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Summary. Borna disease virus is cell-associated in infected animals. 
Antibodies in animals are directed against BDV proteins of 38/39, 24, 
and 14.5 kD. cDNA clones that encode these proteins hybridize to five 
mRNAs of 10.5, 3.6, 2.1, 1.4, and 0.85kb. The 10.5, 3.6, 2.1, and 
0.85 kb RNAs are 3' co-terminal; the 1.4 kb RNA is contained within the 
10.5, 3.6, and 2.1 kb species but is not 3' co-terminal. A negative strand 
10 kb RNA is also present in infected cells. To determine which of the 
large 10 kb species represents the genomic RNA, strand-specific probes 
were used for Northern analyses of RNA from infectious particles 
isolated by Freon extraction of BDV-infected rat brain. RNA purified 
from these particles contained both positive and negative sense 10 kb 
species. Treatment of particles with RNaseA before isolation of RNA 
resulted in detection of only negative strand species, suggesting that 
BDV is a negative strand RNA virus. However, the genomic organiza
tion of BDV is unlike any known negative strand RNA virus. 

Introduction 

Borna disease is a rare but severe neurological disease that infects horses 
and sheep in parts of Germany and Switzerland. It was first described 
nearly a century ago in the town of Borna, Saxony [1]. In 1927 Zwick et 
al. [2] determined that a virus caused the disease, but despite years of 
work, the viral agent has not yet been classified. Although Borna disease 
is rare, the immunopathological nature of the disease and the wide range 
of vertebrates that can be infected (avians to primates) make it an 
interesting disease model. Further, the ability of the virus to replicate in 
neuronal cells in both the central and peripheral nervous systems make it 
an attractive model for central nervous system (eNS) disease. In natural 
infections Borna disease has only been identified in horses and sheep, 
but similar behavioral diseases in humans have been linked to the agent 
by results of serologic studies [3, 4]. 
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Borna disease 

Infected animals exhibit severe neurological symptoms, such as ataxia, 
excitation, abnormal posture, lethargy, and blindness. Examination of 
the brains of infected animals shows encephalomyelitis, with the most 
severe lesions located in the cerebral cortex and the hippocampus. 
Infectivity can be transmitted to uninfected animals by intracranial in
oculation of brain homogenate from an infected animal. Thus far it has 
been impossible to isolate cell-free infectious virus from infected animals 
(or from cells infected in culture); all infectivity is cell-associated. This 
has hindered efforts to classify the virus. 

The dependence of the virus on infection of neurons has been shown 
by experiments in which virus is inoculated into the footpad of a rat. 
CNS disease results after transport through nerve processes. However, 
viral transport to the CNS can be blocked if the sciatic nerve is transected 
prior to or soon after inoculation [5]. Transmission of infection has also 
been demonstrated by inoculating the nasal epithelium [6, 7]. In con
trast, intravenous inoculation with the same inoculum usually fails to 
cause disease [5]. These results have demonstrated that the most efficient 
route of infection in the host is via the nerves. 

Immunopathology of Borna disease 

The outcome of infection with the etiologic agent of Borna disease, 
herein called Borna disease virus (BDV) for convenience, depends on 
the age of the animal at the time of inoculation. Adult rats inoculated 
with BDV develop disease characterized by an initial phase of frenzied 
aggressive behavior and followed by a chronic passive phase. There is a 
high titer of virus in the brains of these acutely infected animals. In 
contrast, neonatal rats do not develop clinical signs of disease even 
though there are high titers of BDV in their brains. This persistent 
tolerant infection (PTI) is accompanied by subtle changes in behavior 
[8]. The age-dependent difference in response to BDV has been shown 
to be due to the state of the host's immune system [9, 10]. Neither adult 
animals immunosuppressed with cyclosporine A [11] nor athymic adult 
rats [12] develop the clinical disease seen in immunocompetent adults. 
Characteristic lesions in the brains of animals with Borna disease are 
immunopathological in nature and are caused by CD4+ T cells [13]. 
Immunocompetent animals respond to infection by producing antibodies 
specific to BDV, but these antibodies are not protective and do not 
neutralize infectivity either in vivo or in vitro. However, these antibodies 
have been useful both diagnostically and for characterization of the 
prominent BDV proteins produced during infection. 

BDV is similar to lymphocytic choriomeningitis CLCM) virus in that 
both viruses can establish a persistent tolerant infection (PTI) in neo-
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natal animals. However, BDV persists only in neurons and astrocytes 
[14] whereas the LCM virus persists in many cell types (neurons, meningeal 
and choroid plexus cells, lymphocytes, macrophages, hepatocytes, etc.) 
[15]. Additionally, LCM-PTI mice can be cured of their infection by 
adoptive immunization with activated, immunologically specific CTL 
from adult mice [16] whereas BDV-PTI rats have not been cured using a 
similar strategy. 

Borna disease virus 

Culture of BDV 

Although cell-free virus cannot be isolated from infected animals, a 
homogenate from infected brain is infectious for other animals and for 
some cells in culture. Cultured fetal rabbit glial cells (FRGs) can be 
directly infected by these homogenates and FRGs have been used to 
titrate virus in brain and other organs. However, these cells do not 
produce significant quantities of virus because of their limited growth 
capacity in culture. The MDCK cell line cannot be directly infected using 
brain homogenates, but a persistently infected MDCK line can be estab
lished after co cultivation with infected FRG cells. Clonal cell lines can 
then be isolated which are uniformly infected. No cell-free virus is 
produced in either the BDV-infected FRGs or in persistently infected 
MDCKs. 

Physical characteristics of BDV 

Homogenates from either PTI rat brains or persistently infected cell lines 
have been used to assess physical characteristics of BDV. From early 
filtration experiments the size of the particle has been estimated to 
be approximately 85-125 nm [17, 18]. Density gradient centrifugation 
concentrated infectivity at ~ 1.2 g/ml (ranging from 1.18 to 1.22 g/ml) 
[19, 20]. 

BDV-specific proteins have been characterized using immune sera. 
From both Western analyses and immunoprecipitations of labeled pro
teins from infected MDCK cells, prominent BDV-specific proteins of 
38/39, 24, and 14.5kD can be detected [21-23]. The large amounts 
of the 38/39 and 24 kD proteins made it possible to purify enough 
material to obtain limited amino acid sequence from proteolytic fragments. 

Molecular characterization of BDV 

Several laboratories used molecular techniques to extend the characteri
zation of BDV. Because it was not known whether BDV was an RNA or 
DNA virus, initial approaches utilized cDNA cloning of mRNA from 
infected cells using subtractive libraries. In our laboratory, an expression 
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Fig. 1. Northern analysis determination of polarity of BDV transcripts. A Detection of 
mRNAs using a BDV anti-sense riboprobe generated from clone B8. a 7.51lg RNA 
from uninfected rat brain; b 7.51lg RNA from BDV-infected rat brain; c 2.01lg poly 
A+ RNA from BDV-infected rat brain. B Detection of negative-sense transcripts using 
a BDV sense riboprobe generated from clone B8. a 7.51lg RNA from uninfected rat 
brain; b 7.51lg RNA from BDV-infected rat brain; c 51lg of total RNA from BDV
infected rat brain; d 31lg of RNA from oligo(dT) column wash; e 31lg of polyA+ 

RNA 

library was screened using monoclonal antibodies to the 38/39 kD pro
teins [24, 25]. Other laboratories screened their libraries using subtrac
tive probes [26, 27] or oligonucleotide probes based on the amino acid 
sequence of the proteolytic fragments of purified proteins [23]. The three 
techniques led to the isolation of cDNA clones encoding the 24 kD 
protein. 

Analysis of RNA species using probes specific for the 24 kD ORF 

The initial molecular clone characterized was a 700 bp clone (B8) iso
lated from the MDCK subtractive library [24, 25]. Radiolabeled probes 
made from this clone hybridized only to RNA from infected cells and 
not to DNA. This demonstrated that BDV was an RNA virus; similar 
results were reported by Lipkin et al. [27]. Using strand-specific probes 
and sequence information (see below), it was shown that there were four 
polyadenylated transcripts of positive orientation (10.5, 3.6, 2.1, and 
0.85kb) and three of negative orientation (10.0, 3.5, and 1.7kb) (Fig. 1). 
The data suggested that the mRNAs could be described as a 3' coterminal 
nested set similar to the organization seen in the coronavirus superfamily 
[25]. 
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Fig. 2. Identification of BDV-specific proteins encoded by the B8 clone. Proteins were 
in vitro translated either from polyA + RNA isolated from rat brain or from in vitro 
transcribed RNA and then immunoprecipitated with anti-BDV sera from rat or rabbit. 
In vitro translations contained: polyA+ RNA from uninfected rat brain (a and b); 
polyA+ RNA from BDV-infected rat brain (c and d); in vitro transcribed anti-sense 
RNA from clone B8 (e and!); in vitro transcribed sense RNA from clone B8 (g and h); 
no RNA (i and j). Proteins were immunoprecipitated using polyclonal anti-BDV sera 

from rat (a, c, e, g, and i) or rabbit (b, d, f, h, and j) 

Analysis of the nucleotide sequence of the B8 clone predicted that 
it would encode two proteins [24, 25, 28]. The predicted amino acid 
sequence contained peptide sequences previously determined for the 
p24 proteolytic fragments. In vitro transcription and translation of B8 
followed by immunoprecipitation with rat sera from an infected animal 
showed that 24, 14.5, and 13 kD proteins were encoded by B8 (Fig. 2). 

cDNAs encoding the 38 kD protein 

In this laboratory a second subtractive library was also generated using 
BDV-infected rat brain as the source of mRNA for cDNA cloning [28]. 
This library was screened using oligonucleotides derived from the 5' end 
of B8 as probes. One clone, E20/1, contained most of the B8 sequence 
but also extended 5' of B8 by 140nt. Sequence analysis of this clone 
showed that the additional 140nt contained a sequence corresponding to 
the amino acid sequence from a proteolytic fragment of the 38 kD 
protein. 

Clones encoding sequences 5' of E20/1 were obtained by applying the 
RACE technique [29] to gel-purified primer extension products [28]. 
A cDNA clone, pcDNA2.1, encodes the entire 38kD protein. The 
predicted amino acid sequence of this clone contained eight peptide 
sequences previously identified from proteolytic fragments of the 38 kD 
protein, including those previously identified in E20/1. This was con
firmed using in vitro transcription and translation, followed by immu-
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Fig. 3. Immunoprecipitation of the in vitro translated 38 kD BDV-specific protein. 
Proteins were in vitro translated using poly A+ RNA from rat brain (poly[A +J) 
or RNA in vitro transcribed from pcDNA2.I in the sense orientation (pcDNA2.i). 
Proteins were immunoprecipitated with Protein G Sepharose only (Prot G); BOI8 
(monoclonal antibody to the 38 kD protein) and Protein G Sepharose (BOi8); or 

polyclonal anti-BDV rabbit sera and Protein G Sepharose (a-BDV) 

noprecipitation using a monoclonal antibody specific for the 38 kD protein 
(Fig. 3). 

Comparison of mRNAs detected using probes specific for 
the 24 kD or 38 kD ORFs 

Earlier analyses of RNA species used oligonucleotide probes derived 
from clone B8, which encodes the 14 and 24kD proteins. We extended 
this analysis using oligonucleotide probes specific for the 38 kD open 
reading frame (ORF). Using a Northern transfer of a 30 cm formaldehyde
agarose gel to improve resolution of RNA species, we were able to 
detect an additional mRNA species of 1.4 kb, which was specifically 
hybridized by probes derived from the 38kD ORF. Interestingly, these 
probes failed to hybridize to the 0.85 kb mRNA (Fig. 4A). These results 
suggest that the organization of the BDV mRNAs is more complex than 
originally postulated and that they cannot be accurately and simply 
described as a nested set of 3' coterminal transcripts. One possible 
arrangement of mRNAs is shown schematically in Fig. 4B. It remains 
to be seen whether additional mRNAs will be detected when probes 
specific to other protein coding regions are obtained. 
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Fig. 4. BDV mRNAs. A Northern analysis of BDV RNAs. RNA samples were elec
tropheresed in a 30 cm agarose-formaldehyde gel and transferred to nylon. The blot 
was sequentially probed with oligonucleotides located within the 24 kD ORF (249 and 
247) or within the 38kD ORF (325 and 439). U 10Ilg total RNA from uninfected rat 
brain; T 10 Ilg total RNA from BDV-infected rat brain; A + 0.51lg polyA + RNA from 
BDV-infected rat brain. B mRNA transcripts for the structural genes of BDV. The top 
line shows the locations of the three ORFs for the structural proteins relative to the 
full-length BDV sense strand RNA. Below are shown the polyadenylated mRNA 

species which have been identified 
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Fig. 5. Analysis of RNA contained id particles isolated from the aqueous phase after 
Freon extraction of BDV-infected rat ~rain. Northern blots were analyzed using strand
specific probes. A A Northern blot I was sequentially probed with complementary 
oligonucleotides located in the 24 kD I ORF. Oligonucleotide 247 detects sense trans
cripts; 288 detects anti-sense transcri~ts. U 10 J..Lg RNA from uninfected rat brain; F 
10 J..Lg RNA prepared after Freon-extr~ction of BDV-infected rat brain; T 10 J..Lg total 
RNA from BDV-infected rat brain. ~ Northern analysis of Freon extracted rat brain 
homogenate treated with RNase A prior to preparation of RNA. Rat brain homogenate 
was extracted with Freon; aliquots were used to prepare RNA directly or they were 
treated with RNase A at a concentrftion of 20llg/ml or 40llg/ml for 2h at room 
temperature prior to preparation of RNA. Panels a and b are transfers from duplicate 
gels. a was hybridized with a sense ~NA probe, b with an antisense RNA probe. 1 
lOllg RNA from uninfected rat brain~ 2 RNA from Freon-extracted BDV rat brain 
treated with 40llg/ml RNase A prior tp RNA preparation (25 J..Lg RNA); 3 RNA from 
Freon-extracted BDV rat brain treate~ with 20 J..Lg/ml RNase A prior to RNA prepara
tion (25 J..Lg RNA); 4 RNA prepared I directly from Freon-extracted BDV rat brain 

(lpJ..Lg RNA) 
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Analysis of genomic RNA 

Because the original observations of a nested set of 3' coterminal mRNAs 
(based on probes derived from the 24 kD ORF) appeared similar to the 
organization of coronavirus mRNAs, a working hypothesis has been that 
the genomic RNA is the positive stranded 1O.S kb species. This has been 
complicated by the fact that in infected cells the negative strand 10 kb 
RNA species is present at much higher levels. In order to address this 
issue directly, we have conducted experiments to isolate infectious par
ticles from either lysates of infected tissue culture cells or from homo
genates of BDV-infected rat brain using a Freon extraction protocol 
[20]. RNA prepared from these extracts contained BDV-specific RNA of 
varying sizes and polarities, although it did appear to be enriched for the 
10.Skb positive strand species (Fig. SA). However, it was not clear 
that all these species were within the particles or whether they were 
nonspecifically co purified with the particles. We then treated a Freon 
extract from BDV-infected rat brain with RNase A prior to preparing 
RNA, using the guanidinium isothiocyanate method of RNA isolation 
[30] to immediately inactivate the RNase. Strand-specific riboprobes 
were then hybridized to duplicate Northern blots of the RNA. Although 
this treatment did not remove all small BDV species, it did clearly show 
that the only 10 kb species detected after RNase treatment was a nega
tive strand species (Fig. SB). Because infectious particles are present in 
the Freon extracted material and the only RNase-resistant genomic sized 
species detectable is of negative orientation, it seems likely that BDV is 
a negative strand RNA virus [20]. 

Although these data strongly suggest that BDV is a negative-strand 
virus, its classification remains unclear. No other negative-strand RNA 
viruses are known to have a nested mRNA organization. Also, our 
clones suggest that the ORFs encoding the probable structural proteins 
are located at the 3' end of the positive-strand RNA. Such an organiza
tion has not been described for negative-stranded RNA viruses. Further 
characterization of BDV depends on the isolation of cDNAs encoding 
additional BDV proteins. Isolation of a clone encoding the polymerase 
gene(s) may allow its classification because the polymerases are highly 
conserved between related viruses. 
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