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Abstract

Neurotropic flavivirus infection of humans results in viremia
subsequently; in some cases, it causes meningitis encephalomyelitis,
although the pathways from viremia to central nervous system (CNS)
invasion are uncertain. Here, we intravenously infected BALB/c
mice with 3 neurotropic flaviviruses, then examined the clinical
manifestations and histopathologic changes. The Sofjin strain of tick-
borne encephalitis virus—infected mice exhibited dose-dependent
survival. The animals showed distention of the small intestine caused
by peripheral neuritis because of infection of the myenteric plexus.
Histopathologically, the strongly neurotropic Sofjin strain invaded
the CNS of viremic mice via the autonomic nerves running from the
plexus. The JaTH-160 strain of Japanese encephalitis virus was iso-
lated from the lymph nodes during the preclinical phase of viral en-
cephalitis. Therefore, this strain might infect the CNS via a hematogenous
pathway, including through lymphoid tissues. The NY99-6922 strain
of the West Nile virus caused clinical signs suggestive of intestinal,
lymphoid, and/or neurologic involvement; the infected mice had
prolonged viremia, suggesting that NY99-6922 may mainly use the
hematogenous pathway; however, there was also histopathologic evi-
dence of involvement of the autonomic nervous system pathway.
In conclusion, the three neurotropic flaviviruses showed different
pathogenesis, which were dependent upon overlapping but distinct
pathways to CNS invasion after viremia.
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INTRODUCTION

Tick-borne encephalitis virus (TBEV), Japanese en-
cephalitis virus (JEV), and West Nile virus (WNV), which
belong to the genus Flavivirus within the family Flaviviridae,
have strong neurotropic, neuroinvasive, and neurovirulent
properties. Tick-borne encephalitis virus, JEV, and WNV in-
fections are common worldwide: TBEV infection is endemic
to Western Europe, Asia, and Japan; JEV infection is preva-
lent in eastern and southern Asia; and there have been recent
outbreaks of WNV infection in Eastern Europe, the Middle
East, North America, and Australia (1).

Infection in humans, a dead-end host, occurs after a bite
from an infected tick (TBEV) or mosquito (JEV and WNV);
the majority of infections are either asymptomatic or symp-
tomatic with a febrile illness. In severe cases, the neurotropic
flaviviruses infect the central nervous system (CNS), resulting
in viral meningitis or encephalomyelitis characterized by
neuronal damage and perivascular inflammation. It is difficult
to distinguish between the pathologic changes induced by
these 3 neurotropic flavivirus encephalitis viruses, which
preferentially target the large neurons in the human CNS
(2-5). Previous studies have shown that JEV, TBEV, and
WNV use common cell-surface receptors (6, 7). For example,
glycosaminoglycans such as heparan sulfate proteoglycans
exposed on cells within tissues, including pyramidal neurons
(8), mediate flavivirus entry and infection (9). These neuro-
tropic flaviviruses cause viremia and invade the CNS at least
in part via hematogenous spread (10-12). However, the
pathways from systemic infection to CNS invasion after vi-
remia are uncertain (13, 14).

We previously examined the histopathologic features of
the CNS in C57BL/6 mice subcutaneously inoculated with a
neurovirulent strain of TBEV and found that the viral load in
the cerebellum was significantly higher than that at other CNS
sites (15, 16). Marked inflammatory cell infiltration mainly
occurred in the cerebellum, meninges, and cortex, coupled
with the degeneration of Purkinje cells. However, when we
analyzed mice after intracerebral inoculation with TBEV,
there was no difference in the histopathologic changes ob-
served in the cerebrum and cerebellum (17). On the other
hand, histopathologic examination of C57BL/6 mice subcu-
taneously inoculated with a neurovirulent strain of JEV re-
vealed the main site of virus infection and inflammation to be
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the cerebral cortex (18). In addition, there was no difference
between TBEV and JEV in terms of their ability to infect
pyramidal neurons after intracerebral inoculation into mice.
Thus, we assumed that the difference in the histopathologic
features observed in these mouse models must depend on the
pathway from systemic infection to CNS invasion.

Therefore, to understand the pathways of neuroinva-
siveness that operate after flavivirus infection better, we de-
veloped a mouse model of flavivirus infection based on
neurotropic prototype strains of TBEV, JEV, and WNV. BALB/c
mice have a calm temperament, which makes them an ideal
strain for a model of intravenous inoculation. This Th2-prone
mouse strain was as susceptible to experimental infection with
flavivirus as the Thl-prone C57BL/6 black mouse strain after
intracerebral or subcutaneous inoculation (19-21). Subcutane-
ous injection of BALB/c mice with prototype strains of WNV
and JEV resulted in a mortality rate that was lower than that
after intravenous inoculation; indeed, no absolute lethal dose
was reached, making it impossible to perform the study under
defined conditions. Therefore, we generated a viremia model
of flavivirus infection by intravenously inoculating BALB/c
mice with representative neurotropic prototype strains of WNV,
JEV, or TBEV.

MATERIALS AND METHODS

Tick-borne encephalitis virus infection of cultured cells
and mice was performed under biosafety level 3 conditions
according to the guidelines for biosafety and animal experi-
ments at the Institute of Tropical Medicine, Nagasaki Uni-
versity. Animal experiments using TBEV were approved by
the Biosafety and the Animal Care and Use Committees at the
Institute of Tropical Medicine, Nagasaki University. Infection
of cultured cells and mice with JEV and WNV was conducted
under biosafety level 2 (JEV) or 3 (WNV) conditions according
to the guidelines for biosafety and animal experiments of the
National Institute of Infectious Diseases, Japan. Animal exper-
iments using JEV and WNV were approved by the Committee
on Biosafety and by the Animal Care and Use Committee at the
National Institute of Infectious Diseases.

Viruses and Cells

The strain, origin, and passage history of the flaviviruses
used in this study are listed in Table 1 (along with the relevant
references). A stock prototype strain of the Far-Eastern subtype

of TBEV, Sofjin (accession no. 062064) (22—24), was propa-
gated in baby hamster kidney cells, which were maintained in
Eagle minimal essential medium (Sigma-Aldrich, St. Louis,
MO) containing 2% fetal bovine serum ([FBS] Sigma-Aldrich).
Stock prototype strains of JEV (JaTH-160 strain [25, 26]) and
WNV (NY99-6922 strain [27]) were propagated in Vero E6
cells. Vero E6 cells, purchased from American Type Cell
Collection (Manassas, VA), were cultured for 2 days in Eagle
minimal essential medium containing 5% FBS, 50 IU/mL of
penicillin G, and 50 pg/mL of streptomycin (Gibco, Grand
Island, NYY). Titers of the stock viruses were expressed in terms
of plaque-forming units per milliliter on Vero E6 cells.

Animal Experiments

Female BALB/c mice were purchased from Japan SLC
(Shizuoka, Japan) and maintained in specific pathogen—free
facilities. Mice were maintained in biosafety level 2 (for JEV)
or 3 (for TBEV and WNYV) animal facilities on experimental
infection. The 100% lethal dose (LD;(y) was determined by
intravenous inoculation of 8-week-old adult BALB/c mice
(n = 5-8 per group). Briefly, mice received 100 pL of virus
solution (TBEV, 10°-10° PFU/100 pL; JEV, 10"*-10%8
PFU/100 pL; or WNV, 10°®-10%® PFU/100 wL) via intra-
venous inoculation into the tail vein and were then observed
for clinical signs for 21 days thereafter. After determining the
LDjg0, 8-week-old mice (n = 10 per group) were inoculated
with 1 LD of prototype strains of flavivirus, mice were ob-
served for clinical signs, and body weights were measured once
a day for 14 days postinfection (p.i.). In other experiments,
8-week-old mice were also examined at 3, 5, and 7 days p.i.
and moribund animals at end point (during 6-10 days p.i.)
for analysis of virus replication (n = 3 per time point) and
pathology (n = 3, 9, or 14 per time point).

Virus Isolation

Animals were killed by an excess dose of isoflurane,
and blood samples were obtained by cardiac puncture (TBEV,
n = 3; JEV and WNV, n = 6). Tissue homogenates of
brain, spinal cord, liver, spleen, kidney, lymph nodes, thy-
mus, and Peyer patches (10% wt/vol in MEM containing 2%
FBS, 50 IU of penicillin G, 50 wg of streptomycin, and 2.5 g
of amphotericin B [Gibco]) were prepared from virus-infected
mice (n = 3 per time point) and clarified by centrifugation at
800 x g for 20 minutes. The samples were then inoculated
onto Vero E6 cell cultures, which were examined for 3 days

TABLE 1. Flaviviruses Used in This Study

Virus Strain Origin Passage History Reference
Tick-borne encephalitis virus Sofjin Derived from a human brain infected More than 100 passages in neonatal (22-24)
by a Far-Eastern strain of tick-borne mouse and cultured cells
encephalitis virus in 1937
Japanese encephalitis virus JaTH-160 Derived from a human case of Isolated after intracerebral inoculation (25, 26)
Japanese encephalitis in 1959 into neonatal mouse brain, 15 passages
in adult mice via intraperitoneal
inoculation, and propagation in
Vero cells and VeroE6 cells
West Nile virus NY99-6922 Derived from a mosquito captured Isolated by intracerebral inoculation 27)
in New York in 1999 into neonatal mouse brain and passage
in C6/36 cells and Vero cells
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to assess cytopathic effects. Blind passage was performed
after freezing and thawing first-round passage cells. If no
flavivirus-specific cytopathic effects were observed in the first-
or second-round cultures, the samples were deemed negative
for infectious virus.

Histopathologic and
Immunohistochemical Analysis

Mice (n = 3, 9, or 14 per time point) were killed via
inhalation of excess isoflurane, and the heart was perfused
with 10% phosphate buffered formalin (Wako, Osaka, Japan).
Brain, spinal column (including the spinal cord), lung, heart,
kidney, liver, spleen, stomach, small and large intestine, thy-
mus, and lymph node tissues were routinely processed and
embedded in paraffin, sectioned, and stained with hematoxylin
and eosin. The spinal column (including spinal cord) samples
were decalcified in PBS (pH 7.4)/10% EDTA4Na (Dojindo,
Kumamoto, Japan) before embedding. Immunohistochemical
detection of TBEV, JEV, and WNV antigens was performed on
paraffin-embedded sections. A rabbit polyclonal antibody against
the TBEV E-protein (28), a rabbit polyclonal antibody
against JEV E-protein (29), and a mouse monoclonal antibody
against WNV E-protein (30, 31) were used as primary anti-
bodies. Antigens were retrieved by 0.025% trypsin (Difco,
Detroit, MI) solution containing 0.05% CaCl, (Kanto Chemi-
cal, Tokyo, Japan) for 30 minutes at 37°C (for WNV E-protein)
or hydrolytic autoclaving in retrieval solution (pH 6 or pH 9;
Nichirei Biosciences, Inc., Tokyo, Japan) for 10 minutes at
121°C (for TBEV E-protein and JEV E-protein). Immunohis-
tochemical analysis was then performed using the Vector
M.O.M. immunodetection Kit (Vector Laboratories, Burlingame,
CA) or Nichirei-Histofine Simple Stain Mouse MAX PO (R)
polymer—based detection system (Nichirei Biosciences). Peroxi-
dase activity was detected by diaminobenzidine (Sigma-Aldrich)/
hydrogen peroxide (Wako). Nuclei were counterstained with
hematoxylin.

Double-Immunofluorescence Staining

To characterize the virus-infected cells, paraffin-embedded
tissues were subjected to double-immunofluorescence staining
with rabbit antiserum against TBEV E-protein and a chicken
polyclonal antibody against the neuronal marker microtubule-
associated protein 2 (MAP-2) (ab5392, Abcam, Cambridge,
UK). Sections were washed 3 times with PBS (pH 7.0; Wako)
after each step. Antigens were retrieved by autoclaving in re-
trieval solution (pH 9.0; Nichirei) at 121°C for 10 minutes.
Sections were incubated with the primary rabbit polyclonal
antibody against TBEV, followed by incubation with the
chicken polyclonal anti-MAP-2 antibody. Sections were incu-
bated with each primary antibody overnight at 4°C. Bound an-
tibodies were detected using goat anti-rabbit Alexa Fluor 586
(Molecular Probes, Eugene, OR) and goat anti-chicken Alexa
Fluor 488 (Molecular Probes), respectively, for 30 minutes at
37°C before mounting in SlowFade Gold antifade reagent
containing 4’,6-diamidino-2-phenylindole (Molecular Probes).
Images were captured under a fluorescence microscope (IX71;
Olympus, Tokyo, Japan) equipped with a Hamamatsu high-
resolution digital B/W CCD camera (ORCA2; Hamamatsu
Photonics, Hamamatsu, Japan).
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RESULTS

Viremia Model of Flavivirus Infection in
BALB/c Mice

To establish a viremia model of flavivirus infection,
BALB/c mice were inoculated intravenously with several dif-
ferent doses of the prototype strains of TBEV (Sofjin strain),
JEV (JaTH-160 strain), or WNV (NY99-6922) and observed
for clinical signs. The LD, values for each virus were as
follows: TBEV, 10> PFU/100 pL; JEV, 10*® PFU/100 pL;
and WNV, 10° PFU/100 pL (Fig. 1A—C). A characteristic
dose-response curve was observed for TBEV-infected animals
but not for JEV- or WNV-infected animals. When we inocu-
lated mice subcutaneously with JEV or WNV, we were unable
to determine the LD, because mice were much less suscep-
tible to infection via this route (data not shown).

At 5 to 14 days p.i., mice intravenously inoculated
with TBEV suffered weight loss and exhibited fur ruffling, a
hunchback posture, and abdominal enlargement before be-
coming moribund (Fig. 1D). The abdominal swelling was
caused by distention of the small intestine (Fig. 1E). Japanese
encephalitis virus—infected BALB/c mice exhibited fur ruf-
fling and a hunchback posture at 9 to 14 days p.i., suggesting
encephalitis (Fig. 1F). At 4 to 8 days p.i., approximately 70%
of WNV-infected animals exhibited fur ruffing either with
or without abdominal swelling caused by distention of the
small intestine (which contained black stools) (Fig. 1G, H),
whereas others showed flaccid paralysis without abdominal
distention (Fig. 11).

Viral Kinetics After Intravenous Inoculation

To examine viral kinetics in the mice, we isolated the
virus from blood samples (n = 3 or 6) and major organs, in-
cluding the lymphatic system (n = 3), at several time points
after intravenous inoculation with 1LDyc of TBEV, JEV, or
WNYV (Table 2). Neither TBEV nor JEV was isolated from
blood samples, but WNV was isolated from both whole-blood
(50% of inoculated animals) and plasma (67% of inoculated
animals) samples taken on Day 3 p.i. Tick-borne encephalitis
virus was isolated from the intestine, intestinal lymph nodes,
and thymus on Days 3 and/or 5 p.i. Tick-borne encephalitis
virus was also isolated from the brains of all infected animals
during the early phase of infection (Day 5 p.i.), whereas JEV
and WNV were isolated at later time points (Day 7 or 10 p.i.).
Infectious JEV was isolated from the lymphatic system
(spleen and lymph nodes) during the early phase of infection
(Days 3 and 5 p.i.) but not on Day 7 p.i. West Nile virus was
isolated from the lymphatic organs of infected mice on Days
3,5,and 7 p.i.

Pathologic Examination of BALB/c Mice After
Flavivirus Infection

We next performed pathologic examination of BALB/c
mice on Days 3, 5, and 7 (n = 3 per group) and at the ex-
perimental end point (n = 3—14 per group) after intravenous
inoculation with 1LDoo of TBEV, JEV, or WNV (Table 3).
During the preclinical phase (within 5-7 days p.i.), no obvi-
ous histopathologic changes (e.g. inflammatory cell infiltra-
tion) were observed in any of the organs examined; however,

© 2015 American Association of Neuropathologists, Inc.

Copyright © 2015 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited.

220z 1snBny g1, uo Jasn sansnp Jo Juswiedaq S'N Ad 0GEY1L9Z/0SZ/E/p L/BI0MIE/UB IO dNO"ILBPEDE//:SARY WOy PAPEOIUMOC



J Neuropathol Exp Neurol ® Volume 74, Number 3, March 2015 Viremia Model of Flaviviruses

A Survival of TBEV-iv
1x1070
= 1x10M
1]
% 1x10°2
2 1x10°3
=
8
@
(4T
C L) L L] L
0 5 10 16 20
days
B Survival of JEV-iv
100
10".8
e 80 10"2.8
g 1073.8
=R 1074.8
€
g a0
g
20
C L) L L] L
0 5 10 15 20
days
C ; :
Survival of WNV-iv
100
-a- 10438
< 801 -4- 1074 .8
£ - —— 10"5.8
Z 601 " —— 10768
= :
o 404 30 | Edessciciciriannnnnnnans .
@
200 e '
C L] L] 1 L
0 5 10 15 20

days

FIGURE 1. Viremia model of neurotropic flavivirus infection in BALB/c mice. (A—C) Survival curve showing the effect of different
doses of tick-borne encephalitis virus (TBEV) (A), Japanese encephalitis virus (JEV) (B), and West Nile virus (WNV) (C) (n = 5-8 mice
per group). In mice inoculated intravenously with 10° to 10® PFU of TBEV (Sofijin strain), a dose—response curve was observed (A).
In mice inoculated intravenously with 10" to 10*# PFU of JEV (JaTH-160 strain), no characteristic dose—response curve was
observed (B). In mice inoculated with 1032 to 10%% PFU of WNV (NY99-6922), no characteristic dose—response curve was ob-
served. (D-1) Mice experimentally infected with neurotropic flaviviruses seemed moribund. A TBEV-infected mouse shows fur
ruffling, a hunchback posture, lack of movement, and abdominal distention (D). Examination of the internal organs of a moribund
TBEV-inoculated mouse demonstrates that the stomach is distended, and the small intestine is atonic and dilated (arrowheads) (E).
A JEV-infected mouse shows fur ruffling, a hunchback posture, and a lack of movement (F). A WNV-infected mouse shows fur
ruffing and abdominal distention (G). Internal organs of the mouse shown in (G) show that the stomach is distended and the small
intestine is atonic and dilated (H). The contents of the small intestine were black (arrow heads). Another WNV-infected mouse
showed flaccid paralysis of the hindlimbs (I).

1 of 3 TBEV-infected animals tested positive for viral anti- an inflammatory infiltrate in the gastric plexus and enteric
gens in the enteric plexus during this phase (Table 3). Tick-  plexus of the TBEV-infected animals (n = 3) (Fig. 2A). Tick-
borne encephalitis virus antigen—positive cells were observed ~ borne encephalitis virus infection was observed in the celiac
in the gastric plexus and enteric plexus of all animals on  plexus on Day 8 p.i. (Fig. 2B), and there was abdominal
Day 7 p.i. On Day 8 p.i., we observed degenerated cells and  distension. The lumbar spinal cord and brainstem (mainly the
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TABLE 2. Virus Isolation From BALB/c Mice Intravenously Inoculated With Neuroinvasive Flaviviruses

Virus
Tick-Borne Japanese West Nile
Encephalitis Virus Encephalitis Virus Virus

Days after inoculation* 3d 5d 7d 3d 5d 7d 10d 3d 5d 7d
Blood 0% 0 0 of o o o 3f 1f 1f
Plasma NE NE NE of of of o 47 of 1f
Brain 1 3 3 0 0 2 3 1 0 1
Spinal cord 0 1 3 0 0 1 2 1 0 2
Liver 0 0 0 0 0 0 0 0 0 0
Kidney 0 0 0 0 0 0 0 0 2 1
Spleen 2 0 2 1 0 0 0 3 2 1
Lymph node Cervical 0 0 0 1 1 0 0 3 3 3

Acxillary 0 0 0 1 1 0 2 3 3 0

Inguinal 0 0 0 2 0 0 0 3 3 1

Intestinal 0 3 2 0 1 0 0 1 2 1
Thymus 2 3 0 0 0 0 0 3 3 0
Intestine 2 2 1 NE NE 0 0 1 1 2

*Number of positive animals from which virus was isolated by blind passage.
n=6;*n=3;d, days; NE, not examined.

medulla and midbrain) from one of the TBEV-infected mice
contained viral antigen—positive cells and showed a mild in-
flammatory reaction on each of Days 7 and 8 p.i. (Table 3;
Fig. 3, left panels). Another TBEV-infected mouse showed
acute neuronal degeneration, and the cerebral cortex and
brainstem were positive for TBEV antigens at Day 8 p.i.
(Table 3). Large neurons in the brain (in the thalamus, hypo-
thalamus, midbrain, cerebellum, medulla, and/or cerebral
cortex) and spinal cord were TVEV antigen positive (Fig. 3,
left panels, insets). Lymphophagocytosis was observed in

Peyer patches and other parts of the lymphoid system on
Day 8 p.i., although no viral antigens were detected.

At 7 days post-JEV inoculation (preclinical phase),
only 1 of 3 animals showed evidence of viral antigen—positive
cells in the cerebral cortex, hippocampus, and hypothalamus
(Table 3). Nine JEV-infected animals showed neurologic
manifestations and became moribund on Day 9 or 10 p.i. These
moribund animals had acute neuron necrosis with mild inflam-
mation, including in the cerebral cortex, brainstem, and spinal
cord (Table 3; Fig. 3, middle panels). Large neurons in the brain

TABLE 3. Histopathologic and Immunohistochemical Analysis of BALB/c Mice After Intravenous Inoculation With Flaviviruses

Virus

Tick-Borne Encephalitis

Japanese Encephalitis West Nile Virus

Virus (n = 3) Virus (n =3 or 9%) (n =3 or 14%)

Day after inoculation 3d 5d 7d 8d' 3d 5d 7d 9-10 d¥ 3d 5d 7d 6-14 d°
Myenteric plexus 0/0 1/0 3/1 3/3 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/1
Gastrointestinal tract 0/0 0/0 0/0 0/1 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/10
Brain cortex 0/0* 0/0 0/0 1/1 0/0 0/0 1/1 9/9 0/0 0/0 0/0 6/6
Hippocampus 0/0 0/0 0/0 1/1 0/0 0/0 1/0 8/8 0/0 0/0 0/0 3/4
Thalamus 0/0 0/0 1/0 2/1 0/0 0/0 0/0 9/9 0/0 0/0 0/0 6/7
Hypothalamus 0/0 0/0 1/0 2/1 0/0 0/0 1/1 4/5 0/0 0/0 0/0 3/4
Midbrain 0/0 0/0 2/0 2/1 0/0 0/0 0/0 9/9 0/0 0/0 0/0 2/3
Cerebellum 0/0 0/0 0/0 2/1 0/0 0/0 0/0 4/0 0/0 0/0 0/0 0/1
Medulla 0/0 0/0 2/0 2/1 0/0 0/0 0/0 8/9 0/0 0/0 0/0 4/3
Spinal cord 0/0 0/0 2/1 2/1 0/0 0/0 0/0 8/8 0/0 0/0 0/0 172
Spleen 0/0 0/0 0/0 0/2 0/0 0/0 0/0 0/2 0/0 0/0 0/0 0/11
Thymus 0/0 0/0 0/0 0/2 0/0 0/0 0/0 0/3 0/0 0/0 0/0 0/6
Cervical lymph nodes 0/0 0/0 0/0 0/2 0/0 0/0 0/0 0/2 0/0 0/0 0/0 0/6
Peyer patches 0/0 0/0 0/0 0/3 0/0 0/0 0/0 0/1 0/0 0/0 0/0 0/8

*Number of virus antigen—positive animals per number of positive animals showing histopathologic changes.

"Number of affected animals on Day 8 p.i. (n = 3).
“Number of affected animals on Day 9 or 10 p.i. (n=9).

S Affected animals on Days 6 to 14 (n = 14). The numbers of moribund mice on each day were Day 6, n = 3; Day 7, n = 4; Day 8, n = 3; Day 9, n = 3; and Day 14, n= 1.

d, days; p.i., postinfection.
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and spinal cord were positive for viral antigens (Fig. 3, middle
panels, insets). No viral antigen—positive cells or inflamma-
tory reactions were observed in the gastrointestinal tract or
celiac plexus of JEV-infected animals (Table 3; Fig. 2A, C).
Lymphophagocytosis was observed in the thymus and other
parts of the lymphoid system in a few moribund animals, but
no viral antigens were detected.

No histopathologic lesions were observed in any of the
animals during the preclinical phase post-WNV inoculation
(Days 3, 5, and 7 p.i.; Table 3). Fourteen affected animals
from 3 separate experiments were investigated. Overall, 10 mice
showed gastrointestinal lesions; we observed neuritis of the
small intestine (n = 1; Fig. 2D) and mucus hypersecretion from
necrotic intestinal tissues (n = 10; Fig. 2E) and/or erosion of
the large intestine (n = 2; Fig. 2F). No viral antigens were
detected in the gastrointestinal lesions by immunohisto-
chemistry (Fig. 2A, D). Seven mice had lesions in the CNS
related to virus infection (Fig. 3, right panels). Large neu-
rons, mainly in the cerebral cortex, thalamus, and medulla,
were positive for viral antigens (Fig. 3, right panels, insets).
Eleven animals showed reduced numbers of lymphocytes
in the spleen and/or thymus (Fig. 2G); no viral antigens
were detected in lymphoid organs by immunohistochemis-
try. Only 1 mouse had plexitis in the small intestine, along with
inflammation of the meninges around the spinal cord and
brainstem (Figs. 2D, 3). No viral antigens were detected in
the intestine. Another mouse that had erosion and massive
edema in the submucosa and muscle layer of the large in-
testine also showed massive lymphocyte depletion in the
thymic cortex; however, there were no lesions in the CNS
(Fig. 2F, G).

The Sofjin Strain of TBEV Invades the CNS
via a Neuronal Pathway From the
Gastrointestinal Tract

Tick-borne encephalitis virus was isolated from intesti-
nal tissues of TBEV-infected mice; the gastric myenteric
plexus and celiac plexus were positive for viral antigens on
Days 5 and 7 p.i. To confirm TBEV infection in the peripheral
nerves of the small intestine, tissues were double stained to
detect viral antigens and the neuronal marker MAP-2. Large
MAP-2—positive neurons in the gastric plexus and celiac
plexus were positive for viral antigens on Day 5 p.i. but not on
Day 3 p.i. (Fig. 4). These data suggest that the virus infected
the CNS via the gastrointestinal autonomic nerves.

DISCUSSION

The ability of a neurotropic virus to invade and establish
an infection within the CNS is one of the most important
factors that determine its neuropathogenicity. There are 3 main
routes of entry to the CNS: the neural pathway, the olfactory
route, and the hematogenous route. Evidence for neuroinvasion
by way of the peripheral nervous system has been reported
for rabies virus (32), alpha herpes viruses (33, 34), poliovirus
(35, 36), and flavivirus (37). Here, we demonstrate that in-
travenous inoculation of BALB/c mice with the representa-
tive neurotropic flaviviruses TBEV, JEV, and WNV resulted
in different clinical and histopathologic characteristics,
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which seemed to correlate with the neuroinvasive features of
the viruses.

The histopathologic features of flavivirus infections in
the CNS include neuron necrosis, neuronophagy, and peri-
vascular inflammatory infiltrates. Viral antigens are also iden-
tified in large neurons within the human CNS (4, 5, 38). Here,
we found that the large nerve cells in the brain and spinal cord
of BALB/c mice were highly susceptible to these 3 neurotropic
flaviviruses, although the inflammatory reactions were mild.
Various neurologic manifestations caused by disorders of the
CNS and/or peripheral nervous system, including the auto-
nomic nervous system, have been reported in humans (38—40);
however, there is no direct evidence that flaviviruses infect
the autonomic nerves. Thus, the animal model described herein
will increase our understanding of the pathology of neurotropic
flaviviruses.

Here, we found that mice intravenously inoculated with
the Sofjin strain exhibit an expected dose-response curve.
Histopathologic analysis revealed that the Sofjin strain
infected the nerves associated with the intestine during the
preclinical phase. Sofjin is a strongly neurotropic strain of
TBEV because of long-term passage in the brains of suckling
mice (22-24). Animal models infected with strongly neuro-
tropic viruses (such as transgenic mice bearing the human
poliovirus receptor or mice infected with herpes simplex virus
type 1) show dose-response curves after intraspinal or sub-
cutaneous inoculation (41-43). Even experimental models of
neuronal pathway infections, such as intracerebral inoculation
with flavivirus, show a dose—response curve that is explained
by the viral load and neurovirulence of this virus. The char-
acteristic dose—response curve observed in TBEV-infected
animals in the present study may also be the result of the viral
load and the neurovirulence of the Sofjin strain; intravenous
injection resulted in CNS infection via the peripheral nerves
(the autonomic nerves) in the gut. Humans infected with
TBEV also show gastrointestinal symptoms during the acute
phase, along with progressive neuritis and neuropsychiatric
sequelae. In addition, autonomic involvement, including
gastrointestinal tract symptoms, orthostatic hypotension, and
urinary retention, has been reported in TBE cases (39). His-
topathologic examination of Sofjin-infected mice suggested
that the virus infected the brainstem via the gastrointestinal
peripheral nerves (i.e. the vagus nerve). Therefore, this animal
model mimics human neuritis caused by TBEV infection.

On the other hand, in the present study, no dose—response
curves were observed for JEV- and WNV-infected animals.
This finding is similar to that reported for intraperitoneal or
subcutaneous inoculation models of flavivirus infection (44,
45). Intranasal inoculation with WNV results in a more pre-
dictable dose-response curve because the virus infects the CNS
via the olfactory nerves (44). Thus, it is possible that neither
JEV nor WNV uses neuronal pathways in our viremia model.

Japanese encephalitis virus was rapidly cleared from the
blood after inoculation and was present in the lymph node
during the preclinical phase. By contrast, WNV-infected mice
showed prolonged viremia. This may be because JEV repli-
cated in macrophages and dendritic cells in peripheral organs
such as the lymph nodes and spleen (46, 47). Liu et al (48) used
Evans blue dye to demonstrate an increase in blood—brain
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TBEV JEV WNV

Spinal cord

Brain stem

Cerebral cortex

FIGURE 3. CNS lesions in neurotropic flavivirus-infecte B/c mice. Tissues were obtained from moribund mice after intravenous
inoculation with tick-borne encephalitis virus (TBEV, 103 PFU/100 pL of Sofjin strain) (left panels), Japanese encephalitis virus (JEV,
10228 PFU/100 plL of JaTH-160 strain) (middle panels), and West Nile virus (WNV, 10° PFU/100 pL of NY99/6922 strain) (right
panels). Left column panels: Degenerated neurons with or without inflammatory infiltration in the spinal cord, medulla, and
cerebral cortex of a mouse on Day 8 postinfection (p.i.) with TBEV. Immunohistochemistry (IHC, insets) revealed that the pyramidal
neurons in the lesion were positive for viral antigens (middle panel). Middle column panels: Degenerated neurons in the spinal cord
and medulla of a JEV-infected mouse were positive for viral antigens. Acute necrotic neurons in the cerebral cortex were strongly
positive for viral antigens (inset). Right column panels: A WNV-infected mouse suffering from paralysis showed neuronophagia and
mild inflammatory infiltrates in the spinal cord and medulla. Very few virus antigen—positive cells were seen in the lesions. Acute
necrotic or degenerated neurons in the cerebral cortex were strongly positive for viral antigens (inset).

FIGURE 2. Histopathologic examination of the intestines and mesentery tissue from neurotropic flavivirus-infected BALB/c mice.
Tissues were obtained from mice after intravenous inoculation with tick-borne encephalitis virus (TBEV Sofjin strain; 10> PFU/100 pL),
Japanese encephalitis virus (JEV JaTH-160 strain; 10%® PFU/100 pL), or West Nile virus (WNV NY99/6922 strain; 10 PFU/100 p.L).
(A) The gastric plexus can be seen between the muscle layers of the stomach (upper and middle panels, asterisks). Inflammatory
infiltrations in the gastric plexus and in the serous membrane of a TBEV-infected mouse (left of middle panel). Virus antigen—positive
cells are present in the lesion in the gastric plexus of the TBEV-infected mouse (lower left panel) but not in the mice infected with
JEV or WNV. (B) The celiac plexus within the mesentery tissue from a TBEV-infected mouse contained degenerated neurons and
an inflammatory infiltrate composed of mononuclear cells. Virus antigen—positive cells were observed in the lesion (inset). (C) The
celiac plexus within the mesenteric tissue of a JEV-infected mouse. No histopathologic changes and no viral antigens were observed.
(D) Degenerated and necrotic cells in the intestinal plexus of the duodenum in a WNV-infected mouse. (E) Hypersecretion of mucin
in the large intestine of a WNV-infected mouse. (F) Erosive and congested intestine from a moribund WNV-infected mouse. Lesion
with a necrotic epithelium and an inflammatory cell infiltrate (arrows). There is massive edema, fibrin formation, and inflam-
mation in the submucosa and muscle layer. (G) Lymphocyte-depleted cortex within the thymus of a WNV-infected mouse
(arrowheads). There are numerous tangible macrophages in the medulla (inset). Upper and middle panels of (A and B-G): H&E,
hematoxylin and eosin staining. Lower panels of (A) and the insets in (B-D): immunohistochemical analysis using anti-TBEV,
JEV, or WNV antibodies.
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FIGURE 4. Double immunofluorescence staining detected tick-borne encephalitis virus (TBEV)-infected cells in BALB/c mice. TBEV
viral antigens (red) colocalized with microtubule-associated protein 2 (MAP-2)—positive nerve cells (green) in the gastric plexus and
celiac plexus on Day 5 but not on Day 3 postinfection (p.i.). DAPI, 4’,6-diamidino-2-phenylindole (blue).

barrier permeability after intravenous inoculation with JEV.
This change in permeability allowed the virus and/or putatively
infected leukocytes to access the cerebrum, thereby initiating
CNS infection. The results of the present study may support
this conclusion because histopathologic analysis of infected
mice suggested that the cerebrum, hippocampus, and hypo-
thalamus were the initial sites of JEV infection. The infection
then spread throughout the brain and spinal cord. However, we
found no clear evidence for the suggested mechanism of JEV
spread within the CNS.

The pathology of WNV infection in this mouse model
was complex. West Nile virus—infected mice showed various
clinical signs and pathologic features, including neurologic,
lymphoid, and intestinal disorders. Histopathologic examina-
tion suggested that the pathology observed in the mice suf-
fering from viral encephalitis was similar to that observed in
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JEV-infected mice; however, the intestinal disorders seemed
different from those in TBEV-infected mice. Tick-borne en-
cephalitis virus infection of the gastrointestinal plexus was the
main cause of stomach and small intestine dilatation in
TBEV-infected mice. By contrast, only I WNV-infected mouse
showed evidence of neuronal degeneration and inflammatory
infiltration into the intestinal plexus; other mice had erosive
enteritis and circulatory failure, with no evidence of viral in-
fection of the intestine. Two previous mouse model studies
report gastric and small intestinal distention after subcutaneous
or intraperitoneal infection by WNV infection; however, the
microscopic findings in these studies were different from those
reported herein (49, 50). A possible reason for this discrep-
ancy might be differences in virulence between the strains. In
addition, we found that some WNV-infected mice showed
marked lymphocyte depletion within the lymphoid tissues in
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the absence of encephalitis and neuritis. It is possible that
the intestinal erosion and thymic atrophy were caused by
“‘nonspecific’’ stress responses after a viral infection. On the
other hand, massive lymphocyte depletion, including thymic
atrophy, is a common finding in moribund mice after WNV
infection (49-51). Thus, the histopathologic findings suggest
that the mechanism underlying CNS pathogenesis is different
in individual mice. Shirato et al (52) found that the NY99-6922
stock virus produced plaques of 2 different sizes. After plaque
cloning, the cloned variants showed different levels of viru-
lence after subcutaneous inoculation into mice. Both small- and
large-plaque variants infected the blood and spleen of the mice
after subcutaneous inoculation, and the small-plaque variant
did not infect the CNS. Intracerebral inoculation into mice re-
vealed that these 2 variants had different neurovirulence (52).
Such different variants might be 1 reason that we observed
different clinical manifestations and pathologies in individ-
ual NY99-6922—infected mice.

In summary, histopathologic examination suggested
that the 3 neurotropic prototype strains of flaviviruses exam-
ined herein invaded via the neuronal pathway (Sofjin strain of
TBEV), the hematogenous pathway, and/or the lymphogenous
pathway (JaTH strain of JEV and/or NY99 strain of WNV)
after intravenous inoculation into mice. Taken together, our
results suggest that the observed differences in the clinical and
pathologic features of each virus depend on the pathway by
which the virus invades neuronal tissues. Thus, the present study
increases our understanding of the neuropathology underlying
the neuroinvasiveness of these neurotropic flaviviruses.
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