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Impact of direct virus-induced neuronal dysfunction
and immunological damage on the progression
of flavivirus (Modoc) encephalitis in a murine model
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Flavivirus encephalitis is believed to be the result of two main mechanisms:
(i) direct damage to and dysfunction of neurons as a result of viral replication
and (ii) destruction of the brain tissue by an inflammatory response. The differ-
ential impact of both mechanisms on the progression of flavivirus encephalitis
has not been clearly determined. We have now studied the encephalitis caused
by Modoc virus (MODV) infection in (i) severe combined immunodeficiency
(SCID) mice, (ii) immunocompetent NMRI mice, and (iii) NMRI mice under
varying immunosuppressive treatment regimens. In SCID mice, Modoc virus
infection proved to be uniformly lethal (100%). The virus replicated exten-
sively in neurons and no signs of inflammation of the brain were observed.
In immunocompetent NMRI mice, intranasal (but not intraperitoneal) inoc-
ulation with MODV caused severe encephalitis accompanied by a fulminate
inflammatory response. When NMRI mice, infected with MODV via the in-
traperitoneal route, were submitted to a brief immunosuppressive treatment,
they also developed encephalitis with an obvious inflammatory component.
These animals died significantly earlier than NMRI mice, which received im-
munosuppressive treatment for a longer period of time. In the latter group,
no signs of inflammation of the brain were noted. These models thus allow us
to distinguish between the impact of direct viral replication and that of im-
munological factors in the development of MODV encephalitis, and let us to
conclude that (i) replication of the virus in neurons is sufficient to cause fatal
encephalitis and (ii) immunological factors contribute significantly to disease
progression. Journal of NeuroVirology (2003) 9, 69–78.
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Introduction

Flaviviruses are enveloped, positive single-stranded
RNA viruses, of which more than 70 species exist.
Many of these are known to cause serious disease in
man (Burke andMonath, 2001). The genus Flavivirus
can be divided into three virus clusters according to
the vector, or absence thereof, involved in the natu-
ral transmission cycle: (i) the mosquito-borne cluster
(e.g., Japanese encephalitis virus [JEV], St. Louis en-
cephalitis virus [SLEV], Murray Valley encephalitis
virus [MVEV], West Nile virus [WNV], yellow fever
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virus [YFV], and dengue fever virus [DENV]); (ii) the
tick-borne cluster (e.g., tick-borne encephalitis virus
[TBEV]); and (iii) the cluster of flaviviruses with no
known vector (e.g., Modoc virus [MODV], Rio Bravo
virus, and Apoi virus) (Billoir et al, 2000; Kuno et al,
1998; Leyssen et al, 2002; Charlier et al, 2002).
Depending on the virus species, two main clinical

pictures have been described for severe flavivirus
infections: (i) hemorrhagic disease, as caused by
DENV and YFV, and (ii) encephalitic disease, as
caused by JEV, WNV, and TBEV. Worldwide, JEV is
by far the leading cause of flavivirus encephalitis
(Hennessy et al, 1996). Each year, more than 30,000
clinical infections are recorded in Asia alone, of
which about 30% have a fatal outcome (Steinhoff,
1996; Tsai and Yu, 1994). WNV is mainly endemic
around the Mediterranean Sea and North Africa. The
virus caused an unexpected epidemic in the New
York City metropolitan area in 1999, with 62 cases of
encephalitis and 7 deaths (Deubel et al, 2001). WNV
has now become endemic on the North American
mainland, next to the already endemic SLEV, and
continues to spread in mosquito populations (Pile,
2001). TBEV, and other viruses that belong to the
tick-borne cluster, such as louping ill virus and
Powassan encephalitis virus, are endemic in the
Northern hemisphere and may cause outbreaks of
encephalitic disease in areas where, and periods
when, ticks thrive (Zanotto et al, 1995).
Immunopathological factors are clearly involved in

the pathogenesis of flavivirus encephalitis. For exam-
ple, the histopathological study of four human cases
of WNV encephalitis revealed the presence of mi-
croglial nodules, composed mainly of lymphocytes
and histiocytes, variable mononuclear perivascular
inflammation, and a scattered mononuclear inflam-
matory infiltrate in the leptomeninges (Sampson and
Armbrustmacher, 2001). In birds, WNV meningoen-
cephalitis proved to be more pronounced as com-
pared to that in human cases (Steele et al, 2000). Also
in the brain of hamsters (Xiao et al, 2001) and mice
(Deubel et al, 2001) infected with WNV, an appar-
ent inflammatory immune response was observed. In
mice experimentally infected with MVEV (Matthews
et al, 2000), JEV (Hase et al, 1990), and TBEV (Chiba
et al, 1999), similar neuropathological findings as de-
scribed above were reported.
We wanted to assess to what extent direct virus-

mediated destruction and/or immunopathological
factors are responsible for the development of the en-
cephalitic disease and associated mortality. To this
end, we employed the MODV encephalitis model in
mice. MODV has been isolated from white-footed
deer mice (Peromyscus maniculatus) captured in
California (Modoc county) in 1958 (Johnson, 1967).
Later on, the virus was also isolated from deer mice
trapped in the wild in Oregon, Montana, Colorado,
and Alberta (Zarnke and Yuill, 1985). Neutralization
tests using blood samples isolated from mammals
trapped in Alberta, as well as from humans, indi-

cate the appearance of natural infection without dis-
ease (Zarnke and Yuill, 1985). No arthropod vector
has been demonstrated (Johnson, 1967). Based on
cross-serological reactivity, the virus has been clas-
sified as a Flavivirus (Casals, 1960; Varelas-Wesley
and Calisher, 1982; Calisher et al, 1989). Recently, we
have determined the complete genome sequence of
MODV. A detailed phylogenetic and taxonomic anal-
ysis of the entire coding region of the genome con-
firmed the classification ofMODV in the cluster of fla-
viviruses with no known vector (Leyssen et al, 2002).
We also demonstrated that MODV infections in mice
and hamsters provide convenient animal models for
the study of strategies for the treatment of flavivirus
infections (Leyssen et al, 2001).
We studied MODV encephalitis (i) in severe com-

bined immunodeficiency (SCID) mice that lack a
functional immune system, (ii) in immunocompe-
tent NMRI mice, and (iii) in NMRI mice that received
either short- or long-term immunosuppressive treat-
ment. This approach provided us with a spectrum
of animals with different immune status, i.e., from
fully immunocompetent mice, over mice with an in-
termediate status of immune suppression, to virtu-
ally completely immunodeficient mice. This allowed
us to investigate the differential impact of direct
viral destruction of neurons and of immunopatho-
logical factors on the progression of flavivirus
encephalitis.

Results

Modoc virus infection in SCID and NMRI mice
Following intraperitoneal (i.p.) inoculation with
MODV, SCID mice developed severe encephalitis
(100%mortality) and viral RNAwas detectable in the
salivary glands, spleen, and brain (data not shown).
During the course of infection, viral RNA levels in
the plasma of these mice steadily increased until the
animals succumbed at about 14 days postinfection
(Figure 1). Immunocompetent NMRI mice that were
infected via the i.p. route did not become sick (0%
mortality, 0/18) and no viral RNA was detectable in
the salivary glands, spleen, or brain (data not shown).
Viral RNA was also not detectable in plasma sam-
ples collected during the first 8 days postinfection
(Figure 1). However, NMRI mice that were submit-
ted to immunosuppressive treatment (two doses of
25mg/kg/day cyclophosphamide [CY], i.p. injection)
developed severe encephalitis following i.p. infec-
tion with MODV (also see below). At 14 days postin-
fection, high levels of viral RNA were detectable
in the salivary glands, spleen, and brain (data not
shown). In the plasma of these experimentally im-
munocompromised mice, the increase over time of
viral RNA levels in the plasma (Figure 1) proved very
comparable to the course of viral RNA levels in the
plasma of MODV-infected SCID mice (Figure 1). At
2 weeks postinfection, all NMRI mice that received
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Figure 1 Evolution of viral RNA loads in the plasma of MODV-infected mice. Filled squares (�) represent the mean viral RNA load
in the plasma of SCID mice intraperitoneally (i.p.) infected with MODV. Filled circles (•) represent the mean viral RNA load in the
plasma of untreated, immunocompetent i.p. infected NMRI mice. Open circles (•) represent the mean viral RNA load in the plasma of
i.p. infected NMRI mice immunocompromised by cyclophosphamide administration (two daily i.p. doses of 25 mg/kg/day). Each data
point represents the average of serum collected from three mice. Viral RNA load is expressed as PCR units (PCRU; 1 PCRU ≈ 50 copies).

CY showed paralysis, and by the third week postin-
fection, all animals had died.

Effect of varying immunosuppressive treatment
regimens on disease progression in NMRI mice
An experiment was designed in which MODV-
infected NMRI mice received different immunosup-
pressive treatments, i.e, by varying the time span
during which the animals were treated with CY
(Figure 2). Groups of female NMRI mice received CY
starting 1 day before i.p. infection with MODV, after
which administration of CY was continued for either
2, 4, 6, 8, or≈10 days (or until time of death). As noted
for MODV (i.p.)-infected NMRI mice that did not re-
ceive CY treatment, none of the NMRI mice that did
receive CY for≈4 days developed lethal encephalitis
(Figure 2). In NMRImice that received CY for a longer
period of time, mortality increased to 100%. Note-
worthy, in NMRI mice that received CY for 10 days
or more, the onset of paralysis was delayed by 3.1
days and virus-induced mortality occurred 3.3 days
later (P = .019), when compared to the mean day of
paralysis (MDP) and mean day of death (MDD), re-
spectively, of NMRI mice that received CY only for
the first 6 days postinfection (Figure 2).

Characterization of MODV-induced encephalitis
in SCID mice
Although SCID mice that were infected with MODV
showed clinical signs of encephalitis and finally suc-
cumbed (100% mortality), virtually no histopatho-
logical signs of cerebral viral infection were noted.

We therefore employed in situ hybridization and im-
munohistochemistry to locate respectively MODV
RNA and viral antigens in the brain tissue. Neu-
rons appeared to be the only cell type in which
MODV replicationwas detected. In situhybridization
with a probe designed to detectMODVpositive-sense
RNA revealed the presence of viral RNA in the cyto-
plasm of infected neurons (Figure 3A). Neurons also
showed cytoplasmic staining for viral antigens as de-
tected by immunohistochemistry (Figure 3B). Ultra-
structurally, neurons of infected SCID mice showed
subcellular changes characteristic of flavivirus infec-
tion: dilatation of the endoplasmic reticulum, vesic-
ularization of the cytoplasm, and the presence of
flavivirus-like inclusions in cytoplasmic vesicles. An
irregular shaped nucleus and condensation of the
nucleolus further documented neuronal pathology
(Figure 3C).
As assessed by in situ hybridization and immuno-

histochemistry, viral RNA and viral antigens were
detectable in nearly every morphological area of
the brain of intraperitoneally infected SCID mice
(Figure 4A–G). Several structures of the olfactory-
limbic system, i.e., the mitrial cell layer of the ol-
factory bulb (Figure 4A and B), the cortex piriformis,
the rhinal cortices, the amygdaloid area (Figure 4C,D,
and E), and the hippocampal area (Figure 4E and F),
were found to be highly positive. Also in the primary
and secondary cortices, the hypothalamic-thalamic
area, brain stem, basal ganglia, and Purkinje cells
of the cerebellum, viral RNA and antigens could be
detected (Figure 4B–G).
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Figure 2 Effect of cyclophosphamide administration on morbid-
ity and mortality in NMRI mice. (A) Mortality of NMRI mice that
were infected intraperitoneally (i.p.) with MODV as a function of
the period of time during which cyclophosphamide (CY) was ad-
ministered. Administration of CY (two daily i.p. doses of 25 mg/
kg/day) was initiated one day before infection (day ≈1). Day 0
marks the day at which the mice were infected. (B) Mean day of
paralysis, as a function of the period of time during which CY
was administered. (C) Mean day of death, as a function of the pe-
riod of time during CY was administered. Values presented by the
columns are mean values ≈ standard deviation.

Characterization of MODV-induced encephalitis
in intranasally infected NMRI mice
NMRI mice did not develop encephalitis following
i.p. infection with MODV. Intranasal administration
of the virus, however, induced lethal encephalitis in

Figure 3 Cortical neurons in the brain of SCIDmice infected with
MODV via the intraperitoneal route. (A) Detection of MODV RNA
in the cytoplasm and nucleolus by means of in situ hybridization;
(B) detection of MODV antigens in the cytoplasm by means of
immunohistochemical staining; (C) subcellular pathology: nucleus
with irregular shape, condensed nucleolus, vesicularization of the
cytoplasm, and dilatation of the endoplasmic reticulum.
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Figure 4 Distribution of MODV in the brain of SCID mice intraperitoneally infected with MODV. Coronal sections of a mouse brain.
Positions in the brain are marked on the view from above by lines and the respective capitals. Pictures are adapted from the Mouse Brain
Atlas: C57BL/6J Coronal (Rosen et al, 2000). Red coloration on the coronal sections marks the positions where viral RNA and antigens
were detected by means of both immunohistochemistry and in situ hybridization. The pictures represent a summary of the staining
patterns as observed in the brain of 16 SCID mice.

≈55% of the animals (data not shown). Histologi-
cal examination of the brain of intranasally infected
NMRImicewith signs of severe encephalitis revealed
all characteristics of flavivirus-induced encephalitis
in the immunocompetent host. Leptomeningitis, ac-
cumulation of inflammatory cells in the Virchow-
Robin spaces around blood vessels (perivascular cuff-
ing), and infiltration of the brain parenchyma by in-
flammatory cells were prevalent in all mice with
sever neurological symptoms (Figure 5A). In the ol-
factory bulbs and regions of the brain belonging to
the olfactory-limbic system, focal areas of spongio-
sis, characterized by loss of tissue architecture, were
observed (Figure 5B). Furthermore, neuronal destruc-
tion was also apparent in the gyrus dendatus and
the hippocampus (Figure 5C). Immunohistochemical
staining for MODV antigens confirmed the presence
of viral antigens in the cytoplasm of infected neurons
(data not shown).

Characterization of MODV-induced encephalitis
in (partially) immunocompromised NMRI mice
To obtain insight in the relative impact of (i) di-
rect virus-mediated destruction of neurons and (ii)
immunological brain damage, we studied the brain
pathology of MODV-induced encephalitis in NMRI
mice that were infected with MODV via the i.p. route
and that received different CY treatments. Two con-

ditions were assessed: (i) NMRI mice that received
CY for only the first 5 consecutive days postinfection
and (ii)NMRImice that received immunosuppressive
therapy with CY for 14 days postinfection.
Leptomeningitis, perivascular cuffing, infiltration

of inflammatory cells in the brain parenchyma, as
well as spongiosiswere obvious in the temporal lobes
of NMRI mice that received CY for only the first 5
days postinfection (Figure 6C). By contrast, no signs
of an inflammatory response were observed in the
temporal lobes of NMRI mice that received CY for
14 days postinfection (Figure 6D). In the brain of in-
fectedmice, regardless of the duration of CY adminis-
tration, shriveled, hyperchromatic neurons were in-
dicative of direct virus-induced damage.

Discussion

Viruses such as JEV, WNV, TBEV, SLEV, and MVEV
may cause severe encephalitis inman. Direct destruc-
tion or dysfunction of neurons caused by intracellular
replication of the virus, as well as damage caused by
an inflammatory response, are believed to contribute
to disease progression and death. To the best of our
knowledge, there have been no studies reported in
which the relative impact of both mechanisms on the
course of flavivirus encephalitis was delineated.



Modoc virus encephalitis in mice
74 P Leyssen et al

Figure 5 Brain pathology in immunocompetent NMRI mice in-
tranasally infected with MODV. Hematoxylin/eosin staining of
coronal sections of the brain of intranasally (i.n.) infected NMRI
mice that showed signs of severe encephalitis. (A) Leptomenin-
gitis with perivascular cuffing of a descending blood vessel, dif-
fuse infiltrate of inflammatory cells in the brain parenchyma, and
loss of neurons; (B) focus of spongiosis in the olfactory bulb
with loss of the normal tissue architecture and with a diffuse in-
filtrate of inflammatory cells; (C) destruction of neurons in the
gyrus dendatus.

In patients with TBEV, infected neurons show
dilatation of the endoplasmic reticulum, vesicular-
ization or vacuolization of the cytoplasm, and the
presence of virus-like inclusions in intracellular
vesicles (Mazlo and Szanto, 1978). Similar charac-
teristics were noted in neurons of mice experimen-
tally infectedwith JEV (Hase et al, 1990). Neurons are

supposed to malfunction because, amongst other rea-
sons, the intense proliferation of membranes within
the cytoplasm.
In the brain of patients or animals with flavivirus

encephalitis, signs of an inflammatory response
are manifold: perivascular cuffing, infiltration of
inflammatory cells into the brain parenchyma, and
leptomeningitis. Various encephalitides, whether or
not caused by flaviviruses, show a very similar
histopathological spectrum, which may therefore be
regarded as a nonspecific, universal response of the
brain to a viral infection. In the brain of patients
with fatal JEV (Iwasaki et al, 1986; Johnson et al,
1985; Miyake, 1964), WNV (Sampson and Armbrust-
macher, 2001), and TBEV (Kornyey, 1978), obvious
signs of such cerebral immunological response were
noted. Similar observations were made in mice, rats,
hamsters, birds, and monkeys infected with WNV
(Deubel et al, 2001; Eldadah et al, 1967; Pogodina
et al, 1983; Steele et al, 2000; Xiao et al, 2001); inmice
infected with JEV (Hase et al, 1990); and in hamsters,
monkeys, and dogs infected with TBEV (Andzha-
paridze et al, 1978; Chiba et al, 1999; Frolova and
Pogodina, 1984; Malenko et al, 1982; Weissenbock
et al, 1998).
We studied the effects of direct viral destruction

and the inflammatory response on flavivirus en-
cephalitis in three experimental conditions. First, we
could demonstrate that direct virus-induced dam-
age to neurons, without involvement of an inflam-
matory mechanism, is sufficient to cause severe and
lethal encephalitis in MODV-infected SCID mice
and severely immunocompromised NMRImice. This
was evident from the fact that both SCID mice
and severely immunocompromised NMRI mice de-
velop lethal encephalitis without histological evi-
dence of an inflammatory response. Infected neu-
rons (as detected by immunohistochemistry and in
situ hybridization) were widespread throughout the
brain and showed signs of subcellular pathology.
Thus, in MODV-infected SCID mice and in MODV-
infected, experimentally severely immunocompro-
mised NMRI mice, viral replication in (and likely
dysfunction of) neurons is obviously responsible for
morbidity (encephalitis) and mortality without the
contribution of an inflammatory component.
A second model, in which we studied MODV en-

cephalitis, was in immunocompetent NMRI mice.
Such animals only develop encephalitis (in about
55% of the cases) following intranasal inoculation.
In such intranasally MODV-infected animals, and
similar to the pathology observed in patients who
died from flavivirus encephalitis, obvious signs of
an inflammatory response were noted (leptomenin-
gitis, perivascular cuffing, infiltration of the brain
parenchyma by inflammatory cells).
Finally, MODV encephalitis and disease progres-

sion was studied in NMRI mice that received vary-
ing immunosuppressive treatment regimens. As dis-
cussed above, no inflammatory response to the
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infection was observed in the brain of infected ani-
mals that received immunosuppressive treatment for
a relative long period of time (≈10 consecutive days
postinfection). However, mice showed obvious signs
of inflammation of the brain and died significantly
faster when the immunosuppressive treatment was
given for only a short period of time (for 5 consec-
utive days postinfection). Taken together, these data
demonstrate that, in addition to direct destruction or
dysfunction of neurons by viral replication, immuno-
logical factors markedly contribute to progression of
MODV encephalitis. The overall pattern as noted in
the present study withMODV infections inmice may
likely also apply to the clinical situation with fla-
vivirus encephalitis in man. However, it may also be
possible that there are particular characteristics of the
present model that are different from the situation
with other flavivirus infections. Further study with
flaviviruses that cause disease in man may provide
additional information.
So far, there is no specific treatment for flavivirus

encephalitis, although a few studies with a small
number of patients indicate that interferon therapy
may result in a beneficial effect (Harinasuta et al,
1985; Limonta et al, 1984). Recombinant interferon
is being (has been) assessed in a placebo-controlled
double-blind trial, but no data from this study have
been reported so far (Solomon et al, 2000). Our
findings indicate that a potent and selective anti-
flavivirus agent should be able to suppress virus-
induced destruction of neurons concomitantly with
the shut-off of virus replication.Diminished spread of
the virus to other parts of the brain may subsequently
reduce the immunological response to the infection
and thus also the inflammatory component of the en-
cephalitis. A critical factor, however, is the time point
at which treatment is started. If treatment is initiated
sufficiently early following onset of disease, the use
of specific antiviral therapy may be expected to ar-
rest viral replication, and thus prevent the virus from
spreading and immunoreactivity from emerging.
In conclusion, we have demonstrated that (i) dam-

age to, or dysfunction of, neurons caused byflavivirus
(in casu MODV) replication is sufficient to induce
clinical signs of encephalitis and therewith associ-
ated mortality, and (ii) immunopathological factors
significantly contribute to disease progression.

Materials and methods

Cells and viruses
African greenmonkey kidney (Vero) cellswere grown
inminimumessentialmedium (MEM;Gibco, Paisley,
Scotland) supplemented with 10% inactivated fetal
calf serum (FCS; Integro, Zaandam, Holland), 1%
L-glutamine, and 0.3% bicarbonate. MODV was ob-
tained from the American Type Culture Collection
(ATCC VR-415; Rockville, MD, USA). Confluent cul-
tures of Vero cells were infected and incubated at

37≈C in a 5% CO2 atmosphere until an extensive cy-
topathic effect (CPE) was observed (generally at 7 to
9 days postinfection). At that time, culture medium
was collected, cell debris pelleted by centrifugation,
and the supernatant was aliquoted and stored at
≈80≈C.

Animals
Female SCID mice and immunocompetent, outbread
NMRI mice, weighing 20 to 25 g, were used through-
out the experiments. All animals were bred at the
Rega Institute (the SCID mice under germ-free condi-
tions) and maintained under artificial diurnal light-
ing conditions with free access to food and water.
The principles of good laboratory animal care were
followed. The ethical committee on vertebrate ani-
mal experiments of the K. U. Leuven approved the
experiments.

Animal experiments
NMRI mice that received cyclophosphamide (see
below) and SCID mice were inoculated with MODV
via the intraperitoneal (i.p., 500 μl) route. Because
NMRI mice that are not treated with CY are not sus-
ceptible to i.p. infection with MODV (Leyssen et al,
2001), these mice were inoculated intranasally with
MODV (25 μl). All mice were inoculated with 106
plaque-forming units (PFU) of MODV.

Cyclophosphamide administration
Cyclophosphamide monohydrate (CY) was pur-
chased from Sigma (St. Louis, MO). For all exper-
iments, NMRI mice received two doses of 25 mg/
kg/day of CY in phosphate-buffered saline (PBS) by
intraperitoneal injection. Administration of CY was
initiated 1 day before infection, and the compound
was administered continuously until the experiment
was terminated. NMRI mice that received CY were
housed in similar conditions as the SCID mice. Al-
though a relatively high dose of CY was given, none
of the animals showed signs of toxicity related to the
administration of CY throughout the experiments.
All data have been derived from two independent
experiments.

Plasmaviremia by quantitative RT-PCR
Blood from MODV-infected mice (SCID mice, NMRI
mice, and NMRI mice that received two doses of
25 mg/kg/day of CY) was collected by cardiac punc-
ture at different days postinfection, diluted 1:10 in
MEM at 0≈C, and centrifuged (4≈C, 6 min, 2000 ≈
g). Supernatant was stored at ≈80≈C until analyzed.
RNA was extracted from 140 μl of each sample
using the QIAamp Viral RNA kit (QIAgen, Hilten,
Germany). Viral RNA levels weremonitored by quan-
titative reverse transcriptase–polymerase chain re-
action ( RT-PCR ) as previously described (Leyssen
et al, 2001) and are expressed as PCR units (PCRU).
One PCRU of MODV RNA was defined to be the
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lowest possible dilution step that could be ampli-
fied in five of five replicate reactions. Plasma sam-
ples were analyzed at least in two sets of replicate
reactions.

Histology
Upon termination of the experiments, or at the
time the mice developed severe encephalitis, the
animals were sacrificed by ether anaesthesia and
perfused transcardially with 10 ml of a buffered
4% formaline solution. The brain and the rostral
part of the spinal cord were dissected, postfixed
for 4 h at room temperature, and stored in 80%
methanol at 4≈C until further processed. Tissue sam-
ples were processed under RNase-free conditions
according to standard laboratory procedures. Sec-
tions of 5 μm were cut at different positions of the
brain, thus representing all major morphological ar-
eas. Tissue sections were stained according to the
hematoxylin/eosin, cresylviolet, and luxol fast blue
(Klüver-Barrera) staining protocols.

Preparation of polyclonal rabbit anti-MODV
antibodies and immunohistochemistry
Polyclonal antiserum against MODVwas obtained by
immunizing rabbits with purified, ultraviolet (UV)-
inactivated MODV. Immunization of the rabbits and
collection of the serum was performed according to
standard protocols.
Following incubation of the deparaffinized sec-

tions for 30 min in 2% blocking buffer (PBS, 0.1%
Tween 20, 2% milk powder), primary polyclonal an-
tiserum was applied at a dilution of 1/100 in PBS-T
(0.1% Tween 20), and incubated at room temperature
for another 30min. Primary antibodywas removed by
rinsing with PBS-T, after which the tissue slides were
overlaid with a 1/500 dilution of donkey anti-rabbit
secondary antibody conjugatedwith horseradish per-
oxidase in PBS-T for 30min at room temperature. Fol-
lowing rinsing with PBS-T, detection was performed
with 3-amino-9-ethyl-carbazole (AEC, Sigma) as
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