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Originally described in the early nineteenth century as a fatal encephalitis in 
horses, Borna disease (BD) has become an extraordinarily valuable model for the 

study of both molecular mechanisms and biological consequences of persistent 
virus infection in the CNS (NICOLAU and GALLOWAY 1928; ZWICK 1939, this volume). 
BD is an immune-mediated neurologic syndrome characterized by behavioral 
abnormalities, meningeal and parenchymal inflammatory cell infiltrates in the 
brain, and the accumulation of disease-specific antigen in limbic system neurons 
(JOEST and DEGEN 1911; SEIFRIED and SPATZ 1930; LUDWIG et al. 1988; RICHT et al. 

1992). As a natural infection, BD has only been confirmed to occur in horses and 
sheep, but experimentally it can be transmitted to an extraordinary wide range of 
host species, including birds, rodents and nonhuman primates (ZWICK et al. 1926; 
NICOLAU and GALLOWAY 1928; ZWICK 1939; MATIHIAS 1954; NITZSCHKE 1963; HEINIG 
1969; ANZIL et al. 1973; LUDWIG et al. 1973; METZLER et al. 1976; LUDWIG and THEIN 

1 Department of Neurology, University of California, Irvine, CA 92717, USA 
2 Institute of Virology, Freie Universitiit Berlin, Nordufer 20, 13353 Berlin, Germany 
3 Department of Anatomy and Neurobiology. University of California, Irvine, CA 92717, USA 
4 Department of Neuropharmacology. Scripps Research Institute. 10666 North Torrey Pines Road, 

La Jolla, CA 92037. USA 

H. Koprowski et al. (eds.), Borna Disease
© Springer-Verlag Berlin Heidelberg 1995



2 T. Briese et al. 

1977; SPRANKEL et al. 1978; STITZ et al. 1980; HIRANO et al. 1983, NARAYAN et al. 
1983; GOSZTONYI and LUDWIG 1984; KAO et al. 1984; LUDWIG et al. 1985; WAELCHLI 
et al. 1985; RICHT et al. 1992). Serological data indicate that the host range may 
even extend to humans, although no infectious material has been isolated 
from human subjects (AMSTERDAM et al. 1985; Ron et al. 1985, 1991; BODE et al. 
1988, 1992). 

Despite remarkable progress achieved during the past decade in understand
ing the pathogenesis of BD, until quite recently little was known about the 
etiologic agent for this disease (LUDWIG et al. 1988; DUCHALA et al. 1989). Biochem
ical studies indicated that BD is induced by an agent which is sensitive to 
detergents, organic solvents and UV light (NICOLAU and GALLOWAY 1928; DANNER 
and MAYR 1979; DUCHALA et al. 1989). In addition, a size of 80-125 nm for the agent 
was estimated, based on filtration experiments (ELFORD and GALLOWAY 1933; 
DANNER and MAYR 1979). These results indicated that BD is likely to be caused by 
a conventional, enveloped virus, the Borna disease virus (BDV). However, such 
features as noncytopathic replication, low titers of infectious material and tight 
cell association hampered isolation and further characterization of this agent 
(LUDWIG et al. 1988). The detection of BDV relied primarily upon indirect, immuno
logic methods (WAGNER et al. 1968; GOSZTONYI and LUDWIG 1984; PAULI et al. 1984). 
BD induces the production of specific proteins, the" s-antigen," which elicit a 
strong immune response (VON SPROCKHOFF 1956; LUDWIG and BECHT 1977). Poly
clonal serum antibodies and oligoclonal antibodies in the CNS directed against· 
s-antigen components of 38/40 kDa and 24 kDa have been characterized (LUDWIG 
et al. 1977, 1988). Immunohistochemical analysis indicated that the agent is 
highly neurotropic and spreads intra-axonally (KREY et al. 1979; CARBONE et al. 1987; 
MORALES et al. 1988). Definitive proof of the viral nature of the agent came only 
after application of molecular genetic approaches, which led to the isolation of 
BDV-specific cDNAs and a partial characterization of this virus (LIPKIN et al. 1990; 
VANDEWOUDE et al. 1990). 

In this chapter, we summarize the present knowledge of the molecular 
biology of Borna disease virus, the causative agent of Borna disease. 

2 Genetics 

2.1 Characterization of BDV Nucleic Acids 

The isolation of BDV-specific cDNAs by using subtractive cloning procedures has 
provided both direct evidence for an infectious basis for BD and a battery of tools 
for molecular characterization of BDV. Two classes of cDNAs corresponding to 
each of the two major antigens known to be specific for BD were isolated from 
BDV-infected rat brain: one class corresponding to a 40 kDa protein, open reading 
frame (ORF) p40, the other to a 24 kDa protein, ORF p24 (LIPKIN et al. 1990). cDNAs 
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of the latter class were also isolated from BD-infected tissue culture cells through 
subtractive cloning or through oligonucleotide screening using sequences de
duced from direct amino acid sequencing of purified BD antigen (VANDE WOUDE et 
al. 1990; THIERER et al. 1992). 

Northern blot experiments using these cDNA probes revealed RNAs of 
0.8-1.2 kb, 2.1 kb, 3.5 kb and approximately 8.5 kb, exclusively present in extracts 
obtained from BDV-infected material (Fig. 1) (LIPKIN et al. 1990; DE LA TORRE et al. 
1990; VANDEWOUDE et al. 1990). In Southern hybridization studies, the cDNA 
probes did not hybridize to genomic DNA. ruling out the possibility that the cloned 
sequences were of cellular origin (LIPKIN et al. 1990; VANDEWOUDE et al. 1990). 
Accordingly, the pattern of BDV nucleic acid signal found in in situ hybridization 
studies of BD rat brain was not evenly distributed over all cells, but was instead 
consistent with the well characterized distribution of BD antigen in infected rat 
brain (see also Gosztonyi and Ludwig, this volume). Hybridization signal was 
found in layer 4 and 5 cortical neurons and in brainstem, with higher density over 
limbic structures including thalamus and sectors CA3, CA4 of hippocampus (LIPKIN 
et al. 1990; CARBONE et al. 1991; RICHT et al. 1991). Because of this hetero-geneous 
distribution it was necessary to address the question whether BDV is a DNA or 
RNA virus, or a retrovirus in homogeneously infected cell populations by using 
persistently BDV-infected cell lines. Immunofluorescence as well as in situ 
hybridization analysis showed that in the MBV line, a persistently BDV-infected 
cell line derived from MDCK cells, all the cells were infected (DE LA TORRE et al. 
1990). BDV sequences were not detected in genomic or episomal DNA obtained 
from these cells, using conditions that allowed the detection of 0.5 gene copies 
per cell genome equivalent (Fig. 1) (DE LA TORRE et al. 1990). These results 
demonstrated that BDV is neither a DNA virus nor a retrovirus (DE LA TORRE et al. 
1990; VANDE WOUDE et al. 1990). The sensitivity of the BDV-sPbcifi" IIUClelC acids 
to pancreatic RNase digestion led to the hypothesis that BDV is a single-stranded 
RNA virus (DE LA TORRE et al. 1990). 

Hybrid arrest experiments suggested that the two classes of cDNA direct 
the synthesis of two proteins specific for BD, the 40 kDa and the 24 kDa antigens 
(LIPKIN et al. 1990). Consequently, individual transcripts can be detected in 
northern hybridization experiments depending on the cDNA probe used: the ORF 
p40 probe reveals a 1.2 kb signal, while the ORF p24 probe reveals a 0.8 kb signal 
(Fig. 1). The largest RNA. of approximately 8.5 kb, and the 2.1 kb RNA cross
hybridize with the both probes, whereas the 3.5 kb RNA hybridizes only with the 
ORF p24 probe. The use of strand-specific RNA and oligonucleotide probes 
demonstrated a positive polarity for the RNAs of 0.8, 1.2, 2.1 and 3.5 kb (LIPKIN 
et al. 1990; VANDEWOUDE et al. 1990; Lewis and Lipkin, unpublished). The 0.8,1.2, 
2.1 and 3.5 kb RNAs are polyadenylated (DE LA TORRE et al. 1990; VANDEWOUDE 
et al. 1990; MCCLURE et al. 1992; THIERER et al. 1992). Whereas an mRNA function 
for the 0.8 and 1.2 kb RNAs has been established, the role of the 2.1 and 3.5 kb 
RNAs is not yet clear. 

The findings regarding the largest identified RNA species, the putative 
genomic RNA of BDV, are a subject of controversy. First, VANDEWOUDE et al. (1990) 
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reported different sizes of 10.5 kb and 8.7 kb for the largest BDV RNA species 
when derived from BD rat brain or infected MDCK cells, respectively, suggesting 
that this difference may reflect the presence of a defective genome in the 
persistently infected cell cultures. DE LA TORRE et al. (1990) on the other hand, 
found no obvious difference in size for the largest BDV RNA species when derived 
from BD rat brain or the MBV cell line. Although we initially estimated a size of 
about 8.5 kb for the largest BDV RNA (LIPKIN et al. 1990; DE LA TORRE et al. 1990; 
BRIESE et al. 1992), recent results indicate that the size is closer to 10 kb 
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(Fig. 1) (de la Torre, unpublished). Second, VANDEWOUDE et al. (1990) reported the 
largest RNA as poly N and as being present in equal quantities of positive and 
negative polarity in BD rat brain extract. In contrast, others have found the largest 
RNA species to be poly A- and present predominantly in negative polarity in RNA 
obtained from BD rat brain or MBV cells (LIPKIN et al. 1990; DE LA TORRE et al. 1990). 
These discrepancies led to two different models for BDV, with some authors 
favoring a coronavirus model (VANDEWOUDE et al. 1990; RleHT et al. 1991) and 
others suggesting that BDV is a negative, single-stranded RNA virus (LIPKIN et al. 
1990; DE LA TORRE et al. 1990). The isolation and characterization of RNA contained 
in the virion was required in order to determine the genome polarity of BDV. 

2.2 BDV Contains Genomic RNA of Negative Polarity 

Based on earlier observations, that infectious material can be released from 
BDV-infected tissue culture cells under hypertonic conditions, a method for the 
isolation of viral particles has been established (PAULI and LUDWIG 1985; BRIESE 
et al. 1992). Infectious BDV particles were released from tissue culture cells by a 
buffered 250 mM MgCI2 solution and subjected to mild detergent treatment 
followed by extensive DNaseJRNase digestion. Nucleic acid obtained from such 
released virus preparations revealed only a single RNA of approximately 8.5 kb 
when probed with the available BDV cDNAs in northern hybridization experiments 
(Fig. 2). Strand-specific hybridizations using RNA and oligonucleotide probes 
representing ORF p24 or ORF p40 detected only negative polarity RNA in 
released virus preparations (Fig. 2) (BRIESE et al. 1992). These results characterize 
BDV as a negative strand RNA virus; however, additional genomic RNAs not 
detected by the presently available cDNAs cannot be excluded. Thus, whether 
BDV has a segmented and/or ambisense genome remains to be determined. 

Fig. 1A-C. Characterization of Borna disease virus (BDV) as a RNA virus. 
A BDV-specific RNAs. Northern hybridization of total RNA obtained from infected (I) and noninfected 
(M tissue culture cells using 32P-labeled, hexamer-primed DNA probes representing either ORF p40 
(p38) or ORF p24 (p24). Positions of RNA markers are indicated by their size in kb. B BDV sequences 
are not present in cellular or episomal DNA (DE LA TORRE et al. 1990). Southern hybridization of EcoRV
digested genomic and episomal DNA obtained from MBV and un infected MDCK cells using a 32p_ 
labeled, hexamer-primed, internal EcoRVfragment from the ORF p40 representing cDNA (top). As 
control, the membrane was stripped from the BDV probe and rehybridized to a somatostatin probe 
(bottom). Lanes 1,3 genomic DNA (15 fl9) from MDCK or MBV cells, respectively; lanes 2,4, episomal 
DNA (7119) from MDCK or MBV cells, respectively; lane 5 episomal DNA (20 I1g) from MBV cells; lanes 
6,7 and 8, EcoRV-digested plasmid DNA containing ORF p40 cDNA. 100, 10 and 1 pg, respectively. 
Positions of DNA markers are indicated by their size in kb. C The largest BDV RNA found in BD rat brain 
has the same size as the largest one found in BDV-infected tissue culture cells. Northern hybridization 
using a 32P-labeled, hexamer-primed DNA probe representing ORF p24 and the following RNA 
samples: lane 1, RNA marker ladder (BRL #56205A) containing vesicular stomatitis virus genomic RNA 
(-11 kb); lane 2, total RNA from C6 cells; lane 3, nuclear, polyA- RNA from MBV cells; lane 4, nuclear, 
polyA- RNA from BDV infected C6 cells; lanes 5 and 6, total RNA from un infected and BD rat brain, 
respectively. Positions of RNA markers were determined by methylene blue staining of the membrane 
and are indicated in lane 1 by their size in kb 
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Fig. 2A, B. The largest Borna disease virus (BDV) RNA is genomic and of negative polarity. 
A Released virus pr"eparatlons contain the 8.5 kb BDV RNA (BRIESE et al. 1992). Northern hybridization 
of total RNA obtained from un infected (N') and infected (1') tissue culture cells or released virus 
preparation (Ve) using a 32P-labeled, hexamer-primed DNA probe representing ORF p24. B The 8.5 kb 
genomic RNA is of negative polarity (BRIESE et al. 1992). Northern hybridization of total RNA obtained 
from infected rat brain (18) or released virus preparation (V') using 32P-labeled, single-stranded RNA 
probes representing either the antisense strand (b) or the sense strand (mRNA orientation) (a) of ORF 
p24. Positions of 18S and 28S rRNAs are indicated 

The BDV-specific cDNA clones isolated so far provide a total of about 2 kb of 
sequence information for BDV (THIERER et al. 1992; MCCLURE et al. 1992). Reverse 
transcriptase PCR experiments showed that the two ORFs, ORF p40 and ORF 
p24, are located directly adjacent to each other on the genomic RNA. Amplifica
tion of an intervening sequence in these experiments, using a sense ORF p40 
primer for reverse transcriptase in conjunction with an antisense ORF p24 primer 
in PCR, indicated that ORF p24 maps 105 nucleotides 5' with respect to ORF p40 
on the negative strand BDV genome (Lipkin, unpublished)" 

3 Transcription 

3.1 Transcription of BDV Occurs in the Nucleus 
of the Infected Cell 

Two observations suggested the possibility that BDV might have a nuclear phase 
during transcription and/or replication. First, though the 38/40 kDa and the 24 kDa 
antigens are found in the cytoplasm, they are also present at high levels in the 
nucleus of infected cells (LUDWIG et al. 1988). Second, the production of these 
proteins can be prevented by actinomycin D (DUCHALA et al. 1989). More recently, 
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Fig. 3A, B. Poly N Borna disease virus (BDV) RNAs are transcribed in the nucleus of the infected cell. 
A Cellular distribution and polyadenylation status of BDV RNAs. Northern hybridization of RNA 
obtained from MDCK (MOCK) or MBV (MBV) cells after cell fractionation or polyA+ selection using 32p_ 
labeled, hexamer-primed DNA probes representing ORF p24 (a); vimentin, a polyA+ mRNA (b) or 
histone 2b, a non polyadenylated mRNA (c). T, RNA obtained from total cells; C, RNA obtained from 
cytoplasmic fraction; N, RNA obtained from nuclei; N, polyN RNA; A-, polyA- RNA. B Transcription 
of BDV takes place in the nucleus of the infected cell (BRIESE et al. 1992). Nuclei from C6 and BDV
infected C6 cells were isolated and RNA nucleocytoplasmic transport assays performed. At indicated 
time points (0, 15, 40 min) RNA was extracted from nuclear (N) and postnuclear (C) fractions and 
analyzed by northern hybridization using 32P-labeled, hexamer-primed DNA probes representing ORF 
p24 (bottom) or the housekeeping gene cyclophilin (top). As a control, RNA nucleocytoplasmic 
transport assays were performed in the absence of ATP (-ATP, 40 min). OR, lane origin 

studies of the cellular distribution of BDV RNAs after cell fractionation demon
strated that the largest. polyA- BDV RNA is restricted to the nucleus, whereas 
the smaller, polyN RNAs are found in both the nuclear and cytoplasmic fractions 
(Fig. 3) (DE LA TORRE et al. 1990). The results obtained by cell fractionation were 
further confirmed by in situ hybridization experiments showing BDV RNAs of 
positive polarity in a diffuse distributed manner over the entire infected cell, 
whereas the genomic RNA of negative polarity was confined to the nucleus 
(CARBONE et al. 1991). To investigate whether transcription of BDV occurs in the 
nucleus of the infected cell, RNA nucleocytoplasmic transport assays were 
performed (BRIESE et al. 1992). Nuclei from infected tissue culture cells were 
isolated, resuspended in nuclear transport buffer and RNA was extracted at 
various time points from the nuclear and postnuclear fractions and analyzed 
by northern hybridization using a ORF p24 probe. As shown in Fig. 3, the 0.8, 2.1 
and 3.5 kb polyN RNAs accumulated in the postnuclear fraction in a time
dependent manner. Nucleocytoplasmic transport of these RNAs was prevented 
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In the absence of ATP, indicating a specific, energy-dependent transport of 
the transcripts. These results indicate that transcription of BDV, a negative, 
single-stranded RNA virus, takes place in the nucleus of the infected cell (BRIESE 
et al. 1992). 

4 Proteins 

4.1 Borna Disease-Specific Proteins 

Borna disease is associated with the presence of a soluble antigen (s-antigen) 
(VON SPROCKHOFF and NITZSCHKE 1955). The s-antigen is found in high quantities in 
the noninfectious supernatant obtained after high speed centrifugation of sonic
ated, infected brain or tissue culture cells. Diseased animals have high titers of 
polyclonal serum antibodies and specific oligoclonal CSF antibodies that are 
directed against this antigen (LUDWIG et al. 1977; LUDWIG and THEIN 1977; DANNER 
et al. 1978). The two major components of the s-antigen are the 38/40 kDa and the 
24 kDa proteins (LUDWIG et al. 1977, 1988; LUDWIG and BECHT 1977; BAUSE-NIEDRIG et 
al. 1992). These proteins are not only diffusely distributed in the cytoplasm, but 
are also present in the nucleus of infected cells, where they appear as circum
scribed aggregates (WAGNER et al. 1968; DANNER 1977; LUDWIG and BECHT 1977; 
BAUSE-NIEDRIG et al. 1991). Colocalization studies, together with the finding that 
both proteins copurify, indicate that these proteins are likely to form a high 
molecular weight complex in the cell (BAUSE-NIEDRIG et al. 1991, 1992). 

Based on identical immunologic properties, it has been suggested that the 
38 kDa and 40 kDa polypeptides are closely related and presumably represent 
modified forms of the same protein (HAAS et al. 1986; BAUSE-NIEDRIG et al. 1992). 
The 24 kDa protein, in contrast, appears to be a different, unrelated protein (see 
also Sect, 4.2). Though monoclonal antibodies reactive with both proteins have 
been isolated (THIEDEMANN et al. 1992) indicating the presence of one or more 
common epitopes, polyclonal sera raised against each of the polypeptides 
reacted only with the 24 kDa or the 38/40 kDa protein but not with both (BAUSE
NIEDRIG et al. 1992). The nature of the modification which accounts for the 
different Mr of the 38 and 40 kDa polypeptides is still unclear; neither phosphory
lation nor glycosylation has been demonstrated for either of the 38 or 40 kDa 
polypeptides. The 24 kDa protein is phosphorylated (THIEDEMANN et al. 1992). 

Immunoblot analysis of s-antigen preparations indicated, in addition to the 38/ 
40 kDa and 24 kDa proteins, the presence of a 60 kDa polypeptide, predominantly 
found in preparations from BD rabbit brain (LUDWIG et al. 1988). While it is possible 
that the 60 kDa signal represents an additional, independent protein, recent data 
indicate that it is likely to represent a multimeric form of p24 that is rather stable 
towards treatment with reducing agents. Evidence for such a multimeric form of 
p24 comes from three observations. First, incubation of antigen preparations with 
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Fig. 4. Borna disease virus (BDV)
specific proteins. The 60 kDa/24 kDa 
signal is dependent on dithiothreitol 
(DTI) concentration . Immunoblot of 
crude protein from MgCI,-released virus 
using anti-BDV serum and alkaline phos
phatase conjugate as second antibody 
in conjunction with a fast red/naphthol 
phosphate stain. Concentrations of DTI 
are indicated on top in mM. Arrows 
indicate position of 60 kDa and 24 kDa 
signal. The position of molecular w eight 
markers are indicated by their M, in kDa 

increasing dithiothreitol concentrations resulted in a loss of 60 kDa signal with a 
concomitant increase in 24 kDa signal (Fig . 4) (Briese and Ludwig, unpublished) . 
Second, purified 24 kDa protein ran either as a 24 kDa or a 60 kDa band depending 
on the use of reducing or nonreducing conditions in SDS-PAGE, respectively 
(Briese and Ludwig, unpublished). Third, recombinant 24 kDa protein was also 
found in a 60 kDa position when non reducing SDS-PAGE conditions were used 
(Thibault, Kliche, Briese, and Lipkin, unpublished). 

Finally, a proteinase K resistant protein with a M r of 14.5 kDa has been 
described (SCHADLER et al. 1985). The 14.5 kDa protein was isolated from brains of 
neonatally infected rats using a detergent/salt extraction protocol. Like the 38/40, 
24 and 60 kDa antigens, it is exclusively found in infected material, but usually not 
in s-antigen preparations. The localization of the 14.5 kDa protein in the infected 
cell is not known. 

4.2 Analysis of Cloned Viral Proteins 

The two cDNA species cloned from BDV contain potential ORFs for a 39.5 kDa or 
a 22.5 kDa protein, respectively. Their deduced amino acid sequences are in 
agreement with partial amino acid sequence obtained through direct sequencing 
of either purified 40 kDa or purified 24 kDa antigen from BDV-infected material 
(THIERER et al. 1992; MCCLURE et al. 1992). These data provide conclusive evidence 
that the cloned viral mRNAs encode two proteins, p40 and p24, which have 
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immunologically been characterized as the 40 kDa and the 24 kDa components of 
the BD-specific s-antigen. Amino acid sequence comparison reveals no signifi
cant homology between p24 and p40. In hybrid arrest experiments translation of 
both the 38 kDa and 40 kDa antigen is blocked by cDNA representing ORF 
p40 (LIPKIN et al. 1990). In bacterial expression systems ORF p40 directs transla
tion of a product that runs as a double band with a Mr of 38/40 kDa in SDS-PAGE 
(Lipkin, unpublished). These results, in conjunction with the immunologic data, 
demonstrate a close relationship for these two polypeptides and suggest that the 
38 kDa antigen represents a modified version of p40. Presently, we have no 
mechanism to explain how the ORF p40 directs translation of both the 38 kDa and 
40 kDa polypeptides. 

Database searches for similarities with other reported sequences have 
indicated a distant similarity of p40 to a duplicated domain of L-polymerases from 
paramyxo- and rhabdoviruses (MCCLURE et al. 1992). Paramyxo- and rhabdovirus
es are members of the order Mononegaviraies, enveloped RNA viruses with 
nonsegmented genomes of negative polarity, to which BDV may be related. 
However, this similarity concerns one domain of a single protein. L-polymerases 
are multifunctional enzymes more that 200 kDa in size and are synthesized in low 
abundance. In contrast, p40 is much smaller and is present in much higher 
amounts than would be anticipated for a functional polymerase enzyme. None
theless, p40 is present in the nucleus of the infected cell and might act in concert 
with p24, which shares the nuclear location. Colocalization studies using mono
clonal antibodies against the two proteins have indicated that both proteins are 
present in a high molecular weight complex found in the nucleus of infected cells 
(BAUSE-NIEDRIG et al. 1991). In accordance with their nuclear localization, putative 
nuclear localization signals are found in both proteins. For p40 the positively 
charged sequence K149KRFK153 has been proposed as a nuclear targeting signal, 
whereas for p24 the basic amino acid cluster R22RKRSGSPRPRK33 has been 
proposed to serve this function because of its similarity to a sequence motif 
shown to determine the nuclear localization of hepatitis B virus core antigen 
(MCCLURE et al. 1992; THIERER et al. 1992). 

The accumulation of high amounts of p40 and p24 in infected cells could also 
be compatible with a function of the proteins as structural components of BDV. 
Even their nuclear localization would be consistent with a structural role analo
gous to the nucleoprotein in the influenza virus system. If present in the virion, 
then p40 and p24 are unlikely to be exposed at the surface, because no labeling 
of BDV particles could be achieved with antibodies against p40 or p24 (Lipkin and 
Ribak, unpublished). Further biochemical studies will be needed to assign any 
function to these proteins. 
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5 Concluding Remarks 

Though the body of data accumulated over the past 3 years has led to consensus 
on the characterization of BDV as a RNA virus, some aspects of BDV's biology are 
still controversial. 

VANDEWOUDE, RICHT and coworkers had suggested that the BD-specific 14.5 
kDa protein is a virus-encoded protein expressed from a smaller ORF present 
within the cDNA clone containing ORF p24 that overlaps with ORF p24 (VANDE 
WOUDE et al. 1990; RICHT et al. 1991). However, partial amino acid sequence from 
BD-specific 14.5 kDa protein purified following the method of SCHADLER et al. 
(1985) (NSKHSYV; KLICHE et al. 1994) does not match the amino acid sequence 
deduced from the ORF proposed by RICHT, VANDEWOUDE and coworkers (RICHT 
et al. 1991). Instead, the amino acid data identified a potential ORF p16, residing 
adjacent to the p24 gene in nucleic acid sequence obtained from genomic BDV 
cDNA clones. This suggests that the 14.5 kDa protein is a viral protein encoded by 
a gene separate from ORF p24 (KLICHE et al. 1994). 

Table 1. Characterization of Borna disease virus 

Nucleic acids 
Negative, single-stranded genomic RNA 

8.5-10.5 kb 
poly (A)' transcripts transcribed in the nucleus 

0.8 kb p24 mRNA 
1.2 kb p40/38 mRNA 
2.1 kb (precursor, 1.2 kb + 0.8 kb)? 
3.5 kb (precursor, 0.8 kb + ?)? 

Proteins 
38/40 kDa protein 

Virus-encoded 
Component of s-antigen (complex) 
Cytoplasmic and nuclear localization 
Putative nuclear localization signal 
Distant similarity to polymerases of paramyxo- and rhabdoviruses 
Function unknown 

24 kDa protein 
Virus-encoded 
Component of s-antigen (complex) 
Cytoplasmic and nuclear localization 
Putative nuclear localization signal 
Ability to form 60 kDa multimer (dimer?) 
Function unknown 

14 kDa protein 
Virus-encoded 
Proteinase K resistant 
Function unknown 

60 kDa antigen 
Component of s-antigen (complex) 
(Multimeric form of p24?) 
Function unknown 

Morphology 
(Enveloped, spherical 90 nm particle) 
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In the same publications, RICHT, VANDEWOUDE and coworkers have discussed 
the occurrence of a nested set of overlapping subgenomic, positive- and negative
strand RNAs in BDV, proposing a similarity of BDV to coronaviruses, which 
synthesize nested sets of overlapping subgenomic mRNAs that are 3'-coterminal 
with the genome (VANDEWOUDE et al. 1990; RICHT et al. 1991). However, Fig. 1 
shows that BDV synthesizes several transcripts that are not coterminal, which 
argues against a coronavirus model. 

Table 1 summarizes the present knowledge of the molecular biology of BDV. 
BDV is a single-stranded RNA virus containing a genomic RNA of 8.5-10.5 kb. 
This genomic RNA is of negative polarity for sequences complementary to the 
two mRNAs presently cloned from BDV; no data are available to decide whether 
the BDV genome is segmented and/or ambisense. Four polyN transcripts of 3.5, 
2.1,1.2 and 0.8 kb are identified by the available BDV cDNAs. Transcription of the 
RNAs takes place in the nucleus as determined by RNA nucleocytoplasmic 
transport assays. The role of the 2.1 and 3.5 kb BDV transcripts is unclear. Based 
on its size, the 2.1 kb RNA could represent a dicistronic RNA of ORF p40 plus ORF 
p24; the 3.5 kb RNA might contain other, additional gene(s). These RNAs may 
represent read-through artifacts or function as precursor molecules which are 
processed into individual mRNAs. BDV mRNAs of 1.2 kb and 0.8 kb direct the 
translation of p40 and p24, respectively, two viral proteins that have previously 
been characterized as the major components of the BD-specific s-antigen. Both 
proteins are found in the cytosol and in the nucleus of infected cells and have 
motifs consistent with nuclear localization signals. Comparative sequence analy
sis has revealed a distant similarity of p40 to L-polymerases of paramyxo- and 
rhabdoviruses. In addition to p40 and p24, BDV also encodes p16, a protein 
described as the BD-specific 14.5 kDa protein. 

BDV still remains unclassified. Among RNA viruses only orthomyxoviruses, 
which have a negative-stranded, segmented genome, are known to transcribe in 
the nucleus of the infected cell (HERz et al. 1981; JACKSON et al. 1982). Thus, if a 
nonsegmented genome is confirmed, BDV might be considered to represent a 
new class of virus, and it would be conceivable that other BDV related viruses will 
be found. 

Identification of a new BDV-related class of viruses might have potential 
implications for human disease: immunologic data indicate that BDV/BDV-related 
viruses may infect humans (see Bode, this volume), and some manifestations of 
BD resemble human neuropsychiatric disorders of unknown cause (see Solbrig, 
Fallon and Lipkin, this volume). Studies into the molecular genetics of BDV now 
provide sensitive probes to evaluate the possible involvement of BDV/BDV
related viruses in human CNS disorders. Evidence that viruses can induce 
progressive neurological disorders has encouraged studies to understand the 
mechanisms and biologic consequences of persistent virus infection of the CNS 
(GILDEN and LIPTON 1989; TER MEULEN 1991). In this regard, BDV has become an 
attractive model for the investigation, not only of immune-mediated pathological 
events in virally induced neurological disease (Stitz, Dietzschold and Carbone, this 
volume), but also of the mechanisms by which virus infection of the CNS can lead 
to subtle disturbances in behavior (SPRANKEL et al. 1978; DITIRICH et al. 1989). 
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Further, understanding of the molecular genetics and biology of BDV offers the 
opportunity to characterize the basis for its unique tropism. The unique aspects of 
BDV tropism anticipate its importance for neurobiology and clinical medicine. 
Studies are already underway to use BDV as a tool for mapping connectivity 
within the nervous system. As the molecular basis for pathogenicity becomes 
clear, it may be feasible to establish BDV-based vectors for targeted drug delivery 
within the brain. 
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Note Added in Proof 

Since this chapter was written, the BDV genome has been cloned and 
sequenced, subgenomic RNAs have been mapped to the viral genome and viral 
particles have been identified by immunoelectron microscopy. BDV has a 
nonsegment 8.9 kb genome with complementary 3' and 5' termini that contains 
antisense information of five ORFs (BRIESE et al. 1994; CUBITI and DE LA TORRE 
1994). Unlike genomes of other nonsegmented, negative strand RNA viruses, the 
BDV genome does not have distinct gene boundaries. Instead, transcription units 
and transcription signals frequently overlap (SCHNEEMANN et al. 1994). Subgenomic 
RNAs encoding p40 and p24 are monocistronic. In contrast, RNAs encoding the 
putative matrix, glycoprotein and polymerase proteins are polycistronic and 
undergo posttranscriptional modification by RNA splicing (BRIESE et al. 1994; 
CUBITI et al. 1994; SCHNEEMANN et al. 1994; SCHNEIDER et al. 1994). Morphologically 
the virion appears to be a 90 nm enveloped, spherical particle containing an 
electron dense internal structure consisting of strand-like material (ZIMMERMANN 
et al. 1994; COMPANS et al. 1994). In concert, these features indicate that BDV 
represents the prototype of a new group of animal RNA viruses within the order 
Mononegavirales. 


