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Targeted expression of biologically active interleukin-12 (IL-12) in astrocytes of the central nervous system
(CNS) results in spontaneous neuroimmunological disease of aged mice. Borna disease virus (BDV) can
readily multiply in the mouse CNS but does not trigger disease in most strains. Here we show that a large
percentage of IL-12 transgenic mice developed severe ataxia within 5 to 10 weeks after infection with BDV. By
contrast, no disease developed in mock-infected IL-12 transgenic and wild-type mice until 4 months of age.
Neurological symptoms were rare in infected wild-type animals, and if they occurred, these were milder and
appeared later. Histological analyses showed that the cerebellum of infected IL-12 transgenic mice, which is the
brain region with strongest transgene expression, contained large numbers of CD4� and CD8� T cells as well
as lower numbers of B cells, whereas other parts of the CNS showed only mild infiltration by lymphocytes. The
cerebellum of diseased mice further showed severe astrogliosis, calcifications and signs of neurodegeneration.
BDV antigen and nucleic acids were present in lower amounts in the inflamed cerebellum of infected transgenic
mice than in the noninflamed cerebellum of infected wild-type littermates, suggesting that IL-12 or IL-12-
induced cytokines exhibited antiviral activity. We propose that BDV infection accelerates the frequency by
which immune cells such as lymphocytes and NK cells enter the CNS and then respond to IL-12 present in the
local milieu causing disease. Our results illustrate that infection of the CNS with a virus that is benign in
certain hosts can be harmful in such normally disease-resistant hosts if the tissue is unfavorably precondi-
tioned by proinflammatory cytokines.

Interleukin-12 (IL-12) is a key regulator of cellular immune
responses (11, 45). This heterodimeric cytokine acts on T cells,
NK cells and B cells. In T cells, IL-12 induces T-cell differen-
tiation from the Th0 to the Th1 state. Upon IL-12 stimulation,
T and NK cells produce gamma interferon (IFN-�) and proin-
flammatory cytokines such as tumor necrosis factor alpha
(TNF-�) and IL-1. Due to these effects, IL-12 is a critical
mediator in the immune response against infectious agents
such as parasites, viruses, and bacteria as well as against tumors
(reviewed in references 6 and 45). IL-12 plays a crucial role in
the development of autoimmune diseases such as experimental
allergic encephalomyelitis (EAE), an animal model for the
human disorder multiple sclerosis (MS) (20, 39, 47). Treat-
ment of mice with IL-12 antibodies ameliorates the clinical
course of the neurological disorder in EAE (20, 47), and mice
bearing a targeted disruption of the IL-12 gene are resistant to
EAE (39). The observed cerebral expression of IL-12 in EAE
(7, 16) as well as in MS (3, 48) and in the course of lipopo-
lysaccharide-induced endotoxemia (33, 43) implies that this
cytokine has the potential to alter the immune state of the
central nervous system (CNS) under a variety of pathological
conditions.

We recently developed transgenic mice (GF-IL-12 mice)
that express IL-12 specifically in astrocytes under the transcrip-
tional control of the glial fibrillary acidic protein (GFAP) pro-
moter (31). At around 4 to 6 months of age, a fraction of these
mice spontaneously develop a neuroinflammatory disorder
that is characterized by severe mononuclear meningoenceph-
alitis and calcifications in the cerebellum, the CNS region with
maximum transgene expression. Immunization of presymp-
tomatic GF-IL-12 mice with complete Freund’s adjuvant
(CFA) without addition of CNS antigen triggers a similar Th1-
like immune response in the CNS of most GF-IL-12 mice (19).
Continuous cerebral expression of IL-12 thus seems to gener-
ate a proinflammatory immune milieu within the CNS that
promotes the infiltration and stimulation of peripherally acti-
vated T and NK cells.

To determine how the IL-12-sensitized CNS would cope
with a viral infection, we examined the consequences of neo-
natal infection of GF-IL-12 mice with Borna disease virus
(BDV). BDV is a nonsegmented, negative-stranded RNA virus
that can persistently infect the CNS of a variety of animal
species (for a review, see reference 41), which may then de-
velop a severe nonpurulent meningoencephalitis (12, 21, 37).
Neurological disease involves a cellular immune response that
depends on both CD4� and CD8� T cells (4, 28, 35, 36, 44; O.
Planz, C. Rentzsch, A. Batra, H. J. Rziha, and L. Stitz, Letter,
Lancet 352:623, 1998). Although BDV can replicate in the
mouse CNS, most inbred mouse strains, including the one used

* Corresponding author. Mailing address: Department of Neuropa-
thology, University of Freiburg, Breisacherstr. 64, 79106 Freiburg, Ger-
many. Phone: 49-761-270-5106. Fax: 49-761-270-5050. E-mail: Pagenst
@NZ.UKL.UNI-FREIBURG.DE.

12223



in this study, show a high degree of resistance to BDV-induced
neurological disorder. Here we show that BDV infection trig-
gered early onset of disease in GF-IL-12 mice.

MATERIALS AND METHODS

Animals. The generation and characterization of GF-IL-12 mice expressing
both subunits of IL-12 under transcriptional control of the astrocyte-specific
GFAP promoter have been described previously (31). The mice were on a
C57BL/6 � SJL hybrid background and heterozygous for the IL-12 transgene,
providing heterozygous transgenic and wild-type offspring in the same litter. At
an age of 2 weeks, transgenic offspring were identified by PCR analysis of tail
DNA as described previously (31). Breeding was performed in the animal facility
of the University of Freiburg.

Virus stocks and infection of mice. A rat-adapted strain of BDV was adapted
to the mouse by four consecutive passages through brains of newborn BALB/c
mice and two further passages through brains of adult MRL mice. The seed virus
which was originally assumed to be derived from strain He/80 (13) has recently
been identified as strain “rat BDV,” also designated RW98 (10). Intracerebral
infection of newborn mice (less than 48 h after birth) was performed by injecting
10-�l samples of 10% brain homogenate (stock 76) into the left brain hemi-
spheres using a Hamilton syringe. Mock infections were performed with 10 �l of
a 10% brain homogenate derived from uninfected BALB/c mice. Mice were
examined daily for symptoms of neurological disease such as ataxia, ruffled fur,
and reduced activity until 120 days after infection.

RNA isolation. Brains were removed and one hemisphere was dissected into
forebrain and cerebellum, the other hemisphere was processed for histological
examination (see below). The dissected samples were immediately snap-frozen in
liquid nitrogen and stored at �80°C pending RNA extraction. Total RNA was
extracted with Trizol reagent (Gibco BRL, Grand Island, NY) according to the
manufacturer’s protocol. The RNA was dissolved in TE (10 mM Tris [pH 8], 1
mM EDTA) and stored at �80°C.

RNase protection assays. RNase protection assays for the detection of cyto-
kine RNAs were performed as described previously (42). The RNA samples were
hybridized with labeled probe sets IC5 (8); AP8, which contains probes for the
IL-12 p40-hGH and p35-hGH transgene (31); probe sets for the detection of
chemokines (CK1) (1) and IFN-� and IFN-� (2); or a novel probe set (AP9)
containing probes for CD3, BDVp40 (38), NOS-1, NOS-2, and NOS-3 as well as
TNF-�, IFN-�, IL-1�, IL-10, IL-12, and GFAP. In all probe sets, a fragment of
the RPL32-4A gene (9) served as an internal loading control. NIH Image soft-
ware, version 1.62, was used to quantify the autoradiographs.

Histology and IHC. For routine histology, the brain hemispheres were fixed in
4% buffered paraformaldehyde and embedded in paraffin. Sections (4 �m thick)
were processed according to standard procedures and used for routine staining
and immunohistochemistry (IHC) for GFAP (DAKO, Hamburg, Germany),
BDV p40 (kind gift from I. Lipkin, University of California—Irvine), and signal
transducer and activator of transcription 1 (STAT1) (Santa Cruz Biotechnology,
Heidelberg, Germany). Alizarin Red stain was used for the detection of calcifi-
cations. For immunophenotyping and cellular adhesion molecule immunostain-
ing, the hemispheres were immediately embedded in Tissue Tek (Sakura Finetek
Europe B.V., Zoeterwoude, The Netherlands), snap-frozen in liquid nitrogen-
chilled isopentane, and stored at �80°C. Sagittal cryomicrotome sections 10 �m
thick were air-dried and fixed in cold (�20°C) acetone-methanol (1:1) for 45 s.
Subsequently, the sections were incubated in normal serum for 30 min (ABC kit;
Vector Laboratories, Burlingame, Calif.). Sections were then incubated over-
night at 4°C with rat monoclonal antibodies to identify markers of infiltrating
lymphocytes (CD4, CD8, and B220), activation markers (B7-1, B7-2, and Mac-3),
and cellular adhesion molecules (intercellular adhesion molecule 1 [ICAM-1]
and vascular cell adhesion molecule) (all from PharMingen, Hamburg, Germa-
ny). Bound antibody was detected using a mouse-absorbed, biotinylated anti-rat
antibody (Southern Biotechnology Associates, Birmingham, Ala.) followed by
avidin-labeled horseradish peroxidase (Sigma, Deisenhofen, Germany) and 3-3-
diaminobenzidine (Sigma) as a substrate. Sections were counterstained with
Mayer’s hematoxylin, dehydrated in graded ethanols, and mounted.

Flow cytometry analysis of brain lymphocytes. Lymphocytes from severely
diseased animals were isolated essentially as described previously (15, 34). Ap-
proximately 5 � 105 brain lymphocytes were resuspended in phosphate-buffered
saline containing 2% fetal calf serum, 0.1% NaN3, and heparin (Liquemin [10
U/ml]; Hoffmann-LaRoche, Basel, Switzerland). The cell suspension was incu-
bated with R-phycoerythrin-labeled anti-CD4 and fluorescein-labeled anti-CD8
antibodies (1:200; Life Technologies, Eggenstein, Germany) for 20 min at room

temperature. After washing, analysis of cells was performed on a FACScan flow
cytometer (Becton Dickinson, Heidelberg, Germany).

RESULTS

BDV accelerates cerebellar neuroinflammation and disease
in GF-IL-12 mice. BDV-infected or mock-infected GF-IL-12
mice and their wild-type littermates were examined daily for
the presence of neurological disease up to an age of 120 days.
Beginning at day 35 postinfection (p.i.), an increasing number
of infected GF-IL-12 mice developed progressive clinical
symptoms, including a nonphysiological position of the hind
limbs when lifted by the tail, severe ataxia, hunched posture,
and ruffled fur. Over time, 17 out of 28 GF-IL-12 mice (61%)
presented with neurological disorder, while only 2 out of the 28
wild-type littermates (7%) became sick (Fig. 1). No sick mouse
recovered from disease. The onset of disease in wild-type mice
was delayed, and disease symptoms were milder than those
exhibited by GF-IL-12 animals. Mock-infected wild-type and
GF-IL-12 mice (six each) showed no clinical symptoms during
the entire investigation period. This finding is consistent with
previous observations that the spontaneously occurring disor-
der in GF-IL-12 mice does not develop before 4 months of age
(31). All infected mice had BDV antigen in the CNS (see
below).

Histological examination of the brains of healthy BDV-in-
fected wild-type mice revealed no overt histological alterations
and there were no infiltrating lymphocytes observed (Fig. 2A
to C). Some of the healthy BDV-infected GF-IL-12 mice had
few mononuclear infiltrations in the CNS (data not shown). In
most forebrain areas and in the cerebellum of the two sick
wild-type mice there was scant infiltration of mononuclear cells
(Fig. 2D and F). This contrasted with dense lymphocytic infil-
tration in the hippocampus (Fig. 2E). While comparably scant
infiltration was observed in the thalamus of sick GF-IL-12 mice
(Fig. 2I), there was less-pronounced infiltration in the hip-
pocampus but severe infiltration of the pia mater between the
hippocampus and the thalamus (Fig. 2H). Progressive mono-

FIG. 1. Neurological disorder in BDV-infected mice. Newborn
GF-IL-12 and wild-type (wt) mice were infected intracerebrally with
BDV as described in Materials and Methods. Mice were examined
daily for clinical symptoms of neurologic disease. Note that mock-
infected mice of neither strain developed neurological symptoms.
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nuclear infiltration of the cerebellar parenchyma and of the
meninges as well as perivascular cuffing in the cerebellum, the
dominant site of transgenic IL-12 expression, was observed in
mice beginning around 6 weeks of age (Fig. 2G). Additional
features observed were severe neurodegeneration with loss of
granule cells and calcification of the granule cell layer in the
cerebellum of sick GF-IL-12 mice. IHC analysis revealed that
the infiltrating mononuclear cells were predominantly CD4�

and to a lesser extent CD8� T cells as well as CD45R� B cells

and foamy macrophages (Fig. 2K to M). Isolation of brain
lymphocytes from diseased GF-IL-12 mice and subsequent
analysis of T-cell subsets by flow cytometry revealed that the
CD8/CD4 ratio in the brains was 0.7 (n � 8). This contrasts
with the findings in CNS infiltrates of MRL mice that develop
spontaneous disease after infection with BDV, where the CD8/
CD4 ratio is around 2 in acute disease (14). There was also
upregulation of ICAM-1, B7-2, and major histocompatibility
complex class II (data not shown). These alterations were

FIG. 2. Pathological alterations in brains of BDV-infected wild-type and GF-IL-12 mice. IHC was performed as described in Materials and
Methods. Cerebellum (A), hippocampus (B), and thalamus (C) specimens of healthy BDV-infected wild-type mice showed no CD4-immunore-
active T cells in the parenchyma. (C) Immunoreactivity for CD4 of an intravascular lymphocyte is indicated (arrowhead). Sick wild-type mice (D
to F) showed dense infiltration of CD4 T cells in the hippocampus (E) and scant infiltration in the cerebellum and thalamus (D and F)
(arrowheads). (G) In GF-IL-12 mice, severe neurodegeneration with loss of granule cells, mononuclear meningoencephalitis, marked astrocytosis,
and parenchymal calcifications (arrows) of the cerebellum were observed. There were abundant CD4 T cells in the pia mater between hippocampus
and thalamus (H) (arrowheads), while hippocampal infiltration was less severe than that observed for sick wild-type mice (E). Lymphocytic
infiltration of the thalamus (I) (arrowheads) was comparable to that seen in the thalamus of sick wild-type mice. (A to I) (IHC for CD4).
Phenotyping of infiltrating mononuclear cells in GF-IL-12 mice revealed CD8 T cells (K) as well as CD45R� B cells (L) and Mac-3 immunoreactive
foamy macrophages (M) (arrowheads).
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moderate in all parts of the CNS of sick wild-type mice and in
the forebrain of sick GF-IL-12 mice, but very pronounced in
the cerebellum of sick GF-IL-12 animals. Mock-infected mice
of both lines showed neither infiltration by mononuclear cells
nor upregulation of cell adhesion molecules at 120 days p.i.
when the experiment was terminated. Thus, BDV was well
tolerated by wild-type mice, while it greatly accelerated cere-
bellar inflammation and neurodegeneration in GF-IL-12 mice.

BDV-triggered synthesis of chemokines, cytokines, and
STAT-1 in GF-IL-12 mice. To further characterize the neuro-
inflammatory process in the cerebellum of GF-IL-12 mice, we
determined the expression of a number of genes for chemo-
kines, cytokines, cell surface molecules, and nitric oxide syn-
thetase isoforms. Constitutive low-level expression of CCL6
(C10) chemokine RNA was observed in the hindbrain (Fig.
3A). Starting around 6 weeks of age we observed expression of
the CXCL10 (IP-10) and CCL5 (RANTES) genes in the hind-
brain of both BDV-infected wild-type and GF-IL-12 mice.
However, GF-IL-12 mice showed enhanced expression of
these genes. In addition, we observed enhanced levels of XCL1
(lymphotactin), CCL6, CXCL1 (MIP-2), CCL4 (MIP-1�), and
CCL2 (MCP-1) transcripts in the hindbrain of BDV-infected
GF-IL-12 mice more than 6 weeks of age (Fig. 3A). In the
forebrain, both GF-IL-12 and wild-type mice showed compa-
rable low levels of constitutive TNF-� and high levels of
TGF-� RNA (data not shown). All but one sick GF-IL-12
mouse (Fig. 3B, 10 weeks, lane 5) older than 6 weeks had high
levels of IFN-�, TNF-�, IL-1� and NOS-2 transcripts in the
cerebellum that were associated with the presence of CD3
transcripts (Fig. 3B). By contrast, starting at 6 weeks of age
only 2 of the 22 wild-type mice showed low-level expression of
TNF-� and IL-1� in the cerebellum (data not shown). Expres-
sion of IFN-� or IFN-� genes was not detectable by RNase
protection assay in the CNS of wild-type and GF-IL-12 mice
(data not shown). Consistent with the scant infiltration by T
cells observed by IHC at 10 and 17 weeks, there were low levels
of CD3 RNA in the cerebellum of some infected wild-type
mice. Moreover, we observed a steadily increasing expression
level of ICAM-1, A20, MAC-1, and EB22/5 in the cerebellum
of sick wild-type and GF-IL-12 mice (data not shown).

In GF-IL-12 mice that develop spontaneous disease at older
age, high levels of STAT-1 signaling molecules were previously
observed (22). We therefore determined whether this was also
true for GF-IL-12 mice with BDV-triggered early disease on-
set. In the forebrain of infected, sick GF-IL-12 mice only slight
increases in the number of STAT-1 immunoreactive cells (data
not shown) were observed, whereas strong STAT-1 labeling
was evident in the cerebellum (Fig. 4 C and D). The abundant
nuclear localization of the STAT-1 molecule was consistent
with active IFN-� signaling. In the forebrain (data not shown)
and in the cerebellum (Fig. 4A and B) of BDV-infected,
asymptomatic wild-type mice, only few STAT-1 immunoreac-
tive cells were present.

Reduced replication of BDV in the cerebellum of GF-IL-12
mice. IHC staining for the p40 nucleoprotein of BDV in the
forebrain of infected wild-type (Fig. 5A and B) and GF-IL-12
mice (Fig. 5E and F) revealed comparable antigen levels in
both groups. In the cerebellum of the majority of GF-IL-12
mice, however, immunoreactivity for BDVp40 was significantly
reduced (Fig. 5G) compared to wild-type mice (Fig. 5C). IHC

examination further revealed moderate upregulation of GFAP
immunoreactivity in the cerebellum of infected wild-type mice
(Fig. 5D), which contrasted the pronounced upregulation of
GFAP in the cerebellum of sick GF-IL-12 mice (Fig. 5H).
GFAP immunostaining was weak in the forebrain of both
wild-type and GF-IL-12 mice (data not shown).

To investigate whether the observed differences in viral pro-
tein levels correlated with RNA levels, RNase protection
assays were performed. This analysis revealed high levels of
BDVp40 RNA expression by 4 weeks of age that did not
change significantly at later time points (Fig. 3B and data not
shown). Importantly, we observed significantly lower levels of
BDVp40 RNA and increased levels of GFAP RNA in the
cerebellum of GF-IL-12 mice compared to the wild-type litter-
mates (Fig. 6A). This difference was dependent on the pres-
ence of IL-12 transgene expression, since most GF-IL-12 mice
with very low transgene expression showed cerebellar GFAP
and BDVp40 gene expression comparable to wild-type mice
(P � 0.002, Mann-Whitney test; Fig. 6B).

DISCUSSION

We previously showed that around the ages of 4 to 6 months,
GF-IL-12 mice spontaneously develop a mononuclear menin-
goencephalitis that is accompanied by severe astrocytosis and
tissue destruction in the cerebellum (31). Active immunization
of GF-IL-12 mice with CFA, pertussis toxin and myelin antigen
led to earlier onset of EAE compared to immunization of
wild-type mice. Similarly, immunization of GF-IL-12 mice with
CFA and pertussis toxin without CNS-specific antigen induced
disease symptoms that resembled the otherwise spontaneously
developing disorder in GF-IL-12 mice (19). Our present data
demonstrate that infection of the CNS with a noncytolytic virus
that is largely ignored by the host immune system can trigger a
cascade of events that greatly accelerates disease progression
in GF-IL-12 mice. In the experiments presented here, 61% of
GF-IL-12 mice became sick by 120 days p.i. This time point
was chosen because at later time points we would not be able
to distinguish between spontaneous and BDV-induced neuro-
logical disorder in GF-IL-12 mice. The onset of neurological
symptoms seems to be influenced by the genetic background of
the mice since 100% of BDV-infected GF-IL-12 mice on a
pure C57BL/6 background developed disease by 60 days p.i.
(data not shown). This observation suggests that at later time
points all BDV-infected GF-IL-12 mice on the SJL � C57BL/6
background would develop neurological disorder. The broad
range of IL-12 RNA expression levels in the cerebellum of
BDV-infected GF-IL-12 mice (Fig. 6A) might be explained by
numerous factors such as genetic background as well as num-
ber and activation of infiltrating mononuclear cells that could
act on the GFAP-promoter in an inflamed tissue thereby en-
hancing transgene-encoded IL-12 expression.

We and others have shown previously that a number of
chemokine genes are strongly expressed in the BDV-infected
CNS and may trigger lymphocyte infiltration in immunocom-
petent animals (24, 38). We propose that BDV accelerates
disease in GF-IL-12 mice by increasing the frequency by which
immune cells such as lymphocytes and NK cells are entering
the CNS. In the cerebellum of GF-IL-12 mice, these cells
presumably meet a milieu that allows them to survive and
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FIG. 3. Expression of various cytokine and chemokine genes in the cerebellum of BDV-infected mice. (A) RNase protection assay with the
chemokine probe set CK1. L’tactin, lymphotactin. (B) RNase protection assay with the probe set AP9. In order to optimize the visualization of
the different bands, the same gel was exposed to autoradiographic film for various periods of time. The upper part of the gel was exposed overnight,
the intermediate (BDVp40) portion was exposed for 4 h, and the lower portion was exposed for 6 h.

VOL. 76, 2002 INTERACTIONS OF BDV AND IL-12 IN THE CNS 12227



proliferate. In mock-infected GF-IL-12 mice, lymphocytic traf-
fic is not stimulated and disease onset is delayed. It is not clear
at present whether or not the disease-inducing immune re-
sponse in the CNS of BDV-infected GF-IL-12 mice was di-
rected against viral antigens. If it was CTL-mediated, we would
expect to find CD8 T cells in all brain areas that carry virus,
which was clearly not the case. In agreement with this notion,
mononuclear infiltrations were found mainly in the hind brain
of BDV-infected GF-IL-12 mice, whereas they were present in
all brain regions of MRL mice that develop neurological dis-
ease spontaneously after infection with BDV (14). Further-
more, the CD4 T cells dominated in brains of diseased GF-
IL-12 mice. The ratio of CD8 to CD4 T cells in the brains of
these mice was 0.7, whereas this ratio was about 2 for cells from
the brains of BDV-infected MRL mice (14). The results of a
preliminary study indicate that CD8 T cells from brains of
BDV-infected GF-IL-12 mice cannot lyse target cells express-
ing the BDV nucleoprotein which is the major target of the
CTL response in MRL and other H-2k mice (J. Hausmann and
A. Pagenstecher, unpublished data). At present we cannot
exclude the possibility that the number of BDVp40-reactive T
cells was below the detection limit of the technique used.
Alternatively, another BDV protein may represent the major
CTL target in H-2b/H-2s mice that were used in this study.

Finally, it is also possible that IL-12 stimulated the develop-
ment of viral-specific CD4 T cells that then might mediate the
observed antiviral response. Future experiments by us will ex-
amine these possibilities further.

How can T cells survive and proliferate in the CNS of GF-
IL-12 mice if they lack detectable specificity for viral or self
antigens? Recent evidence suggests that CD4 T cells can be
activated to secrete IFN-� in the absence of antigen if their
IL-12 and IL-18 receptors are triggered simultaneously (25).
Unlike the classical acquired activation pathway that is depen-
dent on signals from the antigen-activated T-cell receptor, the
innate activation pathway is antigen-independent but depen-
dent on IL-12 and IL-18, which together activate the p38 mi-
togen-activated protein kinase in CD4 T cells (49). In our
transgenic mice, IL-12 is present in the cerebellum, raising the
question regarding the source of IL-18, which might act in
concert. The IL-18 gene is expressed constitutively and inactive
cytokine precursors are permanently present in many cell
types, including microglia and astrocytes (26), which may be
cleaved and released in response to as yet undefined stimuli in
our mice. The microenvironment in the cerebellum generated
by the simultaneous presence of IL-12 and IL-18 is probably of
crucial importance for the development of the type of neuroin-
flammatory disease that we observe in GF-IL-12 mice.

FIG. 4. IHC for STAT1 revealed few immunoreactive cells in the cerebellar cortex (A) and white matter (B) of infected wild-type mice. In the
respective brain regions of GF-IL-12 mice, strong expression of STAT1 was found (in the cortex [C] and the white matter [D]). Nuclear localization
of STAT1 immunoreactivity in the cerebellar white matter (arrows). In infected GF-IL-12 mice there is additional immunoreactivity in the nuclei
and the cytoplasm of cells resembling basket neurons (arrowhead). Magnification, �40; magnification of inset, �100.
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FIG. 5. Reduced viral antigen levels in the cerebellum of GF-IL-12 mice. IHC staining for BDVp40 revealed virtually identical patterns in
hippocampus (A and E) and thalamus (B and F) specimens from wild-type (A to D) and GF-IL-12 (E to H) mice. In contrast, in the cerebellum
of GF-IL-12 mice (G), BDVp40 immunoreactivity was strongly reduced compared with that observed for wild-type mice (C). An inverse staining
pattern was observed for GFAP. Immunoreactivity for GFAP was stronger in the cerebellum of GF-IL-12 mice (H) than in that of wild-type mice
(D).
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The observed reduction of BDV-derived nucleic acid and
protein in the hindbrain of GF-IL-12 mice is likely caused by
IL-12 or by IL-12 inducible factors. IL-12 is a potent inducer of
cytokines which can mediate antiviral effects including IFN-�
and TNF-� (for a review, see reference 6). In the case of
murine cytomegalovirus, the antiviral property of IL-12 was
attributed to early synthesis of IFN-� by NK cells (29, 30).
Recently, Binder and Griffin demonstrated that IFN-� medi-

ates site-specific clearance of an alphavirus from neurons (5).
Similarly, in passively immunized mice deficient for T and B
cells, IL-12-induced IFN-� from NK cells was sufficient for the
control of herpes simplex virus (46). In contrast, IL-12-induced
inhibition of vesicular stomatitis virus in the CNS required
neither TNF-� nor IFN-� but was dependent on NOS-1 (17,
18). A recent study extended these findings by demonstrating
that IFN-�-inducible NOS-2 is crucial for eliminating murine

FIG. 6. Reduced BDV transcript levels in the cerebellum specimens of GF-IL-12 mice. (A) RNase protection assays were performed as
described in Materials and Methods. Note the very low levels of transgene (tg) expression in the cerebellum specimens of five GF-IL-12 mice.
(B) Quantification of IL-12 and BDVp40 gene expression in the cerebellum of wild-type (wt) and GF-IL-12 mice that expressed the transgene
revealed highly significant differences (P � 0.002 [Mann-Whitney]).
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cytomegalovirus (27). In the cerebellum of BDV-infected GF-
IL-12 mice, we observed induction of TNF-�, IFN-�, and IL-1
as well as NOS-2 genes, while NOS-1 and NOS-3 transcripts
remained at control levels. The putative soluble factors that
are involved in this antiviral effect remain to be identified.

Our results demonstrate for the first time that a nonsymp-
tomatic viral infection of the CNS may take a devastating
course if there is cerebral production of the proinflammatory
cytokine IL-12. Thus, infection of the CNS with a virus that is
benign in certain hosts can be harmful in such normally dis-
ease-resistant hosts if the tissue is unfavorably preconditioned
by proinflammatory cytokines. In our model system, IL-12 was
supplied by expression of appropriate transgenes in astrocytes.
However, cerebral expression of IL-12 has been observed in
the human demyelinating disease MS (3, 48) and its animal
model, EAE (7, 16), as well as in the course of lipopolysac-
charide-induced endotoxemia (33, 43). Interestingly, anteced-
ent viral and bacterial infections are associated with the devel-
opment or exacerbation of MS (23, 32, 40). Our observations
suggest that IL-12 found in such circumstances could target
and fuel the immune response initiated by a viral infection,
causing more severe immune pathology and disease severity in
the CNS.
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