JOURNAL OF VIROLOGY, Apr. 2011, p. 3858-3871
0022-538X/11/$12.00 doi:10.1128/JVI1.01958-10

Vol. 85, No. 8

Copyright © 2011, American Society for Microbiology. All Rights Reserved.

The Proapoptotic Bcl-2 Protein Bax Plays an Important Role
in the Pathogenesis of Reovirus Encephalitis’
Heather M. Berens' and Kenneth L. Tyler'-***

Departments of Microbiology' and Neurology® and Medical Scientist Training Program,® University of Colorado School of
Medicine Anschutz Medical Campus, Aurora, Colorado 80045, and Denver Veterans Administration, Denver, Colorado 80220*

Received 15 September 2010/Accepted 31 January 2011

Encephalitis induced by reovirus serotype 3 (T3) strains results from the apoptotic death of infected
neurons. Extrinsic apoptotic signaling is activated in reovirus-infected neurons in vitro and in vivo, but the role
of intrinsic apoptosis signaling during encephalitis is largely unknown. Bax plays a key role in intrinsic
apoptotic signaling in neurons by allowing the release of mitochondrial cytochrome c. We found Bax activation
and cytochrome c release in neurons following infection of neonatal mice with T3 reoviruses. Bax~/~ mice
infected with T3 Abney (T3A) have reduced central nervous system (CNS) tissue injury and decreased
apoptosis, despite viral replication that is similar to that in wild-type (WT) Bax™'* mice. In contrast, in the
heart, T3A-infected Bax~'~ mice have viral growth, caspase activation, and injury comparable to those in WT
mice, indicating that the role of Bax in pathogenesis is organ specific. Nonmyocarditic T3 Dearing (T3D)-
infected Bax~'~ mice had delayed disease and enhanced survival compared to WT mice. T3D-infected Bax ™'~
mice had significantly lower viral titers and levels of activated caspase 3 in the brain despite unaffected
transneuronal spread of virus. Cytochrome ¢ and Smac release occurred in some reovirus-infected neurons in
the absence of Bax; however, this was clearly reduced compared to levels seen in Bax*'* wild-type mice,
indicating that Bax is necessary for efficient activation of proapoptotic mitochondrial signaling in infected
neurons. Our studies suggest that Bax is important for reovirus growth and pathogenesis in neurons and that
the intrinsic pathway of apoptosis, mediated by Bax, is important for full expression of disease, CNS tissue

injury, apoptosis, and viral growth in the CNS of reovirus-infected mice.

Acute viral encephalitis is a serious and often fatal disease in
humans. Neuronal injury due to encephalitis often leads to
permanent alterations in neurologic function, manifested as
cognitive impairment, seizures, or focal neurological deficits.
Current treatment for most types of viral encephalitis is largely
supportive (64). Specific antiviral drugs of proven efficacy are
available for only a few agents, exemplified by acyclovir treat-
ment for herpes simplex virus encephalitis, yet even with op-
timal therapy, morbidity and mortality remain significant. Un-
derstanding the cellular mechanisms of virus-induced neuronal
injury provides a rational basis for identifying novel targets for
potential neuroprotective antiviral therapy.

Apoptosis occurs during encephalitis caused by a diverse
group of important human neurotropic viruses, including her-
pesviruses, flaviviruses, rhabdoviruses, and retroviruses (15, 29,
30). Apoptosis can serve as a host antiviral defense mechanism
by triggering death of infected cells before viral replication is
complete. Conversely, apoptosis can also enhance pathogene-
sis and facilitate viral dissemination when it occurs in nonre-
newable cell populations, such as neurons, or is triggered after
replication is completed (14). Neuronal apoptosis can occur as
a direct result of viral infection or via indirect mechanisms,
such as target cell lysis by infiltrating inflammatory cells.

Reovirus serotype 3 (T3) infection is a classic experimental
system for studying the cellular and molecular basis of viral
neuropathogenesis. Infection causes lethal meningoencephali-
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tis in neonatal mice and triggers caspase-dependent apoptosis
of neurons, which occurs as a direct consequence of viral in-
fection rather than via immune-mediated processes (65).
Caspase-dependent apoptosis can be initiated through extrin-
sic or intrinsic signaling pathways. The extrinsic pathway be-
comes activated when a death ligand binds to a cognate death
receptor on the cell surface. Ligation of death receptors in-
duces receptor oligomerization and activation of the death
receptor-induced signaling complex (DISC), leading to activa-
tion of the initiator caspase 8, which subsequently activates the
downstream effector caspases 3, 6, and 7 (37). T3 reovirus
infection activates the death receptor pathway in neurons in
the brain during encephalitis and in both primary neuronal
cultures and neuroblastoma cell lines in vitro (13, 62). The
Fasl/Fas system plays a critical role in T3-induced neuronal
apoptosis (13), paralleling that played by the tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL)/DR4/5 sys-
tem in epithelial cells and cancer cell lines (14).

In the intrinsic pathway, a caspase cascade begins when
proapoptotic mitochondrial factors are released into the cyto-
sol. The archetypal proapoptotic mitochondrial factor released
is cytochrome ¢ (cyt ¢), which along with Apaf-1, ATP, and
procaspase 9 forms a complex known as the apoptosome (83).
Caspase 9, the intrinsic pathway initiator caspase, becomes
activated in the apoptosome and then activates downstream
effector caspases. Another key proapoptotic mitochondrial
protein released is second mitochondrion-derived activator of
caspases (Smac), which binds and inactivates inhibitor of apop-
tosis proteins (IAPs) that normally function to inhibit the ac-
tivities of caspases (23, 76, 77).

Bcl-2 family proteins are key regulators of the intrinsic path-
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way and are important for neuronal apoptosis (7). In the
“rheostat” model of apoptosis, cell death or survival is deter-
mined by the ratio of antiapoptotic to proapoptotic Bcl-2 fam-
ily proteins at the mitochondria (42). Overexpression of anti-
apoptotic proteins (including Bcl-2, Bcel-xL, and Mcl-1)
protects the cell against apoptosis. In contrast, when the pro-
apoptotic Bcl-2 family proteins are in excess, they release pro-
apoptotic proteins from the mitochondria (12).

Bcl-2-associated X-protein (Bax) and Bcl-associated killer
(Bak) protein are proapoptotic executioner proteins that in-
duce apoptosis by forming mitochondrial permeability transi-
tion pores and allowing release of cyt ¢ (79). Once cyt ¢ is
released, cells, including neurons, are committed to death (57).
Though Bax and Bak have the same ultimate function at the
mitochondria, one protein may take the dominant role as the
executioner within a specific cell type. Bax is thought to be
the main executioner in neurons and plays an essential role in
neuronal cell death in processes as diverse as developmental
apoptosis, hypoxia, ischemia, oxidative stress, nerve growth
factor withdrawal, potassium deprivation, p53 overexpression,
and nerve injury (10, 18, 26, 31, 50, 54, 57, 68, 69, 80).

Reovirus activates the intrinsic pathway of apoptosis and
triggers the release of mitochondrial proapoptotic factors, in-
cluding cyt ¢ and Smac, in epithelial cells (41). The reovirus
protein pl associates with lipid membranes when overex-
pressed and may contribute to mitochondrial permeability dur-
ing infection (17, 20). Bcl-2 overexpression in reovirus-infected
epithelial cells inhibits apoptosis, indicating a role for proapop-
totic Bcl-2 family proteins in cell death (40, 63). Caspase 9
activation can be detected in the brain following reovirus in-
fection (4, 13), but this may occur as a consequence of effector
caspase activity and is not a reliable indicator of intrinsic path-
way activation. To determine if the intrinsic pathway is re-
quired for neuronal apoptosis in vivo, we investigated the ac-
tivation and importance of the intrinsic regulator Bax during
reovirus encephalitis. We report that Bax is activated and cyt ¢
is released in neurons in the brains of T3-infected mice. In
mice deficient for Bax, virus-induced apoptosis and neurologic
disease were inhibited or delayed, indicating that Bax and the
intrinsic pathway play a critical role in reovirus-induced neu-
ronal apoptosis and central nervous system (CNS) tissue in-
jury. These effects were organ specific, as the hearts from
animals infected intracranially with the neurotropic and myo-
carditic T3 Abney (T3A) strain showed abundant viral repli-
cation, apoptosis, and tissue injury.

MATERIALS AND METHODS

Infection of neonatal mice. Laboratory stocks of plaque-purified passage 2
(P2) mammalian reovirus type 3 Abney (T3A) or type 3 Dearing (T3D) were
generated by infection of 1929 cells (ATCC CL1) as previously described (72).
Aliquots of the same viral stocks were stored at —80°C and were diluted fresh in
phosphate-buffered saline (PBS) for each infection. Two-day-old neonatal mice
were injected intracranially (i.c.) with either 10 wl of PBS for mock-infected
controls or virus doses of 100 or 1,000 PFU in 10 wl of PBS as previously
described (62). NIH Swiss Webster (SW) pregnant dams were obtained from
Harlan (Indianapolis, IN). Bax-deficient mice (strain B6.129X1-Bax'™!Sik”; Jack-
son Laboratory, Bar Harbor, ME) were bred as heterozygotes to generate
Bax™/* (wild-type [WT]), Bax*/~, or Bax/~ offspring. Bax pups were placed
with a foster SW dam for infections. For survival studies, mice were monitored
for 21 days postinfection (dpi) and were sacrificed only if showing signs of severe
lethargy during T3A infection as a manifestation of myocarditis or seizures as
signs of neurologic disease: the day of sacrifice was considered the day of death.
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Upon sacrifice, tail snips were taken for genotyping to confirm the Bax genotype.
Brains, eyes, and hearts were frozen at —80°C in 1 ml of sterile PBS for titer,
immunoblotting, and caspase assays or were fixed in 10% formalin for immuno-
histochemistry and then stored in PBS at 4°C. All animal experiments were
approved by University of Colorado School of Medicine Institutional Animal
Care and Use Committee.

Genotyping of Bax mice. DNA was extracted from tail snips by using a Qiagen
blood and tissue kit (Valencia, CA). Genotyping was performed by PCR using
primer sequences previously described for Bax exon 5 (forward), Bax intron 5
(reverse), and neomycin (reverse) (80) at 0.3 wM each with native Taq polymer-
ase (catalog no. 18138-018; Invitrogen, Carlsbad, CA). An additional reaction
was run to confirm the presence of the neomycin cassette using 0.2 uM forward
primer 5'-AGACAATCGGCTGCTCTGAT-3', 0.2 pM reverse primer 5'-ATA
CTTTCTCGGCAGGAGCA-3', 2 mm MgCl,, and 0.2 mM deoxynucleoside
triphosphates (ANTPs). The expected product size for the neomycin amplifica-
tion is 261 bp.

Protein concentrations. DC protein assay by the microtiter plate method
(Bio-Rad, Hercules, CA) and bovine serum albumin (BSA) standards diluted in
the appropriate buffer were used to determine protein concentrations. Absor-
bances were read at 650 nm on an Emax microplate reader (Molecular Devices,
Sunnyvale, CA).

Immunoblotting. Whole-brain lysates were prepared as described previously
(28), protein concentrations were determined as described above, and 400 wg of
sample was loaded per lane on 15% polyacrylamide-Tricine gels (Hoefer Phar-
macia Biotech, San Francisco, CA). Proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to Hybond C nitro-
cellulose (Amersham Bioscience). Blots were incubated overnight at 4°C with
primary antibodies diluted in either 5% bovine serum albumin (BSA) or nonfat
dry milk (NFDM) in Tris-buffered saline with 1% Tween (TBST). The antibodies
used were anti-Bax polyclonal (2772; Cell Signaling Technology, Beverly, MA) at
1:1,000 in 5% BSA, anti-cleaved caspase 3 (9661; Cell Signaling, Beverly, MA) at
1:1,000 in 5% NFDM, antiactin (CP01; Calbiochem) monoclonal at 1:10,000 in
5% BSA, and mitochondrial marker COX IV (4844; Cell Signaling, Beverly,
MA) at 1:1,000 in 5% NFDM. Peroxidase-conjugated secondary antibodies used
were goat anti-rabbit at 1:4,000 (111-035-003; Jackson ImmunoResearch, West
Grove, PA) and anti-mouse IgM at 1:5,000 (401225; Calbiochem) in 1% NFDM
in TBST. Secondary antibodies were incubated for 1 h at room temperature.
Immunoblots were developed with Pierce ECL (enhanced chemiluminescence)
Western blotting substrate (32106; Thermo Scientific, Rockford, IL) or Super-
Signal West Pico chemiluminescent substrate (34080; Thermo Scientific, Rock-
ford, IL).

Brain, heart, and eye titers. Brains frozen in 1 ml PBS and hearts frozen in 300
wul PBS were thawed and homogenized on ice with 30 strokes of a Dounce
homogenizer using a tight pestle. Aliquots of brains or heart homogenates were
subject to 2 additional freeze-thaw cycles to —80°C. For eye titers, globes were
removed from mice and were stored at —80°C in PBS. Globes were thawed and
placed in gel saline, and volume was determined by volume subtraction. Globes
were then homogenized with 30 strokes of a Dounce homogenizer using a tight
pestle and then subject to three freeze-thaw cycles. All homogenates were son-
icated for 30 s at 35% intensity on ice with an ultrasonic processor with a microtip
probe (Sonics & Material, Inc., Newton, CT) and diluted in gel saline, and
plaque assays were performed with 1.929 fibroblasts as previously described (72).

Immunohistochemistry. Tissues were fixed in 10% formalin for 20 h at room
temperature and then stored at 4°C in PBS until processing. Tissues were paraffin
embedded, cut into 4-um coronal sections, and stained with hematoxylin and
eosin. For immunostaining, sections were deparaffinized in xylene and rehy-
drated in consecutive washes of 100 to 80% ethanol. Antigen unmasking was
performed with 10 mM sodium citrate (pH 6.0) or antigen unmasking solution
(Vector, Burlingame, CA). Tissues were permeabilized for 5 min in acetone at
—20°C, washed in PBS, outlined with SuperPap Pen (Zymed, Invitrogen Carls-
bad, CA), and blocked with either 8% normal goat serum or 8% normal horse
serum in PBS for 1 h. Sections were incubated in primary antibodies diluted in
3% BSA-PBS overnight at 4°C and in secondary antibodies diluted 1:100 in the
appropriate blocking solution for 1 h at room temperature. Nuclei were stained
with Hoechst stain at 1:1,000 (GE Healthcare) for 10 min at room temperature.
Slides were washed in PBS and mounted with Vectashield (Vector Laboratories,
Inc., Burlingame, CA). Imaging was performed using a Zeiss Axioplan 2 digital
deconvolution microscope with a Cooke Sensicam 12-bit camera. All exposure
times, intensity outputs, and background levels were adjusted the same for
mock-infected and infected brains for each imaging experiment with Slidebook
Software. Imaging for cytochrome ¢ and Smac release was performed with a
Zeiss LSM 510 META on Axiovert 200 M. The antibodies used were Bax NT at
1:100 (06-499; Upstate, Lake Placid NY), reovirus monoclonal 4F2 at 1:200,
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reovirus rabbit polyclonal antibody at 1:200, rabbit polyclonal pNS at 1:500 (a
kind gift from Max Nibert, Harvard University, Boston, MA) (8), NeuN at 1:100
(Millipore, Billerica, MA), cleaved caspase 3 (9661L; Cell Signaling, Beverly,
MA) at 1:100, cytochrome ¢ (136F3) (4280; Cell Signaling, Beverly, MA) at 1:50,
Smac/DIABLO (612244; BD Biosciences, Franklin Lakes, NJ), and Tom40 (C-
15) (sc-11025; Santa Cruz Biotechnology, Inc., Santa Cruz, CA). The secondary
antibodies from Jackson ImmunoResearch (West Grove, PA) used were Cy3
goat anti-rabbit (111-165-003), Cy3 goat anti-mouse (115-165-146), DyLight 488
donkey anti-mouse (715-485-150), DyLight 649 donkey anti-rabbit, and DyLight
488 donkey anti-mouse (711-495-152). Alexa Fluor 488-conjugated goat anti-
mouse (A11029), Alexa Fluor 488 goat anti-rabbit (A11034), and Alexa Fluor
633 goat anti-mouse were from Molecular Probes (Invitrogen, Carlsbad, CA).

Caspase activity assays. Fluorogenic substrate assays for caspase activity were
performed for caspase 3 (BF1100; R&D Systems, Minneapolis, MN) according
to the manufacturer’s instructions (13), with some modification. Brains frozen in
1 ml PBS or hearts frozen in 300 pl PBS were thawed and then homogenized 30
times with a Dounce homogenizer with a tight pestle on ice, and aliquots were
frozen at —80°C. Homogenates were thawed and suspended in the kit lysis
buffer, incubated on ice for 10 min, sonicated for 10 s on ice at 35% intensity, and
then centrifuged at 720 X g for 10 min at 4°C to remove debris. Protein con-
centrations were determined as described above. Brain lysates were diluted in
lysis buffer to contain 200 pg protein in a 50-pl volume. Samples were run in
triplicate in 96-well plates. Negative controls that omitted lysate or substrate
were included in all runs. Plates were incubated at 36.5°C for 1 h for brains and
3 h for hearts, and absorbances were read on a CytoFluor fluorescent plate
reader (Applied Biosystems, Framingham, MA). Background was defined in
no-lysate controls and subtracted from all other fluorescent absorbance readings.
Background subtracted fluorescence absorbance values of infected WT or
Bax/~ brains were divided by an average value of their mock controls to
determine a fold increase in activity compared to that of the mock control.
Background subtracted fluorescence values for hearts were normalized by pro-
tein concentration, and then values for infected hearts were divided by average
mock control values.

Analysis of cytochrome ¢ and Smac intensities. Pixel intensities of cytochrome
¢ (cyt ¢) and Smac staining were obtained with Image J software (National
Institutes of Health, Bethesda, MD) (1) from immunofluorescent images ac-
quired from coronal sections. Sections for cyt ¢ immunofluorescence were ob-
tained from mock-infected WT (n = 3), T3D-infected WT (n = 3), mock-
infected Bax/~ (n = 2), and T3D-infected Bax "/~ (n = 3) brains acquired over
two separate imaging experiments. For Smac staining, staining was performed
for mock-infected WT and Bax ™/~ sections (n = 3 each) and T3D-infected WT
and Bax~/~ sections (n = 4 each) over three imaging experiments. Cells were
analyzed from one representative imaging experiment with mock-infected WT,
mock-infected Bax/~, and T3D-infected WT mice (n = 1 each) and T3D-
infected Bax ™/~ mice (n = 2). Mock-infected and reovirus antigen-positive cells
were outlined around the edges of cell bodies by using the frechand tool as
determined by the edge of cyt ¢ or Smac staining for mock or reovirus antigen for
infected cells. Color histograms were obtained for individual cells (n = 54 for cyt
¢, and n = 51 for Smac) for each group, and pixel intensities were given numer-
ical values from 0 to 255, with 0 being black and 255 being bright green. The
percentage of pixels at each intensity value from 0 to 255 was calculated based
upon the total number of pixels measured per cell. The sum of percentages of
pixels at each value from 100 to 255 for cyt ¢ and 10 to 255 for Smac was
calculated per cell, and the sums for all cells per group were compared among
the different groups for statistical analysis. Standard deviations for Smac staining
were obtained directly from the histograms generated in Image J.

Statistical analysis. Statistical analysis was performed with Prism (Graph Pad
Software, Inc., San Diego, CA). For survival of mice, the log-rank (Mantel-Cox)
test was used. Student’s ¢ test unpaired with two tails was used for all other
statistical analyses, unless otherwise noted, and the paired ¢ test was used only
when all values within a group were identical. Mean day of death values are listed
as = standard deviations, and all other values are *+ standard deviations unless
noted. Error bars on graphs represent the standard deviation.

RESULTS

Bax is activated in reovirus-infected neurons in vivo. When
Bax is activated, it undergoes a conformational change that
exposes its N terminus, and this alteration can be detected by
conformation-specific antibodies (34). To determine if Bax was
activated in reovirus-infected cells in the CNS during reovirus
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encephalitis, we performed immunofluorescence with an anti-
body specific to the N terminus of Bax on coronal brain sec-
tions from neonatal NIH Swiss Webster mice infected intracra-
nially (i.c.) with 1,000 PFU of reovirus T3A and sacrificed at 8
days postinfection (dpi). Bax was found to be activated in
specific regions of the brain known to be targeted and damaged
by T3 strains, including the cingulate gyrus, hippocampus, and
thalamus (52, 62) (Fig. 1). Activated Bax was not found in the
brains of mock-infected animals or in regions of the brains of
infected animals not known to be infected by reovirus (data not
shown). Activated Bax staining was exclusively found in cells
staining positive for the neuron-specific nuclear marker NeuN
(Fig. 1B), indicating that the cell population containing acti-
vated Bax is neuronal. The percentage of cells in specific brain
regions containing reovirus antigen or activated Bax is shown
in Fig. 1C. Regardless of brain region, the majority (66 to 86%)
of reovirus-infected cells contained activated Bax (Fig. 1D).
Conversely, the overwhelming majority (91 to 98%) of cells
with activated Bax were reovirus infected (data not shown).
Total Bax expression was not increased in the brains of in-
fected mice compared to controls by immunoblotting (data not
shown), consistent with the absence of changes in Bax gene
expression in infected mice (73).

Bax is important for viral growth and virus-induced tissue
injury and pathogenesis during reovirus encephalitis. Having
shown that Bax was activated, we next wished to determine the
potential role of Bax in neuropathogenesis. Neonatal Bax™/~
mice and their Bax"/~ and Bax™/" (WT) littermates were
infected i.c. with 100 PFU of T3A. There were no significant
differences in survival rates of Bax /~ mice in comparison to
WT littermates: the mean days of death (MDD) were 7.7 dpi
for WT (n = 6), 7.8 dpi for Bax™~ (n = 4), and 8.3 dpi for
Bax /~ (n = 3) (Fig. 2A). Despite the lack of effect on survival,
pathological examination of infected brains from Bax /~ mice
showed dramatic reduction in injury compared to WT animals
(Fig. 2B). Coronal sections were stained for reovirus protein
03 by immunofluorescence, and a substantial reduction in the
number of antigen-positive cells was seen in all regions of
the brains of Bax /~ mice compared to WT controls (Fig. 3A).
The thalamus was the brain region with the heaviest antigen
burden in both WT and Bax ™/~ mice, though the amount of
viral antigen remained substantially reduced in Bax /~ thalami
compared to that in WT thalami. In the Bax /" brains, infec-
tion of ependymal cells was also seen, which was absent in WT
mice (Fig. 3A; note the antigen-positive cells lining the ventri-
cle marked *). Cell counts of reovirus antigen-positive cells per
high-power field (HPF) revealed that the percentage of reovi-
rus-infected cells was significantly decreased in the cingulate,
hippocampus, and thalamus (Fig. 3B). To determine whether
the decrease in the number of infected cells was associated
with a reduction in whole-brain viral titer, plaque assays were
performed to measure viral titer from the brains of WT and
Bax /" mice at 8 dpi with T3A. A slight decrease in viral titer
was seen in the brains of the Bax ™/~ mice compared to WT
mice. The average viral titer for WT brains was 10%° = 3
PFU/ml, and that for Bax /" brains was 10°> = %° PFU/ml
(difference not significant) (Fig. 3C). The viral titer was higher
than expected in the brains of Bax /~ mice given the marked
reduction in the number of virally infected neurons seen in the
coronal sections. An alteration in tropism and infection of
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FIG. 1. Bax is activated in reovirus-infected neurons in the CNS. Two-day-old SW mice were injected with 1,000 PFU T3A. At 8 days
postinfection (dpi), coronal sections were analyzed by immunofluorescence for activated Bax (red; Bax NT antibody), reovirus antigen o3 (green),
and Hoechst nuclear stain (blue). (A) Representative high-power (1,000X) images show that Bax is activated in the cingulate of reovirus-infected
but not in mock-infected animals, and Bax is activated mainly in reovirus-infected cells. (B) Immunofluorescence staining for neuronal marker
NeuN (green) and active Bax (red) in the cingulate of mock- and T3A-infected animals (630; oil). Active Bax surrounds NeuN-staining nuclei.
(C and D) The numbers of reovirus- and active Bax-positive cells were counted per high-power field (400X) per brain region per mouse (n = 4).
(C) The graph shows the average percentage of cells expressing reovirus o3 antigen (black bars) and activated Bax (white bars) per cingulate cortex
(Cing), hippocampus (Hippo), and thalamus (Thal) in infected brains. (D) Average percentage of reovirus-infected cells containing active Bax
within each brain region. The ranges of cells counted were 81 to 224 per cingulate, 101 to 270 per thalamus, and 87 to 134 per hippocampus per

animal.

ependymal cells in Bax ™/~ mice, which was not seen in WT
mice, likely contributes to the higher-than-expected viral titers
in whole-brain lysates.

To determine if apoptosis was impaired in the brain in Bax-
deficient mice, immunofluorescence was performed to detect
the activated form of the executioner caspase, caspase 3, in
addition to reovirus antigen. A substantial decrease in the
number of apoptotic cells was seen in a focus of infection in the
Bax ™/~ thalamus compared to WT thalamus at 8 dpi with 100
PFU T3A (Fig. 4A). Quantification of cells containing active
caspase 3 revealed that there was a significant increase in
caspase 3-positive cells in all three regions of T3A-infected WT
brains compared to mock-infected controls (Fig. 4B). In con-
trast, Bax-deficient mice did not have a significant increase in
the percentage of caspase 3-positive cells in any brain region
following infection, and the percentages in the cingulate and
hippocampus were significantly decreased in comparison to
those in T3A-infected WT mice. These results indicate that
virus-induced activation of caspase 3 is impaired in the CNS in
the absence of Bax.

Bax is dispensable for viral growth, tissue injury, and apop-
tosis in the heart following reovirus infection. Having estab-
lished that Bax plays a key role in the neuropathogenesis of
T3A infection, we next wished to determine if this was organ
specific. Following i.c. inoculation, in addition to causing en-

cephalitis, T3A is able to spread hematogenously to the heart
to also cause severe myocarditis in infected mice. First we
confirmed that Bax was activated in the heart by immunoflu-
orescence for the N terminus of Bax in heart sections of WT
mice infected with 100 PFU T3A at 8 dpi (Fig. SA). In contrast
to results seen in the brain, in WT and Bax /~ mice infected
with T3A, there was no difference in the hearts in the extent or
severity of virus-induced injury (Fig. 5B to D). Immunofluo-
rescence in the hearts for reovirus antigen o3 revealed that the
viral burdens in the heart appear similar in WT and Bax™/~
hearts (data not shown), and plaque assays were performed to
confirm similar viral growth levels in the hearts of WT and
Bax /" mice. The average viral titer in WT hearts at 8 dpi was
1088 = 99 PFU/heart, and the viral titer in Bax "/~ hearts was
10°* = %9 PFU/heart (differences not significant) (Fig. 5E).
To determine if apoptosis still occurred in the heart in the
absence of Bax, activation of the executioner caspase 3 was
investigated. Immunofluorescence staining for active caspase 3
showed similar amounts of caspase-positive cells in foci of
infection in WT and Bax~’/~ hearts (data not shown). Fluoro-
genic substrate assays were performed to analyze caspase 3
activity in the heart. There was no difference in caspase 3
activities in WT and Bax /~ hearts (Fig. 5F). To determine if
apoptosis was correlated with viral titer in the heart, we ana-
lyzed caspase 3 activity and viral titer by Pearson test for
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FIG. 2. Bax is important for reovirus-induced tissue injury in the brain. Neonatal Bax /~ mice and their littermates were injected with 100 PFU
T3A1i.c. (A) WT (n = 6), Bax™'~ (n = 4), and Bax '~ (n = 3) mice from three litters were monitored for survival. (B) T3A-infected WT and Bax "/~
mice were sacrificed at 8 dpi. Hematoxylin and eosin stain of cingulate cortex, hippocampus, and thalamus of mock-infected WT mice and
T3A-infected WT and Bax '~ mice (100X) shows that tissue injury is decreased in Bax/~ mice.

correlation. A significant correlation exists between caspase 3
activity and viral titer in the heart (Pearson r = 0.8666, P =
0.0012) (Fig. 5G), indicating that the amount of viral replica-
tion contributes to caspase activation in the heart regardless of
the presence or absence of Bax. These results indicate that the
role of Bax in reovirus pathogenesis is organ specific and that
Bax is not important for viral growth or apoptosis in the heart
during infection with T3A.

Bax contributes to mortality during encephalitis with sero-
type T3D. WT mice infected with T3A have both severe CNS
injury and extensive myocarditis, both of which likely contribute
to lethality. We wished to look at a model in which cardiac injury
did not occur to investigate the effect of Bax deletion on patho-
genesis in CNS disease. Given that the effect of Bax deletion was
more pronounced in the brain than in the heart in mice infected
with T3A, we infected Bax /™ mice with T3 Dearing (T3D), a
virus that is neuropathogenic but not myocarditic (66). Bax '~
mice and their littermates were injected with 100 PFU of T3D i.c.
and monitored for survival (Fig. 6A). All of the WT mice infected
with 100 PFU T3D died by 11 dpi, with an MDD of 9.7 dpi, which
was significantly later than that for WT mice infected with the
same dose of T3A (MDD of 7.7 dpi) (Fig. 2A) (P < 0.0001). At

21 dpi, 16% of the T3D-infected Bax /~ mice survived compared
to 0% of Bax*/~ and WT mice (P < 0.0001). One Bax '~ mouse
succumbed at 19 dpi without ever showing signs of neurologic
disease. Additionally, there was a significant delay in death in
T3D-infected Bax/~ mice compared to WT mice (Table 1). To
determine if the effect on survival could be replicated with a
higher viral dose, Bax ™/~ mice and their littermates were chal-
lenged with 1,000 PFU of T3D i.c. A significant proportion of
Bax™/~ mice survived the higher challenge dose, with 20% sur-
vival in Bax /"~ mice versus 0% in WT mice (P = 0.02) (Fig. 6B).
The MDD was also significantly later in Bax /~ mice (P = 0.05)
(Table 1). Bax™~ mice infected with 1,000 PFU T3D showed no
difference in survival compared to WT mice (Fig. 6B and Table
1). The survival studies indicate that Bax plays an important role
in reovirus pathogenesis and contributes to accelerated disease
and enhanced mortality during encephalitis with serotype T3D.
Bax is important for neurologic injury and viral growth at
late time points during encephalitis with serotype T3D. In
order to determine whether the enhanced survival in Bax™/~
mice infected with T3D was associated with reduced CNS
tissue injury, the extent of injury was evaluated in a blinded
fashion with a previously validated histopathological injury
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FIG. 3. Bax is important for reovirus growth in the brain. WT and Bax/~ mice were injected with 100 PFU T3A i.c. and sacrificed at 8 dpi.
(A) Coronal sections were stained by immunofluorescence for reovirus antigen o3 (green) and Hoechst (blue) in the cingulate cortex (Cing),
hippocampus (Hippo), and thalamus (Thal) of mock- or T3A-infected WT and Bax '~ mice (100X). An asterisk indicates the antigen-positive
ependymal cells lining the lateral ventricle in the Bax '~ brain. (B) The percentage of reovirus-infected neurons was determined per high-power
field (HPF) (400X) in the cingulate (n = 14 for WT [Bax "], and n = 10 for Bax '~ [Bax—]), hippocampus (n = 12 for WT, and n = 10 for Bax /"),
and thalamus (n = 14 for WT, and n = 9 for Bax /~). Lines between bars indicate comparisons. s, P < 0.0001. (C) Viral titers from WT (closed

circles) and Bax™/~
brain.

grading system (3). Representative images are shown in Fig.
7A. The severity of brain tissue injury was significantly lower in
all three evaluated brain regions in Bax ™/~ mice infected with
100 PFU T3D (P = 0.005 for cingulate and hippocampus and
P = 0.04 for thalamus) compared to T3D-infected WT mice
(Fig. 7B).

To determine if reduced viral injury was associated with
diminished replication of virus in the brain, plaque assays were
performed to compare reovirus growth rates in the brains of
T3D (100 PFU)-infected WT and Bax/~ mice. At 9 dpi, the
viral titer in Bax "/~ brains was significantly decreased (Fig.
8A). The average viral titer for WT brains at 9 dpi was
10%? = %2 PFU/ml, while Bax /" brains had average viral titers
of 107 * %3 PFU/ml (P = 0.002) (Fig. 8A). Unexpectedly,
Bax™/~ mice had a significant increase in brain viral titer com-
pared to WT mice, with an average viral titer of 10%* = ©!
PFU/ml (P = 0.02) (Fig. 8A).

In order to determine whether brain titers in later-surviv-
ing Bax/~ mice reached levels similar to those seen in
moribund WT mice, we examined brain titers in a group of
mice surviving 11 to 13 days postinfection (Fig. 8B). The

(open circles) brains of mice infected with 100 PFU T3A at 8 dpi. Each circle represents an average viral titer from one mouse

average viral titer in the brain of Bax '~ mice (1077 = 2
PFU/ml) remained significantly below that seen in WT mice
at either 9 dpi (see above) or in the small group of T3D-
infected WT mice surviving to 10 to 11 dpi (10%° = ©2
PFU/ml) (P = 0.002).

Axonal transport of virus is not impaired in Bax-deficient
mice. The reduced viral titer in the brain of Bax/~ mice
infected with T3D and the decreased number of infected neu-
rons with T3A may reflect decreased viral replication in neu-
rons, diminished viral spread between neurons, or a combina-
tion of both factors. Following i.c. inoculation, T3 reoviruses
spread to the neuroretina of the eye via transneuronal trans-
port (4, 72). To determine if transneuronal transport was im-
paired, we measured viral titer in eyes from T3D-infected
Bax /" mice after i.c. inoculation. Although the average viral
titers from both eyes of Bax/~ mice were significantly de-
creased compared to those in WT mice (10°* = °® PFU in
Bax '~ eyes versus 107? = %2 PFU in WT eyes; P = 0.015), the
presence of substantial amounts of virus in the eyes of Bax/
mice indicated that transneuronal spread had occurred (Fig.
8C). The ratio of viral titer in the eye to that in the brain is a
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FIG. 4. Caspase activation is decreased in Bax™/~ brains. Immu-
nofluorescence for active caspase 3 (red), reovirus o3 (green), and
Hoechst (blue) was performed on coronal sections from WT and
Bax ™/~ mice infected with 100 PFU T3A at 8 dpi (400X). (A) Pan-
els of cleaved caspase 3 alone and with reovirus antigen show
caspase 3 activation is greatly decreased in a focus of infection in
the Bax ™/~ thalamus. (B) The number of caspase 3-positive cells
was counted from high-power fields (400X) per brain region in the
cingulate, hippocampus, and thalamus. The percentage of cells with
cleaved caspase 3 per HPF in mock-infected WT (white bars),
T3A-infected WT (black bars), mock-infected Bax ™/~ (light gray
bars), and T3A-infected Bax~/~ (dark gray bars) mice is shown per
brain region. Lines between bars are comparisons. *, P < 0.05; #:,
P < 0.01; ns, not significant. The numbers of HPF counted per
region were 6 to 8 for mock-infected WT (n = 3) and Bax ™/~ (n =
2) sections, 12 to 14 HPF for T3A-infected WT (n = 4) sections, and
10 HPF in T3A-infected Bax '~ (n = 4) coronal sections. A range

of 60 to 187 cells were counted per HPF.

measure of the efficiency of transneuronal spread (4), and this
was not significantly different in Bax/~ compared to WT mice
(brain titer/eye titer, WT, 93 = 40, and Bax /~, 405 = 522;
differences not significant) reflecting the fact that lower eye
titers in the Bax™/~ mice were proportional to the reduction
seen in brain titers. This suggests that transneuronal transport
occurs in Bax™/~ mice and is likely as efficient in disseminating
virus as in WT mice.

Bax is important for induction of apoptosis in reovirus-
induced encephalitis in vivo. To determine if reovirus is able to
cause apoptosis in the absence of Bax, fluorogenic substrate
assays of caspase 3 activity were performed on whole-brain
lysates from Bax '~ and WT mice at 9 dpi following infection
with 100 PFU T3D i.c. The average caspase 3 activity was 4.9 =
3.5-fold over mock infected (P = 0.54) in Bax /"~ brains com-

J. VIROL.

pared to 34.4 = 11.0-fold over mock infected (P = 0.022) in
WT brains (P = 0.016 for WT versus T3D-infected Bax /")
(Fig. 9). A similar reduction was seen in caspase 3 cleavage
detected by immunoblotting of whole-brain lysates (data not
shown).

Bax is important, but not essential, for cytochrome ¢ and
Smac release in reovirus-infected cells ir vivo. Bax activation
leads to pore formation in the outer mitochondrial membrane
and release of cyt ¢ into the cytoplasm. The release of cyt ¢ has
not been investigated in reovirus-infected neurons in vivo;
therefore, we performed immunofluorescence imaging to de-
termine the subcellular location of cyt ¢ in infected brains (Fig.
10A). When cyt c is released from the mitochondria, the pat-
tern of staining changes from punctate to diffuse, and in neu-
rons, the release of cyt ¢ can also result in a loss of cyt ¢ staining
(82). Additional immunofluorescence staining for translocase
of the outer mitochondrial membrane 40 (Tom40) shows that
cyt ¢ and Tom40 colocalize in cells in mock-infected brains, but
in reovirus-infected neurons, colocalization between cyt ¢ and
Tom40 is decreased (Fig. 10A). Interestingly, Tom40 staining
is more intense in reovirus-infected cells in the brain and
surrounds inclusion bodies. Rater-blinded cell counts at 9 dpi
in WT mice infected with 100 PFU of T3D i.c. show that cyt ¢
was released in both antigen-negative and antigen-positive
neurons in the cingulate, hippocampus, and thalamus of in-
fected mice. The percentage of mock-infected, antigen-nega-
tive cells in T3D-infected brains, and antigen-positive cells with
released cyt ¢ was calculated per high-power field (HPF) (Fig.
10B). Virtually every reovirus-infected cell showed either dif-
fuse cyt ¢ or a loss of cyt ¢ staining, which was significant
compared to mock infected in all three brain regions exam-
ined. Cyt ¢ was also released in a small but significant percent-
age of antigen-negative neurons, consistent with a small “by-
stander” effect of apoptosis. Release of cyt ¢ was also
investigated in the heart by immunofluorescence for cyt c,
Tom40, and reovirus (data not shown), and cyt ¢ release occurs
in reovirus-infected cardiac myocytes in both WT and Bax ™/~
hearts (Fig. 10D). In reovirus-infected WT and Bax /'~ cells in
the heart, the percentage of cells with released cyt ¢ was sig-
nificantly increased compared to that in mock controls. Inter-
estingly, there was also significantly more release in reovirus-
infected Bax™/~ cells compared to WT cells in the heart (P =
0.002). Therefore, Bax is not required for cyt ¢ release in the
heart. Myocytes also express Bak, which is likely contributing
to release of cyt ¢ in the absence of Bax.

As neurons do not express a full-length form of Bak (70, 71,
75), it is likely that Bax alone is the executioner responsible for
cyt ¢ release in neurons, and accordingly, Bax-deficient neu-
rons do not release cyt ¢ during apoptosis induced by intrinsic
pathway stimuli (50, 58, 59). Recently it was reported that
reovirus protein 1, an outer capsid viral protein crucial for
pathogenesis, is able to release both cyt ¢ and Smac when
overexpressed in fibroblasts, and T3D infection of Bax /~
Bak ™/~ mouse embryonic fibroblasts (MEFs) also results in
the release of cyt ¢ (81). To determine if cyt ¢ is released in
reovirus-infected neurons in vivo in the absence of Bax, immu-
nofluorescence staining was also performed for cyt ¢ in mock-
and T3D-infected Bax /'~ mice at 9 dpi (Fig. 10A). In the
Bax /™ sections, reovirus-infected neurons were difficult to
detect and were mostly found as a few isolated infected cells in
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FIG. 5. Bax is dispensable for viral growth, tissue injury, and apoptosis in the heart following reovirus infection. (A) Bax is activated in
reovirus-infected cells in the heart. Hearts from mock-infected and T3A (100 PFU)-infected WT mice at 8 dpi were sectioned and stained for active
Bax (red), reovirus antigen (green), and Hoechst nuclear stain (blue) by immunofluorescence. (B to I) WT and Bax '~ mice were injected with
100 PFU T3A i.c. and were sacrificed at 8 dpi. (B to D) Hematoxylin and eosin stain (200X of hearts from mock-infected WT (B) or T3A-infected
WT (C) and Bax ™/~ (D) mice shows similar amounts of histopathologic injury in WT and Bax /" hearts. (E) Plaque assays were performed to
determine the viral titers in the hearts of WT and Bax~/~ mice, and there was no difference between genotypes. (F) The fluorogenic substrate assay
for caspase 3 activity was performed with hearts from mock-infected WT (n = 4) and Bax ™/~ (n = 4) mice and T3A-infected WT (n = 5) and
Bax™/~ (n = 5) mice. Activity is expressed as a fold increase compared to the average mock-infected value for respective genotype controls.
(G) Correlation plot between caspase 3 activity and viral titer shows a correlation between caspase activity and viral titer in the heart (r represents
the Pearson correlation for all values). Best-fit lines are shown per genotype, with the lower line representing the WT and the upper line
representing Bax ™/~ values. #, P < 0.05; #x, P < 0.01; ns, not significant.

the cingulate and in small foci of infection within the thalamus. seen in reovirus-infected Bax '~ neurons (Fig. 10A), indicat-

The inability to detect many infected neurons correlates with ing that a Bax-independent mechanism of cyt ¢ release exists
the greatly decreased brain titers at this time point (Fig. 8) and during reovirus infection of neurons. Many of the Bax /-

was similar to infection with T3A (Fig. 3). Release of cyt ¢ was infected neurons did have their inclusion bodies surrounded by
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FIG. 6. Bax'~ mice have increased survival following infection with T3D. Bax/~ mice and their Bax™~ and WT littermates were injected i.c.
with serotype T3D and monitored for signs of disease and survival until 21 dpi. Mice were sacrificed only if seizing and moribund and were counted
as dead on the day of sacrifice. The graphs show the percentage of surviving animals at each dpi. (A) WT (n = 17), Bax™'~ (n = 25), and Bax "/~
(n = 19) mice from eight litters were infected with 100 PFU T3D. (B) WT (n = 6), Bax"/~ (n = 7), and Bax '~ (n = 5) littermates from three
litters were infected with 1,000 PFU T3D. #, P < 0.05, and %, P < 0.0001, for Bax "/~ compared to WT by log-rank test.
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TABLE 1. Bax /" mice have delayed death following
infection with T3D

No. of
T?I?F(gjo)se gﬁ(())usee mice surviving/no. MDD* P value?

genotyp infected (%)

100 WT 0/17 (0) 9.7+ 08
Bax'/~ 0/25 (0) 9.7+1.1 0.96
Bax /- 3/19 (15.8) 1.8+ 13 <0.0001

1,000 WT 0/6 (0) 93+ 1.0
Bax'/~ 0/7 (0) 8.7+1.0 0.28
Bax /- 1/5 (20) 11.8 +22 0.05

¢ Excludes survivors. Mean values *+ standard deviations are shown.
b P values are in comparison to values for WT mice.
¢ Excludes a mouse that succumbed at 19 dpi.
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Tom40 staining but retained most of their cyt ¢ staining within
the cell. A decrease of cyt ¢ signal is commonly used as an
indication of release (9, 61, 81); therefore, we measured the
intensity of cyt ¢ staining in mock- and reovirus-infected WT
and Bax /" neurons (Fig. 10C). Intensity of staining was de-
termined by color histogram analysis of pixels from single cells
as described in Materials and Methods. A significant decrease
in cyt ¢ staining intensity was seen between mock- and T3D-
infected WT cells, while the difference between mock-infected
and infected Bax '~ cells was not significant. Infected Bax '~
neurons retained significantly more intense cyt ¢ staining than
infected WT neurons. Due to the limited number of infected
Bax-deficient neurons detectable, it is difficult to make a state-
ment regarding the efficiency or timing of cyt ¢ release in the
absence of Bax. Thus, while reovirus is capable of releasing cyt
¢ in a Bax-independent manner in infected neurons, cyt ¢
release is impaired in the absence of Bax.

Bax-/- T3D

* O Mock WT
B WT T3D

[ Mock Bax-/-
M Bax-/- T3D

Thalamus

FIG. 7. Bax is important for reovirus-induced tissue injury in the CNS. Coronal sections of brains of mock- and T3D (100 PFU)-infected
WT and Bax ™/~ mice that were seizing and moribund at 10 to 13 dpi were stained by hematoxylin and eosin for histopathology. Brain regions
were scored for injury (n = 3 per group) by two blinded observers as follows: 0, no injury; 1, <10% of region with lesions; 2, 10 to 40%
lesions; 3, 40 to 75% lesions; and 4, >75% lesions. (A) Representative images (200X) from the cingulate cortex (Cing), hippocampus (CA3),

and thalamus (Thal) are shown from mock-infected Bax /~ mice and T3D-infected WT and Bax /~ animals. The tissue injury score is in the
lower right of each picture. (B) The graph shows histopathology scores per cingulate cortex, hippocampus, and thalamus in mock-infected
and T3D-infected WT and Bax /™ brains. Tissue injury is greatly decreased in T3D-infected Bax /™ mice exhibiting seizures. Asterisks above
bars indicate significance compared to mock infected, and lines between bars indicate a significant difference between groups. *, P < 0.05;

#k, P < 0.01; and %, P < 0.005.
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FIG. 8. Reovirus growth is significantly decreased in Bax/~

brains, but transneuronal transport is not impaired. Bax™/

Bax-/- WT Bax-/-

mice and their

littermates were infected with 100 PFU T3D. Brains and eyes were harvested at 9 dpi or later and analyzed for viral titer by plaque assay. Each
point represents the average viral titer per animal. The graphs show viral growth in brains of mice (n = 5 each) at 9 dpi from four separate litters
(A), viral growth in brains of mice showing seizures in WT mice at 10 to 11 dpi (n = 5; 2 litters) and Bax /™ mice at dpi 11 to 13 (n = 9; 5 litters)
(B), and viral titers in both eyes of WT (n = 5; 5 litters) and Bax™/~ (n = 5; 2 litters) mice at 9 dpi (C). *, P < 0.05; and #*, P < 0.005 compared

to WT.

Release of Smac was also investigated by immunofluores-
cence in infected WT and Bax ™/~ neurons (Fig. 11A). Infected
WT neurons lost much of their Smac staining, indicating Smac
is released. In infected Bax /™ neurons, Smac staining was also
decreased compared to the level in mock-infected neurons
(Fig. 11A). To quantify a change in fluorescence intensity of
Smac, analysis of color histograms was performed. The inten-
sity of Smac staining was decreased in both T3D-infected WT
and Bax '~ neurons compared to mock genotype controls
(Fig. 11B), confirming that Smac intensity was decreased in
infected cells. However, infected Bax /™ cells retained signif-
icantly more intense Smac staining than WT cells (Fig. 11B).
Smac release can also be assessed by a decrease in standard
deviation of pixel intensities as the distribution of Smac be-
comes diffuse in the cell (61), and the average standard devi-
ations per group are shown in Fig. 11C. Again there was a
significant reduction in the standard deviations in infected WT
and Bax /" neurons compared to mock genotype controls,
with Bax ™/~ standard deviations being significantly higher than
those of the WT. Thus, it appears that reovirus is able to
release both cyt ¢ and Smac independently of Bax, but Bax is
an important contributor to release of these proteins from the
mitochondria in neurons.
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FIG. 9. Apoptosis is decreased at 9 dpi in Bax/~ mice infected
with T3D. Two-day-old Bax /" mice and their WT littermates were
injected with either PBS or 100 PFU T3D i.c. and sacrificed at 9 dpi.
Fluorogenic substrate assays were performed with lysates from mock-
infected (n = 6) and T3D-infected WT (n = 8) animals and mock-
infected (n = 3) and T3D-infected (n = 9) Bax /™ animals in triplicate.
Activity is expressed as fold change over mock infected for that geno-
type. *, P < 0.05. The asterisk above the bars is compared to mock
infected, and that between bars is compared to WT.

DISCUSSION

Apoptosis is an important mechanism of neuronal death during
reovirus encephalitis. Although there is clear evidence indicating
that reovirus-induced neuronal apoptosis is associated with acti-
vation of the Fas/FasL extrinsic death receptor pathway (4, 13),
the role of the intrinsic pathway in reovirus-induced apoptosis in
vivo has not been well characterized. The BH3-only protein Bid is
cleaved by the extrinsic pathway initiator caspase 8 and links
activation of the extrinsic pathway to the intrinsic pathway via
activation of Bax or Bak (25, 78). Bid is cleaved during reovirus
infection in vitro and in vivo by the extrinsic pathway and plays an
important role in reovirus pathogenesis during encephalitis (13,
21, 40), which suggests that Bid is important for engaging intrinsic
pathway activation during reovirus infection. In this report, we
show that the intrinsic pathway regulator Bax is activated in the
brain following reovirus infection. Bax activation is seen in the
same brain regions that are involved in reovirus infection and
occurs almost exclusively in infected neurons. We also show that
cytochrome c¢, a critical proapoptotic mitochondrial protein and
effector of intrinsic apoptotic signaling, is released from the mi-
tochondria in the brains of reovirus-infected animals. These re-
sults establish that the mitochondrial intrinsic apoptotic pathway
is activated in the brains of mice during reovirus infection. Our
results also demonstrate that reovirus infection of neurons, neu-
ronal apoptosis, and injury within the brain are inhibited in
Bax /™ mice, suggesting that Bax is required for the full expres-
sion of reovirus-induced pathogenesis during encephalitis. The
importance of Bax is organ specific, and in contrast to results
found in the brain, we found no difference in rates of viral growth,
cyt ¢ release, apoptosis, and injury within the hearts of mice
infected with the myocarditic reovirus strain T3A. Our results in
the Bax™/~ hearts are supported by evidence that intrinsic path-
way activation in cardiac myocytes is not required for reovirus-
induced apoptosis (22).

In neurons, Bax is required for cyt ¢ release in apoptotic neu-
rons as Bax/~ neurons do not release cyt ¢ in response to intrin-
sic pathway stimuli (50, 58, 59) and neurons do not express a
full-length form of Bak (70, 71, 75). Consistent with results that
T3D infection causes release of cyt ¢ in Bax /~ Bak '~ MEFs
(81), we found that reovirus-infected neurons were able to release
cyt ¢ and Smac in the absence of Bax but that Bax is still important
for optimal release of these protein during reovirus infection. The
w1 protein of reovirus can release cyt ¢ and Smac when ectopi-
cally expressed (81), but a proapoptotic peptide from the ¢ frag-
ment that is sufficient and critical for .l to induce apoptosis is not
able to release cyt ¢ from isolated mitochondria or when micro-
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FIG. 10. Cytochrome c is released in reovirus-infected neurons and cardiac myocytes in vivo. (A to C) Coronal sections taken from brains at 9 dpi
from mock-infected WT (n = 3) and Bax /™ (n = 3) mice and T3D (100 PFU)-infected WT (n = 4) and Bax ™/~ (n = 3) mice were stained for cytochrome
¢ (cyt c; green), Tom40 (red), and reovirus o3 (gray) by immunofluorescence confocal microscopy (1,000x; oil). (A) Representative images of the
cingulate cortex in WT mice and the thalamus in Bax /~ mice show that cyt c is released from the mitochondria in reovirus-infected cells. Released cyt
¢ is exemplified by a diffuse staining pattern () or a loss of cyt ¢ staining, while mitochondrial cyt ¢ is punctate. Note that a T3D-infected Bax /~ neuron
has released cyt c. (B) cyt ¢ staining patterns were grouped as punctate or diffuse, and the diffuse group includes cells with a loss of cyt ¢ staining. The
distributions of cells by average percentage per high-power field (HPF) in the cingulate cortex, hippocampus (CA3), and thalamus of mock-infected
(white bars) and antigen-negative (Ag Neg; gray bars) or antigen-positive (Reo; black bars) cells in T3D-infected WT brains are shown. For mock-infected
mice, 7, 6, and 11 HPFs were counted in the cingulate, hippocampus, and thalamus, respectively. For T3D-infected WT sections, 11, 6, and 21 HPFs were
counted in the cingulate, hippocampus, and thalamus, respectively. (C) Fluorescence intensities of cyt ¢ staining were determined by histogram analysis
in 54 cells each of mock- and T3D-infected WT and Bax/~ neurons. The average percentages of pixels with intensities in the range of 100 to 255 are
shown per group, which shows that infected WT cells have a significant decrease in intensity of cyt ¢, while infected Bax’~ neurons do not. (D) Bax ™’
mice and their WT littermates were injected with 100 PFU T3A, and hearts were taken at 8 dpi, sectioned, and stained for cyt ¢, Tom40, and reovirus
by immunofluorescence. Rater-blinded cell counts were performed for cyt ¢ release in mock-infected, antigen-negative cells in T3A-infected hearts and
reovirus-infected cells per HPF in mock-infected WT (n = 5), T3A-infected WT (n = 15), mock-infected Bax™'~ (n = 6), and T3A-infected Bax '~ (n =
11) mice. Hearts were taken from at least two animals per group. The average percentage of cells with released cyt ¢ per HPF is shown. Lines between

3868



VoL. 85, 2011

A Smac

Smac + Reo

Mock
Bax-/-

T3D
Bax-/-

T3D
WT

Bax IS IMPORTANT FOR REOVIRUS PATHOGENESIS IN THE CNS 3869
B 80
n Jekk
re)
N kK
o 601 *kk
z I
g
% 40
-
c
@
© 20
o}
[ i
¢ & &
& & @
N Q 2 2
F K ‘&fb OQ’
> @oo )
C 15
Y * kK
g *kk
,g §‘10 *kk T
@
2 T
SE
T8 s
©
25
©
»
0 é\ y
& ¢ -
&S R
§§° A éoat- (,,0

FIG. 11. Bax contributes to, but is not required for, Smac release in reovirus-infected neurons in vivo. Coronal sections from WT (n = 4) and
Bax~/~ (n = 4) mice infected with 100 PFU T3D at 9 dpi were analyzed by immunofluorescence for Smac release and were compared to those
from mock-infected mice (n = 3 each). (A) Representative image of Smac (green), reovirus 3 (red), and Hoechst (blue) staining in the thalamus
of mock-infected Bax '~ and T3D-infected WT and Bax '~ mice. (B and C) Color histograms from one representative imaging experiment were
obtained for individual cells (n = 51 per group) for mock-infected and T3D-infected WT and Bax /~ mice to analyze the intensities of Smac
staining. (B) The percentage of pixels between 10 and 255 was determined per cell, and the average is shown per group. (C) The average standard
deviation of Smac intensities per cell is shown per group. ##x, P < 0.0001.

injected into cells (39). However, the proapoptotic peptide is able
to cause increases in intracellular calcium by an unknown mech-
anism (39). Both cyt ¢ release from the mitochondria (reviewed in
reference 19) and increased intracellular Ca** (reviewed in ref-
erence 60) potentiate opening of the permeability transition pore
complex spanning both the outer and inner mitochondrial mem-
branes, which thus can cause swelling of the matrix and rupture of
the outer mitochondrial membrane to release proteins such as cyt
¢ and Smac. Despite the ability of reovirus to release cyt ¢ in the
absence of Bax, release was impaired in Bax-deficient neurons
compared to the presence of Bax in WT neurons. This suggests
that the rate of release of cyt ¢ is delayed in Bax™/~ mice, which
would delay caspase 3 activation in Bax /" infected neurons.
Recently it was reported that the interferon-stimulated gene
(ISG) ISG12b2 localizes to the mitochondria and can release cyt
¢ when expressed in Bax '~ Bak ™/~ MEFs (46), and reovirus is
known to induce ISGs during encephalitis (73), thus offering an
additional mechanisms for cyt ¢ release in infected neurons in the
absence of Bax. Lysosomal membrane permeabilization and re-
lease of lysosomal proteases cathepsins has been shown to be an
amplifying signal of apoptosis that is downstream of but requires
Bax or Bak (53) and is yet another factor that could cause de-
creased caspase activity in Bax/~ reovirus-infected neurons.
Bax has other roles within cells aside from that as the mito-
chondrial executioner of apoptosis. At the endoplasmic reticulum
(ER), Bax plays a major role in regulation of intracellular Ca®"
release from the ER and subsequent uptake by mitochondria

during apoptosis induced by oxidative stress (reviewed in refer-
ence 27). Both Bax and Bak have been implicated in the regula-
tion of mitochondrial dynamic processes of fission and fusion.
During apoptosis, mitochondrial fission is increased, which Bax
may promote as it is found at fission sites and is complexed with
fission machinery (reviewed in reference 27). Conversely, Bax and
Bak together are important for mitochondrial fusion, and Bax-
deficient cortical neurons have significantly shorted mitochon-
drial lengths that suggests a defect in mitochondrial fusion in
neurons in the absence of Bax (16). We have found that reovirus-
infected neurons display alterations in mitochondrial networks, as
evidenced by immunofluorescence for the outer mitochondrial
membrane protein Tom40. Tom40 staining is enhanced around
viral inclusions regardless of the presence of Bax, while cyt ¢ is
absent (Fig. 10). Several possibilities exist to explain the enhanced
Tom40 staining. The first is that mitochondrial fission is occur-
ring, and there is an increased signal due to an increase in the
number of mitochondria, which appears to be unaffected by the
absence of Bax. The second is that damaged mitochondria that
have already released cyt ¢ are being transported to the perinu-
clear region for degradation (56).

Many viruses have recently been found to activate Bax, includ-
ing influenza A virus (49), respiratory syncytial virus (24), hepa-
titis B virus (44), hepatitis C virus (5), Theiler’s murine enceph-
alomyelitis virus (67), West Nile virus (55), rabies virus (36, 74),
poliovirus (2), rotavirus (48), and Newcastle disease virus (51). A
common link for the ability of many different viruses to activate
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Bax may be induction of apoptosis via antiviral innate immunity
pathways. The double-stranded RNA (dsRNA) sensors RIG-I
and MDA-5 were found to initiate intrinsic pathway-mediated
apoptosis in melanoma cells when activated by poly(I-C) (6), and
reovirus antiviral signaling is dependent on signaling via RIG-I or
MDA-5 through their mitochondrial adaptor IPS-1 (45). Recently
it was found that IRF-3 is able to activate Bax (11), and activation
of IRF-3 downstream of IPS-1 and RIG-I activation in reovirus
infection was found to be important for induction of apoptosis
and attenuation of reovirus in vivo (32, 33). Innate antiviral sig-
naling pathways may also be a mechanism for Bax activation
during reovirus infection.

Our results demonstrate that Bax contributes to reovirus-in-
duced neuronal apoptosis and tissue injury and that reovirus-
infected Bax /~ mice show reduced CNS tissue injury, delayed
disease, and enhanced survival compared to WT controls. In
contrast, although tissue injury and apoptosis were decreased in
neonatal Bax /™ mice infected with rabies virus strain RV194-2,
there was no difference in disease or survival of Bax /™ mice, and
Bax-independent apoptosis in the brainstem was considered to be
the lethal lesion in the mice (35). Bax has been shown to be
protective against apoptosis during CNS infection by Sindbis virus
(38), and 1-week-old Bax '~ mice infected with Sindbis virus had
significantly decreased survival compared to their WT littermates
(43).

Viral growth and infection of neurons are decreased in the
Bax ™/~ brain following infection with T3 reoviruses. Similar viral
titers in the hearts of WT and Bax/~ mice infected with T3A and
a lack of difference in viral growth in Bax /~ Bak /~ MEFs (81)
indicate that Bax is not directly required for reovirus replication
within a cell. We hypothesize that deletion of Bax delays apop-
tosis of infected cells and slows lateral spread of reovirus to
neighboring neurons. Release of reovirus from Ras-transformed
cancer cells is caspase dependent (47). Similarly to what we see in
T3D-infected Bax ™/~ mice, viral growth is also decreased in the
brains of Bid /" and caspase 3/~ mice (4, 21), and both Bid and
caspase 3 are shown to be important or required for apoptosis
signaling during reovirus infection. We also found an unexpected
increase in viral titer in the brains of Bax"/~ mice infected with
100 PFU T3D at 9 dpi. Considering the rheostat model of Bcl-2
family proteins in apoptosis, it is possible that with only half of the
normal amount of cellular Bax available, apoptosis would be
delayed in an infected cell. The delay would allow for further viral
replication before apoptotic fragmentation of the cell occurs,
thereby increasing viral titers. However, by deleting Bax, apopto-
sis is impaired and this decreases viral spread. Caspase 3 is the
main executioner caspase in neurons and is required for patho-
genesis of reovirus encephalitis and CNS tissue injury (4). We
found that caspase 3 activation is dramatically reduced in the
brains of T3D-infected Bax ™'~ mice at 9 dpi by fluorescent sub-
strate activity and activation is decreased in T3A-infected Bax '~
brains by immunofluorescence for activated caspase 3. Our data
indicate that the intrinsic mitochondrial apoptotic signaling path-
way plays an important role in augmenting death receptor-initi-
ated apoptosis in the brains of reovirus-infected mice and that
reovirus itself augments this pathway as part of its pathogenesis to
induce full expression of CNS tissue injury and associated CNS
disease.
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