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Theiler’s murine encephalomyelitis virus (TMEV) persists in the mouse central nervous system principally
in macrophages, and infected macrophages in culture undergo apoptosis. We have detected abundant apoptotic
cells in perivascular cuffs and inflammatory, demyelinating lesions of SJL mice chronically infected with
TMEV. T cells comprised 74% of apoptotic cells, while 8% were macrophages, 0.6% were astrocytes, and ~17%
remained unidentified. In situ hybridization revealed viral RNA in ~1% of apoptotic cells.

Theiler’s murine encephalomyelitis virus (TMEV), a member
of the Cardiovirus genus in the family Picornaviridae, produces
a central nervous system (CNS) infection in mice leading to a
chronic, inflammatory demyelinating pathology. TMEV pref-
erentially replicates in CNS macrophages-microglia (hereafter,
macrophages) during persistence and to a lesser extent in oli-
godendrocytes and astrocytes (11, 21, 26). A central role of
macrophages in TMEV persistence was demonstrated by de-
pletion of peripheral macrophages with mannosylated lipo-
somes (26). One model of persistence involves macrophage-
to-macrophage spread limited by a block(s) in virus replication
as well as host antiviral immune responses but with dissemi-
nation to other cells, e.g., astrocytes and oligodendrocytes,
where infection is cytolytic.

TMEYV infection of macrophages in culture is dependent on
the state of macrophage differentiation and activation (14, 29).
Myelomonocytic precursors and activated macrophages are
both resistant to infection, possibly due to the absence of
coreceptors and increased innate immunity (14-16, 29; unpub-
lished data). This limited window of susceptibility might ac-
count in part for the infection of only a small percentage of
macrophages in the mouse spinal cord (11). Once infected,
macrophages (both in mice and in cell culture) restrict TMEV
replication at the level of viral assembly (11, 14, 18, 23).

TMEV-infected macrophages in culture undergo apoptosis
(14, 23, 24, 29), either through an intrinsic pathway in nonac-
tivated macrophages that requires virus replication and results
in caspase activation or through an extrinsic pathway in gamma
interferon-activated macrophages that involves signaling
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through receptors for tumor necrosis factor alpha and tumor
necrosis factor alpha-related apoptosis-inducing ligand (16).
However, the only report of apoptosis in TMEV infection of
mice indicated that terminal deoxynucleotidyltransferase
(TdT)-mediated UTP nick end labeling (TUNEL)-positive
cells were seldom observed during viral persistence in the CNS
(34), which suggests that apoptosis may be of little importance.
Here, we report the detection of numerous apoptotic cells,
primarily in the white matter in inflammatory demyelinating
lesions in spinal cord sections of SJL mice chronically infected
with BeAn virus.

Quantitation of apoptotic cells in spinal cords of mice with
demyelinating disease. Cells in the spinal cords of 12 SJL mice
inoculated intracerebrally with 10° PFU of BeAn virus and
undergoing demyelination were assessed for apoptosis by TdT
labeling according to the manufacturer’s instructions (TdT-
FrageEL kit; Oncogene, San Diego, Calif.). TdT-positive cells
in cord sections were counted in four to six sections for each
spinal cord segment by light microscopy.

Examination of spinal cord sections at three time points,
representing increasingly severe disease, revealed 11.37 = 1.80
(mean = standard error [SE]) TUNEL-positive cells per sec-
tion on day 31, 26.60 = 3.40 cells on days 63 to 69, and 17.71
+ 2.67 cells on days 90 to 99 (Fig. 1A). The decreased mean
number of apoptotic cells on days 90 to 99 did not differ
significantly from that on days 63 to 69 (P = 0.13) and did not
correlate with decreased pathological changes in these mice.
Figure 2 shows the morphology and distribution of TUNEL-
positive cells in a representative infected spinal cord section, as
well as a control section. TUNEL-positive cells exhibited char-
acteristic nuclear condensation indicative of apoptosis (Fig.
2E, arrows), and these cells tended to cluster at the periphery
of demyelinating lesions (Fig. 2C). Figure 2B shows demyeli-
nation in a replicate section, where blue staining was reduced
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FIG. 1. (A) Number of apoptotic cells determined by TUNEL assay in spinal cord sections of BeAn virus-infected SJIL mice during active
demyelinating disease between days 31 and 99. Apoptotic cells in the leptomeninges were excluded from analysis. Shown are mean numbers (O)
of TUNEL-positive cells in each spinal cord segment (four to six sections per segment) from mice sacrificed on the indicated days. Bars indicate
the mean number of apoptotic cells for each mouse. (B) Number of apoptotic cells (means = SEs) in different spinal cord locations determined
by TUNEL assay in sections of BeAn virus-infected SJL mice during active demyelinating disease between days 31 and 99 (same mice as in panel

A).

in affected areas; note the clustering of most TUNEL-positive
cells in the anterior aspects of the lateral and ventral columns,
areas typically affected earliest by inflammatory demyelination.
Although no TUNEL-positive cells were observed in sections
from uninfected control mice (Fig. 2A), spinal cord sections
from infected mice were dual stained for TUNEL and anti-
active caspase-3 to exclude the possibility of false-positive
TUNEL reactivity (17, 30). TUNEL-positive and caspase-3-
staining cells were observed in the same section, but the two
stains rarely colocalized in a cell (data not shown). Although
unexpected, the lack of colocalization may be explained by
early caspase-3 degradation (12) as seen in BeAn virus-in-
fected murine M1-D macrophages (unpublished data) and re-
spiratory syncytial virus infection of epithelial cells (4). Acti-
vated caspase-3-stained cells (unlabeled polyclonal antibody
CM1 to the C-terminal peptide of hCPP32; Idun Pharmaceu-
tical, San Diego, Calif.) (31) were almost as frequent as
TUNEL-positive cells in the same sections and had the same
distribution (Fig. 3). This observation together with morpho-
logical features of apoptosis frequently displayed in the nuclei
of TUNEL-stained cells indicated that programmed cell death
was in fact induced in the persistently infected mice.
Distribution of apoptotic cells in spinal cords of mice with
demyelinating disease. TUNEL-positive cells in the spinal cord
white matter, perivascular cuffs, and gray matter were enumer-
ated by using the same spinal cord segments as described
above, except for the day 63 mouse sections, which were lost
for this analysis (Fig. 1B). Because the leptomeninges were
stripped from some sections, apoptotic cells detected in the
leptomeninges were excluded from analysis (Fig. 2D). Signifi-
cantly more apoptotic cells were found in the white matter
than in perivascular cuffs (P < 0.02) and gray matter (P < 0.01)
for all but the day 97 mouse (P = 0.09). Infection with cell
culture-adapted BeAn virus results in limited neuronal death

and inflammation in the gray matter that largely resolves by
day 31 (20), probably accounting for the paucity of apoptotic
cells in the gray matter. This distribution suggests that apopto-
sis is an integral part of the inflammatory demyelinating pro-
cess.

Apoptotic cell phenotype. To determine the phenotype of
TUNEL-positive cells, frozen spinal cord sections from four
additional infected mice with signs of demyelinating disease
(days 71, 84, 110, and 137) were stained with antibodies to T
cells (fluorescein isothiocyanate-conjugated monoclonal anti-
bodies to CD3 and CDS8 [Serotec, Raleigh, N.C.] and CD4
[Caltag, Burlingame, Calif., and E-Biosciences, San Diego,
Calif.]), macrophages (rat monoclonal antibody MOMA-2;
George Kraal, Free University, Amsterdam, The Nether-
lands), and astrocytes (fluorescein isothiocyanate-glial fibril-
lary acidic protein [GFAP]; Molecular Probes, Eugene, Oreg.)
and examined by light and digital confocal microscopy. Since
macrophage epitopes were lost during fixation, paraffin-em-
bedded sections were not used. Most TUNEL-positive cells
were CD3", some were MOMA-2", and a few were GFAP™
(Fig. 4A to C, respectively). Compared to the other nuclei,
TUNEL-positive nuclei were usually condensed (Fig. 4).
Quantitation of double-positive cells identified 73.98% =
5.17% as T cells, 8.31% = 2.91% as macrophages, and 0.56%
*+ 0.55% as astrocytes (Fig. 5); the remaining 17% of TUNEL-
positive cells may include B cells and oligodendrocytes, but use
of several commercially available antibodies to CD19 (BD
PharMingen and E-Biosciences) and cyclic nucleotide phos-
phohydrolase (Sternberger Monoclonal Antibodies Inc., Luth-
erville, Md.) did not provide reliable results on frozen sections
stained for TUNEL.

Low frequency of viral genomes in apoptotic cells. Analysis
of paraffin-embedded spinal cord sections cut at 6 wm and
mounted onto slides for BeAn virus RNA by in situ hybridiza-
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FIG. 2. Coronal spinal cord sections from a control mouse (A) and a BeAn virus-infected mouse sacrificed on day 69 (B to E). (B) Luxol fast
blue staining reveals loss of myelin in the lateral and anterior columns; intense inflammatory infiltrates are visible in the leptomeninges in the
ventral root entry zone and anterior commissure even at low-power magnification (X50). (C) Replicate section of panel B stained for TUNEL (no
counterstaining), showing TUNEL-positive cells distributed in the white matter, especially anteriolaterally (magnification, X50). (D) Magnification
of the area boxed in panel C, showing distribution of TUNEL-positive cells around the periphery of a demyelinated area (compare with panel B).
Arrows indicate TUNEL-positive cells in the pia layers of the leptomeninges (magnification, X200). (E) Higher magnification (X400) of panel D,
showing some TUNEL-positive cells exhibiting characteristic nuclear condensation indicative of apoptosis (arrows).
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FIG. 3. Two activated caspase-3 (blue)- and TUNEL (brown)-stained cord sections from a BeAn virus-infected SJL mouse. Right panel,
approximately 20 caspase-3-positive cells; left panel, about 25 caspase-3-positive cells in the white matter and leptomeninges; asterisks in both
panels indicate several more prominently TUNEL-stained cells in the white matter (magnification, X400). No caspase-3 staining was detected in

sections from control mice (data not shown).

tion (32) and for apoptosis by TUNEL staining revealed viral
RNA in ~1 in 100 TUNEL-positive cells in sections from five
mice (three or four sections per cord segment for mice sacri-
ficed on days 31, 63, 69, 90, and 99 [Fig. 1]). Figure 4D shows
five TUNEL-positive cells (arrows), only one of which colocal-
ized with viral RNA. This apoptotic cell is one of several
heavily labeled cells clustered together; there are two other
TUNEL-negative, infected cells with fewer grains in this clus-
ter (asterisks). Previous in situ hybridization analysis identified
two populations of infected cells, low (100 to 500)- and high
(>1,000)-copy-number cells, in spinal cords of mice persis-
tently infected with DA virus (8). The infected, apoptotic cell
in Fig. 4D contained a high number of viral genomes. The
phenotype of this cell was not determined because of its infre-
quency. Since half of peritoneal macrophages in vitro that
undergo programmed cell death are infected (unpublished
data; also supported by findings in reference 22) and assuming
that most virus RNA-positive, apoptotic cells in this study were
macrophages (T cells are not infected), one in four apoptotic
macrophages would be expected to be infected.

Thus, the majority of apoptotic cells are uninfected and
CD3", suggesting that apoptosis, at least in CD3 ™ cells, is due
to a mechanism other than that triggered by viral replication,
probably activation-induced cell death because of the associa-
tion with inflammation (3). Approximately one-third of
TUNEL-positive cells were CD8" (data not shown), suggest-
ing that the majority of apoptotic CD3" cells were CD4™.
However, we were unable to verify this with dual TUNEL and
CD4" staining, using two different directly labeled antibodies.
Nonetheless, our results are consistent with the literature dem-
onstrating greater CD4"/CD8™" cell ratios in immunohisto-
chemically stained sections (19) and in CNS mononuclear cells

isolated from infected spinal cords, where CD4™" cells also
represent the majority of activated T cells (27).

Our results contrast with those of Tsunoda et al. (34) and
E. L. Oleszak (personal communication), who found that ap-
optotic cells were rare in the spinal cords of mice persistently
infected with DA virus. Possible explanations for this discrep-
ancy are infection with different low-neurovirulence TMEV
strains and a 10-fold-lower DA virus inoculum. However, two
other reports with limited data suggest that TUNEL-positive
cells may be more frequent (13, 28). In a study focused on
CD4™" T-cell-induced apoptosis of astrocytes in vitro, Palma et
al. (25) reported a high level of TUNEL staining in hypertro-
phic fibrillary astrocytes and minimal staining of CD4™ T cells
in demyelinating lesions of BeAn virus-infected SJL mice at
120 days postinfection (p.i.), although quantitative data were
not reported. During the time course of the present study,
hypertrophic astrocytes were not observed, and only fibrillary
processes and no enlarged astrocytic cell bodies were seen. In
our infected SJL mice, hypertrophic astrocytes develop only
after the mononuclear inflammatory process begins to resolve,
usually =150 days p.i.

Tsunoda et al. (34) also reported that a small percentage of
apoptotic cells in mice chronically infected with DA virus were
immunoreactive with carbonic anhydrase II; however, the
specificity of carbonic anhydrase II staining for oligodendro-
cytes is more reliable in normal rodent spinal cord than in
reactive pathological conditions (6, 7). Although not confirmed
in our study, oligodendrocytes could have been among the 17%
of undefined apoptotic cells. Apoptosis has occurred only in
restricted picornavirus infections (1). In contrast, TMEV rep-
lication in murine oligodendrocytes, unlike that in macro-
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FIG. 4. Confocal images viewed with an Olympus IMT-2 microscope with digital deconvolution software of frozen spinal cord sections stained
for nicked DNA (TUNEL, red); intact nuclei (4',6'-diamidino-2-phenylindole, blue); and MOMA-2 (A), CD3" (B), and GFAP (C) fluorescein
isothiocyanate-labeled antibodies (green) and light microscopy image of a representative paraffin section taken from a BeAn virus-infected spinal
cord on day 63 analyzed by combined in situ hybridization for BeAn virus RNA and TUNEL staining (arrows) for apoptosis (D). Colocalized
nuclear and nicked DNA in cells resulted in a yellow-orange color (one cell in panels A and C and four cells in panel B). For combined in situ
hybridization for BeAn virus RNA and TUNEL staining (arrows) for apoptosis, antisense and sense **S-UTP-labeled BeAn virus probes
(nucleotides 5967 to 6287) were synthesized with T7 and SP6 polymerase; probes with a specific activity of 6 X 107 cpm/pg in hybridization buffer
were applied to tissue sections (D). In panel D, several cells (clustered together) on the extreme left have high viral RNA copy numbers (heavily
grained area) and two separate cells on the lower right have low viral RNA copy numbers (asterisks). Only one infected, apoptotic cell, which is
the bottommost cell in the cluster on the extreme left, is TUNEL positive (arrow; magnification, X400). The insert shows the entire coronal spinal
cord section from which the higher-power magnification field is taken; note grains over many cells in the anterior and lateral columns indicating
the high level of viral persistence in this section (magnification, X50).

phages, is highly productive and cytolytic in vitro (33, 35) and
in vivo (5) and is less likely to result in apoptosis.

m‘ Day 71 Apoptosis of infected macrophages may itself cause a block
MOMA : ggay 84 in virion assembly. The onset of caspase-3 activation (4 to 6 h
% ID?H!SE) p.i.) in infected, nonactivated M1-D cells coincides with the

beginning of viral RNA replication (15, 16). Inhibition of ap-
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FIG. 5. Frequency of double-stained (antibodies to MOMA-2,
CD3, or GFAP and to TUNEL) apoptotic cells in frozen spinal cord
sections of four BeAn virus-infected SJL mice during persistent infec-
tion. The mean number (+ SE) of double-positive cells identified as
! T T | macrophages, T lymphocytes, and astrocytes per mouse is shown. In
0 25 50 75 100 some instances, error bars were below graphic resolution.
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optosis has been reported elsewhere to enhance viral yields in
host cells for a number of viruses including human immuno-
deficiency virus (2, 9), simian immunodeficiency virus (2, 9),
and adenovirus (10). Experiments are in progress to inhibit
caspase activation in our macrophage cell lines to determine
whether the block in BeAn virus replication is relieved. In
animal hosts, restriction of virus replication by the host cell is
a fundamental mechanism by which cytolytic RNA viruses per-
sist. Thus, inhibition of apoptosis might alter the balance re-
quired for TMEV persistence in the CNS of mice. The avail-
ability of mice in which caspases have been inactivated
promises to enable testing of this hypothesis in vivo.

We thank Lin Jing and Janelle Roby for help with in situ hybridiza-
tion.
This work was supported by NIH grant NS 23349.
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