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Borna disease virus (BDV) is a neurotropic nonsegmented negative-stranded RNA virus that persistently
infects warm-blooded animals. In horses and other natural animal hosts, infections with BDV cause menin-
goencephalitis and behavioral disturbances. Experimental infection of adult mice takes a nonsymptomatic
course, an observation previously believed to indicate that this animal species is not suitable for pathogenesis
studies. We now demonstrate that BDV frequently induces severe neurological disease in infected newborn
mice. Signs of neurological disease were first observed 4 to 6 weeks after intracerebral infection. They included
a characteristic nonphysiological position of the hind limbs at an early stage of the disease and paraparesis at
a later stage. Histological examination revealed large numbers of perivascular and meningeal inflammatory
cells in brains of diseased mice and, unexpectedly, no increase in immunoreactivity to glial fibrillar acidic
protein. The incidence and severity of BDV-induced disease varied dramatically among mouse strains. While
only 13% of the infected C57BL/6 mice showed disease symptoms, which were mostly transient, more than 80%
of the infected MRL mice developed severe neurological disorder. In spite of these differences in susceptibility
to disease, BDV replicated to comparable levels in the brains of mice of the various strains used. Intracerebral
infections of newborn B2-microglobulin-deficient C57BL/6 and MRL mice, which both lack CD8™" T cells, did
not result in meningoencephalitis or neurological disease, indicating that the BDV-induced neurological
disorder in mice is a cytotoxic T-cell-mediated immunopathological process. With this new animal model it

should now be possible to characterize the disease-inducing immune response to BDV in more detail.

Borna disease has been described as a progressive non-
purulent meningoencephalomyelitis of horses and sheep with
various clinical symptoms ranging from slightly impaired coor-
dination to paralysis and death (17, 26, 36). This disease is
caused by Borna disease virus (BDV), a nonsegmented nega-
tive-stranded RNA virus (13, 41, 46). A wide variety of animal
species have been successfully infected with BDV, and persis-
tent infection of neuronal tissue is usually achieved (17, 36).
Most studies of the pathogenesis of Borna disease were per-
formed with Lewis rats, which are highly susceptible to the
deleterious effects of BDV (17, 26, 28, 36, 43). By contrast,
persistently infected mice were reported to exhibit only barely
detectable clinical symptoms (22, 40). BDV or a related virus
may be associated with psychiatric disorders in humans (4, 5,
23, 37, 38, 46).

In rats, the clinical course and histopathology of Borna dis-
ease vary with the age of the animal at the time of infection. In
adult Lewis rats, BDV infection results in severe encephalitis
accompanied by clinical symptoms that include hyperactivity,
aggressiveness, and ataxia (17, 36). At a later stage of the
disease, surviving animals are apathetic and show signs of de-
mentia and behavioral abnormalities, and their brains show a
dramatic loss of neuronal tissue (3, 17, 19, 28, 36). BDV-
induced encephalitis can be prevented by immunosuppressive
drugs and can be induced in drug-treated rats by adoptive
transfer of immune lymphocytes (29, 35, 45), suggesting that
immunopathological mechanisms play a key role in the disease
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process. Borna disease in rats is a CD4" T-cell-dependent
immunopathological disorder in which CD8" T-cell-mediated
mechanisms are operative (32, 33, 35). In newborn Lewis rats,
exposure to BDV results in persistent infection of the neuronal
tissue and other cell types but few infiltrating lymphocytes are
observed histologically (19, 29). Nonetheless, severe hippo-
campus damage occurs in persistently infected rats and pro-
nounced learning deficiencies are observed (10, 15, 19). Sev-
eral studies indicated that BDV-induced soluble factors may
negatively influence the clinical course of neurological disease.
For example, it was found that tolerant, persistently infected
Lewis rats developed severe clinical symptoms but only mild
encephalitis when connected by parabiosis to rats with Borna
disease (10), indicating that cytokines and other soluble factors
produced in the brain of the ill animal reached the brain of the
acceptor animal and disturbed its function. In fact, potentially
toxic nitric oxide and proinflammatory cytokines were detected
in the brains of BDV-infected rats (42, 47).

To identify the disease-inducing components of the immune
system and the cytokine network, an animal model that is
accessible to genetic manipulation is urgently needed. Here we
show that infection of newborn but not adolescent mice with
BDV can induce a CD8" T-cell-dependent immunopatholog-
ical process that results in severe neurological disease.

MATERIALS AND METHODS

Mice. Breeding pairs of BALB/c, C57BL/6, C3H, and CBA mice were pur-
chased from Charles River, Sulzfeld, Germany. Breeding pairs of wild-type
MRL/MplJ and B2-microglobulin-deficient MRL/MpJ-B2m mice were purchased
from Jackson Laboratory, Bar Harbor, Maine. Breeding pairs of f2-microglobu-
lin-deficient C57BL/6J-B2m were purchased from Bomholtgard Breeding and
Research Centre Ltd, Ry, Denmark. All breedings were done in our local animal
facility.
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TABLE 1. Mouse strain differences in susceptibility to
BDV-induced neurological disease”

Mouse No. of No. (%) of mice Age (days)
ai i with neurologi- at onset of
strain mice
cal symptoms symptoms
MRL 81 67 (83) 2743
o 7 8 (47) 30-45
BALBle 26 19 (34) 242
oo 1 4(36) 31-52
CS7BLI6 40 5(13) 34-39

“ Newborn mice (less than 24 h old) were given intracerebral injections of
10-pl samples of BDV stock He/80 prepared from brains of infected newborn
rats.

Virus stocks. A stock of BDV rat He/80 was prepared from brains of persis-
tently infected 4-week-old Lewis rats that were infected with BDV as newborns
(44). Tt represented the fourth continuous passage of the virus in brains of
newborn rats. Stocks of BDV mouse He/80 were prepared from brains of 4- to
6-week-old diseased BALB/c mice that were infected with BDV as newborns.
The stocks of mouse-adapted BDV used for the experiments described here were
from the second, third, and fourth passages of original BDV rat He/80 in mouse
brains. To prepare virus stocks, brains were homogenized by douncing in phos-
phate-buffered saline (PBS) as 10% (wt/vol) suspensions. After freezing and
thawing, the material was centrifuged at 4°C for 5 min at 10,000 rpm in an
Eppendorf microcentrifuge, and samples of the supernatant were stored as
100-pl aliquots at —70°C. A new aliquot of this virus stock was used for each
infection experiment. The stock of BDV rat He/80 titered on C6 rat glioblastoma
cells contained approximately 10° focus-forming units (FFU) of virus per ml. The
stocks of BDV mouse He/80 contained between 1 X 10* and 2 X 10° FFU of
virus per ml.

Titrations of BDV on C6 glioblastoma cells. Semiconfluent monolayers of C6
cells on glass coverslips in Dulbecco’s modified essential medium supplemented
with 10% fetal calf serum were incubated with various dilutions of the virus
stocks. After 4 days at 37°C, the cells were fixed with 3% paraformaldehyde for
10 min, permeabilized for 5 min with 0.5% Triton X-100, and analyzed for the
presence of cells expressing virus antigen by indirect immunofluorescence (9)
using 0.2% serum from BDV-infected BALB/c mice. Virus titers were calculated
by assuming that each focus of fluorescent cells originated from infection with a
single replication-competent virus particle.

BDV infections of mice. Samples (approximately 10 pl) of undiluted virus
stocks were injected intracerebrally with a Hamilton syringe. Sham infections
were performed with brain extracts from uninfected BALB/c mice that were
processed as described above for virus stocks (10% [wt/vol] suspensions).

Monitoring infected mice for disease symptoms. Mice were examined daily for
neurological symptoms. To check for the characteristic unphysiological hind limb
position of symptomatic animals (see Fig. 1), the mice were held up by the tail
for approximately 5 seconds. To monitor the general health status of the infected
mice, the animals were weighed daily starting at about 2 weeks postinfection.

Analyzing serum samples for BDV-specific antibodies. Blood samples (3 wl)
were taken from the tail veins of infected mice and diluted in 100 pl of PBS. To
detect antibodies to viral proteins, the samples were centrifuged and superna-
tants were allowed to react for 1 h at 25°C with C6 cells persistently infected with
BDV (11). The cells were grown on glass coverslips, fixed for 10 min with 3%
paraformaldehyde, and permeabilized for 5 min with 0.5% Triton X-100. After
being extensively washed with PBS, bound antibodies were visualized with 1%
fluorescein-labelled goat anti-mouse immunoglobulin G (IgG). Under these
conditions, prominent staining of dot-like structures in the nuclei of infected cells
was evident in blood samples containing BDV-specific antibodies.

Northern blot analysis for detecting BDV in mouse brain tissue. Complete
hemispheres of mouse brains were used to prepare total RNA as previously
described (12). For Northern blot analysis, 10-ug samples of RNA were electro-
phoresed through a 1.2% agarose-formaldehyde gel, transferred to a nitrocellu-
lose membrane, and hybridized under standard conditions with a radiolabelled
cDNA probe (nucleotides 3 to 1873) that roughly corresponds to the nonpoly-
adenylated 1.9-kb viral transcript found in BDV-infected cells (7). This cDNA
fragment was generated by reverse transcription-PCR with an appropriate pair of
primers and RNA from C6 cells persistently infected with BDV (11). The
membrane was washed at high stringency and exposed to X-ray film. To verify
that a comparable amount of RNA was loaded in each lane, the membrane was
stripped and reprobed with a radiolabelled glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) cDNA probe (30) under standard conditions (2). Quanti-
tation was done by determining the radioactivity that remained bound to the
membranes after stringent washing by using a Fujix BAS 1000 bio-imaging
analyzer (Raytest, Straubenhardt, Germany). The BDV-specific hybridization
signal of each lane was corrected for uneven loading of RNA by normalizing the
value to the GAPDH signal.
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Histological analysis of brain sections. Mice were sacrificed under ether an-
aesthesia. One complete brain hemisphere was fixed in Zamboni’s reagent (4%
paraformaldehyde and 15% picric acid in 0.25 M sodium phosphate, pH 7.5) and
embedded in paraffin. Sagittal sections approximately 4-pm thick were stained
with hematoxylin and eosin and examined under a light microscope. Immuno-
stainings of tissue sections for viral antigen and glial fibrillar acidic protein
(GFAP) were done with 0.2% monospecific rabbit antiserum to BDV p40 (a
generous gift from I. Lipkin, Irvine, Calif.) and 0.05% polyclonal antibody
against bovine GFAP (purchased from Dako, Hamburg, Germany), respectively.
After being extensively washed, bound antibodies were identified with peroxi-
dase-labeled antisera with the Vectastain reagent kit (Camon, Wiesbaden, Ger-
many).

RESULTS

Differences among mouse strains in frequency of BDV-in-
duced neurological disease in newborns. Intracerebral injec-
tion of standard preparations of BDV fails to induce disease in
adult laboratory mice (22). In a recent study (40), mild signs of
neurological disease were observed when mouse-adapted BDV
was used to infect adult mice of strain MRL. We therefore
examined whether newborn mice might exhibit greater suscep-
tibility to BDV-induced neurological disease than adult mice
and whether differences in susceptibility might exist among
mouse strains. Newborn mice were given intracerebral injec-
tions of 10-pl samples of 10% rat brain homogenates contain-
ing about 10* FFU of BDV strain He/80. The injected material
was from the fourth passage of the virus in brains of newborn
rats. Virus infection of newborn mice resulted in severe neu-
rological disease in some but not all animals (Table 1). Af-
fected animals could easily be identified at an early stage of the
virus-induced disease by a characteristic nonphysiological po-
sition of the hind limbs: when lifted by their tails, they drew
their limbs in towards their bodies (Fig. 1A), in contrast to the
full extension of limbs observed with nonsymptomatic litter-
mates (Fig. 1B). A similar disease phenotype was previously
observed in mice with targeted disruptions of the neurotro-
phin-3 receptor gene (24), the A-raf protein kinase gene (34),

FIG. 1. (A) Characteristic nonphysiological position of the hind limbs of a
BDV-infected MRL mouse with early signs of neurological disease. (B) Position
of the hind limbs of a nonsymptomatic littermate.
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TABLE 2. Mouse brain-passaged BDV retains potential
to induce neurological disease”

Mouse BDV No. of No. (%) of mice Age (days)
L passage . with neurologi- at onset of
strain mice
no. cal symptoms symptoms
BALB/c 1 7 4(57) 29-45
BALB/c 2 11 4(36) 28-35
BALB/c 3 19 10 (52) 23-31
BALB/c 4 7 3(43) 26-33
MRL 2 12 11 (91) 27-42

“ Neonates were given intracerebral injections of 10-ul samples of stocks of
BDYV He/80 that were passaged for the indicated times in brains of BALB/c mice.

and the Huntington’s disease gene (27), indicating that this
phenotype is a sensitive but rather nonspecific indicator of
pathological changes in the brain. The affected animals further
exhibited a characteristic hunched posture, had a rough fur,
and often presented with tilted heads. Neurological disease
typically progressed fast and coincided with a pronounced loss
of body weight of usually more than 20% in 4 days (see Fig. 5).
Some animals recovered partially or completely from this acute
phase of BDV-induced disease, while others failed to regain
weight and started to show progressive paraparesis of the hind
limbs. If not sacrificed, these animals eventually died, presum-
ably because they were no longer able to eat and drink.

The percentages of animals showing the above-described
signs of neurological disease differed widely among inbred
mouse strains (Table 1). Mice of strain MRL were most sus-
ceptible to BDV-induced disease: 83% of the virus-infected
animals presented with severe neurological disease between 27
and 43 days postinfection. Although smaller percentages of the
infected C3H and CBA mice turned ill (47 and 36%, respec-
tively), the affected individuals of these two strains showed
signs of neurological disease that were about as strong as those
of diseased MRL mice. About 34 and 13% of the infected
BALB/c and C57BL/6 mice, respectively, showed clear signs of
neurological disease at 3 to 6 weeks postinfection (Table 1).
However, unlike mice of strains MRL, C3H, and CBA, only a
small percentage of the infected BALB/c and C57BL/6 mice
that exhibited clear signs of neurological disease went on to
develop a life-threatening illness. Furthermore, the disease
often progressed more slowly in the latter animals, and many
BALB/c and C57BL/6 mice recovered partially or completely
from the acute phase of disease by about 2 weeks post onset of
first symptoms.

When BDV was adapted to grow in mouse brains by serial
passage in newborn BALB/c mice, the picture did not change
much. Between 36 and 57% of the animals used for each of the
four passages came down with disease. When second-passage
virus was used to infect newborn MRL mice intracerebrally, 11
of the 12 animals developed signs of severe neurological dis-
ease after 27 to 42 days (Table 2). These results indicated that
adaptation of BDV to mice had not greatly altered its patho-
genicity. To evaluate the possibility that the brain homogenate
rather than the virus induced disease in our mice by autoim-
munological mechanisms, seven MRL mice were sham in-
fected with 10% extracts prepared from brains of uninfected
mice. No neurological disease symptoms were recorded in
these mice during the observation period of 10 weeks (data not
shown).

Lymphocytic meningoencephalitis without increased GFAP
immunoreactivity in brains of diseased mice. Brains of BDV-
infected mice were subjected to histological examination at
various stages of the disease. Sections through the neocortex
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revealed signs of severe lymphocytic meningoencephalitis in
brains of animals with overt disease. The severely diseased
MRL mice presented with serious meningitis and prominent
perivascular lymphocytic infiltrations of the brain (Fig. 2B).
Furthermore, the numbers of neurons were decreased. The
histological features of the cortex in age-matched uninfected
mice were inconspicuous (Fig. 2A). Brains of diseased BALB/c
mice showed similar but usually milder histopathological fea-
tures than those of diseased MRL mice (data not shown).
Brains of infected mice without noticeable signs of neurolog-
ical disease rarely contained infiltrating lymphocytes as deter-
mined by hematoxylin and eosin staining (data not shown).
Thus, the overall extent of inflammation in the brains of the
infected animals correlated well with the score of clinical symp-
toms.

When the brain sections of diseased MRL mice were immu-
nostained for GFAP to assess the degree of astrogliosis, very
little specific staining was observed (Fig. 2K). In fact, GFAP
expression in these brains did not exceed the constitutive ex-
pression observed in uninfected mice (Fig. 2J). When brain
sections were immunostained for the p40 antigen of BDV, we
observed that the cortical brain areas of diseased mice which
harbored high numbers of lymphocytes contained only a few
BDV-infected neurons (Fig. 2E) compared to those contained
in the corresponding regions of nonsymptomatic mice (Fig. 2F)
or the thalamus region (Fig. 2H), which usually revealed no
inflammatory foci. This inverse correlation between lympho-
cytic infiltrations and presence of BDV-infected neurons sug-
gested that the antiviral immune response had selectively re-
moved infected neurons.

Kinetics of BDV replication in brains of infected newborn
mice. To determine the kinetics of BDV replication in brains
of infected mice, we measured the concentrations of BDV-
specific transcripts by Northern blot analysis at various times
after intracerebral infection of newborns. No or only very low
levels of BDV-specific RNAs were observed by this method in
brains of MRL or BALB/c mice that were infected for less than
15 days, while viral RNAs could easily be detected in brains of
mice that were infected with BDV for 20 days or longer (Fig.
3). The concentration of viral RNAs in brains of infected mice
seemed to reach a plateau at approximately 4 weeks postin-
fection, and it seemed to be maintained at this high level for at
least 12 months in nonsymptomatic BALB/c mice (Fig. 3B). In
the experiment shown in Fig. 3A, one of the infected MRL
mice showed typical signs of severe BDV-induced neurological
disease at 28 days postinfection. Quantitative analysis of the
Northern blot signals revealed that the diseased animal con-
tained at least sixfold less viral RNA in the brain than a non-
diseased littermate that was sacrificed at the same time (Fig.
3A). A similar picture was observed in a pair of diseased and
nondiseased MRL mice that was sacrificed at day 32 postin-
fection (Fig. 3A). Likewise, a BALB/c mouse which showed
clear signs of neurological disease at day 28 postinfection con-
tained severalfold less viral RNAs than an infected BALB/c
mouse that remained nonsymptomatic for 28 days (Fig. 3B).
Similar findings were made in other experiments with pairs of
diseased and nondiseased littermates of strains MRL and CBA
(Fig. 4). Occasionally, however, as for example in a pair of
diseased and nondiseased C3H mice (Fig. 4), the animal show-
ing strong signs of neurological disease contained equal or
even slightly higher levels of viral transcripts. Thus, in most but
not all cases we found an inverse correlation between the
presence of high levels of viral RNAs and signs of neurological
disease, suggesting that (i) virus replication in cells of the
central nervous system (CNS) per se did not cause the disease
which we observed in our infected animals and that (ii) the
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FIG. 2. Pathological alterations and virus distribution in brains of BDV-infected MRL mice possessing or lacking a functional B2-microglobulin gene. Brain sections

from an uninfected healthy MRL control mouse (A, D, G, J), from a BDV-infected wild-type MRL mouse with severe signs of neurological disease (B, E, H, K), and
from a BDV-infected healthy MRL mouse lacking B2-microglobulin (C, F, I, L) were compared. Staining with hematoxylin and eosin (panels A to C) revealed strong
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antiviral activity of the immune system eliminated virus-in-
fected cells and induced disease.

To determine whether the observed variations in suscepti-
bility of inbred mouse strains to BDV-induced neurological
disease simply reflected differences in the rates at which BDV
replicates in the CNSs of these animals, we compared the
relative levels of viral transcripts in brains from nondiseased
animals of strains MRL, BALB/c, CBA, C3H, and C57BL/6
that were infected as newborns and sacrificed at the age of 4 to
6 weeks. Differences in viral RNA contents of the various
brains were usually less than fivefold (Fig. 4 and data not
shown) and thus not greater than those observed between
individuals of two litters of the same mouse strain (reference
18 and unpublished results). These differences probably cannot
explain the dramatic differences in susceptibility to BDV-in-
duced disease between C57BL/6 and MRL mice.

Seroconversion coincides with the onset of BDV-induced dis-
ease symptoms. To learn more about the physiological changes
immediately preceding disease onset, we carefully monitored
health changes and weight gain disturbances of several MRL
mice that were infected as newborns with rat- or mouse-pas-
saged BDV (litters 82 and 73, respectively). Starting from
around day 18 postinfection, we further collected blood sam-
ples for serological analysis every third day. All mice gained
weight at a fairly constant rate and looked healthy until about
day 28. Thereafter, most animals abruptly stopped gaining
weight (Fig. 5 shows the charts of animals 82A, 82B, 73A, and
73F) and started to hold their hind limbs in a characteristic
nonphysiological position (Fig. 1). Serological analysis showed
that all animals that developed these signs of neurological
disease had started to produce antibodies to BDV proteins just
prior to the onset of clinical disease (Fig. 5). Neurological
disease progressed rapidly in most of these animals so that they
had to be euthanatized. Some animals, including 73F which
was infected with a mouse-passaged BDV stock, continued to
gain weight after 4 weeks of age, showed no signs of neuro-
logical disease, and remained seronegative during this period
(Fig. 5). However, animal 73F abruptly lost weight at the age of
about 6 weeks and started to show strong signs of neurological
disease. Serological analysis revealed that, like its littermates
which became ill earlier, it had seroconverted shortly before
disease onset (Fig. 5). Thus, disease onset coincided with the
initial recognition of BDV by the immune system.

No disease in BDV-infected mice lacking CD8* T cells.
Massive mononuclear cell infiltrates in brains from diseased
mice and the fact that serum antibodies to BDV started to
appear in infected mice shortly before disease onset both sug-
gested that immunopathological processes were at work. Since
CD8™ T cells play a key role in the BDV-induced neurological
disease of rats (33), we tested whether the symptoms would
be milder or even absent in infected mice lacking this T-cell
population. Mice with a targeted disruption of the B2-micro-
globulin gene fail to express major histocompatibility complex
(MHC) class I antigen and, as a consequence, lack CD8" T
cells (25, 48). In a first experiment, we infected newborn B2-
microglobulin-deficient C57BL/6 mice with the standard dose
of BDV (10 pl of stock He/80 prepared from brains of infected
newborn rats) by the intracerebral route. None of the 23 in-

BORNA DISEASE IN MICE 4383

fected animals developed signs of neurological disease within
the 12-week observation period. Serum antibodies to viral pro-
teins were detectable in all infected B2-microglobulin-deficient
mice, but they appeared later (usually not before 7 weeks
postinfection) and reached lower titers than in wild-type mice
(data not shown). This latter phenotype can be explained by
the fact that B2-microglobulin is a component of the protection
receptor for IgG catabolism that enhances the serum half-life
of IgG molecules (20): mice lacking B2-microglobulin have
greatly reduced levels of IgG but not IgA.

To confirm the notion that BDV-induced neurological dis-
ease in mice was dependent on CD8™" T cells, we also infected
B2-microglobulin-deficient MRL mice, which genetic back-
ground, as shown above, strongly predisposes for BDV-in-
duced disease. All 38 infected MRL mice with this genetic
defect remained healthy and did not show signs of neurological
disease within the observation period of 6 to 12 weeks, indi-
cating that CD8™ cytotoxic T cells are indeed instrumental for
neurologic disorder in BDV-infected mice. Northern blot anal-
ysis of brain RNAs indicated that BDV replicated to compa-
rable levels in the CNSs of mutant and wild-type mice (Fig. 4).
Unlike wild-type MRL mice, the B2-microglobulin-deficient
animals continued to gain weight after seroconversion (Fig. 5),
and no inflammation was detected in the brains of infected
B2-microglobulin-deficient MRL mice at 6 or 8 weeks post-
infection (Fig. 2C). GFAP immunostaining of brain sections
of these mice could not be distinguished from that of brain
sections from uninfected controls (compare Fig. 2J and L).
Immunostaining for BDV p40 showed the presence of many
infected neurons in the neocortex (Fig. 2F), the thalamus
(Fig. 21), and other brain regions (data not shown) of the in-
fected B2-microglobulin-deficient MRL mice. Taken together
these results strongly support the concept that BDV-induced
neurological disease in mice is a CD8" T-cell-dependent pro-
cess.

DISCUSSION

Earlier studies suggested that mice are resistant to BDV-
induced disease in spite of the fact that the virus grows to high
titers in the brains of these animals (22). Mice of strain MRL
were moderately susceptible: they exhibited signs of hyperac-
tivity when infected with BDV that was passaged five times in
mouse brains (40). Experiments described in this report now
demonstrate that mice (in particular mouse strain MRL) are
highly susceptible to BDV-induced illness when infected at a
very young age. The diseased mice exhibited prominent signs
of neurological disease and had numerous infiltrating lympho-
cytes in the brain. The discrepancy between the earlier reports
and our present results can be explained in part by the fact that
we used very young animals for our infection experiments.
Furthermore, we showed here that genetic factors have a great
influence on disease susceptibility. In the earlier studies, the
animals were usually not infected as newborns and only a few
experiments were performed with MRL mice.

Several of our observations collectively indicate that the
BDV-induced neurological disorder of mice is not due to di-
rect cell damage caused by the replicating virus but rather to

meningitis and prominent perivascular lymphocytic infiltrates in the neocortex of the diseased animal, whereas the corresponding brain regions of the uninfected healthy
control animal and of the infected B2-microglobulin-deficient (82m®°) MRL mouse were inconspicuous. Immunostaining of tissue sections for BDV p40 (panels D
to I) showed similar numbers of infected neurons in the thalami (panels G to I) of the wild-type and mutant mice. By contrast, fewer infected neurons were present
in the neocortex (panels D to F) of the diseased wild-type animal than in the neocortex of the healthy MRL B2m®° mouse. Immunostaining failed to reveal signs of
increased GFAP expression in the brains of BDV-infected wild-type and mutant mice (panels J to L) as usually seen in astrogliosis (16). Corresponding areas of the

hippocampus formation are shown.
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FIG. 3. Time course of BDV replication in brains of infected MRL (A) and
BALB/c (B) mice. Animals were infected as newborns with 10* FFU of BDV
He/80 by the intracerebral route. At the indicated times after infection, randomly
selected animals were sacrificed, RNA was prepared from complete brain hemi-
spheres, and 10-pug samples were assayed for the presence of BDV-specific
transcripts by Northern blot analysis. BDV-specific transcripts of 0.8, 1.2, and 1.9
kb were visualized by hybridization to a radiolabeled cDNA probe comprising
nucleotides 2 to 1873 of the BDV genome. After stripping, the membrane was
rehybridized to a radiolabeled GAPDH cDNA probe to verify that similar
amounts of RNA were present in the various lanes. Animals with (+) and
without (—) typical signs of neurological disease were evaluated. The symbol
“+*” indicates that the animal had shown typical signs of neurological disease at
approximately 5 weeks postinfection. Such animals recovered from the acute
phase of disease and were nonsymptomatic at the time of analysis.

indirect damage caused by the host immune response. First,
BDV grew to comparable levels in the brains of diseased and
nondiseased animals. Second, the most striking histopatholog-
ical feature of brains from diseased mice was the presence of
large numbers of infiltrating lymphocytes in the neocortex and
other brain regions. Third, by measuring serum antibodies to
BDV we observed that the first appearance of neurological
signs of disease coincided with the onset of the antiviral im-
mune response. Fourth, and most important, BDV infection of
B2-microglobulin-deficient mice that lack CD8" T cells (25,
48) did not result in neurological disease.

Histological analysis strongly indicated that most of the
above-described signs of neurological disease in our BDV-
infected mice were due to massive lymphocytic infiltration of
the neocortex. We also observed that in animals with terminal
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disease, the numbers of BDV-infected neurons were usually
rather low in brain regions with multiple inflammatory foci,
suggesting that the antiviral immune response had successfully
destroyed many infected neurons at the cost of severe tissue
damage. An interesting finding was that although swelling of
astrocytes was evident in brains of diseased mice, this astro-
gliosis was not accompanied by increased GFAP immunoreac-
tivity. This was surprising considering the fact that most types
of brain injuries result in very strong astrogliosis with strong
GFAP immunoreactivity (16). In rats experimentally infected
with BDV, astrogliosis is usually also not observed in severely
inflamed brain regions (2a) but can be found in the hippocam-
pus formation of persistently infected animals that exhibit vi-
rus-induced destruction of the dentate gyrus (14, 17).

An important conclusion from this work is that undefined
genetic factors determine the susceptibility of mice to BDV-
induced disease. The genetic background of MRL mice fa-
vored severe disease at a high frequency, while the genetic
background of C57BL/6 mice favored only a more moderate
course of the disease in a small percentage of infected animals.
Although the genetic backgrounds of CBA, C3H, and BALB/c
mice mediated disease induction at similar rates we observed
clear differences in the severity of BDV-induced disease
among these strains. The affected CBA and C3H mice, which,
like MRL mice (31), express the H-2* haplotype of the MHC
class I antigen, developed very severe disease, reminiscent of
that of the MRL mice. By contrast, the BDV-induced neuro-
logical disease in most of the affected BALB/c (H-2¢9) or
C57BL/6 (H-2") mice took a more moderate course. These
results suggest that the severity of disease is controlled by
alleles of the MHC class I antigen, while the frequency at
which BDV induces neurological disease is controlled by other
genetic traits. It is of interest in this context that the genetic
background of MRL mice strongly predisposes for autoim-
mune disorders (1). Aged MRL mice (older than 30 weeks)
have enhanced titers of autoreactive antibodies and spontane-
ously develop pancreatitis by a mechanism that involves auto-
immune CD4" T cells (21). Since high susceptibility to BDV
was abrogated in B2-microglobulin-deficient MRL mice lack-

MRL [p2m%|CBA

+ == =]+ =]+ =

C3H | mouse strain

disease

FIG. 4. Virus loads in brains of mice of strains differing in resistance to BDV-
induced disease. Mice of the MRL, B2-microglobulin-deficient (82m®°) MRL,
CBA, and C3H strains were infected with BDV as newborns and sacrificed at
the age of about 4 to 6 weeks. Brain RNA samples were assayed for the
presence of BDV-specific transcripts as described in the legend for Fig. 3.
Littermates with (+) and without (—) typical signs of neurological disease
were compared.
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FIG. 5. Onset of neurological disease in MRL mice coincides with first appearance of serum antibodies to BDV. Newborn wild-type (litters 82 and 73) or
B2-microglobulin-deficient (litter 90) MRL mice were infected by the intracerebral route with either rat brain homogenate containing 10* FFU of BDV He/80 (litters
82 and 90) or mouse brain homogenate containing 2 X 10* FFU of BDV He/80 (litter 73). Infected animals were weighed daily and examined for the appearance of
signs of neurological disease. Blood samples were analyzed for the presence of BDV-specific antibodies. The charts of two animals from each litter are shown. The
shaded areas mark periods of overt neurological disease. The arrows mark the first detection of BDV-specific antibodies in serum samples. The crosses indicate when
the diseased animals were euthanatized. The sudden weight gain of animal 90B towards the end of the observation period was due to pregnancy.

ing CD8" T cells and since BDV-induced immunopathology
occurred in 4- to 6-week-old mice, it seems unlikely at first
glance that autoimmunity and susceptibility to BDV are mech-
anistically related. Nonetheless, it is conceivable that the two
phenotypes are the result of the same genetic traits. If, as
observed in the rat model (32, 33, 35), activation of CD8" T
cells in BDV-infected mice is dependent on help from CD4" T
cells, genetically determined hypersensitivity of the latter cell
population in MRL mice might lead to a more potent response
of CD8" T cells and, in turn, to neurological disease at an
enhanced frequency. This hypothesis implies that, depending
on the antigenic stimulus, the hyperactive CD4" T cells of
MRL mice might predispose to various types of immunopatho-
logical disease.

A major difference between the well-established rat model
system of experimental Borna disease (17, 36) and the mouse
system of experimental Borna disease is that infection of adults
induces neurological disease in rats but not in mice (reference
22 and unpublished results). Furthermore, while infection of
newborns with BDV leads to immunological tolerance and
almost disease-free persistent infection in rats (10, 19), we
showed here that this constellation frequently leads to immu-
nopathology in mice. The molecular basis for this unexpected
behavior of the mouse is not well understood at present, but
differences in the kinetics of BDV spread in infected newborn
rats and mice could explain the different outcomes. In infected
newborn rats, BDV RNA was detected in the thymus as early
as 3 days postinfection (39). Our recent experiments with in-
fected newborn mice indicated that BDV is initially highly
neurotropic and that virus RNA cannot be detected outside
the CNS during the first 16 days after infection by highly
sensitive nested reverse transcription-PCR. If confirmed, these
results would suggest that viral antigen does not appear in
peripheral sites of infected newborn mice until the immune

system has matured. This constellation is expected to induce a
T-cell response rather than tolerance.

It is unclear at present why BDV infections of newborn and
adult mice have different outcomes. One possibility is that in
infected adult mice, BDV multiplication is limited more strictly
to the CNS than it is in newborns. In this case, BDV antigen
may not be present in sufficient quantities at peripheral sites
for efficient priming of T cells. However, since infected adult
mice readily produce antibodies to viral proteins, this simple
scenario does not seem to be correct. Alternatively, infected
adult mice may preferentially mount a Th2-type immune re-
sponse to BDV antigens, while infected newborn mice might
favor a Thl-type response. If true, the cytokine patterns in-
duced by BDV in adults and in newborns should be different.
It should then also be possible to induce susceptibility to BDV
in adult mice by immunizing with BDV antigen under condi-
tions that favor a Thl-type immune response.

Recent advances in gene targeting (8) were all pioneered in
the mouse, and a fast-growing number of mouse strains with
defined defects in the various branches of the immune system
and the cytokine network are becoming available (6). The
mouse model for BDV-induced neurological disorder pre-
sented here now allows, for the first time, the performance of
a genetic analysis of the Borna disease-promoting processes.
Mice with defined gene disruptions should help to determine
which of the BDV-induced neuropathological changes are
caused by the immune system and which lymphocytes contrib-
ute to immunopathology. Our initial experiments with mutant
mice have already established that CD8" T cells are instru-
mental in this process. By using mice lacking perforin or other
T-cell effector molecules, it should now be possible to deter-
mine whether neurological disease in MRL mice is due to
cytotoxic T-cell activity in the brain or results from cytokines
secreted by the infiltrating lymphocytes.
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