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Neuroadapted Sindbis virus (NSV), given intranasally, caused fatal encephalitis in 100% of adult C57BL/6
mice and 0% of BALB/cBy mice. Most C57BL/6 mice developed severe kyphoscoliosis followed by hind-limb
paralysis, while BALB/cBy mice did not. In situ hybridization for detecting NSV RNA and immunohistochem-
istry for detecting NSV antigen indicated that virus delivered by this route infected neurons of the olfactory
region and spread caudally without infection of ependymal cells. Virus antigen was more abundant and
infectious virus increased more rapidly and reached higher levels in C57BL/6 mice than in BALB/cBy mice.
Surprisingly, infectious virus was cleared faster in C57BL/6 mice, and this was associated with more rapid
production of neutralizing antibody. However, viral RNA was cleared more slowly in C57BL/6 mice. In both
mouse strains, more infectious virus was present in the lumbar spinal cord than in the cervical spinal cord.
These data suggest that genetic susceptibility to fatal NSV encephalomyelitis is determined at least in part by
the efficiency of viral replication and spread in the central nervous system. The differences identified in this
study provide possible phenotypes for mapping genetic loci involved in susceptibility.

Alphaviruses are positive-strand, enveloped, icosahedral vi-
ruses that cause diseases ranging from encephalitis to arthritis
in humans (8). Sindbis virus (SV) is the prototype virus for this
group, and SV infection of mice is a model for studying virus-
induced neuronal cell death and immune responses in the
central nervous system (CNS). Neuroadapted SV (NSV) was
derived from a less virulent strain of SV (AR339) by serial
passage between neonatal and adult BALB/c mice (6). While
most SV strains do not cause fatal disease in adult mice, in-
tracerebral (i.c.) infection with NSV causes a high mortality for
many but not all strains of mice (20). For instance, NSV in-
fection of C57BL/6 mice (B6) causes fatal disease after i.c.
inoculation of virus while BALB/cBy mice (By) generally sur-
vive infection (20).

The reasons for differences in mouse genetic susceptibility to
NSV are not known. To begin to characterize the differences in
the infection processes between B6 and By strains of mice, we
have assessed viral replication and host responses after intra-
nasal (i.n.) inoculation. After i.c. inoculation, NSV replicates
in ependymal cells lining the ventricular system, as well as in
neurons at the site of injection, and spreads rapidly through
the cerebrospinal fluid (CSF) to the spinal cord (7). As rou-
tinely performed, i.c. inoculation of adult animals with well-
calcified skulls may also lead to some instances of mortality
related to trauma rather than virus infection. The i.n. route,
used in various hosts, has been widely used to study neuroin-
vasive and neurovirulence properties of viruses. For instance,
strains of bovine herpesvirus differ in their neuroinvasiveness
and neurovirulence properties after i.n. inoculation but show
the same neurovirulence after i.c. inoculation (11). Among the
alphaviruses, the i.n. route has been used to study CNS infec-

tion with Venezuelan equine encephalomyelitis virus (1–3),
Semliki Forest virus (10, 15, 16), and the AR86 strain of SV
(22). In this study, we used the i.n. route to determine if
susceptibility and resistance in B6 and By mice were similar to
those obtained by i.c. inoculation of NSV and to compare
disease manifestations, histopathology, virus replication, and
immune responses between the two strains of mice. The dif-
ferences identified may be useful as phenotypic traits for map-
ping genes involved in susceptibility to fatal alphavirus enceph-
alitis.

MATERIALS AND METHODS

Animals and viruses. B6 and By mice were purchased from Jackson Labora-
tory (Bar Harbor, Maine). Mice were anesthetized with methoxyflurane (Scher-
ing-Plough), and a pipette was used to deliver drops of inhalable virus solution
to the left nostril of the mouse. The NSV strain of SV (6) was grown and assayed
using BHK 21 cells, and 2.4 3 104 PFU were delivered in 15 ml of Hanks’
balanced salt solution and HEPES (51:1).

Probes. Nucleotides 8638 through 8912 (E2 coding region) were amplified by
PCR from the 633 SV clone (21) and cloned into the pGEM-3Z vector (Pro-
mega). Digoxigenin (DIG)-labeled RNA probes were made by in vitro transcrip-
tion with DIG-UTP (Boehringer Mannheim) from the SP6 promoter after plas-
mid linearization with EcoRI. Nucleotides 236 through 1034 were amplified by
PCR from glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA from
B6 mice and cloned into the pGEM-3Z vector. DIG-labeled anti-GAPDH RNA
probes were made as described above, but linearized with HindIII and tran-
scribed from the T7 promoter.

In situ hybridization. At various times after infection, mice were anesthetized
with methoxyflurane and perfused with phosphate-buffered saline (PBS), fol-
lowed by 4% paraformaldehyde (PFA) in PBS. The brain, cervical spinal cord
(the upper half of the whole cord), and the lumbar spinal cord (the lower half of
the whole cord) were removed. All or part of each brain and spinal cord was
placed in 4% PFA for embedding in paraffin. Sections from paraffin-embedded
tissue were deparaffinized, hydrated, washed with PBS, digested with 25 mg of
proteinase K per ml, refixed with 4% PFA for 10 min, washed with PBS, treated
with 0.2 N HCl for 10 min, washed, treated with 0.1 M triethanolamine for 1 min,
and acetylated with 0.1 M triethanolamine and 0.25% acetic anhydride for 10
min. The tissue was then washed, dehydrated, and dried.

The RNA probe was diluted in hybridization buffer (10 mM Tris HCl [pH 7.5],
500 mg of fragmented salmon sperm DNA per ml, 13 Denhardt’s solution 10%
dextran sulfate, 600 mM NaCl, 0.25% sodium dodecyl sulfate, 1 mM EDTA [pH
8.0], and 50% deionized formamide), denatured at 85°C for 3 min, and applied
by drops to the sections. The sections were heated at 72°C for 5 min, put on ice
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for 1 min, and incubated overnight at 44°C in a humid chamber. Next, the
sections were washed at 44°C with 53 SSC (13 SSC is 0.15 M NaCl plus 0.015
M sodium citrate) for 1 min, 23 SSC and 50% formamide for 30 min, and 0.23
SSC twice for 20 min.

For detection, the sections were incubated at room temperature in buffer 1
(0.1 M maleic acid, 0.15 M NaCl [pH 7.5]) for 5 min, blocked with 1.5%
Boehringer Mannheim blocking reagent in buffer 1 for 1 h, incubated with
anti-DIG antibody in 1% blocking reagent in buffer 1 for 0.5 h, washed with
buffer 1, and incubated with buffer 2 (0.1 Tris HCl, 0.1 M NaCl, 50 mM MgCl2
[pH 9.5]) for 3 min. Nitro Blue Tetrazolium and 5-bromo-4-chloro-3-in-
dolylphosphate were used for color development, and slides were mounted with
Permafluor.

Immunohistochemistry. Sections from the same paraffin blocks used for in situ
hybridization were used for immunohistochemistry. The sections were deparaf-
finized, rehydrated, quenched with 1% H2O2 in methanol for 30 min, washed
with PBS, blocked with 2% normal goat serum in PBS, washed with PBS,
incubated with polyclonal rabbit anti-SV antibody for 1 h in 2% normal goat
serum, washed, incubated with biotinylated goat anti-rabbit immunoglobulin
secondary antibody, and washed. Staining was detected with a Vectastain Elite
ABC kit (Vector), and sections were counterstained with hematoxylin and
mounted in Permount.

Plaque assay. Blood was collected, and tissue was removed from mice per-
fused with PBS, frozen on dry ice, and stored at 280°C. Thawed tissues were
homogenized in cold PBS and clarified, and 10-fold dilutions were then made in
1% fetal bovine serum and Dulbecco’s modified Eagle medium and applied to
BHK cells. Serum was assessed similarly.

Dot blot. Tissue was removed from perfused mice, homogenized in RNA-Stat
(Tel-Test), frozen on dry ice, and stored at 280°C. After samples from all time
points were collected, RNA was extracted with chloroform, precipitated with
isopropanol, washed with 70% ethanol, and stored in ethanol at 280°C. For
optical density (OD) spectrophotometry, the stored samples were spun down,
dried, and resuspended in diethyl pyrocarbonate-treated water. The samples
were adjusted to 2 mg of total RNA per ml.

One microliter from each sample was dotted onto Hybond N1 (Amersham)
membranes, UV cross-linked, and baked for 30 min at 80°C. Virus- and
GAPDH-specific RNAs were detected using the appropriate probes and meth-
ods described by Shifman and Stein (18). Briefly, the membranes were prehy-
bridized at 68°C for 3 h, hybridized (20 ng of probes per ml of hybridization
buffer) overnight, and washed three times. The membranes were blocked with
2% Boehringer Mannheim blocking reagent in modified maleate buffer, incu-
bated with alkaline phosphatase-conjugated antibody followed by disodium 3(4-
methoxyspiro) (5-chloro)tricyclo[3.3.13,7](decan-4-yl) phenyl phosphate (CSPD)
chemiluminescent substrate (Boehringer Mannheim), and detected on films.
Densitometry measurements used NIH Image software.

Plaque reduction neutralization assay. Blood was collected from anesthetized
mice, and the serum was stored at 280°C. Serial dilutions of serum were incu-
bated with known amounts of NSV for 30 min at 37°C. The number of PFU per
milliliter was measured on BHK cells, and dilutions of serum needed for 50%
plaque reduction were determined.

Statistical analysis. StatView (SAS Institute) was used to analyze results for
statistical significance. Plaque assay and plaque reduction results for two strains
of mice were compared each day after infection using Student’s t test, and dot
blot results were compared using the Mann-Whitney U test.

RESULTS

Clinical disease. i.c. inoculation of a variety of strains of SV
into various strains of mice at different ages has shown that

SV-induced disease is characterized by age-dependent mortal-
ity, kyphoscoliosis, and hind-limb paralysis (5, 7, 20). To de-
termine whether i.n. inoculation of NSV would cause disease
similar to that caused by i.c. inoculation, we observed the
percent mortality, median day of death (MDOD), and neuro-
logic signs in B6 and By mice of different ages. NSV i.n.
inoculation caused 100% mortality in B6 mice of all ages, while
among the By animals, only young mice were susceptible, al-
though the MDOD increased with age in both strains of mice
(Fig. 1). Neonatal mice of both strains died quickly (4 days)
after infection. At 4 to 5 weeks of age, By mice no longer
developed fatal disease, but B6 mice remained susceptible
even at 10 to 11 weeks of age. The progression of the disease
in adult mice was different than in the neonates. On day 5
postinfection (p.i.), 5-week-old B6 mice often showed twitches
and jerky movements. Around day 6, they tended to sit still on
their hind legs with the front paws shaking and the head bent
forward. From day 7 onward, they showed ruffled fur and
kyphoscoliosis, followed by hind-limb paralysis and muscular
atrophy. The mice died 7 to 9 days after infection. During the
course of the disease, B6 mice lost up to 30% of their body
mass (Fig. 2). Feeding high nutrient slurs and subcutaneous
fluids to the paralyzed mice did not prevent death. The By mice
at 3 to 4 weeks of age often showed ruffled fur, kyphoscoliosis,
hind-limb paralysis, and muscular atrophy, but by 5 weeks, only
ruffled fur and mild paralysis were observed. By mice also lost
weight during the course of the disease but lost less than the B6
mice (Fig. 2), and they eventually regained most of their
weight. Subsequent studies comparing these two strains of
mice used 5-week-old mice.

Virus localization and spread. In situ hybridization for de-
tection of SV RNA and immunohistochemistry for detection of
SV proteins (Fig. 3) indicated that after i.n. inoculation NSV
infected the neurons of the olfactory region (Fig. 3A and D)
and spread caudally to other neuronal populations without
involvement of ependymal cells lining the central canal. Be-
cause of the ordered progression of the infection along neural
tracts, the spread appeared to be cell to cell. SV protein and
RNA were detected almost exclusively in neurons, although
later, macrophages surrounding infected neurons were also
positive for SV antigen, probably due to clearance of infected
neurons which had died. In B6 mice, NSV antigen and RNA
were present as large foci throughout the brain by day 4 (Fig.
3B) and in the ventral horns of the lumbar spinal cord by day
7, where mainly motor neurons showed the antigen (Fig. 3C).
In By mice, locations of foci of viral RNA and protein were
similar to those of B6 mice, but were smaller (Fig. 3D, E, and
F). By day 7, very small foci of virus-infected neurons were

FIG. 1. Effect of age on mortality in B6 and By mice. The percent mortality
and the median day of death (number near data point) of mice after NSV i.n.
inoculation at various ages are shown. Each point represents data from 6 to 20
mice.

FIG. 2. Weight change after NSV i.n. inoculation of 5-week-old B6 and By
mice. Data are from the weights of four to eight mice in each group.
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seen in the ventral horns of the lumbar spinal cord (Fig. 3F).
Dying neurons were noted in both strains of mice.

Quantitation of infectious virus and viral RNA. Plaque as-
says were performed to measure infectious virus in serum and

in various regions of the CNS over the course of the infection
(Fig. 4 and 5). Viremia was low in both strains of mice and was
undetectable after day 2 (Fig. 5). In the CNS, virus was found
first in the brain (excluding the cerebellum) followed by the

FIG. 3. In situ hybridization for NSV E2-region RNA (A, B, D, and E) and immunohistochemistry for NSV antigen (C and F). (A) Large foci of NSV RNA in the
olfactory region of B6 mice at day 2 p.i.; (inset) High-power view of infected cells with neuronal morphology; (D) corresponding small foci in By mice; (B) large foci
of NSV RNA in the dentate gyrus region of B6 mice at day 4 PI; (E) corresponding small foci in By mice; (C) large focus of NSV antigen in lumbar spinal cord of
B6 mice at day 7 p.i.; (F) corresponding small focus in By mice. Magnification, 380.
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cerebellum, the cervical cord, and finally the lumbar cord (Fig.
4). Amounts of virus were largest in the brain, but in the spinal
cord, amounts of virus were larger in the lumbar cord than in
the cervical cord, although virus reached and began replication
in the lumbar cord later. Comparing the strains (Fig. 5), NSV
replicated more rapidly and generally reached higher peak
titers in B6 than in By mice. Interestingly, infectious virus was
cleared faster from the cerebellum and cervical cord in B6 than
in By mice. Antibody activity is the primary mechanism by
which infectious virus is cleared from the CNS (12), and B6
mice produced neutralizing antibody more rapidly than By
mice (Fig. 6). Since earlier antibody production and other
potential region-specific differences in clearance mechanisms
between B6 and By mice may influence plaque assay measure-
ments without directly affecting intracellular virus replication,
dot blots were done to measure viral RNA (Fig. 7). Detection
of viral RNA was less sensitive than the plaque assay and, prior
to the appearance of antibody, appeared to require titers of 105

to 106 PFU/g of tissue for detection (compare Fig. 5 and 7).
However, the dot blot data showed that viral RNA is cleared

more slowly from the brain and spinal cord of B6 mice than By
mice.

DISCUSSION

We have shown that the outcome of infection of adult B6
and By mice with NSV after i.n. inoculation is similar to that
observed after i.c. inoculation (20). By mice showed an age-
dependent resistance to NSV-induced fatal encephalitis, while
B6 mice remained susceptible, although the MDOD increased
with age. After i.n. inoculation, NSV infected the olfactory
neurons and spread caudally through neuronal pathways with-
out ependymal cell infection to the lumbar spinal cord in both
strains of mice. The virus spread faster and reached higher
peak titers in B6 than in By mice. B6 mice produced neutral-
izing antibodies more rapidly and cleared the infectious virus

FIG. 4. Replication and spread of NSV in 5-week-old B6 and By mice after
i.n. inoculation. Values are log10 NSV PFU per gram of tissue at various days p.i.
Each point is the geometric mean titer of data from three to six mice.

FIG. 5. Replication and spread of NSV in 5-week-old B6 and By mice after
i.n. inoculation. Values are log10 NSV PFU per gram of tissue or milliliter of serum
at various days p.i. Each point is the geometric mean titer of data from three to
six mice (two mice for day 10). Bars indicate standard deviations. p, P , 0.05.
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more rapidly than By mice, but viral RNA was cleared more
slowly. These data demonstrate that the genetic background of
the host has a profound influence on the outcome of alphavirus
encephalitis.

The i.n. inoculation of NSV into B6 and By mice resulted in
an outcome similar, but not identical, to the results of i.c.
inoculation. After i.c. infection, NSV replicates in ependymal
cells lining the ventricular system as well as in neurons around
the site of injection and spreads rapidly through the CSF to the
spinal cord as well as from cell to cell (7). After i.n. infection,
NSV infected olfactory neurons and apparently proceeded on
a neuron-to-neuron basis via axonal transport along pathways
to the lumbar spinal cord without infection of ependymal cells.
Infected neurons appeared to spread infection to nearby neu-
rons, forming multiple foci of infection along the way. Similar
observations have been made after i.n. inoculation of other
neurotropic viruses (10, 11). The pattern of appearance of
signs of neurologic disease also differed. After i.c. infection,
kyphoscoliosis and hind-limb paralysis often appeared concur-
rently, whereas after i.n. infection, kyphoscoliosis appeared
first, followed by hind-limb paralysis, probably reflecting the
later appearance of NSV in the lumbar spinal cord. In By mice,
signs of neurologic disease were less apparent as the mice
aged. This phenomenon may be associated with age-dependent
inhibition of viral spread, as has been shown for Semliki Forest
virus in BALB/c mice (15, 16).

The specific mechanism of NSV entry into the CNS after i.n.
inoculation is not clear. Low-level viremia, lack of evidence of
ependymal or endothelial infection, and delays in initiation of
replication in caudal CNS regions suggested that routes of
neuroinvasion not involving the olfactory neurons were un-
likely. NSV may initiate replication in epithelial cells of the
olfactory mucosa and then invade the CNS in a manner similar
to that of Venezuelan equine encephalomyelitis and St. Louis
encephalitis viruses (1, 3, 13, 19).

Motor neurons in the lumbar spinal cord appeared to be
particularly susceptible to NSV infection. There was a higher
peak titer of NSV in the lumbar cord than in the cervical cord,
although the virus reaches the lumbar cord last. Previous im-
munohistochemical studies showed more antigen in the ventral
horn of the lumbar cord than in the cervical cord after i.c.
inoculation (7), but it was unclear whether this was due to
earlier seeding of the lumbar cord from the CSF or to an
inherently greater susceptibility of the motor neurons in the
lumbar cord to virus infection. Different neuronal cell types
may differ in efficiency of virus production, or local host re-

sponses to infection, such as the production of interferon,
other antiviral cytokines, or antibodies, may differ in various
regions of the CNS.

The i.n. route is preferable to the i.c. route for studies in
which trauma complicates interpretation of the data. This
route has been used for one previous study of SV infection of
the CNS. After 4- to 6-week-old ABD2F1 mice were infected
i.n. with 10 50% lethal doses of neuroadapted SV strain AR86,
acute encephalomyelitis was apparent 3 to 5 days p.i., and the
animals showed ruffled fur, arching back, and paralysis of one
or more limbs, similar to NSV infection of B6 mice. Most of
the mice died by day 4 p.i. Postmortem histology showed le-
sions in the CNS, pancreas, liver, parotid glands, exorbital
lacrimal glands, lymphoid organs, and kidneys, while surviving
mice showed slight liver and kidney lesions (22).

B6 mice developed more severe disease than By mice. In By
mice, mortality, MDOD, and signs of neurologic disease were
age dependent, while B6 mice remained susceptible although
they survived longer as they aged. Weight loss in B6 mice was
earlier and greater than in By mice. More rapid synthesis of
neutralizing antibody by B6 mice may be due to greater antigen
stimulation associated with faster virus replication and higher

FIG. 6. Plaque reduction neutralizing antibody in the sera of 5-week-old B6
and By mice at various days after i.n. infection with NSV. Each point represents
the geometric mean titer for three mice. Bars indicate standard deviations. p, P ,
0.05.

FIG. 7. NSV RNA in tissue of 5-week-old B6 and By mice at various times
after infection. Each data point represents the average of the OD of the probe
for NSV E2 region RNA divided by the OD for GAPDH RNA of three mice.
Bars indicate standard deviations. p, P , 0.05.
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peak titers. However, in poliovirus and rabies virus infections
of various mouse strains, levels of antibody production and
virus replication seem to have independent genetic bases (4, 9,
14, 17). Thus, independent loci may determine the rapidity of
neutralizing antibody production and the extent of virus rep-
lication. Faster neutralizing antibody production in B6 mice
was also associated with faster clearance of infectious virus,
seen most clearly in the cerebellum and the cervical cord.
However, B6 mice cleared viral RNA more slowly than By
mice. This discrepancy suggests that antiviral antibody may
block virus production but that additional mechanisms are
involved in clearance of viral RNA. Multiple mechanisms may
be especially important for neurons undergoing noncytolytic
viral clearance. Differences in quantitation of virus by plaque
assay and RNA measurement have implications for studies of
virus replication and clearance in genetically different hosts or
for studies of genetically different viruses in the same hosts.

In summary, our results indicate that after i.n. NSV inocu-
lation, virus replicates faster, peaks higher, and forms larger
foci in B6 mice than in By mice, suggesting that virus replicates
more efficiently in neurons and spreads faster in B6 than in By
mice. The relationships of these observations to characteristics
of the antibody response and clearance of viral RNA from
neurons that differ between mouse strains remain to be deter-
mined.
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