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Borna disease virus (BDV), a negative nonsegmented single-stranded RNA virus, has not been fully charac-
terized morphologically. Here we present what is to our knowledge the first data on the fine ultrastructure and
morphogenesis of BDV. The supernatant of MDCK cells persistently infected with BDV treated with n-butyrate
contained many virus-like particles and more BDV-specific RNA than that of untreated samples. The particles
were spherical, enveloped, and approximately 130 nm in diameter; had spikes 7 nm in length; and reacted with
BDV p40 antibody. A thin nucleocapsid, 4 nm in width, was present peripherally in contrast to the thick nu-
cleocapsid of hemagglutinating virus of Japan. The BDV particles reproduced by budding on the cell surface.

Borna disease virus (BDV) is the etiological agent for Borna
disease, which is a central nervous system disease character-
ized by profound behavioral abnormalities, inflammatory cell
infiltrates in the central nervous system, and accumulation of
BDV-specific proteins in the limbic system neurons (for re-
views, see references 21, 23 and 28). Though natural infection
has only been confirmed to occur in horses and sheep, the
potential host range of BDV includes other mammals and
birds (4, 24, 25). Demonstration of specific viral antigens in
patients with affective disorders suggests that BDV or a related
virus may be pathogenic to humans as well (1–3, 5, 30, 31).
More recently, BDV RNA has been frequently detected in
peripheral blood mononuclear cells from patients with neuro-
psychiatric disorders (6, 18, 19, 33) and in the brain tissue of
schizophrenics and depressives (32). The broad spectrum of
animal hosts for BDV indicates that transmission of the virus
most likely occurs via extracellular virus particles.

BDV is a negative nonsegmented single-stranded (NNS)
RNA virus with a genomic organization similar to that of other
members of the order Mononegavirales (8, 11), including the
families Paramyxoviridae, Rhabdoviridae, and Filoviridae. How-
ever, in contrast to those of other animal NNS RNA viruses,
BDV replication and transcription occur in the nucleus (7, 8,
10, 37), and BDV uses RNA splicing for the regulation of its
gene expression (12, 34, 35). These findings have led to the
classification of a new family of animal NNS RNA viruses, the
Bornaviridae (27).

Many attempts to identify BDV particles by electron micros-
copy have been made. To identify the rare virus particles in
vitro as well as in vivo, several investigators have used tech-
niques for high virus yields (15, 22, 29, 37) and purification. In
the purification techniques (22, 29), BDV particles were ob-
tained by affinity chromatography purification or lipid extrac-
tion with Freon. Therefore, these particles were condensed to
50 to 60 nm in diameter during extraction with high salt con-

centrations or were reduced in diameter due to removal of the
envelope. Pauli and Ludwig (26) developed high-yield virus
infectivity systems by the addition of salts or n-butyrate. Zim-
mermann et al. (37) used a system with a higher concentration
of salts to identify the virion of BDV as an enveloped particle
ranging from 50 to 100 nm in diameter, by electron micro-
scopic negative staining. The trials were also extended to hyper-
tonic treatment to promote the release of cell-bound viruses
(7, 15). They confirmed the presence of particles ranging from
80 to 130 nm in diameter by negative staining. However, they
did not determine the morphology, especially the inner struc-
ture, in detail. Compans et al. (9) observed intracytoplasmic
virus particles in ultrathin sections, but the fine structure and
morphogenesis of the extracellular virus have not been well
characterized.

The development of a method for higher BDV yields by
treatment with n-butyrate in Madin-Darby canine kidney
(MDCK) cells persistently infected with BDV (MDCK/BDV
cells) (26) prompted us to attempt visualization of the virus
particles by electron microscopy. Here we present the first
data, to our knowledge, on the fine ultrastructure and mor-
phogenesis of BDV cultured in cells persistently infected with
BDV.

The MDCK/BDV cell line (16) was kindly provided by
R. Rott, Justus-Liebig-Universität Giessen, Giessen, Germany.
The cells were cultured in Dulbecco’s minimum essential me-
dium (Dainippon Pharmaceutical Co. Ltd., Osaka, Japan) at
37°C for 24 h in a plastic culture flask. In order to induce the
production of BDV particles with n-butyrate, the cells were
further incubated in the same medium containing 8 mM n-
butyric acid sodium salt (Sigma, St. Louis, Mo.) at 37°C for
48 h as previously described (26). The n-butyrate-induced
MDCK/BDV (referred to as induced MDCK/BDV) cell cul-
ture and its supernatant were compared with those of unin-
duced MDCK/BDV cells and non-BDV-infected MDCK cells
cultured under the same conditions. For comparison, Molt-4
or MDCK cells were inoculated with human immunodeficiency
virus type 1 (HIV-1, strain BRU) and a paramyxovirus, hem-
agglutinating virus of Japan (HVJ) (17), and cultured in RPMI
1640 and Dulbecco’s minimal essential medium, respectively.
All cell culture media were supplemented with 5% fetal bovine

* Corresponding author. Mailing address: Department of Microbi-
ology, Osaka Medical College, 2-7 Daigaku-cho, Takatsuki, Osaka
569-8686, Japan. Phone: 81-726-83-1221, ext. 2647. Fax: 81-726-84-
6517. E-mail: tgoto@art.osaka-med.ac.jp.

† Present address: Department of Virology I, National Institute of
Infectious Disease, Tokyo, Japan.

760



serum and 100 IU of penicillin and 100 mg of streptomycin per
ml (GIBCO BRL, Grand Island, N.Y.).

Detection of BDV-specific RNA in cultured supernatant.
Thirty-milliliter aliquots of the culture supernatants of induced
and uninduced MDCK/BDV cells were clarified by centrifuga-
tion at 2,200 3 g for 5 min prior to filtration through a 0.45-
mm-pore-size membrane (Millipore, Bedford, Mass.). The fil-
trates were ultracentrifuged at 100,000 3 g for 120 min, and
the pellets were resuspended in 200 ml of 0.15 M phosphate-
buffered saline (pH 7.2) as a virus suspension for reverse tran-
scriptase PCR (RT-PCR) and negative staining. For RT-PCR
assay, RNAs were purified from the mixture of 100 ml of virus
suspension and 5 ml of RNA suspension containing 105 copies
of pAW109 RNA (Perkin-Elmer Corp., Branchburg, N.J.),
using an RNA purification kit (Invisorb RNA kit; ID Labs
Biotechnology, London, Ontario, Canada). The purified
RNA was amplified by RT-PCR with the EZ rTth RNA kit
(Perkin-Elmer) and a primer pair for the BDV p40 gene. In
brief, the reverse transcription step was performed in a thermal
cycler (2400-k; Perkin-Elmer) at 60°C for 30 min, followed by
94°C for 2 min. The reverse transcripts were subsequently
subjected to amplification consisting of 35 cycles of denatur-
ation at 94°C for 1 min and annealing and polymerization at
60°C for 1.5 min, followed by a final polymerization step for 10
min at 60°C. The primers were designed to detect PCR prod-
ucts of BDV p40 (36). The sequences of the primers were as
follows: 59-GATGACGATCCTATCACAACC-39 (bp 339 to
359) and 59-GTCACGGCGCGATATGTTTC-39 (bp 590 to
609).

The products of RT-PCR were analyzed by 10% polyacryl-
amide gel electrophoresis with ethidium bromide staining. The
intensity of each band from induced and uninduced MDCK/
BDV cell cultures and the standard size marker of 300 bp were
measured with the microcomputer imaging device system of
Imaging Research Inc. (St. Catharines, Ontario, Canada). The
quantities of BDV-specific RNA were expressed as relative
intensities on the basis of a standard size marker. The relative
intensities of the bands at 271 bp from induced and uninduced
MDCK/BDV cell cultures were semiquantitatively determined
to be 180 and 26%, respectively, by densitometric analysis in
which a 300-bp marker band was used as an intensity standard
on the electrophoresis gel (data not shown). The supernatant
of the induced MDCK/BDV cell culture was shown to contain
more BDV-specific RNA than that of the uninduced MDCK/
BDV cell culture, though it remains to be clarified whether the
BDV-specific RNA is a part of viral RNA or mRNA which
coded for BDV p40, reported to be nucleoprotein (11). This
increment of BDV-specific RNA might indicate the induced
production of the virus. We speculated that there are more
BDV particles in the supernatant of induced MDCK/BDV
cell cultures than in that of uninduced MDCK/BDV cell cul-
tures. Therefore, we subjected the supernatants from in-
duced MDCK/BDV cell cultures to negative staining.

Detection of virus-like particles in culture supernatant. The
virus suspensions from induced MDCK/BDV cell cultures
were mixed with 0.5% glutaraldehyde in 0.05 M cacodylate
buffer (pH 7.2). The mixture was poured on 300-mesh copper
grids supported by hydrophilic carbon-coated collodion films
and left for 2 min at room temperature; the excess suspension
was removed by absorption with filter paper. The grid was
stained with 0.5% aqueous uranyl acetate solution for 1 min
and observed under an electron microscope (H-300; Hitachi,
Tokyo, Japan) at an accelerating voltage of 75 kV. In the
suspension from the induced MDCK/BDV cell culture, many
spherical virus-like particles were observed by negative staining
(data not shown). Figure 1 shows the frequency distribution

graph for the diameters of the particles, indicating a bimodal
distribution, with two peaks in the ranges of 70 to 89 nm and
110 to 129 nm with wide tails. The bimodal frequency distri-
bution may suggest the existence of two kinds of particles in
the supernatant, which has also been reported previously by
Zimmermann et al. (37). To visualize the fine structure and to
confirm whether these particles were BDV, we examined in-
duced MDCK/BDV cells by ultrathin sectioning and immuno-
electron microscopy using anti-BDV p40 serum.

Visualization of the virus. Cells were fixed with 0.2% glu-
taraldehyde in 0.05 M cacodylate buffer (pH 7.2) for 3 min at
room temperature and collected with a plastic scraper. The
cells were suspended in 2% glutaraldehyde in the same buffer
at 4°C for 60 min and washed five times with the buffer. The
fixed cells were further fixed with 1% osmium tetroxide (OsO4)
in the same buffer at 4°C for 60 min, washed with the buffer,
dehydrated in a graded ethanol series, and embedded in epoxy
resin. Ultrathin sections were made with an ultramicrotome
(Porter-Blum MT-5000; Sorvall, DuPont Medical Products,
Wilmington, Del.), stained doubly with uranyl acetate and lead
citrate, and observed under an electron microscope (H-7100;
Hitachi) at an accelerating voltage of 100 kV. For immuno-
electron microscopy, the collected cells were fixed in 1% glu-
taraldehyde in 0.05 M cacodylate buffer (pH 7.2) at 4°C for 60
min, dehydrated in a graded ethanol series, and embedded in
Lowicryl K4M resin. Ultrathin sections were made in the same
manner as that described above and mounted on 300-mesh
nickel grids supported by carbon-coated collodion films. The
ultrathin sections on the grids were treated with 5% normal
goat serum in phosphate-buffered saline to block nonspecific
reactions. The sections were reacted with a drop of rabbit
antiserum against recombinant BDV p40 (33) at room tem-
perature for 60 min and washed with 50 mM Tris-HCl buffer
(pH 8.2). The sections were then reacted again with anti-rabbit
immunoglobulin G goat serum which had been labeled with

FIG. 1. Distribution of the diameters of virus-like particles observed by neg-
ative staining and ultrathin sectioning.
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FIG. 2. Ultrathin section of induced MDCK/BDV cells embedded in epoxy resin. (a) Extracellular virus-like particles. (Inset) Extracellular virus-like particles at
a high magnification. (b) Virus-like particles in cytoplasmic vacuoles. Bars, 100 nm.
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10-nm-diameter colloidal gold (Amersham, Little Chalfont,
England) at room temperature for 60 min and were then
washed with the same buffer. The immunostained sections
were fixed with 1% glutaraldehyde in 0.05 M cacodylate buffer
(pH 7.2) at room temperature, washed with distilled water,
immersed in a mixture of 0.01% ruthenium red and 0.5% OsO4
in 0.05 M cacodylate buffer (20), washed with distilled water,
doubly stained with uranyl acetate and lead citrate, and ob-
served under an electron microscope.

Ultrathin sections of the induced MDCK/BDV cells embed-
ded in epoxy resin were examined to determine the fine struc-
ture and morphogenesis of the particles. The virus-like parti-
cles were located in clusters in the vicinity of the surfaces of the

induced MDCK/BDV cells (Fig. 2a). Particles were rarely ob-
served in cytoplasmic vacuoles (Fig. 2b). The diameters of the
particles, including those observed by negative staining, were
distributed bimodally and ranged from 50 to 190 nm (Fig. 1).
Each particle was covered by an envelope which possessed
spikes approximately 7.0 6 0.7 nm long (mean 6 standard
deviation) (Fig. 2a, inset). In the particle, we observed a cres-
cent-shaped area which contained some electron-dense gran-
ules (Fig. 2a, inset).

Virus-like particles embedded in Lowicryl K4M resin were
also examined by immunoelectron microscopy to determine
whether they contained BDV antigens. The enveloped virus-
like particles in the vicinity of the induced MDCK/BDV cells

FIG. 3. Antibody reactivity of BDV-, HVJ-, and HIV-infected cells as detected by immunoelectron microscopy. (a) Induced MDCK/BDV cells reacted with
anti-BDV p40 antiserum. The arrow shows the budding of BDV, and the arrowheads show particles that have reacted with the antiserum. (b) Induced MDCK/BDV
cells did not react with normal rabbit serum. (c) MDCK/HVJ cells did not react with anti-BDV p40 antiserum. (d) Molt-4/HIV-1 cells reacted with anti-HIV-1 RT rabbit
serum. (e) Molt-4/HIV-1 cells did not react with normal rabbit serum. Bars, 100 nm.
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reacted with anti-BDV p40 antibody (Fig. 3a); large particles
ranging from 90 to 130 nm in diameter were labeled with
anti-BDV p40 antibody, but small particles, less than 90 nm in
diameter, were not labeled (Fig. 3a). Immunoelectron micro-
scopic labeling of induced MDCK/BDV cells with normal rab-
bit serum (Fig. 3b) and MDCK/HVJ cells with anti-BDV p40
antibody (Fig. 3c) did not reveal any positive results. The
labeling of anti-BDV p40 antibody was mainly localized in
electron-dense areas in the particles (Fig. 3a). These areas in
some particles were crescent shaped or they lined the enve-
lope, as observed in the preparations embedded in epoxy resin.
This immunolabeling procedure was also confirmed for HIV-
1-infected cells with a polyclonal antibody for HIV-1 RT.
HIV-1 particles reacted with anti-HIV-1 RT rabbit antibody

when the same procedure was used (Fig. 3d) but did not react
with normal rabbit serum (Fig. 3e).

To confirm whether the granules existed inside the particles
or in the envelope spikes, sections were tilted and examined,
and stereoscopic observation of electron micrographs (Fig. 4a
and b) revealed that most granules were present inside the
particles. We compared the inner structures of BDV and HVJ
(Fig. 4c and d). The nucleocapsids of HVJ were approximately
20.8 6 2.9 nm in width (Fig. 4d and f), while those of BDV
were approximately 4.0 6 1.0 nm (Fig. 4c and e). The total
lengths of the nucleocapsids could not be determined in these
sections.

The electron-dense granules in the BDV particle (Fig. 2a,
inset) were approximately 5.9 6 2.8 nm in diameter, which was

FIG. 4. Inner structures of BDV and HVJ. Stereoscopic observation of electron micrographs of virus-like particles observed in ultrathin sections of induced
MDCK/BDV cells embedded in epoxy resin. The ultrathin sections were observed at tilts of 15° (a) and 25° (b). (c) Ultrathin section of BDV particles, with an arrow
showing the thin nucleocapsid. (d) Ultrathin section of HVJ particles, with an arrow showing the thick nucleocapsid. (e and f) Schematic diagrams of BDV and HVJ,
respectively.
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not significantly different from the width of BDV nucleocap-
sids (P 5 0.056). However, the electron-dense granules were a
little greater in mean size than the nucleocapsid. This incre-
ment in the granules may depend on the attachments of some
associated proteins, such as phosphoproteins or L proteins,
which are suggested by the nucleic acid sequences (8, 11). Thin
nucleocapsids probably tend to gather in the peripheral region
of the virion because the nucleocapsid did not fill the entire
space of the virion, unlike that of HVJ. Therefore, the centers
of most BDV particles appear to be less electron dense. Elu-
cidation of the detailed structure of the nucleocapsid of BDV
must await the isolation of the nucleocapsids and information
on the three-dimensional volume and shape of nucleoproteins
(p40 proteins).

Morphogenesis of BDV. Spike-like structures were found on
parts of the surfaces of induced MDCK/BDV cells (Fig. 5a).
The spiked membrane area was first seen to be expanding, and
the electron-dense fibrils were in line with the area (Fig. 5b).
The spiked membrane then grew into a hemisphere, at which
time the electron-dense granules were seen beneath the mem-
brane (Fig. 5c). Finally, the spiked membrane closed and be-
came a separate particle. The particle in Fig. 5d had probably
just been released from the cell surface. These findings suggest
that the virus-like particles reproduce by budding at the cell
surface. It was confirmed by immunoelectron microscopy that
the buds react with the anti-BDV p40 antibody (Fig. 3a).

Conclusions. In the present study, we identified many extra-
cellular particles in the supernatants of induced MDCK/BDV
cell cultures according to the method of Pauli and Ludwig (26).
The particles were confirmed to be BDV by immunoelectron
microscopy. Zimmermann et al. (37) previously identified
BDV as enveloped particles in two sizes, 50 to 60 nm and 90
nm in diameter, by negative staining after induction of a BDV-
infected human oligodendroglial cell line with high concentra-

tions of salt. They also demonstrated that both the large and
small particles carried BDV antigens, by immunoelectron mi-
croscopic negative staining with antisera against BDV surface
antigens. In this study, we used antiserum against BDV inner
antigens (p40) and found that the large particles carried them
but the small particles did not. Danner and Mayr (13) reported
that infectious BDV did not pass through a membrane with a
pore size of less than 80 nm, showing that the small particles
are probably a noninfectious incomplete form of BDV. How-
ever, it remains to be clarified whether the small particles
are defective or immature, as described by Zimmermann et
al. (37). Compans et al. (9) found intracytoplasmic virus-like
particles in MDCK/BDV cells. We also identified such parti-
cles in the cytoplasm (data not shown). However, we have not
yet observed any interactions, such as membrane fusion, be-
tween the cytoplasmic particles and the cell membrane or any
intracytoplasmic particles attached to the cell surface. The
pathway of the viral constituents from the nucleus to the sur-
face of the cell membrane could not be determined in the
present study.

The order Mononegavirales, to which the family Bornaviridae
belongs, also includes Rhabdoviridae, Filoviridae, and Paramyxo-
viridae. Rhabdoviridae and Filoviridae are filamentous and Para-
myxoviridae are spherical. Molecular biological analyses sug-
gest that BDV resembles rhabdovirus (11, 14). However, on
the basis of particle shape, BDV is probably more similar to
paramyxovirus than to rhabdovirus or filovirus because BDV is
spherical. With regard to the inner structure of the virion of
BDV, the nucleocapsids are observed to be very thin (approx-
imately 4 nm) compared with those of HVJ (approximately 21
nm). The subunits of nucleocapsids in HVJ were estimated to
be 5 nm by helical-pitch analysis (17). Therefore, we may only
see the nucleocapsid as a fibril of RNA, or probably the p40
nucleoproteins do not always cover the whole RNA genome.

FIG. 5. Sequential images of the budding process in induced MDCK/BDV cells. The spiked membrane area (arrow in panel a) becomes an extracellular particle
(d). (b and c) Intermediate stages of the budding. Bar, 100 nm.
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Such features will be clarified when we can directly observe
BDV nucleocapsids isolated from a large number of extracel-
lular viruses.

Consequently, the characteristics of the particles that were
observed are as follows: (i) they are about 100 to 130 nm in
diameter, (ii) they are covered by an envelope with approxi-
mately 7-nm-long spikes, (iii) they have a crescent-like inner
structure with a nucleocapsid approximately 4 nm in width, (iv)
they reproduce by budding at the cell surface, and (v) they are
associated with incomplete small particles.
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