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Theiler’s virus infection in the central nervous system (CNS) induces a demyelinating disease very similar
to human multiple sclerosis. We have assessed cytokine gene activation upon Theiler’s murine encephalomy-
elitis virus (TMEV) infection and potential mechanisms in order to delineate the early events in viral infection
that lead to immune-mediated demyelinating disease. Infection of SJL/J primary astrocyte cultures induces
selective proinflammatory cytokine genes (interleukin-12p40 [IL-12p40], IL-1, IL-6, tumor necrosis factor
alpha, and beta interferon [IFN-�]) important in the innate immune response to infection. We find that
TMEV-induced cytokine gene expression is mediated by the NF-�B pathway based on the early nuclear NF-�B
translocation and suppression of cytokine activation in the presence of specific inhibitors of the NF-�B
pathway. Further studies show this to be partly independent of dsRNA-dependent protein kinase (PKR) and
IFN-�/� pathways. Altogether, these results demonstrate that infection of astrocytes and other CNS-resident
cells by TMEV provides the early NF-�B-mediated signals that directly activate various proinflammatory
cytokine genes involved in the initiation and amplification of inflammatory responses in the CNS known to be
critical for the development of immune-mediated demyelination.

Theiler’s virus induces an immune-mediated demyelinating
disease similar to human multiple sclerosis. Studies have
shown the importance of genetic factors like major histocom-
patibility complex (MHC), T-cell receptor, and gender in the
susceptibility to the disease (21). Intracerebral infection of
susceptible strains such as SJL/J mice results in an acute, polio-
like phase of the gray matter that later develops into a chronic
demyelination in the white matter manifested by severe hind
limb paralysis and incontinence (25). Demyelination is charac-
terized by mononuclear cell infiltration with the primary in-
volvement of activated macrophages that correlates with virus-
specific delayed-type hypersensitivity responses (7, 51). The
Theiler’s murine encephalomyelitis virus (TMEV)-specific T-
cell responses to viral determinants are well characterized in
this Th1-mediated disease (21). However, the early innate im-
mune response of central nervous system (CNS)-resident cells
that lead to the proinflammatory milieu critical in the recruit-
ment and development of virus-specific Th1 responses, are
largely unknown.

An innate immune response to viral and bacterial infection
often results in the production of immune molecules, including
cytokines, chemokines, MHC, and enzymes, etc., that act in
concert to control the infectious agents (13). These very same
molecules can however induce dysregulated inflammation that
leads to target tissue destruction (9, 26). Recent studies suggest
that toll-like receptors are involved in the induction of innate
immune responses following exposure to bacterial and/or viral

components (18, 34). In particular, TLR-3 (as well as double-
stranded RNA [dsRNA]-dependent protein kinase [PKR]) is
involved in activation of a variety of proinflammatory cellu-
lar genes through the NF-�B pathway upon recognition of
dsRNA, a replication intermediate of TMEV (2, 55). NF-�B
represents a family of dimeric transcription factors that play a
central role in these inflammatory responses by regulation of
gene expression and inhibition of apoptosis (11, 20). The se-
questration of NF-�B by I�B in the cytoplasm and I�B phos-
phorylation leading to proteasomal degradation resulting in
activation and translocation of NF-�B to the nucleus is essen-
tial in the transcription of many proinflammatory chemokines
and cytokines such as IP-10, RANTES, monocyte chemotactic
protein 1 (MCP-1), interleukin-10 (IL-10), tumor necrosis fac-
tor alpha (TNF-�), and IL-6, (3, 4).

Many investigators have extensively investigated the poten-
tial roles of cytokines in TMEV-induced, immune-mediated
inflammatory demyelination (5, 6, 21, 44, 49). The accumula-
tion of proinflammatory cytokines has been demonstrated in
the CNS of TMEV-infected mice and precedes that of anti-
inflammatory cytokines (IL-4 and IL-10) during the course of
disease (37). Recent studies have also shown sustained up-
regulation of proinflammatory cytokines (gamma interferon
[IFN-�], IL-6, IL-12, and TNF-�) and transforming growth
factor �, downregulating cytolytic responses in the CNS of SJL
mice compared to resistant C57BL/6 mice. These results cor-
relate well with susceptibility to demyelinating disease (6).
However, the mechanisms that initiate and expand cytokine
gene expression in the CNS inflammatory disease induced fol-
lowing TMEV infection are less clear. We and others have
previously reported that TMEV is able to directly activate
selective chemokine and cytokine genes in the CNS-resident
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glial cell populations (32, 36, 38, 46). However, the range of
cytokines induced and the signal transduction mechanisms in-
volved in this virus-mediated cytokine gene activation has not
been previously explored.

In order to delineate the potential pathogenic role of the
innate immune response in virus-induced CNS demyelination,
we have examined the molecular mechanisms underlying early
cytokine gene activation after TMEV infection of primary as-
trocyte cultures. Here we demonstrate the ability of TMEV to
directly induce selective proinflammatory cytokines (IL-12,
IL-1, IL-6, TNF-�, and IFN-�) in glial cells. The expression of
cytokine genes was evident for some, but not for all, as early as
30 min postinfection, and the activation of NF-�B was dem-
onstrated within 5 min of TMEV infection. Additionally, var-
ious NF-�B inhibitors, as well as an I�B super-repressor, were
shown to inhibit TMEV-induced cytokine gene expression.
These results clearly indicate that NF-�B activation is neces-
sary in TMEV-induced cytokine gene activation. The PKR as
well as IFN-�/� pathways do not appear to play a major role in
the cytokine gene activation. Altogether, these results strongly
support the crucial role of CNS resident cells in the initiation
of inflammatory demyelination by production of various proin-
flammatory cytokines via an NF-�B-dependent innate immune
response to TMEV infection.

MATERIALS AND METHODS

Animals. Female SJL/J mice from Charles Rivers (Wilmington, Mass.) were
housed in the animal facility at Northwestern University Medical School under
specific guidelines set by the Animal Care Use Committee. IFN-�/� receptor
knockout mice (IFN-�/BR-KO) were kindly provided by Herbert (Skip) Virgin
(Washington University, St. Louis, Mo.), and control 129Ev/Sv mice purchased
from Taconic (Germantown, N.Y.).

Chemicals and reagents. Poly(I-C) (Calbiochem, La Jolla, Calif.) was used at
25 to 100 �g/ml in phosphate-buffered saline (PBS). Stock solutions (0.01 to 10
�M) of NF-�B inhibitors (caffeic ester phenyl ester [CAPE] and MG-132; Cal-
biochem) in 50% ethanol were further diluted with plain Dulbecco’s modified
Eagle medium (DMEM) for treatment 3 h prior to TMEV infection. The ade-
novirus I�B super-repressor was a kind gift from R. Balfour Sartor (17) and used
at a multiplicity of infection (MOI) of 25 or 100 for 24 h prior to TMEV
infection. The serine/threonine kinase inhibitor for PKR, 2-aminopurine (Sigma,
St. Louis, Mo.) was used at 3 and 10 mM for 2 h prior to TMEV infection.
Antibody to the p65 subunit of NF-�B was from Santa Cruz Biotechnology
(Santa Cruz, Calif.). Secondary antibodies labeled with Alexa 594 and 4�,6�-
diamidino-2-phenylindole (DAPI) for nuclear counterstain were used for immu-
nohistochemistry (Molecular Probes, Eugene, Oreg.).

Glial cell cultures. Primary astrocytes, oligodendrocytes, and microglial cells
were derived from 0- to 3-day-old neonates by conventional methods using
differential shaking (47). Single-cell suspensions from neonatal brains were
seeded on poly-L-lysine-coated flasks (25 �g/ml), in DMEM supplemented with
2 mM L-glutamine, antibiotics (Gibco BRL, Grand Island, N.Y.), and 10% fetal
calf serum (�10 U of endotoxin/ml; HyClone, Logan, Utah). After 8 days in
culture at 37°C, flasks were placed in a shaker at 200 rpm overnight, and
detached oligodendrocytes were seeded into new flasks. The remaining cells
were cultured again for another 4 days at 37°C before shaking at 200 rpm for 1 h
to harvest detached microglial cells. Four days later, cultures were again agitated
overnight (250 rpm) to harvest adherent astrocytes. Cell preparations yielded at
least 95% purity as confirmed by staining with cell-type specific antibodies
(CNPase, oligodendrocyte marker; Mac-1, macrophage/microglial marker
[Boehringer Mannheim, Indianapolis, Ind.]; and GFAP, astrocyte marker [Dako,
Carpenteria, Calif.]).

Virus infection. The BeAn strain of TMEV was expanded in vitro using
permissive BHK cells and partially purified by ultracentrifugation as previously
described (54). Viral titer was determined by plaque assay on BHK cells and
subsequently used for infection of cells in vitro at various MOIs. Cells were
washed and resuspended with infection media (DMEM with 0.1% bovine serum
albumin) before addition of TMEV. Chemical inhibitors were added 2 to 3 h
prior to TMEV infection. For specific NF-�B inhibition, the adenovirus coding

for an I�B super-repressor was also used (17). Cells were infected with the
adenoviruses in plain �-MEM medium (Gibco BRL) for 2 h at 37°C before the
addition of serum-supplemented medium for 24 h prior to TMEV infection. This
procedure resulted in 	90% adenovirus-infected astrocytes as assessed by fluo-
rescence-activated cell sorting (FACS) after infection with a green fluorescent
protein (GFP)-expressing control adenovirus (Adv-Gfp).

RNase protection assay. Glial cultures were seeded on six-well plates at a
density of up to 5 
 105 cells per well and infected with TMEV BeAn (MOI �
0.1 to 100) for 0 to 24 h at 37°C. Total RNA was isolated using Trizol (Gibco
BRL) as specified by the manufacturer’s instructions. The RNA multiprobe sets
(mck-2b and mck-3b; Pharmingen, San Diego, Calif.) were used throughout
without any modifications to analyze cytokine gene expression by RNase protec-
tion assay (RPA) according to manufacturer’s instructions. Briefly, 5 to 10 �g
total RNA was hybridized at 56°C for 14 to 16 h. RNA samples were analyzed on
a 5% denaturing polyacrylamide gel, exposed on film for 6 to 12 h or a phos-
phorscreen and subsequently analyzed using the Quantity One software (Bio-
Rad, Richmond, Calif.).

Immunohistochemistry. Astrocytes were cultured on four-well chamber slides
(Nunc, Rochester, N.Y.) and infected with TMEV or treated with TNF-� (20
ng/ml) from 5 to 120 min before washing in PBS and fixation in 4% paraformal-
dehyde for 15 min at room temperature. Slides were then washed with 0.1%
Triton X-100 in Tris-buffered saline (pH 7.5) and incubated with anti-NF-�B p65
primary antibodies (1:50 overnight at 4°C). After washing, slides were further
incubated in secondary antibodies labeled with Alexa 594 (1:1,000; 75 min at
room temperature), and then DAPI (0.5 �g/ml; 15 min at room temperature) for
nuclear counterstain (Molecular Probes). Specific staining was subsequently vi-
sualized under a fluorescent microscope.

In situ hybridization. The infectivity of TMEV to astrocytes was determined
after 6 h of infection by in situ hybridization using a negative-strand digoxigenin-
labeled VP4 probe. Control and virus-infected astrocyte monolayers were fixed
with 4% paraformaldehyde and then hybridized with the VP4 probe for 2 h at
45°C in 50% formaldehyde-hybridization buffer (4
 SSC [1
 SSC is 0.15 M
NaCl plus 0.015 M sodium citrate], 1
 Denhardt’s solution, and salmon sperm
DNA [40 �g/ml]). After three washings with 50% formamide in 1
 SSC, cells
were stained with antidigoxigenin Fab-alkaline phosphatase and nitroblue tetra-
zolium.

Electrophoretic mobility shift assay (EMSA). Astrocytes (5 
 106) were har-
vested by scraping in cold PBS and then were pelleted. Nuclear extracts were
prepared as previously described (31) by resuspension of the cell pellet in 1 ml
of buffer A (20 mM HEPES, pH 7.9; 10 mM KCl; 1 mM MgCl2; 0.1 mM EDTA;
1 mM dithiothreitol [DTT]; 0.4 mM phenylmethylsulfonyl fluoride; 1 mM NaF;
aprotinin, 10 �g/ml; leupeptin, 10 �g/ml; 1 mM Na3VO4) containing 0.1%
Nonidet P-40 for 10 min at 0°C. The nuclei were then pelleted at 3,000 
 g for
10 min and resuspended in 200 �l of high-salt buffer (10 mM HEPES, pH 7.9; 1
mM MgCl2; 10 mM KCl; 0.1 mM EDTA; 400 mM NaCl; 15% glycerol; 1 mM
DTT; 0.4 mM phenylmethylsulfonyl fluoride; 1 mM NaF; aprotinin, 10 �g/ml;
leupeptin, 10 �g/ml; 1 mM Na3VO4). The suspension was rocked gently for 30
min at 4°C followed by centrifugation at 12,000 
 g for 10 min at 4°C. The
protein concentration in the supernatant was determined by Bradford assay.

Double-stranded oligonucleotides containing the NF-�B consensus sequence
(5�-AGT TGA GGG GAC TTT CCC AGG C-3�) from Santa Cruz Biotechnol-
ogy were used for EMSA. The oligonucleotide was end-labeled with [�-32P]ATP
(NEN, Boston, Mass.) using T4 polynucleotide kinase. EMSA was performed in
a total volume of 20 �l at 4°C. Typically, 10 �g of nuclear extracts was equili-
brated for 15 min in binding buffer (10 mM Tris-HCl, pH 8.0; 75 mM KCl; 2.5
mM MgCl2,; 0.1 mM EDTA; 10% glycerol; 0.25 mM DTT) and 1 �g of poly(dI-
dC) (Amersham Pharmacia Biotech, Piscataway, N.J.). The mixture was incu-
bated with 32P-labeled oligonucteotide probe for 20 min on ice and resolved by
electrophoresis on a 5% native polyacrylamide gel at 10 V/cm. For competition
analysis, a 50-fold molar excess of unlabeled oligonucleotide was added to the
nuclear extract 30 min prior to the addition of labeled probe.

RESULTS

TMEV is a potent inducer of proinflammatory cytokine ex-
pression in astrocytes. To delineate the early mechanisms of
immune-mediated demyelination, we assessed the levels of
various cytokine genes expressed in astrocytes after TMEV
infection by using sensitive RPA. TMEV infection (6 h) at
various MOIs results in the marked upregulation of proinflam-
matory cytokine message levels (IL-12p40, IL-1, IL-1Ra, IL-6,
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and TNF-�), but not IL-10 in primary astrocyte cultures (Fig.
1A). Significant cytokine gene expression was observed at an
MOI as low as 0.1 and reached a peak at MOIs of 1 and 5.
Interestingly, the level of IL-12p40 was reduced at MOIs of 10
and 100 compared to an MOI of 1, while the levels of other
cytokine genes expressed remain at peak levels. In contrast,
IL-1 and IL-6 continuously increased at higher MOIs. These
results strongly suggest that the regulation of cytokine gene
expression induced by TMEV infection may be somewhat dif-
ferent depending on the cytokine, perhaps influenced by the
level of signals provided by viral infection. The levels of gene
expression in control cultures incubated with the identical in-
fection medium alone without virus were minimal, indicating
that the activation signal is induced by viral infection. In addi-
tion, control cultures with BHK lysates or UV-inactivated
TMEV induced minimal cytokine gene expression in these
cultures (not shown), similar to our previous results for che-

mokine gene activation (36). Therefore, these results demon-
strate the potent ability of TMEV to rapidly induce proinflam-
matory cytokines in astrocytes implying an important role in
setting the proinflammatory milieu in the CNS that can lead to
immune-mediated inflammatory disease.

To further determine the kinetics of cytokine gene expres-
sion, primary astrocytes were infected at the same MOI
(MOI � 10) for different time periods ranging from 1 to 24 h
(Fig. 1B). As early as 1 h postinfection, significantly elevated
expression (5- to 20-fold) of proinflammatory cytokines was
observed. However, the patterns of gene expression were sig-
nificantly different from each other depending on the cyto-
kines. For example, the expression of IL-12p40 reached a peak
at 3 h after viral infection and maintained its level until a
decrease at 24 h, whereas the level of IL-6 continuously in-
creased. On the other hand, TNF-� reached a peak early (at 1
to 3 h) and then decreased steadily thereafter, while the sig-

FIG. 1. TMEV-induced cytokine expression in SJL/J astrocytes. (A) Dose-dependent TMEV-induced cytokine expression was observed in
SJL/J primary astrocytes. Astrocytes were infected with TMEV at different MOIs and incubated for 6 h. (B) Kinetics of TMEV-induced cytokine
expression in astrocytes infected with an MOI of 10 at different time points. Note the robust Th1 proinflammatory cytokine expression (IL-12 p40,
IL-1, IL-6, and TNF-�) and not Th2 cytokine (IL-10) as early as 1 h postinfection and at a low MOI (0.1). Cytokine expression was analyzed by
RPA and represented as fold increases using the Bio-Rad Quantity One software.
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nificant expression of IFN-� message started rather late (12 h)
and continuously increased (24 h). Although the mechanisms
involved in the differences in expression kinetics of these cy-
tokines are not clear, some of the late expression (e.g., contin-
uous increases in IL-6 and IFN-� at the late time periods) may
represent secondary induction and/or positive feedback by che-
mokines and cytokines induced early by viral infection.

Similar proinflammatory cytokine expression is induced in
oligodendrocytes and microglia after TMEV infection. To de-
termine whether other CNS glial cells also contribute to the
overall proinflammatory environment in the CNS after TMEV
infection, oligodendrocytes and microglial cells isolated from
neonatal mice were also infected with TMEV in vitro (Fig. 2).
Proinflammatory cytokines (IL-1, IL-1Ra, and TNF-�) similar
to that induced in astrocytes were also expressed in these glial
cell types. However, induction of IL-6 and IL-12p40 gene ex-
pression was most prominent in astrocyte cultures. The level of
cytokine expression in microglia is generally much lower com-
pared to that in oligodendrocytes and astrocytes, except for
TNF-�. The level of mRNA expression corresponded well with
the protein level assessed by proteome array (Pierce Endogen
Searchlight Proteome Array Technology; data not shown).
These results indicate that other glial cells like microglia and
oligodendrocytes are capable of significantly expressing proin-
flammatory cytokines as a response to TMEV infection, al-
though the level of cytokines induced may vary depending on
the cell type.

Infection of TMEV results in the rapid activation of NF-�B.
To identify the mechanism(s) involved in TMEV-induced cy-
tokine expression in glial cells, we initially assessed the activa-
tion of NF-�B in astrocytes by immunohistochemistry and
EMSA (Fig. 3). Staining with antibodies to the p65 subunit of
NF-�B and counterstaining of the nuclei with DAPI, we ob-
served rapid NF-�B nuclear translocation within 5 to 15 min
after TMEV infection (MOI � 10) in approximately 25% of
the cells (Fig. 3A). TNF-� treatment (20 ng/ml) was used as a
positive control for NF-�B activation, and this treatment in-
duced nearly 100% NF-�B translocation and/or activation
within 5 to 15 min. The number of astrocytes that show nuclear

translocation changed little even after 1 h postinfection, per-
haps reflecting only a subpopulation of cells activated for such
nuclear translocation. However, it is not yet clear whether only
a fraction of the astrocyte population is infected by TMEV or
activated. Further experiments assessing TMEV infected as-
trocytes by in situ hybridization suggested that not all astro-
cytes are infected with TMEV even at an MOI of 10 at 6 h
postinfection (Fig. 3B), corresponding to the nuclear translo-
cation of NF-�B. In fact, a similar percentage (�30%) of
astrocytes was positive for viral messages at 6 h after infection,
suggesting that only these virus-infected cells are activated to
express cytokine genes. The activation of NF-�B was also dem-
onstrated by EMSA using nuclear extracts from astrocytes
after 30 min of TMEV infection (Fig. 3C). Though some back-
ground binding of NF-�B to the 32P-labeled NF-�B specific
oligonucleotides was observed in uninfected control astrocytes,
significantly increased binding of the NF-�B probe was dem-
onstrated in nuclear extracts of TMEV-infected astrocytes.
Altogether, these results conclusively demonstrate the activa-
tion of NF-�B in astrocytes after TMEV infection.

NF-�B antagonists inhibit TMEV-induced cytokine gene ex-
pression. To correlate NF-�B activation and cytokine gene
expression induced by TMEV, chemical inhibitors for the
NF-�B pathway were used. CAPE, a specific inhibitor of
NF-�B that acts by interfering in DNA binding (30), and
MG132, a general proteasome inhibitor preventing the degra-
dation of I�B (41), were added at different molar concentra-
tions 2 h prior to TMEV infection. As shown in Fig. 4, the
pretreatment of astrocytes with CAPE inhibited cytokine gene
expression induced by TMEV infection in a dose-dependent
manner. CAPE was found to be toxic at concentrations higher
than 0.1 �M. MG132 was less toxic and showed nearly com-
plete inhibition of the cytokine induction. Sensitivity to these
inhibitors is somewhat different depending on the cytokines.
For example, TNF-� was relatively more resistant to the in-
hibitors, although it was also inhibited with the treatment of
the highest concentration of MG-132 (10 �M). Nevertheless,
these results strongly suggest that NF-�B activation is required

FIG. 2. Similar TMEV-induced cytokine expression in oligodendrocytes and microglia. Other glial cells like oligodendrocytes and microglia
were also analyzed for their response to TMEV infection. Similar to astrocytes, enhanced levels of proinflammatory cytokine expression was
demonstrated after 6 h postinfection at an MOI of 10 except for IL-6 and IL-12 p40. Cytokine expression was analyzed by RPA and represented
as fold increases using the Bio-Rad Quantity One software.
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for selective cytokine gene expression in primary astrocyte
cultures induced after TMEV infection.

Infection with adenovirus expressing a dominant-negative
I�B completely inhibits TMEV-induced cytokine gene expres-

sion. Although nuclear translocation and significant inhibition
by chemical inhibitors were observed indicating a role of
NF-�B in TMEV-induced cytokine expression in astrocytes,
specificity and efficiency may be a concern. Thus, we have
utilized a replication-deficient adenovirus expressing a mutant
form of the I�B protein (Adv-I�B) whose two phosphorylation
sites required for NF-�B activation are mutated. As a control,
we have generated a similar replication-deficient adenovirus
expressing green fluorescent protein (Adv-Gfp) to assess in-
fectivity and toxicity in primary astrocytes. By FACS analysis,
close to 100% of primary astrocytes are infected by adenovirus
without apparent toxicity thus suitable for studies with the
adenovirus I�B super-repressor. Infection with either the Adv-
Gfp or Adv-I�B was initiated 24 h prior to TMEV infection
and then analyzed by RPA at the peak of cytokine response
(6 h; Fig. 5). The I�B super-repressor (Adv-I�B at MOI of 25
and 100) completely inhibited cytokine gene expression in-
duced by TMEV. This inhibition not only was complete but

FIG. 3. Rapid nuclear translocation of NF-�B in astrocytes after
TMEV infection. Nuclear translocation of NF-�B is apparent as early
as 15 min after TMEV infection. TNF-� was used as a positive control.
(A) NF-�B translocation was determined by immunohistochemistry
using anti-p65 antibody for NF-�B and DAPI counterstaining for nu-
clei locations at 15 min postinfection with an MOI of 10. (B) Viral
infectivity was assessed by in situ hybridization of TMEV-infected
astrocytes (6 h) with digoxigenin-labeled antisense VP4 probe followed
by development with alkaline-phosphatase-labeled antidigoxigenin.
Arrowheads indicate the virus-infected cells. (C) Specific-binding abil-
ity of nuclear NF-�B was determined by EMSA at 30 min postinfection
with an MOI of 10. Astrocytes were treated with TNF-� (10 ng/ml) for
30 min and used as a positive control. CON, control; TV,
TMEV-infected; TNF, TNF-� treated.

FIG. 4. TMEV-induced cytokine expression in astrocytes is inhib-
ited by NF-�B inhibitors. Various concentrations (0.01 to 10 �M) of
CAPE (NF-�B inhibitor) and MG-132 (proteasome inhibitor) were
added 3 h prior to TMEV infection to determine its specific role in
cytokine gene expression. Cytokine expression in control and experi-
mental astrocyte cultures was analyzed at 6 h postinfection (MOI �
10) by RPA using two separate murine cytokine multiprobe sets
(Pharmingen).

6326 PALMA ET AL. J. VIROL.



also covers the whole spectrum of cytokines inducible by
TMEV. Neither Adv-Gfp nor Adv-I�B infection alone induced
significant background cytokine gene expression. In addition,
no inhibition of TMEV-induced cytokine expression was
observed when infected with control Adv-Gfp prior to TMEV,
indicating no apparent nonspecific alteration in TMEV-in-
duced gene expression following infection with adenovirus.
These data combined with the previous results (nuclear
translocation and chemical inhibitors) unequivocally dem-
onstrate the crucial role of NF-�B activation in TMEV-me-
diated cytokine gene expression in primary astrocytes.

TMEV-induced cytokine expression is partly independent of
PKR. Many pathways can lead to NF-�B activation that result
in the specific transcription of various genes including proin-
flammatory cytokines (3, 4, 14, 19, 45). To assess the upstream
pathways leading to NF-�B activation, we initially investigated
whether the PKR is involved, since it has been shown to acti-
vate NF-�B (16, 23) and dsRNA is generated as viral replica-
tion intermediates during TMEV replication (50). Pretreat-
ment of astrocytes with 2-aminopurine, a serine threonine
protein kinase inhibitor of PKR (15) was able to partially
reduce the level of some of the TMEV-induced cytokines ex-
pressed but not all (Fig. 6). However, the degree of sensitiv-
ity to the inhibitor was different depending on the cytokines.
Gene expression of IL-1, TNF-�, and IL-6 was more sensitive
(3- to 10-fold) to 2-aminopurine at a concentration of 10 mM,
whereas IL-12p40 expression was relatively resistant. Fur-
thermore, TMEV-induced cytokine expression was not signif-
icantly compromised in a PKR-deficient fibroblast cell line
(TIK [data not shown]) (1, 53), indicating that NF-�B activa-
tion induced by TMEV can be independent of the PKR path-
way. Therefore, different activation pathways may be utilized
for the induction of cytokines by TMEV infection, although

some cytokines (e.g., TNF-� and IL-6) may be more PKR-
dependent than others.

IFN-�/� receptor-deficient astrocytes show similar activa-
tion of cytokine genes after TMEV infection. The IFN-�/�
interferons are induced as an innate immune response to var-

FIG. 5. I�B super-repressor inhibits TMEV-induced cytokine gene expression. The specific role of NF-�B in cytokine expression was further
demonstrated by use of the adenovirus I�B super-repressor. The infection of primary astroctyes with control adenoviruses (Adv-Gfp) showed
virtually 100% infectivity as determined by FACS (data not shown). Adenoviruses expressing an I�B mutant (Adv-I�B) (MOI � 25 and 100) or
control expressing GFP (Adv-Gfp) (MOI � 100) were used to infect astrocytes 24 h prior to TMEV infection (TV). Infection of Adv-I�B or
Adv-Gfp alone did not induce any background nor did Adv-Gfp inhibit TMEV-mediated cytokine expression.

FIG. 6. 2-Aminopurine incompletely inhibits TMEV-induced cyto-
kine expression. Two different concentrations (3 and 10 mM) of PKR
inhibitor, 2-aminopurine were added 2 h prior to TMEV infection to
initially assess the upstream pathways leading to cytokine expression.
Cytokine expression at 6 h post-TMEV infection was analyzed by
RPA. Con, control astrocyte cultures mock infected with a BHK lysate;
TV, astrocytes infected with TMEV alone; AP, astrocytes pretreated
with 2-aminopurine and then infected with TMEV.
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ious infections, including viruses (13), and these can further
induce a variety of other cytokines (TNF-�, IL-12, IL-1, and
IL-6), chemokines, and immunoregulatory molecules (MHC,
adhesion molecules, and NO, etc.) through NF-�B activation
(3, 4, 14). In addition, this cytokine may also be directly in-
volved in controlling viral replication (13). To determine the
potential role of IFN-�/� in the induction of cytokines by
TMEV infection, astrocytes from control and IFN-�/� recep-
tor-deficient (IFN-�/�R-KO) mice were infected and the level
of cytokine gene expression was examined (Fig. 7). As early as
1 h after TMEV infection, enhanced expression (2- to 20-fold)
of the cytokine genes (IL-12p40, IL-1, TNF-�, and IL-6) was
observed in IFN-�/�R-KO astrocytes that is similar to that in
wild-type SJL astrocytes (Fig. 1B) as well as control 129 astro-
cytes (data not shown). The overall kinetics of the initial cyto-
kine gene expression was similar to astrocytes with intact IFN-
�/� receptor. The levels of IL-1 and IL-6 expression were
similar to that in astrocyte cultures throughout the time points
examined. However, the levels of IL-12p40 and TNF-�, criti-
cally important for inflammatory responses, are significantly
lower in the IFN-�/�R-KO astrocytes during the late time
periods (12 to 24 h). The low level of TNF-� in IFN-�/�R-KO
mice does not appear to reflect the genetic differences with the
SJL astrocytes. Therefore, this may reflect the fact that, in part,
cytokine gene expression in late periods is secondarily induced
by IFN-�/�; the lack of additional stimulation may result in a
reduction in cytokine gene expression at late time points. In
fact, IFN-� treatment was able to induce significant levels of
TNF-�, IL-6, and tumor growth factor �-1 in astrocyte cultures
derived from the wild-type mice, suggesting this possibility
(data not shown). Nevertheless, these results show that the
cytokines induced early by TMEV is not dependent on the
IFN-�/� pathway though it may contribute to amplification
and sustaining the immune response by continuous stimulation
of other cytokines.

DISCUSSION

TMEV-induced demyelination is associated with the level of
virus-specific inflammatory Th1 responses (7, 10, 51, 54). In
addition, the different immune components specific for TMEV
have been extensively studied in order to understand the
pathogenic mechanisms involved in this apparently immune-
mediated demyelinating disease (21). We and others have
shown the ability of astrocytes to process and present viral
antigens resulting in Fas-mediated lysis thereby compromising
the BBB (12, 39). Many previous studies have also demon-
strated the predominant expression of proinflammatory cyto-
kines (IL-12, IL-1, IFN-�, TNF-�, and IL-6) in the CNS of
TMEV-infected animals both at the early (prior to T-cell in-
filtration) and late (clinical) stages of disease (5, 6, 21, 44, 49).
The suppressive effects on demyelinating disease following ad-
ministration of cytokine antagonists or expression of Th2 cy-
tokine transgenes strongly suggest the importance of cytokines
in promoting demyelination (21, 35). However, virtually noth-
ing is known about the innate immune mechanisms involved in
the initiation of inflammatory demyelination.

Our recent studies indicate a potential crucial role of glial
cells (astrocytes) in the initiation of immune-mediated demy-
elination by orchestrating the migration of mononuclear cells

into the CNS via selective production of chemokines, IP-10
and RANTES (36). Here, we demonstrate that a robust Th1-
promoting, proinflammatory cytokine expression (IL-12, IL-1,
and TNF-�) is directly induced as early as 1 h after TMEV
infection in astrocytes and other glial cells as an early innate
response (Fig. 1). Interestingly, a lack of Th2 cytokine induc-
tion (IL-10) was observed. In addition, the kinetics of cytokine
gene induction appears to be different depending on the cyto-
kines. IL-1 and TNF-� genes were induced fastest reaching
near maximal levels at 1 h, IL-12 and IL-6, intermediate taking
3 to 6 h, and IFN-�, the slowest requiring 24 h for a significant
induction. Similar cytokine responses are also observed with
other glial cells like oligodendrocytes and microglias, and yet
the patterns are different (Fig. 2). While the induction of rap-
idly expressed cytokines (IL-1 and TNF-�) is similar, interme-
diate (IL-12 and IL-6)- and late (IFN-�)-expressed cytokines
are not readily detectable. In contrast, a previous study exam-
ining cytokines induced at 48 h after TMEV infection in mi-
croglia by utilizing RT-PCR showed significant upregulation of
IL-1, IL-6, IL-12, and TNF-� as well as IFN-�/� genes (32).
The difference between this study and ours may reflect the
differences in the assay method and the duration of induction,
as we have analyzed the induction by using quantitative RPA at
early time points after TMEV infection. Thus, it is possible
that microglia and perhaps oligodendrocytes may be slower in
kinetics of cytokine gene induction and/or some of the cytokine
gene induction in the late time period may represent gene
expression secondarily induced by the rapid accumulation of
early induced cytokines like IL-1 and TNF-�. In addition, we
cannot rule out the possibility that TMEV may induce cytokine
gene activation in oligodendrocytes and microglial cells via
signal pathways different from that of astrocytes. These proin-
flammatory cytokines induced by viral infection are identical to
the cytokines produced by inflammatory cells, also capable of
inducing many of the same cytokines. Thus, it is most likely
that further amplification and sustaining of the virus-induced
initial inflammatory immune response will occur by the cyto-
kines produced by resident as well as infiltrating immune cells
during the ongoing pathogenic processes leading to viral de-
myelination.

The innate immune response following viral infections lead
to the activation of various cytokine genes (IFN-�/�, TNF-�,
IL-12, and IL-6) as well as other immune molecule (MHC and
adhesion molecule) genes (13, 14). In particular, dsRNA is
known to induce potent innate immune responses via TLR-3
and PKR leading to mitogen-activated protein kinase (MAPK)
and NF-�B activation (2, 55). These cytokines ultimately act in
concert to control viral replication either directly by inhibiting
host cell protein synthesis, viral assembly, degrading viral tran-
scripts, and direct antiviral properties or indirectly by cytokine-
mediated activation of effector cells like NK, macrophages,
and CD8� T cells (13, 14). However, the production of these
immune factors can also be associated with marked destruction
of the target tissue especially in a situation of persistent viral
infection. Viral persistence is a key in determining susceptibil-
ity to disease (27, 37, 40) by perhaps driving the inflammatory
immune response in the CNS of susceptible mice. Astrocytes
are most abundant in the CNS and play a pivotal role for
maintaining the integrity of the blood brain barrier (8). In
addition, TMEV infects this CNS-resident cell type more per-
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sistently in vivo and in vitro, compared to oligodendrocytes as
well as microglia and macrophages (56). Thus, it is likely that
their early response to viral infection may be critically impor-
tant in shaping the proinflammatory milieu in the CNS. Alto-
gether these results strongly suggest that the innate immunity
of CNS-resident glial cells to TMEV infection is likely impor-
tant in the development of demyelinating disease.

The mechanisms involved in the signal transduction leading
to various cytokine gene expression following TMEV infection
have not been previously reported. To determine the molecu-
lar mechanisms of TMEV-induced cytokine expression in as-
trocytes, we initially assessed the translocation and activation
of NF-�B. The rapid activation of NF-�B following TMEV
infection was observed (Fig. 3). In addition, the cytokine gene
expression induced by TMEV was completely abolished by
inhibitors specific for the NF-�B pathway, indicating that this
pathway is critical for the expression of all of these cytokine
genes (Fig. 4 and 5). This is not surprising as activation of
NF-�B is a hallmark in many different viral infections (13, 14,
28). In addition, NF-�B binding sites are present in the pro-
moter regions of numerous cytokines, chemokines, adhesion
molecules, and other immune mediators (33), suggesting that

this nuclear transcription factor plays an important role in the
development of the inflammatory immune response. It is con-
ceivable that the activation signal may be induced via viral
receptor engagement, interaction with viral proteins or viral
RNA production leading to NF-�B activation. However, it is
most likely that viral infection is required for cytokine gene
activation since a similar % of astrocytes showed NF-�B trans-
location and viral messages. In addition, UV-inactivated virus
failed to induce vigorous cytokine gene activation as shown
with chemokine gene activation (36). The cooperative action of
other transcription factors cannot be ruled out as it is often
known that maximal gene expression require the action of
NF-�B with other transcription factors such as AP-1 (33). The
activation of c-Fos, forming the transcription factor AP-1 in
conjunction with c-Jun, was observed in TMEV-infected astro-
cytes (42). However, it is not clear whether this transcription
factor is required for cytokine gene upregulation induced by
TMEV infection. We could not detect significant levels of
activation of MAPK assessed by phosphorylation of ERK1/2,
p38 and c-Jun (data not shown). In addition, inhibitors for
MAPKs (p38 and ERK1/2) failed to suppress the cytokine
gene expression (data not shown). These results suggest that
AP-1 may not be important in the cytokine gene activation by
TMEV in mouse astrocytes. Nevertheless, cooperative actions
between NF-�B and other transcription factors may be oper-
ational for optimal cytokine gene expression.

To begin to address upstream signals leading to NF-�B
activation, we examined whether NF-�B activation is depen-
dent on PKR as shown in some virus systems such as VSV (48).
Activation of NF-�B by treatment with dsRNA or infection
with certain viruses involves PKR through direct phosphoryla-
tion of I�B� (23). We observe that synthetic dsRNA, poly(I-C),
induces cytokine gene expression similar to TMEV in astro-
cytes (data not shown). However, our results using a PKR
inhibitor, 2-aminopurine (Fig. 6) and PKR-deficient cells (data
not shown), indicate that TMEV-induced cytokine expression
can be PKR-independent. Similar PKR-independent NF-�B
activation has been documented in other viral systems (1, 53).
The potential involvement of IFN-�/�, which is central to the
innate immune response to infection, was assessed, since this
cytokine produced after various infections is known to induce
various proinflammatory cytokines and chemokines (22, 24).
The cytokine response induced following TMEV infection is
also IFN-�/�-independent, as IFN-�/�R-deficient astrocytes
are capable of inducing cytokine gene expression (Fig. 7). This
is consistent with the kinetics of the delayed IFN-�/� gene
expression in normal astrocytes (Fig. 1). Thus, two major path-
ways important in innate immunity (PKR and IFN-�/�) do not
seem to be necessary for TMEV-induced cytokine expression.
However, IFN-�/� may play an important role in sustaining the
levels of critical proinflammatory cytokines and further ampli-
fying the initial inflammatory response, since the expression of
such cytokine genes (e.g., IL-12p40 and TNF-�) is low in the
absence of IFN-�/� stimulation (Fig. 7). Very recently, it has
been reported that dsRNA and certain viral infection may
activate NF-�B pathway via TLR-3 (2). It is not yet clear
whether TMEV infection activates cytokine gene expression by
NF-�B is primarily activated via TLRs. Nevertheless, our re-
sults indicate that NF-�B activation is necessary for cytokine
gene expression induced directly by TMEV in astrocytes.

FIG. 7. Enhanced TMEV-induced cytokine expression in IFN-�/�-
deficient astrocytes. The role of IFN-�/� in TMEV-induced cytokine
induction was examined by using primary astrocytes from IFN-�/�R-
KO. Primary astrocytes were infected with TMEV (MOI � 10) for 1 to
24 h and then analyzed by RPA.

VOL. 77, 2003 NF-�B-MEDIATED CYTOKINE INDUCTION BY TMEV 6329



Many recent studies have utilized NF-�B inhibitors in at-
tempts to control various inflammatory diseases, including
multiple sclerosis (29, 43, 52). Thus, the potential therapeutic
effects of NF-�B antagonists on inflammatory disease may also
include minimizing the initial innate cytokine and chemokine
responses and prevention of further propagation of the inflam-
matory response following microbial infections.
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