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We used in situ hybridization and immunocytochemistry to look for a correlation between virus expression
and white matter lesions during late demyelinating disease due to persistent Theiler's virus infection. We found
the following. (i) Tissue lesions developed at the site of virus infection. This correlation was not explained by
infection of lymphocytes and macrophages. (ii) Large differences in the extent of pathology existed between
mice. The amount of inflammation paralleled the number of cells containing viral RNA or viral capsid antigens.
(iii) C57BL/6 mice, which are resistant to demyelination, were able to eradicate the infection. Our results are
strongly in favor of a mechanism of demyelination in which viral gene products play a central role.

Theiler's murine encephalomyelitis virus (TMEV), a
picomavirus of mice, is responsible for a biphasic disease of
the central nervous system (CNS) (8). The first phase, or
early disease, is an acute polioencephalomyelitis which
culminates 2 weeks after intracerebral inoculation and dur-
ing which virus replicates actively in neurons (2). Survivors
of early disease are persistently infected and develop a new
neurological entity called late disease (8). The pathological
changes of late disease are first detected 1 to 2 months after
inoculation and evolve over a period of approximately 1
year. They consist of white matter inflammation with pri-
mary demyelination and are very reminiscent of the lesions
observed in human multiple sclerosis (4). The severity of
early and late diseases varies with the virus and the mouse
strain. For example, tissue culture-adapted strains of
TMEV, including the DA strain (DA-TMEV), cause typical
late disease but no clinically apparent early disease. Among
inbred mouse strains, the SJL/J mouse is extremely sensitive
to late disease, whereas C57BL/6 animals are virtually
resistant (10).

Late disease poses two main questions of pathogenesis. (i)
What is the mechanism which allows the virus to persist in
the face of a specific immune response? (ii) What is the
mechanism of demyelination? Some time ago we observed
that TMEV RNA persists in glial cells at the site of tissue
lesions (2). More recently, we found that the virus life cycle
in these cells is restricted at the level of RNA transcription
(3). The majority of infected cells contain, on the average,
500 copies of viral genome and do not synthesize detectable
levels of viral capsid antigens. Restricted viral replication
may allow host glial cells to survive infection for an extended
period, providing the virus with a shelter against immune
defense mechanisms.
The mechanism of demyelination is still controversial. The

tissue lesions of late disease are reminiscent of those of
experimental allergic encephalitis, suggesting an autoim-
mune mechanism. However, immunosuppression experi-
ments gave ambiguous results (9, 13), and attempts to
transfer the disease passively with lymphocytes were nega-
tive (M. Chamorro and M. Brahic, unpublished data). On the
other hand, the presence of viral RNA and, in a minority of
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infected cells, viral capsid antigens in glial cells, including
oligodendrocytes (12), suggests a direct role for viral gene
products.
The experiments presented in this article were aimed at

distinguishing between these two mechanisms of demyelina-
tion. We reasoned that, if the presence of viral products is
required for the development of lesions, a correlation should
exist, both in space and time, between viral infection and
formation of lesions. On the other hand, if demyelination is
autoimmune, tissue lesions should evolve independently of
virus replication.

In these studies, we took advantage of two techniques, in
situ hybridization and immunocytochemistry, which allow
the detection of viral nucleic acids and antigens in tissue
sections. Longitudinal sections of spinal cords of infected
animals were scanned by microscope. Pathological changes
were quantitated by counting perivascular inflammatory
infiltrates and viral expression by counting cells containing
viral RNA or viral capsid antigens. We observed a strong
correlation, both spatial and temporal, between virus ex-
pression and the development of tissue lesions. Further-
more, we observed that C57BL/6 mice, a strain resistant to
demyelination, are able to eradicate TMEV from their CNS
during the first month after intracerebral inoculation. To-
gether, our results suggest strongly that tissue lesions evolve
as a result of local viral infection.

MATERIALS AND METHODS

Virus, animals. DA-TMEV was given to us by R. Roos
(University of Chicago) after adaptation to BHK cells. This
strain was plaque purified three times in our laboratory with
BHK cells.
Three- to four-week-old female SJL/J and C57BL/6 mice

were purchased from Jackson Laboratory. Mice were inoc-
ulated intracranially with -104 PFU ofDA-TMEV in 40 ,ul of
phosphate-buffered saline.
Mice were sacrificed and perfused with fixative as previ-

ously described (6). The fixative contained 2% paraformal-
dehyde, 0.01 M NaIO4, 0.075 M L-lysine, and 0.037 M
phosphate buffer (pH 7.5) (PLP). Perfused tissues were
postfixed, dehydrated, and embedded in paraffin as previ-
ously described (6).

Infectivity assay. Infectivity titers in mouse CNS were
measured as follows. Brain and spinal cord were removed
aseptically and homogenized together in 20 ml of minimal
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essential medium without serum. Homogenization was done
at 0°C with a Polytron P-710 apparatus at a setting of 7. Four
30-s bursts were used for each sample. Homogenized tissues
were clarified by centrifugation at 500 rpm for 5 min at 4°C.
The supematant, which was considered a 5 x 10-2 dilution,
was serially diluted and assayed for infectivity on BHK cells
by standard plaque assay procedures.

In situ hybridization. In situ hybridization on paraffin
sections of mouse CNS was as previously described (6).
[3H]cDNA was prepared by reverse transcription of purified
viral RNA as previously described (2). The specific activity
of the cDNA was 2 x 108 dpm/,Lg. To count infected cells,
longitudinal sections of the entire spinal cord were scanned
by microscope at a final magnification of x 125. The majority
(more than 90%) of infected cells contained -500 copies of
viral RNA (3). Since this corresponds to -200 autoradio-
graphic grains per cell after 2 weeks of exposure (1), these
cells could be detected at low magnification.
Immunocytochemistry. The hyperimmune rabbit anti-

serum used has been described previously (1). This serum
recognizes viral proteins VPO, VP1, and VP2 (data not
shown). The serum was used at a 1/300 dilution. Immuno-
peroxidase staining was performed as previously described
(1). Counterstaining was with hematoxylin. Antigen expres-
sion was quantitated by counting immunoperoxidase-
positive cells at a final magnification of x500. High magni-
fication was required in this case, because the fraction of
infected cells expressing viral antigens was small, making
their detection difficult.

Simultaneous immunocytochemistry-in situ hybridization
assay. The assay has been described in detail elsewhere (1).

RESULTS
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FIG. 1. Detection and quantitation of inflammatory tis
and viral RNA in the spinal cord of an SJL/J mouse
disease. The figure shows representative fields of longit
affin sections of spinal cord from an animal sacrificed 62
inoculation. The sections were hybridized in situ wil
specific [3H]cDNA (specific activity 2 x 108 dpm/,ug), e

2 weeks, developed, and stained with hematoxylin-eosin.
observed at a final magnification of x95. Arrows point
inflammatory foci, arrowheads to autoradiographic grai
Both inflammatory foci and grain clusters were count
entire spinal cord to compute the data presented in Ta
contrast between black grain clusters and the histologi
lost in these black and white pictures. (B) Final magnifical

Spatial distribution of tissue lesions and viral infection in
B' white matter of the spinal cord. TMEV replication is re-

stricted during late disease. The majority of infected cells
contain low amounts of viral RNA and do not synthesize
viral capsid antigens (3). Therefore, the only way to appre-
ciate virus infection consists in detecting viral RNA with a
highly sensitive in situ hybridization assay.

In the course of this study, we examined 24 SJL/J mice
sacrificed between 2 and 4 months after intracranial inocu-
lation. Several longitudinal sections of the entire spinal cord
were examined for each animal. Inflammation was observed
in 22 animals, with considerable variation of intensity from

-^ *. animal to animal. Spatial distribution of inflammation and
viral RNA was appreciated best by systematically scanning
the sections at a final magnification of x 312 after 2 weeks of
autoradiographic exposure (Fig. 1B). Mononuclear cells
were observed in two different configurations within inflam-

* matory lesions: densely packed perivascular cuffs and dif-
c fuse infiltrates. Viral RNA was present in all lesions. It was

never found in cuffs but was always present in areas of
sue lesions diffuse infiltration. In these areas, infected cells were often
E:with late found in clusters (Fig. 1B and C). On occasion, viral RNA

udinal par- was found in isolated cells in normal-looking white matter.
days after Spatial association between viral RNA and inflammation

th TMEV- can result either from recruitment of lymphoid cells at the
Xxposed for site of parenchymal infection or from invasion of white

No viral RNA was observed in dense perivascular cuffs (arrows).
Grain clusters were found instead in areas with diffuse inflammation
(arrowhead). (C) Final magnification, x 385. The grain clusters
(arrowheads) correspond to several adjacent cells containing viral
RNA.

(A) A field
Ls to dense
in clusters.
Led for the
ble 1. The
cal stain is
tion, x240.
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FIG. 2. Simultaneous in situ detection of viral RNA and inflammatory cell antigens. The figure shows representative fields of paraffin
sections of the spinal cord of an SJL/J mouse sacrificed 62 days after inoculation. Antigens were detected in a first step with
immunoperoxidase. In a second step, viral RNA was detected by in situ hybridization after acetylation of the slide to prevent nonspecific
binding of radioactive cDNA probe (1). (A) Staining with antilymphocyte serum which was absorbed against uninfected SJL/J mouse brain
extract. Inflammatory cells, lymphocytes, and macrophages stained brown. The arrow points to an infected cell not recognized by the serum.
The slide was photographed at a final magnification of x 1,250. (B) Staining with anti F4/80 monoclonal antibody, a reagent specific for mouse
macrophages (7). Macrophages stained brown. The arrow points to an infected cell not recognized by the serum. The slide was photographed
at a final magnification of x 500.

matter by infected lymphocytes and macrophages. We dis-
tinguished between these possibilities with an assay for
simultaneous in situ detection of viral RNA and inflamma-
tory cell antigens (1).
A rabbit anti-mouse lymphocyte serum (Microbiological

Associates) was absorbed exhaustively against uninfected
SJL/J mouse brain homogenates. No immunoperoxidase
staining was observed when reacting this serum with
uninfected mouse CNS sections (data not shown). However,
the absorbed serum stained lymphocytes and macrophages
that were prepared from SJL/J mouse spleens, deposited on
microscope slides, and fixed with PLP (data not shown).
This absorbed serum was used for simultaneous detection of

inflammatory cell antigens and viral RNA in sections of
infected SJL/J mouse CNS. The majority of cells containing
viral RNA were not stained by the serum (Fig. 2A); how-
ever, a small number of them were. Their frequency was
measured by scanning longitudinal sections of spinal cord of
two infected SJL/J mice. We found that -10% of cells with
viral RNA (22 of 303) stained with antilymphocyte serum.
Because viral antigens have been observed in macrophages
(5), we repeated this experiment using a monoclonal anti-
body specific for mouse macrophages (F4/80) (7). Figure 2B
shows a representative field of late-disease lesions. A very
large number of cells were stained by F4/80 monoclonal
antibody, confirming that late-disease demyelinating lesions
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TABLE 1. Quantitation of inflammation, viral RNA, and viral
capsid antigen synthesis in the white matter of spinal cord at
various times after intracerebral inoculation of SJL/J micea

Animal Time Viral Viral Infiammationd
no. postinfection RNAb antigensc Ifamto

1 7 0 0 0
2 7 0 0 0
3 14 0.5 0 0.65
4 14 0.07 0 0.26
5 21 0 0 0
6 21 0 0 0
7 30 0 0 0
8 30 0.1 0.06 0.44
9 61 3.5 1.1 2.9
10 61 2.1 0.4 2.3
11 62 0.74 0.25 1.7
12 62 11.0 5.2 5.5
13 62 3.1 1.5 6.9
14 62 12.7 ND 10.6
15 76 0 0 0
16 76 0 0 0
17 76 0.95 0.3 4
18 76 0.4 0.4 1.5
19 76 3.6 1.0 6.1
20 76 3.6 0.9 5.1
21 92 0.7 0.1 2.1
22 92 24.5 2.1 6.2
23 92 35 1.4 8.0
24 99 20.5 0.9 8.4
25 99 1.5 0 2.1
26 99 6.4 0 1.7
27 124 0 0 0
28 124 2.9 1.1 2.7
a Three-week-old SJL/J females were inoculated intracranially withl04 PFU

of DA-TMEV. At the indicated times, animals were sacrificed and perfused
with PLP fixative. Longitudinal paraffin sections of the entire spinal cord were
used for detection of viral RNA by in situ hybridization, detection of viral
capsid antigens by immunocytochemistry, and evaluation of pathology.

b After 2 weeks of autoradiographic exposure, the sections were scanned by
microscope at a final magnification of x 125, and autoradiographic grain
clusters were counted. The results are expressed as number of clusters per
mm of spinal cord. Two longitudinal sections of each spinal cord were
examnined. The table presents the average of the two.

c The sections were scanned at a final magnification of x500, and immuno-
peroxidase-positive cells were counted. The results are expressed as number
of positive cells per mm of spinal cord. ND, Not done.

d Inflammation was quantitated by counting the number of perivascular
cuffs observed during systematic scanning of slides used for in situ hybrid-
ization and immunoperoxidase. The results are expressed as number of cuffs
per mm and are the average of three slides.

are very rich in macrophages. Only a small number of cells
containing viral RNA were recognized by F4/80 monoclonal
antibody. Their frequency was -9%. In conclusion, a mi-
nority (10%) of cells containing viral RNA are inflammatory
cells of macrophage type. Whether these cells replicate the
virus or scavenge infected glial cells cannot be determined
from our experiments.

In summary, this part of the study showed the existence of
a strong spatial correlation between tissue lesions and the
presence of infected cells. This correlation could not be
explained by infection of inflammatory cells.
Temporal variation of virus infection and tissue lesions in

the white matter of infected SJL/J mice. The experiments
described above suggested the existence of a cause and
effect relationship between virus infection and tissue lesions.
If such is the case, the amount of tissue damage is expected
to vary according to the amount of viral products expressed.

We decided to look for a quantitative correlation between
inflammation, viral RNA, and viral antigens at different
times after inoculation. Quantitation of each parameter was
obtained as follows. Two longitudinal sections of the entire
spinal cord of each animal were hybridized in situ with
TMEV [3H]cDNA and exposed for 2 weeks; two more
sections were stained for TMEV antigen with immunoper-
oxidase. Each hybridized section was scanned by micro-
scope at a final magnification of x 125 (Fig. 1A). Inflamma-
tory foci and autoradiographic grain clusters were counted.
Fig. 1A shows a representative microscope field. Inflamma-
tory foci are indicated with arrows and grain clusters with
arrowheads.
Table 1 presents the results obtained with 28 SJL/J mice

sacrificed between 7 and 124 days after intracerebral inocu-
lation. Figures for viral RNA were significantly lower than
the number of infected cells, because most infected cells
occurred in groups containing up to 10 adjacent cells (Fig.
1C), and at low magnification these groups were counted as
a single event. A wide range of viral RNA and antigen
content was observed from animal to animal (e.g., viral RNA
varied from 0 to 35 clusters per mm of spinal cord). Simi-
larly, inflammation ranged fronm to 0 to 10 foci per mm of
spinal cord. Strikingly, viral RNA, viral antigens and inflam-
mation varied in parallel. No animal had inflammation with-
out viral RNA.

Variations with time of infection were also remarkable.
Some degree of inflammation and viral RNA was observed in
white matter 2 weeks after inoculation, a time which corre-
sponds to early disease. Inflammation in white nmatter at this
stage had not been described in previous studies. Late
disease began 1 to 2 months postinoculation. Wide variations
of disease parameters were observed among animals sacri-
ficed at a given time. Because all animals had lesions at 2
months, it is unlikely that this lack of pattern reflects
variable time of onset for late disease. Instead, it suggests
that the disease followed an unpredictable course in each
animal.

Virus expression in animals resistant to demyelination. The
severity of late disease varies among different inbred mouse
strains; whereas the SJL/J strain is highly sensitive,
C57BL/6 animals are practically resistant (10). This obser-
vation can be used to study host factors responsible for
demyelination. In this context it was shown that SJL/J and
C57BL/6 mice are equally susceptible to TMEV infection, a
result interpreted as favoring an immunopathological, rather
than a cytolytic, mechanism of demyelination (10). How-
ever, alternative interpretations are possible. For example,
TMEV could persist in different cell types in C57BL/6 and
SJL/J mice. Therefore, we decided to compare the locations
and amounts of viral RNA and antigens in the CNS of
C57BL/6 and SJL/J mice.
Three-week-old female C57BL/6 mice were inoculated

with 104 PFU of DA-TMEV. Virus clone, dose, and inocu-
lation route were identical to those used in the study of SJL/J
animals reported above. Animals were sacrificed at various
times postinfection (Table 2). Transverse sections of brain
(forebrain, midbrain, and cerebellum) and longitudinal sec-
tions of spinal cord were processed as described above for
SJL/J mice. In brain, viral RNA could be detected in low
amounts 14 and 21 days postinoculation in neurons of cortex
and hippocampus in 2 of 4 mice examined. Similar findings
were obtained with SJL/J mice, showing that, in spite of the
absence of clinically apparent early disease, some infection
of neurons occurs with tissue culture-adapted TMEV.
The results obtained with spinal cord are summarized in
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Table 2. Gray as well as white matter was scanned under the
microscope at a final magnification of x 500 to locate viral
RNA and antigens. Occasional positive cells were found up

to 1 month postinoculation. Neither viral RNA and antigens
nor inflammation was found after 1 month of infection.
These results suggested that C57BL/6 mice are able to
eradicate the virus from their CNS. Because persistent
infection of the CNS of C57BL/6 mice had been described by
others (10), we decided to compare the infectivity recovered
by us from the CNS of SJL/J and C57BL/6 mice between 2
and 4 months postinoculation (Table 3). With one exception,
infectivity could be measured in the CNS of SJL/J mice,
although large differences in titer were observed from animal
to animal. On the other hand, infectivity was recovered from
only one C57BL/6 mouse of eight tested.
Taken together, our results suggest strongly that the

resistance of C57BL/6 mice to virus-induced demyelination
is linked to their resistance to TMEV infection. Therefore,
the study of TMEV replication in C57BL/6 reinforces the
notion that ongoing viral infection is a prerequisite for
demyelination.

DISCUSSION
The mechanism of demyelination observed during late

disease is still controversial. Two diametrically opposed
mechanisms have been proposed. (i) Demyelination is an

autoimmune process initially triggered by viral infection. (ii)
Demyelination results from local virus infection. Our exper-
iments were designed to distinguish between these alterna-
tives. We showed the existence of a strong correlation
between tissue lesions and viral infection. First, inflamma-
tory lesions develop only in areas of white matter where a
relatively large number of cells contain viral RNA. This
spatial association does not result from the infection of
lymphocytes or macrophages. Second, the extent of inflam-
mation among SJL/J mice parallels the number of infected
cells. Last, C57BL/6 mice are capable of clearing the infec-
tion and do not develop demyelination. Therefore, our
results strongly favor a mechanism of demyelination in
which viral gene products play a major role. Which role is
still an open question. Viral antigens could induce an im-
mune response directed at infected glial cells. The inflam-

TABLE 2. Quantitation of inflammation, viral RNA, and viral
capsid antigen synthesis in the spinal cord of C57BL/6 micea

Animal Time Viral Viral
no. postinfection RNA antigens Inflammation

1 7 0 0 0
2 7 0 0 0
3 14 0 0 0
4 14 0.04 0 0.42
5 21 0 0 0
6 21 0.06 0 0.07
7 31 0 0 0
8 31 0.04 0 0.12
9 60 0 0 0
10 60 0 0 0
12 76 0 0 0
13 76 0 0 0
14 92 0 0 0
15 92 0 0 0
a Three-week-old female C57BL/6 mice were inoculated with 104 PFU of

DA-TMEV and processed as described in Table 1. Values for viral RNA, viral
antigens, and inflammation are as described in Table 1.

TABLE 3. Recovery of infectivity from the CNS of SJL/J and
C57BL/6 mice inoculated intracerebrally with DA-TMEVa

Time No. of PFU/CNS
postinoculation

(days) SJL/J C57BL/6

62 1.3 x 101 <1.3 x 101
62 <1.3 x 101
62 <1.3 x 101
62 <1.3 x 101

76 <1.3 x 101 <1.3 x 101
76 2 x 101 5.3x 10'
76 2 x 102
76 3 x 102
76 3 x 103
76 6.8 x 103

92 2.6 x 102
92 1.9 x 103
92 7.5 x 103
92 6 x 104

122 5 x 103 <1.3 x 101
122 1.3 x 105 <1.3 x 101

a For each mouse, the brain and spinal cord were removed, homogenized in
2 ml of minimal essential medium without serum, clarified, and assayed for
infectivity. The results are given as PFU per 20 ml of original brain
suspension.

matory aspect of the lesions speaks in favor of this. How-
ever, picornaviruses classically do not insert viral antigens at
the cell surface, and capsid antigen expression is consider-
ably restricted during late disease. Furthermore, since
chronic treatment of infected mice with cyclophosphamide
and antilymphocyte serum does not halt demyelination (13),
it is unlikely that immune-mediated reactions account for all
of the tissue damage. A direct effect of virus infection on
myelin metabolism should be considered. This could be
either lysis of the rare cells which accumulate high amounts
of viral RNA and capsid antigens or alteration of the
metabolism of persistently infected glial cells without cell
killing (11).

This study revealed a previously unrecognized aspect of
late disease. We observed very wide variations of disease
intensity between animals sacrificed either at the same time
or at different times after inoculation. Serial sectioning of the
same tissue block showed that this was not a sampling
artifact. Since the animals were inbred and had been inocu-
lated with the same dose of plaque-purified virus, this
variability strongly suggests that the disease follows an
irregular, unpredictable course.
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