
Proc. Natl. Acad. Sci. USA
Vol. 93, pp. 13345–13350, November 1996
Neurobiology

Intrinsic responses to Borna disease virus infection of the
central nervous system

KINJIRO MORIMOTO*, D. CRAIG HOOPER*, ANNETTE BORNHORST†, SUSANNE CORISDEO*, MICHAEL BETTE†,
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ABSTRACT Immune cells invading the central nervous
system (CNS) in response to Borna disease virus (BDV)
antigens are central to the pathogenesis of Borna disease
(BD). We speculate that the response of the resident cells of
the brain to infection may be involved in the sensitization and
recruitment of these inf lammatory cells. To separate the
responses of resident cells from those of cells infiltrating from
the periphery, we used dexamethasone to inhibit inf lamma-
tory reactions in BD. Treatment with dexamethasone pre-
vented the development of clinical signs of BD, and the brains
of treated animals showed no neuropathological lesions and a
virtual absence of markers of inf lammation, cell infiltration,
or activation normally seen in the CNS of BDV-infected rats.
In contrast, treatment with dexamethasone exacerbated the
expression of BDV RNA, which was paralleled by a similarly
elevated expression of mRNAs for egr-1, c-fos, and c-jun.
Furthermore, dexamethasone failed to inhibit the increase in
expression of mRNAs for tumor necrosis factora, macrophage
inf lammatory protein 1b, interleukin 6, and mob-1, which
occurs in the CNS of animals infected with BDV. Our findings
suggest that these genes, encoding transcription factors, che-
mokines, and proinf lammatory cytokines, might be directly
activated in CNS resident cells by BDV. This result supports
the hypothesis that the initial phase of the inf lammatory
response to BDV infection in the brain may be dependent upon
virus-induced activation of CNS resident cells.

Viral infections of the central nervous system (CNS) are
responsible for many acute and chronic encephalopathies in
humans (1–3). The pathogenic mechanisms underlying virus-
induced neurological disease are extremely complex. Certain
viruses are cytopathic for target cells in the CNS as a direct
consequence of viral replication (4). Direct effects on neurons
are also possible through noncytolytic effects, as is the case for
rabies virus (5). Nevertheless, most virus-induced encephalop-
athies are not directly mediated by virus replication in the CNS
but rather are the result of the host inflammatory response to
the infection (6, 7). One example of this mechanism is Borna
disease (BD). Although the natural hosts appear to be horses
and sheep, Borna disease virus (BDV) can infect a wide range
of animals, from birds to nonhuman primates (8). Much of the
experimental data on BDV has been obtained in rat models,
in which infection of adult immunocompetent rats with BDV
causes either acute disease characterized by hyperactivity and
aggressiveness followed by tremors, paralysis, and often death
or a chronic disease in which the animals become listless
andyor obese (9).
The neuropathological changes in BD are dependent on an

inflammatory response resulting from sensitization against
BDV antigens (10). The BDV-induced inflammatory process

in the CNS has been likened to a delayed-type hypersensitivity
reaction (11). Like a conventional delayed-type hypersensitiv-
ity, the inflammatory response in BD probably consists of a
sequence of events including: (i) an immediate or early proin-
flammatory reaction, which must be mediated by locally
resident cells, that ultimately results in both the sensitization
and the trafficking of antigen-specific primed T cells into the
area; (ii) restimulation and recruitment of antigen-specific T
cells to produce locally the cytokines necessary for the induc-
tion and amplification of the reaction; and (iii) recruitment and
activation of the nonspecific cells of the monocyte lineage
responsible for the effector phase of the delayed-type hyper-
sensitivity reaction (12, 13).
In BD and other neurotropic virus infections, CNS resident

cells, such as neurons or glial cells, must furnish the factors
required for the initiation of the inflammatory reaction. They
must respond to injury or infection by affording immune cells
access to any invading antigen and to the CNS, either by
secreting vasoactive factors, which can cause microvascular
permeability, or by activating the mast cells found in perivas-
cular areas of the CNS (14). There is evidence of the direct
activation of CNS resident cells by virus infection. For exam-
ple, Newcastle disease virus directly induces immediate early
response gene (IEG) cgr-2 in astrocytes and microglia (15). A
member of the chemokine family, cgr-2 is the murine homo-
logue of human inflammatory protein 10 (IP-10) and acts as a
chemotactic factor for lymphocytes and monocytes (16). In
addition to chemokines, it is conceivable that proinflammatory
cytokines such as tumor necrosis factor a (TNF-a), which can
be produced by neurons in the brain (17), are directly induced
by virus infection of the CNS. We recently described evidence
that the expression of mRNAs for several proinflammatory
cytokines, including TNF-a, interleukin (IL)-1a, and IL-6, is
up-regulated during BD (10). The purpose of this investigation
is to determine whether this activity is the direct result of the
stimulation of CNS resident cells by virus infection or whether
it is mediated by invading immune cells. To distinguish be-
tween these alternatives, we used dexamethasone to separate
the elements of the disease process and to enable us to examine
the responses of resident cells in the absence of inflammation.
Dexamethasone is one of the most potent and best character-
ized anti-inflammatory agents known. It exerts its major
effects on macrophages by inhibiting the expression of numer-
ous cytokines and chemokines through activation of IkB
(thereby inhibiting NF-kB) (18) and by inducing the glucocor-
ticoid response element (which interferes with the function of
transcription factors such as AP-1) (19). We show here that
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treatment of BDV-infected rats with dexamethasone prevents
both disease and any evidence of inflammation yet fails to
inhibit virus replication and the activation of several immedi-
ate early and late host response genes that may be relevant to
the induction of inflammation.

MATERIALS AND METHODS

Virus Infection and Treatment of Rats. Six- to eight-week-
old female Lewis rats were infected intranasally under anes-
thesia with 30 ml of PBS containing 105 focus-forming units of
BDV. Following infection, the animals were examined daily for
signs of disease. At the indicated times after infection, animals
were anesthetized and perfused with PBS. Then their brains
were removed, snap frozen, and stored at2808C. To study the
effect of dexamethasone, groups of BDV-infected rats were
treated i.p. at days 15 and 20 postinfection with three doses of
dexamethasone (5 mgykg) in saline or with saline alone at 12-h
intervals.
Immunohistochemical Analysis. Rats were perfused tran-

scardially with PBS containing procaine-HCl (5 gyliter) fol-
lowed by Bouin–Hollande fixation solution (21). Brains were
removed and dissected into anterior, middle, and posterior
parts and postfixed for 24 h in the same fixative. After
dehydration in a graded series of 2-propanol, tissues were
embedded in Paraplast Plus (Merck) and cut into 7-mm-thick
sections. Immunohistochemical analysis was performed on
coronal sections, which were incubated with mouse monoclo-
nal antibody ED1 (Camon, Wiesbaden, Germany), which
recognizes rat macrophages, monocytes, and dentritic cells
(20), or with mouse monoclonal antibody BO 18 (a gift from
J. Richt, University of Giessen, Germany), which recognizes
the BDV p38 antigen. Reactions were visualized with biotin-
ylated sheep anti-mouse IgG and streptavidin–peroxidase
complex (Amersham), using the nickel-enhanced diaminoben-
zadine reaction described previously (21).
RNA Extraction. Total RNA was isolated from BDV-

infected rat brains according to the RNAzol B method de-
scribed in the manufacturer’s manual (Biotecx Laboratories,
Houston). The RNA was subjected to reverse transcriptase–
PCR (RT-PCR) followed by Southern blot or subjected to
electrophoresis in a 1% agarose formaldehyde gel followed by
Northern blot.
RT-PCR and Southern Blot Analysis. Analyses for the

mRNAs of the rat T-lymphocyte marker CD8, the rat major
histocompatibility complex class II antigen RT1-B, the rat
cytokines interferon (IFN)-g, TNF-a, IL-6, the rat chemokines
macrophage inflammatory protein 1b (MIP-1b), mob-1, and
glyceraldehyde-3-phosphate dehydrogenase (G3PDH; as an
internal control) were performed by RT-PCR followed by
Southern blot. Gene-specific sense and antisense oligonucle-
otide primers used for RT-PCR, and the internal oligonucle-
otide probes used for Southern blot hybridization were de-
signed from the published sequence data. The nucleotide
sequences of the oligonucleotide primers used for RT-PCR are
as follows: RT1-B antisense 27-mer, 5-TGTGACT-
CAAAGGGGCCCTGGGTGTCT-3; RT1-B sense 29-mer,
5-CAGCCCAACACCCTCATCTGCTTTGTAGA-3; seg-
ment of 446 bp was amplified (GenBank accession
no. K02815); IL-6 antisense 33-mer, 5-AGGTAGAAACGG-
AACTCCAGAAGACCAGAGCAG-3; IL-6 sense 34-mer, 5-
ATGAAGTTTCTCTCCGCAAGAGACTTCCAGCCAG-3;
segment of 371 bp was amplified (GenBank accession
no. M26744); MIP-1b antisense 26-mer, 5-TCAGT-
TCAACTCCAAGTCATTCACAT-3; MIP-1b sense, 5-AT-
GAAGCTCTGCGTGTCTGCCTTCT-3; segment of 279 bp
was amplified (GenBank accession no. U06434); mob-1 anti-
sense 25-mer, 5-GTTACGGAGCTCTTTTTGACCTTCT-3;
mob-1 sense 28-mer, 5-ATGAACCCAAGTGCTGCT-
GTCGTCGTTC-3; segment of 298 bp was amplified (Gen-

Bank accession no. U17035); G3PDH antisense 20-mer,
5-AAGCAGTTGGTGGTGCAGGA-3; G3PDH sense 20-
mer, 5-AAGGTGAAGGTCGGAGTCAA-3; segment of 464
bp was amplified (GenBank accession no. M33197).
The nucleotide sequence of CD8 antisense 28-mer, CD8

sense 31-mer, TNF-a antisense 32-mer, TNF-a sense 31-mer,
IFN-g antisense 32-mer, and IFN-g sense 30-mer were de-
scribed previously (22). Reverse transcriptase reactions were
performed at 428C for 1 h using avian myeloblastosis virus RT
(Promega) as described previously (22). Total rat brain RNA
(6 mg) and 1 mM antisense primer were used in the RT
reaction. A portion of the RT product was subjected to PCR
amplification using the antisense and the sense primers. Am-
plification was carried out for 35 cycles of denaturation at 948C
for 1 min, and annealing was done at 508C for 1 min.
Polymerization was done at 728C for 1 min with a Taq DNA
polymerase (Fisher Scientific), as described previously (22).
The PCR products were subjected to electrophoresis on 1 or
1.5% agarose gel (Sigma) and then blotted onto GeneScreen
Plus membrane (DuPont), hybridized with 32P-labeled internal
oligonucleotide probes, and exposed to autoradiography film.
Oligonucleotide probes were labeled with [g-32P]ATP (ICN)
(specific activity, 4500 Ciymmol; 1 Ci 5 37 GBq) using T4
polynucleotide kinase (Promega).
The nucleotide sequence of the probes are as follows: RT1-B

30-mer, 5-TTATGACTGCAAGGTGGAGCACTGGGGC-
CT-3;MIP-1b 33-mer, 5-CATCGGAACTTTGTGATGGAT-
TACTATGAGACC-3; mob-1 36-mer, 5-TCCTATGGCCCT-
GGGTCTCAGCGTCTGTTCATGGAA-3; G3PDH 20-mer,
5-TTCTCCATGGTGGTGAAGAC-3.
The nucleotide sequence of the probes CD8 47-mer, IFN-g

48-mer, TNF-a 40-mer, and IL-6 49-mer were described
previously (22).
Northern Blot Analysis. Total RNA (6 mg) was fractionated

on a 1% agarose gel containing 2.2 M formaldehyde and
MOPS buffer (pH 7.0) and blotted onto GeneScreen Plus
membrane. Each cDNA probe was labeled with [a-32P]dCTP
(ICN) (specific activity, 3000 Ciymmol) using a nick transla-
tion kit (Boehringer Mannheim).
The following cDNA clones were used for probe: G3PDH

(23), the p38 protein gene of BDV (24), egr-1 (5), c-jun (25),
c-fos (26), inducible nitric oxide synthase (iNOS, ref. 27), rat
T kininogen (28), rat cyclooxygenase-2 (COX-2, ref. 29).

RESULTS

Effects of Dexamethasone on BDV-Induced Neurological
Signs and CNS Inflammation. Because glucocorticoids influ-
ence a variety of important inflammatory actions, we studied
the effect of dexamethasone on BD. Groups of 10 BDV-
infected rats were treated with dexamethasone in saline or with
saline alone as described in Materials and Methods. Although
all of the animals that received saline alone developed severe
signs of neurological disease at 20 days postinfection, none of
the dexamethasone-treated rats showed any clinical signs up to
30 days postinfection. Furthermore, the brains of dexametha-
sone-treated, BDV-infected rats showed no neuropathological
lesions and a virtual absence of the activated macrophages
normally seen in the CNS of BDV-infected rats despite the
presence of high levels of BDV antigen (Fig. 1).
To further study the effects of dexamethasone on the

BDV-induced recruitment andyor activation of effector CD8
T cells and inflammatory cells in the CNS, we analyzed the
expression of mRNAs for the CD8 T cell antigen and the major
histocompatibility complex class II antigen, RT-1B. For these
experiments, we used Southern blot analysis following RT-
PCR amplification as described in Materials and Methods.
Infection with BDV results in the appearance of mRNA for
CD8 and RT-1B in the CNS (Fig. 2). The virus-induced
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expression of these mRNAs is strongly inhibited in brains of
dexamethasone-treated, BDV-infected rats (Fig. 2).
Expression of effector molecules of inflammation, including

iNOS, the enzyme responsible for NO production, the brady-
kinin precursor T kininogen, and COX-2, the rate-limiting
enzyme in prostaglandin E synthesis, was also examined in the
CNS of BDV-infected rats either left untreated or treated with
dexamethasone. Northern blot analysis showed that BDV
infection triggers the up-regulated expression of all three of
these mRNAs and that treatment with dexamethasone either
totally blocks (T kininogen) or strongly inhibits (iNOS and
COX-2) expression of these mRNAs (Fig. 3).
Identification of CNS Host Gene Responses to BDV Infec-

tion That Occur in the Absence of Inf lammation. Based on the

hypothesis that virus-induced events must occur before the
invasion of inflammatory cells and on the level at which
dexamethasone acts, we examined the expression of genes that
we considered likely to be up-regulated directly by virus
infection. Foremost among these are IEGs. We have shown
previously that infection with BDV induces the up-regulation
of several IEGs, including the transcription factor egr-1 (5).
The influence of dexamethasone on BDV transcription and on
the BDV-induced expression of egr-1, c-fos, and c-jun, tran-
scription factors that may play a role in inflammation, was
examined using Northern blot analysis. (Fig. 4). The expression
of mRNAs for egr-1, c-fos, and c-jun, which was, surprisingly,
somewhat up-regulated in normal rats by treatment with
dexamethasone, substantially increased in the CNS of BDV-
infected, dexamethasone-treated rats (Fig. 4).

FIG. 1. Immunohistochemical analysis showing the distribution of BDV p38-positive cells (BDV-IR) and ED1-positive cells (ED1) in normal
rat brain (CTR), BDV-infected brain at 22 days postinfection (BD), brain from an uninfected dexamethasone-treated rat (DEX), and brain from
a dexamethasone-treated infected rat (BD1DEX). Brain sections from each experimental group were also stained with hematoxylin–eosin (H&E).
Immunohistochemical analysis was performed on sections from paraffin-embedded brains as described in Materials and Methods. (Bars: BDV-IR
5 250 mm; H & E 5 100 mm; ED1 5 200 mm.)

Neurobiology: Morimoto et al. Proc. Natl. Acad. Sci. USA 93 (1996) 13347



The fact that the expression of a number of transcription
factors is enhanced in the CNS of BDV-infected rats treated
with dexamethasone suggested that late host response genes,
such as those responsible for the production of inflammatory
mediators, may also be activated as a direct consequence of
virus replication. We showed previously that the expression of
mRNAs for the proinflammatory cytokines TNF-a, IL-1a,
IL-6 as well as the lymphokine IFN-g, is strongly increased in
the brain during the acute phase of BD (22). We therefore
assessed, using RT-PCR (Fig. 5), whether or not dexametha-

sone can alter the expression levels of these factors. Treatment
with dexamethasone blocks the BDV-induced stimulation of
IFN-g mRNA expression in the brains of BDV-infected rats.
In contrast, BDV-induced expression of mRNAs for TNF-a
and IL-6 still occurs in animals receiving dexamethasone.
We have also studied the effects of dexamethasone on the

expression of mRNAs for chemokines that are potentially
involved in the development of neuropathologic lesions in BD.
These include members of both the CC chemokine family
(MIP-1b) (30) and the CXC chemokine family (mob-1) (31).
The results show that levels of mRNAs for MIP-1b and mob-1
(Fig. 5) are increased in BDV-infected rat brains at 17 and 22
days postinfection and that treatment with dexamethasone has
no notable effect on their expression.

DISCUSSION

These data confirm the hypothesis that neither the neuro-
pathological lesions nor the clinical signs of BD are directly
related to the level of BDV replication in the CNS. Treatment
with dexamethasone, although protecting the animal from
disease, enhanced the levels of viral antigen and RNA detected
in the CNS. The clinical benefit of treatment with dexameth-
asone correlated with the ablation of signs of CNS inflamma-
tion including cell infiltration, the presence of monocytic cells
expressing the activation marker ED-1, as well as the expres-
sion of mRNAs specific for CD8, IFN-g, RT-1B, iNOS, T
kininogen, and COX-2. Although the action of glucocorticoids is
multifaceted, their predominant effect is anti-inflammatory, with
both early and late phase inflammatory reactions being suscep-
tible to the inhibitory action of these compounds (32, 33).
With respect to affording antigen and immune cells access

through the blood–brain barrier, vasoactive substances includ-
ing bradykinin, the action of which is potentiated by prosta-
glandin E2 (34) and NO (35), are likely to play major roles. Our
results indicate that BDV infection strongly induces mRNAs
encoding precursor proteins or enzymes involved in the gen-

FIG. 2. Effect of dexamethasone on the expression of mRNAs for
CD8, RT1-B, and G3PDH in BDV-infected rat brain. On different
days after infection, RNAwas isolated from the brain, and 6mg of total
RNA was subjected to each RT-PCR. The PCR products were
subjected to Southern blotting and identified by using gene-specific,
32P-labeled oligonucleotide probe as described in Materials and Meth-
ods. CTR, brain RNA from normal uninfected rats; BDV, brain RNA
from BDV-infected rats at days 17 and 22 postinfection; 1Dexameth-
asone, brain RNA from dexamethasone-treated rats. The RT-PCR
products obtained from two rats per time point are displayed.

FIG. 3. Northern blot analysis of mRNAs for iNOS, T kininogen,
and COX-2. RNAs were isolated from normal rat brains (CTR),
BDV-infected rat brains at days 17 and 22 postinfection (BDV), and
dexamethasone-treated, BDV-infected rat brains at days 17 and 22
postinfection (BDV1Dex). RNAwas electrophoresed in a 1% agarose
gel containing formaldehyde, transferred onto nylon membrane, and
hybridized with specific 32P-labeled probes as described in Materials
and Methods.

FIG. 4. Northern blot analysis of BDV genomic RNA and mRNAs
of BDV p38, egr-1, c-jun, and c-fos. RNAs were isolated from normal
rat brains (CTR), BDV-infected rat brains at days 17 and 22 postin-
fection (BDV), brain RNA from dexamethasone-treated rats (1Dexa-
methasone). RNA was electrophoresed in a 1% agarose gel containing
formaldehyde, transferred onto nylon membrane, and hybridized with
specific 32P-labeled probes as described in Materials and Methods.
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eration of these effector molecules and that dexamethasone
blocks this response. Thus, in addition to its other anti-
inflammatory activities, treatment with dexamethasone may
help stabilize the blood–brain barrier in BD by interfering with
the production of vasoactive substances.
Treatment with dexamethasone, which evidently prevents

the influx of inflammatory cells from the periphery into the
brain, has enabled us to separate more clearly the response of
CNS-resident cells to BDV-infection from the influence of
peripheral immune cells. We define responses of CNS-resident
cells as those that occur in the presence of dexamethasone.
Under these conditions, the expression of immediate early
genes encoding transcription factors, certain proinflammatory
cytokines, such as TNF-a, and chemokines including the IP-10
analogue mob-1, is up-regulated by BDV infection. We expect
that the first host response to BDV infection is the activation
of IEGs including egr-1, c-fos, and c-jun. This hypothesis is
supported by our observation that the expression of these IEGs
and that of BDV RNA is coordinated spatiotemporally in the
CNS (5). Our assumption is that the next stage in the contri-
bution of resident cells to the induction of the inflammatory
response, dependent either directly or indirectly on IEG
products such as AP-1, would be the activation of late response
genes encoding proinflammatory factors. In BD, these include
TNF-a, IL-6, mob-1, and MIP-1b, the production of which is
not blocked by dexamethasone.
The observation that TNF-a is not inhibited by dexameth-

asone in this model requires some explanation because glu-
cocorticoids are known to inhibit the expression of TNF-a and
numerous other cytokines and chemokines (18, 19). Several
possibilities exist. (i) The blood–brain barrier may limit the
amount of dexamethasone that reaches the brain such that the

level attained is insufficient to inhibit expression of certain
cytokine and chemokine genes in the CNS. (ii) The CNS
resident cells expressing these cytokine or chemokine mRNAs
may lack glucocorticoid receptors or other components linking
glucocorticoids to the inhibition of the induction of TNF-a and
other cytokines. In any case, treatment with dexamethasone
prevents clinical symptoms of BD, which suggests that the
products of these cytokine and chemokine genes are not
directly responsible for the disease. Based on their known
immunologic functions, we would expect that the main role of
these factors in the induction of BD is to activate and attract
immune cells from the periphery. BD is known to be triggered
by factors produced by activated BDV-specific T cells (10). At
the outset of BD, these must be sensitized and attracted to the
CNS such that they may produce, locally, the factors stimula-
tory for macrophages and other non-antigen-specific effector
cells, the most important of which is IFN-g. This latter activity
causes the massive inflammation that is characteristic of BD.
The implication of our findings is that CNS-resident cells,

directly in response to infection, are capable of elaborating
factors that may forge the link between peripheral immune
cells and the CNS. The ability to produce factors that attract
both T cells and monocytes, such as CXC chemokines (16),
suggests that resident cells may be at the front line of the
inflammatory response in the CNS, a hypothesis that will be
further tested in experiments targeting the expression of genes
implicated in the response of CNS resident cells.
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