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West Nile virus (WNV) infection in humans can cause neurological deficits,
including flaccid paralysis, encephalitis, meningitis, and mental status
change. To better understand the neuropathogenesis of WNV in the peripheral
and the central nervous systems (PNS and CNS), we used a mouse footpad
inoculation model to simulate a natural peripheral infection. Localization of
WNV in the nervous system using this model has suggested two routes of viral
invasion of the CNS: axonal retrograde transport (ART) from the PNS and
hematogenous diffusion via a breakdown in the blood-choroid-plexus barrier.
C57BL/6J mice were treated with nocodazole, a microtubule inhibitor that
blocks ART, prior to infection with WNV. Nocodazole-treated WNV-infected
mice developed a viremia 1.5 log10 greater than untreated WNV-infected
control mice at days 3 to 4 post infection (PI). Although viremia was greater in
nocodazole-treated mice, detection of virus in brain tissue (spinal cord,
cortex, brainstem, and cerebellum), as measured by real-time reverse
transcriptase�polymerase chain reaction (RT-PCR), did not occur until day
7. At these later time points (7 and 9 days PI), nocodazole-treated WNV-
infected animals attained viral titers in these tissues similar to titers in the
untreated WNV-infected control animals. These results demonstrate that a
single dose of nocodazole delays, but does not block, WNV infection of the
brain. Journal of NeuroVirology (2009) 15, 211�218.
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Introduction

West Nile virus (WNV) is a member of the family
Flaviviridae of the arthropod-borne positive-strand
RNA viruses and was first isolated from a febrile
woman in Uganda in 1937 (Smithburn et al, 1940).
The virus is maintained in a natural cycle involving
a mosquito vector and avian amplifying hosts, with
humans as dead-end incidental host.WNVbelongs to
the Japanese encephalitis (JE) serocomplex of flavi-
viruses that also includes the medically important

St. Louis encephalitis (SLE), Murray Valley encepha-
litis (MVE), and Kunjin viruses. Its genome consists
of a single-stranded positive-sense RNA of approxi-
mately 11 kb in length that encodes a single open
reading frame. The synthesized polyprotein is com-
posed of both structural (envelope and capsid) and
nonstructural proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5). All of the nonstructural
genes assist with viral RNA synthesis at some level
(Brinton, 2002).
WNV first emerged as a public health threat in

the United States in 1999 (Anderson et al, 1999;
Lanciotti et al, 1999). During the initial outbreak, 62
cases were identified, of which 59 case-patients were
hospitalized with encephalitis, meningitis, or flaccid
paralysis and 7 died (Briese et al, 1999; Lanciotti
et al, 1999; Nash et al, 2001). From 1999 to 2006, over
10,697 cases of WNV neuroinvasive disease have
been identified (www.cdc.gov/ncidod/dvbid/west-
nile/index.htm). The diagnosis of flaccid paralysis
in certain individuals prompted the use of the term
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‘‘poliomyelitis-like’’ syndrome associated withWNV
infection (Doron et al, 2003; Leis et al, 2003). In 2004,
a more stringent case definition for WNV-neuroinva-
sive disease was established by the Centers for
Disease Control and Prevention (CDC). The new
case definition included the presence of fever and
at least one of the following symptoms to better
define the neurological aspect of the disease: (1)
acutely altered mental status (e.g., disorientation,
obtundation, stupor, or coma); 2) other acute signs of
central or peripheral neurologic dysfunction (e.g.,
paresis or paralysis, nerve palsies, sensory deficits,
abnormal reflexes, generalized convulsions, or ab-
normal movements); (3) pleocytosis (increased white
blood cell concentration in cerebrospinal fluid
[CSF]) associated with illness clinically compatible
with meningitis (e.g., headache or stiff neck).
In our previous studies,weused in vivomouse foot-

pad inoculation to model the natural progression of
WNV from the site of a mosquito bite to the central
nervous system (CNS). These studies demonstrated
the presence of WNV antigens in the dorsal root
ganglion (DRG) neurons of the peripheral nervous
system (PNS), suggesting that these WNV-infected
neurons may contribute to the rapid introduction of
the virus into the CNS via axonal retrograde transport
(ART) (Hunsperger and Roehrig, 2005, 2006). Results
from a subsequent hamster study supported this
hypothesis (Samuel et al, 2007). The results of our
current study using nocodazole, a microtubule in-
hibitor, provide additional evidence of the impor-
tance of ART to the pathogenesis of WNV in the
mouse model. Mice treated with nocodazole prior to
a peripheral WNV inoculation demonstrated a sig-
nificant 6-day delay in viral infection of the CNS.

Results

Nocodazole treatment increased level but not
duration of WNV viremia in mouse serum
The peak viremia in nocodazole-treated or untreated
WNV-infected mice occurred on day 3 PI. Nocoda-
zole-treated animals demonstrated 1.5 log10 higher
peak viremia in the serum than untreated WNV-
infected animals (analysis of variance [ANOVA]
mixed model PB.0001) (Figure 1A, B).

Appearance of vRNA in the CNS was delayed by
nocodazole treatment and overall WNV titers were
greater than in untreated WNV-infected animals
The kinetics of WNV RNA accumulation in neural
tissue differed between nocodazole-treated and un-
treated WNV-infected mice. Results from the spinal
cord indicated that there were relatively small
amounts of vRNA present during the first 4 days
of nocodazole treatment. On the other hand, in the
untreated WNV-infected mice, the vRNA was
detected as soon as day 1 post-infection (PI) and

throughout the early time points, with the highest
activity at day 7 PI. Nocodazole treatment at day 7 PI
resulted in an 1.16-fold increase of vRNA compared
to untreated WNV-infected animals and this differ-
ence was statistically significant (Figure 2A, B;
ANOVA mixed model P�.01).
In the brainstem, there was activity in the noco-

dazole-treated and the untreated WNV-infected ani-
mals early in the infection, at 1 day PI; however, in
the nocodazole-treated animals, none of the other
time points had vRNA present (2 to 4 days). On day
7 PI, there was an increase in vRNA in the nocoda-
zole-treated animals, with a �4 log10 difference
compared to the untreated WNV-infected animals.
On day 9 PI, there was a �2 log10 difference
between the two samples, with the nocodazole
treatment presenting with higher levels of vRNA
when compared to the untreated WNV-infected
animals (Figure 2C, D).
In the cerebellum, the nocodazole-treated animals

had vRNA detectable as early as day 1 PI, which
disappeared for the next 3 days, similar to the
brainstem. At day 7 PI, there was a 5.4 log10 increase
in vRNA in the nocodazole-treated versus the
untreated WNV-infected animals. This vRNA de-
creased slightly for nocodazole-treated animals and
the difference between the untreated WNV-infected
and nocodazole-treated animals on day 9 PI was
1.7 log10 (Figure 2E, F).
Interestingly, vRNA was not present in the cortex

during the early time points, from 1 to 4 days PI, in
the nocodazole-treated animals. However, activity
was observed in day 7 PI, with a slight increase in
viral load of 0.4 log10. On day 9 PI, the levels of
vRNA for nocodazole-treated and untreated WNV-
infected mice were similar, with a slight decrease in
vRNA for the nocodazole-treated animals of
0.16 log10. This difference was statistically signifi-
cant (P�.003) (Figure 2G, H).
In order to compare all collected tissues, we

performed a product-limit survival function esti-
mate to determine the incidence of vRNA in tissue
or serum. This analysis measures a positive event,
referring to vRNA in tissue or serum over the time of
infection. The data determined that there exists a
delay in infection following nocodazole treatment
compared to the WNV treatment alone. Hence there
is a 39% probability that a given CNS tissue will
become infected following nocodazole treatment at
any time point compared to a 75% probability that a
CNS tissue would contain vRNA in the untreated
WNV-infected mice (Figure 3).

The distribution of WNV antigens differed in the
nocodazole-treated compared to untreated WNV-
infected animals
In untreated WNV-infected animals, viral antigens
were commonly found in the hippocampus, entorh-
inal cortex, and choroid plexus; however, this pattern
of infection changed with nocodazole treatment
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(Hunsperger and Roehrig, 2006). The nocodazole-
treated animals did not stain positive in the choroid
plexus cells, implying different mechanisms of
viral entry following treatment (Figure 4A and B).
Whereas untreated WNV-infected animals com-
monly expressed viral antigens in the hippocampus
region of the brain, nocodazole-treated mice did not
express viral antigen in the hippocampus (Figure 4C
and D). In addition, in the nocodazole-treated ani-
mals, the viral antigens were commonly expressed in
the median eminence region of the brain and soma-
tosensory cortex (Figure 4E and F).

Statistical analysis
An analysis of bivariate scrutiny revealed that noco-
dazole has a statically significant protective effect on
the tissue of having viremia at all time points tested
(risk ratio [RR] .51; 95% confidence interval [CI] 0.41,
0.065). Further analysis using a general linear model
was performed using the log-transformed viremia as
a dependent variable and treatment, time, and tissue
as covariates, which yielded a PB.0001 for this
model. In addition, a product limit survival test was
performed, which demonstrated that tissue of mice
treatedwith nocodazole had a statistically significant
better chance to have ‘‘survived’’ viremia than the
non�nocodazole-treated tissue (PB.0001) (Figure 3).
Such differences behave the same over all tissue with
the exception of the serum.
A mixed-model analysis with an unstructured

covariance matrix using the subject within each
point in time was carried out and resulted in a better
fit for treatment effect of nocodazole. Comparisons
of the least square difference between tissue types
were statistically significant, with the exception of
brainstem and spinal cord and between cerebellum
and cortex.

Discussion

Flavivirus neuroinvasion of the CNS had been
hypothesized to occur directly via the olfactory bulb
or through a blood-brain barrier (BBB) breakdown
(Monath et al, 1983). Another plausible route of viral

neuroinvasion is via ART from peripheral sites to the
CNS. The initial inoculation of the virus by the
mosquito occurs in the dermal epithelium where
the mosquito may probe up to 20 times in search for
a blood meal (Ribeiro et al, 1985). The dermal
epithelium is highly enervated by sensory neurons
and highly exposed to infected saliva during the
probing process, suggesting a route of infection for
peripheral neurons. Evidence for ART of WNV has
been obtained from neuropathological studies with
WNV-infected humans (Fratkin et al, 2004; Smith
et al, 2004). Moreover, high viral titers or sustained
viremia in humans are not associated with neuroin-
vasion and not considered a mechanism of BBB
breakdown (Biggerstaff and Petersen, 2002; Pealer
et al, 2003).
This study used the microtubule inhibitor noco-

dazole to determine its effects following a WNV
infection. Nocodazole is an antimitotic compound
that disrupts microtubules by binding to b-tubulin
and preventing the formation of interchain disulfide
linkages (Luduena and Roach, 1991). This process
results in the inhibition of microtubule dynamics
and disruption of spindle function in addition to the
fragmentation of the Golgi complex (Storrie and
Yang, 1998). In normally dividing cells, nocodazole
disrupts the cell cycle at the G2/M phase. However,
because neurons are nondividing cells, nocodazole
does not exert this effect. Nocodazole affects the
immune system by preventing the phosphorylation
of the T-cell antigen receptor, which decreases T-
cells activity (Huby et al, 1998). Other known
activities of nocodazole include activation of the
c-Jun-N-terminal kinase/stress-activated protein ki-
nase (JNK/SAPK) pathway and the induction of
apoptosis in certain cell lines (Wang et al, 1998).
In the neuronal system, nocodazole blocks axonal
transport when tested in sensory neurons (Guan and
Clark, 2006). In neurons, regions between the
nucleus and the Golgi apparatus are unaffected by
nocodazole treatment, suggesting that the replica-
tion and packaging of the virus remains intact. This
is due to the fact that these regions of the neuron are
composed of older, more stable microtubules, which
are resistant to nocodazole treatment (Letourneau
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Figure 1 Scatter plots of the mean values of days post treatment represented by bars of WNV RNA (vRNA) in the serum of WNV-treated
(A) and nocodazole-treated mice (B). Each time point is an average of n�5 mice (ANOVA mixed model PB.0001).
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and Wire, 1995). However, the transport system,
either retrograde or anterograde, would be most
vulnerable to nocodazole treatment. We observed
similar results in our studies, namely that sensory
neurons were insensitive to nocodazole treatment
and WNV replication and secretion were unaffected
(Hunsperger and Roehrig, 2005). Viral antigens were
restricted to the cell body and not found in the

axonal regions of the neuron, suggesting a loss in
ART of viral antigens following nocodazole treat-
ment. Our studies utilized a well-characterized
mouse model to determine the pathogenesis of
WNV in the presence of nocodazole (Hunsperger
and Roehrig, 2006).
Nocodazole increased the level of viremia in mice.

Although the time of peak viremia in the blood did
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Figure 2 Scatter plots of the mean values of days post treatment represented by bars of WNV RNA detected in WNV-infected, untreated
(A, C, E, and G), and WNV-infected, nocodazole-treated (B, D, F, and H) tissues: spinal cord (A and B; ANOVA mixed model P�.01);
brain stem (C and D); cerebellum (E and F); and cortex (G and H; ANOVA mixed model P�.003). Each time point is an average of n�5
mice. vRNA for days 5 and 6 were not measured for nocodazole-treated animals.
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not change for both treated and untreated mice, the
titer of the virus in the serum of the nocodazole-
treated mice increased on days 1 to 4 PI and this
difference was statistically significant. Nocodazole
may have compromised the immune system, perhaps
demonstrating the importance of T-cell antigen re-
ceptor in viral replication. The expression of immu-
noglobulin G (IgG) antibodies against WNV did not
change between nocodazole-treated and untreated
mice, suggesting the B cells were unaffected by the
nocodazole treatment (data not shown). Hence, the
humoral immune response plays an important role in
the initial viral replication as previously shown
(Diamond et al, 2003; Halevy et al, 1994).
Viral RNA in the CNS was delayed for the nocoda-

zole-treated animals and overall titers were greater
than untreated animals. The levels of vRNA in the
blood did not affect the CNS tissue levels, suggesting
that viral load in the blood is not critical for
neuroinvasion. In WNV-treated animals, the viral
antigens were observed in the spinal cord on days 1
and 2 PI, implying an early infection of the CNS and
later a clearance of the virus followed by reinfection.
Nocodazole-treated animals did not have vRNA until
day 7 PI in the spinal cord. Interestingly, the brain-
stem and the cerebellum had vRNA 1 day PI, but later
there was clearance and expression of vRNA that
peaked on day 7 PI and for the cerebellum decreased
on day 9 PI. The delay in vRNA expression in the
CNS may indicate that the virus replication is
maintained in peripheral tissues such as the DRG
and upon clearance of nocodazole, the virus is then
capable of infecting the CNS. The DRG neurons of
the PNS can harbor a persistent infection and main-
tain virus replication despite nocodazole treatment
(Hunsperger and Roehrig, 2005). When nocodazole
decreases below the threshold levels necessary for
inhibition of viral transport via microtubules, the

neurons transport the virus to the CNS. Because
nocodazole has an inhibitory effect on the immune
system by preventing the phosphorylation of T-cell
antigen receptor and inhibiting its activity, this
immune modulation may have increased vRNA in
the CNS; however, we observed the opposite effect
(Shrestha and Diamond, 2004).
Based on our data, WNV-treated animals were

75% more likely to harbor a CNS infection com-
pared to nocodazole-treated mice (39%) (Figure 3).
When examining the tissues using a mixed-model
ANOVA analysis (which measured the vRNA in the
tissue over time), we determined that the difference
in vRNA among cortex, spinal cord, and serum were
statistically significant. Therefore, viral entry in
these tissues (spinal cord and cortex) was signifi-
cantly blocked with nocodazole treatment. Once
nocodazole was cleared from the animals and its
effectiveness lost, alternate routes of viral infection
was observed as shown in the histopathology
results.
Previous pathology results of WNV in mice indi-

cated that particular regions of the brain, including
the choroid plexus, piriform cortex, or hippocampus,
were sensitive to WNV infection and were most
commonly found to harbor viral antigens in mice
(Hunsperger and Roehrig, 2006). However, the histo-
pathology results following nocodazole treatment
suggest no involvement of these regions (choroid
plexus, piriform cortex, or hippocampus) early in the
infection (4 days PI). In addition, staining of WNV
antigen was observed in the circumventricular organ
(median eminence), whichwas not observed inWNV
histopathology. Because these regions of the brain do
not contain BBB, the increase in vRNA in the blood
may account for this difference in viral antigen
expression.
The studies presented here demonstrated that

microtubule disruption with nocodazole alters
WNV neuroinvasion. Treatment with nocodazole
delayed viral entry into the CNS and increased viral
load in the blood. In addition, viral antigen expres-
sion in the CNS was altered by the treatment,
suggesting that peripheral virus replication is main-
tained and introduced into the CNS by peripheral
means, such as the circumventricular organs where
there is no BBB protection.

Materials and methods

Virus strain
The New York 1999 (NY99) strain of WNV used in
these studies was obtained from the reference
collection at the Division of Vector-Borne Infectious
Diseases, Centers for Disease Control and Prevention
(CDC). This WNV strain was isolated from an
infected Chilean flamingo in the Bronx Zoo and
was passaged once in suckling mice and twice in

Figure 3 Product limit survival function estimates to determine
the number of events (the probability that virus is present in any
given tissue at any given time). Table below the graph demon-
strates the number of events, censored and median survival with
95% confidence limits (CL).
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Vero cells (Lanciotti et al, 1999). The NY99 strain of
WNV is highly neurotropic (Beasley et al, 2002;
Lanciotti et al, 2002).

Mouse footpad injection and nocodazole treatment
C57Bl/6J mice were obtained from Jackson labora-
tories at 6 weeks of age. The animals were anesthe-
tized using isofluorane and infected with WNV via
a footpad injection with approximately 1200 plaque-
forming units (PFU) per animal (Hunsperger and
Roehrig, 2006). The animals in the nocodazole treat-
ment group received 5 mg/kg of nocodazole (Sigma,
St Louis, MO), the effective dose for inhibition of
tumor growth in mice, via intraperitoneal injection
(IP) 1 h prior to infection with WNV (Lee et al, 2003).
Viral stock solution for the infection was diluted to
the appropriate concentration using 1% fetal bovine

serum in sterile phosphate-buffered saline (PBS).
Tissue samples were harvested from spinal cord
(SC) and brain on days 1 through 9 (SC WNV day 9
and nocodazole-treated animals days 5 and 6 were
not measured). This tissue was analyzed using
immunohistochemistry for viral antigen expression
and TaqMan analysis for the presence of viral RNA.
Serum samples were obtained during the course of
the infection to determine the viremic state of the
animals. These sampleswere analyzed using TaqMan
to determine the viral RNA present in the serum.

Viral RNA isolation and quantitation using TaqMan
analyses
Viral RNA was isolated from virus seed and serum
samples using a QiaAmp viral RNA kit (Qiagen,
Valencia, CA). Tissue samples from the nervous

A B

DC

FE

Figure 4 Immunohistochemistry of the (A) choroid plexus with no viral antigens present in nocodazole-treated animals (20�),
indicated by the arrows, compared with (B) WNV-treated with viral antigens present; (C) hippocampus region demonstrating no viral
antigens present in nocodazole-treated animals (400�) and (D) hippocampus of WNV-treated alone with viral antigens present (400�);
(E) median eminence region of the brain demonstrating positive staining for viral antigen on day 7 post infection in nocodazole-treated
animals (120�); (F) somatosensory cortex demonstrating positive staining for viral antigens on day 4 post infection of nocodazole-treated
animals (200�).
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system, including brain and spinal cord, were
weighed and homogenized using a dounce tissue
grinder in the presence of lysis buffer from the
Qiagen RNeasy kit according to manufacturer’s
instructions. The samples were frozen at �708C
for later processing. WNV reverse transcriptase�
polymerase chain reaction (RT-PCR) primers used
to determine the viral RNA content in the tissue
samples were previously described. Briefly, the
forward envelope primer was designed from WNV
genome positions 1160 to 1180, the reverse envelope
primer was designed from genome positions 1209 to
1229, and the probe was designed from genome
positions 1186 to 1207. Sequences for these primers
can be obtained from previous publications. Gen-
ome position was determined according to the WNV
NY99 complete genome sequence. The detection
limit of this assay is 0.1 PFU; values below 0.1 PFU
were considered negative. Previous studies using
human brain tissue determined that recovery of
virus particles from the tissue sample was 100%
accurate when compared to positive serological
results (Lanciotti et al, 2000, 2002).
Five microliters of the total RNA extracted from

each sample was analyzed by TaqMan assay. The
reaction included 50 pmol of each primer and
10 pmol of the FAM- and TAMRA-labeled probe
using the one-step RT-PCR master mix (PE Applied
Biosystems, Foster City, CA) in a 50-ml reaction
volume. The samples were cycled 45 times for
amplification in an ABI Prism 7700 Sequence Detec-
tion System instrument (PE Applied Biosystems)
according to manufacturer’s suggested protocol for
TaqMan assay RT-PCR cycling conditions. A stan-
dard curve determined from the viral seed NY99
was compared to a standard plaque assay from the
same samples to calculate PFU/ml or PFU/mg based
on cycle threshold values (CT). Negative controls
included non�template-uninfected animal tissue
and serum.

Indirect immunofluorescence antibody assay
Blood samples were tested for the presence of WNV-
reactive antibodies for each time point. The blood
samples were centrifuged in microfuge plasma
separator tubes and plasma samples were diluted
1:2 in PBS. The samples were added to a slide

containing acetone-fixed WNV-infected Vero cells.
Following incubation at 378C, the slides were
washed three times with PBS and treated with a
secondary antibody anti-mouse immunoglobulin G
(IgG) conjugated to fluorescein isothiocyanate
(FITC) (Jackson Laboratories) diluted in PBS at
1:100. Visual analysis of the presence of fluores-
cence for each sample was used as an endpoint.
Controls included plasma from uninfected animals
and PBS alone.

Immunohistochemistry
Brain samples of nocodazole-treated WNV-infected
mice were harvested and immersion fixed in 10%
formalin at various time points (1 to 9 days PI)
(Fisher Scientific). The samples were paraffin em-
bedded and coronal sections of 5 mm were mounted
on glass slides. The tissue was processed using a
BenchMark LTIHC/ISH histochemistry staining ma-
chine utilizing the XT Enhanced V-Red V.1 standar-
dized staining protocol (Ventana, Tucson, AZ).
Following deparaffinization and rehydration of
sample, the tissue was blocked with 2% goat serum
(GS) in PBS for 20 minutes and then probed with the
primary polyclonal antibody against WNV (Ar248;
CDC reference collection) for 1 h, followed by three
washes with PBS. The sections were probed with a
secondary antibody consisting of anti-mouse IgG
conjugated to peroxidase (Jackson Laboratories). All
antibody solutions were diluted in 1% GS in PBS.
Fast red (which yields a red precipitate) was used to
visualize viral antigens in tissue samples, which
were then counterstained with hemotoxyline. Ana-
lysis of the data was performed using the stereotaxic
coordinate map of the mouse brain (Franklin and
Paxinos, 1977).

Statistical analysis
Statistical analysis used for this study included an
analysis of bivariate scrutiny, general linear model, a
product limit survival test, and mixed-model analy-
sis with an unstructured covariance matrix.
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