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FIG. 4. Vascular inflammatory responses in EAE-induced rat brains. (A) Clinical symptoms of EAE. The means of daily clinical scores are
shown (see Materials and Methods). Expressions of S100B (B) and RAGE (C) in the cerebellum of the BDV-infected rats at 14 days after the
MBP injection are shown. Quantitative analyses of the expressions are also shown. The band intensities were determined by NIH image. Values
were normalized to the tubulin level. (*, P < 0.05 with PBS-injected age-matched control [Ct] rats). Mock, age-matched mock-infected rats.
(D) Neuropathological analysis of MBP-injected rats. Brain sections were stained with H&E. Arrows indicate the regions of vasodilatation in the
cerebellum of a mock-infected, EAE-induced rat. (E) IHC analysis of EAE-induced rat brains. Serial brain sections from the cerebellar regions
were stained with anti-S100B, RAGE, VCAM-1. and CD4 antibody. Magnification, X200. Arrows indicate positive signals in the perivascular
regions. (F) Quantification of VCAM-1 expression in rat brains. For a quantitative analysis of VCAM-1 levels in the brain, the optical density of
positive signals was measured as described in Materials and Methods. All optical density measurements were performed under the same optical
and lighting conditions. The relative pixel intensities to PBS-injected control animals are shown. (*, P < 0.05).

positive and -negative cells in the cerebellum (Fig. 3B). These
results indicated that S100B signaling may be disturbed in the
persistently infected NBI rat brains.

Reduced vascular inflammatory responses in the brains of
persistently infected rats immunized with MBP. S100B signaling
is also known to induce inflammatory reactions through the acti-
vation of adhesion molecules on vascular endothelial cells via
binding to RAGE (4, 15, 46, 51). The inhibition of RAGE sig-
naling is also known to suppress EAE via a selective blockage of
encephalitogenic T-cell infiltration in the mouse CNS (51). These
findings give rise to the possibility that brains persistently infected
with BDV may have attenuated vascular inflammatory responses
to inflammatory stimuli. To understand this, we examined the
development of EAE in NBI rats immunized with MBP. We
focused on the cerebellum region because this region showed
relatively clear vascular inflammatory responses in control rat
brains by MBP injection. Following immunization at 7 weeks p.,
NBI rats exhibited a delayed progression of EAE and appeared to
induce a significantly less severe EAE than MBP-immunized.
mock-infected rats over the observation period (Fig. 4A). We

detected the expression of S100B, as well as RAGE, in the cer-
ebellum at 14 days after the sensitization. As shown in Fig, 4B and
C, no upregulation of both S100B and RAGE expressions was
detected in the MBP-immunized, NBI rat cerebellum, while a
significant increase in levels of the proteins was detected in the
mock-infected rat brains. The H&E staining revealed that the
EAE-developed, mock-infected rats had an apparently increased
(in terms of number and diameter) cerebellar vascularity com-
pared with that of the MBP-sensitized NBI rats (Fig. 4D, arrows).
The IHC revealed that the immunized, mock-infected rats
showed strong immunoreactivity to SI00B, RAGE, and VCAM-1
in the perivascular area or vascular endothelium in comparison
with that of BDV-positive rats (Fig. 4E, arrows, and F). Fur-
thermore, a large number of CD4-positive cells were found
around the neovessels in mock-infected animals (Fig. 4E, ar-
row). This observation suggested that the persistent infection
may prevent the adhesion molecule from being expressed on
vascular endothelial cells through the downregulation of
S100B expression, resulting in reduced responses during vas-
cular inflammation in the brain.
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FIG. 5. Expression of S$100B is involved in vascular inllammatory responses in BDV-infected neonatal rat brains. (A) IHC analysis of
¢N-immunized rat brains. The immunized NBI rats were treated with or without RAGE-Fc and sacrificed at 14 days after the immunization (5
weeks p.i.). Serial brain sections from the cerebellum regions were stained with anti-S100B. RAGE. and VCAM-1 antibody. Magnification. X 100.
Arrows indicate positive perivascular regions. Chemokine (B) and cytokine (C) expressions in rN-immunized rat brains. Expressions of MIP-1B
and MCP-1 were monitored in the cerebellum by semiquantitative RT-PCR at 14 days after the rfN immunization. The band intensities were
determined by NIH image, and values were normalized to the GAPDH mRNA level. (C) Levels of IL-1p and TNF-a expression in the cerebellum
were estimated with ELISA kits at 14 days after the tN immunization. (D) Quantification of VCAM-1 expression in rat brains. The relative pixel
intensities of NBI animals at 5 weeks p.i. are shown. (E) Induction of mononuclear cell infiltration by rN-immunized rat cerebellum. Infiltrated
mononuclear cells positive for ED-1 are found in perivascular areas (arrows). IHC results of S100B and RAGE are also shown.

S100B signaling is necessary for the development of mono-
nuclear cell infiltrates in NBI rat brains. The results above
suggested that the downregulation of S100B expression may be
responsible for the elimination of the vascular inflammatory
responses, as well as the infiltration of encephalitogenic T cells,
in persistently infected NBI brains. Therefore, we sought to
determine whether the expression level of endogenous S100B
is associated with the development of the mononuclear cell
infiltrates in the NBI brain. Previous studies have demon-
strated that immunization of the viral antigen into BDV-in-
fected animals maintains inflammatory responses in the brains
(9, 12). Thus, we immunized NBI rats with rN antigen at 3
weeks p.. to continuously stimulate the activation of astro-
cytes, as well as the expression of S100B, in the brain. The
immunization at 3 weeks p.i successfully revealed enhanced
immunoreactivity of S100B in the perivascular CNS areas even
at 5 weeks p.i. compared with that of nonimmunized NBI rats
(Fig. 5A and E, arrows). On the other hand, the expression
levels of several chemokines and proinflammatory cytokines
were quite similar to those of the rN-immunized and nonim-
munized, BDV-infected rat brains at 5 weeks p.i. (Fig. 5B and
Q). In the immunized rat brains, however, an apparently ex-
tensive vasodilatation along with intense immunoreactivity of

RAGE and VCAM-1 in the vascular endothelium was found
(Fig. 5A, arrows, and D). In addition, the immunoreactivity of
ED-1 was found in the rN-injected animals, both in the
perivascular tissue and the parenchyma (Fig. 5E, arrows). To
understand the role of S100B signaling in the development of
the vascular responses, we blocked the S1I00B-RAGE interac-
tion by injecting RAGE-Fc at 2-day intervals from the day of
immunization with rN. Previous studies have demonstrated
that a low level of endogenous soluble RAGE exists in normal
plasma, and the injection of rat RAGE-Fc does not induce any
immune responses (34, 51, 52). Interestingly, interference of
S100B-RAGE interaction by the repeated i.p. injection of
RAGE-Fc drastically repressed the vascular responses, as well
as the vasodilatation, in the rN-inoculated rats (Fig. 5A and
D), indicating that the S100B signaling may be important for
the progression of vascular inflammation in NBI rat brain.

DISCUSSION

In the present study, we demonstrated that the expression of
an astrocyte-derived factor, S100B, is reduced in both the ce-
rebral cortex and cerebellum of Lewis rat brains persistently
infected with BDV. Although the level of S100B secreted
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within the rat CNS could not be determined in this experiment,
the immunoreactivity level appears to correlate with the
amount of this protein secreted in the brain (30). The down-
regulation of S100B expression is likely to affect the expression
of RAGE in the persistently infected brains, suggesting that
the secretion of S100B could also be disrupted in the CNS. On
the other hand, a significant upregulation of GFAP expression,
as well as the chronic production of proinflammatory cytokines
and chemokines, was demonstrated in the persistently infected
brains, indicating that the downregulation of S100B expression
is not due to the deletion of astrocytes in the CNS.

A decreased level of S100B is observed in both NBI and ABI
brains, suggesting that the downregulation may be associated
with the duration of CNS inflammatory responses in the CNS,
such as a chronic expression of inflammatory mediators. A
recent study found that treatment with an inflammatory cyto-
kine, gamma interferon (IFN-v), which has been shown to
activate astrocytes to acquire immune functions, downregu-
lates S100B gene expression in primary mouse astrocytes, by
using a microarray (11). This observation suggested that a
negative regulatory effect of cytokines to immune responsive
cells contributes to the downregulation of S100B in the brains.
In addition, it has been reported that reactive astrocytes are
regulated by the signal transducer and activator of transcrip-
tion 3 (STAT3) and the protein suppressor of cytokine signal-
ing 3 (SOCS3) (27). Considering that the expression of $100B
is also controlled by the STAT3-SOCS3 signaling in the CNS
(13), the downregulation of S100B may be caused by the ab-
erration of the signaling via sustained activation of astrocytes.
It has also been reported that continual release of S100B
during chronic brain stresses directly causes S100B deprivation
within astrocytes (10), suggesting that depletion of S100B pro-
tein may occur in astrocytes of persistently infected brains.
Further study will be needed to elucidate the regulatory mech-
anism underlying S100B downregulation in the persistently
infected brain.

Our analysis using immunoblotting demonstrated that the
reduction of the S100B level in persistently infected brains is
statistically significant, but the overall difference seems to be
modest. The NBI rats showed about 30% reduction of S100B
in both the cerebral cortex and cerebellum. A previous study
revealed that prenatal stresses induced a 25% reduction in
hippocampal S100B content in rats, leading to abnormal post-
natal brain development (47). In addition, a significant sup-
pression of SI00B (a 24% decrease) by arundic acid (ONO-
2506) in the brains of transgenic mice, which overproduce a
mutant form of amyloid precursor protein, was markedly ame-
liorated in B-amyloid plaque burden and amyloid-B peptide
levels (24). In these experiments, although expression levels of
many other genes associated with neurodevelopment or brain
damage could also be changed in the brains, some correlations
were observed between the expression level of S100B and
specific neurological effects in the animals (24, 26, 47). These
observations suggested that even at a moderate level, altered
expression of S100B could affect astrocyte activities, resulting
in specific biological effects in the brains. On the other hand, in
this study we examined the effects of S100B in the brains of
NBI rats exposed to LPS or MBP. Interestingly, no upregula-
tion of S100B expression was found in the NBI rat brains by the
injection of the immune stimuli, while the protein expression
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increases about 75% in mock-infected brains (Fig. 2B and Fig.
4B). Along with the modest reduction of S100B at the basal
level, the unresponsiveness of S100B expression indicated that
the level of this protein is considerably lower in the brains of
stimulated NBI rats than control rats, suggesting that the re-
duced level of S100B has potentially important implications for
biological significances found in the NBI brains.

S100B is an EF-hand type Ca®*-binding multifunctional
protein in the CNS. This protein exerts autoparacrine and
paracrine effects on neurons and glia and is involved in a
variety of cellular responses, such as protein phosphorylation,
cell proliferation and differentiation, the structural organiza-
tion of membranes. cytoskeleton modifications. intracellular
Ca" homeostasis, and the promotion of cell survival (1, 37, 40,
41). In this experiment, we found that the administration of
LPS at 5 weeks p.i. does not enhance the expression level
of S100B in NBI rat brains and causes significant cell death of
both neurons and glia in the cerebellum. The administration of
LPS is known to induce CNS stress responses via upregulation
of the production of proinflammatory cytokines and nitric ox-
ide (19, 42). The studies using S100B transgenic and knockout
mice demonstrated that S100B plays a role in astrocyte prolif-
eration under stressful conditions (3, 6, 32). Considering the
neurotrophic effects of reactive astrocytes in inflamed CNS (5,
27, 35), the downregulation of S100B may induce neural cell
death as a consequence of impairing astrocyte proliferation in
NBI rat brains. In addition, the level of S100B is also known to
be directly linked with cellular survival by preventing apoptosis
(1, 17, 37, 41). In either mechanism, the brains with downregu-
lated S100B expression might succumb to the stressful envi-
ronment and cause the apoptosis of neural cells. Previous
studies have demonstrated that in BDV-infected neonatal rat
brains, reactivation of glial cells may be associated with specific
neuronal cell apoptosis rather than viral tropism and virus-
specific immune responses (29, 50). These studies support our
hypothesis that sustained activation of astrocytes in the persis-
tently infected brains may exhaust the glial functions con-
cerned with cellular survival. Elucidation of how the down-
regulation of S100B expression is involved in the functional
exhaustion of astrocytes may be important to understanding
the pathology of neurodegenerative disorders.

A prominent role of this protein seems to be the promotion
of inflammation through binding to RAGE as an inflammatory
cytokine (36, 37, 46, 51). Expression of S100B is associated
with the activation of astrocytes followed by damage to the
CNS, during which production of proinflammatory cytokines,
such as IL-1pB, is increased (6, 22). Stimulation of RAGE sig-
naling through the binding of S100B can lead to the activation
of MAP kinase and increased NF-xB activity (17, 22). The
RAGE-S100B interaction was confirmed to induce MCP-1 ex-
pression. which is often associated with localized inflammation
(2, 46). Furthermore, the signaling also enhances the expres-
sion of cell adhesion molecules, including VCAM-1, on vascu-
lar endothelial cells at inflammatory sites, which is recognized
by the integrin VLA-4 expressed on lymphocytes and mono-
cytes, resulting in infiltration by the cells (15, 46, 51). Thus,
there is a large body of evidence suggesting that S100B is
involved in the development and/or amplification of CNS-
based inflammatory responses via modification of the expres-
sion of the molecules on the vascular endothelium (46, 51),
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indicating that the regulation of S100B expression in the in-
jured CNS plays a key role in determining the severity of
inflammation in the brain. We found that the downregulation
prevents severe EAE in MBP-injected NBI rats. In the rat
brain. no significant immunoreactivity of S$100B or RAGE was
observed in the perivascular areas and vascular endothelium,
respectively. The lack of vascular inflammatory reactions may
result in a reduction in vascularity and mononuclear cell infil-
tration in the NBI rat brain. This observation strongly suggests
that the activation of S100B is required for the progression of
the vascular inflammatory responses. followed by encephalito-
genic T-cell infiltration in MBP-immunized rat brains,

In contrast with the MBP immunization, the rN-injected
NBI rat brains developed severe vasodilatation and mononu-
clear cell infiltration in the cerebellum, with the expression of
RAGE and VCAM-1 on the vascular endothelium. The role of
S100B in the inflammatory reactions in the rN-injected rats
was confirmed by the experiment in which the binding of
S100B to RAGE was interfered with following repeated ad-
ministration of RAGE-Fc. These results also implied an im-
portant role for S100B signaling in the progression of the
vascular inflammatory reaction in the NBI rat brain. Intrigu-
ingly, the rN injection into NBI rats successfully upheld the
strong immunoreactivity of S100B in the perivascular areas of
the cerebellum at 5 weeks p.i. This may be because upon the
injection of rN at 3 weeks p.i., astrocytes can continue (o retain
a phenotype characteristic of astrocytosis with the reactivity of
S100B in the rat brain. On the other hand, the MBP immuni-
zation at 7 weeks p.i. could not reactivate the astrocytes and
S100B expression in the NBI brains. These results may indicate
that continuous stimulation with initial antigens is necessary to
maintain intact astrocyte activation in the brains. This hypoth-
esis is under investigation using NBI rats at 3 weeks p.i. and
immunization with several different antigens.

Our results strongly suggested that downregulation of S100B
in NBI rat brains is considerably responsible for the neural cell
death and reduced vascular inflammatory responses found in
the brains. It should be noted, however, that a large number of
different genes could also be altered in BDV-infected rat
brains. These altered factors could make it difficult to assess
the effects related only to the expression level of S100B in the
brains. On the other hand, in this study we focused on NBI
instead of ABI brains to observe the effects of S100B down-
regulation. This is because vascular inflammatory responses by
additional stimuli could be easy to detect in NBI brains, in
which background infiltration and vascular immune response
are totally lacking. As described above, however, it is also certain
that NBI rat brain shows a complex environment, with alteration
of many different factors associated with abnormal neurodevel-
opment (16, 53). A comprehensive analysis using a proteomics
technique and/or a comparative experiment between NBI and
ABI rat brains would be helpful for further evaluation of biolog-
ical importance of S100B downregulation in persistently infected
brains. Such studies will be challenged in the future.

In conclusion, we demonstrated that the expression of an
astrocyte-derived inflammatory cytokine. S100B, was down-
regulated in rat brains persistently infected with BDV. At
present, we can only speculate as to the impact of this down-
regulation, owing to the multiple functions of this protein in
the CNS. However, our results are consistent with observations
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from previous reports that the expression of S100B is involved
in the induction of vascular immune responses and the infil-
tration of encephalitogenic T cells in the CNS of experimental
animals (46, 51), implying that BDV may evade CNS-based
immune responses through the regulation of astrocyte func-
tions by downregulating the expression of S100B in the brain,
resulting in a persistent infection. Given that the downregula-
tion of S100B expression is established as a common course of
chronic activation of astrocytes in virus-infected brain, the phe-
nomenon may also be involved in the mechanism of persistent
infection of other CNS viruses, such as lymphocytic chorio-
meningitis virus (28). Interestingly, in patients with human
immunodeficiency virus and human T-cell leukemia virus type
1 infections, both of which show severe degenerative effects on
brain functions, an increased level of S100B release from ac-
tivated astrocytes is observed (33, 44). These findings may
represent a depletion of S100B protein in the reactive astro-
cytes of patient brains. The analysis of the regulation of S100B
expression in astrocytes would be important to understand the
role of this protein in the neuropathogenesis of persistent virus
infections. Recently, a remarkable therapeutic approach, re-
ferred to as immunocytotherapy, has been discussed as a treat-
ment to eliminate persistent viral infection from the CNS (23).
Although the direct role of S100B in the regulation of T-cell
responses remains to be elucidated, it might be possible that
the abnormal level of S100B influences antiviral functions of
transferred T lymphocytes in the CNS immunocytotherapy.
Further experiments would be necessary to understand the
involvement of the downregulation of S100B in the persistent
mechanism of CNS viruses, as well as the therapeutic approach
for persistent viral infection, in the brain.
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