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ABSTRACT Reovirus encephalitis in mice was used as a model system to investigate
astrocyte activation (astrogliosis) following viral infection of the brain. Reovirus infection
resulted in astrogliosis, as evidenced by increased expression of glial fibrillary acidic pro-
tein (GFAP), and the upregulation of genes that have been previously associated with
astrocyte activation. Astrocyte activation occurred in regions of the brain that are tar-
geted by reovirus but extended beyond areas of active infection. Astrogliosis also oc-
curred following reovirus infection of ex vivo brain slice cultures (BSCs), demonstrating
that factors intrinsic to the brain are sufficient to activate astrocytes and that this pro-
cess can occur in the absence of any contribution from the peripheral immune re-
sponse. In agreement with previous reports, reovirus antigen did not colocalize with
GFAP in infected brains, suggesting that reovirus does not infect astrocytes. Reovirus-
infected neurons produce interferon beta (IFN-�). IFN-� treatment of primary astrocytes
resulted in both the upregulation of GFAP and cytokines that are associated with astro-
cyte activation. In addition, the ability of media from reovirus-infected BSCs to activate
primary astrocytes was blocked by anti-IFN-� antibodies. These results suggest that
IFN-�, likely released from reovirus-infected neurons, results in the activation of astro-
cytes during reovirus encephalitis. In areas where infection and injury were pronounced,
an absence of GFAP staining was consistent with activation-induced cell death as a
mechanism of inflammation control. In support of this, activated Bak and cleaved
caspase 3 were detected in astrocytes within reovirus-infected brains, indicating that ac-
tivated astrocytes undergo apoptosis.

IMPORTANCE Viral encephalitis is a significant cause of worldwide morbidity and mor-
tality, and specific treatments are extremely limited. Virus infection of the brain triggers
neuroinflammation; however, the role of neuroinflammation in the pathogenesis of viral
encephalitis is unclear. Initial neuroinflammatory responses likely contribute to viral
clearance, but prolonged exposure to proinflammatory cytokines released during neuro-
inflammation may be deleterious and contribute to neuronal death and tissue injury. Ac-
tivation of astrocytes is a hallmark of neuroinflammation. Here, we show that reovirus
infection of the brain results in the activation of astrocytes via an IFN-�-mediated pro-
cess and that these astrocytes later die by Bak-mediated apoptosis. A better understand-
ing of neuroinflammatory responses during viral encephalitis may facilitate the develop-
ment of new treatment strategies for these diseases.
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Astrocytes are the most abundant cells in the central nervous system (CNS) and are
responsible for maintenance of homeostasis and modulation of neuronal activity.

Astrocytes act cooperatively with neurons to facilitate a wide variety of functions,
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including neurotransmitter trafficking and recycling, ion homeostasis, energy metabo-
lism, defense against oxidative stress, and glutamate uptake. This critical dependence
of neurons upon astrocyte-derived trophic support confers astrocytes with intrinsic
neuroprotective properties (1). Astrocyte reactivity can be triggered by any alteration in
brain homeostasis, and they become reactive in response to virtually all pathological
conditions in the CNS. Accordingly, astrocytes are equipped with many receptors and
intracellular signaling cascades that respond quickly to changes in their environment,
such as the presence of viral or bacterial proteins in the extracellular space, increased
concentrations of cytokines or chemokines, and even the absence of “normal” signals
(growth factors or neurotransmitters) from neighboring cells (2). Astrocyte activation is
characterized by increased expression of glial fibrillary acidic protein (GFAP), an inter-
mediate filament protein, as well as cell hypertrophy and proliferation (3, 4). Activated
astrocytes act as important regulators of CNS inflammation and release a wide variety
of immune mediators, such as cytokines, chemokines, and growth factors that may
exert either neuroprotective or neurotoxic effects. Consistent with the neuroprotective
role of astrocytes in controlling neuroinflammation, astrocytes participate in the sup-
pression of microglia through negative-feedback loops (5). However, astrocytes are also
associated with pathogenesis and selective inhibition of their proinflammatory pro-
cesses is neuroprotective in some models of CNS injury (6).

Virus-induced CNS disease is a significant cause of morbidity and mortality and
treatment options are severely limited. Autopsy studies have shown that astrocytes are
activated following infection of the brain with several human viruses (7–10), and recent
studies have shown that astrocytes are important interferon (IFN)-producing cells in
various neurotropic viral infections (11–13). It has been suggested that uninfected
astrocytes may exist in an antiviral state and respond very quickly to viral infection by
upregulating important antiviral IFN-stimulated genes (14). However, many questions
remain involving the role of astrocytes in viral pathogenesis within the CNS, including
the mechanisms of astrocyte activation and how activated astrocytes are regulated to
prevent deleterious effects on neurons that may result from prolonged activation.

Reovirus encephalitis in neonatal mice is a classic model of viral pathogenesis in the
CNS. We have previously shown that reovirus infection of the spinal cord of newborn
mice results in astrocyte activation, as characterized by changes in astrocyte morphol-
ogy and increased expression of GFAP (15). We now show that reovirus infection of the
brain causes astrocyte activation in regions of the brain that are targeted by reovirus,
but that this activation is not limited to areas of active infection.

Reovirus antigen was not detected in astrocytes in the brain, consistent with our
previous studies showing that reovirus does not infect astrocytes in infected spinal
cords, brain slice cultures (BSCs), or primary glial cultures (15–17). Our prior studies also
suggested that activation of astrocytes following reovirus infection is absent in mice
deficient in the expression of the IFN-�/� receptor, suggesting that astrocyte activation
may be triggered by IFN-�/� released from reovirus-infected neurons (15). We now
show that IFN-� treatment of primary astrocytes results in their activation and that
anti-IFN-� antibodies block the ability of supernatant from reovirus-infected BSC to
activate primary astrocytes. In areas of pronounced reovirus infection and significant
injury, there was a loss of astrocytes and associated GFAP staining. In addition, in these
areas GFAP staining in residual astrocytes colocalized with proapoptotic Bak-NT and
activated caspase 3, suggesting that activated astrocytes undergo apoptotic cell death
to curtail excessive inflammation. These data indicate a prominent role for astrocytes in
viral pathogenesis within the CNS and suggest that manipulation of astrocyte function
may provide a novel treatment strategy for virus-induced CNS disease.

RESULTS
Infection of the brain with reovirus results in astrogliosis. Astrocyte activation is

characterized by increased expression of GFAP. We used Western blot analysis to
determine levels of GFAP expression in reovirus-infected brains. Two-day-old Swiss
Webster (SW) mice were infected with reovirus by intracerebral (i.c.) inoculation of 100
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PFU of reovirus (T3 Dearing/T3D). Brains were harvested from virus- and mock-infected
mice at 3, 5, and 7 days postinfection (p.i.). Western blot analysis (Fig. 1A and B) was
then used to demonstrate that reovirus (T3D) infection resulted in increased GFAP
expression. Increased GFAP expression was apparent as early as day 3 p.i. in reovirus-
infected brains, compared to mock-infected controls, and continued to rise through the
course of infection with increases in GFAP expression of around 10-fold seen in
reovirus-infected brains at 7 days p.i., compared to mock-infected controls. Our prior
microarray analysis (18) also showed increased GFAP expression in T3D-infected brains,
compared to mock-infected controls at the mRNA level (Table 1). This microarray
analysis also identified additional genes associated with astrocyte activation that were
upregulated in the brain following reovirus infection (Table 1), including vimentin
(Vim), lipocalin 2 (Lcn2), tumor necrosis factor alpha (TNF-�)-induced protein 9
(TNFAIP9), sphingosine 1-phosphate receptor-3 (S1pr3), tissue inhibitor of metallopro-
teinases 1 (Timp1), C-X-C motif chemokine 10 (Cxcl10), and oncostatin M receptor
(Osmr). These genes represent a core set of genes that is upregulated in reactive
astrocytes (19). Chemokine (C-C motif) ligand 5 (CCL5) and interleukin-6 (IL-6) that are
upregulated in cultured astrocytes in response to viral infection and may be important
for viral CNS pathogenesis (20–25) were also upregulated in reovirus-infected brains
compared to mock-infected controls (Table 1). Taken together, these data indicate that
markers of astrocyte activation are increased in the brain following reovirus infection.

Immunohistochemistry (IHC) was used to investigate the location of increased GFAP
staining within infected brains. Brain sections prepared at 8 days p.i., when mice were
showing clinical signs of CNS disease, were incubated with GFAP and reovirus anti-
bodies (anti-sigma 3) or stained with hematoxylin and eosin (H&E). Increased GFAP

FIG 1 Reovirus infection of the brain results in increased expression of GFAP. Two-day-old Swiss Webster (SW) mice
were infected with reovirus by i.c. inoculation of 100 PFU of reovirus (T3 Dearing/T3D). (A) Western blot analysis
(see representative blot) shows increased GFAP levels at 3, 5, and 7 days p.i. (DPI) in reovirus (Reo)-infected brains
compared to mock-infected controls. Increased reovirus antigen (�3) was also seen at 3, 5, and 7 days p.i. Actin
levels were used to demonstrate equivalent protein loading between samples. (B) Densitometric analysis of three
blots. The graph shows the mean intensity of GFAP bands. Error bars represent the standard errors of the mean
(SEM). **, P � 0.01; ****, P � 0.0001. (C) At 8 days p.i., increased GFAP (green) and reovirus �3 (red) staining in
virus-infected brains (Reo) compared to mock-infected controls can be seen in and around the hippocampus
(hippo) and thalamus (thal), two areas targeted by reovirus.
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staining was seen in the brain of reovirus-infected animals, compared to mock-infected
controls, and was particularly noticeable in and around the hippocampus and thalamus,
two regions of the brain that are specifically targeted by reovirus (Fig. 1C). The cortex,
which is also targeted by reovirus, also showed increased GFAP staining following
infection, but this was not as marked (not shown). Similar results were found using a
second serotype 3 (T3Abney/T3A) reovirus strain (not shown).

Infection of ex vivo BSCs with reovirus also resulted in astrocyte activation, demon-
strating that reovirus-induced astrocyte activation does not require the presence of
immune cells that infiltrate from the periphery and instead can be brought about by
factors intrinsic to the CNS (Fig. 2). For these experiments, BSCs were infected with
reovirus (106 PFU/slice) and harvested after 8 days.

Interferon activates primary astrocytes. Although GFAP expression was increased
in areas of the brain infected with reovirus, reovirus antigen did not colocalize with
GFAP in individual cells, indicating that reovirus does not infect astrocytes (Fig. 3). This
is consistent with our previous findings in reovirus-infected spinal cords (15), BSC (16)
and primary glial cultures (17). Since reovirus does not appear to infect astrocytes, we
wanted to see whether cytokines released following reovirus infection of neurons
might be capable of activating astrocytes in a paracrine fashion. We have previously
shown that reovirus infection of the CNS results in a robust IFN response (15, 18, 26, 27)
that is protective (26) and which may be required for astrocyte activation (15). Treat-
ment of primary astrocytes with IFN-� (100 U/ml) resulted in the upregulation of GFAP,

TABLE 1 Genes associated with astrocyte activation are upregulated in the brain
following reovirus infection

Function Gene

Increase in expressiona

Fold change P

Astrocyte marker GFAP 5.44 9.93E–05
Vim 2.89 0.0003

Inflammation TNFAIP9 22.4 0.005
S1pr3 4.6 6.76E–05
Timp1 7.8 1.09E–05
Cxcl10 248.8 5.21E–07
Osmr 4.9 0.0001
CCL5 195.9 0.0001
IL-6 31.4 0.0007

Innate immunity Lcn2 386.2 7.61E–07
aIncreased expression of genes in reovirus-infected brains at 8 days p.i. compared to mock-infected controls
was determined by microarray analysis (25).

FIG 2 Expression of GFAP is increased in reovirus-infected ex vivo BSC. Ex vivo slice cultures were infected
with reovirus (106 PFU/slice). At 8 days p.i., slices were prepared for IHC. Increased GFAP staining (green)
is seen in virus-infected slices compared to mock-infected controls. The image shows infected cortex
tissue.
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as shown by Western blot analysis (Fig. 4A). Significant increases in protein levels were
seen as early as 1 day following IFN-� treatment. In addition, reverse transcription-PCR
(RT-PCR) was used to demonstrate that IFN-� treatment of primary astrocytes resulted
in significant upregulation of cytokines that are associated with astrocyte activation
(Fig. 4B). One day following IFN-� treatment of astrocytes, the expression of IL-6 and
CCL5 increased �15-fold, and the expression of CXCL10 increased �2,000-fold. These
data show that IFN-�, administered in a paracrine fashion, is capable of activating
primary astrocytes in vitro. In contrast, there was no evidence of autocrine IFN signaling
occurring in reovirus-exposed astrocytes since primary astrocytes did not support
reovirus growth and did not produce IFN-� when exposed to reovirus (Fig. 4C and D),

IFN antibodies block astrocyte activation following treatment of primary as-
trocytes with conditioned media from reovirus-infected BSCs. To further demon-
strate that factors released following reovirus infection of the CNS were capable of
activating astrocytes, we performed supernatant transfer experiments, where condi-
tioned media from reovirus-infected BSCs was used to activate primary astrocytes.
Conditioned medium was collected from mock- or reovirus-infected BSC at 8 days p.i.
and added to primary astrocytes (ratio of reovirus-conditioned medium [BSC superna-
tant] and fresh Dulbecco modified Eagle medium [DMEM] � 1/10). Three days after
treatment, the astrocytes were stained with GFAP. Figure 5 demonstrates that reovirus-
conditioned medium resulted in astrocyte activation, as determined by increased
expression of GFAP in astrocytes exposed to conditioned medium compared to astro-
cytes exposed to medium from mock-infected BSCs. Astrocyte activation was decreased
when the conditioned medium was first treated with anti-IFN-� antibody (10 �g/ml)
but remained unchanged when the conditioned medium was treated with an isotype-
matched antibody (10 �g/ml). Increased expression of GFAP in primary astrocytes
treated with conditioned medum from reovirus-infected BSC compared to astrocytes
treated with medium from mock-infected BSCs was also shown by Western blot
analysis (Fig. 5C and D) and was again blocked in the presence of anti-IFN-� antibodies.
Similar findings of increased expression of cytokines associated with astrocyte activa-
tion were also seen in primary astrocytes treated with conditioned media from reovirus-
infected BSCs compared to astrocytes treated with media from mock-infected BSCs (Fig.
5E and F). These results show that IFN-� contributes to the activation of astrocytes by
conditioned media from reovirus-infected BSCs.

FIG 3 Viral antigen does not colocalize with GFAP in virus-infected brains. Two-day-old SW mice were
infected with reovirus by i.c. inoculation of 100 PFU of reovirus (T3 Dearing/T3D). At 8 day p.i., mice were
sacrificed, and brains were sectioned and prepared for IHC. Reovirus antigen (red) did not colocalize with
GFAP (green) in sections from the hippocampus (Hippo) and cortex.
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Activated astrocytes in highly infected/injured areas undergo apoptosis. In
brain regions where reovirus infection was pronounced, as determined by high levels
of virus and extensive injury (defined by significant neuronal loss), we observed an
absence of GFAP staining (Fig. 6A and B). This is consistent with the possibility that
astrocytes undergo activation-induced cell death (AICD) as a mechanism for curtailing
inflammation. In contrast, GFAP staining was still present in uninfected areas. Prior
studies have indicated that astrocyte apoptosis can be mediated by the proapoptotic
Bcl-2 family protein Bak (28–34). In healthy cells, Bak is a monomer that resides in the
outer mitochondrial membrane (OMM). During apoptosis, stress signals activate Bak

FIG 4 Treatment with IFN-� activates primary astrocytes. Primary astrocytes were treated with IFN-� (100
U/ml). At 0, 1, 2, and 3 days posttreatment (DPT), the cells were harvested for Western blot analysis. (A)
A representative blot shows that IFN-� treatment causes increased expression of GFAP in primary
astrocytes. The graph shows combined data from three blots and demonstrates significant increases in
relative intensity of GFAP staining in astrocytes treated with IFN-�. (B) Astrocytes were also collected for
RT-PCR analysis. The graphs show the mean expression of chemokines/cytokines associated with
astrocyte activation in IFN-�-treated and untreated astrocytes. (C) Astrocytes were infected with reovirus
(MOI of 1). At 0, 1, and 3 days p.i., RNA was harvested from infected cells, and the viral titer was
determined by quantitative PCR that was compared to a standard curve. The graph shows the mean viral
titer in astrocytes immediately after infection (day 0) and after 1 and 3 days (black bars). Reovirus titers
in L929 cells that were infected in parallel are shown for comparison (gray bars). (D) RNA from
reovirus-exposed astrocytes was assayed for the presence of IFN-� RNA. The graph shows the mean
expression compared to day 0 (black bars). Reovirus induced expression of IFN-� in L929 cells is shown
for comparison (gray bars). All error bars represent the SEM. *, P � 0.05; **, P � 0.01; ****, P � 0.0001.
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causing a conformational change that exposes its N terminus and results in oligomer-
ization and the formation of pores in the OMM (35, 36). Bak activation was investigated
in the brains of reovirus-infected mice by IHC using an antibody specific to the N
terminus of Bak (Bak-NT, 06-536; Millipore, Billerica, MA) that is only exposed following
conformational change and was seen in activated astrocytes (Fig. 6C), suggesting that
activated astrocytes undergo Bak-mediated apoptosis. As well as undergoing confor-
mational activation, Bak mRNA levels are also upregulated (fold change, 1.4; P �

6.9E– 05) following reovirus infection of the brain (18). Interestingly, active Bax was not
seen in astrocytes in reovirus-infected brains and appeared to be confined to neurons
(Fig. 6D), presumably as a consequence of reovirus infection (37). Apoptosis of astro-
cytes involving Bak, but not Bax, has previously been reported (33). Consistent with
astrocytes undergoing activation-induced apoptosis, IHC was also used to show that
cleaved (activated) caspase 3, the apoptotic executioner protein responsible for many
of the morphological outcomes of apoptosis, also colocalized with GFAP in reovirus-
infected brains (Fig. 6E). Activated Bak and cleaved caspase 3 were also found in cells

FIG 5 The ability of supernatants from reovirus-infected BSCs to activate primary astrocytes is blocked with anti-IFN-�
antibody. Conditioned medium (CM) was collected from mock-infected and reovirus (Reo)-infected BSCs at 8 days p.i. and was
added to primary astrocytes (ratio of reovirus conditioned medium [BSC supernatant] to fresh DMEM � 1/10) in the presence
of anti-IFN-� antibodies or isotype-matched controls. Fresh BSC medium was also used as a control. (A) Three days following
treatment, the astrocytes were stained with GFAP. Increased expression of GFAP (red) was seen in astrocytes exposed to
reovirus-conditioned medium compared to astrocytes exposed to medum from mock-infected BSCs or medium alone. This
activation was decreased when the conditioned medium was first treated with anti-IFN-� antibody (10 �g/ml) but remained
unchanged when conditioned medium was treated with an isotype-matched antibody (10 �g/ml). (B) A graph shows the mean
pixel intensity of images taken from the center of three wells of a chamber slide from astrocytes exposed to media from mock-
or virus-infected primary astrocytes. (C to F) Increased expression of GFAP (C and D) and cytokines (E and F) in primary
astrocytes treated with conditioned medium from reovirus-infected BSCs compared to astrocytes treated with medium from
mock-infected BSCs, as shown by Western blotting (C and D) or RT-PCR analysis (E and F) and was blocked in the presence
of anti-IFN-� antibodies. Graphs D to F show the mean expression of GFAP or chemokines/cytokines. Error bars represent the
SEM. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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that were not positive for GFAP and are likely reovirus-infected neurons, which are also
known to undergo apoptosis during reovirus encephalitis (38).

DISCUSSION

Astrocytes are activated following infection of the CNS with a variety of different
viruses, but their role in viral pathogenesis is not fully understood. Two important
questions that remain unanswered include (i) how astrocytes are activated following
infection of the CNS with viruses that predominantly infect neurons and (ii) how
astrocytes influence virus-induced CNS disease. In this report we used reovirus enceph-
alitis as a model system to investigate these issues.

We first show that GFAP expression is increased in reovirus-infected brains com-
pared to mock-infected controls at both the mRNA and the protein level. GFAP is an
intermediate filament protein expressed in astrocytes, and its upregulation is com-
monly used as a marker for astrocyte activation. Microarray analysis also demonstrated
that increased expression of other genes associated with astrocyte activation was also
seen in reovirus-infected brains, including Vim (another intermediate filament protein),

FIG 6 As infection progresses, astrocytes undergo apoptosis. Two-day-old SW mice were infected with reovirus
(Reo) as described previously (Fig. 1). At 8 days p.i., mice were sacrificed, and brains were sectioned and prepared
for IHC. (A) In areas with high levels of virus antigen (red staining) and injury (H&E staining), GFAP staining (green)
is absent (arrows). (B) The red (reovirus antigen) and green (GFAP) pixel intensity for the CA2 region of the
hippocampus of eight reovirus-infected mice was quantified using ImageJ. The graph shows high GFAP staining
when reovirus antigen is present in relatively small amounts, but that GFAP expression drops off as levels of
reovirus antigen increase. (C) Images from the thalamus demonstrating increased Bak-NT staining (red) in
reovirus-infected sections compared to mock-infected controls. Bak-NT staining colocalized with GFAP staining
(green) in some astrocytes (arrows). (D) Images from the hippocampus demonstrating that Bax-NT staining (green)
increased in virus-infected sections compared to mock-infected controls but did not colocalize with GFAP (red). (E)
Images from the hippocampus demonstrate that cleaved caspase 3 (CC3, red) colocalizes with GFAP (green) in
some astrocytes (arrows). Cells staining for cleaved caspase 3 but not GFAP are likely reovirus-infected neurons.
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along with numerous genes with functions related to inflammation (TNFAIP9, S1pr3,
Timp1, Cxcl10, and Osmr) and innate immunity (Lcn2). These genes have been shown
to be upregulated in astrocytes isolated from two different models of mouse CNS
injury, ischemic stroke (where astrocytes are proposed to serve a protective function),
and neuroinflammation (where astrocytes contribute to disease pathology) and repre-
sent a core set of genes that is upregulated in reactive astrocytes (19). Genes isolated
from astrocytes from these models that were specific to stroke (cardiotrophin-like
cytokine factor 1, IL-6, thrombospondin 1, and leukemia inhibitory factor) or neuroin-
flammation (complement genes) have been proposed to designate astrocytes with
either “protective” or “destructive” functions. Genes from both groups were upregu-
lated following i.c. reovirus injection (not shown), making it difficult to assign a
protective or destructive role for astrocytes during reovirus encephalitis using gene
expression analysis.

CCL5 and IL-6, genes that have previously been shown to be upregulated in cultured
astrocytes in response to viral infection and may be important for viral CNS pathogen-
esis (20–25), were also upregulated in reovirus-infected brains compared to mock-
infected controls. These results suggest that although astrocytes are activated following
reovirus infection and upregulate genes that encourage the influx of peripheral im-
mune cells that function to clear the virus, this activation is not sufficient to prevent
reovirus-induced CNS disease and associated mortality. Reovirus infection produces
rapid death in baby mice, which typically die around 8 days p.i. It is possible that
activated astrocytes might be more productive in fighting the infection if disease
progressed more slowly, giving the immune response more time to react.

The fact that astrocytes are not infected by reovirus suggests that something
produced by infected neurons might cause astrocyte activation. Viral infection of the
brain generally results in a strong IFN response. Following infection, viral double-
stranded viral RNA, produced as an intermediate during viral replication or, in the case
of reovirus, its genetic material, is sensed as a danger signal in the infected cell by
pattern recognition receptors, leading to the upregulation of type I IFNs (39, 40). These
cytokines mediate antiviral effects following binding to the IFN-� receptor (IFNAR) that
involves the upregulation of hundreds IFN-stimulated genes that can inhibit almost
every step of the virus life cycle (41, 42). In mice, the type I IFN response is essential for
protection against many viruses, including reovirus, West Nile virus, Japanese enceph-
alitis virus, and Zika virus (43–47).

The CNS has been considered an immune-privileged tissue; however, recent studies
have implicated the importance of intrinsic, innate antiviral responses within the CNS
(48, 49), including following reovirus infection, where the lack of IFN signaling resulted
in increased apoptosis in BSCs (26). Our prior studies have shown that reovirus infection
of CNS tissue results in increased expression of primary IFNs, as well as IFN-stimulated
genes (15, 18, 26). The IFN response is protective, and reovirus-induced CNS disease and
survival are impaired in mice that are deficient in IFN signaling (26). The results
presented here indicate that treatment of primary astrocytes with IFN-� results in
astrocyte activation, as demonstrated by an increase in GFAP expression. The increases
in GFAP levels are more pronounced in virus-infected brains compared to IFN-�-treated
primary astrocytes (densitometric analysis revealed an �10-fold increase in GFAP
expression in virus-infected, compared to mock-infected, brains at 7 days p.i., whereas
there was a 2-fold increase in GFAP expression in IFB-�-treated astrocytes after 3 days:
see Fig. 1 and 4, respectively). There are a couple of possible explanations for this. First,
it is well established that astrocytes behave differently in culture than in the CNS (50).
Second, it is possible that additional factors in addition to type I IFNs contribute to
astrocyte activation. In addition to increased levels of GFAP in IFN-�-treated astrocytes,
IL-6, CCL5, and CXCL10 expression also increased reflecting astrocyte activation. The
expression of these genes peaked at 1 day posttreatment. The expression of CCL5 and
CXCL10 then decreased (despite sustained GFAP levels) but was still significantly higher
than the levels seen in untreated astrocytes. It is possible that decreased expression of
CCL5 and CXCL10 occurs as part of a mechanism to control inflammation resulting from
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astrocyte activation. Further, although conditioned media from reovirus-infected BSCs
activated primary astrocytes in vitro, this activation was reduced in the presence of
anti-IFN antibodies. Our prior studies show that astrocytes are not activated in mice
that are deficient in the expression of the IFN-�/� receptor (15), again suggesting that
IFN contributes to astrocyte infection following reovirus infection of the CNS.

Areas of the brain that had pronounced infection, as determined by the widespread
presence of viral antigen and severe tissue damage, had no GFAP staining. Apoptosis
of activated astrocytes has been shown to occur both in vivo, in the CNS of patients
with diseases such as Alzheimer’s disease (28), and following HIV infection (29), and
there is a growing consensus that the apoptosis of activated astrocytes may serve as a
self-regulatory mechanism (activation-induced cell death [AICD]) to control the severity
of inflammation in the brain by limiting damage produced by their release of mediators
with toxic effects on neurons. We now show that active Bak and cleaved (activated)
caspase 3 colocalize in astrocytes during reovirus encephalitis suggesting that activated
astrocytes in reovirus-infected brains undergo Bak-mediated apoptosis. Interestingly,
we show that Bax is not activated in astrocytes during reovirus encephalitis but can be
seen in neurons (37). These results are consistent with an earlier study demonstrating
Bak-mediated, but not Bax-mediated, apoptosis in astrocytes (33). Activation-induced
cell death has been proposed to be mediated by astrocyte-produced nitric oxide (31).
These results suggest that possible detrimental actions of activated astrocytes due to
the effects of the cytokines/chemokines and neurotoxic molecules they produce ap-
pear to be appropriately kept in check.

Interestingly, we did not see the death of primary astrocytes after IFN treatment. It
is possible that astrocytes need a second signal to undergo apoptosis. The upregulation
of mitochondrial proteins has previously been shown to sensitize cells to apoptosis (51).
In this case Bak (but not Bax) was one of the proteins induced by IFN-� and thought to
contribute to the sensitization of cells to apoptosis induced by TNF-� and anti-Fas
antibody.

The results presented here demonstrate that reovirus infection of the mouse brain
results in astrogliosis, which appears to be triggered in part by IFN released from
infected neurons, although it is also possible that the production of IFN by astrocytes,
perhaps following the ingestion of infected neurons or debris, amplifies astrocyte
activation in an autocrine manner. We also present evidence of activation-induced cell
death of astrocytes in reovirus-infected brains. An increased understanding of astrocyte
activation following virus infection of the CNS may lead to novel therapies for virus-
induced CNS disease.

MATERIALS AND METHODS
Viral stocks. Reoviruses serotype 3 strain Dearing (T3D) and serotype 3 strain Abney (T3A) are

laboratory stocks derived via plaque purification and double passage in L929 (ATCC CCL1) cells. Viruses
were further purified via high-speed cesium chloride density gradient centrifugation to remove medium
components and diluted in phosphate-buffered saline (PBS). Mock infections were carried out using PBS.

In vivo studies. SW outbred mice were obtained from Harlan Laboratories (Indianapolis, IN).
Two-day-old mice were i.c. inoculated with 100 (or as otherwise indicated) PFU of T3D diluted in 10 �l
of PBS. Mock-infected mice were i.c. injected with PBS only at equal volumes. All animal experiments
were approved by the Institutional Animal Care and Use Committee.

Western blot analysis. Immediately upon harvesting, whole brains were triturated in lysis buffer in
the presence of phosphatase inhibitor cocktail (Thermo Scientific, Rockford, IL). Lysates were cleared,
electrophoresed through 10% polyacrylamide gels at a constant 120 V, and transferred to polyvinylidene
difluoride membranes (Amersham Biosciences, Pittsburgh, PA). Immunoblotting was performed with
anti-GFAP (catalog no. AB7260; Abcam, Cambridge, MA), anti-tubulin (catalog no. 2144; Cell Signaling,
Boston, MA) and anti-actin (Calbiochem, Sunnyvale, CA) antibodies. After washes and 1 h of incubation
with appropriate horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch,
West Grove, PA), images were obtained on a FluorochemQ MultiImage III imaging workstation (Cell
Biosciences, Santa Clara, CA), and densitometry quantification was performed using Alphaview v3.0
software.

Histological studies and immunocytochemistry staining. Freshly harvested brain tissue was
immersed in 10% buffered formalin for no less than 12 h, embedded in paraffin, serially sectioned into
6-�m-thick sections, and mounted onto slides. Sections were desiccated at 50°C for 15 min and then
rehydrated in PBS for 30 min. Tissue was subjected to antigen retrieval (antigen unmasking solution;
Vector Laboratories, Burlingame, CA) and permeabilization/blocking (5% fetal bovine serum and 5%
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normal goat serum in 0.3% Triton/PBS) prior to incubation with primary antibodies: monoclonal reovirus
sigma 3 antibody (4F2; 1:100), rabbit polyclonal reovirus antibody (1:200), rabbit anti-GFAP (1:200,
catalog no. AB7260; Abcam, Cambridge, MA), mouse anti-GFAP (1:100, catalog no. G3893; Millipore/
Sigma, Burlington, MA), rabbit anti-Bak-NT (1:100, catalog no. 06-536;Millipore/Sigma), and rabbit anti-
Bax-NT (1:100, catalog no. 06-499; Upstate, Lake Placid, NY). Sections were then incubated with
secondary antibodies: Alexa Fluor 488-conjugated IgG and Alexa Fluor 568-conjugated IgG. Nuclei were
Hoechst stained (10 �g/ml; Immunochemistry Technology, Bloomington, MN) for immunofluorescence
imaging. Sections were mounted with VectorShield mounting medium (Vector Laboratories), and slides
were imaged either on a Marianas fluorescence imaging workstation (Intelligent Imaging Innovation, Inc.,
Denver, CO) based on a Zeiss 300M inverted microscope or on Olympus FV1000 confocal microscope
with Olympus FluoViews software (Olympus, Center Valley, PA).

Organotypic brain slice culture studies. BSCs were prepared from 2- to 3-day-old mice and
infected with 106 PFU of T3A reovirus as previously described (23). T3A reovirus was used for BSC
infections since it is more virulent than T3D in vitro. Briefly, four 400-�m coronal sections of cerebrum
were made from a single animal using a vibrating-blade microtome (VT1000S; Leica, Bannockburn, IL).
Slices were maintained in a humidified incubator at 5% carbon dioxide (CO2) and 36.5°C on a semiporous
membrane insert (PICMORG50; Millipore) positioned in a 35-mm tissue culture well with 1.1 ml of
medium containing 10% fetal bovine serum (FBS). Immediately after plating, slices were infected by the
dropwise addition of 106 PFU of T3A (diluted in 20 �l of PBS) or of PBS only to each slice. The medium
was refreshed with 5% FBS-containing medium approximately 12 h after slicing, and subsequent
medium changes were made with serum-free medium every 3 days thereafter. The conditioned medium
from reovirus-infected or mock-infected BSCs was collected at 8 days p.i. for supernatant transfer
experiments with primary astrocytes.

Primary astrocyte culture. Primary astrocyte cultures were prepared from neocortical tissues of new
born mice within 24 h. Cortex tissue was isolated after carefully removing the hippocampus, basal
ganglia, and meninges. Cortex tissue was then minced with a scalpel and further triturated by pipetting.
The minced tissue was dissociated with trypsin for 15 min at 37°C. Dissociated cells were centrifuged at
1,200 rpm for 5 min and resuspended in DMEM containing 10% FBS, 1� GlutaMAX, and 1% penicillin-
streptomycin. Cells were seeded onto flasks and grown at 37°C in 5% CO2 with a change of medium once
a week. At confluence (around 2 weeks), the primary cells were split and expanded for treatment. The
resultant primary astrocytes were treated either with IFN-� (100 U/ml, catalog no. 12400; PBL Assay
Science, Piscataway, NJ) or conditioned medium from reovirus-infected BSCs (10% volume of fresh
culture media). Anti-IFN-� antibody (10 �g/ml; catalog no. 12400; PBL Assay Science) or an isotype
control antibody (10 �g/ml, catalog no. 37415; Abcam) was added as described.

Statistical analysis. All bar graphs are presented as means � the standard deviations. Numbers of
independent experiments are indicated by the n value. All statistical analyses were performed using
Prism software (GraphPad Software, Inc., San Diego, CA). Statistical comparisons of mean measurement
between two groups (e.g., mock versus infected) were made using a two-tailed, unpaired t test.
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