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Abstract
Theiler’s virus-induced demyelination represents an important animal model to study the
chronic-progressive form of multiple sclerosis (MS). The aim of the present study was to
identify specific genes and pathways in the deep cervical lymph node (cLN) and spleen of
experimentally infected SJL-mice, using DNA microarrays. Analyses identified 387 genes
in the deep cLN and only 6 genes in the spleen of infected animals. The lymph node
presented 27.4% of genes with fold changes �1.5 at 14 days post infection (dpi) and a
reduced transcription at later time points. K-means clustering analyses resulted in five
clusters. Accordingly, functional annotation revealed that the B-cell immune response
pathway was the most up-regulated cluster at the early phase. Additionally, an increase of
CD68- and lysozyme-positive cells in the deep cLN was observed by immunohistochemis-
try. Polioencephalitis was most intense at 14 dpi, and the spinal cord demyelinating leuko-
myelitis started at 42 dpi.

In summary, early gene expression is indicative of virus-trigged immune responses in the
central nervous system (CNS)-draining lymph node. The decreased gene transcription in the
deep cLN during the chronic phase and the low number of spleen genes supports
the hypothesis of a compartmentalized inflammation within the CNS, as described in pro-
gressive MS.
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INTRODUCTION
Multiple sclerosis (MS), one of the most frequent central nervous
system (CNS) diseases in young adults, is a chronic demyelinating
disease of unknown etiology and possibly multifactorial causes.
Based on the generation of myelin-specific immune responses, MS
is regarded as an autoimmune disease (6, 65); however, virus infec-
tions (21, 38, 67), environmental factors (39) and genetic disorders
(10, 11) are discussed as initiating events or predispositions,
respectively. Further investigations demonstrated that disease pro-
gression in MS is associated with the development of a compart-
mentalized immune response, including intrathecal antibody
production trapped behind a closed blood brain barrier (BBB) (43,
75). A variety of MS subtypes has been defined based on the clini-
cal progression of the disease (9, 76, 80). To study the chronic-
progressive form of MS, the Theiler’s murine encephalomyelitis
(TME) is commonly used as a viral animal model (14, 58, 62, 86).
Intracerebral infection with the low virulent BeAn-strain of the
Theiler’s murine encephalomyelitis virus (TMEV), a picornavirus,

causes an acute virus-induced polioencephalitis in mice (48), char-
acterized by an infiltration of virus-specific CD4+ and CD8+ T-cells,
as well as B-cells and macrophages in the brain (23, 64). While
resistant C57/BL6-mice eliminate the virus from the cerebral gray
matter after the acute phase by specific cellular immunity (62),
inadequate viral clearance in SJL-mice leads to viral persistence
predominately in macrophages and/or glial cells (30, 82). Subse-
quently, delayed type hypersensitivity and myelin-specific autoim-
munity are supposed to induce demyelination in the spinal cord
white matter during the chronic phase (48, 61, 81, 82).

The majority of the animal models for MS, including experi-
mental autoimmune encephalomyelitis (EAE) and TME, have
focused upon the characterization of immune responses within the
CNS. So far, most investigations of the peripheral immune regula-
tion have been performed in EAE models, while only few studies
investigated the involvement of lymphoid organs in TMEV-
infected mice (54, 56, 63) despite their importance in the pathogen-
esis of demyelinating diseases (47). Although classical lymphatic
vessels are lacking in the CNS, the cerebrospinal fluid and
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interstitial fluid drain to the regional lymph nodes (1, 12). Brain-
derived antigens are transported mostly to the cervical lymph nodes
[cLNs; (8, 89, 91)]. Further, it has been demonstrated in rodents
that the spinal cord drains primarily to the cLNs and to the lumbar
lymph nodes (34, 89). CNS-derived myelin has been detected in
cLN of MS patients (20, 92) and in a marmoset model of EAE (16),
suggesting that these lymphoid organs represent the anatomical
sites of antigen presentation and activation of encephalitogenic
immune cells. Accordingly, studies have shown that the cLN repre-
sent the organs where T-cells targeting the brain are primed during
the initiation of EAE in the rat brain (40, 69). Similarly, Van Zwam
et al (87) reported the significance of CNS-draining lymph nodes
for epitope spreading and priming of myelin-specific immune
responses in murine EAE. In autoimmune CNS disorders, the cLNs
are supposed to host dendritic cells (DC) from the brain, which
initiate and propagate a CNS-directed response, as demonstrated in
EAE in rats (28). Furthermore, chemokine-mediated accumula-
tions of DC in brain-draining lymph nodes have been detected
during the priming and effector phase of EAE in mice (50).
However, investigations upon the role of lymph nodes in MS
animal models show contradictory and conflicting results. Refer-
ring to this, McMahon et al (54) demonstrated that epitope spread-
ing and T-cell activation is restricted to the CNS in TMEV and
EAE. In addition, myelin-specific lymphocytes can be activated
within the CNS without previous priming in peripheral lymphoid
organs, as observed in a murine EAE model (24).

The cLNs are crucial organs for the initiation and control of
immune responses following CNS infection of neurotropic viruses,
including rubella virus, varicella-zoster virus, herpes simplex
virus, Epstein-Barr virus and human immunodeficiency virus (88,
91). Further, picornaviruses, such as TMEV and Coxsackie virus,
are able to stimulate virus-specific immune responses in brain-
draining lymph nodes (63). In TMEV, a virus-specific T-cell
response is activated in the cLN followed by migration to and
expansion within the brain (56).

DNA microarray analyses have been used to determine gene
expression in human MS and its animal models (2, 26, 32, 59, 60).
Recently, genes and pathways associated with intrathecal antibody
production, antigen processing, and presentation have been
detected in the spinal cord of TMEV-infected mice, supporting the
view of an intact BBB and local immune responses within the CNS
during disease progression (85). Therefore, the aim of the present
study was to identify transcriptional changes in the CNS-draining
cLN and spleen associated with disease initiation and to test the
hypothesis of a CNS compartmentalization of the immune
response during demyelination in this murine MS model.

MATERIALS AND METHODS

Experimental design

Forty-eight 5-week-old female SJL/J HanHsd mice (Harlan
Winkelmann, Borchen, Germany) were inoculated into the right
cerebral hemisphere with 1.63 ¥ 106 plaque-forming units/mouse
of the BeAn-strain of TMEV in 20 mL Dulbecco’s Modified Eagle
Medium (PAA Laboratories, Cölbe, Germany) with 2% fetal calf
serum and 50 mg/kg gentamycin. Sham-infected animals received
20 mL of the vehicle only. Inoculation was carried under general
anesthesia with medetomidine (0.5 mg/kg, Domitor®, Pfizer,

Karlsruhe, Germany) and ketamine (100 mg/kg, ketamine 10%,
WDT eG, Garbsen, Germany). All experiments were performed in
groups of six TMEV- and sham-infected mice, euthanized 1 h after
intracerebral inoculation [0 days post infection (dpi)], as well as 4,
7, 14, 42, 98 and 196 dpi, except for five TMEV-infected mice at
98 dpi. For histology, immunohistochemistry and in situ hybridiza-
tion, brain, deep cLN (Ln. cervicalis profundus cranialis), and
spleen were removed immediately after death and fixed in 10%
formalin for 24 h and embedded in paraffin wax. In addition, spinal
cord segments encased within the first cervical vertebral body,
third and fourth thoracic vertebral bodies, and the first lumbar
vertebral body of the spinal column were formalin fixed, decalci-
fied in 10% ethylenediaminetetraacetic acid solution for 48 h, and
subsequently embedded in paraffin wax (84).

For microarray analysis, the deep cLN and spleen were immedi-
ately removed, snap-frozen in liquid nitrogen and stored at -80°C.
The animal experiments were authorized by the local authorities
(Niedersächsisches Landesamt für Verbraucherschutz- und Leb-
ensmittelsicherheit, Oldenburg, Germany, permission number:
33-42502-05/963).

Brain and spinal cord histological examination

Transversal sections of formalin-fixed, paraffin-embedded cere-
brum, cerebellum, brainstem and spinal cord segments were
stained with hematoxylin and eosin (HE). Inflammatory responses
within the CNS were graded based upon the degree of perivascular
infiltrates (PVI) using a semiquantitative scoring system: 0 = no
changes, 1 = scattered perivascular infiltrates, 2 = two to three
layers of perivascular inflammatory cells, 3 = more than three
layers of perivascular inflammatory cells, as described previously
(23). For the evaluation of myelin loss, serial sections of spinal cord
were stained with Luxol fast blue-cresyl violet (LFB-CV) and the
degree of demyelination was semi-quantitatively evaluated as
follows: 0 = no change, 1 = 25%, 2 = 25–50% and 3 = 50–100% of
the white matter affected (23).

Employing the Mann-Whitney U-test, statistical comparisons
between TMEV-infected and sham-infected mice were assessed,
and one-way ANOVA with Tukey post-hoc test was performed to
calculate statistical differences among 14, 42, 98, and 196 dpi for
the semiquantitative scores obtained in the brain and the spinal
cord. Analyses were performed using SPSS for Windows (Version
14.0, SPSS Inc., Chicago, IL). A P-value of less than 0.05 was
considered as statistically significant.

RNA isolation and microarray hybridization

Microarray analyses of the deep cLN and spleen were performed at
14, 42, 98 and 196 dpi. RNA from lymphoid organs was isolated
from quick frozen tissues using TRIzol® reagent (Invitrogen,
Karlsruhe, Germany) followed by isolation using the RNeasy®

Mini Kit (Qiagen, Hilden, Germany), including DNAse digestion,
according to the manufacturer’s protocol. RNA quality was
assessed in an Agilent 2100 Bioanalyzer (Agilent Technologies,
Böblingen, Germany) using the Agilent RNA 6000 Nano Kit. From
each sample, 250 ng of total RNA was amplified and labeled with
the MessageAmp™ II-Biotin Enhanced Kit (Ambion, Austin, TX).
Hybridization of the cRNA to GeneChip® mouse genome 430 2.0
arrays (Affymetrix, Santa Clara, CA) and following steps were
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processed as described before (85). Minimum information about
a microarray experiment compliant data sets will be published
following acceptance in the ArrayExpress database (http://
www.ebi.ac.uk/microarray-as/ae/).

Detection of differentially expressed genes

Primary microarray data were analyzed with the genechip operat-
ing software (GCOS, Affymetrix), followed by background adjust-
ment and quantile normalization computed via robust multichip
average (7), using the RMAExpress package from PartekPro™
(Partek Inc., St. Louis, MO). Data homogeneity was verified using
principal components analysis (Partek® Genomics Suite™ 6.2, St.
Louis, MO). Statistical analysis was done using log2 transformed
expression data. Gene expression among all time points was inves-
tigated employing a natural cubic spline-based method insert in
extraction of differential gene expression (EDGE) (45, 78). A
Q-value of <0.05, which represents a false discovery rate (FDR) of
5.0%, was selected as cutoff to determine significant differences in
gene expression. Differentially expressed genes were grouped by
k-means clustering (77) of the log2 mean fold changes (FCs) for
each individual time point, using Euclidean distance to create con-
sensus clusters, visualized through heat maps (MeV v4.3.01, insert
in TM4 suite) (74).

For all the resulting gene probe sets, ontology information was
assigned employing the database for annotation, visualization and
integrated discovery (DAVID) (17, 31). When several probe sets
matched a single gene symbol, the probe set with a lower Q-value
and higher FC was selected for the analyses. Significantly enriched
pathways were selected from the biological process category of the
gene ontology database at a FDR of 1.0% (3).

Virus detection

Virus dissemination during the early (0, 4, 7 and 14 dpi) and late
time points (42, 98 and 196 dpi) was investigated by immunohis-
tochemistry and in situ hybridization in the brain, spinal cord, deep
cLN, and spleen.

Immunohistochemistry was performed using a polyclonal rabbit
anti-TMEV capsid protein VP1-specific antibody, as described
before (36). Briefly, for blocking of the endogenous peroxidase,
formalin-fixed, paraffin-embedded tissue sections were treated
with 0.5% H2O2 diluted in methanol for 30 minutes at room tem-
perature (RT). Subsequently, slides were incubated with the
primary antibody at a dilution of 1:2000 for 16 h at 4°C. Goat-
antirabbit IgG diluted 1:200 (BA9200, H+L, Vector Laboratories,
Burlingame, CA) was used as a secondary antibody for 1 h at RT.
Sections used as negative controls were incubated with rabbit
normal serum at a dilution of 1:2000 (Sigma-Aldrich Chemie
GmbH, Taufkirchen, Germany). Slides were subsequently incu-
bated with the peroxidase-conjugated avidin-biotin complex (ABC
method, PK-6000, Vector laboratories) for 30 minutes at RT. After
the positive antigen-antibody reaction visualization by incubation
with 3.3-diaminobenzidine-tetrachloride in 0.1 M imidazole, sec-
tions were counterstained with Mayer’s hematoxylin.

In situ hybridization was performed as described before (25, 84).
For the detection of TMEV-specific RNA, a polymerase chain reac-
tion product homologous to the base pair 193–322 of the nucleotide
sequence for BeAn 8386 strain (68) was generated from a TMEV-

infected baby hamster kidney cell culture by reverse transcriptase-
polymerase chain reaction using the sense primer 5′GACTAATC
AGAGGAACGTCAGC and the anti-sense-primer 5′GTGAA
GAGCGGCAAGTGAGA. The obtained polymerase chain reac-
tion (PCR) product was cloned in the PCR 4-TOPO plasmid vector
and amplified in DH5a-T1® cells (TOPO TA Cloning Kit for
sequencing; Invitrogen). The plasmid was sequenced (SEQLAB,
Göttingen, Germany) and the sequence is accessible under the
GenBank® (accession number: AY618571). In vitro transcription
was carried out according to the manufacturer’s instructions
with DIG-RNA-labeling Mix and T3- and T7-RNA-polymerases
(Roche Diagnostics, Mannheim, Germany). Tissue sections were
dewaxed in xylene, hydrated in graded ethanol and washed in ultra-
pure, pyrogen-free, diethylpyrocarbonate-treated water (Sigma-
Aldrich Chemie; 0.1% in ultrapure, pyrogen-free water). After pro-
teolyses (5 mg/mL, proteinase K; Roche Diagnostics), acetylation
and prehybridization, hybridization was performed overnight in a
moist chamber at 52°C with a probe concentration of 200 ng/mL.
The detection system consisted of an anti-DIG-antibody conju-
gated with alkaline phosphatase (1:200; Roche Diagnostics)
and the substrates nitroblue tetrazoluimchloride (both Sigma-
Aldrich Chemie) and 5-bromo-4-chloro-3-indolyl phosphate
(X-Phosphate) (Sigma-Aldrich Chemie), which yielded a bluish
precipitate. Positive reactions were observed and notated as abso-
lute numbers.

Immunophenotyping of deep cLN

Microarray results of the deep cLN were substantiated by immuno-
histochemistry using a CD68-specific marker (monoclonal rat anti-
mouse, clone FA-11, diluted 1:20; Abcam Ltd, Cambridge, UK)
and a lysozyme-specific marker (polyclonal rabbit antihuman,
diluted 1:250; Dako Corporation, Carpintería, CA). Briefly,
affinity-purified, mouse-adsorbed rabbit antirat IgG diluted 1:200
(BA 4001; Vector Laboratories) and goat-antirabbit IgG diluted
1:200 (BA9200, H+L; Vector Laboratories), respectively, were
used as secondary antibodies for 1 h at RT. Sections used as nega-
tive controls were incubated with IgG2a at a dilution of 1:100
(clone 54 447; R&D Systems, Minneapolis, MN) or rabbit normal
serum at a dilution of 1:2000 (Sigma-Aldrich Chemie GmbH),
respectively.

The percentages of CD68- and lysozyme-positive cells in lymph
node follicles, subcapsular sinuses, and paracortical zones were
determined by counting labeled and unlabeled cells in the respec-
tive areas.

A two-way ANOVA with consideration of variance interaction
and post-hoc test for multiple pairwise comparisons with Bonfer-
roni adjustment was employed for the loggeo-transformed immuno-
histochemistry data. The Statistical Analysis System, version 9.1
(SAS Institute, Cary, NC) was used to determine statistical differ-
ences between TMEV-infected and sham-infected SJL-mice. A
P-value of less than 0.05 was considered as statistically significant.

RESULTS

TMEV-induced demyelinating disease

The highest degree of inflammation within the brain was found at
14 dpi (Figure 1A,B), followed by a decline of the PVI scores
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Figure 1. Pathohistological changes in brain and spinal cord in Theiler’s
murine encephalomyelitis virus-infected mice. (A) Transversal section of
hippocampus displaying disseminated perivascular infiltration (arrows) at
14 days post infection (dpi). (B) Higher magnification from (A) displaying
infiltration of immune cells in vessels (arrows). Hematoxylin and eosin.
(C) Transversal section of the spinal cord displaying perivascular infiltra-
tion (arrows) and demyelination in the white matter (arrow head) at
98 dpi. (D) Higher magnification from (C) displaying infiltration of

immune cells in vessels in the white matter. Hematoxylin and eosin. (E)
Demyelinated area (arrow) and normal white matter (arrow head) in
spinal cord at 196 dpi. (F) Higher magnification from (E) displaying
macrophages/microglia with Gitter cell morphology (arrows) within the
demyelinated white matter lesions. Luxol fast blue-cresyl violet. Scale
bars = (A) 500 mm; (B) 50 mm; (C) 100 mm; (D) 25 mm; (E) 250 mm; (F)
50 mm.
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at later time points (Figure 2). Inflammation was located
predominantly in the cerebral grey matter (polioencephalitis) at
14 dpi, while at 42, 98 and 196 dpi inflammatory responses associ-
ated with myelin damage were largely restricted to the brainstem.
Mann–Whitney U-test revealed significant differences among
TMEV- and sham-infected mice over the study period.

Pathohistological examination of the spinal cord sections
revealed a mononuclear inflammation within the white matter of
TMEV-infected mice beginning at 14 dpi. The inflammatory
changes increased toward 98 dpi (Figure 1C,D). The first demyeli-
nated foci were observed at 42 dpi. The amount of demyelination
progressively increased until 196 dpi (Figure 1E,F). Statistical
comparisons employing Mann–Whitney U-test displayed a signifi-
cantly higher degree of perivascular infiltration in the white matter
from 14 to 196 dpi (Figure 3A), and of demyelination from 42 to
196 dpi in TMEV-infected compared with sham-infected mice
(Figure 3B).

Viral detection by immunohistochemistry and
in situ hybridization

Viral antigen and RNA were detected in TMEV-infected animals in
association with inflammatory and demyelinating lesions of the
brain and spinal cord. No virus was found in the deep cLN and
spleen by immunohistochemistry and in situ hybridization, respec-
tively, at early or late time points of the infection. In addition,
virus was not present in the CNS, deep cLN or spleen of sham-
infected mice.

Immunophenotyping of deep cLN

In comparison with sham-infected mice, significant increases of
CD68- and lysozyme-positive cells in TMEV-infected mice
(Figure 4) were found in the follicles of the deep cLN of TMEV-
infected mice (CD68: P = 0.0097; lysozyme: P = 0.0309;
Figure 5), while no significant differences were found in the lymph

node paracortex or subcapsular sinus at this time point. In addition,
statistical analysis revealed no phenotypical changes in the differ-
ent anatomical areas of the deep cLN at later time points (42, 98
and 196 dpi).

Analysis of major transcriptional changes
in TME

After running the EDGE natural cubic spline analysis for the 45101
probes of the GeneChip® mouse genome 430 2.0 arrays 425 probe
sets in the deep cLN and 6 probe sets in the spleen were differen-
tially expressed in TMEV-infected mice over the study period at a
FDR of <5.0% (Q-value <0.05). Log2 mean FCs of the individual
time points of the differentially expressed genes in TMEV-infected
versus sham-infected mice were calculated.

Results of the deep cLN showed that differentially expressed
probe sets matched to 387 unique official gene symbols (Table S1).
27.4% of the genes (106/387 genes) presented FCs higher than
�1.5 at 14 dpi, while there were no gene transcriptions higher than
�1.5 FCs at later time points. In order to detect similarities in the
expression patterns of the 387 differentially expressed genes of the
lymph node, the log2 mean FCs from sham-infected and TMEV-
infected mice for each time point were analyzed through k-means
cluster analyses and visualized through heat maps. The resulting
five statistically significant k-mean clusters (k-means clusters I–V,
Figure 6) grouped genes with similar expression. In order to assign
a biological meaning to these genes, the functional annotation tool
from DAVID was applied to all k-mean clusters, matching to a
functional annotation cluster (Table S7). At this, k-means cluster I
showed 156 genes (Table S2). One hundred percent of them were
up-regulated at 14 dpi, while 13.5% were up-regulated at 42 dpi,
10.3% were up-regulated at 98 dpi and 71.2% of genes were
up-regulated at 196 dpi. At 14 dpi, 7.7% of genes presented FCs
higher than �1.5. Genes grouped in this cluster were significantly
associated (FDR < 1.0%) to gene ontology terms such as mRNA
processing, purine and pyrimidine nucleoside triphosphate meta-
bolic processes (Table S7).

Figure 2. Semiquantitative assessment of
pathohistological changes in brain during
Theiler’s murine encephalomyelitis. Increased
perivascular infiltration is observed during the
acute phase of the disease, progressively
declining until 98 dpi, and moderately
increasing during the late chronic phase in
Theiler’s murine encephalomyelitis
virus-infected mice. Columns show the
semi-quantitative score average and standard
deviation. A significant difference between the
groups, infected (n = 47) and sham-infected
animals (n = 48), as detected by the
Mann–Whitney U-tests is marked as follows:
*P < 0.05. Significances between time points
were analyzed with one-way ANOVA and
Tukey post-hoc test; different bars denote
statistically significant groups at a 0.05%.
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K-means cluster II was composed of 89 genes (Table S3). 98.9%
were down-regulated at 14 dpi, while 82.0% and 80.9% of genes
showed an up-regulation at 42 and 98 dpi, respectively. A down-
regulation of 56.2% of genes was observed at the last time point.
The enriched gene ontology term for this cluster was significantly
associated (FDR = 0.26%) to protein metabolic processes
(Table S7).

K-means cluster III included 41 genes. All genes were
up-regulated at 14 dpi with FCs >1.5 (Table S4), including the 10
most up-regulated genes throughout the study period (Table S8).
All of these genes were down-regulated at 42 dpi, and 95.1% of
them were down-regulated at 98 dpi. At 196 dpi, 97.6% of cluster
III genes were up-regulated. According to DAVID, the most
enriched ontology terms (FDR < 1.0%) for this cluster were posi-
tive regulation of immune response, B-cell mediated immunity,

regulation of immune response, complement activation and regula-
tion of B-cell-mediated immunity (Table S7).

K-means cluster IV grouped 73 genes in total (Table S5). All
genes grouped within this cluster were down-regulated at 14 dpi,
and 33.8% of them were presented with FCs >1.5. There was no
enriched functional annotation cluster for this cluster from
DAVID (Table S7), as the highest ranked ontology term did not
meet the cutoff selection criteria of FDR < 1.0% (FDR = 6.0%).
Therefore, a specific ontology term could not be assigned to
cluster IV.

From the 28 genes reported in k-means cluster V (Table S6),
32.1% belong to the 10 most down-regulated genes at 14 dpi with a
FC of <-1.5 (Table S9). Up-regulated genes in this cluster were
observed at 42 and 98 dpi (89.3% and 92.9%, respectively). At the
last time point (196 dpi), 64.3% of the genes were down-regulated.

Figure 3. Semiquantitative assessment of
pathohistological changes in the spinal cord
during Theiler’s murine encephalomyelitis. (A)
Perivascular infiltrates in the white matter
revealed significant differences between
infected (n = 47) and sham-infected animals
(n = 48) all through the study period, showing a
progressive demyelination (B) in Theiler’s
murine encephalomyelitis virus-infected mice,
starting at 42 dpi until the last time period.
Columns show the semiquantitative score
average and standard deviation. A significant
difference between the groups as detected by
the Mann–Whitney U-tests is marked as
follows: *P < 0.05. Significances between time
points were analyzed with one-way ANOVA
and Tukey post-hoc test; different bars denote
statistically significant groups at a 0.05%.
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The ontology term significantly related (FDR = 0.62%) to this
cluster was contractile fiber part pathway.

In the spleen, differentially expressed probe sets matched to six
unique official gene symbols related to cellular processes, such as
cell division and metabolism (Table S10). However, genes could
not be grouped using the k-mean clustering analysis.

DISCUSSION
In the present study, DNA microarray technology was used to iden-
tify transcriptional alterations in lymphoid organs of TMEV-
infected SJL-mice.The most prominent changes in gene expression
(up- or down-regulation) were found in the deep cLN during the
acute disease phase at 14 dpi, followed by a decline of transcrip-
tional changes at later time points. The silencing of gene

transcription in the lymph node during the chronic phase at 42 and
98 dpi coincides with viral elimination in the cerebrum and TMEV
persistence as well as demyelination in the brain stem and the spinal
cord. Similarly, McMahon et al demonstrate that the CNS, and not
the cLN or other peripheral lymphoid organs, is the major site of
epitope spreading and activation of autoaggressive immune cells in
EAE and TMEV during disease progression (54). In MS patients,
the closure of the BBB, isolating the CNS from peripheral lymphoid
organs, is supposed to play an important role in prolonged neuroin-
flammation and therapy failure (43, 53).This compartmentalization
represents an inflammation process that became trapped behind the
BBB, favoring local antigen presentation, plasma cells formation
and antibody production within the brain in progressive MS lesions
(29, 42, 43, 55, 66). However, so far, the onset and potential temporal
changes of this phenomenon remain undetermined (55, 75).

Figure 4. Lysozyme-positive cells in the
central nervous system-draining lymph node of
Theiler’s murine encephalomyelitis virus
(TMEV)- and sham-infected mice. (A) Increased
numbers of lysozyme-positive cells (arrows) in
the follicular area of the deep cervical lymph
node of a TMEV-infected mouse at 14 days
post infection. (B) Note the comparatively low
number of lysozyme-positive cells (arrow) in
the lymph node follicle of a sham-infected
control animal at the same time point.
Immunohistochemistry counterstained with
Mayer’s hemalaun. Scale bars = 50 mm.
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Figure 5. Quantification of CD68- and lysozyme-positive cells in the
follicle of the deep cervical lymph node of Theiler’s murine encephalo-
myelitis virus (TMEV)- and sham-infected mice. Immunohistochemistry
revealed a significant increase of the percentage of CD68- (A) and
lysozyme-positive cells (B) in TMEV-infected animals in comparison to

sham-infected mice at 14 days post infection. Columns display average
values and standard deviations. Significant difference (P < 0.05)
between the groups as detected by two-way ANOVA with post-hoc test
for multiple pairwise comparisons with Bonferroni adjustment is marked
as follows: *P < 0.05.
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Results obtained in this study document the association between
the B-cell response, antigen presenting cell activation and comple-
ment gene expression (k-means cluster III) in the deep cLN with
TMEV-induced polioencephalitis at 14 dpi. These responses are
supposed to be virus triggered (73) and might lead to immune cell
activation associated with subsequent myelin damage in the spinal
cord. Referring to this, the reactivation of the same gene cluster in
the deep cLN at a late time point (196 dpi) may reflect the immune-
mediated stage of the disease, accompanied by viral persistence
and progressive spinal cord demyelination. Notably, previous DNA
microarray analyses of the spinal cord of TMEV-infected mice (85)
showed that the major transcriptional changes related to the
immune response occur during disease progression. Accordingly,
the minimal transcriptional changes detected at 42 and 98 dpi in the
deep cLN node support the assumption of a closed BBB. Similarly
to this finding, tracer studies revealed that the damage of the neu-
rovascular endothelium is reduced in chronic lesions in EAE (35).
In TME, leukocyte transmigration is regulated by adhesion mol-
ecules in the CNS, such as the intercellular adhesion molecule-1

(ICAM-1) and vascular cell adhesion molecule-1, as well as the
expression of metalloproteinases by glial cells (37). Antiadhesion
molecule therapy during the early disease phase reduces subse-
quent delayed type hypersensitivity and lesion progression in
TMEV-infected mice (57, 79). However, as ICAM-1-deficient mice
are not protected from TMEV-induced chronic demyelination, the
exact role of the BBB remains to be determined (19). The present
analyses suggest that the CNS is isolated between 42 and 98 dpi,
but not completely compartmentalized at 196 dpi. This leakage,
possibly associated with a reopening of the barrier, might facilitate
peripheral immune responses and leukocyte migration during the
late TME stage. In agreement with this, Leech et al (44) demon-
strated endothelial abnormalities in progressive MS lesion,
indicative of an incomplete repair of the BBB induced by the proin-
flammatory milieu within the CNS.

Further, the importance of B-cells in TMEV-induced demyelina-
tion has been stressed in previous microarray analysis, demonstrat-
ing gene expression related to humoral immune responses during
lesion development (85). The results of the present study show an
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Figure 6. Expression profile of differentially
expressed genes in the deep cervical lymph
node. The fold changes of the 387 differentially
genes were grouped by k-means cluster
analysis to reveal similar expression patterns.
Each row represents one of the 387 genes and
each column one of four experimental days
(14, 42, 98 and 196 days post infection). The
log2-transformed fold changes are indicated
by a color scale ranging from –2 [relative
low expression in Theiler’s murine
encephalomyelitis virus (TMEV)-infected mice]
in green to 2 (relative high expression in
TMEV-infected mice) in red. The majority of the
differentially expressed genes were organized
into five k-means cluster (I-V). (A) Represents
k-means cluster I, showing gene up-regulation
in the acute phase of TME. (B) K-means cluster
II, consisted of down-regulated genes during
the acute phase. (C) K-means cluster III,
presented gene up-regulation at the acute
phase. (D) and (E) are k-means cluster IV and V,
respectively, presenting down-regulation of
genes during the acute phase.
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up-regulation of genes functionally related to immune regulation,
humoral immune responses, and complement activation (k-mean
cluster III) in the deep cLN at 14 and 196 dpi, while at 42 and
98 dpi the majority of these genes are down-regulated. This cluster,
grouping genes related to B-cell-mediated immunity, emphasizing
the importance of B-cells (46) during the evolution of TME in
SJL-mice. The most up-regulated gene during the first time period,
TYRO protein tyrosine kinase binding protein (Tyrobp, also called
DAP12) has an immune signaling mediator function, being
involved in the activation of Natural Killer cells, granulocytes,
monocyte/macrophages, DC and a Th1-response (41). Additionally,
reports indicated that Tyrobp expression is increased in microglial
cells and brain macrophages during the acute phase of EAE (18)
and that the induction of inflammation in EAE is a Tyrobp-
dependent event, as demonstrated in knock-out experiments (4).
Interestingly, Tyrobp serves as a mediator for DC migration from
peripheral organs to lymph nodes (71). Moreover, the CD68 gene,
up-regulated gene at 14 dpi, is involved in DC maturation (5) and
facilitates the migration of antigen presenting cells from brain to
lymphoid organs (13). In addition, CD68 allows homing of mac-
rophages and has an important function in stimulating phagocytic
activity of macrophages (15, 70). Other DC-related genes
up-regulated predominantly at the early phase include CD209a,
which mediates DC precursor migration from blood to tissues (22).
CD68- and/or CD209a-DC have been found in plaques but also in
the nonlesional gray matter of MS patients (13). As DCs are
responsible for antigen presenting inside the lymph node, these
transcriptional changes seems to be involved in initiating immune
responses in the early phase of TME. Present results also revealed
an up-regulation of the CD55 gene predominately at 14 dpi. CD55
is a regulatory membrane protein, involved in accelerating the
C3/C5 convertases decay, protecting cells from complement-
mediated damage (52). Together with its ligand CD97 on activated
lymphocytes (27), CD55 plays an important role in the activation,
adhesion and migration of cells during inflammation (90). Regard-
ing this, CD55 is highly expressed on endothelial cells within the
CNS in MS, facilitating the migration of immune cells through the
BBB (90). In murine EAE, CD55 inhibits myelin-specific T-cells
and limits the damage caused by Th17-immune responses and IFN-
g-mediated inflammation within the brain (51).

Transcriptional changes in the regional lymph node related to
immune regulation were substantiated by immunohistochemical
phenotyping. Increased numbers of CD68- and lysozyme-positive
histiocytic cells in the follicle of the deep cLN represent a requisite
for B cell activation during the early TME phase. In addition, the
lack of TMEV in peripheral lymphoid organs as demonstrated by
immunohistochemistry and in situ hybridization is indicative of an
immune response induced by CNS-derived antigen presenting cells
rather than a direct reaction caused by a virus spread in the lymph
node. Antiviral antibodies are detectable within 1 week after
experimental infection and high neutralizing antibody titers as well
as myelin basic protein-specific autoantibodies are seen in persis-
tent TMEV infection (72, 82). Interestingly, according to the idea
of compartmentalized humoral immune responses, antibody titers
are higher in the CNS than in the serum of TMEV-infected animals
(49, 83).

The other four k-means clusters detected in the present study
showed varied ontology terms relating to specific biological path-
ways. Although the exact role of these genes remains to be deter-

mined, transcriptional changes obviously coincide with the initia-
tion of immune responses, possibly being involved in the
regulation of gene expression and metabolic processes within the
lymph node.

In the spleen, differentially expressed genes were not related to
specific immune functions. Further, the low gene transcription rate
of the spleen indicated that TMEV infection induces predominately
an immune response in CNS-draining lymph nodes rather than a
generalized immune response. Accordingly, it has been demon-
strated that naïve lymphocytes enter the inflamed CNS and are
activated by local antigen presenting cells in TME, bypassing the
need for activation in peripheral lymphoid organs (54). In addition,
previous gene array analyses by Ulrich et al (85) have demon-
strated the occurrence of antigen processing and presentation
locally within the inflamed spinal cord of TMEV-infected mice
during disease progression. In comparison, microarray analysis of
spleen samples in murine EAE revealed an up-regulation of genes
related to inflammation and migration of immune cells to the CNS
(33). The observed differences are possibly attributed to the periph-
eral induction of a myelin-specific immune response in EAE, while
TME is caused by intracerebral infection.

The present study reveals that several genes are associated with
the peripheral immune response in early TME. Further, equivalent
to the hypothesis of a closed BBB in progressive MS, reduced
transcription of genes at later time points is indicative of a compart-
mentalization during lesion development in infected animals.
However, partial reactivation of immunity-related genes during the
late chronic phase might represent a consequence of a leaky BBB
or polyphasic process, respectively. Future experiments have to
focus on the dynamics of neurovascular permeability and the inter-
action between CNS and the peripheral immune response during
disease initiation and progression in this model for human MS.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article:

Table S1. Official gene symbols, gene names and fold changes for
all 387 gene probes sets differentially in the deep cervical lymph
node at different time points.
Table S2. K-means cluster I. Official gene symbols, gene names
and fold changes for all 156 gene probes sets differentially
expressed in the deep cervical lymph node at different time points.
Table S3. K-means cluster II. Official gene symbols, gene names
and fold changes for all 89 gene probes sets differentially
expressed in the deep cervical lymph node at different time points.
Table S4. K-means cluster III. Official gene symbols, gene names
and fold changes for all 41 gene probes sets differentially
expressed in the deep cervical lymph node at different time points.
Table S5. K-means cluster IV. Official gene symbols, gene names
and fold changes for all 73 gene probes sets differentially
expressed in the deep cervical lymph node at different time points.
Table S6. K-means cluster V. Official gene symbols, gene names
and fold changes for all 28 gene probes sets differentially
expressed in the deep cervical lymph node at different time points.
Table S7. Significantly enriched pathways in the deep cervical
lymph node.
Table S8. Official gene symbols, gene names and fold changes for
the 10 most up-regulated genes in the deep cervical lymph node at
different time points.
Table S9. Official gene symbols, gene names and fold changes for
the 10 most down-regulated genes in the deep cervical lymph node
at different time points.
Table S10. Official gene symbols, gene names and fold changes
for all six gene probes sets differentially expressed in the spleen at
different time points.
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