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Reovirus serotype 3 strains infect neurons within specific regions of the neonatal mouse brain and produce
a lethal meningoencephalitis. Viral replication and pathology colocalize and have a predilection for the cortex,
hippocampus, and thalamus. We have shown previously that infection of cultured fibroblasts and epithelial
cells with reovirus type 3 Dearing (T3D) and other type 3 reovirus strains results in apoptotic cell death,
suggesting that apoptosis is a mechanism of cell death in vivo. We now report that T3D induces apoptosis in
infected mouse brain tissue. To determine whether reovirus induces apoptosis in neural tissues, newborn mice
were inoculated intracerebrally with T3D, and at various times after inoculation, brain tissue was assayed for
viral antigen by immunostaining and apoptosis was identified by DNA oligonucleosomal laddering and in situ
terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling. Cells were also stained with cresyl
violet to detect morphological changes characteristic of apoptosis, including chromatin condensation and cell
shrinkage. DNA laddering was detected in T3D- but not in mock-infected brain tissue. Apoptotic cells were
restricted to the same regions of the brain in which infected cells and tissue damage were observed. These
findings suggest that virus-induced apoptosis is a mechanism of cell death, tissue injury, and mortality in
reovirus-infected mice. The correlation between apoptosis and pathogenesis in vivo identifies apoptosis as a
potential target for molecular and pharmacological strategies designed to curtail or prevent diseases resulting
from induction of this cell death pathway.

Apoptosis is a distinct mechanism of cell death which can be
induced by a variety of internal and external stimuli (10). This
process serves primarily to eliminate cells during normal de-
velopment and immune cell selection as well as cells that have
sustained genetic damage. Apoptotic cells are characterized by
specific changes in cell morphology, including cytoplasmic
shrinkage, chromatin condensation, and eventually fission into
multiple, membrane-bound apoptotic bodies (reviewed in ref-
erence 27). DNA isolated from apoptotic cells is often frag-
mented into oligonucleosomes (fragment length multiples of
180 to 200 bp), resulting from cleavages at internucleosomal
regions by an endogenous endonuclease. Since apoptotic cells
remain membrane bound and are generally phagocytosed by
resident macrophages, apoptosis is seldom associated with an
inflammatory response. In contrast, necrotic cell death, which
occurs in response to acute cellular damage, is characterized by
cellular alterations that differ from those characteristic of ap-
optosis, including cell swelling, random degradation of chro-
matin, and eventually cell lysis (16). The release of intracellular
constituents as a result of membrane breakdown usually elicits
an inflammatory response.
Numerous viruses have been shown to induce apoptosis in

cultured cells (24, 28), and a correlation between infection and
induction of apoptosis in vivo has been demonstrated for a
subset of these viruses, including influenza virus (18), measles
virus (1), Sindbis virus (13), human immunodeficiency virus

(HIV) (4, 23), Theiler’s murine encephalomyelitis virus (29),
and La Crosse virus (22). However, the role of apoptosis in
viral pathogenesis in vivo has not been clearly established. For
viral infections which lead to the death of nonrenewable cells,
like neurons, an understanding of the mechanism of cell death
is especially critical.
Reovirus infection of neonatal mice has served as a useful

model system for the study of many aspects of viral pathogen-
esis, including spread within the host, cell tropism, and viru-
lence (reviewed in reference 31). Strain-specific differences in
pathogenesis and the segmented nature of the reovirus ge-
nome have allowed identification of the functions of individual
gene products at distinct stages of the virus-host interaction.
The central nervous system (CNS) tropism and neurovirulence
of reoviruses are determined by the viral S1 and M2 genes
which encode outer capsid proteins involved in cell attachment
and entry (8, 11, 14, 20, 36, 37). Reovirus strain T3 Dearing
(T3D) primarily infects neurons within the cortex, thalamus,
and hippocampus, and infected animals succumb to a lethal
encephalitis. Pathological examination of brain tissue obtained
from T3D-infected mice shows focal areas of neuronal destruc-
tion in the absence of a significant early inflammatory response
(31).
We have shown previously that reovirus induces apoptosis in

cultured fibroblasts (32, 33) and epithelial cells (25), and that
this capacity is determined primarily by the S1 gene. In this
study, we used strain T3D to determine whether reovirus in-
duces apoptosis in the mouse CNS. In situ assays for apoptosis
and viral antigens were used to determine whether apoptosis
was associated with viral infection and pathology. Our results
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indicate that virus-induced apoptosis is an important compo-
nent of reovirus-induced tissue injury in the CNS.

MATERIALS AND METHODS

Cells and virus. Mouse L929 fibroblasts (L cells) (ATCC CCL1) were pas-
saged in spinner culture by adjusting the cell concentration daily to 5 3 105

cells/ml by dilution with Joklik’s modified Eagle minimum essential medium
supplemented to contain 5% heat-inactivated fetal bovine serum and 2 mM
L-glutamine (Gibco/BRL). Reovirus strain T3D is a laboratory stock which was
plaque purified and passaged in L cells to generate working stocks as previously
described (30).
Animals. One-day-old Swiss Webster mice [Tac:(SW)fBR; Taconic, German-

town, N.Y.] received inoculations intracerebrally (i.c.) into the right hemisphere
with a Hamilton syringe and a 30-gauge needle. The inoculum consisted of either
gel saline (mock infection) (35) or 104 PFU of reovirus T3D in gel saline in a
volume of 10 ml. Animals were euthanized at 1, 3, 6, and 8 days postinfection
(dpi), and brain tissue was removed. For determining viral titer and detection of
DNA laddering, brain tissue was divided into halves along the midcoronal line.
One half was placed in gel saline and stored at2808C for viral titration; the other
half was placed in Tris-EDTA (TE) buffer (10 mM Tris [pH 8.0], 1 mM EDTA)
at2208C for extraction of DNA. For histopathologic staining, whole brains were
fixed by immersion in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2)
at 48C for 2 to 4 days, dehydrated, cut in half along the midcoronal line, em-
bedded in paraffin, and sectioned.
Mice were maintained in an American Association for the Accreditation of

Laboratory Animal Care-approved facility in accordance with National Institutes
of Health-Centers for Disease Control and Prevention animal biosafety level-2
practices. Protocols for animal experiments were approved by the Animal Stud-
ies Subcommittee of the Denver Veterans Administration Medical Center and
the Animal Care and Use Committee of the University of Colorado Health
Sciences Center.
Determination of viral titer. Brain tissue in gel saline was sonicated briefly with

a microtip probe (Ultrasonic XL sonicator) at setting 3 to homogenize tissue.
Serial 10-fold dilutions were made in gel saline prior to inoculation of L-cell
monolayers in six-well plates (106 cells per well). Duplicate wells for each of
three dilutions were inoculated, and plaque assays were performed as described
previously (35). The growth curve was generated using SlideWrite Plus for
Windows (Advanced Graphics Software, Inc. Carlsbad, Calif.), which utilizes the
least-squares regression method.
Detection of oligonucleosomal laddering. Brain tissue was homogenized in 10

volumes of TE buffer with a microcentrifuge tube pestle. EDTA was added to a
final concentration of 10 mM, and Triton X-100 was added to a final concen-
tration of 0.5%. Samples were vortexed, and low-molecular-weight DNA was
isolated by centrifugation at 13,000 3 g for 10 min at room temperature. Super-
natants, which contained low-molecular-weight DNA, were collected and incu-
bated overnight at 378C in the presence of 0.5% sodium dodecyl sulfate and 0.1
mg of proteinase K (Boehringer Mannheim) per ml. DNA was isolated by
phenol-chloroform extraction and precipitation with 95% ethanol. Purified DNA
(10 mg per lane) was resolved by electrophoresis in a 1.5% agarose gel, trans-
ferred to a nylon membrane, and visualized by hybridization with a 32P-labeled,
nick-translated L-cell genomic DNA probe, as described previously (33).
Detection of fragmented DNA in situ. Terminal deoxynucleotidyl transferase

(TdT)-mediated dUTP-biotin nick end-labeling (TUNEL) was used to detect
cells containing fragmented DNA in 10-mM sections from mock- and T3D-
infected mouse brains (6). Tissue sections were deparaffinized, rehydrated, and
digested with 5 mg of proteinase K (Boehringer Mannheim) per ml in 10 mM Tris
(pH 7.5)–2 mM CaCl2 for 30 min at 378C. After two 5-min washes in phosphate-
buffered saline (PBS), sections were incubated with 0.3% H2O2 in PBS for 15
min at room temperature to inactivate endogenous peroxidase. Sections were
washed twice with water and rinsed once with TdT buffer (30 mM Tris [pH 7.2],
140 mM sodium cacodylate, and 1 mM cobalt chloride). Tissue sections were
covered with 75 ml of the labeling mixture (50 nmol of biotin-16-dUTP [Boehr-
inger Mannheim] per ml and 500 to 750 U of TdT [Bethesda Research Labo-
ratories] per ml in TdT buffer [supplied with TdT]), and incubated under a
coverslip in a humidified chamber for 1 h at 378C. The reaction was terminated
by washing the sections with 43 SSC (13 SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) for 15 min at room temperature. Sections were then rinsed with
water and incubated with 2% bovine serum albumin (Sigma) for 10 min at room
temperature. After two 5-min washes in PBS, sections were incubated with the
avidin-biotin complex in PBS (Vectastain Elite-ABC kit; Vector Laboratories)
for 1 h at room temperature. After three 10-min washes in PBS, sections were
stained by incubating for 1 to 3 min with the chromagen 3,39-diaminobenzidine
(DAB) (DAB substrate kit; Vector), resulting in the appearance of a reddish
brown precipitate in positively stained nuclei.
Detection of viral antigens. Reovirus antigens were detected by immunocyto-

chemistry with a rabbit polyclonal anti-T3D antiserum (35). Sections were depar-
affinized, rehydrated, digested with proteinase K to enhance antigenicity, and
treated with H2O2 as described above for the TUNEL assay. Alternatively, slides
which had been assayed by TUNEL were stained for reovirus antigens after
washing off the mounting solution. Following several PBS washes, sections were
incubated in a blocking solution (0.2% Triton X-100, 2% normal rabbit serum,

and 1% bovine serum albumin in PBS) for at least 30 min at room temperature.
Sections were incubated with a 1:200 dilution of the primary antibody in the
blocking solution overnight at 48C. After three 10-min washes with PBS, sections
were incubated with either a 1:50 dilution of fluorescein isothiocyanate (FITC)-
or a 1:200 dilution of biotin-conjugated goat anti-rabbit serum in blocking solu-
tion for 1 h at 378C. After three 10-min washes with PBS, sections incubated with
the FITC-conjugated secondary antiserum were mounted with Aqua-Poly/Mount
and viewed by epifluorescence microscopy (Nikon Labophot-2) using a fluores-
cein filter (B-2A). Sections incubated with the biotinylated secondary antiserum
were incubated with the avidin-biotin complex and stained with DAB, as de-
scribed for the TUNEL assay.
Cresyl violet staining. Sections were deparaffinized, rehydrated, and then

stained with 0.5% cresyl violet (2), mounted with DPX (Aldrich), and viewed by
light microscopy. Cresyl violet is a nucleic acid stain which, like Hoechst and
DAPI (49,6-diamidino-2-phenylindole), facilitates identification of chromatin
and other cellular morphological changes associated with apoptosis.

RESULTS

Reovirus induces apoptosis in infected mouse brain. To
determine whether reovirus induces apoptosis in vivo, newborn
mice were inoculated i.c. with strain T3D and brain tissue was
collected 1, 3, 6, and 8 to 9 dpi. DNA was extracted from T3D-
and mock-infected brains and analyzed by agarose gel electro-
phoresis and Southern blot hybridization. Fragmentation of
cellular DNA into oligonucleosome-length ladders was ob-
served in tissue samples prepared from T3D- but not mock-
infected mice 8 to 9 dpi (Fig. 1A). Faint DNA laddering was
detected at earlier time points but did not differ significantly in
brain tissue taken from T3D- and mock-infected mice (data
not shown). Laddering at these earlier time points most likely
represents the normal apoptosis of cells which occurs during
development of the mouse CNS (9, 21), since no laddering was
detected at the later time point in mock-infected brain (8 to 9
dpi). These results indicate that reovirus T3D induces apopto-
sis in the mouse CNS. To determine whether induction of
apoptosis correlated with viral growth, the viral titer in brain
tissue was determined by plaque assay at 1, 3, 6, and 8 to 9 dpi.
The titer increased at each time point and reached a peak of
109 PFU/g at 8 to 9 dpi, at which time the mice were moribund

FIG. 1. (A) Autoradiograph of Southern blot hybridization of low-molecu-
lar-weight cellular DNA (10 mg/lane) extracted from T3D (lane 1)- or mock (lane
2)-infected mouse brains at 8 to 9 dpi. DNA was resolved by agarose gel elec-
trophoresis, transferred to a nylon membrane, and hybridized with a 32P-labeled,
nick-translated, L-cell genomic DNA probe. (B) Growth of reovirus T3D in brain
tissue. One-day-old Swiss Webster mice were inoculated i.c. with 104 PFU of
T3D. Brain tissue was collected at 1, 3, 6, and 8 dpi. Virus titers in homogenized
tissue were determined by plaque assay. The results are presented as the mean
viral yields, with error bars indicating standard errors of the mean.
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(Fig. 1B). The growth curve was generated by using a second
order polynomial equation with the formula y 5 5.02 1
1.11x 2 0.059x2. The r value, which is an indication of how well
the curve fits the data, is 0.98433 (r2 5 96.89). These experi-
ments demonstrate that detection of apoptosis by oligonucleo-
somal laddering coincided with maximal viral growth.
Viral replication, apoptosis, and tissue damage are restrict-

ed to distinct regions within the neonatal mouse brain. To
determine whether apoptosis occurs within the same regions of
the brain as reovirus replication and tissue injury, brain tissue
sections from T3D-infected mice were either stained with
cresyl violet to detect morphological evidence of apoptosis or
double-stained for reovirus antigens and fragmented DNA to
detect infected and apoptotic cells, respectively, at 3, 6, and 8
dpi. Reovirus antigens were detected by immunocytochemis-
try, and fragmented DNA was detected by the TUNEL assay.
TUNEL results in labeling of the available 39OH ends of DNA
frequently generated during apoptosis by endonuclease-medi-
ated fragmentation. In addition, TUNEL facilitates identifi-
cation of fragmented DNA which is also condensed, a promi-
nent morphological feature of apoptosis. At 3 dpi, only a few
TUNEL- and reovirus antigen-positive cells were detected in
the thalamus, and pathologic injury was minimal. By 6 dpi,
tissue damage within the cingulate gyrus and thalamus was
extensive, and significant pathologic injury was observed in
cortical layer V and throughout the hippocampus, including
CA1 to CA3 and the dentate gyrus (Fig. 2A). Large numbers
of antigen-positive and apoptotic cells were concentrated ex-
clusively in these same regions, and there was no inflammation
(Fig. 2B to G). At 8 dpi, there were increased numbers of reo-
virus antigen-positive and apoptotic cells in these same regions
in conjunction with extensive tissue damage. Although we
could often distinguish individual, labeled cells, this was not
possible in many cases, making it impossible to accurately quan-
titate reovirus antigen-positive, TUNEL-positive, and doubly
labeled cells. However, marked regional differences in the ratio
of TUNEL- to reovirus antigen-positive signals could be ob-
served. For example, it appeared that significantly more cells in
the cingulate gyrus were TUNEL-positive than were antigen-
positive as compared to those in the hippocampus, based on
the relative amount of each signal present.
Many of the reovirus antigen-positive cells in these sections

could be identified as neurons by morphological criteria, in-
cluding prominent immunostaining of axonal and dendritic
processes which contained large amounts of reovirus antigens
(Fig. 2A, C, and E). Neither reovirus antigen-positive nor
apoptotic cells were observed in white matter tracts, regions
which do not contain neurons. These observations are consis-
tent with the characteristic neuronal tropism of the T3D strain.
Moreover, the early appearance in the mouse brain of reovirus
antigen in the thalamic nuclei and the later appearance in the
cingulate gyrus and cortical layer V suggest that the virus
spread within the brain via neural pathways.
These data show that reovirus replication in distinct regions

of infected mouse brain correlated with increasing numbers of
apoptotic cells and tissue damage. Maximal numbers of reovi-
rus antigen-positive cells and apoptotic cells and maximal lev-
els of tissue damage were detected at 8 dpi, the same time
point at which oligonucleosomal laddering was detected (Fig.
1A) and mice were moribund. The colocalization and parallel
temporal development of viral antigen, apoptotic cells, and
pathologic injury strongly suggest that apoptosis is a major
mechanism of cell loss and tissue injury which ultimately leads
to the death of T3D-infected mice.
Tissue injury and apoptosis in T3D-infected and mock-in-

fected CNSs. To compare tissue damage and apoptosis in as-

sociation with T3D and mock infections, sections obtained
from T3D- and mock-infected mice at 3, 6, and 8 dpi were
analyzed by (i) immunostaining for reovirus antigens, (ii)
TUNEL, and (iii) cresyl violet staining. Figure 3 shows regions
from the cingulate gyrus obtained from T3D- and mock-in-
fected mice at 6 or 8 dpi. The findings for hippocampal and
cortical regions were identical to the findings described for the
cingulate gyrus (data not shown). At 3 dpi, TUNEL-positive
cells were detected in brain sections obtained from both T3D-
and mock-infected mice (data not shown). The majority of
TUNEL-positive cells were observed in the cortical subplate
which is involuting at this developmental stage. Rare TUNEL-
positive cells were detected in brain tissue sections obtained
from mock-infected mice at 6 or 8 dpi, and most of them were
confined to the cortical subplate region (data not shown).
None of the sections from mock-infected mice contained reo-
virus antigen-positive cells or evidence of tissue damage (Fig.
3B, D, and F). In contrast, sections from T3D-infected mice
contained numerous reovirus antigen- and TUNEL-positive
cells within the cingulate gyrus (Fig. 3A and C), hippocampus,
and thalamus. Cresyl violet staining showed that there was also
extensive tissue damage and altered cellular morphology con-
sistent with apoptosis (cytoplasmic shrinkage and chromatin
condensation) in these same regions (Fig. 3E).
Reovirus antigen and TUNEL rarely colocalize within the

same cell. To determine whether apoptotic cells contained
reovirus antigens, brain tissue sections from T3D-infected
mice were assayed simultaneously for the presence of reovirus
antigens by immunofluorescence and for apoptosis by TUNEL.
In all infected regions, a mixture of doubly and singly labeled
cells was observed (Fig. 4). Some cells contained both reovirus
antigens and fragmented DNA, but it was often difficult to
distinguish colabeling when single cells had appeared to shrink
(Fig. 4A) and break into apoptotic bodies (Fig. 4B). Many cells
were labeled for either reovirus antigens or fragmented DNA
but not both (Fig. 4C and D). These results suggest that apo-
ptosis in reovirus-infected regions of the brain occurs in both
productively infected and uninfected cells.

DISCUSSION

Reovirus strain T3D infects neurons within the cortex, thal-
amus, and hippocampus of neonatal mice, resulting in neuro-
nal cell death and lethal meningoencephalitis. In this study, we
show a striking correlation between reovirus infection and in-
duction of apoptosis which suggests reovirus-induced apoptosis
is a major mechanism of cell death, tissue injury, and mortality
in infected animals.
Our findings suggest that reovirus induces apoptosis of both

reovirus antigen-positive and reovirus antigen-negative cells.
However, the relative number of apparently infected and un-
infected apoptotic cells was impossible to ascertain accurately.
It was often difficult to associate TUNEL and/or reovirus an-
tigen signals with individual cells because the cell bodies were
not distinguishable (Fig. 4). There are several possible expla-
nations for our observations. Many TUNEL-positive, reovirus
antigen-negative cells had undergone extensive cytoplasmic
shrinkage, which may have precluded the detection of antigen.
Additionally, proteolysis of cytoplasmic proteins, which occurs
during apoptosis, may have altered or degraded antigenic sites
beyond recognition (15). Since reovirus replicates exclusively
in the cytoplasm, these events could result in an underestima-
tion of the number of reovirus antigen-positive cells undergo-
ing apoptosis. TUNEL-positive, reovirus antigen-negative cells
could also result from the apoptotic death of an uninfected
neuron which has lost trophic support from a connecting cell
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FIG. 2. (A) Schematic representation of a coronal section of mouse brain (modified from reference 21a, with permission from Academic Press), in which we have shaded
areas of reovirus-infected and apoptotic cells, and tissue damage, 6 days after i.c. inoculation with T3D. Abbreviations: CG, cingulate gyrus; DG, dentate gyrus; and T, thalamus.
(B to G) Reovirus antigen (B, D, and F)- and TUNEL (C, E, and G)-positive cells at 6 dpi within the cortex (B and C), the dentate gyrus (D and E), and the thalamus (F
and G). Positive immunostaining for reovirus antigens appears as a dark precipitate in the cytoplasm, including neuronal processes. TUNEL-positive cells contain a dark
precipitate in the nucleus. Original magnification, 325.
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which has been eliminated by cell death due to reovirus in-
fection. TUNEL-negative, reovirus antigen-positive cells may
represent cells which are infected but have not yet become
apoptotic or reached the stage of DNA fragmentation. Our ob-
servation that the number of reovirus antigen-positive cells ap-
pears to be significantly greater than the number of TUNEL-
positive cells in some regions, like the hippocampus, suggests
that cells may differ in their susceptibility to apoptosis. Neu-
rons located in different regions of the brain may be more
refractory to induction of apoptosis in general or by specific
stimuli, due to variations in metabolic or developmental state
or microenvironmental factors (7, 19).
Both direct and indirect mechanisms of apoptosis induction

have been reported in studies of other viral infections. For
example, HIV-induced apoptosis in lymph nodes appears to
occur in uninfected bystander cells which are in close proximity
to infected cells (4). Conversely, in Sindbis virus infection of
mouse brain tissue the majority of apoptotic cells appear to be
infected (13). Our findings suggest that tissue damage associ-
ated with reovirus infection results from induction of apoptosis
by a combination of direct and indirect mechanisms. However,
it is also possible that reovirus induces apoptosis of infected
cells directly, but because of the putative difficulties in cola-

beling reovirus-infected, apoptotic cells and the unknown time
frame between infection and detection of apoptosis, cells
which are either reovirus antigen positive or TUNEL positive
are detected more frequently than doubly labeled cells.
We have shown previously that reovirus induces apoptosis

and inhibits host cell DNA synthesis in cultured fibroblasts (32,
33) and that strain-specific differences in both capacities are
determined by the S1 gene, which encodes the viral attachment
protein, s1 (11, 37). UV-inactivated, replication-incompetent
reovirus also induces apoptosis in cultured fibroblasts, suggest-
ing strongly that early events in reovirus replication are suffi-
cient for induction of apoptosis. However, the amount of input
virus required is substantially greater than that required when
replication-competent virus is used, suggesting that induction
of apoptosis requires more virus than is required to initiate
productive infection. Thus, completion of the replication cycle
after infection initiated at low multiplicities of infection may be
necessary only as a means of increasing the number of viral
particles to a level sufficient for induction of apoptosis.
Gaulton and Greene showed that inhibition of DNA synthesis
in neuroblastoma cells could be mediated by an anti-reovirus
type 3 receptor monoclonal antibody (5), a finding that sup-
ports the idea that s1-mediated binding of reovirus to cell

FIG. 3. Immunostaining for reovirus antigens in T3D (A)- and mock (B)-infected cingulate gyrus at 6 dpi; TUNEL assay on sections from T3D (C)- and mock
(D)-infected cingulate gyrus at 6 dpi; cresyl violet staining of T3D (E)- and mock (F)-infected thalamus at 8 dpi. Original magnification for panels A to D,325; originial
magnification for panels (E and F), 3100.
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surface receptors can have profound effects on the cell in the
absence of viral replication. DNA synthesis inhibition medi-
ated by the anti-idiotypic, antireceptor antibody required a
critical threshold of signal resulting from either binding of a
critical number of antibody molecules or the simultaneous
engagement of multiple receptors. Binding of either the anti-
idiotypic, antireceptor antibody or reovirus to receptors on
R1.1 T lymphocytes was shown to activate receptor tyrosine
kinase activity in addition to inhibiting cellular proliferation
(26).
These in vitro findings suggest that the binding of reovirus to

cell surface receptors via s1 is sufficient for reovirus-mediated
DNA synthesis inhibition and perhaps induction of apoptosis.
They also suggest a mechanism for reovirus-induced apoptosis
of uninfected, bystander cells in infected brain tissue in which
large amounts of virus released from a productively infected
cell induce apoptosis of neighboring cells as the result of the
binding of a sufficiently large number of virus particles. In this
model, apoptosis is induced in the presence of virus particles
before productive infection occurs. Therefore, cells may be
TUNEL-positive but the amount of viral antigen may be inad-
equate for detection by conventional immunohistochemical
methods. A similar indirect mechanism has been suggested to
occur during HIV infection, in which induction of apoptosis
appears to occur primarily in uninfected, bystander cells in
close proximity to infected cells. In this case, uninfected CD41

T cells with bound gp120 (from cell-to-cell contact with an
infected cell) are killed via immune-mediated responses (4). A
similar phenomenon, perhaps involving cytokines, could also

explain the presence of uninfected, apoptotic cells neighboring
reovirus-infected cells.
These observations suggest a model in which reovirus induc-

tion of apoptosis and DNA synthesis inhibition are mediated
by a concentration-dependent binding of s1 to cellular recep-
tors, an event which may initiate or perturb transduction of
signals from the cell surface to the nucleus, resulting in acti-
vation of the apoptotic pathway and/or inhibition of DNA
synthesis. Although the relationship between these two phe-
nomena in reovirus-infected cells is not yet understood, their
common mechanism of induction suggests an overlap in sub-
sequent events, the consequences of which may vary in dividing
versus nondividing cells. Parallel signal transduction pathways
and redundancy in signaling are not uncommon (3, 17, 34).
The demonstration of reovirus-induced apoptosis of neurons
in vivo, as shown in this report, indicates that inhibition of
DNA synthesis is not required for apoptosis. It is interesting
that the outcome of receptor tyrosine kinase signaling has been
suggested to vary during development depending on small dif-
ferences in ligand concentration which could lead to sustained
versus transient activation (17). Reovirus, as a ligand, might
also mediate different signaling responses depending on the
concentration of virus particles bound to receptors during in-
fection. Likewise, a dose-dependent induction of apoptosis
versus necrosis has been shown for several compounds (12). In
these cases, concentrations just below the necrosis-inducing
threshold often resulted in induction of apoptosis instead.
These observations suggest that induction of cell death is not
simply a response to the presence of an inducer but is influ-
enced by other factors such as concentration. In the case of
virus infections, this might represent another mechanism by
which viruses can avoid or delay cellular induction of apopto-
sis.
Virus-induced apoptosis has been postulated to represent a

cellular response to infection that acts to curtail virus replica-
tion and spread by elimination of infected cells before com-
pletion of the viral life cycle. However, if virus replication is
completed prior to induction of apoptosis, this putative de-
fense mechanism is ineffective. Our data suggest that reovirus-
induced apoptosis in infected mouse brain tissue does not
affect viral replication but mediates significant tissue injury
concurrently with maximal virus growth. The mechanism by
which viruses induce and perhaps alter the course of the apo-
ptotic response to infection is likely to vary with the virus and
cell type and to involve a complex interplay among viral and
cellular factors. Reovirus infection of cultured cells and neo-
natal mice provides a unique and well-defined model system
for studying the mechanisms by which viruses induce apoptosis
and the role of this process in viral pathogenesis.
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