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Summary. This review presents data on the characterization of Borna 
disease virus (BDV) and its potential as a possible causative agent in 
humans. The isolation of (i) BDV-specific cDNA clones that encode 
various BDV-specific proteins and (ii) partially purified virus particles 
led to the conclusion that the viral genome consists of negative-sense, 
single-stranded RNA. The organization of the BDV-specific RNA species 
appears to be a nested set of overlapping subgenomic RNA transcripts. 
Furthermore, evidence is presented that BDV can infect humans and 
may cause certain psychiatric and neurological disorders. This concept is 
supported by (i) the finding of virus-specific antibodies in sera of patients 
with neuropsychiatric diseases and (ii) results obtained during attempts 
to isolate BDV or a BDV-related agent from the cerebrospinal fluid of 
seropositive patients. 

Introduction 

Borna disease (BD) is an infectious, immunopathological disease of 
the central nervous system (eNS), characterized by a disseminated 
meningoencephalomyelitis [9]. BD occurs as a natural infection in horses 
and sheep and probably other species and has been transmitted experi
mentally to birds, rodents, ruminants and non-human primates. BD 
occurs only sporadically and has not been recognized in countries other 
than Germany and Switzerland. In naturally infected animals the disease 
characteristically results in paralysis and death [9]; occasionally recovery 
occurs, but the infected animals may still exhibit motoric and behavioral 
alterations. Recent seroepidemiological surveys of BD in horses have 
shown that BDV-specific antibodies are present in many horses [13], 
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surprisingly also in sera of horses from Africa and the USA (Herzog, 
unpubl. results), without clinical signs of the disease. 

Most laboratory studies on the pathogenesis of BDV have involved 
experimentally inoculated Lewis rats. Under these conditions, BDV 
infection occurs only after mandatory replication in nervous tissues, 
and disseminates via neural pathways from the central nervous system 
(CNS) to the peripheral nervous system (PNS) or vice versa [12, 17]. In 
immunocompetent rats no infection is found in the extraneural tissues, 
whereas in newborn or Cyclosporin A-treated rats the virus also spreads 
to nonneural tissues in the vicinity of nerve endings [10, 27]. The clinical 
outcome of a BDV-infection in rats can vary greatly and depends on the 
passage history of the virus used for inoculation. Thus, a variety of 
BDV-variants exist including strains which induce long-lasting behavioral 
changes, obesity syndrome with fertility disturbances, paralysis with a 
high percentage of mortality, or inapparent infections using a MDCK
cell-adapted virus variant (Herzog, unpubl. results). In all cases, intra
cerebral (i.c.) or intransal (i.n.) inoculation resulted in productive 
replication in the nervous system. Therefore, it can be assumed, that the 
virus can tolerate various mutations and the virus inoculum seems to be 
genetically heterogeneous and may be selected by various host factors. 

Borna disease virus 

Borna disease can be induced by an infectious agent, the Borna disease 
virus (BDV) [31], but until recently little was known about the nature of 
the agent. BDV is present in relatively high concentrations in the brain 
tissue of affected animals and it can be readily induced in susceptible 
animals by inoculation of infectious brain material. The infectivity titers 
in infected tissue and cells were reduced or eliminated by exposure to 
UV light, detergents [5, 7, 9] or incubation with cycloheximide or 
actimomycin D [5, 7]. Therefore, it was proposed that BDV contains 
nucleic acid as genetic material, is likely to be enveloped and to have 
physical and biological properties of a conventional virus [7, 16, 22]. 
BDV particles have never been visualized in infectious material, but 
BDV-infection is associated with the expression of at least three virus
specific proteins with molecular weights of 14, 24 and 38/39 kd, respec
tively [8, 25, 28]. 

BDV-specific cDNAs were recently isolated in three laboratories 
from infected rat brain and tissue culture cells using subtractive cloning 
methods [6, 14, 21, 29, 30]. The establishment of subtractive cDNA 
libraries from infected material resulted in the identification of cDNAs 
coding either for the 14 kd and 24 kd (p14, p24) [6, 14, 21, 29, 30] or 
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the 38/39 kd protein (p38) [19]. Database searches of nucleotide and 
deduced amino acid sequences for the p14, p24 and p38 proteins of BDV 
have shown only limited regions of homology. The p38 protein showed 
small regions of homology with some viral polymerases and matrix 
proteins; this may suggest that the p38 BDV-protein associates with 
RNA or ribonucleoprotein [19]. Analysis of the deduced amino acid 
sequence for the p24 and p38 proteins revealed nuclear targetting motifs 
in the p24 and p38 proteins [19, 29]. Southern blot hybridization experi
ments using digested genomic and episomal DNA from persistently 
infected tissues failed to show positive hybridization signals [6, 14, 21, 
30]. Therefore, BDV is unlikely to be a DNA virus or retrovirus and the 
cDNA clones represent no host encoded genes. 

In Northern hybridization experiments, cDNA clones coding for 
the p24 and p38 protein detected four BDV-specific RNAs of 10.5 
(supposably the viral genome), 3.6, 2.1 and 1.40-0.85 kb in extracts 
from infected rat brain and infected culture cells; the p24 cDNA clone 
hybridizes to the 0.85 kb RNA, whereas the p38 cDNA clone hybridizes 
to the 1.40 kb RNA [19]. All of these RNAs seem to be enriched by 
polyadenylate [poly (A)] selection [30]. In contrast, Lipkin et al. [14] 
reported that the largest RNA species is 8.5 kb and not polyadenylated. 
The BDV-specific RNAs were sensitive to digestion with pancreatic 
RNase [6]. These findings are in accordance with the view that BDV is a 
single-stranded RNA virus. 

The cDNA clones isolated in our laboratories and coding for the p24 
protein contained two open reading frames (ORF) with 217 and 77 
amino acids (aa) [21, 30], the clone coding for the p38 protein contained 
a single ORF with 357 aa [19]. In vitro transcription and translation of 
the p24 cD N A clone produced two major proteins of ~ 14 and 24 kd 
(Fig. 1); in vitro transcription and translation of the p38 clone resulted in 
a 38 kd protein, recognized by both monoclonal and polyc1onal anti
bodies to BDV. Recently we have amplified and cloned p24 and p38 
BDV-specific sequences from horse brain RNA using the polymerase 
chain reaction (peR) and oligonucleotides derived from the BDV
specific cDNA clones encoding for the p24 or p38 BDV-proteins (Richt 
et al., unpubl. results). The horse brain RNA was derived from a 
seropositive animal with clinical BD, which was found to be positive for 
BDV-infectivity on fetal rabbit brain cells (FRB) and BDV-antigens by 
immunohistological methods. 

The genetic organization and polarity of the BDV-specific RNA
species was determined using strand-specific oligonucleotide probes. 
Oligonucleotides with negative polarity from coding and non coding 
regions of the p24 cDNA clone all hybridized to the same four positive
stranded BDV-RNAs (Fig. 2; 10.5, 3.6, 2.1 and 0.85 kb) whereas com-
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Fig. 1. Immunoprecipitations of BDV-specific proteins translated from the cDNA 
clone B8. Poly(A)-selected RNA from BDV-infected rat brain was translated in vitro 
and immunoprecipitated with polyclonal anti-BDV sera from rat (a) and rabbit (b). 
(- )-strand RNA (c , d) from cDNA clone B8 and (+ )-strand RNA (e-o) from cDNA 
clone P4 (B8 subcloned in reverse orientation) were synthesized and translated in vitro 
and immunoprecipitated with polyclonal anti-BDV sera from rat (c, e) and rabbit (d,f) 
or human sera (g-o). Normal human sera (1-0) and various human sera, all positive 
for BDV-antigens in indirect immunofluorescence assays were analysed: human anti
p24 (g); human anti-p38 (h); patient 112 (i); patient 114 (j); patient 115 (k) . Lane M 
contains the molecular weight markers from top to bottom: 200, 92.5 , 69, 46, 30, 21.5, 
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10.5-

3 .6-

2.1-

0.85-

247 288 305 341 

Fig. 2. Nothern blot analysis of RNA from rat brain . 10 Ilg total RNA from uninfected 
rat brain (-) and BDV-infected rat brain (+) were hybridized with a negative sense 
32P-labelled oligonucleotide (#247), or with positive sense 32P-labelled oligonucleotides 
(#288, #305 , #341) from different regions of cDNA clone B8 as previously described 

[21 ] 
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plementary positive-stranded oligonucleotides all hybridized to three 
BDV-specific RNAs of 10.0, 3.5 and 1.7kb (Fig. 2) in size [21]. This 
suggests that the organization of the BDV-specific RNAs is a nested set 
of overlapping negative- and positive-stranded subgenomic RNA-species 
[21], similar to members of the coronavirus superfamily [11]. 

The question of genome polarity has been ambiguous, because purifi
cation procedures for BDV particles were not available. The relative 
abundance of the negative-stranded genomic RNA over the complemen
tary positive-stranded RNA species provided a basis for the suggestion 
that BDV is likely to be a negative-stranded RNA virus [14], whereas 
the presence of a nested set of cross-hybridizing mRNAs indicates a 
striking similarity of BD V to the positive-stranded coronaviruses [21]. 
To identify the polarity of genomic BDV-RNA, the isolation of intact 
viral particles is required. We have recently partially purified BDV from 
infected tissues with the lipid solvent Freon-l13 [20]. This allowed us to 
examine BDV-specific RNA species and proteins after extraction in a 
two-phase Freon-gradient. This treatment resulted in infectious particles 
with a bouyant density of 1.16-1.22 glml. All three virus-specific proteins 
regularly detected in BDV-infected tissue homogenates could be demon
strated after Freon treatment. Both positive- and negative-stranded 
RNA species found in BDV-infected rat brain and cells were present in 
the Freon-extracted preparations. When these preparations were treated 
with RNase A prior to RNA-extraction, only negative-stranded, genomic 
RNA was detected in Northern blot hybridizations using sense and 
antisense RNA probes [20]. No loss of infectivity was observed after 
RNase A digestion of Freon-extracted material. Therefore, all data 
available suggest that BDV appears to be a negative, single-stranded 
RNA virus. 

The Freon-treated preparations have also been used in ultrastructural 
studies. The only virus-like structures which could be identified by trans
mission electron microscopy were particles of 60-82 nm diameter. The 
presence of a rim-like structure surrounding these particles suggests the 
presence of an envelope. Similar particles were described previously by 
Ludwig and Becht [15]. It cannot be assumed with certainty that these 
virion-like structures correspond to the original native virus particle, 
because few of these structures were found and the virus preparations 
had been treated with the lipid solvent Freon-l13. 

In conclusion, BDV-specific cDNA clones encoding the p24 and p38 
BDV-proteins were isolated from persistently BDV-infected tissues. 
Four poly(A) mRNAs of 10.5, 3.6, 2.1, and 1.40-0.85 kb were recog
nized by negative-stranded RNA probes, whereas RNA transcripts of 
10.0,3.5 and 1.7kb were recognized by positive-stranded RNA probes. 
No hybridization was detected in infected or uninfected MDCK or rat 
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brain DNA, indicating that the p24 and p38 cDNAs were not host 
encoded and that BDV is unlikely to be a DNA virus or a retrovirus. 
The nature and polarity of the BDV genome was determined after isola
tion of BDV with Freon-l13 from infected tissues. Treatment of Freon 
113-treated virus preparations with RNase A prior to RNA-extraction 
revealed, that only negative-stranded, genomic RNA could be detected 
in Northern blots using sense and antisense RNA probes. Therefore, 
BDV appears to be a negative, single-stranded RNA virus. 

Borna virus infection in man 

The nature of the behavioral disturbances observed in rats [18] and tree 
shrews [26] appear related to certain mental disorders in human beings. 
Therefore, sera and cerebrospinal fluid (CSF) of patients with neuropsy
chiatric diseases were examined for BDV-specific antibodies. Antibodies 
were present in 4-7% of sera derived from more than 5,000 psychiatric 
and neurological patients from Germany, USA and Japan [23, 24; Ikeda, 
pers. comm.]. In some of the seropositive patients, specific antibodies 
were concomitantly detected in the CSF, but always lower than those 
found in the corresponding sera [23]. The highest percentage of sero
positive patients came from a region in Southern Germany, where 
BD is known to be endemic among horses and sheep. The antibodies 
from human patients reacted either with the p24 or p38 BDV-proteins or 
with both BDV-antigens in immunoblots. The BDV-specificity of the 
human antibodies was recently reinforced by the finding that antibodies 
from seropositive patients recognized the p24 protein (Fig. 1) expressed 
by a BDV-specific cDNA clone [30]. There is no evidence for a major 
clinical manifestation of infection with BDV in man. Seropositive patients 
were found with a broad range of mental disorders, with a predominance 
of schizophrenia, affective psychoses and certain personality disorders 
[1]. About 1% of 1,000 randomly collected sera from hospital patients 
also showed antibodies specific for BDV-proteins [1, 23]. This seems to 
indicate that inapparent infection with BDV or a BDV-related agent 
might take place in human beings, but clinical manifestation is only 
observed in yet unknown circumstances similar to naturally infected 
horses [13]. Serological examination of patients infected with human 
immunodeficiency virus (HIV) by Bode et al. (1990) has shown an inci
dence of BDV-specific antibodies of -8%. The same investigators have 
reported a high incidence of BDV-specific antibodies among patients 
with chronic inflammatory neurological disorders such as multiple 
sclerosis. 
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Furthermore, efforts have been made recently to isolate BDV from 
the CSF of three seropositive patients. The CSFs were either applied to 
fetal rabbit brain cells or inoculated i.c. into rabbits, which are highly 
susceptible to BDV isolated from naturally or experimentally infected 
animals. In the cell cultures, small numbers of immunoreactive foci were 
found with BDV-specific antibodies 10-12 days after inoculation [23]. 
The cells, however, lost their antigen during subsequent passages. On 
the other hand, the i.c. inoculated rabbits developed no clinical signs of 
BD, no histological lesions in the CNS and no BDV-specific antigens 
could be found in the nervous system (NS) after an observation period 
of 5 months [23]. Nevertheless, these animals developed BDV-specific 
antibodies in their sera with titers ranging from 1: 20 to 1: 640. The brain 
homogenate from one rabbit was infectious for fetal rabbit brain cells as 
demonstrated by positive cell foci in immunofluorescence assay. How
ever, again, the antigen disappeared during attempts to propagate the 
agent by sub cultivation of the cells. These findings can be interpreted as 
typical of an abortive infection, and might indicate that infection in 
humans is caused by a BDV-related agent for which no suitable isolation 
method is available so far. 

In conclusion, the presence of virus-specific antibodies and the results 
obtained during attempts to isolate the agent from CSF of seropositive 
patients support the concept, that humans can be infected with BDV or a 
related virus. From clinical studies it appears that this virus could induce 
acute and chronic meningoencephalitis with neurological symptoma
tology and might contribute to or initiate certain psychiatric disorders 
[1, 3]. There is also evidence that BDV might be horizontally trans
mitted from domestic animals to man [2]. Whether this agent induces 
disease might be dependent on genetic preposition of the host or other 
endogenous or exogenous factors. Evidence that such factors play 
a role in the outcome of BD has been described in naturally as well as 
experimentally infected animals. The advent of BDV-specific cDNA 
clones encoding the p24 and p38 BDV-proteins allows further studies on 
characterization, epidemiology and pathogenesis of BDV infection in 
animals and man. 
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