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SUMMARY

Borna disease virus (BDV) is unique amongst animal RNA viruses in its molecular biology and capacity to
cause persistent, noncytolytic CNS-infection in a wide variety of host species. Unlike other non-segmented
negative-strand RNA animal viruses, BDV replicates in the nucleus of the host cell where splicing is
employed for expression of a very compact genome. Epidemiological studies indicate a broad host range
and geographical distribution, and some investigators have proposed that human infection may result in
neuropsychiatric disorders. Experimental Borna disease in neonatal and adult rats provides an intriguing
model for immune-mediated disturbances of brain development and function. Copyright # 2001 John Wiley
& Sons, Ltd.
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BACKGROUND
Borna disease (BD) is a severe, frequently fatal,
immune-mediated meningoencephalitis that most
commonly affects horses and sheep in central
Europe. The causative agent, Borna disease virus,
is a noncytolytic, enveloped neurotropic RNA
virus. BD can be induced by experimental infec-
tion in a wide variety of animals including birds,
rabbits and non-human primates, but is best
characterised in rat models. The broad experi-
mental host range has led to speculation that
humans can also become infected with BDV.

Two rodentmodels of BDV infection are estab-
lished: infection of immunocompetent, adult rats
where animals have meningoencephalitis similar
to that descibed in ungulates with BD and
characteristic movement and behavioural distur-
bances; and infections of neonatal rats where
subtle disturbances in learning and behaviour,
and developmental neuropathology are found in
the absence of overt meningoencephalitis.
Recently, there has been increasing focus on this

latter model due to its potential to provide
insights into human neuropsychiatric disorders
such as autism and schizophrenia where perinatal
pathology is proposed to be important.

TAXONOMY
BDV is the prototype of the family Bornaviridae,
genus Bornavirus, within the non-segmented
negative strand (NNS) RNA viruses (order Mono-
negavirales). At approximately 9.9 kb the genomic
RNA of BDV is substantially smaller than those of
other Mononegavirales, the Rhabdoviridae (approxi-
mately 11±15 kb), Paramyxoviridae (approximately
16 kb) and Filoviridae (approximately 19 kb). Com-
plete BDV genomic sequences have been reported
for two virus isolates, Strain V and He/80 [1,2],
which are approximately 94% identical at the
nucleotide level. BDV is characterised by extra-
ordinary sequence conservation uncommon for
RNA viruses, where the inherent low ®delity of
viral RNA dependent RNA polymerases (RdRps)
results in sequence divergence of 103±104 per site
per round of replication [3]. Studies of two ORFs
(nucleoprotein and phosphoprotein) from widely
disparate BDV isolates revealed variability of up
to 4.1% at the nucleotide level and 1.5% to 3% at
the predicted amino acid level [4,5]. A new
genotype, termed No/98, with 15% divergence
at nucleotide level was recently isolated from a
naturally infected horse in Austria [6].
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MOLECULAR BIOLOGY OF BDV

Genomic organisation
BDV encodes six ORFs in three transcription units
framed by complementary termini similar to those
of other NNS RNA viruses (Figure 1) [1,7]. The
®rst transcription unit encodes only one protein,
the nucleoprotein p40 (N). The second transcrip-
tion unit encodes p10 (X) and the phosphoprotein

p24 (P) in overlapping ORFs. The third unit
contains coding sequence for the atypical glyco-
protein and putative matrix protein gp18 (M),
type I membrane glycoprotein gp94 (G) and
polymerase p190 (L).

Replication and transcription of the BDV
genome occur in the cell nucleus. While nuclear
replication and transcription are found in seg-
mented negative-strand RNA viruses and nucleo-

Figure 1. BDV strain V genomic map, transcripts and spliced products. N, nucleoprotein; X, protein X; P, phosphoprotein; M, putative

matrix protein; G, glycoprotein; L, polymerase; S1±S3, initiation sites of transcription; T1±T4, termination sites of transcription; kb, 1000

bases. The genomic RNA is depicted in 3k to 5k orientation to reveal the six major ORFs. The sizes of mRNAs resulting from

readthrough at termination signals T2 or T3 are in parenthesis, the corresponding readthrough RNA segments are indicated by dashed

lines. Readthrough at T2 has been observed by northern blotting but only readthrough at T3 appears to be essential for viral gene

expression. Note that the non-coding 1.9 kb RNA initiates at the genomic promoter, not at S1. The ®rst and second transcription units

overlap in the intergenic region. The genomic and antigenomic RNAs are unmodi®ed at the termini; mRNA transcripts are capped at

the 5k end (indicated by bold circles, $) and polyadenylated at the 3k end; the 1.9 kb RNA is uncapped but can be partially

polyadenylated. The positions of the transcription signals are given for the antigenomic (coding-orientation) RNA; numbers written in

vertical orientation indicate positions of introns
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rhabdoviruses (NNS RNA viruses of plants such
as sonchus yellow net virus), BDV is the only
known NNS RNA virus of animals with this
property [8].

The 5k and 3k terminal untranscribed sequences
of Mononegavirales typically encode promoters that
serve for both replication and transcription of the
genome. BDV contains 42 nontranscribed nucleo-
tides at the 3 end of the genome, which pre-
sumably contain the promoter for expression of
the viral positive-sense antigenome and viral
transcripts, and 54 nucleotides at the 5k end for
expression of the negative-sense genome during
replication [9]. In other Mononegavirales the ratio
or abundance of viral proteins during the replica-
tion cycle in the cell regulates the switch from
transcription to production of full length viral
antigenome and genome from the same promoter
sequences rather than from different promoters.
However, in vitro replication/transcription and
reverse genetic systems are not yet established
for BDV; thus, there are no direct data con-
cerning how BDV regulates transcription and
replication.

BDV mRNAs are capped and polyadenylated
[1,2] (Figure 1). The ®rst transcription unit (initia-
tion of transcription at S1 and termination at T1)
produces a single mRNA of 1.2 kb encoding N.
The second initiation signal S2 is utilised for
synthesis of the bicistronic 0.8 kb mRNA (termi-
nation at T2) and 3.5 kb mRNA (readthrough at T2
and termination at T3) encoding P and X. The
third initiation signal S3 also produces two sets of
mRNAs by alternative termination of transcrip-
tion: the 2.8 kb mRNA (termination at T3) and
7.1 kb mRNA (readthrough at T3 and termination
at T4) encoding M. Third transcription unit
mRNAs can be processed by splicing of one or
two introns to yield RNAs allowing translation of
G (2.7 and 7.0 kb mRNA) or L (6.0 kb mRNA). The
1.9 kb RNA is fundamentally different from the
other subgenomic transcripts. It starts at the 3k
terminus of the genome rather than at the ®rst
transcription initiation signal, is not capped and
only partially polyadenylated. Whether it repre-
sents an analogue of leader-containing sub-
genomic RNAs found in other NNS RNA
viruses or an abortive replication intermediate
with a stop at the second termination signal is
unknown.

The molar abundance of the individual BDV

mRNAs in infected cultured cells and tissues [1,2]
resembles the 3k to 5k declining transcriptional
gradient of rhabdoviruses and paramyxoviruses
[10]. NNS RNA viruses typically contain signal
sequences in the noncoding intergenic regions of
the genome that specify transcriptional termina-
tion/polyadenylation and initiation by the viral
polymerase complexes [10]. RNA circularisation
and RT-sequencing over the ligated ends revealed
that BDV contains three semiconserved, uracil-
rich initiation motifs, that are unique to BDV, and
four stop signals that, similar to other Mononega-
virales, contain an adenosine followed by six or
seven uracil residues [9]. However, the gene
junctions are atypical for Mononegavirales as they
cannot be clearly divided into discrete regions
corresponding to a termination signal for one
transcription unit, an intergenic region and an
initiation signal for the next transcription unit. The
®rst and the second transcription units overlap
such that the second initiation signal S2 lies
upstream of the ®rst termination signal T1
(Figure 1). A similar organisation is postulated to
serve as an attenuation signal for control of
polymerase expression in RSV [11]; however, in
BDV, attenuation appears not to take place as the
two transcription units are expressed at similar
levels [1]. The second and third transcription units
are separated by only two nucleotides, with the
second termination signal, T2, fully contained
within the third initiation signal S3. Initiation
signal S3 gives rise to two different primary
transcripts, the ®rst terminating at the third
termination signal T3, the second is expressed by
readthrough of T3 and termination at T4
(Figure 1). Indeed, readthrough of T3 in BDV is
essential for the expression of p190, the polymer-
ase protein. Transcriptional readthrough may
provide means for regulating expression of the
BDV polymerase, a protein only needed in
catalytic amounts. Consistent with this notion is
the observation that levels of the 7.1 kb transcript
are lower than those of the 2.8 kb transcript [1].

Splicing
Splicing in BDV allows for ef®cent use of its
genome, controls expression of three ORFs com-
prising the third transcription unit, and may have
implications for neurotropism and pathogenesis.
Introns are located at nt 1932±2025 (intron-1) and
nt 2410±3703 (intron-2) [12,13] (Figure 1). Differ-
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ential splicing and potential for either termination
or readthrough at the termination signal T3 allows
for expression of six additional RNAs [12].
Differential splicing of the two introns regulates
expression of the M, G and L proteins. Splicing of
intron-1 places the thirteenth aa residue of the M
ORF in frame with a stop codon. While this
abrogates M expression, the resulting 13 aa
minicistron facilitates G expression by ribosomal
reinitiation [14]. Splicing of intron-2 fuses 17 nt of
upstream sequence containing an AUG to a
continuous ORF comprising the remainder of the
L coding sequence (nt 3703±8819) [15].

Nucleoprotein
The ®rst ORF of the BDV antigenome codes for a
single protein. Although participation in RNP
complex formation and binding to RNA has
yet to be demonstrated, its position in the
viral genome, size and relative abundance in
infected cells suggest that it corresponds to the
nucleoprotein (N).

N exists as either a 40 kDa or 38 kDa form. The
p38 ORF starts at the second in frame AUG and
lacks 13 aa at the amino terminus. The p38 ORF is
predicted by Kozak's rules [16] to be in better
context for translation initiation than the AUG
corresponding to the p40 ORF [17]. It is unknown
whether p38 and p40 are translated from a single
transcript. Pyper et al. report the presence in
infected cells of an RNA that initiates downstream
of S1 and encodes p38 [17]. Immunohistochemical
and cell fractionation experiments with cells
transfected for expression of p40 or p38 revealed
that whereas p40 is primarily nuclear, p38 is
primarily cytoplasmic. This difference in the
subcellular distribution of p40 and p38 re¯ects
the presence of a nuclear localisation signal
(3PKRRLVDDA11) in p40 [17,18]. The in vivo
signi®cance of the two isoforms of N is unknown.
Both p38 and p40 bind the BDV phosphoprotein
p24 (P). The phosphoprotein contains a potent
nuclear localisation signal; thus, it is conceivable
that the 38 kDa isoform may enter the nucleus
through interaction with P.

X-Protein
Unlike the ®rst transcription unit, the second
transcription unit is bicistronic and encodes two
polypeptides, p10 (X) and P. X is expressed
from an ORF that initiates upstream of P and

overlaps with this ORF in a +1 frame shift
[7]. Expression levels relative to N and P have
not been established but X is readily detected in
infected cells and tissues. X is a cytoplasmatic
protein when expressed in the absence of viral
factors in transfected cells but localises to the
nucleus in infected cells. This change in subcel-
lular localisation appears to be mediated by direct
interaction with P and indirect interaction with
p40 [19-21], both of which possess NLS sequences.
Interaction with viral proteins proposed to be
involved in assembly of productive RNPs and
coupling translation of X to P via a bicistronic
mRNA suggests that X may play a role as cofactor
for the viral RdRp. The amino terminus of X
was recently shown to be critical for binding of
P [21,22] and contains a leucine-rich region
(2SSDLRLTLLELVRRLN17) that is similar to
nuclear export sequences of other cellular and
viral export proteins including HIV-1 Rev, HSV
ICP 27, and PKI [23]. X may therefore also be
involved in nucleocytoplasmic shuttling of RNPs
and/or subgenomic BDV transcripts in a fashion
that may be modulated by binding of P.

Phosphoprotein
P is expressed from the second ORF of the second
transcription unit of the BDV genome. There is no
evidence of splicing to eliminate the ®rst AUG
initiating translation of X [1,24]; thus, it is likely
that P is expressed through a leaky scanning
mechanism. The phosphoproteins of NNS RNA
viruses are essential cofactors for virus transcrip-
tion and replication. Their phosphorylation by
cellular kinases in¯uences the ability of phospho-
proteins to form homomultimers, bind other viral
proteins and serve as transcriptional activators.
Although there are no direct data concerning the
role of P in the BDV lifecycle, it is postulated to
have a similar function to other viral phospho-
proteins. P contains a strong bipartite NLS at its
amino-terminus and appears to have weaker NLS
motifs toward its carboxyl terminus [25]. Mam-
malian two-hybrid and coimmunoprecipitation
experiments indicate that P interacts with itself,
X and N. Analysis of P truncation mutants led to
identi®cation of three nonoverlapping regions
important for oligomerisation (aa 135±172), bind-
ing to X (aa 33±115) and N (aa 197±201) [20]. P also
colocalises with N and X in distinct areas within
the nuclei of infected cells [7].
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Investigation of the phosphorylation sites of P
revealed a complex phosphorylation pattern. P is
phosphorylated predominantly by protein kinase
Ce (PKCe) and, to a lesser extent, by casein kinase
II (CK II). Peptide mapping studies identi®ed Ser26

and Ser28 as sites for PKCe, and Ser70 and Ser86 as
sites for CK II phosphorylation [26]. In other viral
systems, sequential phosphorylation by different
kinases may be associated with conformational
changes that in¯uence protein : protein interac-
tions [27]. Whereas the PKCe phosphorylation
sites of P overlap with the NLS, the CK II
phosphorylation sites overlap with its region of
interaction with X. Thus, it is conceivable that the
state of P phosphorylation may in¯uence nuclear
traf®cking of P and X (through its interaction with
P). PKCe is highly concentrated in limbic circuitry
[28]. This observation is intriguing given the
limbic distribution of BDV, and suggests that
phosphorylation events may be important in BDV
neurotropism.

gp18
The ®rst ORF of the third transcription unit
predicts a protein of Mr 16 000; however bio-
chemical analysis revealed that this protein is N-
glycosylated with an Mr of 18 000 (gp18, M)
[29-31]. Endoglycosidase sensitivity and lectin
staining patterns suggest that M is likely to be a
glycoprotein of the biantennary complex type.
Mass spectrometric studies indicate that the
protein forms stable tetramers in vivo and contains
hydrophobic sequences characteristic for mem-
brane spanning proteins [32]. Two observations
suggest that M is expressed at the surface of viral
particles and mediates the attachment of the
virions to cellular receptors: (i) antisera against
M have neutralising activity [33]; and (ii) incuba-
tion of susceptible cells with M prevents infection
[31]. The role of M in the BDV life cycle remains to
be determined. In nonsegmented, negative-strand
RNA viruses, the third gene usually directs
expression of a matrix protein. Matrix proteins in
Mononegavirales are not known to be glycosylated;
however, glycosylated matrix proteins that resem-
ble M in size and isoelectric point of about 10 units
have been found in other viral systems (for
example, M (E1), in coronaviruses [34]). Further
studies need to be done to verify whether M is an
unusual matrix protein or a novel viral cofactor
surface protein mediating attachment.

Glycoprotein
The second ORF of the third transcription unit
predicts a protein with an Mr of 57 000. Post-
translational modi®cation by N-glycosylation with
high-mannose and/or hybrid oligosaccharides
yields a full length type I membrane protein of
Mr 94 000 (G) [35,36] that is subsequently cleaved
by the cellular protease furin [35]. The levels of G
in vitro and in vivo are likely to be lower than those
of other structural proteins. Additionally, there
are data to suggest that it may not be expressed in
all infected cells [35]. A glycosylated Mr 43 000
carboxyl-terminal cleavage product has been
found in infected cells; an amino-terminal clea-
vage product is inferred but not con®rmed.
Although G may be expressed from unspliced
transcripts by leaky ribosomal scanning, intron-1
spliced transcripts are more likely to serve as
messages for G in vivo. Splicing of intron 1 results
in a 13 aa minicistron that enhances the translation
the G-ORF presumably by facilitating ribosomal
reinitiation [14].

Both full length protein (Mr 94 000) and the C-
terminal cleavage product (gp43) are incorporated
into virions; only gp43 is translocated to the
cellular membrane [37]. G and/or gp43 are likely
to mediate early events in infection such as
attachment and/or entry. The activity of neutra-
lising sera from infected animals is reduced
following immunoadsorption with the G-protein
[36]. Furthermore, preincubation of susceptible
cells with G interferes with infectivity [36].
Cleavage of G appears to be a prerequisite for
infectivity [35].

Polymerase
By position and its large size that spans almost
60% of the genome the last ORF is predicted to
encode the viral RdRp (L) [1,24]. Expression of this
ORF from the ®rst AUG conserved between
strains V and He/80 would yield a protein of Mr

170 000 and result in approximately 400 bases of
non-coding region between the end of G and
initiation of L. However, full sequence conserva-
tion between the two strains upstream of the ®rst
conserved AUG suggests that this region also is
expressed. Splicing of mRNAs originating from
the third transcription unit provides a mechanism
for translation of this upstream region by fusion to
an AUG contained in a small ORF that overlaps
with the 5k-end of the gene for G. The presence of
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this additional coding sequence in the L mRNA
increases the predicted Mr for the polymerase to
190 000 and was recently demonstrated using
antibodies directed against this amino-terminal
fusion portion of L [15]. Overexpression of
recombinant L also con®rmed interaction with P
and indicated that L is phosphorylated by cellular
kinases [15].

HOSTS AND EPIDEMIOLOGY
A syndrome of progressive meningoencephalitis
of horses and sheep consistent with BDV infection
[38] was recognised 100 years before the disease
received its name from an equine outbreak in
1895/96 near the town Borna in Germany.
Although this clinical pattern is still considered
to represent classical BD, infection may also result
in asymptomatic carrier status, subtle distur-
bances in learning and memory, profound dis-
orders of behaviour and movement [39-42],
or death. Accumulating epidemiological data,
including reports of asymptomatic, naturally
infected animals [43-49], suggest that the host
range and geographical distribution of BDV are
larger than previously appreciated. Natural infec-
tion has been reported in a wide variety of hosts
including horses, donkeys, sheep, cattle, dogs,
cats, rabbits and birds. Experimental infection has
been achieved in many of these species and also in
rodents and primates. Whether BDV naturally
infects humans remains controversial; however,
there is consensus that all warmblooded animals
are likely to be susceptible to infection. Although
Central Europe has the highest reported preva-
lence of Borna disease, natural infection has been
described throughout Europe, in Asia and in
North America. It is unclear whether the apparent
increase in host and geographical range of BDV is
due to spread of the virus or simply enhanced
awareness of the agent and improved diagnostic
reagents.

Neither the reservoir nor the mode for transmis-
sion of natural infection are known. Natural
infection of horses and sheep is typically sporadic
and peaks in spring months; epidemics of disease
are infrequent (reviewed in [50]). An olfactory
route for transmission has been proposed because
intranasal infection is ef®cient and the olfactory
bulbs of naturally infected horses show in¯amma-
tion and oedema early in the course of disease
[51,52]. One outbreak in a zoo has been attributed

to inadvertent inoculation of BDV during vaccine
administration (MuÈ ller H, personal communica-
tion). Experimental infection of neonatal rats
results in virus persistence and is associated
with the presence of viral gene products in
saliva, urine and faeces [53]. Such secreta/excreta
are known to be important in transmission of
other pathogenic viruses (for example, lymphocy-
tic choriomeningitis virus, hantaviruses). Normal
adult rats housed in cages separate but adjacent to
those of neonatally infected rats can become
infected suggesting the possibility of transmission
by aerosol or fomites (Hornig M, Solbrig MV and
Briese T, personal communication). Reports of
BDV nucleic acid and proteins in PBMC also
indicate a potential for haematogenous transmis-
sion [53,54]. The observations that rodents can be
persistently infected with BDV and excrete virus
suggest that they have the potential to serve both
as natural reservoirs and vectors for virus dis-
semination. However, the only study of BDV
infection in wild rodents did not indicate natural
infection [55]; thus, the signi®cance of rodents for
transmission of BDV to other domesticated ani-
mals and humans remains speculative. Recently,
vertical transmission of BDV has been demon-
strated in a pregnant mare [56].

NATURAL INFECTIONS
Although infection may be subclinical, sympto-
matic disease typically follows a predictable
course. Clinical signs at the onset of disease in
horses and sheep are nonspeci®c and include:
excited or depressed behaviour, hyperthermia,
anorexia, jaundice, constipation and colic [42].
Classical disease becomes apparent within 1±2
weeks. Animals maintain an upright, wide-based
stance with their heads extended. Repetitive
behaviours are common and may include vacuous
chewing, circular ambulation and running into
obstacles. Horses become paretic in the terminal
phases of disease. A distinctive decubitus posture
associated with paddling movements of the legs
has been described. Frequently, in late disease the
virus migrates centrifugally along the optic nerve
to cause retinopathy and visual impairment.
Acute mortality may be as high as 80%±100% in
horses and 50% in sheep [42]. Sheep that survive
may have permanent neurological de®cits. Recur-
rence of acute disease has been described in sheep
[57]. Natural symptomatic infection with fatal
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outcome has also been reported in cattle [58],
rabbits [59], and one dog [60]. Epidemics of
paresis in ostriches were attributed to BDV
infection by serology [61]; however, these data
have not been con®rmed by other methods.
Neurological disease in cats in Sweden [62],
Japan [63] and Great Britain [64] has been
attributed to BDV infection using serology and
molecular methods. BDV infection was found in
cats with a speci®c syndrome, staggering disease,
in Sweden [65,66] but not in Austria [67].

Viral persistence without apparent disease has
been described in naturally infected horses [43-
45], sheep [46,47] and cats [48] in Europe and Asia.
There is one report indicating subclinical infection
of horses in North America [49].

EXPERIMENTAL MODELS OF
BORNAVIRUS INFECTION
A wide range of animal species have been
experimentally infected with BDV. Rats [39],
mice [68-70], hamsters [71], Mongolian gerbils
[72], rabbits [73-75], guinea pigs [73], tree shrews
[76], rhesus monkeys [77-81] and chickens [82] are
all susceptible to classical disease; however, the
incubation period, mortality and severity of
disease varies considerably between species,
strains within a species, and immune status of
the host. Whereas in adult immunocompetent
hosts infection results in dramatic immune-
mediated meningoencephalitis consistent with
the classical syndrome observed in naturally
infected horses and sheep, animals less able to
respond to infection due to immature or compro-
mised immune systems have a more subtle course.

Adult rat model
Susceptibility to disease varies with the host rat
strains. Wistar rats and black-hooded (BH) rats
can be productively infected but have less severe
disease than Lewis rats, a strain with a lesion in
the hypothalamic±pituitary adrenal axis asso-
ciated with enhanced susceptibility to immune-
mediated disorders such as experimental allergic
encephalomyelitis and adjuvant induced arthritis
[83,84]. One report found that resistance to BD
was inherited as a dominant trait in Lewis and BH
hybrids that was independent of MHC genes [85].
Virulence of viral strains for rats may be enhanced
by serial passages of virus in rat brain [86].

Infection is most rapidly achieved with intra-

cranial and intranasal inoculations. Nonetheless,
any route of inoculation that allows virus access to
nerve terminals (for example, intramuscular,
intraperitoneal or footpad injection) ultimately
results in central nervous system infection and
classical disease. Viraemia is unlikely to play a
signi®cant role in BDV dissemination and patho-
genesis. Although viral gene products have been
found in PBMC of infected animals [87] intravas-
cular inoculation only infrequently results in
productive infection. Several observations indicate
that BDV disseminates primarily via neural net-
works: (i) viral proteins and nucleic acids can be
traced centripetally and transsynaptically after
olfactory, ophthalmic or intraperitoneal inocula-
tion [88,89]; (ii) the onset of disease is delayed in
parallel with distance from the inoculation site to
the central nervous system [89]; and (iii) migration
of virus to the CNS after footpad infection can be
prevented by sciatic nerve transection [89]. Irre-
spective of the route of inoculation, the onset of
clinical disease coincides with appearance of viral
proteins in hippocampal neurons and the onset of
meningitis [89,90]. It has been proposed that BDV,
like rabies virus, is likely to spread as an RNP
complex within neural networks [91]. Although
structures consistent with RNPs have been
described in neurons of experimentally infected
animals [81,92] the form of disseminating virus is
unknown.

The immune-mediated disorder in adult
infected rats presents clinically as hyperactivity
and exaggerated startle responses 10±14 days after
intracerebral infection [93]. The acute phase
coincides with in®ltration of monocytes into the
brain, particularly in areas of high viral burden
including the hippocampus, amygdala and other
limbic structures [89] (Figure 2B). Two to three
weeks later, rats show high grade stereotyped
motor behaviours (the continuous repetition of
behavioural elements, including snif®ng, chewing,
scratching, grooming and self-biting), dyskinesias,
dystonia and ¯exed seated postures [94]. Five to
ten percent of animals become obese, achieving
body weights up to 300% of normal rats [52].
Some investigators have reported isolation of a
BDV strain that causes obesity in more than 50%
of adult infected rats [95].

Disorders of movement and behaviour are
linked to distinct changes in CNS dopamine
systems [94,96,99]. Preliminary data also suggest
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abnormalities of serotonin (5HT) metabolism [96].
Adult-infected BD animals are more sensitive to
dopamine agonists and antagonists than normal
rats. Administration of the indirect dopamine
agonist dextroamphetamine to infected animals
results in increased locomotor and stereotypic
behaviours [94]. Similarly, cocaine-mediated inhi-
bition of dopamine reuptake potentiates dopa-
mine neurotransmission resulting in enhanced
locomotion and stereotypic behaviours [99]. The
movement and behaviour disorder is improved
following treatment with selective dopamine
antagonists; whereas D2-selective antagonists (for
example, raclopride) do not affect locomotor
responses in BD rats, high doses of selective D1
antagonists (for example, SCH23390) and atypical
dopamine blocking agents with mixed D1 and D2
antagonist activity (such as clozapine) selectively
reduce locomotor activity in BD rats but not in
controls [94].

The basis for these functional disturbances
appears to be partial dopamine deafferentation
with compensatory metabolic hyperactivity in
nigrostriatal and mesolimbic dopamine systems.
At the receptor level, both pre-and postsynaptic
sites of the dopamine transmitter system appear to
be damaged in striatum (caudate-putamen and
nucleus accumbens); dopamine reuptake sites are
reduced in nucleus accumbens [98] and caudate-
putamen [99]; D2 (but not D1) receptor binding is
markedly reduced in caudate-putamen; D2 and
D3 receptor binding are reduced in nucleus
accumbens [94,97,98]. It is possible that the

differential effects of infection on dopamine
receptors in nucleus accumbens and caudate-
putamen may re¯ect BDV-mediated interference
with the cellular transcription and/or splicing
machinery. Whereas binding to receptors
expressed from spliced messages, D2 and D3, is
reduced, binding to D1, a receptor expressed from
an unspliced message, is not.

Although the increased locomotor activity,
stereotypic behaviours and dyskinesias of the
adult BD model are linked to distinct disturbances
in dopamine pathways, additional neuromodula-
tor abnormalities have also been noted. The
expression of genes for neuromodulatory sub-
stances and their associated synthesising enzymes,
including somatostatin, cholecystokinin and glu-
tamic acid decarboxylase, is greatly reduced
during the acute phase and recovers toward
normal in the chronic phase of adult BD [100].
The cholinergic system, a major component in
sensorimotor processing, learning and memory,
also appears to be affected in adult BDV infection.
A progressive decrease in the number of choline
acetyltransferase-positive ®bres in hippocampus
and neocortex has been observed to begin as early
as day 6 postinfection [101]. Preliminary work on
dysregulation of the 5HT and norepinephrine
(NE) systems suggests metabolic hyperactivity of
5HT. There is a modest increase in the 5HT
metabolite 5-hydroxyindoleacetic acid in the stria-
tum and of the NE metabolite 3-methoxy-4-
hydroxyphenethyleneglycol in the prefrontal and
anterior cingulate cortex [96]. These changes may
re¯ect compensatory upregulation following par-
tial loss of dopamine afferents to these brain
regions. Selective effects of BDV on 5HT and NE
pre- or postsynaptic receptors have not yet been
investigated. The mechanism by which adult BD
rats are rendered hypersensitive to the hyperki-
netic and convulsant effects of the opiate antago-
nist, naloxone [102], is also unclear. In addition,
because adult infected rats have marked CNS
in¯ammation, it has not been possible to deter-
mine whether monoamine, cholinergic and opia-
tergic dysfunction in BD results from direct effects
of the virus, virus effects on resident cells of the
CNS, or a cellular immune response to viral gene
products.

In late disease, BDV disseminates throughout
the autonomic and peripheral nervous systems
and can be readily detected in autonomic plexi in

Figure 2. Hippocampal pathology in adult and neonatally

infected Lewis rats. Dentate gyrus in an uninfected rat (A);

adult infected rat 6 weeks post infection in the acute phase of

disease (B); adult infected rat 5 months post infection in the

chronic phase of disease (C); and neonatal infected rat 6 months

post infection (D). Arrows in B indicate immune cell in®ltrates

in perivascular distribution. Note loss of cells and structural

integrity in late phases of the disease (C). The neonatal infected

rat is characterised by disturbances in the architecture of dentate

gyrus without robust in¯ammatory cell in®ltrates (D). Haema-

toxylin and eosin staining, original magni®cation x 25
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the lungs and gastrointestinal tract and at the
neuromuscular junction [89,103]. It is also present
at lower levels in non-neural tissues including
bone marrow, thymus and PBMC [53,54].
Although numbers of mononuclear in¯ammatory
cells in the CNS are markedly reduced during the
chronic phase of disease, there is an elevation in
titres of antibodies directed against all BDV
proteins (N, X, P, M, G and L). Antibodies speci®c
for M [33] and G have neutralising activity in vitro
[36,37]. Although virus is not cleared from the
brain, neutralising antibodies may modulate viral
gene expression [104] and limit the infection to the
CNS, preventing further dissemination to non-
neural organs [103]. The blood±brain barrier
remains functional in various assays [104±106].
The life expectancy of animals that have pro-
gressed into the chronic phase may be normal,
although loss of parenchymal brain tissue, low
during the acute phase, continues at an increased
rate and can reduce brain mass by up to 50%
[93,107] (Figure 2C).

Neonatal rat model
Neonatally infected rats display a wide range of
physiological and neurobehavioural disturbances.
They are smaller than uninfected littermates
[108,109], have a heightened taste preference for
salt solutions, and altered sleep±wake cycles [108].
The basis for runting is unknown: there is no
apparent alteration in levels of glucose, growth
hormone, or insulin-like growth factor-1 [108] or
amount of food ingested [110]. Behavioural
disturbances are less dramatic in neonatally
infected animals than in their adult-infected
counterparts. A study of behavioural and cogni-
tive changes in Wistar rats infected in the neonatal
period found spatial and aversive learning de®-
cits, increased motor activity and decreased
anxiety responses [111]. Similar de®cits in spatial
learning and memory were found by Carbone and
colleagues in neonatally infected Lewis rats [108].
More recently, play behaviour has been reported
to be abnormal in neonatal infected rats, with
decreases in both initiation of nondominance-
related play interactions and response to initiation
of play by noninfected, age-matched control
animals or infected littermates [112].

The neonatal infection model has not been
studied as extensively as the adult infection
model. CNS dysfunction in neonatally infected

animals has been proposed to be linked to viral
effects on morphogenesis of the hippocampus
(Figure 2D) and cerebellum (Figure 3), two struc-
tures in rodents that continue to develop after
birth [113-116]. Carbone and colleagues found a
quantitative relationship of hippocampal pathol-
ogy to behavioural abnormalities in the neonatal
infection model; the extent of neuronal loss in the
dentate gyrus appeared to be correlated with the
severity of spatial learning and memory de®cien-
cies in neonatally infected Lewis rats [108].

Humoral immune responses to BDV in neo-
natally infected animals are signi®cantly lower
than in adult infected animals [109]. There is a
transient, nonspeci®c cellular immune response
that peaks approximately 3 weeks post intracer-
ebral infection and dissipates within 10±14 days
[117,118]. This period coincides with the presence
of high levels of mRNAs for cytokine products of
CNS macrophages/microglia (IL-1a, IL-1b, IL6
and TNF-a) in hippocampus, amygdala, cerebel-
lum, prefrontal cortex and nucleus accumbens
[117,118]. The role of the extrinsic immune
response is unclear as thymectomised animals
show similar behavioural disturbances and brain
pathology in the absence of in®ltrating in¯amma-
tory cells (unpublished results).

Marked astrocytosis has been noted in dentate
gyrus and cerebellum [109,110,119]. Upregulation
of tissue factor (TF) has been identi®ed as one
mechanism by which BDV may alter CNS devel-
opment [119]. TF is a member of the class II
cytokine receptor family primarily produced by

Figure 3. Cerebellar pathology in neonatally infected Lewis rats

12 weeks post infection. Coronal section of the cerebellum and

brainstem of an uninfected (left) and age-matched, neonatally

infected (right) rat demonstrating cell loss in the cerebellar

molecular layer but preservation of cerebellar foliation. Haema-

toxylin and eosin staining, original magni®cation x 3
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astrocytes that plays important roles in cellular
signal transduction, brain function and neural
development through its effects on coagulation
protease cascades. However, cerebellar changes
cannot be explained by this mechanism, as TF
upregulation is not observed in the cerebellum
despite prominent astrocytosis. Furthermore, BDV
infection of astrocytes appears to be required for
TF upregulation [119], and cerebellar astrocytes
are reported to be spared from BDV infection, at
least for 30 days following neonatal infection
[110].

Behavioural disturbances (such as stereotypies,
inhibited responses to novel stimuli and impaired
motor development) and neuropathology (such as
Purkinje and granule cell loss in cerebellum) of
neonatal Borna disease [112,117] overlap with the
clinical aspects of autism [120-122]. Although BDV
infection has not been detected in children with
autism these similarities in pathology suggest that
the neonatal Borna disease model may be useful
for investigation of dysregulation of developmen-
tal programmes due to pertubations in the
expression of soluble factors such as cytokines
and neutrophins.

Mouse model
Mice are readily infected and have high titres of
the virus in the brain [69]. Until recently mice
were considered to be relatively resistant to
disease; however, two reports indicate that disease
can be induced by adaptation of virus through
multiple passages in mice [70] or infection of
speci®c host strains (MRL mice) during the
neonatal period [68]. As in rats, severe clinical
disease is mediated by MHC class I restricted
cytotoxic T-cells [68].

Prosimians and non-human primates
Little is known about BDV pathogenesis in
phylogenetically higher species such as non-
human primates and the prosimian tree shrews
(Tupaia glis). Intracerebral inoculation of tree
shrews leads to persistent infections and a
disorder characterised primarily by hyperactivity
and alterations in sociosexual behaviour rather
than motor dysfunction [76]. Disturbances in
breeding and social behaviour were most pro-
found in animals caged in mating pairs. Females,
rather than males initiated mating, and infected
animals failed to reproduce despite increased

sexual activity. Although detailed neuroanatomi-
cal studies were not performed, the syndrome was
interpreted to be due to neuropathological
changes in the limbic system.

The only reported studies of experimentally
infected primates employed adult Rhesus maca-
ques (Macaca mulatta). These animals were initially
hyperactive and subsequently became apathetic
and hypokinetic. Pathology was remarkable for
meningoencephalitis and retinopathy [80].

IMMUNE RESPONSE AND BDV
PERSISTENCE IN THE CNS
Neurotropism affords BDV an opportunity to
persist in an environment characterised by a
restricted immune response. However, this does
not re¯ect a failure to induce an immune response.
Indeed, humoral immunity appears responsible
for con®ning infection to the CNS [103] while
cellular immunity is essential for expression of
classical disease. Early studies of BD reported a
correlation between the severity of meningoence-
phalitis and the clinical manifestations of disease
[123]. The ®rst direct evidence for the role of the
immune response in the pathogenesis of BD
emerged from studies in which splenectomised
rhesus monkeys became persistently infected but
had prolonged incubation periods and less severe
disease compared with immune-competent ani-
mals [80,81]. Experiments with infected athymic
rats or adult rats immunosuppressed by treatment
with cyclophosphamide and cyclosporin A
[93,124,126] provided further evidence that BD is
immune-mediated.

In acute BD, CNS in®ltrates are comprised of
macrophages, CD4+ T lymphocytes, CD8+ T
lymphocytes, NK cells and to a lesser extent,
plasma cells [106,127]. Antibodies to CD4 and
CD8 markers were initially used to deplete these
cells and investigate their individual contributions
to immunopathogenesis. Although depletion of
either CD4+ or CD8+ T lymphocytes ameliorated
the in¯ammatory response in the brain and the
severity of acute clinical disease [128,129], only
depletion of CD8+ cells was found to reduce brain
atrophy [130]. While these data may suggest that
CD4+ T lymphocytes are not important in BD
pathogenesis, more recent studies demonstrated
that the recruitment of CD8+ cells is dependent
on CD4+ T lymphocytes [131]. It has been argued
that neuronal cells express little or no MHC class I
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surface markers and should not be susceptible to
CD8+ CTL lysis [132]; however, both neurons and
astrocytes in BDV infected rats have been shown
to express MHC class I protein [130,133]. Further-
more, lymphocytes isolated from BD rat brain
were found to lyse infected target cells in an MHC
class I-restricted manner [133]. Adoptive transfer
experiments have been pursued with N protein-
speci®c, CD4+ T lymphocytes. Immunosup-
pressed persistently infected rats so treated had
a neurological disease that was similar, but not
identical, to BD [90].

In animals that progress to chronic BD there is a
pronounced decrease in CNS in®ltration. The
numbers of macrophages, CD4+ T lymphocytes
and CD8+ T lymphocytes in brain are markedly
reduced; however, the number of plasma cells are
increased. In contrast to the immunopathogenesis
of acute BD which has been studied extensively by
several investigators, little is known about the
basis for the decline in CNS in®ltration in chronic
infection. Potential mechanisms include altered
viral gene expression or modulation of the
immune response. The ®rst possibility is unlikely
because viral titres do not change substantively
over the course of disease [93]. In addition, brain
levels of N and P, the only BDV proteins which
can be readily quantitated, and of RNAs coding
for M, G and L [134] are similar in early and late
disease. There is, however, increasing evidence for
modulation of the immune response over the
course of BD. Recent ®ndings indicate the induc-
tion of BDV-speci®c type 1 T lymphocyte (Th1)
tolerance in chronic infection. Whereas lympho-
cytes isolated from brains of acutely infected rats
have potent cytolytic activity, lymphocytes from
brains of chronically infected rats do not lyse
BDV-infected target cells [135]. Induction of BDV-
speci®c tolerance in chronic infection may re¯ect
the timecourse for presentation of viral antigens in
the thymus [54]. Alternatively, Th1 cells may
become anergic or undergo apoptosis due to
presentation of BDV antigens in brain without
essential costimulatory signals [136-138]. Support
for this hypothesis is found in the observation that
apoptosis of perivascular in¯ammatory cells is
most apparent at 5±6 weeks post infection,
coincident with the onset of decline in encephalitis
[139].

Variability in cytokine expression in brain over
the course of BD may also be important for

modulation of the immune response. Cytokine
mRNA levels were measured in rat brain at
different times post-infection by RT-PCR [140],
RNase protection assay or northern hybridisation
[139]. IFNc, TNFa, IL1a and IL6 mRNAs are
transiently expressed in the acute phase of the
disease [139,140]. The message for another pro-
in¯ammatory cytokine, IL2, was detected by
RT-PCR experiments throughout infection [140];
however, RNase protection assays revealed that
IL2 mRNA peaks in the acute phase of infection
and declines thereafter [139]. IL2 and IFNc are
produced by Th1 cells for recruitment and activa-
tion of CTL and stimulation of antigen presenting
cells [141]. The peak in CNS levels of these
proin¯ammatory cytokine mRNAs in acute BD is
temporally correlated with the peak of the
immune cell in®ltration. Cytokines produced by
type 2 T lymphocytes (Th2), such as IL4, have the
potential to downregulate the cellular immune
response. IL4 mRNA levels are elevated through-
out the course of BD, but increased in the chronic
phase of infection [139]. IL10 mRNA, as measured
by semiquantitative RT-PCR, peaks in the acute
phase of BD and declines thereafter [139]. As in
experimental allergic encephalomyelitis [142], the
peak in IL10 mRNA expression is correlated with
a shift away from CNS recruitment of immune
cells. The high levels of IL4, IL6 and IL10 mRNAs
observed in acute BD are likely to contribute to B
cell activation. Indeed, in rats, progression toward
the chronic phase of disease is accompanied by an
increase in brain levels of BDV-speci®c antibodies
[139].

The cytokine pro®le in chronic BD is consistent
with modulation of the CNS immune response to
reduce Th1 T cell activation and increase the Th2

humoral response. TGFb mRNA expression is
elevated in BD-rat brain from the onset of acute
disease [139] and its presence in chronic BD is
compatible with a Th2 response. TGFb has
potential to mediate inhibition of the pro-
in¯ammatory effects of TNFa, suppression of T
and B cell growth, reduction of free radical
formation and inhibition of antibody production
and CTL activity [143,144]. Experimental admin-
istration of TGFb to BD-rats reduced the severity
of encephalitis but did not prevent the onset of
acute disease; thus, the role of TGFb in BD
pathogenesis remains unclear [145].

The basis for the Th1 to Th2 switch in BD is a
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matter only for speculation. There are no data to
indicate whether presentation of antigen on MHC
class I is insuf®cient or activation of the Th1 cells is
inef®cient due to inadequate costimulation. How-

ever, the result of this switch is consistent with
induction of Th1 down-regulation, an event that
would allow survival of the host and foster viral
persistence.

Table 1. Serum immunoreactivity to BDV in subjects with various diseases

Prevalence

Disease Disease Control Assay Reference

Psychiatric (various) 0.6% (4/694) 0% (0/200) IFA [154]
2% (13/642) 2% (11/540) IFA [155]
4±7% (200-350/5000) 1% (10/1000) WB/IFA [156]
12% (6/49) IFA [157]
30% (18/60) WB [158]
14% (18/132) 1.5% (3/203) WB [159]
24% (13/55) 11% (4/36) IFA [160]
0% (0/44) 0% (0/70) IFA/WB [161]

Affective disorders 4.5% (12/265) 0% (0/105) IFA [162]
4%(12/285) 0%(0/200) IFA [154]
38% or 12%

(53 or 17/138)
16% or 4%

(19 or 5/117)
WB (N or P) [163]

37% (10/27) IFA [157]
12% (6/52) 1.5% (3/203) WB [159]
0%±0.8% (0-1/122) 0% (0/70) IFA/WB [161]
3.6% (9/251) 1.1% (10/917) ECIA [164]

Major depression 6.3% (2/32) 0% (0/28) [152]
Schizophrenia 25% (1/4) IFA [157]

9%±28%
(8 or 25/90)

0%±20%
(0 or 4/20)

WB (N or P) [165]

17% (15/90) 15% (3/20) IFA [165]
14% (16/114) 1.5% (3/203) WB [159]
20% (2/10) WB [166]
0%±1% (0±2/167) 0% (0/70) IFA/WB [161]
3% (26/845) 1.1% (10/917) ECIA [164]

CFS 24% (6/25) WB [167]
0% (0/75) 1.1% (10/917) ECIA [164]
0% (0/169) 0% (0/62) ELISA/WB [168]
100% (7/7) [169]

MS 13% (15/114) 2.3% (11/483) IP/IFA [170]
0% (0/50) IFA [171]

HIV positive 7.8% (36/460) 2.0% (11/540) IFA [155]
8.1% (61/751) 2.3% (11/483) IP/IFA [170]
0% (0/85) 1.1% (10/917) ECIA [164]

Schisto/malaria 9.8% (19/193) 2.3% (11/483) IP/IFA [170]

IFA, immuno¯uorescence assay; WB, western immunoblot; ECIA, electrochemiluminescence immunoassay; IP,
immunoprecipitation; CFS, chronic fatigue syndrome; MS, multiple sclerosis; LAP, lymphadenopathy; Schisto/
malaria, schistosomiasis or malaria; N, nucleoprotein; P, phosphoprotein.
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BDV AND HUMAN DISEASE
Recognition of BDV's broad experimental host
range and the observation that disturbances in
behaviours in experimentally infected animals are
reminiscent of some aspects of human neuropsy-
chiatric diseases including major depressive dis-
order, bipolar disorder, schizophrenia and autism,
led to the proposal that BDV might be implicated
in their pathogenesis. Although there is consensus
that humans are likely to be susceptible to
BDV infection, the epidemiology and clinical

consequences of human infection remain contro-
versial. There have been no large controlled
prevalence studies. Furthermore, methods for
diagnosis of human infection are not standar-
dised; thus, it is dif®cult to pursue meta-analysis.

Epidemiological studies are complicated by a
combination of properties of BDV replication: (i)
The humoral immune response is often weak and
assays for detection of antibodies speci®c for viral
antigens (indirect immuno¯uorescence with
infected cells; western immunoblot or EIA with

Table 2. BDV nucleic acid in subjects with various diseases

Prevalence

Disease Tissue Disease Controls Divergencea Reference

Psychiatric (various) PBMC 67% (4/6) 0% (0/10) 0%±3.6% [172]
PBMC 37% (22/60) [158]
PBMC 42% (5/12) 0% (0/23) 0%±4.0% [159]
PBMCb 9% (3/33) 0% (0/5) 0.07%±0.83% [148,173]
PBMC 2% (2/106) 0% (0/12) [161]
PBMC 0% (0/24) 0% (0/4) [166]

Affective disorders PBMC 33% (1/3) 0% (0/23) [159]
PBMC 17% (1/6) 0% (0/36) [160]
Brain 40% (2/5) 0% (0/10) [174]
PBMC 4% (2/49) 2% (2/84) 0%±5.1% [175]
PBMC 0% (0/33) [176]
Brain 0% (0/11) [177]

Schizophrenia Brain 0% (0/3) 0% (0/3) [178]
CSF 0% (0/8) 0% (0/8) [178]
PBMC 0% (0/7) 0% (0/7) [178]
PBMC 64% (7/11) 0% (0/23) [159]
PBMC 10% (5/49) 0% (0/36) [160]
PBMC 100% (3/3) 4.2%±9.3% [179]
PBMC 0% (0/10) 0% (0/10) [166]
Brain 53% (9/17) 0% (0/10) [174]
PBMC 4% (3/77) 2% (2/84) 0%±5.1% [175]
PBMC 13.5% (10/74) 1.4% (1/69) [180]
PBMC 0% (0/39) [176]
Brain 0% (0/13) [177]

CFS PBMC 12% (7/57) [181]
PBMC 12% (3/25) 6.0%±14% [167]
PBMC 0% (0/18) [168]
PBMC 1/1 3.8% [182]

Hippocampal sclerosis Brain 80% (4/5) [173,177]
Normal controls PBMC 5% (8/172) [183]

Brain 6.7% (2/30) [184]

CFS, chronic fatigue syndrome. a Divergence of P-gene nucleotide sequence from common BDV isolates (strain V and
He/80). b PBMC-coculture.
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extracts of infected cells or recombinant proteins)
are sometimes performed close to background
levels. (ii) Even in the acute phase of infection
BDV replicates to low titres [91] and may not be
uniformly distributed throughout the brain
[91,146]. These factors may confound the recovery
of virus isolates and the detection of BDV gene
products by in situ hybridisation or histochemis-
try. (iii) Detection of BDV in the periphery is also
dif®cult. Neutralising antibodies con®ne BDV to
the CNS [103]; however, BDV gene products have
been detected in PBMC of infected ungulates and
rodents and are reported by some investigators in
either mononuclear cells or an as yet unde®ned
cell that puri®es with granulocytes in Ficoll
preparations [147]. Those investigators who
report detection of BDV nucleic acids in blood
cells have employed nested RT-PCR, a method
that is exquisitely sensitive to contamination
artifact. Unfortunately, ampli®cation products
representing bona ®de isolates cannot be readily
distinguished from laboratory strains by sequence
analysis because BDV is characterised by extra-
ordinary sequence conservation [4,5]. Thus, simi-
larities in sequence between putative new isolates
and con®rmed isolates cannot be used to exclude
the former as artifacts. The extent to which
sequence conservation in BDV represents
enhanced polymerase ®delity, or more likely,
selective environmental pressures is unknown.

Most reports suggesting an association between
BDV and human disease have focused on neu-
ropsychiatric disorders including unipolar depres-
sion, bipolar disorder, or schizophrenia; however,
BDV has also been linked to chronic fatigue
syndrome, AIDS encephalopathy, multiple sclero-
sis, motor neuron disease, panic disorders and
brain tumours (glioblastoma multiforme) (Tables 1
and 2). The improbably broad spectrum of
candidate disorders has led some investigators to
propose that infection is ubiquitous and that in
some disorders, elevation of serum antibody titres
or the presence of viral transcripts in PBMC or
neural tissues re¯ects generalised (AIDS) or
localised (glioblastoma multiforme) immuno-
suppression.

There are only infrequent reports where infec-
tious virus has been isolated from humans [147-
150] or in which BDV gene products were found
in human brain by in situ hybridisation and
immunohistochemistry [150-152]. Phylogenetic

analysis of some reported sequences from
human isolates is consistent with the notion that
laboratory contamination has occurred during the
extended co-cultivation periods required to
recover BDV from samples with low viral titres
[153].

Multicentre controlled studies are in progress to
assess the epidemiology of human Bornavirus
infection. Whether BDV will be demonstrated to
be an important human pathogen remains to be
determined; nonetheless, this unusual pathogen
has already provided intriguing insights into
molecular virology and models for investigating
mechanisms by which CNS infections and immu-
nity can result in disturbances of brain develop-
ment and behaviour.

ACKNOWLEDGEMENTS
We thank Carolyn Hatalski, Herbert WeissenboÈck
and Mady Hornig for histological ®gures.

REFERENCES
1. Briese T, Schneemann A, Lewis AJ, et al. Genomic

organization of Borna disease virus. Proc Natl Acad
Sci USA 1994; 91: 4362±4366.

2. Cubitt B, Oldstone C, de la Torre JC. Sequence and
genome organization of Borna disease virus. J Virol
1994; 68: 1382±1396.

3. Holland J, Spindler K, Horodyski F, Grabau E,
Nichol S, VandePol S. Rapid evolution of RNA
genomes. Science 1982; 215: 1577±1585.

4. Schneider PA, Briese T, Zimmermann W, Ludwig
H, Lipkin WI. Sequence conservation in ®eld and
experimental isolates of Borna disease virus. J Virol
1994; 68: 63±68.

5. Binz T, Lebelt J, Niemann H, Hagenau K. Sequence
analyses of the p24 gene of Borna disease virus in
naturally infected horse, donkey and sheep. Virus
Res 1994; 34: 281±289.

6. Nowotny N, Kolodziejek J, Jehle CO, Suchy A,
Staeheli P, Schwemmle M. Isolation and character-
ization of a new subtype of borna disease virus.
J Virol 2000; 74: 5655±5658.

7. Wehner T, Ruppert A, Herden C, Frese K, Becht H,
Richt JA. Detection of a novel Borna disease virus-
encoded 10 kDa protein in infected cells and
tissues. J Gen Virol 1997; 78: 2459±2466.

8. Briese T, de la Torre JC, Lewis A, Ludwig H,
Lipkin WI. Borna disease virus, a negative-strand
RNA virus, transcribes in the nucleus of infected
cells. Proc Natl Acad Sci USA 1992; 89: 11486±11489.

9. Schneemann A, Schneider PA, Kim S, Lipkin WI.
Identi®cation of signal sequences that control

50 I. Jordan and W. I. Lipkin

Copyright # 2001 John Wiley & Sons, Ltd. Rev. Med. Virol. 2001; 11: 37±57.



transcription of Borna disease virus, a nonsegmen-
ted, negative-strand RNA virus. J Virol 1994; 68:
6514±6522.

10. Banerjee AK. Transcription and replication of
rhabdoviruses. Microbiol Rev 1987; 51: 66±87.

11. Collins PL, Olmsted RA, Spriggs MK, Johnson PR,
Buckler-White AJ. Gene overlap and site-speci®c
attenuation of transcription of the viral polymerase
L gene of human respiratory syncytial virus. Proc
Natl Acad Sci USA 1987; 84: 5134±5138.

12. Schneider PA, Schneemann A, Lipkin WI. RNA
splicing in Borna disease virus, a nonsegmented,
negative-strand RNA virus. J Virol 1994; 68:
5007±5012.

13. Cubitt B, Oldstone C, Valcarcel J, de la Torre JC.
RNA splicing contributes to the generation of
mature mRNAs of Borna disease virus, a non-
segmented negative strand RNA virus. Virus Res
1994; 34: 69±79.

14. Schneider PA, Kim R, Lipkin WI. Evidence for
translation of the Borna disease virus G protein by
leaky ribosomal scanning and ribosomal reinitia-
tion. J Virol 1997; 71: 5614±5619.

15. Portlance-Walker M, Jordan I, Briese T, Fischer N,
Lipkin WI. Expression and characterization of the
Borna disease virus polymerase. J Virol 2000; 74:
4425±4428.

16. Kozak M. The scanning model for translation: an
update. J Cell Biol 1989; 108: 229±241.

17. Pyper JM, Gartner AE. Molecular basis for the
differential subcellular localization of the 38- and
39-kilodalton structural proteins of Borna disease
virus. J Virol 1997; 71: 5133±5139.

18. Kobayashi T, Shoya Y, Koda T, et al. Nuclear
targeting activity associated with the amino term-
inal region of the Borna disease virus nucleo-
protein. Virology 1998; 243: 188±197.

19. Malik TH, Kobayashi T, Ghosh M, Kishi M, Lai PK.
Nuclear localization of the protein from the open
reading frame x1 of the Borna disease virus was
through interactions with the viral nucleoprotein.
Virology 1999; 258: 65±72.

20. Schwemmle M, Salvatore M, Shi L, Richt J, Lee CH,
Lipkin WI. Interactions of the Borna disease virus
P, N, and X proteins and their functional implica-
tions. J Biol Chem 1998; 273: 9007±9012.

21. Wolff T, P¯eger R, Wehner T, Reinhardt J, Richt JA.
A short leucine-rich sequence in the Borna disease
virus p10 protein mediates association with the
viral phospho- and nucleoproteins. J Gen Virol
2000; 81 Pt 4: 939±947.

22. Malik TH, Kishi M, Lai PK. Characterization of the
P protein-binding domain on the 10-kilodalton
protein of Borna disease virus. J Virol 2000; 74:
3413±3417.

23. Salvatore M, O'Neill RE, Schwemmle M, Palese P,
Lipkin WI. Traf®cking of the Borna disease virus P-
and X-proteins. American Society of Virology 17th
Annual Meeting, Vancouver, British Columbia,
Canada. 1998.

24. de la Torre JC. Molecular biology of Borna disease
virus: prototype of a new group of animal viruses.
J Virol 1994; 68: 7669±7675.

25. Schwemmle M, Jehle C, Shoemaker T, Lipkin WI.
Characterization of the major nuclear localization
signal of the Borna disease virus phosphoprotein.
J Gen Virol 1999; 80: 97±100.

26. Schwemmle M, De B, Shi L, Banerjee A, Lipkin WI.
Borna disease virus P-protein is phosphorylated by
protein kinase Cepsilon and casein kinase II. J Biol
Chem 1997; 272: 21818±21823.

27. Barik S, Banerjee AK. Sequential phosphorylation
of the phosphoprotein of vesicular stomatitis virus
by cellular and viral protein kinases is essential
for transcription activation. J Virol 1992; 66:
1109±1118.

28. Saito N, Itouji A, Totani Y, et al. Cellular and
intracellular localization of epsilon-subspecies of
protein kinase C in the rat brain; presynaptic
localization of the epsilon-subspecies. Brain Res
1993; 607: 241±248.

29. Stoyloff R, Briese T, Borchers K, Zimmermann W,
Ludwig H. N-glycosylated protein(s) are important
for the infectivity of Borna disease virus (BDV).
Arch Virol 1994; 137: 405±409.

30. Schadler R, Diringer H, Ludwig H. Isolation and
characterization of a 14500 molecular weight
protein from brains and tissue cultures persistently
infected with Borna disease virus. J Gen Virol 1985;
66: 2479±2484.

31. Kliche S, Briese T, Henschen AH, Stitz L, Lipkin
WI. Characterization of a Borna disease virus
glycoprotein, gp18. J Virol 1994; 68: 6918±6923.

32. Stoyloff R, Strecker A, Bode L, Franke P, Ludwig
H, Hucho F. The glycosylated matrix protein of
Borna disease virus is a tetrameric membrane-
bound viral component essential for infection. Eur
J Biochem 1997; 246: 252±257.

33. Hatalski CG, Kliche S, Stitz L, Lipkin WI. Neu-
tralizing antibodies in Borna disease virus-infected
rats. J Virol 1995; 69: 741±747.

34. Holmes KV, Lai MMC. Coronoaviridae: the viruses
and their replication. In Fundamental Virology, 3rd
edn. Fields BN, Knipe DM, Howley PM (eds)
Lippincott-Raven: New York, 1996; 541-559.

35. Richt JA, Furbringer T, Koch A, et al. Processing of
the Borna disease virus glycoprotein gp94 by the
subtilisin-like endoprotease furin. J Virol 1998; 72:
4528±4533.

36. Schneider PA, Hatalski CG, Lewis AJ, Lipkin WI.

Borna disease virus 51

Copyright # 2001 John Wiley & Sons, Ltd. Rev. Med. Virol. 2001; 11: 37±57.



Biochemical and functional analysis of the
Borna disease virus G protein. J Virol 1997; 71:
331±336.

37. Gonzalez-Dunia D, Cubitt B, Grasser FA, de la
Torre JC. Characterization of Borna disease virus
p56 protein, a surface glycoprotein involved in
virus entry. J Virol 1997; 71: 3208±3218.

38. von Sind JB.Der im Feld und auf der Reise geschwind
heilende Pferdearzt, welcher einen gruÈndlichen Unter-
richt von den gewoÈhnlichsten Krankheiten der Pferde im
Feld und auf der Reise wie auch einen auserlesenen
Vorrath der nuÈ tzlichsten und durch die Erfahrung
bewaÈhrtesten Heilungsmitteln eroÈffnet. 2. Au¯age
Frankfurt und Leipzig, Germany: bey Heinrich
Ludwig BoÈnner, 1767.

39. Narayan O, Herzog S, Frese K, Scheefers H, Rott R.
Pathogenesis of Borna disease in rats: immune-
mediated viral ophthalmoencephalopathy causing
blindness and behavioral abnormalities. J Infect Dis
1983; 148: 305±315.

40. Carbone KM, Trapp BD, Grif®n JW, Duchala CS,
Narayan O. Astrocytes and Schwann cells are
virus-host cells in the nervous system of rats with
Borna disease. J Neuropathol Exp Neurol 1989; 48:
631±644.

41. Carbone KM, Moench TR, Lipkin WI. Borna
disease virus replicates in astrocytes, Schwann
cells and ependymal cells in persistently infected
rats: location of viral genomic and messenger
RNAs by in situ hybridization. J Neuropathol Exp
Neurol 1991; 50: 205±214.

42. Rott R, Becht H. Natural and experimental Borna
disease in animals. Curr Top Microbiol Immunol
1995; 190: 17±30.

43. Ihlenburg H, Brehmer H. Beitrag zur latenten
Borna-Erkrankung des Pferdes. Monatsh Vet Med
1964; 19: 463±465.

44. Lange H, Herzog S, Herbst W, Schliesser T.
Seroepidemiologische Untersuchungen zur Bor-
naschen Krankheit der Pferde. TieraÈrztl. Umschau
1987; 42: 938±946.

45. Nakamura Y, Kishi M, Nakaya T, et al. Demonstra-
tion of Borna disease virus RNA in peripheral
blood mononuclear cells from healthy horses in
Japan. Vaccine 1995; 13: 1076±1079.

46. Matthias D. Der Nachweis von latent in®zierten
Pferden, Schafen und Rindern und deren Bedeu-
tung als Virusreservoir bei der Borna'schen Kran-
kheit. Arch Exp Vet Med 1954; 8: 506±511.

47. Hagiwara K, Kawamoto S, Takahashi H, et al. High
prevalence of Borna disease virus infection in
healthy sheep in Japan. Clin Diagn Lab Immunol
1997; 4: 339±344.

48. Nakamura Y, Asahi S, Nakaya T, et al. Demonstra-
tion of Borna disease virus RNA in peripheral

blood mononuclear cells derived from domestic
cats in Japan. J Clin Microbiol 1996; 34: 188±191.

49. Kao M, Hamir AN, Rupprecht CE, et al. Detection
of antibodies against Borna disease virus in sera
and cerebrospinal ¯uid of horses in the USA. Vet
Rec 1993; 132: 241±244.

50. Durrwald R, Ludwig H. Borna disease virus
(BDV), a (zoonotic?) worldwide pathogen. A
review of the history of the disease and the virus
infection with comprehensive bibliography. Zen-
tralbl Veterinarmed [B] 1997; 44: 147±184.

51. Joest E, Semmler W. Weitere Untersuchungen uÈ ber
die seuchenhafte Gehirn-RuÈ ckenmarksentzuÈ ndung
(Bornasche Krankheit) des Pferdes mit besonderer
BeruÈ cksichtigung des Infektionsweges und der
KerneinschluÈ sse. Z Inf Krkh Haustiere 1911; 10:
293±320.

52. Ludwig H, Bode L, Gosztonyi G. Borna disease: a
persistent virus infection of the central nervous
system. Prog Med Virol 1988; 35: 107±151.

53. Sierra-Honigmann AM, Rubin SA, Estafanous MG,
Yolken RH, Carbone KM. Borna disease virus in
peripheral blood mononuclear and bone marrow
cells of neonatally and chronically infected rats.
J Neuroimmunol 1993; 45: 31±36.

54. Rubin SA, Sierra-Honigmann AM, Lederman HM,
Waltrip RW, 2nd, Eiden JJ, Carbone KM. Hemato-
logic consequences of Borna disease virus infection
of rat bone marrow and thymus stromal cells. Blood
1995; 85: 2762±2769.

55. Tsujimura K, Mizutani T, Kariwa H, et al. A
serosurvey of Borna disease virus infection in
wild rats by a capture ELISA. J Vet Med Sci 1999;
61: 113±117.

56. Hagiwara K, Kamitani W, Takamura S, et al.
Detection of Borna disease virus in a pregnant
mare and her fetus. Vet Microbiol 2000; 72: 207±216.

57. Heinig . Die Bornasche Krankheit der Pferde und
Schafe. In Handbuch der Virusinfektionen bei Tieren.
Vol. 4. RoÈhrer H (ed) Fischer: Jena, 1969; 83-148.

58. Caplazi P, Waldvogel A, Stitz L, Braun U,
Ehrensperger F. Borna disease in naturally infected
cattle. J Comp Pathol 1994; 111: 65±72.

59. Metzler A, Ehrensperger F, Wyler R. Natural Borna
virus infection in rabbits. Zentralbl Veterinarmed [B]
1978; 25: 161±164.

60. Weissenbock H, Nowotny N, Caplazi P, Kolodzie-
jek J, Ehrensperger F. Borna disease in a dog with
lethal meningoencephalitis. J Clin Microbiol 1998;
36: 2127±2130.

61. Malkinson M, Weisman Y, Perl S, Ashash E. A
Borna-like disease of ostriches in Israel. Curr Top
Microbiol Immunol 1995; 190: 31±38.

62. Berg AL, Berg M. A variant form of feline Borna
disease. J Comp Pathol 1998; 119: 323±331.

52 I. Jordan and W. I. Lipkin

Copyright # 2001 John Wiley & Sons, Ltd. Rev. Med. Virol. 2001; 11: 37±57.



63. Nakamura Y, Watanabe M, Kamitani W, et al. High
prevalence of Borna disease virus in domestic cats
with neurological disorders in Japan. Vet Microbiol
1999; 70: 153±169.

64. Reeves NA, Helps CR, Gunn-Moore DA, et al.
Natural Borna disease virus infection in cats in the
United Kingdom. Vet Rec 1998; 143: 523±526.

65. Lundgren AL, Ludwig H. Clinically diseased cats
with non-suppurative meningoencephalomyelitis
have Borna disease virus-speci®c antibodies. Acta
Vet Scand 1993; 34: 101±103.

66. Lundgren AL, Zimmermann W, Bode L, et al.
Staggering disease in cats: isolation and character-
ization of the feline Borna disease virus. J Gen Virol
1995; 76: 2215±2222.

67. Nowotny N, Weissenbock H. Description of feline
nonsuppurative meningoencephalomyelitis (stag-
gering disease) and studies of its etiology. J Clin
Microbiol 1995; 33: 1668±1669.

68. Hallensleben W, Schwemmle M, Hausmann J, et al.
Borna disease virus-induced neurological disorder
in mice: infection of neonates results in immuno-
pathology. J Virol 1998; 72: 4379±4386.

69. Kao M, Ludwig H, Gosztonyi G. Adaptation of
Borna disease virus to the mouse. J Gen Virol 1984;
65: 1845±1849.

70. Rubin SA, Waltrip RWD, Bautista JR, Carbone KM.
Borna disease virus in mice: host-speci®c differ-
ences in disease expression. J Virol 1993; 67:
548±552.

71. Anzil AP, Blinzinger K, Mayr A. Persistent Borna
virus infection in adult hamsters. Arch Gesamte
Virusforsch 1973; 40: 52±57.

72. Nakamura Y, Nakaya T, Hagiwara K, et al. High
susceptibility of Mongolian gerbil (Meriones ungui-
culatus) to Borna disease virus. Vaccine 1999; 17:
480±489.

73. Zwick W, Seifried O. UÈ bertragbarkeit der seuchen-
haften GehirnruÈ ckenmarksentzuÈ ndung des Pferdes
(Bornasche Krankheit) auf kleine Versuchstiere
(Kaninchen). Berl Tierarztl Wochenschr 1925; 41:
129±132.

74. Krey H, Ludwig H, Rott R. Spread of infectious
virus along the optic nerve into the retina in Borna
disease virus-infected rabbits. Arch Virol 1979; 61:
283±288.

75. Krey HF, Ludwig H, Boschek CB. Multifocal
retinopathy in Borna disease virus infected rabbits.
Am J Ophthalmol 1979; 87: 157±164.

76. Sprankel H, Richarz K, Ludwig H, Rott R. Behavior
alterations in tree shrews (Tupaia glis, Diard 1820)
induced by Borna disease virus. Med Microbiol
Immunol (Berl) 1978; 165: 1±18.

77. Zwick W, Seifried O, Witte J. Weitere Unter-
suchungen uÈ ber die Gehirn-RuÈ ckenmarksenzt-

zuÈ ndung der Pferde (Bornasche Krankheit). Z Inf
Krkh. Haustiere 1928; 32: 150±179.

78. Pette H, KoÈrnyey S. UÈ ber die Pathogenese und
Pathologie der Bornaschen Krankheit im Tier-
experiment. Dt Z Nervenheilk 1935; 136: 20±65.

79. Krey HF, Stitz L, Ludwig H. Virus-induced
pigment epithelitis in rhesus monkeys. Clinical
and histological ®nds. Ophthalmologica 1982; 185:
205±213.

80. Stitz L, Krey H, Ludwig H. Borna disease in rhesus
monkeys as a models for uveo-cerebral symptoms.
J Med Virol 1981; 6: 333±340.

81. CervoÂs-Navarro J, Roggendorf W, Ludwig H,
Stitz H. Die Borna-Krankheit beim Affen unter
besonderer BeruÈ cksichtigung der encephalitischen
Reaktion. Verh Dtsch Ges Pathol 1981; 65: 208±212.

82. Zwick W, Seifried O, Witte J. Experimentelle
Untersuchungen uÈ ber die Gehirn- und RuÈ cken-
marksentzuÈ ndung der Pferde (Bornasche Kran-
kheit). Z Inf Krkh Haustiere 1927; 30: 42±136.

83. Cizza G, Sternberg EM. The role of the hypo-
thalamic±pituitary±adrenal axis in susceptibility
to autoimmune/in¯ammatory disease. Immuno-
methods 1994; 5: 73±78.

84. Sternberg EM, Wilder RL, Gold PW, Chrousos GP.
A defect in the central component of the immune
system±hypothalamic±pituitary±adrenal axis feed-
back loop is associated with susceptibility to
experimental arthritis and other in¯ammatory
diseases. Ann N Y Acad Sci 1990; 594: 289±292.

85. Herzog S, Frese K, Rott R. Studies on the genetic
control of resistance of black hooded rats to Borna
disease. J Gen Virol 1991; 72: 535±540.

86. Nitzschke E. Untersuchungen uÈ ber die experimen-
telle Bornavirus-Infektion bei der Ratte. Zentralbl
Vet Med B. 1963; 10: 470±527.

87. Steinbach F. Isolierung und Charakterisierung
equiner peripherer Blutmonozyten und ihre Bedeu-
tung fuÈ r Herpes (EHV-1-) und Borna (BDV-)
Virusinfektionen. Iaugural-Dissertation (Dr. med.
vet.) Freie UniversitaÈt Berlin, Germany 1994.

88. Morales JA, Herzog S, Kompter C, Frese K, Rott R.
Axonal transport of Borna disease virus along
olfactory pathways in spontaneously and experi-
mentally infected rats. Med Microbiol Immunol 1988;
177: 51±68.

89. Carbone KM, Duchala CS, Grif®n JW, Kincaid AL,
Narayan O. Pathogenesis of Borna disease in rats:
evidence that intra-axonal spread is the major
route for virus dissemination and the determinant
for disease incubation. J Virol 1987; 61: 3431±3440.

90. Richt JA, Stitz L, Wekerle H, Rott R. Borna disease,
a progressive meningoencephalomyelitis as a
model for CD4+ T cell-mediated immunopathol-
ogy in the brain. J Exp Med 1989; 170: 1045±1050.

Borna disease virus 53

Copyright # 2001 John Wiley & Sons, Ltd. Rev. Med. Virol. 2001; 11: 37±57.



91. Gosztonyi G, Dietzschold B, Kao M, Rupprecht CE,
Ludwig H, Koprowski H. Rabies and Borna
disease. A comparative pathogenetic study of two
neurovirulent agents. Lab Invest 1993; 68: 285±295.

92. Sasaki S, Ludwig H. In Borna disease virus
infected rabbit neurons 100 nm particle structures
accumulate at areas of Joest-Degen inclusion
bodies. Zentralbl Veterinarmed [B] 1993; 40: 291±297.

93. Narayan O, Herzog S, Frese K, Scheefers H, Rott R.
Behavioral disease in rats caused by immuno-
pathological responses to persistent Borna virus in
the brain. Science 1983; 220: 1401±1403.

94. Solbrig MV, Koob GF, Fallon JH, Lipkin WI.
Tardive dyskinetic syndrome in rats infected with
Borna disease virus. Neurobiol Dis 1994; 1: 111±119.

95. Herden C, Herzog S, Richt JA, et al. Distribution of
Borna disease virus in the brain of rats infected
with an obesity-inducing virus strain. Brain Pathol
2000; 10: 39±48.

96. Solbrig MV, Fallon JH, Lipkin WI. Behavioral
disturbances and pharmacology of Borna disease.
Curr Top Microbiol Immunol 1995; 190: 93±101.

97. Solbrig MV, Koob GF, Fallon JH, Reid S, Lipkin
WI. Prefrontal cortex dysfunction in Borna disease
virus (BDV)-infected rats. Biol Psychiatry 1996; 40:
629±636.

98. Solbrig MV, Koob GF, Joyce JN, Lipkin WI. A
neural substrate of hyperactivity in Borna disease:
changes in brain dopamine receptors. Virology
1996; 222: 332±338.

99. Solbrig MV, Koob GF, Lipkin WI. Cocaine sensi-
tivity in Borna disease virus-infected rats. Pharma-
col Biochem Behav 1998; 59: 1047±1052.

100. Lipkin WI, Carbone KM, Wilson MC, Duchala CS,
Narayan O, Oldstone MB. Neurotransmitter
abnormalities in Borna disease. Brain Res 1988;
475: 366±370.

101. Gies U, Bilzer T, Stitz L, Staiger JF. Disturbance of
the cortical cholinergic innervation in Borna
disease prior to encephalitis. Brain Pathol 1998; 8:
39±48.

102. Solbrig MV, Koob GF, Lipkin WI. Naloxone-
induced seizures in rats infected with Borna
disease virus. Neurology 1996; 46: 1170±1171.

103. Stitz L, Noske K, Planz O, Furrer E, Lipkin WI,
Bilzer T. A functional role for neutralizing anti-
bodies in Borna disease: in¯uence on virus tropism
outside the central nervous system. J Virol 1998; 72:
8884±8892.

104. Hatalski CG, Hickey WF, Lipkin WI. Humoral
immunity in the central nervous system of
Lewis rats infected with Borna disease virus.
J Neuroimmunol 1998; 90: 128±136.

105. Ludwig H, Thein P. Demonstration of speci®c
antibodies in the central nervous system of horses

naturally infected with Borna disease virus. Med
Microbiol Immunol (Berl) 1977; 163: 215±226.

106. Deschl U, Stitz L, Herzog S, Frese K, Rott R.
Determination of immune cells and expression of
major histocompatibility complex class II antigen
in encephalitic lesions of experimental Borna
disease. Acta Neuropathol 1990; 81: 41±50.

107. Gosztonyi G, Ludwig H. Borna diseaseÐneuro-
pathology and pathogenesis. Curr Top Microbiol
Immunol 1995; 190: 39±73.

108. Bautista JR, Schwartz GJ, De La Torre JC, Moran
TH, Carbone KM. Early and persistent abnormal-
ities in rats with neonatally acquired Borna disease
virus infection. Brain Res Bull 1994; 34: 31±40.

109. Carbone KM, Park SW, Rubin SA, Waltrip RW,
2nd, Vogelsang GB. Borna disease: association with
a maturation defect in the cellular immune
response. J Virol 1991; 65: 6154±6164.

110. Bautista JR, Rubin SA, Moran TH, Schwartz GJ,
Carbone KM. Developmental injury to the cere-
bellum following perinatal Borna disease virus
infection. Brain Res Dev Brain Res 1995; 90: 45±53.

111. Dittrich W, Bode L, Ludwig H, Kao M, Schneider
K. Learning de®ciencies in Borna disease virus-
infected but clinically healthy rats. Biol Psychiatry
1989; 26: 818±828.

112. Pletnikov MV, Rubin SA, Vasudevan K, Moran
TH, Carbone KM. Developmental brain injury
associated with abnormal play behavior in neo-
natally Borna disease virus-infected Lewis rats:
a model of autism. Behav Brain Res 1999; 100:
43±50.

113. Monjan AA, Cole GA, Gilden DH, Nathanson N.
Pathogenesis of cerebellar hypoplasia produced by
lymphocytic choriomeningitis virus infection of
neonatal rats. 1. Evolution of disease following
infection at 4 days of age. J Neuropathol Exp Neurol
1973; 32: 110±124.

114. Monjan AA, Gilden DH, Cole GA, Nathanson N.
Cerebellar hypoplasia in neonatal rats caused by
lymphocytic choriomeningitis virus. Science 1971;
171: 194±196.

115. Oster-Granite ML, Herndon RM. The pathogenesis
of parvovirus-induced cerebellar hypoplasia in the
Syrian hamster, Mesocricetus auratus. Fluorescent
antibody, foliation, cytoarchitectonic, Golgi and
electron microscopic studies. J Comp Neurol 1976;
169: 481±521.

116. Rubin SA, Bautista JR, Moran TH, Schwartz GJ,
Carbone KM. Viral teratogenesis: brain develop-
mental damage associated with maturation state at
time of infection. Brain Res Dev Brain Res 1999; 112:
237±244.

117. Hornig M, WeissenboÈck H, Horscroft N, Lipkin
WI. An infection-based model of neurodevelop-

54 I. Jordan and W. I. Lipkin

Copyright # 2001 John Wiley & Sons, Ltd. Rev. Med. Virol. 2001; 11: 37±57.



mental damage. Proc Natl Acad Sci USA 1999; 96:
12102±12107.

118. Sauder C, de la Torre JC. Cytokine expression in
the rat central nervous system following perinatal
Borna disease virus infection. J Neuroimmunol 1999;
96: 29±45.

119. Gonzalez-Dunia D, Eddleston M, Mackman N,
Carbone K, de la Torre JC. Expression of tissue
factor is increased in astrocytes within the central
nervous system during persistent infection with
Borna disease virus. J Virol 1996; 70: 5812±5820.

120. Bailey A, Luthert P, Dean A, et al. A clinicopatho-
logical study of autism. Brain 1998; 121: 889±905.

121. Rapin I. Autism. N Engl J Med 1997; 337: 97±104.
122. Teitelbaum P, Teitelbaum O, Nye J, Fryman J,

Maurer RG. Movement analysis in infancy may be
useful for early diagnosis of autism. Proc Natl Acad
Sci USA 1998; 95: 13982±13987.

123. Zwick W. Bornasche Krankheit und Enzephalo-
myelitis der Tiere. In Handbuch der Viruskrankheiten,
Vol. 2. Gildemeister E, Haagen E, Waldmann O,
(eds). Fischer Verlag: Jena, 1939; 254-354.

124. Herzog S, Wonigeit K, Frese K, Hedrich HJ, Rott R.
Effect of Borna disease virus infection on athymic
rats. J Gen Virol 1985; 66: 503±508.

125. Stitz L. Immune intervention in Borna disease.
TieraÈrztliche Praxis 1991; 19: 509±514.

126. Stitz L, Soeder D, Deschl U, Frese K, Rott R.
Inhibition of immune-mediated meningoencepha-
litis in persistently Borna disease virus-infected
rats by cyclosporine A. J Immunol 1989; 143:
4250±4256.

127. Bilzer T, Planz O, Lipkin WI, Stitz L. Presence of
CD4+ and CD8+ T cells and expression of MHC
class I and MHC class II antigen in horses with
Borna disease virus-induced encephalitis. Brain
Pathol 1995; 5: 223±230.

128. Planz O, Bilzer T, Stitz L. Immunopathogenic role
of T-cell subsets in Borna disease virus-induced
progressive encephalitis. J Virol 1995; 69: 896±903.

129. Stitz L, Sobbe M, Bilzer T. Preventive effects of
early anti-CD4 or anti-CD8 treatment on Borna
disease in rats. J Virol 1992; 66: 3316±3323.

130. Bilzer T, Stitz L. Immune-mediated brain atrophy.
CD8+ T cells contribute to tissue destruc-
tion during Borna disease. J Immunol 1994; 153:
818±823.

131. NoÈske K, Bilzer T, Planz O, Stitz L. Virus-speci®c
CD4+ T cells eliminate Borna disease virus from
the brain via induction of cytotoxic CD8+ T cells.
J Virol 1998; 72: 4387±4395.

132. Joly E, Mucke L, Oldstone MB. Viral persistence in
neurons explained by lack of major histocompat-
ibility class I expression. Science 1991; 253:
1283±1285.

133. Planz O, Bilzer T, Sobbe M, Stitz L. Lysis of
major histocompatibility complex class I-bearing
cells in Borna disease virus-induced degene-
rative encephalopathy. J Exp Med 1993; 178:
163±174.

134. Hatalski CG. Alterations in the Immune Response
within the Central Nervous System of Rats Infected
with Borna Disease Virus: Potential Mechanisms
for Viral Persistence. Ph.D. thesis University of
California, Irvine, 1996.

135. Sobbe M, Bilzer T, Gommel S, Noske K, Planz O,
Stitz L. Induction of degenerative brain lesions
after adoptive transfer of brain lymphocytes from
Borna disease virus-infected rats: presence of
CD8+ T cells and perforin mRNA. J Virol 1997;
71: 2400±2407.

136. Karpus WJ, Peterson JD, Miller SD. Anergy in vivo:
down-regulation of antigen-speci®c CD4+ Th1 but
not Th2 cytokine responses. Int Immunol 1994; 6:
721±730.

137. Khoury SJ, Akalin E, Chandraker A, et al. CD28-B7
costimulatory blockade by CTLA4Ig prevents
actively induced experimental autoimmune ence-
phalomyelitis and inhibits Th1 but spares Th2
cytokines in the central nervous system. J Immunol
1995; 155: 4521±4524.

138. Schwartz RH. Costimulation of T lymphocytes: the
role of CD28, CTLA-4, and B7/BB1 in interleukin-2
production and immunotherapy. Cell 1992; 71:
1065±1068.

139. Hatalski CG, Hickey WF, Lipkin WI. Evolution of
the immune response in the central nervous
system following infection with Borna disease
virus. J Neuroimmunol 1998; 90: 137±142.

140. Shankar V, Kao M, Hamir AN, Sheng H,
Koprowski H, Dietzschold B. Kinetics of virus
spread and changes in levels of several cytokine
mRNAs in the brain after intranasal infection of
rats with Borna disease virus. J Virol 1992; 66:
992±998.

141. Mosmann TR, Coffman RL. TH1 and TH2 cells:
different patterns of lymphokine secretion lead to
different functional properties. Annu Rev Immunol
1989; 7: 145±173.

142. Kennedy MK, Torrance DS, Picha KS, Mohler KM.
Analysis of cytokine mRNA expression in the
central nervous system of mice with experimental
autoimmune encephalomyelitis reveals that IL-
10 mRNA expression correlates with recovery.
J Immunol 1992; 149: 2496±2505.

143. Barnard JA, Lyons RM, Moses HL. The cell biology
of transforming growth factor beta. Biochim Biophys
Acta 1990; 1032: 79±87.

144. Fontana A, Constam DB, Frei K, Malipiero U,
P®ster HW. Modulation of the immune response

Borna disease virus 55

Copyright # 2001 John Wiley & Sons, Ltd. Rev. Med. Virol. 2001; 11: 37±57.



by transforming growth factor beta. Int Arch
Allergy Immunol 1992; 99: 1±7.

145. Stitz L, Planz O, Bilzer T, Frei K, Fontana A.
Transforming growth factor-beta modulates T cell-
mediated encephalitis caused by Borna disease
virus. Pathogenic importance of CD8+ cells and
suppression of antibody formation. J Immunol 1991;
147: 3581±3586.

146. Caplazi P, Ehrensperger F. Spontaneous Borna
disease in sheep and horses: immunophenotyping
of in¯ammatory cells and detection of MHC-I and
MHC-II antigen expression in Borna encephalitis
lesions. Vet Immunol Immunopathol 1998; 61:
203±220.

147. Planz O, Rentzsch C, Batra A, et al. Pathogenesis of
borna disease virus: granulocyte fractions of
psychiatric patients harbor infectious virus in the
absence of antiviral antibodies. J Virol 1999; 73:
6251±6256.

148. Bode L, Durrwald R, Rantam FA, Ferszt R, Ludwig
H. First isolates of infectious human Borna disease
virus from patients with mood disorders. Mol
Psychiatry 1996; 1: 200±212.

149. Nakamura Y. Isolation of Borna disease virus from
the autopsy brain of a schizophrenia patient.
Hokkaido Igaku Zasshi 1998; 73: 287±297.

150. Nakamura Y, Takahashi H, Shoya Y, et al. Isolation
of Borna disease virus from human brain tissue.
J Virol 2000; 74: 4601±4611.

151. De La Torre JC, Gonzalez-Dunia D, Cubitt B,
et al. Detection of Borna disease virus antigen
and RNA in human autopsy brain samples
from neuropsychiatric patients. Virology 1996; 223:
272±282.

152. Deuschle M, Bode L, Heuser I, Schmider J,
Ludwig H. Borna disease virus proteins in cere-
brospinal ¯uid of patients with recurrent depres-
sion and multiple sclerosis. Lancet 1998; 352:
1828±1829.

153. Schwemmle M, Jehle C, Formella S, Staeheli P.
Sequence similarities between human bornavirus
isolates and laboratory strains question human
origin. Lancet 1999; 354: 1973±1974.

154. Rott R, Herzog S, Fleischer B, et al. Detection of
serum antibodies to Borna disease virus in patients
with psychiatric disorders. Science 1985; 228:
755±756.

155. Bode L, Riegel S, Ludwig H, Amsterdam JD, Lange
W, Koprowski H. Borna disease virus-speci®c
antibodies in patients with HIV infection and
with mental disorders. Lancet 1988; 2: 689.

156. Rott R, Herzog S, Bechter K, Frese K. Borna
disease, a possible hazard for man? Arch Virol
1991; 118: 143±149.

157. Bode L, Ferszt R, Czech G. Borna disease virus

infection and affective disorders in man. Arch Virol
Suppl 1993; 7: 159±167.

158. Kishi M, Nakaya T, Nakamura Y, et al. Demonstra-
tion of human Borna disease virus RNA in human
peripheral blood mononuclear cells. FEBS Lett
1995; 364: 293±297.

159. Sauder C, Muller A, Cubitt B, et al. Detection of
Borna disease virus (BDV) antibodies and BDV
RNA in psychiatric patients: evidence for high
sequence conservation of human blood-derived
BDV RNA. J Virol 1996; 70: 7713±7724.

160. Igata-Yi R, Yamaguchi K, Yoshiki K, et al. Borna
disease virus and the consumption of raw horse
meat. Nat Med 1996; 2: 948±949.

161. Kubo K, Fujiyoshi T, Yokoyama MM, et al. Lack of
association of Borna disease virus and human T-
cell leukemia virus type 1 infections with psychia-
tric disorders among Japanese patients. Clin Diagn
Lab Immunol 1997; 4: 189±194.

162. Amsterdam JD, Winokur A, Dyson W, et al. Borna
disease virus. A possible etiologic factor in human
affective disorders? Arch Gen Psychiatry 1985; 42:
1093±1096.

163. Fu ZF, Amsterdam JD, Kao M, Shankar V,
Koprowski H, Dietzschold B. Detection of Borna
disease virus-reactive antibodies from patients
with affective disorders by western immunoblot
technique. J Affect Disord 1993; 27: 61±68.

164. Yamaguchi K, Sawada T, Naraki T, et al. Detection
of borna disease virus-reactive antibodies from
patients with psychiatric disorders and from
horses by electrochemiluminescence immuno-
assay. Clin Diagn Lab Immunol 1999; 6: 696±700.

165. Waltrip RW 2nd, Buchanan RW, Summerfelt A,
et al. Borna disease virus and schizophrenia.
Psychiatry Res 1995; 56: 33±44.

166. Richt JA, Alexander RC, Herzog S, et al. Failure to
detect Borna disease virus infection in peripheral
blood leukocytes from humans with psychiatric
disorders. J Neurovirol 1997; 3: 174±178.

167. Nakaya T, Takahashi H, Nakamura Y, et al.
Demonstration of Borna disease virus RNA in
peripheral blood mononuclear cells derived from
Japanese patients with chronic fatigue syndrome.
FEBS Lett 1996; 378: 145±149.

168. Evengard B, Briese T, Lindh G, Lee S, Lipkin WI.
Absence of evidence of Borna disease virus
infection in Swedish patients with chronic fatigue
syndrome. J Neurovirol 1999; 5: 495±499.

169. Nakaya T, Takahashi H, Nakamur Y, et al. Borna
disease virus infection in two family clusters of
patients with chronic fatigue syndrome. Microbiol
Immunol 1999; 43: 679±689.

170. Bode L, Riegel S, Lange W, Ludwig H. Human
infections with Borna disease virus: seroprevalence

56 I. Jordan and W. I. Lipkin

Copyright # 2001 John Wiley & Sons, Ltd. Rev. Med. Virol. 2001; 11: 37±57.



in patients with chronic diseases and healthy
individuals. J Med Virol 1992; 36: 309±315.

171. Kitze B, Herzog S, Rieckmann P, Poser S, Richt J.
No evidence of Borna disease virus-speci®c anti-
bodies in multiple sclerosis patients in Germany.
J Neurol 1996; 243: 660±662.

172. Bode L, Zimmermann W, Ferszt R, Steinbach F,
Ludwig H. Borna disease virus genome tran-
scribed and expressed in psychiatric patients. Nat
Med 1995; 1: 232±236.

173. de la Torre JC, Bode L, Durrwald R, Cubitt B,
Ludwig H. Sequence characterization of human
Borna disease virus. Virus Res 1996; 44: 33±44.

174. Salvatore M, Morzunov S, Schwemmle M, Lipkin
WI. Borna disease virus in brains of North
American and European people with schizophre-
nia and bipolar disorder. Bornavirus Study Group.
Lancet 1997; 349: 1813±1814.

175. Iwata Y, Takahashi K, Peng X, et al. Detection
and sequence analysis of borna disease virus
p24 RNA from peripheral blood mononuclear
cells of patients with mood disorders or schizo-
phrenia and of blood donors. J Virol 1998; 72:
10044±10049.

176. Kim YK, Kim SH, Choi SH, et al. Failure to
demonstrate Borna disease virus genome in per-
ipheral blood mononuclear cells from psychiatric
patients in Korea. J Neurovirol 1999; 5: 196±199.

177. Czygan M, Hallensleben W, Hofer M, et al. Borna
disease virus in human brains with a rare form of
hippocampal degeneration but not in brains of

patients with common neuropsychiatric disorders.
J Infect Dis 1999; 180: 1695±1699.

178. Sierra-Honigmann AM, Carbone KM, Yolken RH.
Polymerase chain reaction (PCR) search for viral
nucleic acid sequences in schizophrenia. Br J
Psychiatry 1995; 166: 55±60.

179. Kishi M, Arimura Y, Ikuta K, Shoya Y, Lai PK,
Kakinuma M. Sequence variability of Borna dis-
ease virus open reading frame II found in human
peripheral blood mononuclear cells. J Virol 1996;
70: 635±640.

180. Chen CH, Chiu YL, Shaw CK, Tsai MT, Hwang
AL, Hsiao KJ. Detection of Borna disease virus
RNA from peripheral blood cells in schizophrenic
patients and mental health workers. Mol Psychiatry
1999; 4: 566±571.

181. Kitani T, Kuratsune H, Fuke I, et al. Possible
correlation between Borna disease virus infection
and Japanese patients with chronic fatigue syn-
drome. Microbiol Immunol 1996; 40: 459±462.

182. Nowotny N, Kolodziejek J. Demonstration of
Borna disease virus nucleic acid in a patient with
chronic Fatigue syndrome. J Infect Dis 2000; 181:
1860±1861.

183. Kishi M, Nakaya T, Nakamura Y, et al. Prevalence
of Borna disease virus RNA in peripheral blood
mononuclear cells from blood donors. Med Micro-
biol Immunol (Berl) 1995; 184: 135±138.

184. Haga S, Yoshimura M, Motoi Y, et al. Detection of
Borna disease virus genome in normal human
brain tissue. Brain Res 1997; 770: 307±309.

Borna disease virus 57

Copyright # 2001 John Wiley & Sons, Ltd. Rev. Med. Virol. 2001; 11: 37±57.


