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Murine coronavirus mouse hepatitis virus (MHYV) causes demyelination of the central nervous system (CNS)
in rats and mice. Apoptotic oligodendrocytes have been detected in the vicinity of the CNS demyelinating
lesions in these animals. However, whether MHV can directly induce oligodendrocyte apoptosis has not been
documented. Here, we established a rat oligodendrocyte culture that is morphologically and phenotypically
indistinguishable from the primary rat oligodendrocytes. Using this culture, we showed that mature rat
oligodendrocytes were permissive to MHYV infection but did not support productive virus replication. Signif-
icantly, oligodendrocytes infected with both live and ultraviolet light-inactivated viruses underwent apoptosis
to a similar extent, which was readily detectable at 24 h postinfection as revealed by apoptotic bodies and DNA
fragmentation, indicating that MHV-induced apoptosis is mediated during the early stages of the virus life
cycle and does not require virus replication. Prior treatment of cells with the lysosomotropic agents NH,Cl and
chloroquine as well as the vacuolar proton pump-ATPase inhibitor bafilomycin Al, all of which block the
acidification of the endosome, prevented oligodendrocytes from succumbing to apoptosis induced by MHV
mutant OBLV60, which enters cells via endocytosis, indicating that fusion between the viral envelope and cell
membranes triggers the apoptotic cascade. Treatment with the pan-caspase inhibitor Z-VAD-fmk blocked
MHV-induced apoptosis, suggesting an involvement of the caspase-dependent pathway. Our results, thus, for
the first time provide unequivocal evidence that infection of oligodendrocytes with MHYV directly results in
apoptosis. This finding provides an explanation for the destruction of oligodendrocytes and the damage of
myelin sheath in MHV-infected CNS and suggests that oligodendrocyte apoptosis may be one of the underlying

mechanisms for the pathogenesis of MHV-induced demyelinating diseases in animals.

Apoptosis is a genetically programmed, morphologically dis-
tinct form of cell death that is involved in the regulation of
homeostasis, tissue development, and the immune system by
eliminating cells that are no longer useful. Apoptosis also func-
tions by eliminating aberrant cells created by DNA damage or
those infected by viruses. Survival factors prevent normal cells
from succumbing to apoptosis, but upon receipt of a variety of
apoptotic signals, including DNA damage, virus infection, and
toxic insults, death pathways are initiated (35, 38). Cell death
by apoptosis is characterized by chromatin condensation,
plasma membrane blebbing, cell shrinkage, and DNA frag-
mentation into membrane-enclosed vesicles or apoptotic bod-
ies (50). Successful viral replication requires not only the effi-
cient production and spread of progeny but also evasion of
host defense mechanisms that limit replication by killing in-
fected cells. Thus, apoptosis can also be a viral strategy to
enhance the spread of progeny to neighboring cells. In addition
to inducing immune and inflammatory responses, infection by
many viruses triggers apoptosis of the infected cell. For exam-
ple, the E1A protein of adenovirus can induce sensitivity to
tumor necrosis factor (11, 12, 32); the Tax of human T-cell
leukemia virus can increase Fas ligand synthesis (5). These
viruses induce apoptosis through activating the caspases via the
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death receptors of the tumor necrosis factor receptor super-
family. On the other hand, many viruses have also devised
powerful weapons to counteract apoptosis. These antiapop-
totic measures are likely beneficial to virus survival in its host,
for apoptosis results in elimination of its host and thereby its
own very existence. For example, the human immunodefi-
ciency virus tat protein inhibits apoptosis by inducing the ex-
pression of the antiapoptotic protein Bcl-2 (8). Thus, many
viruses have evolved mechanisms to induce apoptosis or to
cope with the cellular antiviral and apoptotic responses.
Murine coronavirus mouse hepatitis virus (MHYV) is a sin-
gle-strand, positive-sense RNA virus that consists of an outer
envelope and an inner nucleocapsid core. The envelope con-
tains three to four proteins depending on virus strains: the
spike (S) glycoprotein is responsible for attachment of the virus
to the receptors of permissive cells, fusion between viral enve-
lope and cell membrane during virus entry, and elicitation of
neutralizing antibodies and cellular immune responses (6, 25,
42). Thus, the S protein is essential for viral infectivity. The
hemagglutinin/esterase (HE) glycoprotein is present only in
certain MHYV strains such as JHM; it is not required for virus
entry (51, 52). The membrane glycoprotein (M) and the small
envelope (E) protein are embedded in the envelope and are
essential for virion envelopment and assembly (34, 45, 55). The
nucleocapsid (N) protein is a phosphorylated protein that is
associated with the viral RNA genome to form the nucleocap-
sid (41). Infection of host cells is initiated by the interaction
between virion S protein and the cell receptors, which then
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triggers the fusion between viral envelope and plasma mem-
brane or endosomal membrane, the latter of which follows
receptor-mediated endocytosis. The cellular receptors for
MHYV are the members of the carcinoembryonic antigen family
of the immunoglobulin superfamily (13, 47, 53). MHV enters
cells by fusion with plasma and endosomal membranes (24,
33). Following fusion, it is believed that MHV uncoating is
initiated via dephosphorylation of the N protein and subse-
quent separation of the N protein from genomic RNA (22)
such that the viral genomic RNA is ready for translation of the
viral RNA-dependent RNA polymerase.

Rodents are the natural hosts for MHV. MHYV infects ro-
dents and causes hepatitis, nephritis, enteritis, and central ner-
vous system (CNS) diseases, including encephalitis and demy-
elination. Because the histopathology of the MHV-induced
CNS demyelinating disease in rodents resembles that seen in
human multiple sclerosis patients (26), MHV has been exten-
sively used as an animal model for studying the pathogenesis of
multiple sclerosis and other neurodegenerative diseases. Fol-
lowing intracerebral inoculation with MHV, mice first develop
acute encephalitis and demyelination. Demyelination can be
observed as early as 6 days postinfection (p.i.) and appears
most extensive at around 4 weeks p.i., at which time infectious
virus can no longer be isolated although viral RNA is still
detectable (10, 23, 27). The mechanism of MHV-induced de-
myelination is unclear, although both macrophages and T cells
have been implicated as mediators of the pathological changes
(48, 49). Lymphocyte-deficient severe combined immunodefi-
ciency (SCID) mice, recombinase-activating gene 1 (RAG-1)
knockout mice, and UV-irradiated mice infected with MHV
strain JHM hardly have lesions 7 to 15 days p.i., despite high
levels of virus replication (14, 19, 46, 49). These data suggest
that lymphocytes are required for robust acute demyelination
(29, 30). Reconstitution studies suggest that CD4™ or CD8* T
cells can mediate MHV-JHM-induced demyelination (49).
However, in nude mice that lack CD4% and CD8" T cells,
demyelination still occurs (19), which has been shown recently
to be mediated by y& T cells (9). A recent study showed,
however, that demyelination occurred to a similar extent in
wild-type, B-cell-deficient, and RAG1 knockout mice and in
mice lacking antibody receptors or complement pathway activ-
ity when infected with MHV strain A59 (29). Thus, although
the immune system may play a role in acute demyelination, it
appears that in the absence of an intact immune response,
MHY infection in the CNS is directly responsible for the onset
of demyelination, probably through the destruction of oligo-
dendrocytes (29). Apoptotic oligodendrocytes have been de-
tected in and near the demyelinating lesions in the CNS of
mice and rats infected with MHV JHM and A59 (2, 39, 48).
However, whether oligodendrocyte apoptosis results from di-
rect viral infection or from indirect attack by inflammatory
molecules secreted from neighboring cells of virus-infected
CNS and from infiltrated cells is not clear.

In the present study, we determined whether MHV is capa-
ble of inducing apoptosis in cultured rat oligodendrocytes. Our
results showed that rat oligodendrocytes were susceptible to
MHYV infection, as virions were internalized into the cells but
did not support productive viral replication. Significantly, rat
oligodendrocytes underwent apoptosis following infection with
both live and UV-inactivated MHYV, indicating that the apo-
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ptosis was triggered during early steps of the virus life cycle
that are prior to viral RNA synthesis. Furthermore, MHV-
induced apoptosis in oligodendrocytes appeared to be medi-
ated via caspases, since it was completely inhibited by the
pan-caspase inhibitor Z-VAD-fmk. Our results thus provide
unequivocal evidence that MHV infection can directly result in
oligodendrocyte apoptosis. Our data suggest that oligodendro-
cyte apoptosis may be one of the underlying mechanisms for
the pathogenesis of MHV-induced demyelinating diseases in
animals.

MATERIALS AND METHODS

Cells, viruses, and reagents. The central glial CG-4 cell is a permanent,
undifferentiated type 2 oligodendrocyte/astrocyte progenitor cell that was origi-
nally established during a primary neural cell culture derived from the brain of
newborn Sprague-Dawley rat pups (1 to 3 days postnatal) (28). It was kindly
provided by Paul Drew (University of Arkansas for Medical Sciences). CG-4 cells
were cultured on poly-L-ornithine (0.1 mg/ml)-coated dishes at a seeding density
of 100 cells per mm? in serum-free Dulbecco minimum essential medium
(DMEM) with the N1 supplement (5 pg of transferrin/ml, 16.11 g of putrescine/
ml, 6.29 ng of progesterone/ml, 5.14 ng of selenium/ml), biotin (10 ng/ml), insulin
(5 pg/ml), and two growth factors (basic fibroblast growth factor 2 at 5 ng/ml and
platelet-derived growth factor AA at 10 ng/ml) and streptomycin and penicillin.
CG-4 cells were passaged every 6 days. Under this condition, the CG-4 cell
maintains its undifferentiated progenitor phenotype indefinitely. Withdrawal of
the two growth factors inhibits proliferation and promotes differentiation into
either oligodendrocytes or type 2 astrocytes. In the presence of a low concen-
tration of serum (=0.5%), it differentiates into an oligodendrocyte. Differenti-
ated oligodendrocytes can survive for 2 to 3 weeks in the differentiating medium.
Therefore, for maintenance the progenitor cells were cultured continuously,
while differentiated oligodendrocytes were used for virus infection throughout
this study. Mouse astrocytoma DBT cells (17) were cultured in MEM and were
used for virus propagation and plaque assays.

MHYV strain JHM was used throughout this study. For some experiments, the
pH-dependent mutant OBLV60 was used, which was kindly provided by Michael
Buchmeier (Scripps Research Institute, La Jolla, Calif.). This mutant was orig-
inally isolated from the olfactory bulb of mice persistently infected with JHM
(15). All MHVs were propagated in DBT cells. The broad-range caspases inhib-
itor Z-Val-Ala-Asp-fmk (Z-VAD-fmk) was purchased from MD Biosciences,
Division of Morwell Diagnostics GmbH (Zurich, Switzerland). A stock solution
of 100 mM was made in water and stored in a —20°C freezer.

Immunocytochemistry. For immunostaining, progenitor CG-4 cells and dif-
ferentiated oligodendrocytes were grown on four-well chamber slides (Nalgene)
in respective culture media, fixed with 4% paraformaldehyde for 10 min at room
temperature, and permeabilized with 1% Triton X-100 for 30 min. Cells were
then stained with a mouse monoclonal antibody (MADb) specific to A2B5 (a
marker protein for the progenitor cells) or rat MADb specific to the myelin basic
protein (MBP) (a marker for mature oligodendrocytes) for 90 min at 37°C
followed by incubation with a fluorescein isothiocyanate (FITC)-conjugated goat
anti-mouse or goat anti-rat immunoglobulin G antibody (Sigma). Both anti-
A2BS5 and anti-MBP MAb’s were purchased from Chemicon International, Inc.
For detection of MHV protein expression, the MAb specific to the MHV N
protein (kindly provided by Stephen Stohlman, USC Keck School of Medicine)
was used. The routine immunocytochemistry method was used in this study. The
stained cells were observed under a fluorescence microscope (Olympus IX-70),
and photographs were taken with the attached digital camera (MagnaFire).

Propagation, purification, and radiolabeling of viruses. For virus propagation,
DBT cells were infected with MHYV strains at a multiplicity of infection (MOTI)
of 1 and incubated overnight. Culture medium and cell lysates were collected
following freezing and thawing once and clarifying of cell debris by centrifugation
at 3,000 X g for 30 min at 4°C (Marathon 3200R; Fisher Scientific). For virus
purification, clarified virus preparation was loaded onto a 30% (wt/vol) sucrose
cushion and centrifuged at 27,000 rpm for 3 h at 4°C in an SW27/28 rotor
(Beckman). Supernatants were discarded; the pellets that contained the virus
were resuspended in phosphate-buffered saline (PBS), loaded onto a 20 to 70%
(wt/vol) sucrose step gradient, and centrifuged at 35,000 rpm for 16 h at 4°C in
an SW41 rotor (Beckman). The fractions that correspond to viral buoyant den-
sity were collected. Following dilution in PBS, viruses were pelleted by centrif-
ugation at 35,000 rpm for 1 h at 4°C in an SW41 rotor (Beckman). Pelleted virus
was resuspended in either PBS or serum-free medium. For virus labeling, DBT
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FIG. 1. Morphological and biochemical properties of the undifferentiated CG-4 progenitor cells and the differentiated oligodendrocytes. (a to
c) Progenitor cells were cultured in the undifferentiating medium as described in Materials and Methods. (d to f) Mature oligodendrocytes were
differentiated from progenitor cells for more than 48 h in the differentiating medium (see Materials and Methods). Panels a and d are
phase-contrast microscopic images of the cell cultures. Panels b and e and ¢ and f show immunofluorescence staining results with the primary
monoclonal antibodies to A2B5 (a marker for progenitor cells) and MBP (a marker for mature oligodendrocytes), respectively, and the secondary
antibodies conjugated with FITC. Cells were observed under the microscope (Olympus IX-70), and all images were taken with the attached digital

camera (MagnaFire).

cells were grown to confluency in a 60-mm petri dish and were infected with
MHYV at an MOI of 10. At 1 h p.i., actinomycin D was added to the medium at
a concentration of 10 p.g per ml. At 2 h p.i., [*H]uridine was added to the culture
at 100 pCi per ml. Radiolabeled virus was collected and purified as described
above. Radioactivity was determined by liquid scintillation counting (model
T2500; Beckman). Virus titers were determined by standard plaque assay in DBT
cells as described previously (18).

Virus internalization assay. For the virus internalization assay, CG-4 cells
were differentiated into oligodendrocytes and were grown on 60-mm dishes to
subconfluency in the differentiation medium. *H-labeled and sucrose gradient-
purified viruses were then used to infect differentiated oligodendrocytes. The
virus internalization assay was performed as described previously (44). Briefly,
cells were infected with MHV-JHM at an MOI of 10 at 4°C for 1 h. Unbound
virus was then removed by washing five times with PBS containing 0.5% bovine
serum albumin (BSA) and 0.05% Tween 20. Infected cells were incubated at
37°C. At 45 min following temperature shift, infected cells were washed with cold
PBS and incubated with 0.5 mg of proteinase K/ml at 4°C for 45 min to remove
the bound but uninternalized virus particles. Cells were collected with a rubber
scraper, mixed with an equal volume of a buffer containing 2 mM phenylmeth-
ylsulfonyl fluoride and 6% BSA to inactivate proteinase K, and centrifuged for
30 s at 14,000 rpm in a microcentrifuge (Micromax). Cell pellets were washed
with MEM containing 2% BSA. Cells were then resuspended in MEM, and an
equal volume of a solution containing 1% sodium dodecyl sulfate and 10%
trichloroacetic acid was added to precipitate the radiolabeled nucleic acids. The
radioactivities in the precipitable materials were determined by liquid scintilla-
tion counting (model T2500; Beckman). Parallel experiments were performed on
DBT cells, which were used as a positive control. Three replicas per sample were
analyzed.

UV inactivation of viruses. To inactivate the virus by UV light, purified virus
was diluted to a concentration of 107 PFU per ml in serum-free medium. Ali-
quots of 1 ml were added to each well of the six-well tissue culture plate. The
plates were placed on ice at a distance of 14 cm from the UV light in a UV
Cross-linker (Fisher Scientific) and exposed to UV light at energy of 120 mJ/cm?
for 30 min. Viral inactivation was confirmed by titration of samples before and
after UV exposure and by the absence of cytopathic effect (CPE) after inocula-
tion of DBT cell monolayers with the UV-irradiated virus samples. Preliminary
experiments indicated that a 10-min exposure to such UV light completely
inactivated MHYV infectivity.

Detection of subdiploid cell populations. Apoptotic nuclei containing subdip-
loid DNA content were determined by propidium iodide staining and flow
cytometric analysis as described previously (54). Briefly, at various time points,
adherent and floating cells were collected and centrifuged at 1,000 X g for 5 min.

Pelleted cells were resuspended in PBS, centrifuged, and then fixed with 70%
ice-cold ethanol and incubated overnight at 4°C. Cells were centrifuged, resus-
pended in PBS, and incubated with 50 pg of propidium iodide/ml and 100 pg of
RNase A (Sigma)/ml. Aliquots of 10° cells were subjected to flow cytometric
analysis with a FACSCalibur flow cytometer equipped with an argon ion laser
(488 nm), and the data were acquired and analyzed with CELLQuest software
(Becton Dickinson).

DNA fragmentation assay. For DNA fragmentation analysis, oligodendrocytes
were grown to subconfluency at approximately 10° cells per 60-mm petri dish and
were infected or mock infected with MHV at an MOT of 10. At a 24-h interval
p.i., cells were harvested from the dish by scraping with a rubber policeman and
low-speed centrifugation (1,000 X g). Cell pellets were lysed with a lysis buffer,
and total cellular DNAs were then extracted using the Suicide-track DNA ladder
isolation kit according to the manufacturer’s recommended procedure (CN Bio-
sciences, Inc.). DNAs were analyzed by 1.5% agarose gel electrophoresis and
visualized by staining with ethidium bromide.

RESULTS

Characterization of the progenitor CG-4 cells and mature
oligodendrocytes. The morphological, biochemical, and biolog-
ical properties of the progenitor CG-4 cells have been well
characterized previously (28, 31). To ensure that the CG-4 cell
has maintained its progenitor phenotype upon continuous cul-
tivation in our laboratory, we employed microscopic and im-
munocytochemistry methods. We found that in the continuous
presence of both growth factors (basic fibroblast growth factor
2 and platelet-derived growth factor) in the medium, CG-4
cells maintained their undifferentiated, progenitor morphol-
ogy, i.e., the majority of the cells contained bipolar processes
with a few cells having short and relatively unbranched multi-
polar processes (Fig. 1a). These cells were stained with an
antibody specific to A2B5, a molecular marker for progenitor
cells (Fig. 1b). In contrast, they could not be stained with an
antibody specific to MBP, a later marker for mature oligoden-
drocytes (Fig. 1c). When the CG-4 cells were cultured in the
medium containing less than 0.5% of fetal calf serum without
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the two growth factors for more than 2 days, more than 98% of
the cells differentiated and acquired a phenotype typical of
oligodendrocytes, which are characterized by numerous long
branched processes (Fig. 1d) and positive staining with the
antibody specific to MBP (Fig. 1f), but not with the anti-A2B5
antibody (Fig. le). Differentiated oligodendrocytes could no
longer be subcultured and died in 2 to 3 weeks in the differ-
entiation medium, confirming the terminal differentiation phe-
notype for mature oligodendrocytes. These data thus establish
that the CG-4 cells maintained their progenitor phenotype.

Oligodendrocytes are susceptible to MHYV infection, but they
do not support productive viral replication. Previous studies
on primary rat oligodendrocytes have suggested that oligoden-
drocytes are susceptible to MHYV infection only for a very short
period of time during differentiation; once fully differentiated,
they become resistant to MHV infection (36). The resistance
was found to occur in the cytoplasm after virus entry but prior
to virus uncoating, most likely due to the inhibition of dephos-
phorylation of the viral nucleocapsid protein (22). To deter-
mine whether mature oligodendrocytes differentiated from the
progenitor CG-4 cells are susceptible to MHV infection, we
infected mature oligodendrocytes with MHV-JHM at an MOI
of 10. At various time points p.i., we observed the cell mor-
phology under a light microscope and determined the produc-
tion of infectious virus by plaque assay. We found that most
virus-infected cells manifested CPE, i.e., shrinkage, rounding,
and detachment from the plate (data not shown), whereas
mock-infected cells showed the normal, typical multipolar
morphology of oligodendrocytes, indicating that mature oligo-
dendrocytes are susceptible to MHYV infection. Consistent with
the observation of Beushausen et al. (3), we found that virus
titers decreased substantially and sequentially (approximately
1 log reduction per 24-h period) from 24 to 96 h p.i. (Fig. 2A).
These results demonstrate that mature oligodendrocytes do
not support productive virus replication.

To ensure that the mature oligodendrocytes were indeed
infected by MHV and that the failure of virus production was
not due to a block of virus entry, we performed a virus inter-
nalization assay. Mature oligodendrocytes were infected with
[*H]uridine-labeled virus at an MOI of 10 for 1 h at 4°C.
Unbound virus was removed, and bound virus was allowed to
penetrate following temperature shift from 4 to 37°C. Virus
that was bound to the cell surface but was not internalized into
the cell was then removed by treatment with proteinase K.
Radioactivity detected from lysates of cells that were treated
with proteinase K and extensively washed with a buffer would
be indicative of virus internalization. As shown in Fig. 2B,
significant radioactivity was detected in oligodendrocytes in-
fected with MHV-JHM at 37°C, indicating that the virus had
entered into the cell. This entry appeared to be specific, be-
cause no radioactivity was detected in lysates of cells that were
adsorbed with the radiolabeled virus at 4°C without tempera-
ture shifting to 37°C. In a parallel experiment, the radioactiv-
ities in oligodendrocyte lysates were comparable to those ob-
tained in DBT cells, which is a permissive cell line routinely
used for MHV propagation.

As an alternative approach to verify the infectious process,
we performed a one-step growth curve experiment. Cells were
infected with MHV-JHM at an MOI of 10. At various time
points p.i., cultures were collected and virus titers were deter-
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mined by plaque assay. Indeed, virus titers were reduced to 10°
PFU/ml (2 log reduction) at 2 h p.i. and maintained at a similar
level by 4 h p.i.; virus titers began to increase slightly at 4 h p.i.
and reached a plateau of 3 X 10° PFU/ml at 6 h p.i. Thereafter,
the virus titers began to drop slightly to 2 X 10° PFU/ml at 8 h
p.. (Fig. 2C). The small increase (more than 1 log,) in virus
titer following the eclipse period suggested that MHV did
replicate in this oligodendrocyte culture, albeit poorly.

Two potential scenarios might have contributed to the low
virus yield. One is that the replication of the infected virus was
very slow in this cell culture, and the other is that only a small
population of the cells supported virus replication. To distin-
guish these two possibilities, we monitored the virus gene ex-
pression by performing fluorescence staining with a MAD
against the most prominent viral N protein. If the former is the
case, we would be able to detect an overall weak staining of the
N protein; if the latter is the contributing factor, then we would
detect a few cells with strong fluorescence staining. The results
showed that less than 1% of the cells exhibited strong fluores-
cence staining, which resided within the fusion foci (Fig. 2D),
although the staining was comparatively much weaker than in
DBT cells (data not shown). These results favor the notion that
the low virus yield in the oligodendrocyte culture was likely due
to a limited number of cells that supported MHYV replication.
The identity of these fluorescent cells was not determined,
although they appeared to be undifferentiated CG-4 cells mor-
phologically (Fig. 2D). Taken together, we conclude that ma-
ture oligodendrocytes are susceptible to MHV-JHM infection
but do not support productive virus replication.

MHY infection induced apoptosis in cultured oligodendro-
cytes. Since infected oligodendrocytes exhibited CPE, which
resembles the morphology of apoptotic cells and which has not
been well documented in the literature, we were interested in
examining whether MHV infection induces apoptosis or ne-
crosis in rat mature oligodendrocytes. To address this question,
we infected the mature oligodendrocytes with MHV-JHM at
an MOI of 10 and examined the virus-infected oligodendro-
cytes every 24 h from 24 to 96 h p.i. for different biochemical
hallmarks of apoptosis. We first stained the nuclei of infected
oligodendrocytes with propidium iodide and then observed the
nuclear structure under a fluorescence microscope. As shown
in Fig. 3, infected oligodendrocytes exhibited nuclear damage
with chromatin condensation, margination, and broken nuclei
beginning at 24 h p.i. and peaking at 72 to 96 h p.i., whereas
mock-infected cells had intact nuclei throughout the 96-h pe-
riod. To provide a quantitative assessment on the extent of
apoptosis, cells were examined by flow cytometry following
staining with propidium iodide. The results showed that a small
percentage (13.7 to 20.2%) of the uninfected cells displayed a
sub-G,/G, DNA content at 24 to 96 h p.i., respectively (Fig.
3B, top row labeled Mock). In contrast, a significantly higher
percentage (23.5 to 71.2%) of MHV-infected oligodendrocytes
shifted to sub-G,/G, phase for the same time points p.i. (Fig.
3B, middle row labeled Virus). To ascertain further that these
sub-G,/G,-phase cells indeed resulted from apoptosis and not
from necrosis, we infected oligodendrocytes with MHV-JHM
at an MOI of 10 and isolated cellular DNAs at various time
points p.i. for DNA fragmentation analysis. Consistent with the
results from propidium iodide staining and flow cytometric
analysis, internucleosomal DNA fragmentation into an oligo-
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FIG. 2. MHYV replication in mature rat oligodendrocytes. (A) Characteristics of MHV replication in oligodendrocytes. CG-4 progenitor cells
were allowed to differentiate into oligodendrocytes for at least 48 h in the differentiation medium. Mature oligodendrocytes (approximately 10°
cells) were infected with MHV strain JHM at an MOI of 10. At each time point p.i. as indicated, virus titers recovered from the oligodendrocyte
cultures were determined by plaque assay in DBT cells. The results are expressed as the mean PFU per milliliter for three independent
experiments. Error bars indicate standard deviations of the means. The virus titer at 0 h p.i. denotes the virus titer for the inoculum. (B) Inter-
nalization of MHV into mature oligodendrocytes during infection. MHYV strain JHM was grown in DBT cells, and the virus genomic RNAs were
labeled with [*H]uridine as described in Materials and Methods. Radiolabeled virus was then purified through sucrose gradient ultracentrifugation
and was used for infection of oligodendrocytes. Infection of DBT cells, which are permissive for MHV infection, was used as a positive control.
Virus attachment was carried out at 4°C for 1 h. Following extensive washing of unbound viruses, one set of cell cultures was moved to 37°C for
an additional hour to allow internalization. The other set of cultures remained at 4°C for an additional hour. At the end of the second hour, bound
but uninternalized virus was removed by treatment with protease K. Cells were then lysed, and intracellular radioactivities were determined in a
liquid scintillation counter. Results are expressed as the mean counts per minute for three independent experiments. Error bars indicate standard
deviations of the means. (C) One-step growth curve. The experiment was performed as for panel A except that the virus titers were determined
at earlier time points p.i. (D) Detection of viral proteins by immunofluorescence assay. Mature oligodendrocytes were infected with MHYV strain
JHM at an MOI of 10. At approximately 24 h p.i., cells were stained with a MAD specific to MHV N protein and a second anti-mouse
immunoglobulin G antibody conjugated with FITC. Stained cells were observed under the microscope (Olympus IX-70). Images of both phase
contrast (a) and fluorescence staining (b) for the same field were taken with an attached digital camera (MagnaFire). Two specifically stained
fluorescent cells are circled. Note that other fluorescent spots are nonspecific fluorescence of cell debris.

nucleosome-length DNA ladder was evident in virus-infected
cells from 24 to 96 h p.. (Fig. 4, Virus lanes) but not in
mock-infected cells (Fig. 4, Mock lanes). It is noted that in all
of the above experiments we used virus inoculum that was
purified through sucrose-gradient ultracentrifugation and was
devoid of cultured medium. Therefore, any effect on oligoden-
drocytes observed during virus infection must be virus specific
and not the effect of soluble factors secreted from DBT cells

into the medium during virus propagation. Taken together,
these results establish that MHV infection induced apoptosis
in mature rat oligodendrocytes.

Apoptosis of cultured oligodendrocytes is triggered during
an early stage of virus infection and does not require virus
replication. To determine which specific step(s) of the virus life
cycle is responsible for the apoptosis induction, we inactivated
the virus with UV light. It is known that UV-inactivated virus
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FIG. 3. MHV-induced apoptosis of mature rat oligodendrocytes. Mature oligodendrocytes were mock infected (Mock) or infected with
MHV-JHM at an MOI of 10 (Virus) or with UV-inactivated MHV-JHM at an equivalent MOI (UV-Virus). At the indicated time points (hours)
p.i., total cells were collected and stained with propidium iodide. A portion of the stained cells was subjected to microscopic examination (A), and
the remainder was used for flow cytometric analysis (B). (A) Morphological characteristics of the nuclei of oligodendrocytes. All photographs were
taken with a digital camera (MagnaFire) attached to a fluorescence microscope (Olympus IX-70) with the same magnification. (B) Results of flow
cytometric analysis. The bar in each graph represents the sub-G,/G; population of cells (indicated as a percentage) that have the lowest intensity
of propidium iodide staining. Data are representative of at least three independent experiments.

AINN SMIYANY 1S Ad GTOZ ‘2 Ael\ uo /Bio wse IAlj/:dny woly papeojumoq


http://jvi.asm.org/

11958 LIU ET AL.

Virus UV-VI rus

48 72 96 24 48 72 96hp|.

"'mrm

lane1 2 3 4 5 6 7 8 9 10 11 12

FIG. 4. DNA fragmentation of mature rat oligodendrocytes in-
duced by MHYV infection. Mature oligodendrocytes (5 X 10° cells)
were mock infected (Mock; lanes 1 to 4) or infected with MHV-JHM
at an MOI of 10 (Virus; lanes 5 to 8) or with UV-inactivated MHV-
JHM at an equivalent MOI (UV-Virus; lanes 9 to 12). At the indicated
time points p.i., total cells (including attached and detached cells) were
collected and intracellular DNAs were isolated and analyzed by aga-
rose gel (1.5%) electrophoresis using the DNA laddering kit as de-
scribed in Materials and Methods. Data are representative of at least
three independent experiments.

M k

can still bind to the receptors of permissive cells and can be
taken up by the cell; it cannot replicate in the cell, due to
cross-linking of the viral genome. Therefore, the use of UV-
inactivated virus for infection would separate the entry from
postentry steps of the virus life cycle. Oligodendrocytes were
infected with UV-inactivated MHV-JHM at a preirradiation
MOI of 10, and apoptotic cells were determined by nuclear
staining, flow cytometric analysis, and DNA fragmentation.
Completeness of virus inactivation by UV irradiation was ver-
ified in indicator DBT cells, in which no CPE and negative-
strand RNAs were detected by microscopic observation and
reverse transcription-PCR, respectively, during the first 24 h
p.i. (data not shown). As shown in Fig. 3 and 4, UV inactivation
did not affect the apoptosis-inducing ability of the virus, as
evidenced by the three criteria (the appearance of apoptotic
bodies, increased number of sub-G,/G,-phase cells, and DNA
fragmentation) from 24 to 96 h p.i., compared with the re-
sponse in mock-infected cells (Fig. 3, compare UV-virus panels
with mock panels; Fig. 4, compare lanes 9 to 12 with lanes 1 to
4). The extent of apoptosis was indistinguishable in oligoden-
drocytes infected with UV-irradiated virus and with live virus
by the three criteria (compare virus panels with UV-virus pan-
els in Fig. 3 and compare lanes 9 to 12 with lanes 5 to 8 in Fig.
4). These results demonstrate that viral RNA synthesis and
subsequent steps in the virus life cycle are not required for the
induction of apoptosis in oligodendrocytes. We thus conclude
that oligodendrocyte apoptosis is triggered by MHYV infection
during early steps of the virus life cycle which are prior to viral
RNA synthesis.

Virus-cell fusion during entry triggers the apoptosis in cul-
tured oligodendrocytes. Since the above results identified the
early steps of the infection process in the induction of apopto-
sis, we wanted to determine further the involvement of specific
steps. The early steps of the virus life cycle include virus at-
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tachment to cell receptor, endocytosis, fusion between viral
envelope and cytoplasmic or endosomal membranes, and sep-
aration of nucleocapsid protein from the viral RNA genome.
For viruses that enter into cells via the endocytic pathway, a
common approach to block virus uncoating is to raise the pH
in the endosome by lysosomotropic agents. However, most
MHYV strains enter cells through both cell surface and endo-
somal membranes following endocytosis (33). Thus, treatment
of cells with lysosomotropic agents does not block virus infec-
tion. To circumvent this problem, we used a mutant MHV,
OBLV60, which is derived from the parental JHM strain and
which has been shown to enter cells at acidic pH. Treatment of
cells with ammonium chloride and chloroquine significantly
inhibited OBLV60 infectivity and virus-induced cell fusion
(15). Oligodendrocytes were treated with 50 mM ammonium
chloride or 25 wM chloroquine at 1 h prior to virus infection
and were infected with sucrose gradient-purified OBLV60 at
an MOI of 10. At 1 h p.i., NH,Cl or chloroquine was added to
the medium and was present throughout the 72-h period p.i.
Treated cells were then subjected to analysis of apoptosis.
Treated and mock-infected cells were used as negative controls
for determining any nonspecific effect of NH,Cl and chloro-
quine on apoptosis. As shown in Fig. 5SA, approximately 36 to
38% of the infected oligodendrocytes were in the sub-G,/G,
phase in the presence of NH,CI or chloroquine, whereas ap-
proximately 78% of the infected cells shifted to sub-G,/G,
phase in the absence of the drugs, indicating that both NH,CI
and chloroquine are capable of inhibiting MHV-OBLV60-in-
duced apoptosis. Figure 5B also shows an inhibitory effect of
NH,CI or chloroquine on DNA fragmentation induced by
OBLV60 infection. NH,CI or chloroquine by itself did not
have a significant cytotoxic effect on oligodendrocytes at these
concentrations, although the percentages of sub-G,/G, cells
were higher in treated cells than in untreated cells. As a con-
trol, a parallel experiment with wild-type MHV-JHM was per-
formed. As expected, treatment of cells with NH,Cl and chlo-
roquine did not have a significant effect on the ability of wild-
type MHV-JHM in inducing apoptosis (Fig. SA and C). As an
alternative approach to verify this finding, we used bafilomycin
Al, a specific inhibitor of the vacuolar proton pump ATPase,
which is required for acidification of the endosome. Inhibition
of the proton pump would effectively block virus-cell fusion
and uncoating via the endocytic pathway. As expected, bafilo-
mycin Al treatment inhibited the apoptosis induced by
OBLV60 but not by wild-type MHV-JHM (Fig. 5). Taken
together, these results demonstrate that fusion between viral
envelope and endosomal membranes during OBLV60 uncoat-
ing is involved in the induction of apoptosis in oligodendro-
cytes. By extrapolating these data from the mutant OBLV60,
we conclude that fusion between viral envelope and cytoplas-
mic and endosomal membranes during wild-type MHYV infec-
tion triggers the apoptotic signaling cascade in oligodendro-
cytes.

MHV-induced apoptosis in cultured oligodendrocytes is
caspase dependent. To determine whether MHV-induced ap-
optosis in oligodendrocytes is caspase dependent, we studied
the effect of the broad-range caspases inhibitor Z-VAD-fmk
on MHV-induced apoptosis. Oligodendrocytes were infected
with purified MHV-JHM at an MOI of 10. At 1 h p.i., cells
were treated with the caspase inhibitor at 80 wM, which has
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FIG. 5. Fusion between viral envelope and cell membranes during viral entry triggers a cellular apoptotic response. Mature oligodendrocytes were
treated with NH,CI (50 mM), chloroquine (25 M), or bafilomycin A1 (100 nM) as indicated at the top of each graph at 1 h prior to virus infection.
Nontreated cells (no treatment) were used as a negative control. Following the treatment, cells were infected with sucrose gradient-purified MHV mutant
OBLV60 or wild-type JHM at an MOI of 10. Mock-infected (Mock) cells were used for comparison and for determining the effects of the drugs on cell
viability. At 72 h p.i., total cells (including attached and detached cells) were collected. One set of the cells was stained with propidium iodide and was
subjected to flow cytometric analysis (A), and the other set was used for DNA fragmentation analysis (B and C). (A) Results of flow cytometric analysis.
The bar in each graph represents the sub-G,/G, population of cells (indicated as a percentage) that have the lowest intensity of propidium iodide staining.
(B and C) DNA fragmentation analysis. Intracellular DNAs were isolated and analyzed by agarose gel (1.5%) electrophoresis using the DNA laddering
kit as described in Materials and Methods. —, mock-infected cells; +, cells infected with OBLV60 (B) or with wild-type JHM (C). M, phiX DNA
molecular weight marker. Data are representative of at least three independent experiments.
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FIG. 6. MHV-induced oligodendrocyte apoptosis is caspase dependent. Mature oligodendrocytes were infected with MHV-JHM at an MOI of
10 or mock infected as a control. At 1 h p.i., cells were treated with the pan-caspase inhibitor Z-VAD-fmk (80 wM) or went without treatment.
At 72 h p.i., total cells (including attached and detached cells) were collected. One set of the cells was stained with propidium iodide and subjected
to flow cytometric analysis (A), and the other set was used for DNA fragmentation analysis (B). (A) Results of flow cytometric analysis. The bar
in each graph represents the sub-G,/G, population of cells (indicated as a percentage) that have the lowest intensity of propidium iodide (PI)
staining. (B) DNA fragmentation analysis. Intracellular DNAs were isolated and analyzed by agarose gel (1.5%) electrophoresis using the DNA
laddering kit as described in Materials and Methods. Data are representative of at least three independent experiments.

been shown to inhibit caspases completely in cultured mam-
malian cells (40) and which did not exhibit a toxic effect on
oligodendrocytes as demonstrated in a cell viability assay (data
not shown). At 72 h p.i,, cells were stained with propidium
iodide and subjected to flow cytometric analysis; cellular DNAs
were isolated and used for DNA fragmentation analysis. As
shown in Fig. 6A, a substantial number of infected cells
(69.4%) were in sub-G,/G, phase in the absence of the caspase
inhibitor. In contrast, only 24.7% of the infected cells remained
in sub-G,/G, phase in the presence of the inhibitor, which was
similar to the result in uninfected cells (18.3% in sub-G,/G,
phase). An inhibitory effect of the pan-caspase inhibitor on
MHV-induced DNA fragmentation was also evident (Fig. 6B).
Thus, MHV-induced apoptosis is caspase dependent.

DISCUSSION

A recent study has shown that MHV strain A59 induced
CNS demyelination in RAG1 knockout mice, B-cell-deficient
mice, and in mice that lack complement activity, suggesting
that neither T cells nor B cells are required for CNS demyeli-
nation in mice infected with MHV-AS59 (29, 30). This finding
led us to hypothesize that MHV-induced acute demyelination
may result from direct viral killing of oligodendrocytes and/or
indirect destruction by inflammatory molecules secreted from
CNS resident and infiltrated cells. While apoptotic oligoden-
drocytes have been identified in sections of brains and spinal
cords of rats and mice infected with neurotropic MHYV strains
JHM and A59 (2, 39, 48), to date there is no direct evidence
showing that MHV can directly induce oligodendrocyte apo-
ptosis. This question cannot be unequivocally addressed in vivo

(in animals) because of the complexity of the CNS and the
presence of the host immune system. In the present study, we
have addressed this question by establishing an in vitro cell
culture system that is devoid of the host immune response. We
showed that, under defined culture conditions, CG-4 progen-
itor cells differentiate into oligodendrocytes that resemble pri-
mary oligodendrocytes morphologically and phenotypically
(28) (Fig. 1). Using these in vitro-differentiated oligodendro-
cytes, we were able to demonstrate that mature oligodendro-
cytes are susceptible to MHV infection as evidenced by the
internalization of radiolabeled virions into the cells (Fig. 2B).
However, mature oligodendrocytes do not support productive
viral replication, since infectious virus titers decreased contin-
uously from days 1 to 4 p.. (Fig. 2). These results are in
agreement with those obtained from MHV-JHM-infected, pri-
mary rat oligodendrocytes (36). Dales and coworkers have
shown that primary rat oligodendrocytes are susceptible to
MHV-JHM infection only for a short period of time during
differentiation; once fully differentiated, they become resistant
to MHYV infection, suggesting that the susceptibility of oligo-
dendrocytes to MHYV infection is developmentally controlled
(36). Subsequently, they found that the expression of the R1
subunit of protein kinase 1 is upregulated following treatment
of progenitor cells with cyclic AMP, an inducer of oligoden-
drocyte maturation; overexpression of R1 inhibits an endoso-
mal phosphoprotein phosphatase activity, which correlates
with an inhibition of the dephosphorylation of viral nucleocap-
sid protein as well as viral production (22). Further, transfec-
tion of viral genomic RNA into mature oligodendrocytes al-
lows viral production. It has been thus suggested that the
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resistance of mature oligodendrocytes to MHYV infection is
restricted at the uncoating stage following viral entry (22). Our
results from the virus plaque assay and internalization assay
are consistent with this interpretation.

In addition, we detected viral antigens in less than 1% of the
cells in the mature oligodendrocyte culture when using a spe-
cific antibody to the viral N protein in an immunofluorescence
assay, even though all cells were presumably infected with the
virus (at an MOI of 10 [Fig. 2D]). This suggests that the few
virus replicating cells are either undifferentiated progenitor
cells or differentiated astrocytes, which is consistent with the
findings that less than 2% of the CG-4 progenitor cells did not
become mature oligodendrocytes after differentiation (Fig. 1
and reference 28), although their identity was not determined
directly. These results support the conclusion that mature oli-
godendrocytes do not support productive virus replication.
However, this conclusion does not rule out the possibility that
these mature oligodendrocytes can support low-level, nonpro-
ductive virus replication or become persistently infected with
MHYV, which could be below the limit of the immunofluores-
cence detection. Such a possibility remains to be further ex-
amined. Nevertheless, our finding that only a small percentage
of the cells in a given oligodendrocyte culture support produc-
tive viral replication may explain why the virus titer was in-
creased slightly (=1 log,, PFU/ml) following the eclipse period
and why a small number of infectious viruses (=2 log,, PFU/
ml) were consistently recovered from the culture by day 4 p.i.

Despite the finding that mature oligodendrocytes do not
support productive MHV replication (Fig. 2), apoptosis is
readily detected in oligodendrocytes as early as 24 h p.i. Using
nucleic acid staining, flow cytometry, and DNA fragmentation
analysis, we have unequivocally established in vitro that MHV
infection can directly induce apoptosis in mature rat oligoden-
drocytes in the absence of other CNS cells and host immune
cells (Fig. 3 and 4). Of note, because the viral inoculum is
purified via sucrose gradient ultracentrifugation and is devoid
of any soluble factors that might be secreted from cells during
viral propagation, the observed apoptotic effect must be me-
diated directly by the viral inoculum. To provide evidence in
support of this conclusion, we tested the possibility that any
soluble factors that are secreted from virus-infected oligoden-
drocytes might act upon oligodendrocytes to induce apoptosis
secondarily. Mature oligodendrocytes were infected with puri-
fied MHV. At 24 h p.., culture medium was collected and
clarified to deplete existing virions by ultracentrifugation. The
supernatant was then added to the fresh, mature oligodendro-
cyte culture. If the supernatant contains apoptotic inducers,
then incubation with the supernatant would result in oligoden-
drocyte apoptosis. As expected, neither the number of apopto-
tic cells nor DNA fragmentation was detectably increased in
oligodendrocytes cultured with the virus-infected supernatant
compared with results in oligodendrocytes cultured with nor-
mal medium from days 1 to 4 p.i. (data not shown). Thus,
oligodendrocyte apoptosis is the direct result of MHV infec-
tion.

In the present study, we have shown that oligodendrocyte
apoptosis is mediated by virus entry into cells and does not
require virus replication, as demonstrated by the ability of
inducing apoptosis by UV-inactivated virus. Furthermore,
treatment of oligodendrocytes with the lysosomotropic agents
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ammonium chloride and chloroquine as well as bafilomycin A1l
(an inhibitor of the vacuolar proton pump ATPase), all of
which block the acidification of the endosome and conse-
quently the fusion between endosomal membranes and the
viral envelope, also prevented OBLV60-induced apoptosis
(Fig. 5). These results strongly suggest that virion attachment
to the cell receptor, the first step in initiating virus infection, is
not sufficient, though it is necessary, for apoptosis induction;
instead, the fusion process (between viral envelope and cell
membrane), an obligate uncoating step of the viral infectious
cycle subsequent to virus attachment, triggers the apoptotic
cascade. How MHV-cell fusion induces apoptosis remains an
interesting subject for future study. Our results suggest that the
viral spike glycoprotein is likely responsible for triggering the
cellular apoptotic response during fusion with cell membranes.
Alternatively, the M and E proteins in the viral envelope may
also participate in the signaling event. Overexpression of the E
protein by a recombinant vaccinia virus results in apoptosis of
DBT cells (1). A number of viruses, including avian leukosis
virus (4), bovine herpesvirus 1 (16), vaccinia virus (37), reovi-
rus (43), and Sindbis virus (21), have been shown to be capable
of inducing apoptosis in the absence of virus replication, al-
though the mechanisms by which these viruses cause apoptotic
cell death have not been definitely determined. For reovirus, a
nonenveloped RNA virus, apoptosis is mediated by virion dis-
assembly in the endosome, since treatment of cells with am-
monium chloride, which blocks virion disassembly into the
infectious subviral particle in the endosome, completely inhib-
its reovirus-induced apoptosis (7). Moreover, it appears that
reovirus receptors do not initiate the signaling events that
induce apoptosis from the cell surface, although viral attach-
ment to the receptors is required for the endocytosis and ap-
optotic induction (7). Similarly, for the enveloped Sindbis vi-
rus, apoptosis is triggered by events that occur during cell entry
subsequent to attachment (20, 21). Inhibitors of endosomal
acidification, which block Sindbis virus fusion with endosomal
membranes, also block virus-induced apoptosis (21). Further,
interaction of Sindbis virus glycoproteins E1 and E2 with en-
dosomal membranes results in activation of sphingomyelinases
and the subsequent accumulation of ceramide, which has been
postulated to mediate the apoptotic response following Sindbis
virus infection (20). These findings indicate that the initiation
of Sindbis virus-induced apoptosis is triggered by fusion of the
viral envelope with endosomal membranes. Whether MHV-
induced oligodendrocyte apoptosis is also mediated by the viral
fusogenic envelope S protein and/or other envelope proteins
through the activation of sphingomyelinase and ceramides dur-
ing fusion of viral envelope with cell membranes, as shown in
Sindbis virus-induced apoptosis, remains to be seen.

Our present finding that MHV induces apoptosis in oligo-
dendrocytes raises the possibility that apoptosis is one of the
mechanisms of MHV-induced CNS demyelination seen in an-
imals. In support of this hypothesis is the observation that
apoptotic oligodendrocytes are found in the vicinity of demy-
elinating lesions in rats and mice infected with MHV strains (2,
39, 48), although it has been reported that the distribution of
apoptotic cells correlated with macrophage infiltration rather
than apoptosis (48). Based on the results presented here and
previous data from others, the following model regarding the
pathogenesis of MHV-induced CNS demyelination is pro-
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posed. During acute and persistent infection, MHV directly
attacks oligodendrocytes and triggers a cellular apoptotic re-
sponse at the site of fusion between the viral envelope and cell
membranes during virus entry into cells. Once the virus has
entered the cells, it does not undergo replication due to a block
in uncoating. Such “suicide bombing” by the virus results in
destruction of oligodendrocytes and consequently elimination
of infectious virus. This may explain why little or no colabeling
of terminal deoxynucleotidyltransferase-mediated dUTP-bi-
otin nick end labeling-positive and virus antigen-positive oli-
godendrocytes is found in the demyelinating lesions of the
brain and spinal cord of MHV-infected mice (39, 48). Conse-
quently, the demyelinating lesions are focal and localized due
to the inability of virus production and spread from primary
infected oligodendrocytes. These lesions may or may not be
recognized in CNS sections under microscopic observation.
Massive demyelination likely requires secondary attacks by the
virus and/or by molecules that are secreted from virus-infected
resident CNS cells or cells of the immune system that have
infiltrated into the CNS during the course of infection.

In conclusion, our results unequivocally demonstrate for the
first time that MHV directly kills oligodendrocytes by inducing
apoptosis. Moreover, the apoptosis is mediated by fusion of the
viral envelope with cell membranes subsequent to virus attach-
ment through caspase-dependent pathways and does not re-
quire virus replication.
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