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Infection of athymic (nu/nu) mice with Theiler’s murine encephalomyelitis virus results in an acute
encephalitis which resembles poliomyelitis. Immunohistochemistry and in situ hybridization were used to
delineate the presence of viral proteins and RNA in the nervous systems of nude mice infected with the Daniels
strain of Theiler’s virus. This system permits the analysis of a viral infection in the absence of an effective
immune response. By immunohistochemistry, viral antigen was found in the processes and cell bodies of
neurons and glial cells. Besides the presence of viral antigen in these cell types, by in situ hybridization,
Theiler’s virus RNA was also found in cells associated with vascular endothelium in the brains and spinal cords
of these infected mice. Theiler’s virus RNA-positive endothelial cells were observed not only near the primary
lesions but also away from demonstrable lesions in normal-appearing regions in the central nervous system.
Earlier work had suggested an intra-axonal dissemination for this virus (M. C. Dal Canto and H. L. Lipton,
Am. J. Pathol. 106:20-29, 1982). Our findings are consistent with this model but also suggest an additional
mechanism for virus spread within the central nervous system, i.e., by infecting vascular cells and crossing the
blood-brain barrier. Lastly, after Theiler’s murine encephalomyelitis virus infection, not only glial cells but
also endothelial cells express major histocompatibility complex class II (la) antigen on their surface (M.
Rodriguez, M. L. Pierce, and E. A. Howie, J. Immunol. 138:3438-3442, 1987). Our demonstration of Theiler’s
virus-infected endotheliumlike cells may explain interactions of virus products in stimulating antigen

presentation.

Theiler’s murine encephalomyelitis virus (TMEV) is an
animal model for demyelinating disorders such as multiple
sclerosis (10). TMEYV is a naturally occurring murine picor-
navirus. The natural infection of young mice generally
produces an asymptomatic enteric illness. However, after
intracerebral inoculation of SJL mice with the Daniels (DA)
strain of TMEV, a biphasic disease of the central nervous
system (CNS) (18) is observed. The acute stage of the
disease is similar to poliomyelitis (24). In TMEV-infected
mice, inflammation, necrosis of neurons, and proliferation of
glial cells parallel virus replication. Further, viral antigen has
been found in the cytoplasm of neurons and astrocytes (29).
Similarly, in monkeys infected with human poliovirus
(HPV), viral antigens have been detected within inflamma-
tory, glial, and neuronal cell types as well as in vascular
endothelial cells [E. Kovacs, R. K. Baratawidjaja, and N. A.
Labzoffsky, Letter, Nature (London) 200:497—498, 1963]. In
contrast, in more recent studies with mice, Dal Canto et al.
(8) detected poliovirus antigens only in neurons.

At 1 to 3 months after the acute phase of TMEYV infection,
the surviving animals develop a chronic disease marked by
spasticity of the limbs. The pathological signs have been
characterized by extensive meningeal and perivascular infil-
trates with concomitant demyelination, primarily in the
spinal cord (9). These cellular infiltrates consist of macro-
phages, lymphocytes, monocytes, and plasma cells (10).
Within 1 month after infection, TMEV antigens can be
localized within macrophages, astrocytes, and oligodendro-
cytes in immunocompetent mice. Later, TMEV antigens are
present mainly in oligodendrocytes in the spinal cord (29).
The developing white matter lesions resulting from TMEV
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infection are similar to the lesions in the autoimmune CNS
disease experimental allergic encephalomyelitis (EAE) (9).

Several mechanisms have been proposed to explain the
cause of demyelination in mice after TMEV infection. An
immune system-mediated mechanism has been suggested by
experiments in which early immunosuppression eliminated
the mononuclear cell infiltration in the spinal cord white
matter and decreased or prevented demyelination (19). Roos
et al. (32) found that the timing of the immunosuppressive
therapy administered to mice was critical for inhibition of
demyelination to occur. For example, treatment of mice with
antithymocyte serum or cyclophosphamide at the time of
infection inhibited or diminished demyelination. However,
treatment of infected mice continuously over a S-week
period or initiation of immunosuppressive therapy 5 weeks
after infection did not decrease demyelination (32).

Other observations favor a mechanism of demyelination in
which TMEV plays a more central role. For example,
TMEYV can be detected in small amounts in mouse spinal
cord even 2.5 years after infection (20), and the demyelinat-
ing lesions are associated with an ongoing CNS infection (7).
Treatment of mice with myelin fractions after TMEV infec-
tion did not lessen the demyelination as compared with that
in untreated infected mice (16). In contrast, mice immunized
with spinal cord homogenate and adjuvant, a method used to
induce EAE, and treated with myelin fractions had de-
creased demyelination as compared with untreated mice
with EAE. This result suggested a mechanism of demyeli-
nation different from that observed for EAE (16).

Nude mice provide a useful model in which infection can
be elucidated in the absence of mature T lymphocytes. Nude
or athymic mice are congenitally deficient in T cells and are
more susceptible to viral infections (15). In these mice,
electron microscopic studies have indicated that the DA
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strain of TMEV causes a lytic infection of cells in the
absence of functional immune cells (33). Rosenthal et al. (34)
have demonstrated the presence of antigen in lytically in-
fected oligodendrocytes of TMEV-infected nude mice.
These cells were identified as infected oligodendrocytes by
their connections to myelin sheaths and the presence of viral
antigen in the cytoplasm. )

In this report, we extend our earlier studies of TMEV
infection in nude mice. Here, we demonstrate by immuno-
histochemistry the presence of viral antigen in hippocampal
neurons and their processes and within glial cells. By in situ
hybridization, TMEV nucleic acid was found not only in
both of these cell types but also for the first time in cells
associated with vascular endothelium, most probably endo-
thelial cells. These TMEV RNA-positive cells were found
both in close proximity to the primary lesions and at a
distance from demonstrable lesions in normal-appearing
regions in the CNS. This result suggests a new, previously
undescribed mechanism of viral dissemination during TMEV
infection.

MATERIALS AND METHODS

Cells. BHK-21 cells were propagated in Dulbecco modi-
fied Eagle medium supplemented with 10% fetal bovine
serum, 3 g of tryptose-phosphate broth per liter, 0.5%
glucose, 10 mM N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid (HEPES), 3.2 mM glutamine, 100 U of penicil-
lin G per ml, 100 pg of streptomycin per liter, and 0.25 pg of
amphotericin B (Fungizone; E. R. Squibb & Sons, Prince-
ton, N.J.) per liter. These cells were routinely subcultured
twice weekly. For immunocytochemistry and in situ hybrid-
ization experiments, cells were grown on poly-L-lysine
coated slides. Cells were then infected with the DA strain of
TMEYV (33) at a multiplicity of infection of 0.1, fixed 16 to 20
h postinfection (p.i.) with 4% phosphate-buffered saline
(PBS)-paraformaldehyde, washed with PBS, dehydrated
with ascending concentrations of ethanol, air dried, and
stored until use. Mock-infected BHK-21 cells similarly
treated served as negative controls.

Virus and plaque assay. The DA strain of TMEV (12, 17) is
a culture-attenuated virus strain and was routinely propa-
gated in BHK-21 cells grown in supplemented Dulbecco
modified Eagle medium.

TMEV was quantified by plaque assay on BHK-21 cells.
Mice were euthanized. Tissues were obtained aseptically,
transferred to preweighed tubes, and homogenized. The
resulting tissue homogenates were frozen-thawed three
times. Dilutions of tissue homogenates as well as control
TMEYV were added to cell monolayers in 35-mm plates. The
tissue homogenate or control virus was allowed to adsorb for
1.5 h at room temperature, after which cells were overlaid
with 0.5% agarose in medium 199 containing 1% fetal bovine
serum. After 4 days at 37°C, cell monolayers were fixed and
stained with crystal violet, and plaques were enumerated.

Mice and tissues. Female nude mice (5 weeks old) were
obtained from Fred Rosen, University of California, San
Diego, nude mouse facility. Fifteen nude mice were inocu-
lated with 3 x 10° PFU of DA strain virus in the left cerebral
hemisphere. For immunohistochemistry or in situ hybridiza-
tion studies, animals were perfused 14 days p.i. with 4%
PBS-paraformaldehyde. At this time, the majority of mice
had clinical symptoms of poliomyelitis. Brains and spinal
cords were removed and processed for paraffin embedding.
Sections (4 pm) were cut and used for immunocytochemistry
and in situ hybridization. Brains and spinal cords from mice
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which were sensitized with spinal cord homogenate-adjuvant
and which had EAE served as controls (4).

Antibodies. Anti-DA strain virus antibodies were raised in
rabbits. Tissue culture-prepared DA virus was purified on
CsCl gradients (35). Rabbits were immunized intravenously
with purified virus and boosted every 4 weeks for 6 months.
The sera were tested by an enzyme-linked immunosorbent
assay (28) and immunocytochemistry with DA virus-infected
and mock-infected BHK-21 cells. All sera had high titers in
the enzyme-linked immunosorbent assay, i.e., greater than
1/150,000. When sera were tested by immunocytochemistry,
1/8,000 was found to be an optimal dilution for the detection
of viral antigen in infected BHK-21 cells. No nonspecific
binding of these sera was found for mock-infected BHK-21
cells at dilutions of 1/100 or greater. In addition, positive sera
were tested with Western blots (immunoblots) after denatur-
ing polyacrylamide gel electrophoresis. The antisera reacted
strongly with VP-1 and VP-2 and weakly with VP-3. Further,
these antisera had the ability to neutralize infectious virus.
Thus, the sera used for these experiments recognized con-
formational antigens as well as fixed antigens in addition to
biologic epitopes, as determined by neutralization.

Immunocytochemistry. Infected and mock-infected BHK-
21 cells as well as deparaffinized brain and cord sections
were incubated with 5% normal goat serum for 30 min to
block nonspecific binding. The anti-DA virus rabbit sera
were added to the slides at a dilution of 1/8,000 for 24 h at
4°C, followed by a 1/50 dilution of biotinylated goat anti-
rabbit immunoglobulin G (TAGO, Burlingame, Calif.) for 30
min at room temperature. The slides were incubated with an
avidin-biotinylated horseradish peroxidase complex as pre-
scribed by the vendor (Vector Laboratories, Burlingame,
Calif.). The slides were treated with 0.05% diaminobenzi-
dine-0.01% hydrogen peroxide for 10 min. The reaction was
stopped by washing with PBS. After dehydration, cover
slips were applied to the slides, and the slides were examined
by light microscopy.

In situ hybridization. (i) Preparation of DNA probes. For
this study, two different cDNA probes were used. A TMEV
clone representing the 5’ noncoding portion of Bean strain
viral RNA was kindly provided by Howard Lipton (27). The
other clone was kindly provided by Michel Brahic (26) and
represented a region of the viral polymerase from the GD
VII strain of TMEV. The viral inserts were enzymatically
cleaved from the vectors and gel purified. Both cDNAs were
radiolabeled by the random hexanucleotide primer method
(13) with [a->*S]dCTP and [o-3*S]JdATP (Dupont, NEN
Research Products, Boston, Mass.). The probes were la-
beled to 10® cpm/p.g of DNA.

(ii) Preparation of BHK-21 cells and tissue sections for in
situ hybridization. Cells and tissue sections were processed
as described by Wiley et al. (39). Briefly, after rehydration,
the cells and tissue sections were rinsed twice in H,O,
incubated for 10 min with 0.2 M HCI, rinsed twice in H,O,
and immersed in 1% Triton-X 100 for 1.5 min. After being
washed with PBS, the slides were treated for 20 min at 37°C
with proteinase K at 1 pg/ml in 20 mM Tris hydrochloride-
2 mM CaCl,. The slides were postfixed with 4% PBS-
paraformaldehyde for 4 min and washed with PBS. After
dehydration through ascending ethanol, the slides were
hybridized with 0.5 pg of probe per ml in 50% formamide—
5% hybridization salts—5x Denhardt solution (21)-500 wg of
salmon sperm DNA per ml-250 pg of HeLa cell RNA per
ml-0.1% Triton-X 100-10 mM dithiothreitol.

Hybridization was carried out overnight at 37°C. Excess
[>*SIcDNA was diluted by several changes of 2x and 0.1x



VoL. 62, 1988

SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
(21). Washed slides were dehydrated, air dried, and im-
mersed in NTB-2 emulsion (Eastman Kodak Co., Rochester,
N.Y.). After 4 days of exposure, the slides were developed
with Kodak D19 and fixed with Kodak standard fixer. The
slides were counterstained with hematoxylin.

(iii) Dual labeling for immunocytochemistry and in situ
hybridization. Selected paraffin sections were used for simul-
taneous detection of viral antigens and nucleic acid. For this
purpose, immunocytochemistry was followed by in situ
hybridization reactions. Immunocytochemistry was per-
formed as described above with the exception that 0.04%
diethylpyrocarbonate was added to the first and second
antibody solutions to inhibit RNase in the sera (36). In
addition, slides were treated with 0.1 M triethanolamine-
0.25% acetic anhydride to reduce any nonspecific binding of
the cDNAs to the diaminobenzidine product (2).

RESULTS

To establish initial conditions for the immunohistochemi-
cal and in situ hybridization reagents, we first conducted
studies on infected and mock-infected BHK-21 cells. Rabbit
anti-DA virus sera were incubated with infected BHK-21
cells and processed for immunohistochemistry with diami-
nobenzidine (Fig. 1). Viral antigen was detected in the
cytoplasm of infected BHK-21 cells. In these infected cells,
cytoplasmic inclusion bodies were present in various sizes
(Fig. la). Mock-infected BHK-21 cells were consistently
negative.

When in situ hybridization studies were conducted with
either cDNA (TMEV Bean- or GD VII-derived sequences),
a similar cytoplasmic distribution of viral nucleic acid was
observed (Fig. 1b). Most of the autoradiographic grains were
localized in the cytoplasm of infected cells; very few grains
were observed over the nucleus. Uninfected BHK-21 cells
were negative and contained a few scattered background
grains (Fig. 1¢).

Having established the conditions for immunohistochem-
istry and in situ hybridization in the tissue culture system,
we analyzed TMEV-infected, mock-infected, and EAE
mouse brain and spinal cord sections for the presence of
viral proteins and nucleic acids. The presence of TMEV
antigen and RNA in the CNSs of nude mice at 3 days and at
1, 2 and 3 weeks p.i. was initially studied. At 3 days p.i.,
most of the viral RNA and antigen were localized near the
site of injection within the brain. In contrast, the first
appearance of TMEV products in the spinal cord was
observed at 1 week p.i. The number of infected cells steadily
increased, especially in the spinal cord, and by 3 weeks p.i.
an enormous amount of viral antigen and RNA could be
detected in the grey and white matter of the spinal cord.
However, since only a small percentage (approximately
20%) of the infected nude mice survived up to 3 weeks p.i.,
a 2-week-p.i. time point was chosen for subsequent in-depth
studies.

By immunohistochemistry, TMEV antigen was detected
in the cytoplasm of infected neurons and glial cells from the
brains of infected nude mice (Fig. 2a). Most of these cells
were localized in and around the primary lesion in the brain,
i.e., near the initial injection site in the cerebrum. Addition-
ally, some distance away from the primary lesion, TMEV
antigen was consistently found in pyramidal neurons in the
hippocampus (Fig. 2b). TMEV antigen was also detected in
the processes of these neurons (Fig. 2b). In these brain
sections, TMEYV antigens could not be demonstrated in cells
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around blood vessels or in endothelial cells. No mononu-
clear infiltrates were observed in the brain or in the spinal
cord in these infected nude mice, although occasionally
macrophagelike cells were found in areas of necrosis.

In the spinal cords of infected animals, only a few neurons
and glial cells contained viral antigen, as determined by
immunocytochemical methods. As found in the brain, no
detectable TMEV antigens were observed around blood
vessels or endothelial cells in the spinal cord. Similarly, no
viral antigen was found in brain and spinal cord sections
from control mice with EAE, although inflammatory cells
and lesions were prominent features.

To demonstrate TMEV RNA, we performed in situ hy-
bridization analysis on tissue sections with two different
cDNA clones from opposite ends of the viral genome (26,
27). Both clones yielded similar hybridization results; how-
ever, the cDNA from the 5’ end of the BEAN strain
consistently yielded less overall background signal under our
conditions and therefore was used for most of these exper-
iments.

In serial sections, the distribution of TMEV RNA deter-
mined by in situ hybridization was similar to that observed
by immunocytochemistry for the detection of viral antigen.
Most of the viral RNA was found in cells nearby or adjacent
to the primary lesion in the brain (Fig. 3a). Neurons and their
processes (Fig. 3b) and glial cells in the hippocampus con-
tained viral RNA. As with the distribution of viral antigen,
only a few neurons and glial cells in the spinal cord of
infected mice contained viral RNA.

Interestingly, in a few vessels in all infected mice, a small
but consistent number of endothelial cells or cells associated
with these blood vessels contained large numbers of grains
(Fig. 3c). These cells clearly contained TMEV RNA. Some
of these positive blood vessels were localized within the
primary lesion in the brain, but other vessels away from this
area which contained no inflammatory cells and no observ-
able pathological changes also contained TMEV RNA. In
addition, a few cells lining spinal cord vessels contained
TMEV RNA. No positive hybridization signal could be
demonstrated in brain and spinal cord sections from mice
with EAE (Fig. 3d) or mock-infected control mice. Thus, in
contrast to the immunocytochemistry data, infection of cells
associated with blood vessels could be readily demon-
strated. '

The presence of virus in the brains and spinal cords of
nude mice was confirmed by a plaque assay at 1, 2, and 3
weeks p.i. (three to four mice per time point) (Table 1). At 1
week after inoculation, infectious virus titers averaged 812
PFU/mg in the brain and 75 PFU/mg in the spinal cord. This
number diminished somewhat at 2 weeks p.i. to 460 PFU/mg
of brain tissue and 65 PFU/mg of spinal cord tissue. By 3
weeks, the titers were 556 PFU/mg in brain tissue and 626
PFU/mg in spinal cord tissue.

For simultaneous detection of viral antigen and RNA,
immunocytochemistry was combined with in situ hybridiza-
tion. Clearly, both viral antigen and RNA could be demon-
strated in the same cell. In general, viral antigen and RNA
were localized. However, many cells were found negative
for viral antigen by immunocytochemistry yet contained
TMEV RNA. All endothelial cells and cells associated with
blood vessels in the brain and spinal cord that contained
large amounts of viral RNA were found negative for viral
antigen by the dual detection system, thus confirming the
results of our previous experiments.
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FIG. 1. (a) TMEV antigen in the cytoplasm of infected BHK-21 cells. Anti-DA avidin-peroxidase stain. (b) Cytoplasmic distribution of
TMEV nucleic acid in infected BHK-21 cells demonstrated by in situ hybridization. (c) Mock-infected BHK-21 cells after in situ
hybridization; only a few scattered grains were noted. Magnification for all three panels, x215.
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FIG. 2. (a) TMEYV antigen in infected glial cells in the brain of a TMEV-infected mouse. Anti-DA avidin-peroxidase stain. Magnification,
x215. (b) TMEYV antigen in pyramidal neurons and their processes in the hippocampus. Anti-DA avidin-peroxidase stain. Magnification, X86.

DISCUSSION

In the present study, TMEV antigen and RNA were
detected in the CNSs of infected athymic (nu/nu) mice by
immunocytochemistry and in situ hybridization. Most of the
viral antigen and RNA were found in the cytoplasm of
infected neuronal and glial cells in the brain. Some of these
infected cells were found in association with large necrotic
lesions. In addition, TMEYV antigen and RNA were common
in pyramidal cells in the hippocampus. The viral RNA as
well as the antigen colocalized in the cytoplasm of the cell
body and nerve processes. A few virally infected neurons
and glial cells were found in the spinal cord. There appeared
to be a gradient of infected cells from the initial site of
injection in the brain to a small number of discrete cells in
the spinal cord, suggesting dissemination from the brain.
This idea was confirmed by a viral plaque assay in which the

virus titer in the brain at the early time points was consis-
tently higher than that in the spinal cord (Table 1).

During the acute stage of the disease in immunocompetent
mice, viral RNA was found mostly in neurons, but during the
chronic phase, viral RNA was primarily detected in the glial
cells in the spinal cord (3). How TMEYV spreads from the
brain to the spinal cord is still not fully understood. Different
investigators have demonstrated, using a variety of methods,
that neurons and their dendrites and axons in the brain and
spinal cord contain virus or viral antigens (11, 30, 37). Here
we demonstrate the distribution of viral RNA in immunoin-
competent mice. Dal Canto and Lipton (11), using ultrastruc-
tural immunohistochemical methods, found viral particles
mainly in neurons during the acute stage of the disease. In an
immunoperoxidase study by Rodriguez et al. (30), viral
antigens were observed in dentrites and axons of the hippo-
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TABLE 1. Quantitation of TMEV by a plaque assay“

. PFU/mg of:
WK p.i.
Brain tissue Spinal cord tissue
1 50 0
50 0
550 0
2,600 300
2 200 30
220 30
700 50
700 150
3 350 300
600 700
720 880

“ The assay was done after intracerebral inoculation of 3 x 10° PFU per
mouse. Nude mice were euthanized at 1, 2, and 3 weeks p.i., and brains and
spinal cords were removed, homogenized, and plaqued on BHK-21 cells as
described in Materials and Methods. Each value represents data from a single
animal.

campal pyramidal cells. Following in situ hybridization, viral
RNA was detected in neurons and their processes (37). All
these studies clearly demonstrate neuronal infection with
TMEY and suggest spread of virus in the CNS via axoplas-
mic and dendritic flow.

In another system, type 2 HPV, also a picornavirus,
spread through the mouse CNS after neuronal infection via
axonal flow (14). HPV antigens were exclusively localized
within neurons and their processes by ultrastructural immu-
nohistochemical methods (8). In earlier studies HPV reached
the CNS along peripheral nerves (1), suggesting axonal
transport of HPV. Our results with nude mice are consistent
with these findings.

Besides neuronal infection, our findings strongly suggest
TMEYV infection of vascular cells in the brain and spinal
cord. Cells associated with blood vessels and endothelial
cells within the lesions but distinct from any detectable
pathological changes were infected, as demonstrated by the
presence of TMEV RNA. No autoradiographic grains could
be detected in vascular endothelial cells in the CNS from
mice with EAE or mock-infected mice. Thus, TMEV was
able to infect vascular endothelial cells and cells associated
with blood vessels. This observation supports a previously
unrecognized dissemination of TMEV within the CNS and a
pathway for viral entrance into the CNS. This latter route
may be one which the virus uses during natural infection
(25). In monkeys HPV antigens were found to be present
inside vascular endothelial cells by immunofluorescence
staining [Kovacs et al., Letter, Nature (London) 200:497-
498, 1963]; however, in mice, presumably not the natural
host, HPV antigens were not found (8).

In our study, endothelial cells contained viral RNA, yet
viral antigen was not observed in these cells. This may be a
question of sensitivity of the immunohistochemistry. It is
known that viral nucleic acid can be detected earlier by in
situ hybridization than viral antigens can be detected by
immunohistochemistry (5). On the other hand, the synthesis
of all major TMEV capsid proteins in the CNS has been
reported to be restricted at the level of RNA replication (6).
This observation is also supported by our dual-labeling
results. In some cells both viral antigen and RNA could be
demonstrated, but consistently more cells containing auto-
radiographic grains than immunocytochemistry-positive
cells were found. Studies are ongoing to delineate this point.
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Our results strongly suggest that viral RNA in endothelial
cells could play a role in antigen presentation. Some inves-
tigators (23, 38) could not demonstrate major histocompati-
bility complex class II (Ia) antigen expression on glial cells,
neurons, and endothelial cells in lesions from rats with EAE.
However, during TMEV infection, the production of Ia
antigen within glial cells and endothelial cells was reported
to increase (31). Other viruses, including coronaviruses,
have the ability to induce Ia antigen expression on cultured
astrocytes (22). During TMEYV infection, Ia expression on
endothelial cells may be linked to the presence of viral RNA,
which could stimulate antigen-presenting functions and ex-
plain, in part, Ia expression on the surfaces of endothelial
cells after TMEV inoculation. The correlation between
direct virus infection and major histocompatibility complex
class II expression within the same cells still needs to be
clarified. Dual-labeling experiments to verify the presence of
virus within cells expressing Ia are required and are in
progress.
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