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Reovirus induces apoptosis in cultured cells and in vivo. In cell culture models, apoptosis is contingent upon
a mechanism involving reovirus-induced activation of transcription factor NF-kB complexes containing
p50 and p65/RelA subunits. To explore the in vivo role of NF-kB in this process, we tested the capacity of
reovirus to induce apoptosis in mice lacking a functional nfkb1/p50 gene. The genetic defect had no apparent
effect on reovirus replication in the intestine or dissemination to secondary sites of infection. In comparison
to what was observed in wild-type controls, apoptosis was significantly diminished in the CNS of p50-null
mice following reovirus infection. In sharp contrast, the loss of p50 was associated with massive reovirus-
induced apoptosis and uncontrolled reovirus replication in the heart. Levels of IFN-§ mRNA were markedly
increased in the hearts of wild-type animals but not p50-null animals infected with reovirus. Treatment of
p50-null mice with IFN-f3 substantially diminished reovirus replication and apoptosis, which suggests that
IFN-f induction by NF-kB protects against reovirus-induced myocarditis. These findings reveal an organ-
specific role for NF-kB in the regulation of reovirus-induced apoptosis, which modulates encephalitis and

myocarditis associated with reovirus infection.

Introduction
Mechanisms of viral disease involve complex interactions of pathogen
virulence factors and host responses. Perhaps the best-understood
basis of organ-specific viral pathology is the availability of cell-surface
molecules required for viral attachment and entry. Rarely, however,
is viral disease ascribable solely to receptor recognition. More com-
monly, additional virus-host interactions determine the outcome of
infection (1), and these pivotal steps are of much interest in studies
of viral pathogenesis. Factors expected to modulate viral growth and
virulence in an organ-dependent manner include the capacity of virus
to efficiently utilize the host translational apparatus, including strat-
egies to circumvent antiviral effects of IFN; availability of cellular pro-
teins to facilitate viral replication and gene expression; and changes in
the intracellular signaling dynamic induced by viral infection.
Mammalian orthoreoviruses (simply called reoviruses here) have
served as highly tractable models for studies of viral pathogenesis.
Reoviruses are nonenveloped, icosahedral viruses with a genome
consisting of 10 double-stranded RNA segments (2). After infec-
tion of newborn mice, reoviruses disseminate systemically, produc-
ing injury to a variety of organs, including the CNS, heart, and
liver (3). Strain-specific differences in receptor utilization influ-
ence some types of reovirus disease (4, 5); however, disease patho-
genesis at other sites is more complex (6, 7).

Nonstandard abbreviations used: EMSA, electrophoretic mobility shift assay; HLL,
HIV long-terminal repeat luciferase; L cell, L929 cell.
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The NF-kB family of transcription factors plays a key role in the
regulation of cell growth, activation, differentiation, and survival.
Following exposure of cells to a variety of stimuli, NF-kB is acti-
vated and translocated to the nucleus (8), where it serves as a tran-
scriptional regulator (9, 10). In systems in which NF-kB is activated
during apoptosis, NF-kB can either prevent (10-13) or potentiate
(14-17) cell death signaling. Following reovirus infection of cul-
tured cells, the heterodimeric NF-kB complex p50/p65 translocates
to the nucleus and activates proapoptotic gene expression (18).
When NF-kB activation is inhibited using proteasome inhibitors
or dominant-negative forms of IkBa, reovirus-induced apoptosis
is blocked (18). Moreover, cell lines deficient in either of the p50 or
p65 NF-kB subunits do not undergo apoptotic cell death following
reovirus infection. These findings indicate that activation of NF-kB
in cell culture is required for reovirus-induced apoptosis.

In the CNS (19) and heart (20) of newborn mice, reovirus induc-
es the morphological and biochemical features of apoptosis. This
cell-death response in brain and heart tissue is associated with
reovirus-induced disease. Inhibitors of apoptosis ameliorate heart
disease (20), which indicates a causal relationship between pro-
grammed cell death and reovirus-induced myocarditis. However,
the molecular basis of CNS and cardiac pathology during reovirus
infection has not been fully elucidated.

We now demonstrate that the p5S0 subunit of NF-xB plays an
essential role in the development of encephalitis and myocarditis
in reovirus-infected mice. Although reovirus infects the intestine
and disseminates systemically following peroral inoculation of
mice lacking the NF-kB p50 subunit, apoptosis is diminished in
the brain yet strikingly enhanced in the heart. These findings sug-
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gest a novel role for NF-xB in the pathogenesis of viral infection;
it serves a proapoptotic function in the CNS, while mediating a
prosurvival function in the myocardium.

Results
Reovirus activates NF-KB in vivo. To determine whether reovirus is
capable of NF-xB activation in the intact host, we performed in
vivo luciferase assays using transgenic mice engineered to express
luciferase under control of an HIV long-terminal repeat promoter
that contains NF-kB consensus binding sites (21). These mice were
inoculated perorally with either PBS (mock-infected) or 10* PFU
reovirus strain T3SA*, which was chosen for these studies because
of its capacity to activate NF-kB and induce a potent apoptotic
response in cultured cells (22). Seven days after inoculation, the
mice were imaged for luciferase activity as a marker for NF-xB acti-
vation (Figure 1, A and B). Little luciferase activity was detected in
the mock-infected mice (Figure 1A). In contrast, reovirus-infected
animals exhibited systemic luciferase activity (Figure 1B), which
indicated that reovirus is capable of NF-kB activation in vivo.
Reovirus-induced activation of NF-KB in the murine CNS and heart is
dependent on p50. To determine whether reovirus activates NF-kB in
the murine CNS and heart, we performed electrophoretic mobility
shift assays (EMSAs) using brain and heart extracts prepared from
reovirus-infected or mock-infected wild-type and p50-null mice.
Newborn p507* and pS0~/- mice were inoculated with either PBS
or 10* PFU reovirus T3SA". Cell extracts were prepared from brain
and heart tissue 12 days after inoculation, incubated with a radio-
labeled oligonucleotide consisting of the NF-kB consensus binding
sequence, and resolved by PAGE using nondenaturing conditions
(Figure 2, A and D). NF-kB DNA-binding activity was detected in
extracts from the brain of reovirus-infected p50*/* but not pS0~/- mice
(Figure 2A). Similarly, NF-kB DNA-binding activity was detected in
the heart of pS0*/* mice infected with reovirus but not pS07/- ani-
mals (Figure 2D). These findings indicate that reovirus infection in
2342
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Figure 1

NF-kB activation following reovirus infection of HLL mice. Newborn
HLL mice were inoculated perorally with PBS (A) or 10* PFU reovirus
T3SA+ (B). Mice were inoculated intraperitoneally with luciferin 7 days
after infection and imaged for luciferase activity as a marker for NF-xB
activation. Bioluminescence indicates areas of NF-kB activation.

the murine CNS and heart induces nuclear translocation of NF-kB,
which is contingent on the expression of the NF-kB p50 subunit.

To confirm the specificity of NF-kB DNA-binding activity in
these experiments, we incubated cell extracts from reovirus-infected
pS07/* mouse brain and heart with a 3?P-labeled NF-kB consensus
oligonucleotide in the presence of excess unlabeled consensus oli-
gonucleotide (Figure 2, B and E). Binding of the radiolabeled probe
was competed with that of unlabeled consensus oligonucleotide,
which suggests that the gel-shift activity detected following reovi-
rus infection is specific for sequences that are bound by NF-«B.

In cell culture, reovirus infection results in the nuclear transloca-
tion of NF-kB complexes containing subunits p50 and p65 (18). As
an additional specificity control in these experiments for the activa-
tion of NF-kB, nuclear extracts were prepared from reovirus-infect-
ed pS0*/* mouse brain or heart and incubated with an antiserum
specific to p65 prior to the addition of the NF-kB-specific oligonu-
cleotide (Figure 2, C and F). Addition of the p65-specific antiserum
resulted in bands of higher relative molecular mass, which verified
that p65 is present in the NF-kB complexes activated following reo-
virus infection. These findings provide strong evidence that reovi-
rus infection of the murine CNS induces the nuclear translocation
of NF-«B and this effect is abolished in mice lacking pS0.

NF-B subunit p50 is not required for efficient reovirus replication or dis-
semination in the murine host. To determine whether p50 plays a role in
reovirus growth in vivo, we inoculated p50*/* and p50~/- mice intra-
cranially or perorally with 10* PFU reovirus T3SA". Viral titers in the
brain were determined by plaque assay 2, 4, and 6 days after intra-
cranial inoculation (Figure 3A) and in the intestine, liver, brain, and
heart 4, 6, 8, 10, and 12 days after peroral inoculation (Figure 3B).
Following intracranial inoculation, viral titers in p50*/* and p50-/-
mice were equivalent at all time points tested. After peroral inocula-
tion, virus replicated efficiently in the intestines of both p50*/* and
pS07/- mice and disseminated to the liver, brain, and heart. Viral
titers in the intestine, liver, and brain did not differ between pS0*/*
and p507/- mice. In sharp contrast, viral titers in the hearts of pS0~/-
mice were more than 1,000-fold higher than those in the hearts of
pS0*/* animals. These findings suggest that p50 is dispensable for
reovirus growth in vivo and that the absence of p50 in the heart, but
not in other tissues tested, allows for increased reovirus replication.

NF-KB subunit pS0 is required for efficient induction of apoptosis in the
CNS following reovirus infection. To assess reovirus-induced patho-
logic changes in the CNS of p5S0*/* and p50~/- mice, we prepared
brain sections from mice euthanized at 12 days following peroral
inoculation with reovirus T3SA* and examined them after stain-
ing with H&E (Figure 4, A and B and data not shown). Brain
sections from reovirus-infected pS0*/* and pS0~/- mice exhibited
evidence of meningoencephalitis. Inflammatory infiltrates were
detected primarily in the cerebral cortex, hippocampus, dienceph-
alon, and brain stem. Morphologically, inflammatory cells were
mostly lymphocytes and macrophages/microglia with some plas-
ma cells and neutrophils. Inflammatory changes were more exten-
sive in pS0*/* mice (Figure 4A) than in p5S0~/- mice (Figure 4B),
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Reovirus-induced NF-kB gel-shift activity following infection of p50++ and p50~- mice.
(A and D) Newborn p50++ and p50~- mice were inoculated perorally with either 104 PFU
reovirus T3SA+ or PBS. Brains (A) and hearts (D) were resected 12 days after inocula-
tion, and cell extracts were prepared. Extracts were incubated with a 32P-labeled NF-xB
consensus oligonucleotide and resolved by nondenaturing PAGE. Activated NF-kB com-
plexes are indicated. Shown is a representative experiment of 4 performed. (B and E)
Extracts were prepared from either brains (B) or hearts (E) of reovirus-infected p50++
mice and incubated with 32P-labeled NF-kB consensus oligonucleotide in the presence
of unlabeled NF-kB consensus probe (cold competitor) at the molar concentrations
shown. Extracts prepared from either brains or hearts of uninfected p50++ mice were
incubated with 32P-labeled NF-kB consensus oligonucleotide and electrophoresed in the
lane labeled “Mock.” NF-kB complexes are indicated. (C and F) Extracts were prepared
from either brains (C) or hearts (F) of reovirus-infected p50++ mice, and prior to the
addition of the 32P-labeled oligonucleotide probe, extracts were incubated with either a
control antibody specific to reovirus protein 63 (a-Reo) or an antibody specific to NF-xB
subunit p65 (a-p65). Supershifted complexes containing p65 are indicated.
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and intracranial inoculation (Figure 4). Thus,
reovirus-induced apoptosis in the murine CNS is
dependent on the p50 subunit of NF-kB.

Activation of caspase-3 is a highly specific bio-
marker of apoptotic cell death (23). To confirm
that DNA fragmentation observed in the brains of
reovirus-infected p50*/* mice is due to apoptosis,
we stained brain sections with an antiserum spe-
cific to the activated form of caspase-3 (Figure 4,
A and B). Activated caspase-3 was detected in
regions of the brain in which TUNEL-positive
staining also was observed. Moreover, cells immu-
noreactive for caspase-3 were detected at a much
higher frequency in the brains of pS0*/* mice. Mor-
phologically, cells immunoreactive for caspase-3
were primarily neurons, and most immunoreac-
tive neurons also exhibited morphologic evidence
of apoptosis. These results provide additional
evidence that expression of NF-kB subunit p50 is
required for efficient induction of apoptosis dur-
ing reovirus infection in the murine CNS.

Absence of NF-KB subunit pS0 leads to enbanced pathol-
0gy and massive apoptosis in the murine heart following
reovirus infection. Since viral titers in the hearts of
pS07/- mice were more than 1,000-fold higher than
in those of pS0*/* mice (Figure 3B), we examined
heart tissue for evidence of inflammation and tis-
sue injury. Newborn p50*/* and p50~/- mice were
inoculated perorally with either 10* PFU reovi-
rus T3SA" or PBS and weighed daily. Mice were
euthanized at various time points following inoc-

which suggests that the neurovirulence of reovirus is attenuated
in mice lacking an intact NF-kB signaling apparatus.

To assess the distribution of reovirus protein expression in the
CNS of p50*/* and p507/ mice, we prepared brain sections from
mice euthanized 12 days following peroral inoculation and stained
them using a reovirus-specific antiserum (Figure 4, A and B and data
not shown). Immunohistochemical staining for reovirus protein
demonstrated the presence of immunoreactive neurons in brains
of both p50*/* and p507/- mice (Figure 4, A and B). Antigen-positive
neurons were detected in a pattern recapitulating the inflamma-
tory changes; the cerebral cortex, hippocampus, diencephalon, and
brain stem were primarily involved. The number of reovirus-infect-
ed cells and their distribution was similar in pS0*/* and p50~/- mice
(Figure 4, A and B). These results suggest that the lack of p5S0 does
not alter reovirus tropism for specific neural regions.

To determine whether p50 is required for apoptosis in the murine
CNS, we prepared brain sections from reovirus-infected p50*/* and
PS50/~ mice 12 days following peroral inoculation (Figure 4, A and B)
or 6 days following intracranial inoculation (Figure 4C) and assayed
them for fragmented DNA using the TUNEL technique. Apoptotic
cells were quantitated by counting all TUNEL-positive cells in cor-
tex, hippocampus, basal ganglia, diencephalon, and brain stem of
each section obtained from mice inoculated intracranially (Figure 5).
Numbers of TUNEL-positive cells in the brains of infected pS0*/*
mice were significantly greater than those in the brains of infected
PS50/~ mice. These findings were the same following both peroral
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ulation, and hearts were removed and weighed.
There were no significant differences in the heart
weights of mock-infected pS0*/* and pS0~/- mice
(Figure 6A). Surprisingly, heart weights of reovirus-infected p50-/-
mice were significantly greater than those of p5S0*/* mice (Figure 6B).
Differences in the percent heart weight (heart weight relative to total
body weight) of infected pS0*/* and p50-/- mice became detectable at
8 days after inoculation and continued to increase with time, while
there was no significant increase in the percent heart weight of
infected p50*/* mice (Figure 6B). Dramatic differences were observed
in the gross appearance of hearts dissected from p50*/* and p50+/-
animals following infection with reovirus (Figure 6C). Hearts from
reovirus-infected pS07/- mice had a blanched appearance with dif-
fuse surface irregularities corresponding to confluence of purulent
lesions, consistent with overt myocarditis. In contrast, hearts from
mock-infected pS07/- or p50*/* mice or reovirus-infected p50*/* mice
displayed no overt abnormalities.

To determine whether reovirus-induced myocardial injury in
pS07/- mice is associated with contractile dysfunction, we per-
formed echocardiography on 10-day-old mice after peroral inocu-
lation with either reovirus T3SA* or PBS. Fractional shortening,
assessed by 2-dimensional, directed M-mode measurements, was
substantially decreased in reovirus-infected p50~/- mice (~10%;
Figure 6D), while it was preserved in mock-infected pS0~/- mice (>40%;
Figure 6E) and reovirus-infected pS0*/* mice (>40%; Figure 6F).
Heart size was also increased in reovirus-infected p50/- mice com-
pared with mock-infected pS07/- mice and reovirus-infected pS0*/*
mice. Intact atrioventricular conduction was observed in all mice,
which suggests that the pathologic process was not specifically
Volume 115 2343
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Growth of reovirus in p50++ and p50~- mice. (A) Titers of reovirus in brain after intracranial inoculation of p50++ and p50~- mice. Newborn mice
were inoculated with 104 PFU reovirus T3SA*. At days 2, 4, and 6 after inoculation, mice were euthanized, brains were harvested, and viral titers
were determined by plaque assay. (B) Titers of reovirus in intestine, liver, brain, and heart after peroral inoculation of p50++ and p50~- mice.

Newborn mice were inoculated with 104 PFU T3SA*. Atdays 4, 6, 8, 10

, and 12 after inoculation, mice were euthanized, organs were harvested,

and viral titers were determined by plaque assay. The results are expressed as the mean viral titers for 2—4 (A) or 4-8 (B) animals for each time

point. Error bars indicate SDs. *P < 0.05 by Student’s t test.

targeted to the conduction system. These results suggest that the
myocardial pathology associated with reovirus infection of p507/-
mice is associated with diminished contractility.

On a microscopic level, hearts of p507/- animals displayed exten-
sive myocyte destruction with features of apoptotic and necrotic
cell death. Affected areas were notable for cell fragments, granular
debris, and scattered calcifications. Thorough sectioning of the
organ block revealed that pathology was not limited to any partic-
ular region of the heart. Hearts from reovirus-infected pS0*/* mice
and mock-infected pS0-/- and p50*/* mice demonstrated no sig-
nificant microscopic pathology. We conclude that reovirus is more
pathogenic in the heart in the absence of NF-kB subunit p50.

To assess the extent and location of reovirus infection in the
murine myocardium in the presence and absence of pS0, we per-
formed reovirus antigen staining on heart sections from p507/* and
pS0~/- mice euthanized 12 days following peroral inoculation with
reovirus T3SA* (Figure 7, A and B). Immunohistochemical stain-
ing for reovirus protein demonstrated immunoreactive myocytes in
heart sections prepared from both p50*/* and pS0-/- mice (Figure 7,
A and B). However, the number of reovirus-infected cells differed
substantially between p50*/* and pS0~/- mice, consistent with the
significant difference in viral titer in the hearts of these animals.

To determine whether expression of p50 influences apoptosis in
the murine heart, we inoculated p50*/* and p50-/- mice perorally
with reovirus and assessed them for apoptosis using TUNEL stain-
ing (Figure 7, A and B). There were rare TUNEL-positive cells in
the hearts of p50/* mice following reovirus infection (Figure 7A),
whereas numerous foci of apoptosis were present in the hearts of
pS0-/- mice (Figure 7B). Interestingly, foci of apoptotic cells in the
hearts of pS0~/- mice coincided with areas of intense staining for
reovirus antigen, which suggests a link between reovirus replica-
tion and apoptosis in cardiomyocytes.

2344
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To confirm that the absence of p50 leads to enhanced apoptosis in
the heart during reovirus infection, we prepared heart sections from
pS07/* and pS07/- mice 12 days following peroral inoculation with
reovirus and stained them for activated caspase-3 (Figure 7, A and B).
Caspase-3 staining revealed numerous positive myocytes in the same
areas of the heart that also were positive for reovirus antigen and
TUNEL staining. These results suggest that, in contrast to its effects
in the murine CNS, the NF-kB p50 subunit protects against apopto-
sis induced by reovirus infection in the murine myocardium.

IEN-B is induced in the heart of wild-type mice following reovirus infec-
tion. Results presented thus far demonstrate that enhanced reovirus
growth in the heart of pS07/- mice is associated with massive apopto-
sis. We thought it possible that the absence of NF-kB-mediated acti-
vation of innate immune responses might lead to increased viral rep-
lication and resultant pathology in the heart. To test this hypothesis,
we inoculated p507/* and pS07/- mice perorally with reovirus T3SA*
or PBS. Twelve days after inoculation, heart and brain were removed,
and levels of IFN-f§ mRNA were determined using real-time PCR
(Figure 8). Using GAPDH mRNA as a standardization control, little
IFN- mRNA was induced in the brain of either pS07/- or pS0*/* mice
in the presence or absence of reovirus infection (Figure 8). In con-
trast, IFN-B mRNA levels were substantially increased in the heart
of reovirus-infected wild-type mice compared with p507/- animals
(Figure 8). These results indicate that IFN- induction by reovirus
in the murine heart is dependent on NF-kB and suggest that IFN-§
protects the heart from reovirus-induced apoptosis and disease.

IEN-B treatment of pS0-null mice attenuates reovirus-induced myocar-
ditis. To determine whether NF-kB-mediated expression of IFN-
plays a direct role in protection of the heart against apoptosis and
disease caused by reovirus, we tested the effect of IFN-f treatment
on reovirus infection of p507/- mice. Newborn p507/- mice were
inoculated intraperitoneally with either IFN-f3 or PBS 1 day prior
Volume 115
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Inflammation, reovirus protein expression, TUNEL staining, and immunohistochemical detection of activated caspase-3 in the brain of reovirus-
infected p50++ (A) and p50~- (B) mice. Newborn mice were inoculated perorally with 104 PFU reovirus T3SA*. At 12 days after inoculation,
brains were harvested, paraffin embedded, sectioned, and stained with H&E, polyclonal reovirus-specific antiserum (Reo), TUNEL, or activated
caspase-3-specific antiserum as indicated. Shown are consecutive sections of diencephalon. Original magnification, x100 (top panels) and x400
(bottom panels). (C) Newborn mice were inoculated intracranially with 10* PFU T3SA* or gelatin saline (Mock). At 6 days after inoculation, mice
were euthanized, and brain sections were stained using a TUNEL assay. Shown are sections of the upper brain stem. Original magnification,

x200. Brown staining indicates reovirus protein, fragmented DNA, or activated caspase-3.

to peroral inoculation with reovirus T3SA* and treated daily for 9
days thereafter. On day 10, the animals were euthanized, and brain
and heart were removed for determination of viral titer and histo-
pathology (Figure 9). IFN-f treatment significantly decreased viral
titer in both brain and heart (Figure 9A). In p50~/- mice treated with
IFN-, viral titers reached only 102 PFU in the brain and were less
than 102 PFU in the heart (Figure 9A). In parallel with these results,
apoptosis in the heart of IFN-B-treated p507/- mice was substan-
tially diminished (Figure 9B). Thus, a critical component of the
underlying mechanism of NF-kB-mediated protection against
reovirus-induced myocardial injury is contingent on IFN-f3.

Discussion

Here we report organ-specific roles for NF-kB in the pathogenesis of
viral disease, which is a heretofore unknown property of this signal-
ing molecule. The key finding is that marked differences in the patho-
genesis of reovirus infection in the CNS and heart are dependent on
the action of NF-kB. Following reovirus infection in the CNS, p50*/*
mice exhibited significant neuronal apoptosis, while pS0~/~ mice
displayed a minimal apoptotic response. In sharp contrast, reovirus
induced little apoptosis in the heart of p50*/* mice, whereas exten-
sive apoptosis occurred in the heart of pS07/~ mice. These findings
indicate that NF-kB subunit p50 plays 2 distinctly different roles in
reovirus pathogenesis, serving a proapoptotic function in the brain,
while mediating a prosurvival function in the heart.
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The NF-kB family of transcription factors is composed of pS0/p105,
p52/p100, p65 (RelA), c-Rel, and RelB. Studies using mice with
targeted disruptions of specific NF-kB subunits have shown that
NF-B serves important functions in the development and function
of innate and adaptive immunity (24-26). Mice lacking p50 have
no apparent developmental defects (24), and immune cells mature
normally. However, p50~/- mice display defects in B cell activation,
isotype switching, and antibody production (24). These defects ren-
der p50-/- mice more susceptible to infection by the Gram-positive
bacterial pathogen Streptococcus pneumoniae, but they remain capable
of efficiently clearing infection by the Gram-negative pathogens
Escherichia coli and Haemophilus influenzae (24). When pS0~/~ mice are
infected with encephalomyocarditis virus, they are actually more
resistant to infection than controls. This difference is thought to
be due to an increase in apoptosis that leads to a decrease in viral
growth (24). These findings stand in stark contrast to what occurs
in the CNS and heart of reovirus-infected mice.

In experiments comparing reovirus infection of p50*/* and pS0-/-
mice, we found that the presence or absence of p50 did not alter
primary viral replication in intestinal tissue or dissemination of
virus to the liver, brain, or heart. Although viral replication in the
brain after intracranial inoculation also was independent of p50,
replication in the heart was increased in p507/- mice by approxi-
mately 1,000-fold. What might explain the enhancement of reovi-
rus replication in the heart of p5S07/- mice? Reovirus strains have
Number 9 2345
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Quantitation of TUNEL staining in cortex and hippocampus (A), basal ganglia and diencephalon (B), and brain stem (C) of reovirus-infected
p50++and p50~- mice. TUNEL staining was performed using tissue sections prepared 2, 4, and 6 days following intracranial inoculation of p50++
and p50~- mice with 10* PFU reovirus T3SA*. For each brain region, all positive cells in a single parasagittal section were counted for 4-8 ani-
mals. The results are expressed as the mean number of apoptotic cells per region. Error bars indicate SDs. *P < 0.05 by Student’s t test.

been characterized previously as having the capacity to grow in the
murine heart and produce cardiac disease (27, 28). In primary car-
diomyocytes, nonmyocarditic reovirus strains induce more IFN-f3
and are more sensitive to the antiviral effects of this cytokine than
myocarditic reovirus strains (29). Furthermore, normally nonmyo-
carditic strains are capable of producing myocarditis in infected
IFN-0/B~- mice (29). Thus, it appears that type I IFNSs restrict viral
replication in the heart and attenuate cardiac disease.

NF-kB is known to induce the expression of several mediators of
innate immune responses including type I IFNs (30-32). Therefore,
absence of p50 may allow reovirus to achieve much higher titers and
cause myocarditis. We tested this hypothesis by determining brain
and heartlevels of IFN- mRNA in response to reovirus infection of
pS0*/* and p50~/- mice (Figure 8) and by treating reovirus-infected
pS0-/- mice with IFN-f (Figure 9). In these experiments, we found a
dramatic increase in IFN-f expression in the hearts of wild-type mice
but only a minimal IFN-f} response in the hearts of p50-null ani-
mals. Moreover, reconstitution of pS0~/- mice with IFN-f substan-
tially diminished reovirus replication and apoptosis, which resulted
in diminished myocardial injury. These results indicate that IFN-f is
anecessary component of the NF-kB-mediated protective response
against reovirus in the heart. However, it is likely that other com-
ponents of innate immunity are involved in this effect. Preliminary
data from our laboratory suggest that in addition to IFN-f, IL-6,
MIF, and TNF are expressed at higher levels in the heart of pS0*/*
mice than p50~/- mice (S.M. O’Donnell and T.S. Dermody, unpub-
lished observation). These findings suggest that following reovirus
infection of the heart, NF-kB is activated and leads to induction of
potent innate immune responses, which in turn attenuate viral rep-
lication at that site, resulting in diminished apoptosis and disease.

The enhanced growth of reovirus in the heart of p50-/~ mice com-
pared with p5S0*/* mice was associated with extensive myocarditis
and resultant tissue injury and dysfunction. This result was con-
firmed by histopathological studies, echocardiography, and physical
examination revealing signs of heart failure. The pathology observed
in the heart of p507/- animals was characterized by extensive tissue
damage and little inflammatory infiltrate, similar to findings made
in previous studies of reovirus myocarditis (27). Therefore, our
results suggest that apoptosis is the primary mechanism of cardiac
damage in reovirus-induced myocarditis, as reported previously
(20). Damage to cardiomyocytes during reovirus infection occurs in
2346
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the complete absence of adaptive components of host defense (33).
It is possible that a similar mechanism occurs in humans, which
would explain why some patients with acute myocarditis develop
heart failure in the setting of sustained viremia (34).

In contrast to the enhanced growth of reovirus in the heart of
pS0~/- mice, viral growth in the CNS of p50*/* and p50~/- mice
was equivalent. However, we observed dramatic differences in the
number of apoptotic cells in the 2 mouse strains as indicated by
TUNEL and caspase-3 staining. Therefore, the efficiency of viral
growth is not strictly correlated with the extent of the apoptotic
response. Nonetheless, despite these p5S0-dependent differences
in viral growth, our results suggest that apoptosis is an impor-
tant mechanism of reovirus-induced disease in both the CNS and
heart. In the CNS of p50-/- mice, apoptosis and inflammation fol-
lowing reovirus infection were diminished. However, in the hearts
of these animals, apoptosis and tissue injury were enhanced. This
correlation between apoptosis and pathology lends support to the
hypothesis that therapies directed at blocking programmed cell
death might attenuate viral virulence, consistent with results from
previous studies of reovirus-induced myocarditis (20). However,
our findings suggest that pharmacologic inhibition of NF-kB acti-
vation may reduce pathologic injury at some sites and exacerbate
disease at others, depending on the nature of the NF-kB agonist.

The precise cell types responsible for the pSO-dependent effects on
apoptosis in response to reovirus infection in mice are not apparent
from our study. It is possible that expression of p50 in neurons is
required for apoptosis of these cells and expression of p50 in cardio-
myocytes mediates protection of these cells against apoptotic injury.
However, it is also possible that p50-dependent immune responses
contribute to the observed differences in cell fate. For example, NF-kB-
mediated release of cytokines such as TNF-a from immune cells
might contribute to the neuronal apoptosis that occurs during
reovirus infection of the CNS, whereas NF-kB-mediated release of
type I IFNs from immune cells might mediate a protective effect in
the heart. Since adoptive transfer of immune cells is not technically
feasible in the newborn mice required for studies of reovirus patho-
genesis, discrimination between these possibilities awaits the devel-
opment of mice with tissue-specific ablation of NF-kB activity.

The role of NF-kB in response to a variety of cellular stresses has
been studied extensively using cultured cells (35). However, little is
known about the contributions of specific NF-kB subunits in vivo.
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Figure 6

Heart pathology following reovirus infection of p50++ and p50~- mice. (A and B) Newborn p50++ and p50~ mice
were inoculated perorally with either PBS (mock) (A) or 10* PFU reovirus T3SA* (B), and heart size was moni-
tored at 2-day intervals. Percent heart weight was calculated as heart weight divided by body weight. The results
are expressed as the mean heart weights of at least 4 animals for each time point. Error bars indicate SDs.
*P < 0.05 by Student’s t test. (C) Hearts from mice euthanized 12 days following peroral inoculation with reovirus
T3SA* or gelatin saline (Mock). (D, E, and F) Electrocardiography and echocardiography of reovirus-infected
p50~- (D), mock-infected p50-- (E), and reovirus-infected (F) p50++ mice. Newborn mice were inoculated per-
orally with 10 PFU T3SA*, and tests were performed 10 days after inoculation. A P-wave/QRS ECG complex
is displayed above the corresponding echocardiographic image. Systolic and diastolic LV cavity dimensions are

indicated by bars superimposed on the M-mode images.

The extensive array of NF-kB inducers and target genes (36) suggests
that numerous mechanisms exist to direct transcription of appro-
priate NF-kB-dependent genes in response to specific stimuli. One
such regulatory mechanism is likely to be the activation of specific
NF-B complexes (e.g., pS0/p65 heterodimers) for each inducing sig-
nal. Individual homodimeric and heterodimeric NF-kB complexes
exhibit different affinities for target DNA sequences (37), and this
provides a potential mechanism by which NF-kB-inducing stimuli
regulate transcriptional activity of specific subsets of cellular genes.
We showed previously that reovirus requires pS0/p65 for efficient
apoptosis in cell culture (18). However, we found in the current study
that p50 plays organ-specific roles in disease pathogenesis in vivo.
These findings emphasize that NF-kB subunits can have different
functions following activation with the same stimulus depending
on the cellular environment. Continuing studies in this area may
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reveal new layers of control of
NF-B responses and extend
understanding of how viruses
cause tissue-specific injury.

Methods
Cells, virus, and antibodies. Spin-
ner-adapted murine L929 cells
(L cells) were grown in suspen-
sion or monolayer culture and
maintained as described pre-
viously (18). Reovirus strain
T3SA" was generated by reas-
sortment of reovirus strains type
1 Lang (T1L) and type 3 clone
44-MA (S). Virus was purified
after growth in L cells by cesium
chloride gradient centrifuga-
tion (38). Rabbit polyclonal
anti-reovirus serum raised
against strain T1L was obtained
as described previously (22).
Rabbit polyclonal antiserum
specific to the activated form of
caspase-3 (anti-caspase-3/Asp
175) was obtained from Cell
Signaling Technology.

Mice and inoculations. HIV

o Sy ey long-terminal repeat lucifer-
ase (HLL) mice were gener-
ated as described previously
(39). Control p50*/* mice
(B6129PF1/J-AYI/AY) and p50--
mice (B6129P-Nfkb1rmibal)
(24) were obtained from The

Jackson Laboratory. New-

born mice weighing 2.0-2.5 g
(2-4 days old) were inocu-
lated either intracranially or
perorally with purified T3SA*
diluted in PBS. Intracranial
inoculations were delivered
to the right and left cerebral
hemispheres (5 ul each) using
a Hamilton syringe (BD Bio-
sciences) and a 30-gauge needle (40). Peroral inoculations were delivered
into the stomach (50 ul) by passage of a polyethylene catheter 0.61 mm
in diameter (BD) through the esophagus (41). The inoculum con-
tained 0.5% (vol/vol) green food coloring so that accuracy of delivery
could be judged. For determination of NF-kB activation, viral titer, and
immunohistochemical staining, mice were euthanized at various inter-
vals following inoculation, and organs were collected.

Assessment of NF-KB activation by in vivo luciferase activity. Two-day-old
HLL mice were inoculated perorally with either 104 PFU T3SA* or PBS.
Mice were anesthetized with isoflurane before imaging and immobilized
for the duration of the integration time of photon counting (3 min-
utes). Luciferin (0.75 g/mouse in 0.2 ml isotonic saline) was inoculated
intraperitoneally, and mice were imaged using an intensified charge-
coupled devise camera (C2400-32; Hamamatsu Corp.). For the duration
of photon counting, mice were placed inside a light-tight box. Light
Volume 115 2347
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emission from each mouse was detected as photon counts, and a digital
false-color photon emission image of the mouse was generated.

EMSAs. Two-day-old pS0*/* and pS0~/- mice were inoculated perorally with
either 10* PFU T3SA" or PBS. Mice were euthanized 12 days after inoculation.
Brains and hearts were aseptically removed, snap frozen on dry ice, and stored
at-70°C. Organs were weighed, placed in a mortar with liquid nitrogen, and
ground into a powder. Lysis buffer (20 mM HEPES [pH 7.9], 25% glycerol,
0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl
fluoride, 0.5 mM dithiothreitol) was added in a ratio of 1 ml per 200 mg of
tissue. Samples were frozen and thawed 3 times and centrifuged at 12,000 g
for 10 minutes. The supernatant was used as the whole-cell extract.

Whole-cell extracts (10 pg total protein) were assayed for NF-kB activa-
tion by EMSA using a 3?P-labeled oligonucleotide (1.0 ng) consisting of’
the NF-kB consensus binding sequence (Santa Cruz Biotechnology Inc.)
as described previously (18). For competition experiments, unlabeled con-
sensus oligonucleotide at various concentrations was added to the reaction
mixtures along with radiolabeled oligonucleotide. For supershift experi-
ments, 1 ul of a rabbit polyclonal antiserum specific to p6S (250 ug/ml;
Santa Cruz Biotechnology Inc.) was added to the binding reaction mixtures
and incubated at 4°C for 30 minutes prior to the addition of radiolabeled
oligonucleotide. Nucleoprotein complexes were subjected to electrophore-
sis in native polyacrylamide gels, which were dried and exposed to film.

Determination of viral titer in infected organs. Organs (intestine, liver, heart,
and brain) from infected p50*/* and p50~/- mice were placed into vials con-
taining 1 ml gelatin saline, frozen (-20°C) and thawed once, and sonicated
for 20 seconds. Titers of virus present in organ homogenates were deter-
mined by plaque assay using L cell monolayers (42).

Histology, immunobistochemistry, and TUNEL staining. Litters of newborn p50*/*
and p50-/- mice were inoculated intracranially or perorally with either 10* PFU
T3SA* or PBS. Mice were euthanized, and brain and heart tissues were fixed in
10% buffered paraformaldehyde. Fixed organs were embedded in paraffin, and
6-um histological sections were prepared. Sections were stained with H&E for
evaluation of histopathologic changes, processed for immunohistochemical
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Figure 7

Inflammation, reovirus protein expression,
TUNEL staining, and immunohistochemical
detection of activated caspase-3 in the
heart of reovirus-infected p50++ (A) and
p50-~ mice (B). Newborn mice were inocu-
lated perorally with 10* PFU reovirus T3SA*.
At 12 days after inoculation, hearts were
harvested, paraffin embedded, sectioned,
and stained with H&E, polyclonal reovirus-
specific antiserum, TUNEL, or activated
caspase-3-specific antiserum as indicated.
Original magnification, x25 (top panels) and
x400 (bottom panels). Brown staining indi-
cates reovirus protein, fragmented DNA, or
activated caspase-3.

Caspase-3

detection of reovirus protein, assayed for DNA fragmentation using the
TUNEL technique (43), or processed for the immunohistochemical detection
of activated caspase-3 (5). Cells demonstrating TUNEL staining were quan-
titated separately in each parasagittal brain section in the following regions:
cerebral cortex, hippocampus, basal ganglia, diencephalon, and brain stem.
The mean number of positive cells per region was determined for each treat-
ment group and time point. Observers were blinded to the identity of the
mouse strain and the nature of the inoculum.

Echocardiography. Echocardiography was performed on conscious 10-day-
old pups as previously described for adult mice (44) except that the total field
depth was set to 1 cm (minimum possible), and external heating and rapid

18 D p50+/;
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Brain Heart

Figure 8
Levels of IFN-3 mRNA in brain and heart of p50++ and p50~- mice. New-
born mice were inoculated perorally with either PBS (Mock) or 104 PFU
reovirus T3SA*. At 12 days after inoculation, brains and hearts were
resected, and whole-organ RNA was isolated and used as a template
to generate cDNA. Levels of IFN-p and GAPDH cDNA were assessed
by real-time PCR. The results are expressed as the mean ratio of IFN-$
cDNA to that of GAPDH for 2 animals. Error bars indicate SDs.
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were euthanized, and organs were removed.
Organs were processed for determination of
viral titer and histopathological analysis.

Animal husbandry and experimental
procedures were performed in accordance
with NIH Public Health Service policy
and approved by the Vanderbilt University
School of Medicine Institutional Animal
Care and Use Committee.

Data analysis. Results are expressed as the
mean * SD. Differences between mean val-
ues were compared using unpaired Student’s
¢ tests as applied with Microsoft Excel soft-
ware. Pvalues less than 0.05 were considered
statistically significant.

Reovirus replication and apoptosis in infected p50~- mice following treatment with IFN-3. Newborn

mice were inoculated intraperitoneally with either IFN-$ or PBS 1 day prior to peroral inoculation
with 104 PFU reovirus T3SA+. Animals were treated with either IFN-f3 or PBS for an additional 9
days, and brains and hearts were resected. (A) Viral titers in the brain and heart. Organs were
homogenized, and viral titers were determined by plaque assay. The results are expressed as
the mean viral titers for 3 animals. Error bars indicate SDs. *P < 0.05 by Student’s t test. (B)
Histopathology of reovirus infection in the heart. Hearts of the reovirus-infected p50~- animals
represented in A were paraffin embedded, sectioned, and stained with polyclonal reovirus-spe-
cific antiserum or processed for TUNEL analysis. Original magnification, x100. Brown staining

indicates reovirus protein or fragmented DNA.

sample acquisition were used to prevent excessive heat loss. Electrocardio-
grams were digitally sampled and correspond to the usual surface lead I
RNA isolation and real-time PCR. Two-day-old pS0*/* and p507/- mice were
inoculated perorally with either 104 PFU T3SA* or PBS. Mice were euthanized,
and brain and heart tissues were homogenized using a Dounce homogenizer.
RNA was extracted from brain and heart homogenates using the TRIZOL
RNA extraction protocol (Invitrogen Corp.). Three micrograms of RNA was
used in a reverse-transcription reaction containing x10 bufter, 25 mM MgCl,,
100 uM dithiothreitol, and 1 U RNasin (Promega), 10 mM dNTPs, 50 uM
random hexamers, and 1 U AMV reverse transcriptase (Promega). The reac-
tion was incubated at 43°C for 1 hour and then at 95°C for 10 minutes.
Real-time PCR reactions were carried out using the Bio-Rad iCycler and
iQ Supermix buffer containing DNA polymerase and SYBR Green (Bio-Rad
Laboratories). Two to 3 replicate amplification reactions were performed in
96-well plates (Bio-Rad Laboratories). Each reaction contained 12.5 ul iQ
Supermix buffer, 300 nM forward and reverse primers, and 1 ul cDNA in a
final volume of 25 ul. Primers for the reactions were as follows: (a) IFN-{ for-
ward, 5'-GGAGATGACGGAGAAGATGC-3', (b) IFN-f reverse, 5'-CCCAGT-
GCTGGAGAAATTGT-3', (c) GAPDH forward, S'-CAACTACATGGTCTA-
CATGTTC-3', and (d) GAPDH reverse, 5'-CTCGCTCCTGGAAGATG-3'.
Cycling conditions were as follows: 95°C for 10 minutes and then 45 cycles
at 95°C for 15 seconds, 60°C for 30 seconds, and 72°C for 15 seconds.
Data were analyzed using Bio-Rad iCycler PCR detection and analysis soft-
ware version 3.0 (Bio-Rad Laboratories). DNA was quantitated using the stan-
dard curve method with the background subtracted. Known concentrations
of cDNA were used to obtain the standard curve for each gene (concentra-
tions between 0.0228 and 710 ng). A melting curve was determined for each
sample to detect primer dimers, in which case data were not used. Results are
expressed as values for IFN-f cDNA divided by those for GAPDH cDNA.
IEN-B treatment of mice. Two-day-old p50~/- mice were inoculated
intraperitoneally with either 5 x 10* U IFN-f} (Calbiochem) suspended in PBS
containing 0.1% BSA or PBS alone in a volume of 25 ul 1 day prior to peroral
inoculation with 104 PFU T3SA". Infected mice were treated daily for 9 days
with either IFN-f or PBS. On day 10 following viral inoculation, animals
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