
JOURNAL OF VIROLOGY, Sept. 2004, p. 9376–9388 Vol. 78, No. 17
0022-538X/04/$08.00�0 DOI: 10.1128/JVI.78.17.9376–9388.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Rabies Virus Stimulates Nitric Oxide Production and CXC Chemokine
Ligand 10 Expression in Macrophages through Activation of

Extracellular Signal-Regulated Kinases 1 and 2
Kazuo Nakamichi,1 Satoshi Inoue,2 Tomohiko Takasaki,1 Kinjiro Morimoto,1 and Ichiro Kurane1*

Department of Virology I1 and Department of Veterinary Science,2 National Institute of
Infectious Diseases, Toyama, Shinjuku, Tokyo, Japan

Received 23 February 2004/Accepted 29 April 2004

Macrophages represent an essential part of innate immunity, and the viral infection of macrophages results
in the release of multiple proinflammatory mediators, such as nitric oxide (NO), cytokines, and chemokines.
This study was undertaken to define the molecular mechanism of macrophage activation in response to rabies
virus (RV) infection. In RAW264 murine macrophage cells, a well-characterized macrophage model, RV rep-
lication was strictly restricted, whereas cell proliferation was significantly enhanced upon RV inoculation.
Transcriptional analyses for the expression of inducible forms of NO synthase (iNOS), cytokines, and che-
mokines revealed that RV virions potentiate the gene expression of iNOS and CXC chemokine ligand 10
(CXCL10), a major chemoattractant of T helper cell type 1. However, RV stimulation had little or no effect on
the expression profiles of proinflammatory cytokines and other types of chemokines. In macrophages stimu-
lated with UV-inactivated RV virions, as well as infectious viruses, the phosphorylation of extracellular
signal-regulated kinase (ERK) 1 and 2, members of the mitogen-activated protein kinase family, was signifi-
cantly induced. Specific inhibitors of MAPK/ERK kinase reduced the RV-induced production of NO and
CXCL10. Furthermore, the RV-induced activation of the ERK1/2 pathway was severely impaired by the
neutralization of the endosomal and lysosomal pH environment with lysosomotropic agents, indicating that
endocytosis is a key step leading to the activation of ERK1/2 signaling. Taken together, these results suggest
that the ERK1/2-mediated signaling pathway plays a cardinal role in the selective activation of macrophages
in response to RV virions, thereby regulating cellular functions during virus infection.

Rabies virus (RV) is a negative-strand RNA virus belonging
to the Rhabdoviridae family, genus Lyssavirus. Most RV strains
are highly neurotropic, which usually causes a fatal infection in
warm-blooded animals, and viral replication primarily occurs
in neurons as a cellular target (43). It has been reported that
RV replicates in muscle cells prior to the invasion of the
peripheral nervous system and central nervous system (CNS)
in vivo (62). In vitro, it is known that a highly neurovirulent RV
strain, challenge virus standard (CVS), and an attenuated
strain, high egg passage (HEP)-Flury (hereafter called HEP),
infect a variety of cell types, including nonneuronal cells (26,
82, 84, 85).

It is well known that infection of experimental animals with
nonpathogenic RV strains triggers a strong antiviral immune
response (90). Recent studies have demonstrated that the
strong antiviral immune response elicited by attenuated RV
infection is closely related to the induction of apoptosis in
infected cells due to the expression of viral glycoprotein (61,
76). Several groups have attempted to develop vaccine vehicles
using RV-based vectors. It has been reported that the RV
vectors expressing foreign antigens induce strong humoral and
cellular responses against other kinds of viral pathogens, such
as human immunodeficiency virus type 1 and hepatitis C virus,
in the mouse model (54, 55, 79, 81). The high efficacy of RV in
inducing an antiviral immune response may also be due to the

stimulation of immunocytes by RV components. Lafon and
colleagues demonstrated that the nucleocapsid of RV acts as a
viral superantigen, which activates T lymphocytes bearing par-
ticular V beta subsets of T cell receptor via its binding to major
histocompatibility complex class II (2, 47, 48).

A major component of innate immunity against infection,
particularly virus infection, is the macrophage. Macrophages
play a principal role in the uptake of pathogens into intracel-
lular compartments via endocytosis and phagocytosis. The en-
zymolysis of exogenous particles in the acidic environment of
endosomal-lysosomal vesicles finally leads to the induction of
various cellular responses (8, 23, 58). At the local sites of in-
fection, macrophages induce proinflammatory responses aim-
ing at the elimination of invading pathogens and infected cells.
During virus infection, the activated macrophages secrete var-
ious kinds of proinflammatory mediators, such as proinflam-
matory cytokines, including interleukin-1� (IL-1�) and IL-6;
chemokines; and nitric oxide (NO) (24, 29, 52). In the process
leading to macrophage activation, signaling pathways mediated
by the mitogen-activated protein kinase (MAPK) superfamily
have been shown to play pivotal roles in regulating cellular
functions (22). For mammalian cells, several different sub-
groups of the MAPK subfamily have been identified, such as
the extracellular signal-regulated kinases 1 and 2 (ERK1/2),
c-Jun N-terminal kinase, and p38 MAPK (22, 45). ERK1/2,
members of the MAPK family, are primarily activated by stim-
uli such as growth factors, cytokines, and phagocytosis, while
p38 MAPK is involved in the MAPK activation induced by
environmental stresses, such as bacterial endotoxins, proin-

* Corresponding author. Mailing address: Department of Virology
1, National Institute of Infectious Diseases, 1-23-1 Toyama, Shinjuku-
ku, Tokyo 162-8640, Japan. Phone: 81-3-5285-1169. Fax: 81-3-5285-
1169. E-mail: kurane@nih.go.jp.

9376



flammatory cytokines, osmotic shock, UV irradiation, and vi-
rus infections (5, 22, 30, 37, 56, 73, 74, 93).

Previous studies have demonstrated that some RV strains
infect bone marrow macrophages and several macrophage-like
cell lines (41, 77). However, RV replication depends on virus
strains and cell types and tends to be severely impaired com-
pared to that in neuronal cells (77). It has also been reported
by others that RV virions are taken up by murine peritoneal
macrophages into intracellular compartments, in which they
are actively destroyed (86). Furthermore, immunohistochem-
istry and electron microscopy studies have proven that large
numbers of macrophages are recruited to the peripheral sites
of RV inoculation in vivo (14). Recently, Claassen and col-
leagues have demonstrated that peripherally administrated RV
antigens are taken up mainly by macrophages and are localized
in the lymph nodes and spleen (15). From these lines of evi-
dence, it is likely that RV interacts with macrophage-like cells
at the peripheral sites of infection. However, macrophage re-
sponses to RV remain largely unknown.

In the present study, we have examined the transcription
patterns of inducible NO synthase (iNOS), cytokines, and che-
mokines in macrophages stimulated with neurovirulent CVS
and attenuated HEP viruses. We demonstrate that RV virions
stimulate iNOS gene expression and NO production, although
viral replication is strictly arrested. We also show that the gene
expression and protein release of CXCL10 (chemokine CXC
ligand 10)/IP-10 (interferon-inducible protein-10 kDa) are se-
lectively enhanced in RV-stimulated macrophages but that RV
stimulation has little or no effect on the expression profiles of
proinflammatory cytokines and other chemokines. Further-
more, it has been shown that the induction of the iNOS and
CXCL10 genes in RV-stimulated macrophages is mediated
through the activation of the MAPK signaling cascade that
involves ERK1/2. Our findings suggest an essential role for the
ERK1/2-mediated signaling cascade in regulating the selective
activation of antiviral functions of macrophages in response to
RV virions.

MATERIALS AND METHODS

Reagents and antibodies. Highly purified bovine serum albumin (BSA; fatty
acid free), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT),
DAPI (4�,6-diamidino-2-phenylindole), 1,4-diazabicyclo-2,2,2-octane, lipopoly-
saccharide (LPS) from Escherichia coli (serotype O111:B4), bafilomycin A1
(BA1), and ammonium chloride (NH4Cl) were purchased from Sigma (St. Louis,
Mo.). PD98059, a selective inhibitor of MAPK/ERK kinase 1 (MEK1); U0126,
a potent and specific inhibitor of MEK1/2; U0124, an inactive analogue of U0126
used as a negative control; and SB202190, a specific inhibitor of p38 MAPK, were
purchased from EMD Biosciences, Inc. (San Diego, Calif.). Rabbit antibodies
against phosphorylated forms of ERK1/2 and p38 MAPK were obtained from
Santa Cruz Biotechnology (Hercules, Calif.). Anti-ERK1/2 and anti-�-tubulin
antibodies, as well as horseradish peroxidase-linked antibodies, were purchased
from Sigma. Fluorescein isothiocyanate (FITC)-conjugated monoclonal antibod-
ies (MAbs) specific for RV nucleoprotein (N) were purchased from Centocor,
Inc. (Malvern, Pa.).

Cells. A murine macrophage cell line, RAW264, was obtained from RIKEN
Cell Bank (Tsukuba, Japan). Murine cell lines derived from T lymphoma (EL4)
and B lymphoma (A20) were kindly provided by the Cell Resource Center for
Biomedical Research, Tohoku University (Sendai, Japan). Murine neuroblas-
toma (NA; C1300 clone) and RAW264 cells were cultivated in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma) supplemented with 10% heat-inac-
tivated fetal calf serum (Invitrogen, Carlsbad, Calif.), penicillin (100 U/ml), and
streptomycin (100 �g/ml). EL4 and A20 cells were grown in RPMI 1640 medium
(Sigma) containing the above-mentioned additives. All cell cultures were main-
tained at 37°C in a humidified incubator containing 5% CO2 in air.

Viruses. The pathogenic CVS-11 (hereafter called CVS) and nonpathogenic
HEP strains of RV were propagated in NA cells as previously described (80).
Preparation of RV virions was performed essentially as described before (39).
Briefly, virions in the culture supernatant of the RV-infected NA cells were
purified by polyethylene glycol (no. 6,000) precipitation, followed by sucrose
density ultracentrifugation. Finally, the RV virions were purified and resus-
pended in DMEM, which contained 0.2% BSA instead of serum (test medium),
by using ultrafiltration with an Amicon Ultra-15 centrifugal filter device (Milli-
pore, Billerica, Mass.) according to the manufacturer’s instructions. Virus titers
were determined by a focal infectivity assay using the FITC-coupled anti-N
protein MAbs (see below). Alternatively, purified viruses were inactivated by UV
light irradiation for 15 min just prior to the experiments.

Measurement of virus replication. NA and RAW264 cells, which had been
plated in 96-well culture plates (4 � 105 cells/well), were incubated with 10
focus-forming units (FFU) of viruses per cell suspended in test medium for 2 h
at 37°C, washed, and overlaid with culture medium. 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.

Immunofluorescence. Fluorescent staining of cultured cells was performed
essentially as described in previous papers (64, 66). Briefly, cells were incubated
with or without viruses, washed, and overlaid with culture medium in the same
procedure as for the virus replication assay. After a 48-h incubation period, the
cells were washed with phosphate-buffered saline (PBS), fixed with 4% parafor-
maldehyde in PBS for 10 min, and then permeabilized with 0.2% Triton X-100
in PBS for 5 min. The cells were stained with FITC-coupled MAbs specific for
the viral N protein and with DNA dye (DAPI; 0.1 �g/ml). Samples were overlaid
with a solution containing 90% glycerol, 2.3% 1,4-diazabicyclo-2,2,2-octane, and
20 mM Tris-HCl (pH 8.0) and were examined under a fluorescent microscope
(Eclipse TE200; Nikon, Tokyo, Japan).

Cell proliferation assay. The proliferation of RV-infected cells was measured
by using a colorimetric MTT assay as described previously (65). The cells, which
had been plated at a density of 2 � 104 per well in the flat-bottom 96-well culture
dishes, were incubated in test media with or without RV (10 FFU/cell) for 2 h at
37°C, washed, and further incubated. After incubation of the cells for the ap-
propriate times, MTT solution was added to the culture supernatants at a final
concentration of 0.5 mg per ml, and the cells were incubated at 37°C. After a 4-h
incubation period, the culture supernatants were decanted and the formazan
precipitates were solubilized in 150 �l each of dimethyl sulfoxide. The optical
density of each sample was determined on a spectrophotometer at a wavelength
of 550 nm.

RT-PCR analysis. Semiquantitative reverse transcription (RT)-PCR analysis
was carried out as described previously (7, 68). The cells were cultured in test
media with or without a virus inoculum (10 FFU/cell) at 37°C for 2 h, washed,
and further incubated at 37°C. After incubation for the appropriate times, total
RNA was isolated from the 1.5 � 106 cells by using the RNA extraction reagent
ISOGEN (Nippon Gene, Tokyo, Japan) according to the manufacturer’s recom-
mendations. The first-strand cDNA was generated from 5 �g of total RNA
prepared as described above in a final volume of 50 �l and was subjected to PCR
amplification of the specific cDNA sequences by using an RNA PCR kit (AMV)
and Ex Taq DNA polymerase (Takara Bio Inc., Shiga, Japan) according to the
manufacturer’s protocol. Oligonucleotides were synthesized on the basis of the
published primers for cDNA amplification of GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase) (68), iNOS (71), cytokines (27, 36, 71, 72), and chemo-
kines (68, 46); their specificities and optimum PCR conditions have been de-
scribed previously. To control 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 (68). The absence of contaminating DNA was also verified by PCR
analysis using RNA preparations not treated with reverse transcriptase and
cDNA reactions. To adjust the relative amounts of total cDNAs in each sample,
GAPDH-specific 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. The digital images
of DNA bands were prepared by using a FAS-III system (Toyobo, Osaka, Japan),
and the band intensities were measured at the steps of template dilution that
resulted in a linear relationship between the initial cDNA input and the PCR
product by using Scion Image (Scion Corp., Frederick, Md.) according to the
manufacturer’s recommendations. The relative mRNA levels of iNOS, cytokines,
and chemokines were then measured by PCR by using the specific primers and
serial fivefold-dilution series of cDNA templates, which had been normalized
with reference to the amount of GAPDH cDNA, followed by the image analyses
described above.
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Measurement of NO production and CXCL10 release. Synthesis of NO was
measured as the stable end product of nitrite (NO2

�) in culture supernatants
with the Griess reagent (25). RAW264 cells were plated at a density of 4 � 105

per well in 24-well culture dishes and incubated in virus suspensions containing
4 � 106 FFU of RV at 37°C for 2 h. The cells were washed twice and further
incubated in culture medium for 24 h, and then 100 �l (each) of the culture fluids
was allowed to react with an equal volume of Griess reagent (1% sulfanilamide,
0.1% naphthylethylenediamine dihydrochloride, and 2.5% phosphoric acid) at
room temperature for 10 min. The absorbances of assay samples were measured
spectrophotometrically at a wavelength of 550 nm. Nitrite concentrations were
calculated by comparison with a standard curve derived from the reaction of
NaNO2 under assay conditions. For the determination of CXCL10 levels in
culture supernatants, cells were incubated in the presence or absence of RV
inoculum (10 FFU/cell), washed, and overlaid with culture medium as described
above. After incubation for the appropriate times, the culture fluids were sepa-
rated, and the levels of CXCL10 protein content were determined by using an
enzyme-linked immunosorbent assay kit (Quantikine mouse IP-10 immunoassay;
R&D Systems Inc., Minneapolis, Minn.) according to the manufacturer’s instruc-
tions. As to the inhibition of vacuolar pH acidification, cells were preincubated
in the presence of ammonium chloride or BA1 for 2 h at 37°C at concentrations
that did not cause any cytotoxicity, and then the cultures were continued in
culture media including these drugs. At 24 h after incubation, the concentrations
of nitrite and CXCL10 in the culture fluids were determined as described above.

Western blot analysis. The activation of MAPK pathways in macrophages was
measured by immunoblotting using antibodies against phosphorylated forms of
ERK1/2 and p38 MAPK as described elsewhere (44). Cells were incubated in test
media with or without RV (10 FFU/cell), which had been left untreated or
inactivated with UV irradiation, for 2 h at 37°C, washed, and overlaid with test
media. Alternatively, cells were incubated in the presence of LPS (50 ng/ml) for
2 h. As to the inhibition of vacuolar pH acidification, cells were preincubated for
2 h at 37°C with DMEM containing ammonium chloride or BA1 at concentra-
tions that did not cause any cytotoxicity just before stimulation, and then the
cultures were continued in test media including these drugs. 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, Penzberg, Germany), and
phosphatase inhibitor cocktails (Sigma). Extracts were clarified by centrifugation
at 12,000 � g for 10 min at 4°C. Each sample, containing 15 �g of proteins, was
separated under reducing conditions in 0.4% sodium dodecyl sulfate (SDS)–12%
polyacrylamide gels, and was transferred to polyvinylidene difluoride membranes
(Millipore) as described previously (65, 66). The blots were blocked for 1 h with
2% BSA in Tris-buffered saline (20 mM Tris-HCl, pH 7.4, 0.15 M NaCl) con-
taining 0.05% Triton X-100 (TBST) and incubated with the primary antibodies
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, N.J.) and pho-
tographed using an enhanced-chemiluminescence minicamera (Amersham Bio-
sciences).

Inhibition of MAPK pathways. Inhibition of MAPK activation in macrophages
was carried out as described elsewhere (83). Briefly, cells were incubated for 1 h
at 37°C in test media containing PD98059, U0126, U0124 (10 �M each), or
SB202190 (20 �M) prior to the experiment and were subjected to the above-
mentioned analyses. Under these conditions, the MAPK inhibitors did not in-
duce any cytotoxic effects as judged by a dye exclusion assay using trypan blue
(63).

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

RESULTS

Viral replication and macrophage proliferation following
RV inoculation. In the present study, we sought to system-
ically analyze the macrophage responses against RV by using
RAW264 cells, in which the cellular signaling mechanisms in
response to various stimuli have been extensively characterized
(13, 59, 92). Previous studies demonstrated that several RV
strains are able to infect macrophage-like cells and that viral
multiplication in macrophages depends on the strains of vi-
ruses and the types of macrophages (41, 77). We initially ex-
amined the growth characteristics of pathogenic CVS and non-

pathogenic HEP strains in RAW264 cells. NA and RAW264
cells were inoculated with CVS and HEP at a multiplicity of
infection (MOI) of 10 (10 FFU/cell), and the progeny viruses
in culture supernatants were titrated at the appropriate time
points (Fig. 1A). In neuronal NA cells, both viruses exhibited
a marked increase in virus titers, reaching a near-plateau level
at 24 h postinfection. In contrast, the onset of RV replication
in RAW264 cells was not observed even 48 h after inoculation.
To further examine the defective growth of these RV strains in
macrophages, the expression patterns of viral N protein, which
accumulates in the cytoplasm of RV-infected cells, were as-
sessed by indirect immunofluorescence assay. Cells were inoc-
ulated with CVS and HEP viruses (10 FFU/cell), and the viral
N protein and cell nuclei were stained with anti-N MAbs and
the DNA dye DAPI, respectively, 48 h after inoculation (Fig.
1B). In NA cells, strong signals of N proteins were observed in
most of the cells. On the other hand, the majority of the
RV-inoculated RAW264 cells did not exhibit any signs of N
protein expression, and the fluorescent signals of the N pro-
teins, which were much weaker than those observed in NA
cells, were seen in �1% of the total cell population (Fig. 1B).
These results indicate that the viral replication and protein
expression of both CVS and HEP strains are strictly impaired
in RAW264 macrophages.

In order to elucidate the possibility that RV affects the
characteristics of macrophages, we next examined the prolif-
eration of macrophages after RV inoculation by measuring the
activity of the mitochondrial enzyme succinate dehydrogenase.
To compare the proliferation of macrophages with that of
other cell types, NA, A20, EL4, and RAW264 cells were incu-
bated with RV (10 FFU/cell), and the enzyme activities of each
sample were determined by using an MTT assay at the appro-
priate time points. When NA cells were inoculated with CVS
viruses, the enzyme activity was slightly decreased, while the
HEP-infected NA cells showed marked reduction in enzyme
activity (Fig. 1C). In the B-cell line A20, the enzyme activity
was not affected by RV inoculation compared to that in the
mock-inoculated cells (Fig. 1C). In the T-cell line EL4, the
mitochondrial activity was slightly decreased (by 	10%) com-
pared to mock-inoculated cells (P � 0.005) 48 h after inocu-
lation. Unlike other cell types tested, RAW264 macrophages
exhibited a significant increase in enzyme activity compared to
the mock-treated control 24 and 48 h after inoculation (P �
0.001) (Fig. 1C). As shown in Fig. 1D, when macrophages were
treated with increasing amounts of RV, their enzyme activities
were promoted in a dose-dependent manner. The increase in
enzyme activity of the RV-stimulated macrophages was pro-
portional to the number of cells and was blocked by the neu-
tralization of viruses with anti-RV antiserum (data not shown).
These results indicate that RV induces the proliferation of
RAW264 macrophages, although viral replication is arrested in
the cells.

RV facilitates NO production in macrophages. Based on the
above-mentioned results, we hypothesized that some cellular
functions of macrophages might be activated in response to
RV. To assess this possibility, we examined NO production in
the RV-stimulated cells as a major characteristic feature of
macrophage activation (Fig. 2). NO is a short-lived diffusible
molecule, which is primarily released from the activated mac-
rophages, and its generation is catalyzed by iNOS (60). In the
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experiments shown in Fig. 2A, RAW264 cells were preincu-
bated with or without CVS viruses (10 FFU/cell) for 2 h, and
the expression of iNOS mRNA was monitored by RT-PCR
methods. Prior to the measurement of iNOS mRNA, the rel-
ative amount of total cDNA in each sample was normalized
with reference to the expression levels of the housekeeping
gene for GAPDH. In the mock-stimulated macrophages, low
levels of iNOS mRNA were expressed and did not vary during
the course of incubation tested. In contrast, when macrophages

were stimulated with CVS, the strong signals of the amplified
products were detected at highly diluted concentrations of
PCR templates compared to those of mock-stimulated cells 12
and 24 h after incubation, and an increase in iNOS transcrip-
tion was also observed for the cells which had been stimulated
with the UV-inactivated virions (Fig. 2A). In the experiments
shown in Fig. 2B, the relative amounts of iNOS mRNA in
macrophages were monitored during the course of incubation.
In the RV-stimulated macrophages, the expression levels of

FIG. 1. Viral replication and cell proliferation following RV inoculation. (A) Multiplication of RV in neuroblastoma (NA) and macrophage
(RAW264) cell lines. Cells were inoculated with the pathogenic CVS or attenuated HEP strain of RV (10 FFU/cell). At the indicated time points,
progeny viruses in culture supernatant fluids were titrated on NA cell monolayers. The values are averages of six independent experiments. The
error bars indicate standard deviations. (B) Indirect immunofluorescence assay of viral N protein in RV-inoculated cells. Cells were incubated with
CVS and HEP viruses at an MOI of 10 for 2 h and then further incubated. After 48 h of incubation, the cells were fixed and stained for the viral
N proteins (top) and cell nuclei (bottom) by using FITC-coupled anti-N MAbs and DAPI, respectively. Samples were examined by using a
fluorescent microscope. The experiments were repeated three times, and representative areas of each culture are shown. The arrowheads point
to the accumulation of viral N proteins in cells. Magnification, �100. (C) Effect of RV on cell proliferation. NA, T-cell derived EL4, B-cell-derived
A20, and RAW264 cells were inoculated with RV at an MOI of 10. At different times after incubation, the activities of mitochondrial succinate
dehydrogenase in each culture were measured by MTT assay as described in the text. (D) Dose-dependent stimulation of cell proliferation by RV.
Cells were inoculated with various doses of RV as indicated. At 48 h after incubation, the enzyme activities in each sample were determined by
MTT assay. The percentages of enzyme activity were calculated with reference to the values for the mock-inoculated cells. The data are averages
of six independent experiments, and the error bars indicate standard deviations.
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iNOS mRNA steeply increased between 8 and 12 h after in-
cubation and were 
100-fold higher than those in the mock-
stimulated cells at 12 h postinoculation (P � 0.001). At 12 and
24 h after incubation, the levels of iNOS transcription in the
RV-stimulated macrophages were slightly lower than those in
the HEP-stimulated cells, but the difference was not statisti-
cally significant. Figure 2C shows the biosynthesis of NO in
macrophages. Cells were unstimulated or stimulated with in-
fectious viruses or UV-inactivated virions, and the concentra-
tions of nitrite (NO2

�), a stable end product of NO, in culture
fluids were measured 24 h after incubation. The nitrite con-
centrations in culture supernatants of macrophages stimulated
with the infectious CVS and HEP viruses were 1.68 and 1.89
�M, respectively, and were significantly higher than those in
unstimulated macrophages (0.034 �M; P � 0.001) (Fig. 3C). In
the macrophages stimulated with UV-inactivated virions, NO
production was slightly decreased compared to that in the
infectious-RV-stimulated cells, but the difference was not sta-
tistically significant (Fig. 3C). Taken together, these results
suggest that both virulent and avirulent RV viruses are able to
stimulate the expression of the iNOS gene, resulting in an
efficient generation of NO.

Expression of cytokine and chemokine genes induced by RV.
The enhanced iNOS gene expression and NO production in
the RV-stimulated cells imply that RV activates the antiviral
cellular response. To examine whether RV affects the expres-
sion patterns of cytokines and chemokines, RAW264 cells
were left unstimulated or stimulated with RV (10 FFU/cell),
and the amounts of cytokine and chemokine mRNAs were
examined by RT-PCR 24 h after incubation (Fig. 3). As shown
in Fig. 3A, upon RV stimulation, the band intensities for an-
tiviral cytokines (alpha and beta interferons [IFN-� and -�])
and IL-18, a cytokine involved in T helper cell type 1 (Th1)
activation (40), were slightly increased, while the transcription
patterns for IFN-�, IL-1�, IL-6, tumor necrosis factor alpha
(TNF-�), transforming growth factor �1, granulocyte-macro-
phage colony-stimulating factor, IL-10, and IL-12 remained
unchanged.

Chemokines are low-molecular-weight and structurally re-
lated molecules that are involved in chemotaxis and activation
of leukocytes at the site of inflammation, and these proteins
can be divided into four subfamilies, designated C, CC, CXC,
and CX3C chemokine ligands, based on the positions of their
cysteine residues (94). Figure 3B shows the transcription pat-

FIG. 2. RV stimulates iNOS expression and NO biosynthesis in macrophages. (A) Expression of iNOS gene in macrophages. RAW264 cells
were preincubated with (�) the infectious and UV-inactivated (Inact.) virions of CVS for 2 h, washed, and further incubated. At the indicated time
points, total RNAs were extracted from each culture, and the first-strand cDNAs were generated. The relative amount of total cDNA from each
sample was normalized with reference to GAPDH cDNAs, and PCR amplifications for GAPDH and iNOS sequences were performed by using
serially fivefold-diluted cDNA preparations as described in the text. The PCR products were electrophoresed and stained. The data are from one
of three independent experiments with similar results. (B) Measurement of relative amounts of iNOS mRNA in macrophages. Cells were
stimulated with RV (10 FFU/cell) for 2 h, and immediately thereafter (0 h) and at the indicated time points, RT-PCR analyses specific for iNOS
mRNA were carried out as described for panel A. The band intensity of each PCR product was measured by using densitometry, and the results
are shown as the n-fold increase in the amount of iNOS mRNA with reference to the mRNA levels at 0 h after incubation. Mean values and
standard deviations from the results of three independent experiments are shown. (C) NO production in RV-stimulated macrophages. Cells were
mock stimulated or stimulated with (�) infectious and UV-inactivated virions, and the concentrations of nitrite were measured as described in the
text. The data are means of three independent experiments, and the error bars indicate standard deviations.
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terns of two major chemokine subfamilies, CXC (CXCL2, -9,
-10, and -11) and CC (CCL2, -3, and -5) chemokine ligands, in
macrophages. Of the chemokines tested, the gene expression
of CXCL10/IP-10 was notably induced in the RV-stimulated
cells compared to that in the mock-stimulated cells. We also
observed slight increases in band intensities for CXCL11/I-
TAC (interferon-inducible T-cell chemoattractant), CCL2/
MCP-1 (monocyte chemoattractant protein 1), and CCL5/
RANTES (regulated upon activation, normal T-cell expressed
and secreted). As shown in Fig. 3C, the induction of CXCL10
transcription was not seen in neuronal NA cells, which are
permissive for RV infection. To assess the gene expression
profiles more quantitatively, RT-PCR analyses were indepen-
dently repeated three times, and the relative amounts of
mRNAs were measured by using densitometry as described
above (Table 1). In NA cells, the changes in mRNA expression
of cytokines and chemokines were from 0.3- to 1.9-fold com-
pared to the mock-infected control. At this time point, the
gene expression patterns in the HEP-infected cells were similar
to those in the CVS-infected cells (data not shown). When
RAW264 macrophages were stimulated with RV, the relative
amounts of CXCL10 mRNA were 
200-fold higher than that
in the mock-stimulated cells (P � 0.001). In contrast to the
strong induction of CXCL10 expression in the RV-stimulated
macrophages, the increases in mRNA levels for other cyto-
kines and chemokines were from 1.1- to 7.0-fold. Thus, these
results indicate that the expression of the CXCL10 gene is
selectively potentiated in the RV-stimulated macrophages,
whereas RV does not induce dramatic increases in the expres-
sion of other types of cytokines and chemokines.

CXCL10 release from RV-stimulated macrophages. Analy-
ses for gene expression of multiple cytokine and chemokine
genes have revealed that RV significantly stimulates CXCL10
transcription in macrophages. To examine the onset of CXCL10
expression, RAW264 cells were stimulated with RV, and the

expression of CXCL10 mRNA was monitored by RT-PCR
during the course of incubation. In the RV-stimulated macro-
phages, the induction of CXCL10 transcription was readily
observed 12 h after stimulation, and a similar transcription
pattern was also observed in the cells stimulated with the
UV-inactivated virions (Fig. 4A). In the experiments shown in
Fig. 4B, the relative amounts of CXCL10 mRNAs were mea-

FIG. 3. Transcription profiles of cytokines and chemokines in RV-stimulated cells. (A and B) RAW264 macrophages were incubated in the
absence or presence of CVS or HEP virus (10 FFU/cell) for 2 h, washed, and further incubated for 24 h. Total RNAs were extracted from each
culture, and the mRNAs of cytokines (A) and chemokines (B) were examined by using RT-PCR analyses as described in the legend to Fig. 2.
(C) NA cells were inoculated with CVS at an MOI of 10, and RT-PCR analyses of CXCL10 mRNA were performed 24 h after infection as
described in the text. The data are from one of three independent experiments with similar results.

TABLE 1. Cytokine and chemokine mRNA expression
in RV-stimulated cellsa

Target

Expression of mRNA (n-fold)b

NA RAW264

CVS CVS HEP

GAPDH 1.0 � 0.1 1.0 � 0.2 1.0 � 0.0
IFN-� 1.6 � 0.1 3.4 � 0.7 3.2 � 0.5
IFN-� 1.1 � 0.1 4.6 � 1.2 5.3 � 1.3
IFN-� � � �
IL-1� � 1.0 � 0.1 1.1 � 0.2
IL-6 1.9 � 0.2 � �
TNF-� � 1.2 � 0.2 1.0 � 0.2
GM-CSF � � �
TGF-�1 1.5 � 0.1 1.3 � 0.1 1.0 � 0.1
IL-10 � � �
IL-12 1.0 � 0.3 � �
IL-18 � 4.1 � 0.2 5.0 � 1.9
CXCL2 1.6 � 0.2 2.0 � 0.1 3.3 � 0.4
CXCL9 1.1 � 0.4 � �
CXCL10 1.0 � 0.2 222.1 � 37.4 240.2 � 46.3
CXCL11 � 4.1 � 0.7 3.5 � 0.4
CCL2 0.9 � 0.1 6.2 � 0.7 3.8 � 0.8
CCL3 � 3.5 � 0.5 1.9 � 0.0
CCL5 0.3 � 0.1 6.7 � 0.6 7.0 � 0.8

a Relative amounts of mRNA transcripts in RV-inoculated cells were mea-
sured by using RT-PCR and densitometry and are shown as n-fold increase with
respect to mock-inoculated controls, as described in the text. Mean values and
standard deviations from three independent experiments are shown.

b �, PCR product was not detected.
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sured by densitometry. Upon RV stimulation, the CXCL10
mRNAs rapidly accumulated in the cells between 8 and 12 h,
and they went on increasing gradually up to 24 h after incuba-
tion (Fig. 4B). To determine whether the enhanced expression
of CXCL10 mRNAs in the RV-stimulated macrophages cor-
related with protein production, we measured the amounts of
CXCL10 proteins in culture supernatants by enzyme-linked
immunosorbent assay. As shown in Fig. 4C, the RV-stimulated
macrophages exhibited a marked increase in the CXCL10 pro-
tein content in culture fluids at 12 and 24 h, while only small
amounts of CXCL10 were released from the unstimulated
cells, suggesting that enhanced gene expression of CXCL10 in
RV-stimulated macrophages leads to the production and re-
lease of CXCL10.

RV virions trigger ERK1/2 activation in macrophages. The
enhanced expression of iNOS and CXCL10 genes in the RV-
stimulated macrophages implies the possibility that RV virions
activate the cellular signaling pathway underlying the expres-
sion of these genes. Considering the important role of the
MAPK-mediated signaling pathway in host defense, we exam-
ined the activation of two types of MAPK subfamilies, ERK1/2
and p38 MAPK. To examine whether RV stimulates the MAPK
pathway in macrophages, cells were mock stimulated or stim-
ulated with RV (10 FFU/cell), and the degrees of MAPK
phosphorylation were examined by Western blotting using an-
tibodies specific for the phosphorylated forms of ERK1/2 (p-
ERK1/2) and p38 MAPK (p-p38) (Fig. 5A). In order to avoid
an additional effect of growth factors on ERK1/2 activation,
the cells were incubated without fetal calf serum throughout
the incubation periods. When macrophages were stimulated
with either strain of RV, the strong signals of p-ERK1/2 were
detected 12 h after incubation (Fig. 5A, lanes 6 and 9), while
only low, but detectable, levels of p-ERK were seen in the
mock-stimulated cells at all the time points tested (Fig. 5A,
lanes 1 to 3). The increased levels of p-ERK in the RV-stimu-

FIG. 4. RV stimulates gene expression and protein production of CXCL10 in macrophages. (A) Time course of CXCL10 transcription in
macrophages. Cells were incubated with (�) or without (�) infectious and UV-inactivated (Inact.) CVS virions for 2 h. After additional incubation
for the indicated times, CXCL10 mRNAs from each sample were amplified by using RT-PCR as described in the text. The data are from one of
three independent experiments with similar results. (B) Measurement of the relative amounts of CXCL10 mRNA in macrophages upon RV
stimulation. RAW264 cells were stimulated with RV (10 FFU/cell), washed, and further incubated. Immediately thereafter (0 h) and at the time
points indicated, CXCL10 mRNAs were detected by using RT-PCR, and the relative amounts of CXCL10 mRNA were determined by image
analysis of the band intensity of each PCR product as described in the text. The results are shown as n-fold increase in the expression of CXCL10
mRNA with reference to the levels of CXCL10 mRNA at 0 h after incubation. Mean values and standard deviations from the results of three
independent experiments are shown. (C) Protein contents of CXCL10 in culture fluids from RV-stimulated macrophages. Cells were stimulated
with RV inocula (10 FFU/ml) for 2 h or unstimulated (Mock) and then incubated for the times indicated. After incubation, the culture
supernatants were removed, and the CXCL10 protein content was measured by enzyme-linked immunosorbent assay. The data are averages of
three independent experiments, and the error bars represent standard deviations.

FIG. 5. RV virions activate the ERK1/2-mediated signaling path-
way in macrophages. (A) Western blot analyses of ERK1/2 and p38
MAPK in RV-stimulated macrophages. RAW264 cells were stimu-
lated with RV for 2 h or unstimulated (�), washed, and further incu-
bated for the times indicated. Equal amounts of protein extracts from
each sample (15 �g/lane) were loaded on the gel and analyzed by
Western blotting using antibodies against p-ERK1/2, total ERK1/2,
and p-p38. The amount of �-tubulin was also assessed to monitor the
equal loading of protein extracts. (B) Cells were left unstimulated or
stimulated with (�) either infectious or UV-inactivated virions of a
CVS strain, and Western blot analyses of p-ERK1/2, total ERK1/2,
and �-tubulin were performed as described for panel A. Similar results
were obtained from three separate experiments.
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lated macrophages were not due to the enhanced production
of total ERK or the difference in protein extracts loaded, as the
protein levels of total ERK and �-tubulin, a major component
of the cytoskeleton, in all samples were comparable. In con-
trast to the enhanced ERK1/2 phosphorylation, the levels of
p-p38 were not changed during the course of incubation. To
test whether the RV-induced phosphorylation of ERK1/2 is
triggered in response to RV virions, we examined the ERK1/2
phosphorylation in macrophages stimulated with RV virions
that had been inactivated by UV irradiation. As shown in Fig.
5B, the UV-inactivated virions induced the phosphorylation of
ERK1/2 at a level similar to that seen with infectious RV.
These results suggest that RV virions directly trigger the acti-
vation of the ERK1/2-mediated signaling pathway in macro-
phages and that the RV-induced activation of macrophages is
independent of the p38 MAPK pathway.

Endosomal-lysosomal process is required for RV-induced
activation of ERK pathway. We next assessed the process by
which RV virions trigger the activation of the ERK1/2-medi-
ated signaling pathway in macrophages. Previous studies dem-
onstrated that macrophages actively engulf RV virions in in-
tracellular compartments, thereby destroying the exogenous
particles (86). Considering the essential nature of the endoso-
mal-lysosomal vesicles in macrophage function and activity, we
hypothesized that the endosomal-lysosomal pathway might be
involved in the RV-induced activation of the ERK1/2 pathway.
To elucidate this possibility, we examined RV-induced ERK1/2
phosphorylation in the presence of lysosomotropic drugs,
which interfere with the endosomal-lysosomal process by neu-
tralizing the low-pH environment of endosomal-lysosomal ves-
icles. RAW264 macrophages were treated with a weak base,
ammonium chloride (NH4Cl), and an inhibitor of vacuolar
H�-ATPase, BA1 (11, 21), and then the RV-induced phos-
phorylation of ERK1/2 was analyzed by Western blotting. To
control the nonspecific effect of these drugs on ERK1/2 phos-
phorylation, the LPS-induced macrophage activation, which is
known to have low sensitivity to vacuolar alkalization (28, 88),
was also examined. Figure 6A shows the protein levels of
p-ERK1/2, total ERK1/2, and �-tubulin. In the absence of
inhibitors, the band intensity of p-ERK1/2 in the RV-stimu-
lated macrophages (lane 6) was slightly weaker than that in the
LPS-stimulated cells at the concentration tested (50 ng/ml)
(lane 1). In the LPS-stimulated cells, treatment with 10 mM
NH4Cl (lane 2) and 100 and 250 nM BA1 (lanes 4 and 5, re-
spectively) had little or no effect on the amount of p-ERK1/2,
although phosphorylation levels of ERK1/2 were slightly re-
duced at 20 mM NH4Cl (lane 3). On the other hand, treatment
with either drug diminished the RV-induced phosphorylation
of ERK1/2 (lanes 7 to 10). In the presence of 20 mM NH4Cl or
250 nM BA1, only low, but detectable, levels of p-ERK1/2 were
observed in the RV-stimulated cells (lanes 8 and 10). The
decreased level of ERK1/2 phosphorylation was not due to the
degradation of total ERK1/2, as the protein levels of ERK1/2
in each sample were comparable (lanes 6 to 10). As shown in
Fig. 6B, the neutralization of vacuolar pH resulted in the
reduction of p-ERK1/2 by 
90% in the RV-stimulated mac-
rophages compared to that in the non-drug-treated control.
When the cells were treated with NH4Cl (20 mM) or BA1 (250
nM), the RV-induced production of nitrite and CXCL10 pro-
tein was significantly reduced (Fig. 6C). These results suggest

that the endosomal-lysosomal process is a key event leading to
ERK1/2 activation and the production of NO and CXCL10 in
the RV-stimulated macrophages.

RV activates iNOS and CXCL10 transcription via the
MEK1/2-ERK1/2 pathway. To further characterize the RV-
induced activation of cellular signaling, we assessed the effects
of MEK inhibitors on the phosphorylation of ERK1/2 in RV-

FIG. 6. Endosomal-lysosomal process is required for RV-induced
macrophage activation. (A and B) Effects of lysosomotropic agents on
ERK1/2 phosphorylation in LPS- and RV-stimulated macrophages.
(A) RAW264 cells, which had been treated with the indicated concen-
trations of NH4Cl and BA1 or untreated (�), were stimulated with
either LPS (50 ng/ml) or CVS virions (10 FFU/ml) for 2 h. After
additional incubation in the absence or presence of inhibitors, the cells
were subjected to Western blot analyses of p-ERK1/2, total ERK1/2,
and �-tubulin as described in the text. The data are from one of three
individual experiments. (B) Quantitative analyses of ERK1/2 phos-
phorylation in LPS- and RV-stimulated macrophages. The digital im-
ages of each blot shown in panel A were prepared, and the density of
each band was quantified by image analysis. The percentages of band
densities of p-ERK1/2 were calculated with reference to the values for
the mock-treated controls. The data are averages of three separate
experiments, and the error bars indicate standard deviations. (C) Ef-
fects of lysosomotropic agents on production of nitrite and CXCL10
protein in RV-stimulated macrophages. Cells were stimulated with
CVS viruses in the absence (�) or presence (�) of NH4Cl (20 mM)
and BA1 (250 nM). At 24 h after stimulation, the concentrations of
nitrite and CXCL10 in culture fluids were determined as described in
the text. The percentages of nitrite and CXCL10 concentrations were
calculated with reference to the values for the mock-treated control.
The data are averages of three separate experiments, and the error
bars indicate standard deviations.
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stimulated macrophages. MEK1 and -2 are dual-specificity
MAPK kinases that phosphorylate ERK1/2 (22), and their
activities are suppressed by treatment with the specific inhibi-
tors PD98059 and U0126. As shown in Fig. 7A, when macro-
phages were treated with PD98059 or U0126, the band densi-
ties of p-ERK1/2 were severely impaired, while the protein
level of p-ERK1/2 was not affected by treatment with U0124,
an inactive analogue of U0126, indicating that RV virions
stimulate the ERK1/2 pathway through the activation of
MEK1/2. If the RV-induced expression of the iNOS and
CXCL10 genes were attributable to the activation of the
MEK1/2-ERK1/2 pathway, then the inhibition of MEK ac-
tivity should interfere with the expression of these genes. To
assess this possibility, RAW264 cells were untreated or
treated with PD98059, U0126, U0124, or SB202190 prior to
RV stimulation, and the expression patterns of the iNOS
and CXCL10 genes were examined by RT-PCR (Fig. 7B).
When the cells were treated with the MEK1/2 inhibitors
PD98059 and U0126, the RV-induced transcription of iNOS
and CXCL10 was impaired, while U0124, an inactive ana-

logue of U0126, and SB202190, a potent inhibitor of p38
MAPK, showed no effect on the RV-induced gene expres-
sion. Quantitative analyses of the gene expression revealed
that the treatments with MEK inhibitors reduced the RV-
induced expression of the iNOS and CXCL10 genes by 	97
and 93%, respectively (Fig. 7C). As shown in Fig. 7D, the
inhibition of MEK1/2 activities by U0126 treatment mark-
edly reduced the RV-induced production of nitrite and the
CXCL10 protein by 	99 and 94%, respectively. These re-
sults indicate that the RV-induced transcription of iNOS
and CXCL is achieved through the activation of the MEK1/
2-ERK1/2 signaling pathway.

DISCUSSION

Macrophages are resident immune effector cells within var-
ious tissues and are hence likely to encounter infectious agents
at very early stages of infection, as well as at later stages, when
monocyte-derived macrophages are recruited to the site of
infection. The antiviral macrophage response is predominantly

FIG. 7. Effects of MEK1/2 inhibitors on macrophage activation in response to RV virions. (A) Phosphorylation levels of ERK1/2 in the
presence of MEK1/2 inhibitors. RAW264 cells were left untreated or treated (�) with PD98059 and U0126 prior to stimulation with CVS virions
(10 FFU/cell). U0124, an inactive analogue of U0126, was also used as a control to verify the specificity of U0126. At 12 h after stimulation, the
cells were lysed and subjected to Western blot analyses of p-ERK1/2, total ERK1/2, and �-tubulin as described in the text. The data are from one
of two individual experiments with similar results. (B and C) Effects of MEK1/2 inhibitors on expression of iNOS and CXCL10 genes. Cells were
left untreated or treated with PD98059, U0126, U0124, and SB202190, a potent inhibitor of p38MAPK, prior to stimulation with RV (CVS). (B) At
12 h after stimulation, iNOS and CXCL10 mRNAs were examined by RT-PCR, and the amplified products were electrophoresed and stained. (C)
The digital images of DNA patterns in panel B were prepared, the band intensities of PCR products were quantified, and the percentages of
mRNA expression were calculated in comparison with the values for the untreated control. The data are averages of three independent
experiments. The error bars represent standard deviations. (D) Effects of MEK1/2 inhibitor on the release of NO and CXCL10 proteins from
RV-stimulated macrophages. Cells were left untreated or treated with either the MEK1/2 inhibitor U0126 or the control drug U0124 for 1 h prior
to stimulation with RV (CVS; 10 FFU/cell). At 24 h after RV stimulation, the culture fluids were removed, and the concentrations of nitrite and
CXCL10 were measured as described in the text. The percentages of nitrite and CXCL10 contents were calculated with reference to the values
for the untreated control. Mean values and standard deviations from three individual experiments are shown.
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triggered by the replication of viruses that target macrophages
(5, 9, 56). A well-known virus-induced stimulus is double-
stranded (ds) RNA derived from viral RNAs containing ds
structure and dsRNA formed during viral replication (34).
Based on the results obtained in the present study, and on pre-
vious reports, it has been shown that macrophages have ex-
tremely low susceptibility to RV infection, and thus, we hy-
pothesized that the mode of macrophage activation against RV
may differ from that against other macrophage-tropic viruses.

In the present study, we systemically characterized the RV-
induced activation of macrophages. On the basis of our data,
we provide a model for the cellular signaling events underlying
macrophage activation in response to RV (Fig. 8). We suggest
here that the activation of ERK1/2-dependent signaling is a
key process leading to the selective induction of iNOS and
CXCL10 transcription. ERK1/2 phosphorylation was triggered
by stimulation with inactivated virions, as well as infectious
virions, indicating that virus replication is not required for this
process. Furthermore, the data obtained here demonstrate
that the inhibition of endosomal-lysosomal functions results in

diminished activation of the ERK1/2 pathway upon RV stim-
ulation, implying that endocytic clearance of RV virions in the
acidic environment of intracellular vesicles is required for
the RV-induced macrophage response. We also observed that
RV virions stimulate the proliferation of macrophages. Since
ERK1/2-mediated cellular signaling plays an important role in
mitogenesis (17), it is reasonable that the enhanced prolifera-
tion of the RV-stimulated macrophages might be a conse-
quence of activated ERK1/2 activation. Indeed, the RV-in-
duced proliferation of macrophages was severely impaired in
the presence of MEK1/2 inhibitors (data not shown).

The striking feature of the RV-induced macrophage re-
sponse is the selective induction of gene expression. When mac-
rophages were stimulated with RV virions, the transcription of
iNOS and CXCL10 genes was markedly induced, whereas RV
stimulation had little or no effect on the expression of other
types of chemokines and cytokines, including proinflammatory
(IL-1�, IL-6, and TNF-�) and antiviral (IFN-�, -�, and -�)
cytokines. We examined the expression of these cytokines at
different time points, but intensive activation of transcription
was not observed (data not shown). Recently, it has been re-
ported that vesicular stomatitis virus, a rhabdovirus, produc-
tively replicates in monocytes and induces the expression of
CXCL10 and CCL2 without affecting the production of proin-
flammatory cytokines other chemokines (12). Thus, the mode
of CXCL10 expression in the RV-stimulated macrophages
seems to be similar to that induced by other rhabdoviruses,
although the RV-induced chemokine expression is more selec-
tive in that the activation of CCL2 transcription is much
weaker than that observed for CXCL10 expression.

As a notable feature of the RV-stimulated macrophages, we
found that RV virions are capable of inducing iNOS gene
expression and NO production. NO, a free radical species that
is predominantly produced by activated macrophages, exhibits
an inhibitory effect on virus replication, as well as cytotoxicity
to the infected cells (38, 78). It has also been demonstrated
that mice with a disrupted iNOS gene exhibit greater mortality
rates and reduced viral clearance compared to wild-type mice
following infection with various kinds of viruses (78). Thus, the
RV-induced production of NO in macrophages can be consid-
ered one of the important factors in innate immunity, espe-
cially in controlling the early stage of viral replication at the
peripheral sites of virus infection. However, several studies
indicate that NO production in the CNS during RV infection
inversely correlates with the neuropathological process. It was
shown that the increased activity of iNOS leads to tissue dam-
age within the CNS in RV-infected animals, thereby increasing
the severity of clinical signs (1, 31, 42, 87). Based on these data,
and on evidence that the infiltrating monocyte-macrophage
cell types are detected in the RV-invaded CNS (53), it is likely
that the RV-induced NO production by the macrophage lin-
eage cells might be responsible for the neuropathogenesis of
RV infection.

When examining the expression profiles of multiple cytokine
and chemokine genes, we found that the gene expression and
protein secretion of CXCL10 were dramatically induced in the
RV-stimulated macrophages. CXCL10, CXCL9, and CXCL11
are related members of the IFN-inducible CXC chemokines,
which are produced in response to cytokines such as IFNs and
TNF-�, and they interact with a common chemokine receptor,

FIG. 8. Schematic model for the induction of NO and CXCL10
production in macrophages in response to RV virions. The model is
based on the data in the present study and previous publications (see
the text for appropriate references). RV virions may be taken up by
macrophages via endocytosis, and this process precedes the RV-in-
duced activation of the cellular signaling mediated by the MEK1/
2-ERK1/2 pathway. The acidic environment of endosomal-lysosomal
compartments is essential for inducing ERK1/2 phosphorylation,
which is inhibited by neutralization of cytoplasmic vesicles with lyso-
somotropic drugs, NH4Cl, and BA1. Phosphorylated forms of ERK1/2
promote the expression of the iNOS and CXCL10 genes, leading to the
induction of NO and CXCL10 production through the activation of
MEK1/2, which is inhibited by specific inhibitors, PD98059 and U0126.
However, RV stimulation has little or no effect on the activity of p38
MAPK, a member of the stress-activated MAPKs.
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CXCR3 (94). Interestingly, the expression patterns of other
IFN-inducible chemokines, CXCL9 and CXCL11, were not
affected, or were less affected, by the RV stimulation of mac-
rophages than was CXCL10 expression. These findings suggest
that RV-induced CXCL10 expression is triggered through a
mechanism that is distinct from that regulating the expres-
sion of other IFN-inducible chemokines. A CXCL10 receptor,
CXCR3, is principally expressed on T cells of the Th1 pheno-
type and plays an essential role in the recruitment of Th1 cells
to the peripheral sites of infection, where they control the
cell-mediated immune response by secreting IFN-� and lym-
photoxin (10, 49). Thus, the interaction between CXCL10 and
CXCR3 plays a pivotal role in Th1-dependent cellular immu-
nity (35). From these lines of evidence, it is possible that the
RV-induced expression of CXCL10 at the local sites contrib-
utes to the Th1-dependent response that leads to the strong
cell-mediated immunity against attenuated RV strains and
RV-based vectors (57, 89, 90).

As for the cellular mechanism responsible for the transcrip-
tion of iNOS and CXCL10, our findings suggest that the
ERK1/2 signaling pathway is a cardinal mediator of RV-in-
duced gene expression. Some groups of viruses, including mu-
rine hepatitis virus strain 3, visna virus, and the D variant of
encephalomyocarditis virus, as well as virion components of
human immunodeficiency virus, have been shown to induce
ERK1/2 activation in monocytes and macrophages (3, 5, 6, 9,
30, 56, 75). However, most of them simultaneously stimulate
p38 MAPK, a stress-activated MAPK (18, 30, 56). Our results
obtained in the present study are unique in that the RV-
induced macrophage response is not accompanied by p38
MAPK activation. This observation suggests that the prefer-
ential stimulation of ERK1/2, but not of p38 MAPK, might
contribute to the selective activation of antiviral cellular func-
tion without causing an excessive proinflammatory response.

Based on previous reports (41, 77, 86), it is likely that RV
virions are engulfed in endosomal-lysosomal vesicles in mac-
rophages, in which they are destroyed in the acidic environ-
ment, resulting in defective replication of RV in macrophages.
In the present study, inhibition of the acidic environment
within endosomal-lysosomal vesicles significantly reduced the
phosphorylation levels of ERK1/2, suggesting that the endo-
cytic process is required for the activation of the ERK1/2
pathway in RV-stimulated macrophages. Several authors have
reported that the ERK1/2-mediated signaling cascade in mac-
rophages is activated via endocytosis of unmethylated CpG
dinucleotide (CpG-ODN), a DNA motif of bacterial DNA,
and by phagocytosis of fungal pathogens and apoptotic cells
(28, 32, 33, 44). We believe this to be the first report of the
endocytic process being required for the virus-induced activa-
tion of ERK1/2 signaling in macrophages.

Upon activation by the MEK1/2-ERK1/2 cascade, ERK1/2
mediates various kinds of biological responses involved in cell
proliferation and differentiation by phosphorylating a large
number of substrates, including transcription factors (17). Pre-
vious studies demonstrated that the iNOS and IP-10 genes
each contain one or more cognate binding motifs for ISGF3
(IFN-stimulated gene factor 3), which consists of STAT1 (sig-
nal transducer and activator of transcription 1), STAT2, and
IRF-9 (IFN regulatory factor 9), and for some kinds of tran-
scription factors, such as IRF-3 and NF-B (16, 19, 50, 67, 69,

70, 91). We think that activated ERK1/2 may phosphorylate
these transcription factors, thereby inducing the selective ex-
pression of the iNOS and CXCL10 genes in response to RV
virions.

With respect to the MAPK-dependent regulation of NO
production in macrophages, recent data suggest that the in-
duction of iNOS expression is partly mediated by the activation
of the ERK1/2-dependent pathway of macrophages in re-
sponse to some stimuli, such as LPS, CpG-ODN, and group
IIA sPLA2 (secretory phospholipase A2), a cellular enzyme
produced by activated macrophages, but not to dsRNA (4, 20,
28, 51). However, it remains uncertain whether the virus-in-
duced activation of ERK1/2 in macrophages leads to the in-
duction of iNOS expression. As to CXCL10 expression, a pre-
vious report indicates that adenovirus entry into epithelial cells
results in the induction of CXCL10 via simultaneous activation
of ERK1/2 and p38 MAPK (83), but the ERK1/2-dependent
mechanism regulating CXCL10 expression in immunocytes,
including macrophages, is totally unknown. Therefore, our
data constitute the evidence that the virus recognition of mac-
rophages selectively triggers the production of NO and
CXCL10 through the activation of a cellular signaling pathway
mediated by ERK1/2, but not p38, thereby regulating antiviral
cellular functions without causing excessive proinflammatory
responses.
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