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Following virus infection of the central nervous system, microglia, the ontogenetic and functional equivalents
of macrophages in somatic tissues, act as sources of chemokines, thereby recruiting peripheral leukocytes into
the brain parenchyma. In the present study, we have systemically examined the growth characteristics of rabies
virus (RV) in microglia and the activation of cellular signaling pathways leading to chemokine expression upon
RV infection. In RV-inoculated microglia, the synthesis of the viral genome and the production of virus
progenies were significantly impaired, while the expression of viral proteins was observed. Transcriptional
analyses of the expression profiles of chemokine genes revealed that RV infection, but not exposure to
inactivated virions, strongly induces the expression of CXC chemokine ligand 10 (CXCL10) and CC chemokine
ligand 5 (CCL5) in microglia. RV infection triggered the activation of signaling pathways mediated by
mitogen-activated protein kinases, including p38, extracellular signal-regulated kinases 1 and 2 (ERK1/2), and
c-Jun N-terminal kinase, and nuclear factor �B (NF-�B). RV-induced expression of CXCL10 and CCL5 was
achieved by the activation of p38 and NF-�B pathways. In contrast, the activation of ERK1/2 was found to
down-regulate CCL5 expression in RV-infected microglia, despite the fact that it was involved in partial
induction of CXCL10 expression. Furthermore, NF-�B signaling upon RV infection was augmented via a
p38-mediated mechanism. Taken together, these results indicate that the strong induction of CXCL10 and
CCL5 expression in microglia is precisely regulated by the activation of multiple signaling pathways through
the recognition of RV infection.

Microglia, the ontogenetic and functional equivalents of
macrophages in somatic tissues (10), exert a central role in
immune surveillance and host defense against infectious agents
in the central nervous system (CNS) (50). Microglia act as
scavengers (phagocytes) and antigen-presenting cells in the
CNS, control the proliferation of astrocytes, and produce sol-
uble factors associated with an immunologic response (16, 59).
Under normal conditions, microglia exist in a quiescent state
lacking many of the effector functions and receptor expression
patterns observed in macrophages within other tissues. How-
ever, in response to brain infection, microglia readily transform
into an activated state, acquiring numerous if not all of the
macrophage properties required to launch effective immune
responses (2). Upon activation, microglia respond to viral in-
fections through a highly regulated network of cytokines and
chemokines, which subsequently facilitate the recruitment of
peripheral leukocytes into the CNS and orchestrate a multi-
cellular immune response against the infectious agent (2).

Leukocyte recruitment into the CNS is a multistep process
that can be mediated by chemokines. Chemokines are low-
molecular-weight and structurally related molecules that are

divided into four subfamilies, designated C, CC, CXC, and
CX3C chemokine ligands based on the positions of their cys-
teine residues (65). These molecules control trafficking and
recirculation of the leukocyte population among the blood
vessels, lymph, lymphoid organs, and tissues, a process impor-
tant in host immune surveillance and in acute and chronic
inflammatory responses (51). A growing body of evidence sug-
gests that CNS-resident cells secrete various kinds of chemo-
kines upon injury or infection and that peripheral leukocytes,
such as lymphocytes, monocytes, and natural killer cells, trans-
migrate toward the chemokine gradient, cross the blood-brain
barrier, and gain access to the brain parenchyma (11).

Expression of most chemokines is regulated primarily at the
level of transcription through activation of a specific set of
transcription factors, such as nuclear factor �B (NF-�B) and
interferon (IFN) regulatory factors (32). It has also been
shown that signal transduction pathways mediated by the mi-
togen-activated protein kinase (MAPK) family, including ex-
tracellular signal-regulated kinases 1 and 2 (ERK1/2), c-Jun
N-terminal kinase (JNK), and p38, contribute to the activation
of transcription factors (22, 33). ERK1/2 is activated primarily
by stimulation with growth factors, cytokines, and phagocyto-
sis, while p38 and JNK are involved in the MAPK activation
induced by environmental stresses, such as bacterial endotox-
ins, proinflammatory cytokines, osmotic shock, UV irradiation,
and virus infections (15, 28).
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Rabies virus (RV) is a negative-strand RNA virus belonging
to the Rhabdoviridae family, genus Lyssavirus. Most RV strains
are highly neurotropic, which usually results in a fatal infection
in warm-blooded animals, and viral replication occurs primar-
ily in neurons as a cellular target (27). In vitro, it has also been
reported that some RV strains can infect nonneuronal CNS-
resident cells, including microglial cells (47, 49, 60). Consider-
ing the cell tropism of RV, which is restricted to neurons, it is
unlikely that microglia support the productive replication of
RV in the infected CNS. However, based on the previous data
showing that virions and viral antigens are detected in micro-
glia in the RV-infected brain (60), it is possible that microglial
cells can engulf RV virions released from the infected neurons.
Recently, we have shown that endocytosis of inactivated RV
virions, as well as infectious viruses, triggers the activation of
the ERK1/2-mediated signaling cascade, leading to chemokine
expression in cells of the macrophage lineage, despite the fact
that these cells have extremely low susceptibility to RV infec-
tion (35). From these lines of evidence, we postulated that RV
infection of microglia might activate an undefined signaling
pathway that leads to chemokine production. Still, the molec-
ular mechanism underlying cellular responses of microglia to
RV infection remains totally unknown.

In the present study, we have systemically examined the
growth characteristics of RV in microglia and the activation of
cellular signaling pathways leading to chemokine expression.
We demonstrate that the viral genome synthesis and the pro-
duction of progeny virus are significantly impaired in microglia,
while RV can enter these cell types and express viral proteins.
We also show that RV infection of microglia strongly induces
the gene expression and protein production of two chemo-
kines, CXC chemokine ligand 10 (CXCL10) and CC chemo-
kine ligand 5 (CCL5). Furthermore, our data indicate that the
RV-induced production of CXCL10 and CCL5 is positively
and negatively regulated by the activation of cellular signaling
pathways mediated by p38, ERK1/2, and NF-�B.

MATERIALS AND METHODS

Reagents and antibodies. Highly purified bovine serum albumin (fatty acid
free), 4�,6-diamidino-2-phenylindole (DAPI), 1,4-diazabicyclo-2,2,2-octane
(DABCO), and bafilomycin A1 (BA1) were purchased from Sigma (St. Louis,
MO). Chemical inhibitors and inactive analogues, U0124, U0126, SB202190,
SB202474, BAY 11-7082, and caffeic acid phenethyl ester (CAPE), were ob-
tained from EMD Biosciences, Inc. (San Diego, CA). SP600125 was purchased
from Biomol (Plymouth Meeting, PA). Fluorescein isothiocyanate (FITC)-con-
jugated monoclonal antibodies (MAbs) specific for RV nucleoprotein (N) were
obtained from Centocor, Inc. (Malvern, PA). Rabbit antibodies against inhibi-
tory NF-�B � (I�B�), the p65 subunit of NF-�B, phosphorylated ERK1/2 (p-
ERK1/2), and phosphorylated JNK (p-JNK) were purchased from Santa Cruz
Biotechnology (Hercules, CA). Antibodies specific for ERK1/2, p38, JNK, and
�-tubulin, as well as horseradish peroxidase- or FITC-linked secondary antibod-
ies, were purchased from Sigma. Antibodies against phosphorylated forms of p38
(p-p38) and I�B� (p-I�B�) were obtained from New England Biolabs (Beverly,
MA). Granulocyte macrophage colony-stimulating factor was obtained from
Genzyme (Cambridge, MA).

Cells. A murine microglial cell line, Ra2, was established by spontaneous
immortalization of primary microglia from normal brain tissue (53, 61). Ra2 cells
closely resemble primary microglia with respect to morphology, phagocytic func-
tions, expression of microglia-specific molecules, and high migrating activity to
the brain (18, 21, 53, 61). Ra2 cells were cultivated in Eagle’s minimum essential
medium (EMEM) supplemented with 10% heat-inactivated fetal calf serum
(FCS) (Invitrogen, Carlsbad, CA), insulin (5 �g/ml), 0.2% glucose, granulocyte
macrophage colony-stimulating factor (2 ng/ml), penicillin (100 U/ml), and strep-
tomycin (100 �g/ml). Murine neuroblastoma (NA; C1300 clone) cells were cul-

tured in RPMI1640 medium containing 10% FCS and the above-named antibi-
otics. All cell cultures were maintained at 37°C in a humidified incubator
containing 5% CO2 in air.

Viruses. The highly neurovirulent RV strain, challenge virus standard-11
(CVS-11), and the attenuated strain high egg passage (HEP)-Flury were prop-
agated in NA cells as previously described (57). Preparation of RV virions was
performed as described before (35). Briefly, virions in the culture supernatant of
RV-infected NA cells were purified by polyethylene glycol (no. 6000) precipita-
tion, followed by sucrose density ultracentrifugation. Finally, RV virions were
further purified and resuspended in EMEM by using ultrafiltration with an
Amicon Ultra-15 centrifugal filter device (Millipore, Billerica, MA) according to
the manufacturer’s instructions. Virus titers were determined by a focal infec-
tivity assay using the FITC-coupled anti-N protein MAbs (35). Alternatively,
purified virions were inactivated by UV irradiation for 15 min just prior to the
experiments.

Immunofluorescence. Ra2 cells, which had been plated in 24-well culture
plates (3 � 105 cells/well), were incubated with or without 2 focus-forming units
(FFU) per cell of CVS-11 virus suspended in EMEM containing 0.5% FCS, 0.2%
glucose, and the above-named antibiotics (hereafter called test medium) for 2 h
at 37°C, washed, and overlaid with culture medium. Fluorescent staining of
cultured cells was performed as described in previous papers (34, 36, 57). Briefly,
the cells were fixed with 3% formaldehyde in phosphate-buffered saline (PBS)
for 10 min and then permeabilized with 0.2% Triton X-100 in PBS for 5 min. The
cells were stained with FITC-conjugated MAbs specific for viral N protein and
with DNA dye (DAPI; 0.1 �g/ml). Samples were overlaid with a solution con-
taining 90% glycerol, 2.3% DABCO, and 20 mM Tris-HCl (pH 8.0) and were
examined under a fluorescence microscope (Eclipse TE200; Nikon, Tokyo, Ja-
pan). The percentages of N-positive cells were calculated with reference to the
total cell number (more than 100 cells per sample). For indirect immunofluo-
rescence of NF-�B p65, the fixed cells were labeled with anti-p65 antibodies and
stained with FITC-coupled secondary antibodies and with DAPI. The samples
were observed under a confocal laser scanning microscope (LSM510; Zeiss,
Heidelberg, Germany).

Measurement of virus production. Cells were incubated with or without virus,
washed, and overlaid with culture medium as described above. At different times
after inoculation, culture supernatants were separated by centrifugation at 5,000
� g for 5 min and subjected to virus titration on NA cell monolayers.

Real-time PCR analysis of RV genome replication. In order to assess the
replication of the viral RNA genome, cells were mock infected or infected with
the CVS-11 strain of RV at a multiplicity of infection (MOI) of 2 (2 FFU/cell)
as described above. After incubation for the indicated times, total RNA was
isolated from the 1.5 � 106 cells by using an RNA extraction reagent (Isogen;
Nippon Gene, Tokyo, Japan), and the first-strand cDNAs were generated by
reverse transcription (RT) reaction as described previously (35). In order to
obtain cDNAs from RV genome and cellular mRNAs, the RT reaction was
performed by using an oligonucleotide primer termed N5-a (57) and oligo(dT)
primers, respectively. PCR primers for the amplification of GAPDH (glyceral-
dehydes-3-phosphate dehydrogenase) cDNA as an internal control of RNA
preparation have been published elsewhere (38). A pair of primers termed
SYBR RV1 (5� TCAGGGCTGGTATCGTTTACAGGG 3�) and SYBR RV2
(5� GGATGAAATAAGAGTGAGGAACAGC 3�) was designed to amplify the
viral cDNA sequence, and their specificity was confirmed by using a plasmid
which contains viral genomic cDNA from RV-infected cells as a PCR template
(data not shown). Real-time PCR was performed on each cDNA preparation
using the above-mentioned primers, a LightCycler DX400 (Roche, Penzberg,
Germany), and LightCycler DNA Master SYBR Green I (Roche) according to
the manufacturer’s protocol. The relative amounts of viral cDNAs were normal-
ized with reference to those of GAPDH cDNAs.

Measurement of cell viability. Cell viability of the RV-infected cells was
determined as described in the previous report (34). Briefly, Ra2 cells were mock
infected or infected with CVS-11 virus at an MOI of 2 (2 FFU/cell) and stained
with trypan blue solution at a final concentration of 0.2% (wt/vol). The percent-
ages of cells excluding trypan blue dye were calculated with reference to the total
cell number (more than 50 cells per sample).

RT-PCR analysis of chemokine gene expression. Semiquantitative RT-PCR
analysis to determine the transcription profiles of chemokine genes has been
described in the previous report (35). Ra2 cells were plated at a density of 3 �
106 in the 60-mm-diameter dishes and incubated in test media with or without
CVS-11 virus (2 FFU/cell), which had been untreated or inactivated with UV
irradiation, for 2 h at 37°C. The cells were then washed, overlaid with test media,
and further incubated at 37°C. After a 20-h incubation period, total RNA was
extracted, and then the first-strand cDNAs were obtained by using the oligo(dT)
primer as described above. Oligonucleotides were synthesized on the basis of the
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published primers for cDNA amplification of chemokines (25, 29, 38), and their
specificities and optimum PCR conditions have been described previously. To
control for possible contamination of genomic DNAs in total RNA extracts,
primer sequences for GAPDH were separated by introns so that the amplified
products from genomic DNAs would be longer than the amplified cDNAs (38).
The absence of contaminating DNA was also verified by PCR using RNA
preparations not treated with reverse transcriptase. PCRs were performed with
serially fivefold-diluted cDNA preparations, and the amplified products were
separated by using 1% agarose gel electrophoresis and visualized by ethidium
bromide staining (35).

Measurement of chemokine production. The protein levels of CXCL10 and
CCL5 in culture supernatants were determined by enzyme-linked immunosor-
bent assay (ELISA) as described previously (35). Ra2 cells were plated at a
density of 3 � 106 in the 60-mm-diameter dishes and incubated in the absence or
presence of RV, which had been untreated or inactivated with UV irradiation for
1 h at 37°C. The cells were washed and overlaid with test medium, and then the
culture fluids were separated after incubation of the cells for the appropriate
times. The protein levels of CXCL10 and CCL5 were determined by using a
Quantikine mouse IP-10 immunoassay kit (R&D Systems Inc., Minneapolis,
MN) and a mouse RANTES ELISA kit (BioSource International, Inc., Cama-
rillo, CA), respectively. As to the inhibition of vacuolar pH acidification, cells
were preincubated in the presence of BA1 for 1 h at 37°C at a concentration that
did not cause any cytotoxicity and were infected with CVS-11 virus. The cells
were incubated in the test media with or without BA1, and the protein levels of
CXCL10 and CCL5 were determined as described above.

Western blot analysis. The activation of MAPK and NF-�B pathways were
measured by immunoblotting using antibodies against phosphorylated forms of
ERK1/2, p38, JNK, and I�B� as described elsewhere (35). Ra2 cells were incu-
bated in test media with or without RV virions (2 FFU/cell), which had been
untreated or inactivated with UV irradiation, washed, and overlaid with test
media as described above. At the appropriate time points, the cells were washed
with PBS and lysed directly with lysis buffer containing 50 mM Tris-HCl (pH 7.4),
150 mM NaCl, 1 mM EDTA, 1% Triton X-100, protease inhibitors (Complete
Mini; Roche), and phosphatase inhibitor cocktails (Sigma). Extracts were clari-
fied by centrifugation at 12,000 � g for 20 min at 4°C. Each sample, containing
10 �g of proteins, was separated under reducing conditions in 0.4% sodium
dodecyl sulfate-12% polyacrylamide gels and was transferred to polyvinylidene
difluoride membranes (Millipore). The blots were blocked for 1 h with 2%
bovine serum albumin in Tris-buffered saline (20 mM Tris-HCl, pH 7.4, 0.15 M
NaCl) containing 0.1% Tween 20 (TBST) and incubated with the primary anti-
bodies in TBST. The proteins were reacted with the horseradish peroxidase-
linked secondary antibodies and visualized with enhanced-chemiluminescence
Western blotting detection reagent (Amersham Biosciences, Piscataway, NJ) and
photographed using an enhanced-chemiluminescence mini camera (Amersham
Biosciences). For quantification of I�B� phosphorylation, the digital images of
each blot were prepared, and the band densities were measured by using Scion
Image (Scion Corp., Frederick, MD) according to the manufacturer’s recom-
mendations.

Inhibition of cellular signaling pathway. Inhibition of MAPK and I�B–NF-�B
signaling in microglia was carried out as described elsewhere (19, 62, 64). Briefly,
cells were incubated for 1 h at 37°C in test media containing U0126, SB202190,
SP600125, BAY 11-7082, or CAPE just prior to the experiment and were sub-
jected to the above-mentioned analyses in the presence of these inhibitors.
Under the assay conditions, these inhibitors did not induce any cytotoxic effects
as judged by a dye exclusion test using trypan blue (34).

Statistics. The significance of differences between groups was statistically
determined by Student’s t test.

RESULTS

Infection of microglia by RV. Previous studies demonstrated
that some RV strains are able to infect cultured microglia and
that the efficiency of viral multiplication in infected cells de-
pends on virus strains (49). Although an attenuated Evelyn-
Rotnycki-Abelseth strain, which had been adapted to tissue
culture, grew well in primary microglia, the productive repli-
cation of pathogenic RV, such as a street isolate of bat origin,
was strictly restricted in these cell types (49). We initially ex-
amined the overall growth performance of CVS-11, a highly
neurovirulent laboratory strain of RV, in microglial Ra2 cells

(Fig. 1). Figure 1A shows the expression pattern of the viral N
protein, which accumulates in the cytoplasm of RV-infected
cells, in microglia. Cells were inoculated with CVS-11 virus at
an MOI of 2 (2 FFU/cell), and the viral N protein and cell
nuclei were stained with anti-N MAbs and with the DNA dye
DAPI, respectively, at 24 h postinfection. As shown in Fig. 1A
(right), the majority of the RV-inoculated Ra2 cells exhibited
a strong signal of the N protein, while anti-N MAbs did not
react with the mock-inoculated cells (Fig. 1A, left). Figure 1B
shows the percentages of N-positive cells during the course of
viral infection of microglial Ra2 and neuroblastoma NA cells.
When Ra2 cells were inoculated with CVS-11, the fluorescent
signal of N proteins was observed in about 80 and 90% of the
total cell population at 24 and 48 h postinfection, respectively
(Fig. 1B). The plating efficiency of CVS-11 in Ra2 cells was at
a level similar to that seen in neuronal NA cells, and its infec-
tivity was readily diminished by UV irradiation (Fig. 1B).
These data suggest that CVS-11 virus is capable of entering
microglial cells and that virus-encoded proteins were expressed
in these cell types.

Defective growth of RV in microglia. We next assessed the
growth characteristics of CVS-11 virus in Ra2 cells. The cells
were inoculated with virus, and the culture supernatants were
subjected to virus titration (Fig. 1C). In either cell type, low
levels of infectious virions, which might be detached from the
cells, were detected in culture supernatants at 0 h postinfec-
tion. In neuronal NA cells, CVS-11 exhibited a marked in-
crease in virus titers, reaching a near-plateau level at 24 h
postinfection (Fig. 1C). In contrast, virus titers in culture su-
pernatant fluids from RV-inoculated cells at 24 and 48 h
postinfection were slightly higher than those at 0 h postinfec-
tion, and these differences were not statistically significant,
suggesting that the production of virus progenies of CVS-11 in
microglia is severely impaired. To further assess a defective
growth of RV in microglia, Ra2 cells were infected with CVS-
11, and the relative amounts of negative-strand RV genome in
the infected cells were determined by real-time PCR analyses.
As shown in Fig. 1D, the amounts of viral genome in RV-
infected microglia at 20 and 40 h postinfection were about 1.3-
and 1.2-fold higher than that at 0 h postinfection, respectively,
but these differences were not statistically significant, indicat-
ing that the viral genome synthesis of CVS-11 is impaired in
microglia. In the experiments shown in Fig. 1E, the viability of
microglia infected with CVS-11 was examined by using a dye
exclusion assay as described above. The dye exclusion capabil-
ity of RV-infected cells was at the level similar to that of
mock-infected cells at all the time points tested. These obser-
vations indicate that CVS-11 infection does not induce any
cytotoxicity in microglia.

RV infection stimulates chemokine gene expression in mi-
croglia. Recently, we have shown that endocytic processing of
inactivated RV virion, as well as infectious virus, triggers the
activation of a cellular signaling pathway, leading to the selec-
tive expression of the chemokine CXCL10 in macrophages
(35). To examine whether RV selectively induces CXCL10
expression in microglia, Ra2 cells were inoculated with live
CVS-11 virus or exposed to UV-inactivated virion, and the
expression profiles of multiple chemokine genes were exam-
ined by RT-PCR 20 h after incubation. Figure 2 shows the
transcription patterns of two major chemokine subfamilies,
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CXC and CC of chemokine ligands in microglia. When Ra2
cells were inoculated with infectious CVS-11 virus, the strong
signals of amplified products of CXCL10, CCL4, and CCL5
were observed at highly diluted concentrations of PCR tem-
plates compared to those of mock-inoculated cells, while
CVS-11 infection had little or no effect on the expression of
CCL2 and CCL3. In particular, the expression of CXCL10 and
CCL5 genes in RV-infected microglia was approximately
3,000-fold higher than that in mock-infected cells. We also
examined the transcription patterns of the other chemokines,
such as CXCL2, CXCL9, CXCL11, and CX3CL1, in RV-in-
fected microglia, but the expression levels of these chemokine
genes were not affected or were less affected by RV infection
(data not shown). The chemokine expression patterns in Ra2
cells, which had been exposed to UV-inactivated RV virions,
were similar to those seen in mock-treated cells. Thus, these
results indicate that RV infection, but not exposure to inacti-
vated virions, greatly induces the expression of CXCL10 and
CCL5 in microglia. To assess whether the enhanced expression
of CXCL10 and CCL5 mRNAs in RV-infected cells correlates
with protein production, we measured the levels of CXCL10
(Fig. 2B) and CCL5 (Fig. 2C) production in microglia upon
RV infection. When Ra2 cells were infected with CVS-11
virus, the onsets of chemokine production were detected 10 h
after infection, and the amounts of chemokines increased
steeply between 10 and 15 h after infection, reaching near-
plateau levels at 20 h postinfection. In the experiments shown
in Fig. 2D and E, we examined whether virion uncoating is
required for the RV-induced expression of CXCL10 and CCL5
in microglia. BA1 is a selective and potent inhibitor of vacuolar
H�-ATPase, prevents endosomal acidification (13), and is ap-
plicable to the suppression of an acid-induced fusion of lyssa-
viral envelope with cell membrane (24). As shown in Fig. 2D,
when Ra2 cells were treated with BA1 ranging from 60 to 240
nM and then infected with CVS-11, the virus infectivity was
significantly impaired in a dose-dependent manner. Figure 2E
shows the RV-induced expression of CXCL10 and CCL5 in
BA1-treated Ra2 cells. Pretreatment with BA1 at concentra-
tions of 120 and 240 nM significantly diminished the expression
of either chemokine in RV-infected Ra2 cells, suggesting that
the virion uncoating is necessary for RV-induced chemokine
expression in microglia. In order to examine whether viral gene
expression is required for the RV-induced chemokine expres-
sion in microglia, we compared the chemokine production in
Ra2 cells, which had been exposed to UV-inactivated virions,
to that in RV-infected cells. As shown in Fig. 2F and G, the
CVS-11-induced expression of CXCL10 and CCL5 was nearly
completely abrogated by UV inactivation of virions. To exam-
ine whether the RV-induced chemokine expression depends
on virus strains, we measured the expression of CXCL10 and

FIG. 1. Growth characteristics of RV in microglia. (A) Indirect
immunofluorescence assay of viral N protein in RV-inoculated cells.
Microglia were incubated with CVS-11 virus and then further incu-
bated. After 24 h of incubation, the cells were fixed and stained for N
protein (top) and cell nuclei (bottom). The experiments were repeated
three times, and representative areas of each culture are shown. Mag-
nification, �200. (B) Infectivity of CVS-11 virus in microglia. Neuro-
blastoma (NA) and microglial (Ra2) cells were incubated with or
without CVS-11 virus, which had been untreated or inactivated with
UV irradiation (Inact.). After incubation for the indicated times, the
percentages of N-positive cells were determined with reference to the
total cell number as described in the text. The values are averages from
three independent experiments, and the error bars indicate standard
deviations. (C) Production of progeny virus in RV-inoculated micro-
glia. Cells were infected with CVS-11 virus, and immediately thereafter
(0 h) and at the indicated time points, virus progenies in culture
supernatant fluids were titrated. The data are averages from three
independent experiments, and the error bars indicate standard devia-
tions. (D) Replication of the viral genome in RV-infected microglia.
Ra2 cells were mock infected or infected with CVS-11 virus, and the
relative amounts of viral cDNA were measured by using real-time PCR
analyses immediately thereafter (0 h) or 20 and 40 h after infection.
The results are shown as n-fold increases in the amount of viral cDNA

with reference to the cDNA levels in RV-inoculated cells at 0 h
postinfection. Mean values and standard errors from the results of
three independent experiments are shown. (E) Viability of microglia
following RV infection. Cells were mock infected or infected with
CVS-11 virus, and the percentages of cells excluding trypan blue dye
were calculated with reference to the total cell number at the time
points indicated. Values are averages from three separate experiments,
and the error bars represent standard deviations.
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CCL5 in microglia infected with HEP-Flury, a tissue culture-
adapted and highly attenuated RV strain. In Ra2 cells, the
induction of CXCL10 (Fig. 2F) and CCL5 (Fig. 2G) produc-
tion was also observed following incubation with infectious
HEP-Flury virus but not with inactivated virions. Taken to-
gether, these data demonstrate that the RV-induced expres-
sion of CXCL10 and CCL5 is triggered at the stage after viral
gene expression and is not dependent on the virus strains.

RV infection activates MAPK signaling in microglia. The
enhanced production of CXCL10 and CCL5 in RV-infected
microglia implies the possibility that RV infection may stimu-
late the cellular signaling pathway underlying chemokine ex-
pression. Considering the important roles of MAPK-mediated
signaling pathways in host defense, we examined the activation
of three major MAPK subfamilies, p38, JNK, and ERK1/2, in
microglia upon RV infection (Fig. 3). In order to assess the
activation of MAPK signaling pathways in microglia during the
course of RV infection, cells were mock infected or infected
with CVS-11, and the degrees of MAPK phosphorylation were
examined by Western blotting. To avoid an additional effect of
growth factors on MAPK activation, the cells were incubated
in test medium containing extremely low concentration of FCS
that did not induce MAPK phosphorylation. As shown in Fig.
3A, when microglia was infected with CVS-11 virus, the strong
signals of p-p38 were detected between 10 and 15 h after
infection (Fig. 3A, lanes 7 and 8). In RV-infected cells, the
amounts of p-JNK1/2 and p-ERK1/2 were also increased be-
tween 10 and 20 h (Fig. 3A, lanes 7 to 9), and the maximal
induction of either MAPK was seen at 15 h postinfection (Fig.
3A, lane 8). The increased levels of MAPK phosphorylation
were not due to the enhanced production of these molecules or
the difference in protein extracts loaded, as the protein levels
of total amounts of MAPKs, as well as �-tubulin, in each
sample were comparable. As shown in Fig. 3B, the RV-induced
phosphorylation of each MAPK was also observed for micro-
glia infected with attenuated HEP-Flury virus (Fig. 3B, lane 4).
When virions were inactivated, RV-induced MAPK activation
was nearly completely diminished (Fig. 3B, lanes 3 and 5).
Thus, these data indicate that RV infection, but not exposure
to inactivated virions, induces the activation of cellular signal-
ing pathways mediated by multiple MAPK subfamilies, p38,
ERK1/2, and JNK.

RV-induced MAPK activation regulates chemokine expres-
sion in microglia. Based on the above-mentioned results, we
hypothesized that the activation of MAPK signaling pathways
underlies the up-regulation of CXCL10 and CCL5 expression
in RV-infected microglia. To examine this possibility, we as-
sessed the effects of MAPK inhibitors on the induction of
chemokine expression in RV-infected microglia. Ra2 cells

FIG. 2. Chemokine responses in microglia against RV infection.
(A) Transcription patterns of chemokine genes in microglia following
RV infection. Cells were incubated in the absence (Mock) or presence
of infectious (Virus) or UV-inactivated (Inact.) CVS-11 virions and
were subjected to RT-PCR analyses for the chemokine gene expres-
sion by using serially fivefold-diluted cDNA preparations as described
in the text. The data are from one of three separate experiments with
similar results. (B and C) Time course of RV-induced chemokine
production by microglia. Cells were mock infected or infected with
CVS-11 virus. After additional incubation for the indicated times, the
protein contents of CXCL10 (B) and CCL5 (C) in culture supernatants
were determined by using ELISA. (D and E) Effects of lysosomotropic
agents on virus infectivity and chemokine expression in microglia. Ra2
cells, which had been treated with the indicated doses of BA1, were
infected with CVS-11 virus and were further incubated in the presence
or absence of BA1. After a 24-h incubation period, virus infectivity
(D) and chemokine expression (E) were determined as described in
the text. The results are shown as percentages of virus infectivity and
chemokine expression with reference to the values for the drug-un-
treated controls. (F and G) RV-induced expression of chemokines is

dependent on viral gene expression. Ra2 cells were incubated with
neurovirulent CVS-11 (CVS) and attenuated HEP-Flury (HEP),
which had been untreated (�) or inactivated with UV irradiation (�).
At 20 h postinfection, protein contents of CXCL10 (F) and CCL5
(G) were determined. The percentages of chemokine expression were
calculated with reference to the protein levels in culture fluids of the
CVS-11-infected cells. For each panel, mean values and standard de-
viations from three separate experiments are shown, and statistically
significant differences are indicated by asterisks (P � 0.01) and pound
signs (P � 0.05).
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were pretreated with increasing doses of MAPK inhibitors and
then infected with CVS-11 virus. Of the inhibitors tested, p38
inhibitor SB202190 significantly reduced the RV-induced ex-
pression of CXCL10 in a dose-dependent manner, and the
maximal concentration of this compound (10 �M) diminished
the expression level of CXCL10 by about 80% (Fig. 4A).
Treatment with the ERK1/2 inhibitor U0126 resulted in a
partial but statistically significant diminution of CXCL10 ex-
pression upon RV infection, while the JNK inhibitor SP600125
had little or no effect on the CXCL10 expression levels (Fig.
4A). These observations suggest that RV-induced CXCL10
expression is partly achieved through the activation of p38 and
ERK1/2 pathways. Figure 4B shows CCL5 production in RV-
infected microglia in the presence of MAPK inhibitors. The
inhibition of p38 led to a considerable diminution of RV-
induced expression of CCL5, and the amounts of CCL5 were
not affected, or were less affected, by the treatment with JNK
inhibitor (Fig. 4B). Interestingly, treatment with ERK1/2 in-
hibitor at concentrations ranging from 1 to 10 �M led to an
up-regulation of CCL5 expression in RV-infected cells (Fig.
4B). These data suggest that the p38-mediated signaling path-
way partly contributes to the RV-induced expression of CCL5
but that ERK1/2 activation participates in the down-regulation
of CCL5 production in microglia. To examine the regulation of
the RV-induced expression of CXCL10 and CCL5 through the
p38 and ERK1/2 pathways in more detail, we measured che-
mokine production in RV-infected microglia under conditions
in which both the p38 and ERK1/2 pathways were disrupted. In
these experiments, SB202474 and U0124 (inactive analogues
of SB202190 and U0126, respectively) were used to control the
nonspecific effect of simultaneous treatments with SB202190
and U0126. As shown in Fig. 4C, simultaneous treatments with
SB202190 and U0126 additively reduced the RV-induced

CXCL10 expression compared to that with SB202190 and
U0124 (P � 0.05) or with SB202474 and U0126 (P � 0.01)
(Fig. 4C), suggesting that the p38 and ERK1/2 pathways indi-
vidually facilitate CXCL10 expression in microglia in response
to RV infection. Figure 4D shows RV-induced CCL5 expres-
sion in microglia, which had been treated with p38 and ERK1/2
inhibitors in combination. Under conditions in which both the
p38 and ERK1/2 pathways were inhibited, CCL5 expression
was at a level similar to that seen in microglia treated with p38
inhibitor alone, suggesting that ERK1/2 activation participates
in the down-regulation of an excessive production of CCL5 in
response to RV infection. In addition, CVS-11 virus was able
to infect microglia normally even when the cells were treated
with maximal doses of MAPK inhibitors tested (10 �M).
Taken together, our findings indicate that the RV-induced
expression of CXCL10 and CCL5 in microglia is positively and
negatively regulated by the activation of the p38 and ERK1/2
pathways.

RV infection activates the I�B–NF-�B pathway in microglia.
Analyses of the RV-induced expression of CXCL10 and CCL5
in the presence of MAPK inhibitors have revealed that the p38
and ERK1/2 pathways regulate the production of these che-
mokines. In particular, we found that p38 activation is respon-
sible for the RV-induced expression of these chemokines.
However, RV-induced chemokine expression was not com-
pletely blocked by MAPK inhibitors even at maximal concen-
trations that did not cause cytotoxicity. These lines of evidence
imply that another signaling pathway may also contribute to
the chemokine responses of microglia to RV infection. NF-�B
plays critical roles in transcriptional regulation of numerous
genes involved in host defense mechanisms (3). This transcrip-
tion factor is normally found in the cytoplasm in a latent form
associated with I�B, of which various isoforms exist (23). Fol-

FIG. 3. RV infection activates MAPK signaling pathways in microglia. (A) Time course of MAPK activation in microglia following RV
infection. Cells were mock infected (�) or infected with CVS-11 (�). At the indicated time points, cells were harvested, and equal amounts of
protein extracts from each sample (10 �g/lane) were loaded on the gel. The protein levels of phosphorylated and total MAPKs were analyzed by
Western blotting as described in the text. The amounts of �-tubulin were also assessed to monitor the equal loadings of protein extracts. (B) Viral
gene expression is required for RV-induced MAPK activation. Cells were incubated with CVS-11 and HEP-Flury virions, which had been
untreated (�) or inactivated with UV irradiation (�) (Inact.), washed, and further incubated for 15 h. The phosphorylation levels of MAPKs were
examined as described for panel A. The data are from one of three separate experiments with similar results.
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lowing the appropriate stimulus, I�B is phosphorylated by I�B
kinase, ubiquitinated, and degraded by proteasomes. Degrada-
tion of I�B exposes the nuclear localization signal of NF-�B,
and then NF-�B migrates to the nucleus and activates tran-
scription (23). Since it remains unclear whether RV infection
triggers the activation of the NF-�B pathway in mammalian
cells, we examined the onset of NF-�B activation in RV-in-
fected microglia (Fig. 5). Ra2 cells were uninfected or infected
with CVS-11, and the phosphorylation and degradation of
I�B� proteins were examined by Western blotting. In RV-
infected cells, the signals of p-I�B� were detected between 10
and 15 h after infection (Fig. 5A, lanes 7 and 8), and only low,

but detectable, levels of total I�B� were observed in RV-
infected microglia at these time points (Fig. 5A, lanes 7 and 8).
The alterations in the amounts of p-I�B� and total I�B� were
not due to the difference in protein extracts loaded, as the
protein levels of �-tubulin in each sample were comparable. As
shown in Fig. 5B, the RV-induced phosphorylation and deg-
radation of I�B� proteins were also observed for microglia,
which had been infected with attenuated HEP-Flury virus (Fig.
5B, lane 4), and were markedly disrupted by the UV inactiva-
tion of RV virions (Fig. 5B, lanes 3 and 5). To confirm the
NF-�B activation, microglia were mock infected or infected
with CVS-11 virus, and the nuclear translocation of the NF-�B

FIG. 4. MAPK signaling pathways regulate RV-induced chemokine expression in microglia. (A and B) Effects of MAPK inhibitors on
chemokine expression in RV-infected cells. Ra2 cells were untreated (�) or treated with the indicated doses of SB202190, SP600125, and U0126
just prior to infection with CVS-11 virus. At 15 h postinfection, the protein contents of CXCL10 (A) and CCL5 (B) were determined. The results
are shown as percentages of chemokine expression with reference to the values for the drug-untreated control. (C and D) Effect of simultaneous
inhibitions of p38 and ERK1/2 pathways on RV-induced chemokine expression. The cells were untreated (�) or treated with SB202190 and U0126
(2.5 �M each) individually or in combination prior to infection with CVS-11 virus. SB202474 and U0124 were also used as controls to verify the
specificities of SB202190 and U0126. After a 15-h incubation period, the protein levels of CXCL10 (C) and CCL5 (D) were determined. The
percentages of chemokine expression were calculated with reference to the values for the drug-untreated control. (E) Effects of MAPK inhibitors
on virus infectivity. Cells were pretreated with or without the indicated compounds (10 �M each) and infected with CVS-11 virus. At 24 h
postinfection, virus infectivity was determined as described in the text. The results are shown as percentages of infectivity with reference to the
values for the drug-untreated control. For each panel, the data are averages from three independent experiments, and the error bars represent
standard deviations. Statistically significant differences are indicated by asterisks (P � 0.01) and pound signs (P � 0.05).
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p65 subunit was examined by confocal laser scanning micros-
copy (Fig. 5C). In mock-infected cells, the p65 molecules ap-
peared to be dispersed in the cytoplasmic region (Fig. 5C, top).
In contrast, when cells were infected with CVS-11, fluorescent

signals of p65 were found primarily in the nuclei (Fig. 5C,
bottom). These data demonstrate that RV infection of micro-
glia results in the activation of the NF-�B signaling pathway.

RV infection stimulates chemokine expression via the I�B-
NF-�B signaling pathway. We assessed whether the activation
of the NF-�B signaling cascade is responsible for CXCL10 and
CCL5 production in RV-infected microglia. Ra2 cells were
preincubated with the increasing doses of CAPE, a chemical
compound that has been shown to inhibit the nuclear translo-
cation of NF-�B (37), or BAY 11-7082, an inhibitor of I�B
phosphorylation (45), and then RV-induced chemokine ex-
pression in microglia was examined as described above. In the
presence of either inhibitor, the RV-induced expression of
CXCL10 (Fig. 6A) and CCL5 (Fig. 6B) was significantly abro-
gated in a dose-dependent fashion without affecting virus in-
fectivity (Fig. 6C). Thus, these results indicate that RV infec-
tion stimulates CXCL10 and CCL5 production in microglia
through activation of the I�B–NF-�B signaling cascade. We
further investigated whether the activation of MAPK pathways
is associated with NF-�B signaling in RV-infected microglia.
Ra2 cells, which had been pretreated with MAPK inhibitors,
were infected with CVS-11 virus, and the amounts of p-I�B�
and total I�B� were examined by using Western blot analysis.
Of the chemical compounds tested, the p38 inhibitor SB202190
partially but not completely diminished I�B� phosphorylation
and degradation in RV-infected microglia (Fig. 6D, lane 3). As
shown in Fig. 6E, the RV-induced phosphorylation of I�B� in
SB202190-treated cells was reduced by about 72% compared
to that in the untreated control. In the experiments shown in
Fig. 6F, we examined the effect of p38 inhibitor on subcellular
localization patterns of NF-�B p65 in RV-infected microglia.
When Ra2 cells were pretreated with SB202190 and infected
with CVS-11 virus, the RV-induced nuclear translocation of
p65 proteins was inhibited (Fig. 6F, right) but not completely
blocked (Fig. 6F, upper right panel). Taken together, these
results suggest that the p38-mediated pathway is required for
the efficient activation of NF-�B signaling in microglia in re-
sponse to RV infection.

DISCUSSION

Microglia are resident immune effector cells within the CNS
and are hence likely to encounter infectious agents at very
early stages of infection, as well as at later stages, when pe-
ripheral leukocytes, such as lymphocytes and monocytes, are
recruited into the brain parenchyma (26). Recruitment of leu-
kocytes into the CNS is usually preceded by chemokine pro-
duction from microglia and other CNS-resident cells, which is
the first line of defense against neurotropic viruses (55).

It is well known that RV replication within the CNS occurs
primarily in neurons and not in other CNS-resident cells, such
as microglia and astrocytes. However, in vitro and in vivo
studies provide evidence for the onset of viral gene expression
in glial cells (17, 47, 49, 60), implying that although RV virions
were taken up by glial cells, in which virus gene expression
occurs, the production of virus progenies is impaired at the
later stage of the viral replicative cycle. It is also reported that
RV infection affects the characteristics of glial cells. Prosniak
and colleagues have demonstrated that the mRNA expression
levels of neuroleukin and the two isoforms of fibroblast growth

FIG. 5. RV infection activates the I�B–NF-�B signaling cascade in
microglia. (A) Time course of I�B� phosphorylation and degradation
in microglia following RV infection. Cells were mock infected (�) or
infected with CVS-11 virus (�). After additional incubation for the
indicated times, cells were harvested and subjected to Western blot
analyses. The data are from one of three individual experiments with
similar results. (B) Viral gene expression is required for the RV-
induced phosphorylation of I�B�. Cells were incubated with or with-
out CVS-11 and HEP-Flury virions, which had been untreated (�) or
inactivated with UV irradiation (�) (Inact.). At 15 h postincubation,
Western blot analyses were carried out as described for panel A. The
data are from one of two individual experiments with similar results.
(C) Nuclear translocation of NF-�B p65 in microglia infected with RV.
Ra2 cells were mock infected (top) or infected with CVS-11 virus
(bottom). At 15 h postinfection, the cells were fixed, and p65 proteins
(left) and cell nuclei (right) were stained as described in the text. All
images are confocal sections taken through the center of the cells. The
experiments were repeated three times, and representative areas of
each culture are shown. White bar, 10 �m.
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factor-homologous factor 4 are significantly induced in RV-
infected astrocytes in vitro and in vivo (47).

In the present study, as an initial step toward understanding
the cellular response of microglia to RV infection, we have
systemically examined the growth characteristics of RV and
the activation of cellular signaling pathways leading to chemo-
kine expression in these cell types. On the basis of our data, we
provide a model for the cellular signaling events underlying
microglial activation in response to RV infection (Fig. 7). We
suggest here that RV virions are taken up by microglia into
endosomal-lysosomal compartments and that virion uncoating
occurs in the acidic environment of these vesicles. Although
the virus-encoded proteins can be expressed in cytoplasms, the
synthesis of the viral genome and the production of virus prog-
enies were significantly impaired. As to the cellular response of
microglia to RV infection, we also observed that the expression
of two chemokines, CXCL10 and CCL5, is notably induced in
RV-infected microglia. Furthermore, the data obtained here
demonstrate that RV infection stimulates multiple signaling
pathways mediated by NF-�B, p38, JNK, and ERK1/2 in mi-
croglia and that viral gene expression is required for the acti-
vation of these signal-transducing molecules. NF-�B-depen-

dent signal transduction is a key process leading to the strong
induction of CXCL10 and CCL5 expression in RV-infected
microglia, and this signaling is indirectly augmented via the
activation of the p38-mediated pathway. Our data also indicate
that ERK1/2, but not JNK, partly contributes to the induction
of CXCL10 expression and that it acts as a down-regulator of
the excessive production of CCL5 in response to RV infection.

A recent study focusing on the overall expression profiles of
host genes in the RV-infected brain has revealed that the
predominant effect of RV infection is the down-regulation of
gene expression (48). Consistent with these results in vivo, in
the earlier study using culture of neuronal cells, we were un-
able to demonstrate marked changes in expression patterns of
multiple host genes following RV infection (35). However,
some reports indicate the RV-induced gene expression of a
subset of cellular proteins, such as soluble factors and signal-
transducing molecules, in the CNS (14, 48, 52). Galelli and
colleagues demonstrated that the gene expression levels of
chemokines, including CXCL10 and CCL5, are induced in
mononuclear cell populations of the CNS infected with RV
(14). Considering the potent chemotactic effects of CXCL10
and CCL5 on leukocytes, such as T cells and monocytes (39,

FIG. 6. RV infection stimulates chemokine expression via the NF-�B signaling pathway. (A and B) Effects of I�B and NF-�B inhibitors on the
RV-induced expression of chemokines. Cells were untreated or treated with the indicated doses of CAPE and BAY 11-7082 and were infected
with CVS-11 virus. At 15 h postinfection, the expression levels of CXCL10 (A) and CCL5 (B) were determined as described in the text. The results
are shown as percentages of chemokine expression with reference to the values for the drug-untreated control. (C) Effects of I�B and NF-�B
inhibitors on virus infectivity. Ra2 cells were pretreated with or without the indicated inhibitors (10 �M each) and infected with CVS-11 virus. At
24 h postinfection, the cells were fixed, and the percentages of virus plating were determined with reference to the values for the drug-untreated
control. (D) I�B–NF-�B signaling is augmented by p38 activation in RV-infected microglia. Ra2 cells were pretreated with or without MAPK
inhibitors (10 �M each) and infected with CVS-11 virus. After a 15-h incubation period, the cells were subjected to Western blot analyses. The
data are from one of three separate experiments with similar results. (E) Quantitative analyses of I�B� phosphorylation in microglia following RV
infection. The digital images of each blot shown in panel D were prepared, and the density of each band was quantified by image analysis. The
percentages of band densities of p-I�B� were calculated with reference to the values for the drug-untreated control. For panels A, B, C, and E,
mean values and standard deviations from the results of three individual experiments are shown, and significant differences are indicated by
asterisks (P � 0.01) and pound signs (P � 0.05). (F) Effect of the p38 inhibitor on subcellular localization patterns of NF-�B p65 in RV-infected
microglia. Cells were preincubated in the absence (left) or presence (right) of SB202190 and then infected with CVS-11 virus. At 15 h postinfection,
the cells were stained for NF-�B p65 and cell nuclei. All images were taken through the centers of the cells. Similar results were obtained from
two other experiments. Arrowheads indicate the p65 localization mentioned in the text. White bar, 10 �m.
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54), it is likely that the production of these chemokines is
associated with the infiltration of mononuclear cells into the
RV-infected CNS, as was reported previously (5, 14). Still,
little information is available concerning the type of CNS-
resident cells, which are able to produce these chemokines in
response to RV infection. Our findings in the current study
demonstrate the possibility that CNS-resident cells can pro-
duce CXCL10 and CCL5 via the recognition of RV infection.
As for the activation of signal-transducing molecules evoked by
RV infection, Dietzschold and colleagues previously suggested
that the DNA-binding activities of AP-1, which is a down-
stream target of JNK pathway, and NF-�B are enhanced in the
brains of RV-infected animals (9). The data obtained here
provide direct evidence for the RV-induced activation of in-
tracellular signaling pathways in CNS-resident cells.

Recent extensive studies have indicated that microglia in-
trinsically produces CXCL10 and CCL5 upon infection with a
variety of neurotropic viruses, including cytomegalovirus (6),
human immunodeficiency virus (58), herpes simplex virus (30),
Newcastle disease virus (12, 63), Theiler’s murine encephalo-
myelitis virus (42, 43), and Japanese encephalitis virus (7).
However, the precise role of cell signaling molecules, espe-
cially that of MAPK subfamilies, in the virus-induced expres-
sion of these chemokines in microglia remains poorly under-
stood. As for MAPK signaling being responsible for CXCL10
expression, a recent report suggests that the induction of
CXCL10 production in microglia upon CMV infection is partly
mediated by the p38 pathway (6). The results obtained in the
present study indicate that ERK1/2, along with p38, is required
for CXCL10 expression in RV-infected microglia. We also
demonstrate that p38 and ERK1/2 participate in a different
process leading to CXCL10 expression in microglia following
RV infection, as the simultaneous inhibition of p38 and
ERK1/2 additively decreased the CXCL10 levels. A previous
study using culture of epithelial cells from peripheral tissue
suggested that adenovirus entry into the cells induces CXCL10

expression via both the p38 and ERK1/2 pathways (62). Our
findings are unique in that the activation of these MAPK
pathways leading to CXCL10 expression is triggered at the step
after virus entry, because UV-inactivated RV virions failed to
induce MAPK phosphorylation.

As to CCL5 expression via MAPK signaling, it has been
previously shown that the expression of this chemokine is in-
duced via the p38 and ERK1/2 pathways in alveolar epithelial
cells infected with respiratory syncytial virus (44). It has also
been reported that p38, as well as JNK, is required for CCL5
production in bronchial epithelial cells following infection with
influenza virus (28). On the other hand, a recent study focusing
on herpes simplex virus-induced chemokine expression indi-
cates that CCL5 responses in macrophages and fibroblasts
against virus infection are induced by the p38-independent
mechanism (31). From these studies, the contribution of
MAPK signaling to CCL5 expression is considered to be de-
pendent on the types of cells and viruses. With respect to the
CCL5 response to neurotropic virus infection, Chen et al. (7)
have demonstrated that the Japanese encephalitis virus-in-
duced CCL5 production in mixed microglia-astrocyte cultures
is partially induced via ERK1/2 activation. However, it remains
unclear whether other MAPK pathways are responsible for
virus-induced CCL5 production by microglia. The data shown
in the present study constitute a body of evidence for virus-
induced CCL5 expression through activation of the p38 signal-
ing pathway in microglia. Furthermore, as a striking feature of
chemokine expression in RV-infected microglia, we found that
the activation of the ERK1/2 pathway negatively regulates
virus-induced CCL5 expression. In view of our evidence that
p38, as well as NF-�B, activates CCL5 expression in virus-
infected microglia, it appears paradoxical that ERK1/2 inhibits
the expression of this chemokine. However, the analysis of the
kinetics of MAPK phosphorylation in RV-infected microglia
demonstrated that p38 phosphorylation precedes the maximal
activation of ERK1/2, rendering it likely that the ERK1/2 path-

FIG. 7. Schematic model for the chemokine responses of microglia to RV infection. The model is based on the data in the present study and
previous publications (see the text for the appropriate references). RV infection of microglia is initiated by the uptake of virions into endosomal-
lysosomal compartments. Although microglia allows RV uncoating and expression of virus-encoded proteins, the replication of the viral genome
and the production of virus progenies are impaired. RV infection of microglia leads to the activation of cellular signaling pathways mediated by
MAPKs and I�B–NF-�B, and this process is triggered at the stage after viral gene expression. NF-�B signaling, which is additively augmented by
p38 activation, is crucial for the expression of CXCL10 and CCL5 in the RV-infected microglia. The ERK1/2 pathway also participates in the
induction of CXCL10 expression, while it acts as a down-regulator of the excessive production of CCL5 upon RV infection.
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way acts as a negative regulator of CCL5 expression. Previ-
ously, it has been suggested that the CCL5 response of micro-
glia to human immunodeficiency virus infection is attenuated
by the activation of p38 but not of ERK1/2 (58). Considering
the strong chemotactic effect of CCL5 on a broad range of
inflammatory cells (1, 54) and the lack of evidence for the
MAPK-mediated down-regulation of CCL5 production in
other cell types upon virus infection, it can be postulated that
the MAPK signal pathways intrinsically adjust the level of
CCL5 expression in microglia via recognition of virus infection,
thereby controlling excessive leukocyte trafficking into the
brain parenchyma.

An important body of knowledge has been accumulated
about the chemokine expression mediated by the NF-�B path-
way (32), while the NF-�B-dependent expression of CXCL10
and CCL5 in virus-infected microglia has been addressed in
only a few studies (6, 7). In the present study, we show that
NF-�B signaling pathway acts as a cardinal mediator of
CXCL10 and CCL5 expression in virus-infected microglia, and
our observation is consistent with earlier results from other
investigators. As a remarkable feature of NF-�B-meditated
chemokine expression, we found that NF-�B signaling can be
augmented by p38 activation in RV-infected microglia. We
also observed that the onset of this signal transduction was not
completely blocked even in the absence of p38 activation, sug-
gesting that the RV-induced expression of CXCL10 and CCL5
is achieved by two distinct mechanisms, the direct activation of
NF-�B evoked by the recognition of virus infection and the
p38-dependent transactivation of NF-�B signaling, both of
which are required to fully activate chemokine expression in
microglia. It is probable that the p38-independent activation of
NF-�B in RV-infected microglia is mediated by the other sig-
nal-transducing molecules, such as phosphatidylinositol 3-ki-
nase and double-stranded-RNA-activated protein kinase (33).
Recent studies have demonstrated that the p38-dependent
pathway activates NF-�B in response to stimuli, such as proin-
flammatory cytokines and environmental stress (8, 20, 56).
However, much remains to be understood with regard to the
convergence of these pathways during virus infection. Since
I�B is not a substrate for p38 (56), it is likely that p38 may
activate one or more of the signaling molecules upstream of
I�B in the NF-�B cascade. Alternatively, as the p38 pathway
participates in the induction of proinflammatory cytokines,
such as interleukin 1	 (33), which can activate the NF-�B
pathway (4), it is possible that the RV-induced activation of
p38 may facilitate proinflammatory cytokine expression, which
subsequently induces NF-�B activation in an autocrine action.
The strong induction of CXCL10 and CCL5 expression in
RV-infected microglia may also be explained by a positive
transcriptional synergy between NF-�B and the other tran-
scription factors. It is well known that both CXCL10 and CCL5
are IFN-inducible chemokines (32), and in preliminary exper-
iments, we observed that RV infection of microglia led to the
induction of IFN-� and -	 (data not shown). Accumulating
evidence has indicated a transcriptional synergy between
NF-�B and IFN-responsive transcription factors, such as signal
transducer and activator of transcription (40, 41, 46). Thus, it
is likely that IFNs secreted from RV-infected microglia stim-
ulates IFN signaling in an autocrine manner, which subse-

quently facilitates chemokine gene expression in cooperation
with NF-�B.

Overall, our study presented here provides an insight into
the precise roles of intracellular signaling pathways mediated
by MAPK and NF-�B in the regulation of chemokine expres-
sion in microglia through recognition of neurotropic virus in-
fection.
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