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Summary. The replication rates and pathogenicities of the SA 14 parent and
SA 14-14-2 vaccine strains of Japanese encephalitis (JE) virus in neurons of the
mouse brain following intracerebral inoculation were compared. All the mice
inoculated with the SA 14 parent strain died within one week postinoculation
(p.i.), whereas all the mice inoculated with the SA 14— 14-2 vaccine strains
survived without showing any signs of central nervous system (CNS) involve-
ment. The virus titers of the mouse brains inoculated with the SA 14 strain
reached progressively higher levels until day 5 when the animals died. On the
other hand, the virus titers of the mouse brains inoculated with the SA 14-14-
2 strain persisted at low levels for several days and could not be detected after
10 days. In the routine electron microscopical study, a majority of neurons in
the mouse brains inoculated with the SA 14 strain contained virions and showed
characteristic cytopathological changes in connection with viral replication. In
the brains inoculated with the SA 14-14-2 strain, however, we failed to find
neurons containing virions or showing characteristic cytopathological changes.
In the alkaline phosphatase immunostaining of paraffin-embedded sections, a
majority of neurons in the brains of mice inoculated with the SA 14 strain
stained positively on day 5 p.i., but only a small number of neurons in scattered
small foci stained positively in the brains inoculated with the SA 14-14-2 strain.
The immunogold staining of Vibratome sections also revealed the identical
patterns; moreover, electron microscopical examination of the immunopositive
foci of the bfain inoculated with the vaccine strain revealed neurons that con-
tained virions in dilated cisternae of rough endoplasmic reticulum (RER), in-
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dicating that the SA 14-14-2 strain also replicated, albeit poorly, in neurons.
The present results showed that upon intracerebral inoculation into mice the
SA 14 parent strain of JE virus grew vigorously in a large number of neurons,
killing the animals, while the SA 14-14-2 vaccine strain grew poorly only in a
small number of neurons without causing mortality. Possible mechanisms in-
volved in the alteration of pathogenicity between the SA 14 parent virus and
the SA 14-14-2 vaccine virus are discussed.

Introduction

The SA 14 neurovirulent strain of JE virus was originally isolated from mos-
quitoes, and the SA 14-14-2 attenuated strain was subsequently derived from
the SA 14 parent strain by serial passages in primar hamster kidney cells for
vaccine purposes in the People’s Republic of China [25, 26]. The SA 14-14-2
vaccine strain was further modified at Walter Reed Army Institute of Research
by passages through primary canine kidney (PCK) cells that were pretested for
the absence of adventitious agents to satisfy the World Health Organization
standards set for human vaccines [4]. Upon intracerebral inoculation, the SA 14-
14-2 vaccine strain does not cause death i. mice older than 2 weeks of age,
whereas the parent SA 14 strain causes 100% mortality within one week [4].
Although it has been well established that, unlike the SA 14 parent strain, the
SA 14-14-2 vaccine strain lacks neurovirulence in adult mice [4], mechanisms
involved in the disappearance of neurovirulence in the vaccine strain are not
well understood.

In recent years, the growth pattern of JE virus in host cells has become
increasingly clear. After attachment to the cell surface, JE virus enters host cells
by directly penetrating through the plasma membrane and uncoats [7, 8, 12].
JE virus genome released into the cytoplasm replicates genomic RNA and
translates viral proteins on the endoplasmic reticulum membranes and dis-
charges the viral products into the rough endoplasmic reticulum (RER) cisternae
for viral assembly [9]. The progeny virions assembled in the cisternae are
released extracellularly through the host-cell secretory channel via the Golgi
apparatus by secretory-type exocytosis [6, 10, 17]. Likewise, in the infection
of mouse brain neurons, JE virus has been shown to replicate selectively in the
neuronal secretory system including RER and the Golgi apparatus, causing
characteristic ultrastructural changes of these cytoplasmic organelles [10, 11].

In this study, we compared the replication rates and the cytopathogenicities
of the SA 14 parent and SA 14-14-2 vaccine strains of JE virus in the mouse
brain in an attempt to elucidate the mechanisms involved in the alteration of
neurovirulence between the two strains.

Materials and methods
Virus

The SA 14 and SA 14-14-2 strains of JE virus were supplied by Dr. Yu Yong Xin (National
Institute for the Control of Pharmaceutical and Biological Products, Beijing, China). The
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SA 14 parent strain was derived from mouse brain passages of the original mosquito isolate,
followed by three PCK cell-culture passages. The passage history of the SA 14-14-2 vaccine
strain was reported in detail by Eckels etal. [4].

Mouse infection

Mice (ICR strain, 5-6 weeks old) were inoculated into the right hemisphere of the brain
with 0.03ml (4.3 x 10°PFU) of the SA 14 or the SA 14-14-2 strain of JE virus.

Virus titration of mouse brain

For the titration of daily viral growth in mouse brains following the intracerebral inocu-
lation, two mice inoculated with either the SA 14 strain or the SA 14-14-2 strain were
sacrificed daily until all the animals died in the case of SA 14 strain inoculation and for
21 days p.i. in the case of SA 14-14-2 strain inoculation. The brains from the two mice
were pooled and weighed; a 20% brain homogenate was made with Eagle’s minimal essential
medium containing 50% fetal bovine serum (EMEM/FBS). For the virus titration of the
right and left hemispheres, 20% brain homogenates were made separately from the right
and left hemispheres in the same manner. The brain homogenates were titrated for JE virus
by a plaque assay [3].

Electron microscopy

For the electron microscopical study, 3 mice were inoculated with the SA 14 or the SA 14-
14-2 strains and 2 control mice were inoculated with the same amount of virus-free EMEM/
FBS. They were sacrificed on day 5 p.i. For the collection of mouse brain samples, the
infected and control mice were anesthetized with ether and perfused by injecting first 20 ml
of cold phosphate-buffered saline (PBS) and then 20 ml of 4F1G [20] into the left ventricle
under mild pressure and draining them from a cut in the right atrium. The perfused animals
were placed in a refrigerator at 4 °C for 30 min. The brains were excised, and tissue samples
measuring about 1 mm? were taken from the cerebral cortex, the basal ganglia-thalamic
region, the cerebellar cortex, and the medulla oblongata. The tissue samples were further
fixed in 4F1G fixative at 4°C overnight, washed in 0.1 M cacodylate buffer (pH 7.4).
postfixed in 1% cacodylate-buffered osmium teroxide, dehydrated, and embedded in Po-
lybed 812 (Polysciences Inc., Warrington, PA). Thin sections were placed on uncoated
grids, stained with uranyl acetate and lead citrate, and examined with a Zeiss SM 109
electron microscope.

Immunocytochemistry

For immunostaining, two mice that were inoculated with the SA 14 or SA 14-14-2 strain,
or virus-free EMEM/FBS were sacrificed on day § p.i. They were perfused with 20 ml of
cold PBS, followed with 20ml of cold fixative (4% paraformaldehyde and 0.5% glutar-
aldehyde in 0.1 M cacodylate buffer, pH 7.4) in the same manner as detailed in the preceding
section. The mouse brains were cut into six coronal slices. The slices were either dehydrated
and embedded in paraffin or cut into 40 um sections using a Vibratome 1000 (Technical
Products International, Inc., St Louis, MO). For all immunocytochemical studies, hyper-
immune mouse ascites fluid (HMAF) directed against the Nakayama strain of JE virus
was used as the primary antibody, and non-immune mouse ascites fluid (NMAF) was used
as a control. The paraffin-sections of the mouse brains were stained by the alkaline phos-
phatase-labeled streptavidin-biotin technique [5]. The 5um thick sections were mounted
on glass slides (Superfrost Plus, Fisher Scientific, Pittsburgh, PA), deparaffinized, rehy-
drated, immersed in a 0.05% solution of protease VIII (pH 7.8, Subtilisin, Sigma, St. Louis,
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MO) at 37°C for 3min and washed in distilled water. The slides were then placed in a
solution of 1.5% normal horse serum in PBS (pH 7.4) for 20 min and incubated with HMAF
or NMAF diluted 1:250 in PBS at 4°C overnight, followed by 30 min incubation at room
temperature with biotinylated horse antimouse IgG (Vector Laboratories, Burlingame, CA)
and then with alkaline phosphatase-labeled streptavidin (Kirkegaard and Perry Labs, Gaith-
ersburg, MD). The slides were washed in 0.1 M Tris buffer solution and incubated with
the phosphate ester of 6-bromo-2-hydroxy-3-naphthoic acid as the chromogenic substrate
and levamisole to inhibit endogenous alkaline phosphatase according to the manufacturer’s
instruction (HistoMark Red, Kirkegaard and Perry). The slides were counterstained with
Mayer’s hematoxylin. To locate infected areas in the brains inoculated with the vaccine
strain, the immunogold technique [2] was applied. The brain slices were cut into serial
sections of 40 um thick by a Vibratome. Two Vibratome serial sections were incubated
with a 1 : 1000 dilution of HMAF or NMAF in BSA-Tris buffer (BTT; 20mM Tris, 0.9%
NaCl, 0.1% bovine serum albumin, 20mM NaN;, pH 8.2) for 2h at room temperature.
After rinsing in BTT, all the sections were incubated with goat anti-mouse IgG conjugated
to 5nm colloidal gold (Auroprobe EM, Amersham Life Science Products, Arlington
Heights, IL) diluted 1:40 in BTT as the secondary antibody. One of each set of the serial
sections was silver enhanced for light microscopy by IntenSE M (Amersham Life Science
Products, Arlington Heights, IL) for 30 min, counterstained with Mayer’s hematoxylin,
dehydrated, and mounted on glass microscope slides. These sections were used to locate
areas of positive staining under the light microscope. The remaining sections were enhanced
with IntenSE M for 5min, dehydrated, and flat embedded in Polybed 812. Areas corre-
sponding to positively stained areas in the sections prepared for light microscopy were cut
out and mounted on blank epoxy blocks for thin sectioning. The thin sections were post-
stained with uranyl acetate and lead citrate, and examined with a JEOL 1200 EX electron
Mmicroscope.

Results
Virus replication in mouse brains

All the mice inoculated intracerebrally with the SA 14 strain of JE virus died
with a mean survival time of S days; on the other hand, all the mice inoculated
with the SA 14-14-2 strain survived withcut showing any apparent sickness. As
shown in Table 1, the virus titers of the brains inoculated with the SA 14 strain
rose daily to progressively higher levels until death of the animals at day 5. In
contrast, the virus titers of the brains inoculated with the SA 14-14-2 strain
remained at a relatively low level for several days following the inoculation and
could not be detected after 10 days. Since it was not clear whether the low virus
titers of the SA 14-14-2 strain-inoculated brains represented replicated virus in
brain neurons or residual virus from the inoculum, we separately titrated the
right and left hemispheres of the brains 5 days after the inoculation with the
SA 14 or SA 14-14-2 strain into the right hemisphere to see whether the right
and left hemispheres showed different virus titers. As shown in Table2, the
titers of the right and left hemispheres of the SA 14 strain-inoculated brains
were almost equally high, and the titers of the right and left hemispheres of
the SA 14-14-2 strain-inoculated brains were almost equally low.
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Tablel. JE virus titers (PFU/ml ho- Table2. JE virus titers (PFU/ml homogenate) in
mogenate) in the cerebrum of mouse the right and left hemispheres of the cerebrum 5
brains following IC inoculation of the daysafter ICinoculation of the SA 14 and SA 14-

SA 14 and SA 14-14-2- strains 14-2 strains into the right hemisphere

Day SA 14 SA 14-14-2 SA 14 SA 14-14-2
1 1.8 + 10° 8.0 x 10° Right hemisphere 1.5x 107 1.5x 10}
2 4.1+ 10° 5.0 x 103 Left hemisphere 25x 107 50 % 10°
3 3.6 £ 107 1.2 x 10* Whole 8.0x 105 5.0x10°
4 1.0 £ 10° 1.4 x 10*

5 2.1+ 108 9.5 x 10°

6 45 x 10°

7 5.0 x 10?

8 3.0 x 10!

9 1.0 x 10!

10 5.0 x 10°

Transmission electron microscopy

In the mouse brains inoculated with the SA 14 strain of JE virus, a majority
of neurons showed characteristic cytoplasmic changes involving primarily the
cellular secretory system (Fig. 1). The cytoplasmic changes consisted of clumping
of RER whose cystically dilated cisternae contained multiple virions and char-
acteristic ER vesicles and fragmentation and vacuolation of the Golgi apparatus
whose saccules contained virions. Mitochondria were irregular in size and
showed varying degrees of swelling and dissolution. The perikaryon of infected
neurons showed rarefaction as the result of loss of the cytoplasmic membranous
organelles and other cytoplasmic components such as free ribosomes and poly-
somes, neurofilaments, microtubules, and secretory vesicles.

In the mouse brains inoculated with the SA 14-14-2 strain, all the neurons
examined showed a normal-looking cellular secretory system (Fig. 2). Neurons
showing characteristic ultrastructural changes related to JE virus replication
were not found in routine electron microscopical examination. RER in the
perikaryon appeared normal, showing no clumping and cisternal dilation
(Fig. 2). Neither virions nor ER vesicles were found in the RER cisternae. The
Golgi apparatus showed a normal, delicate membrane structure; no virions were
found in the Golgi saccules. The rest of the cytoplasmic components appeared
normal. Occasionally, small particles of the size of JE virions were found within
cytoplasmic vesicles (Fig. 2); however, they did not show distinct ultrastructural
characteristics of JE virions with clearly recognizable nucleocapsids surrounded
by distinct viral membrane envelopes and, therefore, could not be confirmed
as JE virions morphologically.
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Fig. 1. A neuron in the cortex of a mouse brain inoculated with the SA 14 strain of JE
virus, 5 days p.i. RER (R) shows clumping and cystic degeneration. Multiple virions (arrow)
and ER vesicles (arrowhead) are seen in the cystically dilated RER cisternae. The Golgi
apparatus (G)shows vesiculation and vacuolation. M Mitochondrion: Nnucleus. Bar: 200 nm

Immunohistochemistry

Representative histological pictures of the cerebral cortices of the mouse brains
inoculated with the SA 14 or SA 14-14-2 strain stained by the alkaline phos-
phatase method are shown in Fig. 3. A majority of neurons in the mouse brain
inoculated with the SA 14 strain stained positively (Fig. 3a). On the other hand.
only a small number of neurons in scattered small foci stained positively in the
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Fig. 2. A ncuron in the cortex of a mouse brain inoculated with the SA 14-14-2 strain of

JE virus. 5 days p.i. RER (R). the Golgi apparatus (G). and the cytoplasm show a normal

appearance. An arrow points to a particle within a vesicle. that is of the same size as a

virion but does not show distinct ultrastructural characteristics of a viron. M Mitochon-
drion: N nucleus. Bar: 200 nm

mouse brains inoculated with the SA 14-14-2 strain (Fig.3b. c¢). No neurons
stained positively in the control brains (Fig. 3d). Immunogold staining of vi-
bratome-sections of the brains inoculated with the SA 14 strain or the SA 14-
14-2 strain produced staining patterns identical to those of paraffin-embedded
sections stained by alkaline phosphatase (Fig.4a. b). Electron microscopical
examtnation of the positively stained foci in the brains inoculated with the
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Fig. 3. Alkaline phosphatase staining of cerebral cortices of mouse brains, 5 days p.i. a A
brain inoculated with the SA 14 strain. b and ¢ A brain inoculated with the SA 14-14-2
strain. ¢ A control brain. Mag. x99
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Fig.4. Immunogold staining of cerebral cortices of mouse brains, 5 days p.i. a A brain
inoculated with the SA 14 strain. b A brain inoculated with the SA 14-14-2 strain. Mag.
x 75

SA 14-14-2 strain revealed neurons that contained virions in dilated RER cis-
ternae and Golgi saccules (Fig. Sa). Thus. the immunogold technique served
well for locating infected neurons in the mouse brains inoculated with the vaccine
strain for electron microscopical examination. Generally. neurons infected with
the vaccine strain showed less prominent fragmentation and clumping of RER
than neurons infected with the parent strain. Only very few immunogold par-
ticles were found around RER in neurons infected with the vaccine strain as
well as those infected with the parent strain, indicating that immunoreagents
penctrated rather poorly into the cytoplasm in the pre-embedding immunogold
technique used in this study (Fig. Sb. ¢).

Discussion

Upon intracerebral inoculation into adult mice, the SA 14 parent strain of JE
virus caused death to the animals within 1 week while the SA 14-14-2 vaccine
strain did not cause recognizable morbidity or mortality. The viral titration
study showed that the SA 14 strain grew vigorously in the mouse brain, pro-
ducing a high titer of virus until the time of death of the animals. whereas the
SA 14-14-2 strain grew poorly. producing a low titer of virus that disappeared
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Fig. 5. A ncuron in an immunopositive focus of a mouse brain inoculated with the SA 14-

4-2 strain. 5 days p.i. Bar: 200nm. a The cytoplasm exhibiting RER (R) and the Golgi

apparatus (G) whose variably dilated cisternae and saccules contain virions (arrow) and

filamentous material (arrowhead). An empty arrow points to a coated vesicle containing

a virion and coming off from the Golgi apparatus. M Mitochondrion: N nucleus. b and ¢

Immunogold particles (arrowhead) scattered around RER (R). Arrows point to virions.
M Mitochondrion
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after 10 days. Hall etal. [5] have recently reported that flavivirus antigens are
demonstrable in formalin-fixed, paraffin-embedded tissues by the immuno-
histochemical method. The alkaline phasphatase immunostaining of paraffin-
embedded sections and the immunogold staining of vibratome sections dem-
onstrated that a majority of neurons stained positively in the brains inoculated
with the SA 14 strain, but only a small number of neurons in scattered foci
stained positively in the brains inoculated with the SA 14-14-2 strain. The ul-
trastructural study demonstrated that the SA 14 strain caused the characteristic
cytopathological changes in connection with JE virus replication in a majority
of neurons as described elsewhere [10, 11]. On the other hand, the SA 14-14-
2 strain caused less prominent cytopathological changes in a small number of
neurons that could be located by the immunogold technique. Thus, the results
of both the virus titration and morphological observation indicated that, fol-
lowing intracerebral inoculation into mice, the SA 14 parent strain of JE virus
replicated vigorously and spread rapidly to a majority of neurons in the mouse
brain, while the SA 14-14-2 strain replicated poorly and infected only a small
number of neurons in scattered small foci before disappearing.

Since JE virus replicates by trans-type maturation [6, 9], it is believed that
the viral growth in host cells occurs in the following sequence: (a) viral entry
and uncoating at the cell surface, (b) viral replication at smooth endoplasmic
reticulum (SER) and viral translation on RER, (c) viral assembly and matur-
ation in the host-cell secretory channel, and (d) viral release into the extracellular
space by secretory-type exocytosis. Therefore, it seems reasonable to believe
that poor viral replication results from either partial impairment or complete
blockage of one or more of the above processes. In this respect, point-mutations
of certain nucleotides in the virus genome that controls viral entry, replication,
assembly, and release are thought to be ultimately responsible. Nitayaphan
etal. [21] have compared the nucleotide sequences of the genomes of the SA 14
and SA 14-14-2 strains and found 45 nucleotide differences resulting in 15 amino
acid substitutions that involved both the structural and non-structural proteins.
Among the structural proteins, a single nucleotide change in the C gene altered
a single amino acid; a single silent nucleotide change occurred in the prM but
did not alter the M protein; and 7 nucleotide changes in the E gene altered 5
amino acids. The rest of the nucleotide changes occurred in the genes encoding
the non-structural proteins and in the non-coding regions. The amino acid
change in the C protein may affect the viral assembly [21]. The E protein is
known to contain biologically active sites and to play an important role in viral
entry [1, 14, 15, 18, 22, 23]; presently, this protein is a major target in recom-
binant vaccine production [16, 19, 24]. Holzman etal. [13] have reported that
a single amino acid substitution in the envelope protein E of tick-borne en-
cephalitis virus led to attenuation in a mouse model. The nucleotide changes
in the non-structural proteins may also affect the viral RNA replication, viral
protein synthesis, and viral assembly. Therefore, the presence of multiple mu-
tation points involving the structural and non-structural proteins between the
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genomes of the SA 14 and the SA 14-14-2 strains may cause alterations at
multiple viral growth processes between the two strains.

The chemical nature of viral ligands and neuronal receptors involved in JE
virus entry into neurons is not well defined at present. Nonetheless, JE virus
entry into neurogenic cultured cells seems to be dependent on expression of
specific surface receptors by these cells [12]. In this respect, the absence of
wide-spread infection among neurons of the brains inoculated with the SA 14-
14-2 strain might suggest inefficient entry of virions into neurons. At the same
time, since our serial dilution study indicated that intracerebral inoculation of
1 PFU of the SA 14 parent virus was sufficient to kill a mouse (unpubl. data),
the low level of infection that occurred in the mouse brains inoculated with the
SA 14-14-2 strain suggested that the replication and maturation of the vaccine
virus within neurons were impaired in comparison with those of the parent
virus. Consequently, the present study seemed to indicate that the difference
in pathogenicity between the neurovirulent SA 14 parent strain and the non-
neurovirulent SA 14-14-2 vaccine strain of JE virus results from alterations in
both viral entry and intracellular growth.
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