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West Nile virus encephalitis: sequential
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West Nile virus (WNV) has emerged as an important cause of encephalitis in
humans and horses in North America. Although there is significant knowledge
about the pathogenesis of disease caused by this flavivirus and about the immu-
nity against it, no reports exist describing the sequence of pathological changes
and their correlation to the immune response in the brain following infec-
tion with WNV. In this report the authors describe the major histopathological
changes, as well as changes in cytokine and chemokine expression, in brains
from WNV-infected C57Bl/6 mice. During the course of infection skin, spleen
and kidney were all sites of WNV replication before virus reached the brain. In
brain, increased expression of the chemokines monocyte chemoattractant pro-
tein (MCP)-5 (CCL12), interferon gamma inducible protein 10 (IP-10; CXCL10),
and monokine induced by gamma interferon (MIG; CXCL9) preceded the ex-
pression of interferon gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α),
which have previously been considered to be key early cytokines in the patho-
genesis and immune response of WNV encephalitis. These results suggest that
the chemokines MCP-5, IP-10, and MIG are important triggers of inflammation
in brain due to their early up-regulation following WNV infection. Journal of
NeuroVirology (2007) 13, 130–138.
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Introduction

West Nile virus (WNV) is a member of the Fla-
viviridae family, genus Flavivirus. Other members
of this genus include dengue, tick-borne encephali-
tis, yellow fever, Japanese encephalitis (JEV), Mur-
ray Valley encephalitis (MVEV), and St. Louis en-
cephalitis (SLE) viruses. Smithburn and colleagues
first isolated WNV in 1937 from the blood of a 37-
year-old Ugandan woman in the West Nile District
of Northern Uganda at the headwaters of the White
Nile (Smithburn et al, 1940). Currently WNV is found
throughout Africa, Europe, Central Asia, and, most
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recently, in North America. The first outbreak in the
United States was in New York City during the sum-
mer of 1999, and the virus subsequently spread across
the United States. WNV is transmitted primarily by
Culex mosquitoes to vertebrate hosts. WNV, like other
Flaviviruses, has a positive-stranded RNA genome
that codes for three structural proteins and a host-
derived lipid envelope. Two lineages of WNV (I and
II) have been identified (Lanciotti et al, 1999), and re-
cently Bakonayi et al (2005) suggested that a third lin-
eage exists in Eastern Europe. All isolates that cause
severe human disease fall into lineage I (Bakonayi
et al, 2005; Suchetana et al, 2003).

Because there is no specific treatment for disease
caused by WNV, research efforts have focused on
diagnosis and prevention. At least two commercial
companies have initiated research for development
of human vaccines (Monath, 2001). In an attempt
to protect horses against WNV, both a formalin-
inactivated vaccine and a viral-vectored vaccine have
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been developed and are currently in use. Understand-
ing the role of the host immune response in disease
pathogenesis is required for development of immune
protection with the minimal negative effects. Al-
though the mouse has been used as a reliable model of
the in vivo infection of WNV, no study has examined
the relationship between histopathological changes,
viral titers, and the immune response in brain during
the course of disease. For the experiment described
herein, we use the C57BL/6 strain of mice, a strain
that has shown partial resistance to WNV infection
and thus has similar rates of mortality to those ob-
served in horses and humans (Charlier et al, 2004;
Oliphant et al, 2005).

To date there is little information about patholog-
ical changes observed during the course of WNV in-
fection in the mouse model. Only two reports have
provided detailed descriptive information (Chambers
and Diamond, 2003; Shrestha, et al, 2003). These re-
ports described the kinetics of viral replication, re-
porting that between 24 and 48 h post infection (p.i.)
virus was detectible in blood. By day 4 p.i. virus was
isolated in some visceral organs, including spleen
and kidney, but no virus was found in liver. At the
same time on day 4 p.i., the maximum titers of virus
were observed in spleen and kidney, as well as lymph
nodes (Chambers and Diamond, 2003). By day 4 p.i.
virus was found in brain and spinal cord. Days 9 and
10 p.i. were associated with the highest viral titers
in the central nervous system (CNS) (Shrestha et al,
2003). There are several reports describing pathologi-
cal changes found in tissue from infected humans and
horses. Most of the reports describe the main features
of inflammation in CNS as the presence of perivascu-
lar lymphomonocytic infiltrates. The presence of in-
fected neurons in hippocampus, cerebellum, cerebral
cortex, brainstem, and ventral horns of spinal cord,
as well as the presence of multifocal glial-microglial
nodules, neuronal necrosis, and rare neuronophagia
have all been described in WNV infection (Agamano-
lis et al, 2003; Cantile et al, 2001; Doron et al, 2003;
Hayes et al, 2005; Kelley et al, 2003).

Recently Shirato and collaborators reported up-
regulation of several chemokines in the brain fol-
lowing WNV infection of mice, including CCL5
(RANTES), CCL3 (macrophage inflammatory pro-
tein [MIP]-1α), CCL4 (MIP-1β), and CXCL10 (IP-10)

Table 1 Time course of key pathological and viral growth events in brain during infection by West Nile virus

Day p.i.

Observation 1 2 4 6 9 13 21

Glial-microglial nodules 0/3 0/3 0/3 2/3 3/3 3/3 0/4
Perivascular infiltration 0/3 0/3 0/3 2/3 3/3 3/3 2/4
Neuronal necrosis 0/3 0/3 0/3 0/3 3/3 1/3 2/4
Neuronophagia 0/3 0/3 0/3 0/3 2/3 1/3 0/4
Satellitosis 0/3 0/3 0/3 2/3 3/3 1/3 2/4
Average viral titer (PFU/g) N.D.a N.D. N.D. 102.78 106.70 103.70 N.D.
Virus detected by IHC 0/3 0/3 0/3 2/3 S 3/3 3/3 2/4

aN.D., No titers were detected, although titration was attempted.

(Shirato et al, 2004). The importance of CXCL10 in
WNV infection has been demonstrated in mice that
lack this chemokine. These animals showed a de-
crease in the recruitment of CXCR3+CD8+T cells to
the brain, an increase in the viral burden in brain, and
a higher morbidity and mortality (Klein et al, 2005).
It has also been reported that the chemokine receptor
CCR5 is important in the recruitment of leukocytes
into the brain and increases the survival rate to 60%
in mice infected with WNV (Glass et al, 2005; Lim
et al, 2006). In a second report, the same research
group concluded that a deficiency of this molecule
increases the risk of presentation of encephalitis in
WNV infections (Glass et al, 2006). The expression
of CXCL10 and CCL5 has been reported in astro-
cytes infected in vitro by WNV; however, production
of tumor necrosis factor alpha (TNF-α) or interferon
gamma (IFN-γ ) was not detected during the infection
(Cheeran et al, 2005).

In this study we present a correlation of histopatho-
logical events and the expression of chemokines and
cytokines in brain following experimental WNV in-
fection of mice, and we propose the potential impor-
tance of the chemokine monocyte chemoattractant
protein (MCP)-5 (CCL12), along with MIG (CXCL9)
and IP-10 (CXCL10), as key initiators of inflammation
in the brain during WNV infection. We also describe
up-regulation of C10 (CCL6), a novel finding in WNV
infection.

Results

Evaluation of histopathology and cytokine
expression following WNV infection
Eight-week-old, female C57Bl/6 mice were inocu-
lated with WNV and sacrificed at different time
points post infection as described in Material and
Methods, in order to evaluate the histopathological
changes and correlate those to the expression pattern
of chemokines and cytokines in the brain. Table 1
shows the chronology of key pathologic events oc-
curring in the central nervous system following in-
fection. On day 1 p.i. virus was found only in the
blood by plaque assay (data not shown), and in skin
by immunohistochemistry (IHC) (Figure 1A). Simi-
lar findings were obtained on day 2 p.i. By day 4 p.i.
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Figure 1 Main features of the pathology of WNV infection in
C57Bl/6 mice. (A) Detection of WNV antigen by IHC in the cy-
toplasm of macrophages or dendritic cells present in dermal tis-
sue (arrow in large frame and 10× magnification in the inset).
(B) Detection of WNV antigen in epithelial cells from renal tubules
(arrow). (C) Immunodetection of WNV antigen in neurons of the
olfactory bulb (arrows). (D) An H&E-stained section from brain-
stem, with moderate perivascular mononuclear infiltrate (chevron
arrows). (E) A diffuse distribution of intraneuronal WNV antigen in
cerebral cortex (arrow), the small frame is 4× magnification from
one of the affected areas, with cytoplasmic localization of WNV
antigen. (F) An H&E-stained section from the same area of cerebral
cortex presented in E. A severe diffuse neuronal necrosis is ob-
served, which is characterized by shrunken neurons with highly
eosinophilic cytoplasm and pyknotic nucleus (arrows). Foamy
macrophages approaching to a necrotic neuron (neuronophagia
pointed with a chevron arrow), and gliosis (arrowhead) are also
observed. (G) Immunolocalization of WNV antigen in neurons of
the ventral horns of spinal cord (chevron arrows), the inset frame
is a 10× magnification of the large frame, showing the localiza-
tion of virus in cytoplasm and neurites. (H) A section of spinal
cord with neurons containing virus (chevron arrow) and multi-
focal glial-microglial nodules (arrow) surrounding accumulations
of WNV antigen, which apparently is contained inside necrotic
neurons (arrowheads).

the mice were still viremic and for the first time WNV
was detected in both spleen and kidney by plaque as-
say (data not shown), and by IHC (Figure 1B). On this
day, a faint up-regulation of the chemokine MCP-5
was detected in brain (Figure 2C).

Day 6 p.i. was the first day in which the virus
was detectable in brain, and this was also the day

in which glial-microglial nodules, satellitosis (de-
fined as neurons surrounded by microglial cells and
macrophages), and perivascular mononuclear infil-
trates were observed in two out from three animals
(Table 1). The maximum titers obtained from this or-
gan were approximately 103.60 plaque-forming units
(PFU)/g with an average of 102.78 PFU/g (Figure 2A).
Immunohistochemical staining demonstrated that
macrophages and fibrocytes of the skin were positive
for WNV. Few macrophages were detected as posi-
tive for WNV in spleen and some epithelial tubular
cells of kidney contain viral antigen (data not shown).
Although the virus was detected in these three or-
gans, no signs of inflammation were observed. Con-
sistent with results from viral titrations, IHC detec-
tion of WNV was positive for the first time on day 6
p.i. in the brain, in which there were multifocal ar-
eas with some neurons from the olfactory bulb that
stained positive for WNV (Figure 1C). The virus was
also detected in spinal cord, brainstem, and cerebral
cortex, where small foci of neurons were positive
by IHC for WNV. Moderate multifocal mononuclear
perivascular infiltrates (Figure 1D), as well as moder-
ate multifocal gliosis and neuronal satellitosis were
observed in brainstem and spinal cord. At the same
time a clear up-regulation of the chemokines MCP-5
(CCL12), IP10 (CXCL10), MIG (CXCL9), as well as a
slight up-regulation of MCP-1 (CCL2), were detected
in at least one out of three mice sacrificed on day 6
p.i. (Fig. 2A and C). For the first time following in-
fection, neutralizing antibodies were detected with
titers up to 1:20 (Fig. 2C). Immunoglobulin M (IgM)
was the predominant isotype detected by IFA (data
not shown).

Day 9 p.i. may be considered the most critical day
in the course of the experiment, given that the most
severe lesions and the highest viral titers in brain
were observed on this day. In addition, this was the
time point in which mice began showing clinical
signs and the more severely affected animals died
on this day. In the second experiment, day 9 p.i.
was the day in which all the mortality was observed
(Figure 3). Once the clinical signs, characterized by
the appearance of a rough hair coat, lethargy, apa-
thy, incoordination, segregation from the group, dif-
ficulty in swallowing, and prostration were observed,
the animals died in less than 12 h. Viral titers in brain
were the highest observed in all the tissues analyzed,
reaching 107.9 PFU/g (mean = 106.4 PFU/g). The virus
was still detected in kidney and spleen. Although the
viral concentrations were very high in the brain, no
virus was detected in blood on day 9 p.i.

On day 9 p.i., all the animals presented with in-
flammatory lesions in the cerebral cortex, hippocam-
pus, brainstem and spinal cord. A summary of the
events that occurred on this day are presented in
Table 1. The inflammation was characterized by mul-
tifocal perivascular mononuclear infiltrates, com-
posed mainly of macrophages and lymphocytes with
scant neutrophil infiltration and neuronal necrosis
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Figure 2 Kinetics of viral replication, neutralizing antibody production, and chemokine and cytokine expression during an infection
by WNV in C57Bl/6 mice. (A) Neutralizing antibody production curve (open symbols, y left axis) and the viral growth curve in brain
(closed symbols, y right axis), in mice infected with WNV. Values are the mean antibody titers or viral ± SEM of triplicates from one
representative experiment. (B–D) RNase protection assay results performed using RNA samples from the brain of WNV-infected mice.
Detection of chemokine expression was performed on days 1, 2, 4, 6, and 9. Three mice per group were euthanized on the indicated days.
t, a transfer RNA control. Naı̈ve controls were uninfected mice sacrificed on day 1 or 4 of the experimental time course. P, molecular
probe control. The chemokines (B and C) or cytokines (D) analyzed are listed on the left axis of each gel.

with multifocal gliosis and satellitosis (Figure 1F).
In the spinal cord extensive localization of the virus
by IHC was detected mainly in the ventral horns
(Figure 1G), although in one mouse the dorsal horns
were also partially affected. A few neurons from the
hippocampus, cerebral cortex, and brainstem stained
positive for WNV in a multifocal pattern. In the

Figure 3 Mortality in mice infected with West Nile virus in two
different experiments. Percentage of surviving animals during a
WNV infection obtained from two independent experiments is pre-
sented. The mice were inoculated subcutaneously with 100 PFU of
WNV. The time points indicate the percentage of surviving animals
at the point of reference.

more clinically ill mice, the lesions were more se-
vere. In these animals, an extensive area of the cere-
bral cortex stained positive for WNV by IHC. The
virus was identified in neuronal cytoplasm, axons,
and dendrites (Figure 1E). Additionally there were ar-
eas with multifocal positive staining of neurons and
astrocytes in the spinal cord, brainstem, hippocam-
pus, and cerebellum in which the affected cells were
the granular cells with only a few stellate neurons
infected. In these mice neuronal necrosis was ev-
ident in the cerebral cortex and an extensive area
of WNV antigen was detected by IHC in the cy-
toplasm of necrotic neurons. Those neurons were
shrunken and had eosinophilic cytoplasm with py-
knotic or karyorrhectic nucleus, and some of the neu-
rons were surrounded by microglia cells and lym-
phocytes (Figure 1F). Neuronophagia (Figure 1F) was
also observed in the affected areas from two animals
(Table 1), and perivascular infiltrates were present
with disruption of the endothelium in some vessels
and moderate hemorrhage. In mice that were eutha-
nized due to a moribund condition, the spleen was
severely depleted, and the thymus was also affected
by lymphoid depletion, which was characterized by
abundant numbers of lymphocytes with karyorrhec-
tic or pyknotic nuclei.

In the brain of mice sacrificed on day 9 p.i.,
significant up-regulation of several cytokines and
chemokines was detected. In all the brains ana-
lyzed, TNF-α, interleukin (IL)-1α, IFN-γ , and the
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Figure 4 Detection of specific anti-WNV antibodies in infected C57Bl/6 mice. Identification of IgM (A) and IgG (B) in serum from WNV-
infected mice sacrificed on day 9 p.i. Identification of antibodies was performed by IFAT using mouse serum diluted 1:10 as primary
antibody and goat anti-mouse IgM or IgG conjugated to rhodamine as secondary antibodies.

immunomodulatory cytokine transforming growth
factor (TGF)-ß1 were up-regulated, whereas the
chemokine C10 (CCL6) was detected for first time in
the infected mice, as well as MIP-2 (CXCL2) , MIP-
1ß (CCL4), and RANTES (CCL5). The chemokines
up-regulated on day 6 p.i. showed increased expres-
sion on day 9 p.i., leading to clear detection of the
transcript for MCP-5 (CCL12), IP-10 (CXCL10), MIG
(CXCL9), and MCP-1 (CCL2) (Figure 2B, C, and D).
The titer of neutralizing antibodies was clearly in-
creased on this day, reaching titers of up to 1:900 with
an average of 1:700 (Figure 2A). On day 9 p.i., spe-
cific anti-WNV IgM and IgG antibodies were clearly
identified in the serum of infected mice by using
immunofluorescense antibody test (IFA) (Figure 4A
and B).

Day 11 p.i. was the last day in which mortal-
ity was observed. On day 13 p.i., viral titers were
still detected in several organs such as the brain,
which had titers up to 107 PFU/g. Virus was also
detected in lymph nodes (105 PFU/g) from one out
of three mice sacrificed on this day. The kidney and
spleen from two mice had viral titers of approxi-
mately 1000 PFU/g and 100 PFU/g, respectively. No
virus was detected in blood on this day.

Multifocal staining of infected neurons was de-
tected by IHC for WNV in the spinal cord, hippocam-
pus, and cerebral cortex. In addition, there was still
evidence of inflammatory lesions in the brainstem,
cerebral cortex, hippocampus, and spinal cord. At
day 13 p.i., three out of three mice had multifocal
glial-microglial nodules, mainly in brainstem and
spinal cord (Table 1 and Figure 1H). In one of three
mice evaluated, neuronal necrosis and satellitosis
were observed in the cerebral cortex and brainstem,
as well as neuronophagia in the ventral horns of
spinal cord. Perivascular mononuclear infiltrates and
glial-microglial nodules were observed in all the ani-
mals (Table 1). In spleen and thymus, moderate to se-
vere depletion of lymphoid tissue was observed. The
neutralizing antibody titers continued to increased,
with a maximum observed titer of 1:1260 (mean =
1:900). On day 21 p.i., no virus was detected in any
tissue by plaque assay. In two of four mice examined,

multifocal satellitosis and scattered small nodules of
microglia cells were located close to necrotic neurons
that were positive for WNV by IHC. These changes
were observed mainly in cerebral cortex, brainstem
and spinal cord (Table 1).

Discussion

Consistent with previous reports, blood was the only
sample on day 1 p.i. in which WNV was detected
following experimental infection of mice (Diamond
et al, 2003; Kramer and Bernard, 2001). Additionally,
in our analyses WNV was also identified in skin by
IHC from day 1 though day 4 p.i. No previous report
exists describing detection or replication of WNV in
skin, other than that of Johnston et al (2000), which
suggested that after peripheral inoculation WNV was
able to infect Langerhans’ dendritic cells, which sub-
sequently migrate to draining lymph nodes were vi-
ral replication has been observed in other studies
(Diamond et al, 2003a; McMinn et al, 1996). Prior
reports indicate that day 4 p.i. is the time of the peak
viral replication in spleen and kidney (Diamond et al,
2003; Kramer and Bernard, 2001; Xiao et al, 2001), as
we have found in our experiments. On this day, we
also detected WNV by IHC in the cytoplasm of re-
nal tubular epithelial cells. This finding supports the
previous result by Buckweitz et al (2003) in which
antigens of WNV were detected in renal tubules from
an infected dog.

Several pathological lesions have been reported
to occur in CNS after infection with WNV in mice
(Diamond et al, 2003; Hunsperger and Roehrig, 2006),
humans, and horses (Agamanolis et al, 2003; Cantile
et al, 2001; Doron et al, 2003; Hayes et al, 2005;
Kelley et al, 2003). Those findings include the in-
fection of neurons in ventral horns of spinal cord,
olfactory bulb, hippocampus, brainstem, and cere-
bellum; as well as the development of perivascu-
lar mononuclear infiltrates, glial-microglial nodules,
neuronal degeneration, neuronal death, satellitosis,
and neuronophagia. Our results are consistent with
those previous reports, with localization of WNV



Murine model of WNV encephalitis
D Garcia-Tapia et al 135

antigen in neuronal cytoplasm and neurites of the
above mentioned anatomic areas of the CNS, plus the
occurrence of all the inflammatory changes reported
previously.

Mice that had not died or were not euthanized
(due to moribund condition) by day 13 p.i. were con-
sidered survivors from the infection. WNV was still
detected in CNS of these mice, suggesting a poten-
tial persistent infection. Persistent viral infection has
been reported to occur in other flaviviral infections
(Chambers and Diamond, 2003). The host immune
response, together with some properties of the neu-
ronal environment, allow the possibility of persis-
tence, and both may contribute to the presentation
of phenotypic variation in the persistent viruses. An
example is the attenuation of WNV, which was per-
sistent in monkeys (Pogodina et al, 1983); however,
the persistence of Sindbis virus infection in mice led
to the emergence of neurovirulent strains (Levin and
Griffin, 1993).

TNF-α plays a pivotal role in the immunity and
pathogenesis of viral encephalitis and it has been
demonstrated that in an infection caused by Murray
encephalitis virus. This molecule acts in two differ-
ent ways: (1) activating neurovascular endothelium
and increasing adhesion molecule expression, and
(2) attracting neutrophils via induction of the neu-
trophil attracting chemokine N51/KC (CXCL1) (King
et al, 2003). Recently Wang and collaborators (2004)
demonstrated that in the absence of Toll-like recep-
tor (TLR)-3, WNV titers were increased in blood but
were reduced in the CNS. Additionally, neuropathol-
ogy was diminished and mortality also reduced dur-
ing WNV infection (Wang et al, 2004). From these
results, the authors suggested that TLR-3 played a
role the movement of WNV across the blood-brain
barrier, especially because cross-linking of this re-
ceptor up-regulated expression of TNF-α, which in
turn increased capillary permeability by stimulation
of the endothelial cells in the brain blood capillar-
ies (Diamond and Klein, 2004). In a similar manner,
IFN-γ has been reported to be important for induction
of lymphotactic chemokines such as IP-10 (CXCL10),
thereby influencing the movement of T cells into the
brain parenchyma (Dufour et al, 2002). Our results
showed an up-regulation of TNF-α and IFN-γ , al-
though these two molecules were not up-regulated
until day 9 p.i. This up-regulation was detected af-
ter up-regulation of other chemokines such as MCP-5
(CCL12), IP-10 (CXCL10), and MIG (CXCL9), which
were clearly up-regulated or expressed on day 6 p.i.
The production of IP-10 in brain has been attributed
to perivascular glial cells, perivascular astrocytes,
and endothelial cells (Prat et al, 2001). It has also
been reported that IP-10 is produced in early stages of
in vitro infection of microglial cells and astrocytes by
WNV (Cheeran et al, 2005). MCP-5 has been demon-
strated to be a potent monocyte chemoattractant pro-
duced in part by endothelial cells (Sarafi et al, 1997).
Day 6 p.i. was also the first day in which a perivas-

cular infiltrate was observed in infected mice. Even
though other murine models have suggested TNF-α
and IFN-γ as important factors in the pathogenesis of
WNV encephalitis, our results demonstrate that those
molecules may have a role after some other molecules
triggered the inflammatory process in brain. Our hy-
pothesis is that IP-10 and MCP-5 initiate recruitment
of leukocytes into perivascular spaces. Here antigen
presentation occurs, which leads to activation of cir-
culating leukocytes that produce IFN-γ , IL-1α, and
TNF-α. These molecules increase the permeability
of brain capillaries and facilitate entry of inflamma-
tory cells into the brain parenchyma, helping elimi-
nate the virus in CNS. It is possible that these events
also facilitate entry of infected monocytes, thereby
increasing the viral burdens and neuronal infection
of brain.

Klein and collaborators demonstrated the impor-
tance of IP-10 in protection against WNV encephali-
tis by using mice deficient in CXCL10 (IP-10). These
mice developed higher burdens of virus in brain,
as well as presented with more severe pathology
and experienced enhanced morbidity and mortal-
ity when compared to WNV inoculated wild-type
mice (Klein et al, 2005). The authors suggest that
this molecule may be neuroprotective in response
to WNV infection in the CNS. However, based on
our results, the production of this molecule along
with other chemokines as MCP-5 and MIG indicates
that IP-10 may have an important role in the in-
duction of strong inflammation in the brain, and
therefore could play a role in the pathogenesis of
encephalitis caused by WNV, more than in the clear-
ance of the virus. Recent publications reported the
up-regulation of other chemokines during WNV en-
cephalitis. The chemokines that have been reported
to be up-regulated during a murine infection by
WNV are CXCL10 (discussed above), CXCL9 (MIG),
CXCL2 (MIP-2), CCL2 (MCP-1), CCL3 (MIP-1α), CCL4
(MIP-1β), CCL5 (RANTES), and CCL7 (MCP-3) (Glass
et al, 2005; Klein et al, 2005). Expression of these
chemokines was detected on days 6 and 9 p.i. in this
study. Differing from previous reports, we found ear-
lier up-regulation (day 4 p.i.) of MCP-5 (CCL12) and
later up-regulation of C10 (CCL6) on day 9 p.i. MCP-
5 (CCL12) is a chemokine that has been suggested
as an important player in the initiation of autoim-
mune inflammation in the brain after cortical injury
in a murine model of autoimmune encephalomyelitis
(Sun et al, 2000). Our results support this possibil-
ity due to the early up-regulation of the chemokine
MCP-5 observed during a WNV infection, which sug-
gests a potential role of MCP-5 as initiator of inflam-
mation in the brain of WNV- infected mice. CCL6
is a chemokine that has been identified to be pro-
duced by microglial cells. It is thought to be impor-
tant in cell-to-cell communication and is induced by
IFN-γ , whereas TNF-α has no effect on its regulation
(Kanno et al, 2005). Asensio et al (1999) described
this molecule as a prominent chemokine expressed
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in CNS during demyelinating disease, inducing the
recruitment of macrophages and CD4+ T cells into
the brain parenchyma.

In summary, our results suggest that MCP-5, IP-10,
and MIG are key early molecules in triggering the
inflammatory CNS events following WNV infection.
Up-regulation of MCP-5 (CCL12) and C10 (CCL6)
was observed for the first time in a murine infection
by WNV, suggesting that along with IP10 (CXCL10),
MIG (CXCL9), MCP-1 (CCL2), MIP-1α (CCL3), MIP-1ß
(CCL4), RANTES (CCL5), and MCP-3 (CCL7), these
molecules play an important role inducing a potent
cellular helper T cell (Th)-1 type immune response
against WNV in the CNS.

Material and methods

Virus and cell culture
An isolate of WNV (Garcia-Tapia et al, 2006) was
propagated in Vero cell cultures using standard tech-
niques (Burleson et al, 1992). Vero cell cultures were
maintained in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) and 2 mM L-glutamine,
0.25 μg/ml fungizone, and 0.5 mg/ml gentamycin
(cell culture reagents supplied by Mediatech, Hern-
don, VA). The cells were maintained at 37◦C in a hu-
midified 5% CO2 incubator. Quantification of WNV
stocks and experimental samples (homogenized tis-
sues from infected mice) was performed using a vi-
ral plaque assay. Tenfold serial dilutions of samples
were adsorbed for 2 h onto confluent Vero cell mono-
layers in 6-well plates (10 cm2/well). Cell monolayers
were washed once with cell culture medium. Overlay
medium, which consisted of maintenance medium
plus 0.5% (w/v) agarose, was then added to each
well. Cultures were maintained at 37◦C in a humid-
ified 5% CO2 incubator for 3 days. Overlays were
then removed and cell monolayers were stained with
0.5% (w/v) crystal violet/70% (v/v) methanol and
plaques were counted and viral titers were calculated
(Burleson et al, 1992).

Mice
Specific pathogen–free, 7- to 8 week-old C57BL/6 fe-
male mice (Jackson Labs, NJ, USA) were maintained
in biosafety level 3 (BSL-3) facilities and housed in
microisolator cages. Water and feed were provided
ad libitum. All experiments were performed in com-
pliance with the Animal Welfare Act and other regu-
lations relating to animals and experiments involving
animals and in adherence to the Guide for Care and
Handling of Laboratory Animals of the University of
Missouri (protocol number 4038).

Experimental design
Two independent experiments were conducted
using C57Bl/6 mice, which were inoculated with
100 PFU of WNV in the footpad through subcuta-
neous inoculation (100 μl). The experiment 1 was

performed using 25 animals, with 3 mice euthanized
on days 1, 2, 4, 6, 9, 13 and 21 p.i. On days 1 and
4 p.i., uninfected control mice were also euthanized.
Eighteen mice were used for experiment 2, with
three mice euthanized on days 1, 2, 4, 6, 9, and
13 p.i. On days 1 and 4 three uninfected mice were
euthanized. In both experiments, the mice that
showed clinical signs of encephalitis were eutha-
nized at the time when severe signs were observed.
Samples of blood, spleen, liver, kidney, lymph node,
and brain were taken for viral titration, and RNase
protection assays (RPAs); these same organs plus
skin, pancreas, lung, heart, thymus, adrenal glands,
and muscle were collected for histopathology (HP)
and immunohistochemistry (IHC) studies.

Tissue homogenization
Blood, spleen, liver, kidney, lymph node, and brain
were collected at necropsy and placed in previ-
ously frozen plastic vials containing zirconia-silica
beads (catalog number 11079110z; Biospec Prod-
ucts, Bartlesville, OK). The vials containing the tis-
sue were immediately immersed in liquid nitrogen
then transferred to −80◦C where they were held un-
til homogenization. To homogenize tissues, 1 ml of
DMEM (supplemented with 10% fetal bovine serum)
or TRIzol (catalog number 15596-018; Invitrogen,
Carlsbad, CA) was added to each vial. The vials were
then subjected to agitation in a mini bead-beater-8
(Biospec Products) for 2 min. The samples were then
processed for viral titration by plaque assay or RNA
was extracted for analysis by RNase protection assays
(RPAs).

RNA extraction and RPA
Total RNA was extracted using TRIzol reagent (cat-
alog number 15596-018; Invitrogen) according to
the manufacturer’s instructions. RNA concentrations
were determined by ultraviolet (UV) spectroscopy at
260 nm. The RPA was performed by a previously
described method (Asensio and Campbell, 1997).
For the synthesis of a radiolabeled antisense RNA
probe set for chemokines and the loading control
RPL32, the final reaction mixture (10 ml) contained
120 mCi of [α-32P]UTP (3000 Ci/mmol; Andotek,
Irvine, Calif.), UTP (73 pmol), GTP, ATP, and CTP
(2.5 mmol each), dithiothreitol (DTT) (100 nmol),
transcription buffer, RNase inhibitor (20 U; Ambion),
T7 polymerase (10 U; Promega), and an equimolar
pool of EcoRI-linearized templates (15 ng each). Af-
ter 1 h at 37◦C, the mixture was treated with DNase I
(2 U; Ambion) for 30 min at 37◦C and the probe was
purified by extraction with phenol-chloroform and
precipitated with ethanol. Dried probe was then dis-
solved (2.63 × 105 dpm/ml) in hybridization buffer
[80% formamide–0.4 M NaCl–1 mM EDTA–40 mM
piperazine-N,N9-bis(2-ethanesulfonic acid) (PIPES)
(pH 6.4)], and 10 ml of this mixture was added to
tubes containing target RNA dissolved in Tris-EDTA
buffer (TE). The samples were overlaid with mineral
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oil, heated to 95◦C, and then incubated at 56◦C for
12 to 16 h. Single-stranded RNA was digested for 45
min at 30◦C by the addition of a mixture of RNase
A (0.2 mg/ml) and RNase T1 (50 U/ml; Promega)
in 10 mM Tris (pH 7.5)–300 mM NaCl–5 mM EDTA
(pH 8). After incubation, 18 ml of a mixture contain-
ing proteinase K (1.5 mg/ml; Boehringer Mannheim,
Indianapolis, IN), sodium dodecyl sulfate (3.5%), and
yeast tRNA (200 mg/ml; Sigma) was added, and the
samples were incubated for 30 more min at 37◦C. The
RNA duplexes were isolated by extraction and pre-
cipitation as described above, dissolved in 80% for-
mamide and dyes, and electrophoresed in a standard
6% acrylamide–7M urea–0.5% Tris-borate-EDTA se-
quencing gel. Dried gels were placed on XAR film
(Kodak, Rochester, NY) with intensifying screens and
exposed at 270◦C. Probe sets used throughout this
study included the cytokine probe sets ML11 and
ML26, and the chemokine probe sets 1 and 2 (CS1,
CS2) (Asensio and Campbell, 1997).

Plaque-reduction neutralization assays
The plaque-reduction neutralization titers (PRNTs)
of serum from mice were determined by adding 50
plaque-forming units of WNV to serial twofold dilu-
tions of heat-inactivated (56◦C, 30 min) mouse serum.
Samples were incubated at 37◦C for 1 h, followed
by 1 additional hour at room temperature prior to
adsorption to confluent Vero cell monolayers. Af-
ter adsorption for 2 h, the inoculum was removed
and the monolayer was rinsed once with cell culture
medium and then replaced with cell culture medium
containing 0.5% (w/v) agarose. Three to 4 days
following inoculation, the agarose overlay was re-
moved and cell monolayers were stained as described
above. Viral plaques were counted and the PRNT was
recorded as the final serum dilution that reduced
the number of plaques by ≥90% compared to con-
trol wells, to which no horse serum had been added.
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