




in a TUNEL assay. Analysis of cultured cells indicates that
progeny virus production precedes the appearance of apop-
totic morphology by several hours (33, 45). However, we can-
not eliminate the possibility that some virus-infected cells of
the brain recover from infection without undergoing apoptosis.
Although the TUNEL assay can also detect nonspecific deg-

radation of DNA during necrotic cell death (16), the TUNEL-
positive nuclei in these sections exhibited morphology unique

to apoptosis. Characteristic of late-stage apoptosis, many nu-
clei were fragmented into apoptotic bodies. The arrow in Fig.
3A marks a cell that contains a TUNEL-positive, fragmented
nucleus. Apoptotic cells ultimately bleb apart into small bodies
of nuclear and cytoplasmic material (27). This disintegration of
the cell results in TUNEL-positive apoptotic bodies that are
not associated with an intact cell (Fig. 3B). The morphology
observed in these sections is consistent with that observed by

FIG. 2. Correlation between viral RNA production and induction of apoptosis in brains of 2-week-old mice infected with TE virus. (A and C) Viral RNA was
detected by in situ hybridization in brains harvested 3 days postinoculation in two independent experiments. (B and D) Apoptosis was detected by TUNEL assay in
tissue sections adjacent to those shown in panels A and C, respectively. (E) In situ hybridization for viral RNA and (F) TUNEL assay on brains from control mice
inoculated with HBSS. Original magnification, 340.
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electron microscopy of Sindbis virus-infected cell cultures (see
Fig. 1 of reference 33). Unlike cultured cells, apoptotic bodies
present in tissues may be engulfed by adjacent cells. Engulf-
ment of apoptotic bodies by neighboring, normally nonphago-
cytic cells is typical of the noninflammatory apoptotic process
in tissues (27). Several genes responsible for engulfment of
apoptotic cells have been identified by genetic studies in the
nematode Caenorhabditis elegans, in which cells undergo ap-
optosis normally but are not engulfed by their neighbors (7).
However, the intense focal apoptosis in Sindbis virus-infected
brains observed in these sections presumably results in apop-
totic cell debris that persists because of the lack of a sufficient
number of healthy adjacent cells to dispose of the debris,
eventually leading to the inflammatory response characteristic
of Sindbis virus-induced encephalitis (37).
Age-dependent apoptosis. In contrast to the results obtained

with TE virus, TUNEL-positive cells were rarely observed in
animals infected with the less virulent 633 virus. Even areas of
the brain that were positive for viral RNA by in situ hybrid-
ization (Fig. 4A) were often devoid of TUNEL-positive cells
(Fig. 4B). In two whole-brain sections from two experiments,
there were 35 in situ-positive cells, compared with 2 TUNEL-
positive cells in adjacent sections. In situ hybridization results
were consistent with virus titers in that fewer viral RNA-pos-
itive cells were observed in 633-infected brains than in TE-
infected brains. No positive cells were detected in 633-infected
animals on days 2 and 5 postinfection, again correlating with
low virus titers by plaque assay. One of eight 633-infected mice
had easily detectable TUNEL staining and correspondingly
more virus by in situ hybridization, indicating that 633 virus
was capable of inducing apoptosis when it replicated to suffi-
cient levels (Fig. 4C and D). In a whole-brain section from this
mouse, there were 115 in situ-positive cells, compared with 113
TUNEL-positive cells in the adjacent section. The brain from
this mouse also contained the highest titer of virus by plaque
assay compared with other 633-infected mice. Although not
expected from the short duration between inoculation and
harvest times, there was a possibility that the glutamine codon
at position 55 of E2 had mutated to the histidine codon found
in the virulent TE virus, thereby explaining the TUNEL stain-
ing in this one particular mouse. After all, the histidine muta-
tion was originally identified because it occurred spontane-
ously with passage of virus through mouse brain (17, 32). RNA
was prepared from the brain homogenate of the mouse in

question, and the sequence analysis of cDNA generated by
reverse transcription-PCR confirmed that this virus had main-
tained the glutamine at position 55. However, we cannot elim-
inate the possibility that another mutation allowed this virus to
replicate to higher titers. In situ hybridization and TUNEL
assays on brains inoculated with HBSS alone were negative
(Fig. 4E and F). Results of analyses of spinal cords from TE-
and 633-infected animals by in situ hybridization and TUNEL
were similar to the results obtained with brain tissue (data not
shown). Taken together, these data indicate that the less vir-
ulent 633 virus has a reduced ability to induce apoptosis in
mouse brains because of its reduced ability to replicate.
Although virus 633 has a 0% mortality rate in 2-week-old

mice, it kills 100% of newborn mice (47). Therefore, we pre-
dicted that 633 virus would induce apoptosis in newborn mouse
brains. TUNEL-positive cells were readily detected at 2 days
after inoculation of 1-day-old mice with 633 virus (Fig. 5B).
TUNEL staining consistently colocalized with areas of the
brain that were positive for viral RNA by in situ hybridization
on adjacent sections (Fig. 5A). The abundance of 633 virus
RNA was consistent with the 10-fold-higher titers of 633 virus
in newborns (4.4 3 108 PFU/100 mg of brain) compared with
peak titers observed with either virus in 2-week-old animals
(Fig. 1). As expected, no viral RNA was detected in brains of
HBSS-inoculated mice by in situ hybridization (Fig. 5C). Rare
TUNEL-positive cells were observed in HBSS-inoculated
brains, perhaps reflecting developmental apoptosis (6) (Fig.
5D).
Activation of an endogenous endonuclease that cleaves

chromatin between nucleosomes during apoptotic cell death
produces characteristic 180- to 200-bp DNA ladders on aga-
rose gels (27). To confirm that the rapid mortality observed in
newborns resulted from apoptosis rather than necrosis, we
used a solution-phase end-labeling assay to detect DNA lad-
ders (40). Ladders were readily observed 2 and 3 days after
inoculation of 1-day-old mice with 633 virus, confirming that
Sindbis virus-induced cell death in vivo was apoptotic (Fig. 6).
A longer exposure (two rightmost lanes) also detected ladders
at 1 day postinoculation. The weak background observed in
HBSS-inoculated animals was not detected in an uninoculated
mouse, indicating that the trauma of intracerebral inoculation
may induce a low level of apoptosis.

FIG. 3. Colocalization of viral RNA and apoptosis in the brains of TE-infected mice. Tissue sections were double labeled by in situ hybridization for viral RNA (blue
stain) and by the TUNEL reaction for DNA fragmentation (brown stain). The arrow in panel A marks a single infected cell containing a fragmented nucleus. Panel
B is a photographic enlargement of an adjacent area of the same section showing a fragmented, apoptotic nucleus that is being expelled from the infected cell. ab
indicates a stray apoptotic body. Original magnification, 363.
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DISCUSSION

Although Sindbis virus replication and progeny virus pro-
duction per se may be sufficient to kill cells by lethal parasitism
if given time, an alternate mechanism of cell death appears to
predominate. Upon infection of a variety of cell lines, Sindbis
virus triggers a cellular response that activates a programmed
cell death pathway resulting in apoptosis (33, 49). It has been
hypothesized that apoptotic cell death may be an important

host defense mechanism for eliminating infected cells, thereby
slowing the spread of virus. In support of this hypothesis is the
observation that some viruses with large genomes have ac-
quired genes that block apoptosis. The p35 and iap genes of
baculovirus and the E1b 19k gene of adenovirus inhibit apop-
tosis, and mutations in these genes significantly reduce the
production of progeny virus (4, 5a, 19). In contrast, Sindbis
virus, which encodes only two polyproteins, appears to thrive in

FIG. 4. Detection of viral RNA and apoptotic cells in brains of 633-infected mice. Viral RNA was detected by in situ hybridization (A and C) and apoptotic cells
were detected in a TUNEL assay (B and D) on tissues collected 3 (A and B) or 4 (C and D) days postinoculation in two separate experiments. (E) In situ hybridization
for viral RNA and (F) TUNEL assay on brain tissue from control mice inoculated with virus diluent alone. Original magnification, 340.
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apoptotic cells perhaps in part because its replication cycle is
completed prior to cell death. Thus, Sindbis virus-induced ap-
optosis in vivo could potentially be responsible for the ob-
served disease and mortality. Compounding the issue, Sindbis
virus primarily targets neurons, thus eliminating a postmitotic
cell population that cannot be regenerated. We found that
Sindbis virus-induced apoptosis in mouse brains and spinal
cords correlated with mortality. The neurovirulent TE virus,
which causes hindlimb paralysis and fatal encephalomyelitis in
2-week-old animals, induced apoptosis that was readily de-
tected by the in situ TUNEL technique. However, with the less
virulent 633 virus, TUNEL-positive cells were rarely observed
in infected brains. In contrast, 633 produced abundant apop-
tosis in the tissues of newborn animals, corresponding with a
100% mortality rate for 633 in newborns. Thus, the ability to
induce apoptosis correlated with neurovirulence, suggesting
that apoptosis may be an important factor in the pathogenesis
of Sindbis virus infection.
The molecular mechanisms of age-dependent neuroviru-

lence are not known and may be due to a combination of viral
and cellular factors. Although neurovirulent strains of Sindbis
virus infect a larger number of cells in mouse brains, virulent
and avirulent viruses exhibit the same cell and tissue distribu-
tion (13, 23). Therefore, cell tropism is probably not a factor
for viruses differing at E2 position 55. Developmentally regu-
lated expression of a viral receptor in mouse brains could
potentially explain age-dependent susceptibility. This possibil-

FIG. 5. Recombinant virus 633 induces widespread apoptosis in newborn mice. In situ hybridization (A and C) and TUNEL (B and D) assays were performed on
adjacent brain sections prepared 2 days after inoculation of 1-day-old mice with 633 virus (A and B) or virus diluent alone (C and D). Original magnification, 340.

FIG. 6. Detection of DNA ladders in Sindbis virus-infected mouse brains.
Brains were harvested 1, 2, and 3 days following inoculation of newborn mice
with buffer alone (HBSS) or with recombinant virus 633 or from an uninoculated
mouse (UN). Duplicate 633-inoculated mouse brains were harvested on day 2.
DNA was end labeled by addition of digoxigenin-ddUTP with terminal trans-
ferase and analyzed on an agarose gel. DNA size markers are indicated in
nucleotides.
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ity is supported by the observation that a putative Sindbis virus
receptor is more abundant at 16 h than at 96 h after birth (48).
It is conceivable that an amino acid difference at E2 position 55
in TE virus could increase the efficiency of binding to a recep-
tor or other required membrane component that is down reg-
ulated with age. A recent study indicates that E2 position 55
influences binding to BHK and N18 cells but probably has a
greater influence on virus uncoating (46). These differences,
however, are not sufficient to alter the outcome of in vitro
infection of the two cell lines tested, as both are readily killed
by Sindbis virus infection.
We reported previously that AT-3 cells expressing human

bcl-2 are not killed by infection with 633 virus even though they
are efficiently killed by TE virus, thereby mimicking the out-
come of infection of 2-week-old mice (49). Although the effect
of bcl-2 on cellular components that modulate viral binding,
entry, and uncoating are not known, other intracellular factors
affecting viral replication may also be important. The possibil-
ity that bcl-2 functions at a stage following viral entry and
uncoating is supported by the observation that bcl-2 can inhibit
apoptosis in cultured cells infected with recombinant Sindbis
viruses carrying a copy of the bcl-2 gene (3). Furthermore,
bcl-2 expressed from a recombinant Sindbis virus also protects
mice from fatal encephalitis (31). A stop codon inserted into
the bcl-2 gene within the viral genome abolishes its protective
effect in vitro and in vivo. In these experiments, bcl-2 is likely
to be working at an intracellular step because bcl-2 is not
expressed until the viral replication cycle is already under way.
Although bcl-2 is expressed in neurons (11, 21, 29), there is no
evidence to date that endogenous bcl-2 protects 2-week-old
mice from Sindbis virus.
The reduced ability of 633 virus to induce apoptosis corre-

lated with reduced 633 virus production in mouse brains (Fig.
1) and in AT3Bcl2 cells (49). Although cell surface interactions
could potentially explain these results by reducing the number
of cells that become infected, an equally plausible hypothesis is
that antiapoptotic cell factors alter the intracellular environ-
ment to make it less supportive of viral replication. The latter
possibility is supported by the finding that the recombinant
Sindbis virus expressing bcl-2 grows to lower titers than the
bcl-2stop virus in mouse brains (31). Perhaps the single amino
acid change in TE virus has a stabilizing effect on E2 or im-
proves the function of E2 through some other mechanism in an
antiapoptotic intracellular environment. In either case, it needs
to be determined if the reduction in viral replication efficiency
is an inconsequential side effect of the antiapoptotic state or
whether protection from virus-induced apoptosis is a direct
consequence of the reduced levels of virus production. Either
mechanism could explain the observed correlation between the
number of apoptotic cells and the amount of virus present in
mouse brains.
Sindbis virus RNA and apoptotic morphology colocalized in

double-labeling experiments, indicating that the virus directly
triggered the apoptotic pathway. The molecular mechanism by
which virus infection activates the death pathway is unknown.
Cessation of cellular RNA synthesis has been suggested to be
the stimulus for baculovirus-induced cell death (5). It has been
postulated that nonpermissive poliovirus infection activates
the death pathway by shutting off host protein synthesis (44).
These hypotheses are supported by the finding that the unin-
fected host cells for these viruses are induced to undergo
apoptosis by treatment with metabolic inhibitors. Thus, these
cells apparently require ongoing synthesis of a protective pro-
tein to avoid activating the death pathway. Although Sindbis
virus also has the capacity to inhibit host protein synthesis,
cultured neurons are protected from apoptosis by inhibitors of

RNA and protein synthesis, suggesting that they require the
expression of new genes to facilitate the death pathway (35).
Genes that are activated during neuronal cell death are begin-
ning to be identified (10), and it will be interesting to deter-
mine if Sindbis virus also activates these genes. The molecular
mechanisms by which Sindbis virus activates the death pathway
may vary in different cell types. Sindbis virus activates the
transcription factor NF-kB shortly after infection (34). Treat-
ment of cells with NF-kB-binding oligonucleotide decoys that
prevent activation of downstream genes by NF-kB can also
block Sindbis virus-induced cell death in AT-3 cells but not
N18 cells (34). Thus, NF-kB appears to play a role in Sindbis
virus-induced activation of the death pathway in some cells.
The requirement for new gene expression to activate the death
pathway seems contrary to the observation that Sindbis virus
inhibits host protein synthesis, as measured by [35S]methionine
incorporation. Yet evidence that NF-kB plays a role in virus-
induced cell death indicates that synthesis of at least some cell
factors escapes the inhibitory effects of the virus.
Virus-induced apoptosis has been implicated in other dis-

ease states. Chicken anemia virus, a small single-stranded
DNA virus, causes complete depletion of the thymic cortex in
hatchlings (24). While epithelial cells in the thymus are spared,
loss of cortical thymocytes through apoptosis is probably due to
direct infection by this lymphotropic virus since virus particles
were observed within engulfed apoptotic bodies (24). Measles
virus also induces apoptosis in thymocytes following infection
of human thymus tissue implanted into SCID mice (2). In
contrast to chicken anemia virus, measles virus is found pri-
marily in the thymic epithelial stroma, with no evidence of
measles antigens in thymocytes; thus, apoptosis appears to
result from an indirect mechanism. Although several retrovi-
ruses are apparently capable of directly inducing apoptotic cell
death in cultured cells (30, 39, 41), apoptosis of CD41 T cells
and neurons in AIDS pathogenesis appears to be indirect, as
these cells are largely uninfected (1, 10, 15).
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