not at all in NAWMMS (Aboul-Enein et al.,

2003; W. Bruck, personal communication).

Upregulation of osteopontin (OPN) in brain tissue of MS

and EAE has been reported (Chabas et al., 2001), but could

not be confirmed by us and others (Lock et al., 2002) in MS

using different analytical platforms. The role of OPN is

further in doubt after a report that OPN knock-out mice had

a similar course of EAE as wild-type animals, as well as in

two other related model diseases (Blom et al., 2003). Others

described upregulation of OPN in relapsing–remitting MS,

specifically during relapses, but not in primary and second-

ary progressive MS (Vogt et al., 2003). Present results go

along with the latter report, showing no differential regula-

tion of this target in brain tissue of secondary progressive

MS. The current study revealed data of 43 differentially

regulated genes of unknown function. These genes could be

highly relevant for pathogenesis of MS and the development

of novel diagnostic and therapeutic approaches, but further

studies are needed to delineate their function and cellular

expression.

In summary, present results reveal a complex pattern of

gene regulation in lesions and NAWM in brain tissue from

spMS. Besides a dysbalanced regulation of immune genes

leading to excessive activity of pro-inflammatory principles,

there is evidence that tissue damage may be mediated via

dysregulation of ion channel functions, and hence indepen-

dent of classical pathways of inflammation. On the other

hand, there is strong evidence for the recruitment of repar-

ative functions that may represent future targets for novel

therapeutic approaches in MS.
Acknowledgements

This work was supported by grants from the Swiss

National Science Foundation (31-63666.01 and the NCCR

on Neural Plasticity and Repair), the Baasch-Medicus

Foundation, the Margarete and Walter Lichtenstein Foun-

dation, the Swiss Multiple Sclerosis Society, the Théodore
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