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Borna disease virus (BDV) is an enveloped virus with a nonsegmented negative-strand RNA genome whose
organization is characteristic of mononegavirales. However, based on its unique genetics and biological
features, BDV is considered to be the prototypic member of a new virus family, Bornaviridae, within the order
Mononegavirales. BDV cell entry occurs via receptor-mediated endocytosis, a process initiated by the recogni-
tion of an as yet unidentified receptor at the cell surface by the BDV surface glycoprotein (G). The paucity of
cell-free virus associated with BDV infection has hindered studies aimed at the elucidation of cellular receptors
and detailed mechanisms involved in BDV cell entry. To overcome this problem, we generated and character-
ized a replication-competent recombinant vesicular stomatitis virus expressing BDV G (rVSV�G*/BDVG).
Cells infected with rVSV�G*/BDVG produced high titers (107 PFU/ml) of cell-free virus progeny, but this virus
exhibited a highly attenuated phenotype both in cell culture and in vivo. Attenuation of rVSV�G*/BDVG was
associated with a delayed kinetics of viral RNA replication and altered genome/N mRNA ratios compared to
results for rVSV�G*/VSVG. Likewise, incorporation of BDV G into virions appeared to be restricted despite
its high levels of expression and efficient processing in rVSV�G*/BDVG-infected cells. Notably, rVSV�G*/
BDVG recreated the cell tropism and entry pathway of bona fide BDV. Our results indicate that rVSV�G*/
BDVG represents a unique tool for the investigation of BDV G-mediated cell entry, as well as the roles of BDV
G in host immune responses and pathogenesis associated with BDV infection.

Borna disease virus (BDV) causes central nervous system
(CNS) disease in a variety of vertebrate species, frequently
manifested by behavioral abnormalities (31). BDV was origi-
nally identified as the causative agent of Borna disease, an
often fatal immune-mediated neurological disease naturally
occurring mainly in horses and sheep within regions of ende-
micity in central Europe (31). Current epidemiological data,
however, indicate that the natural host range, prevalence, and
geographic distribution of BDV are broader than originally
thought (8, 16, 20, 29). Experimentally, BDV has a wide host
range, from birds to rodents and nonhuman primates (8, 10,
16, 20, 29). Both host and viral factors contribute to a variable
period of incubation and significant heterogeneity in the symp-
toms and pathology associated with infection (8, 10, 16, 20, 29).

BDV is an enveloped virus with a nonsegmented negative-
strand RNA genome with a characteristic mononegavirales
organization (4, 34, 35). However, based on its unique genetics
and biological features, BDV is considered to be the prototypic
member of a new virus family, Bornaviridae, within the order
Mononegavirales. The BDV genome (ca 8.9 kb) contains six
major open reading frames (ORFs) in the order 3�-N-p10/P-

M-G-L-5� (4, 34, 35). These ORFs code for the virus nucleo-
protein (N), phosphoprotein (P) transcriptional activator, ma-
trix (M), surface glycoprotein (G), and RNA-dependent RNA
polymerase (L) found in other mononegavirales. The p10 open
reading frame (ORF) encodes a nonstructural polypeptide of
10 kDa (p10) that is present in BDV-infected cells (40).

BDV is noncytolytic and highly neurotropic (10, 15, 16).
Although viral RNA and proteins are readily detectable in
BDV-infected cells, production of cell-free virus is conspicu-
ously absent and cell-associated infectivity is extremely low
(0.05 to 0.1 focus-forming unit [FFU]/cell). Notably, BDV
propagates rapidly within the CNS and cultured cells in the
absence of detectable assembled virions. These findings led to
the view that BDV dissemination involves an initial cell pen-
etration mediated by specific cellular receptors, followed by
cell-to-cell spread.

BDV provides an important model for the investigation of
viral persistence in the CNS and associated disorders (19, 25–
27, 32). Studies on BDV are contributing to the elucidation of
immune-mediated pathological events involved in virally in-
duced neurological disease, as well as the mechanisms whereby
viruses induce neurodevelopmental and behavioral distur-
bances in the absence of the hallmarks of cytolysis and inflam-
mation. The elucidation of the mechanisms underlying the
bases of BDV persistence and its effects on brain cell functions
will ultimately require a detailed understanding of the mech-
anisms governing BDV cell tropism within the CNS, as well as
signaling pathways triggered at the cell surface through binding
of the virus to the receptor.

BDV G has been implicated both in cell entry by receptor-
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mediated endocytosis (13, 14) and in cell-to-cell propagation
(1). The BDV G gene directs the synthesis of a polypeptide
with a predicted molecular mass of 56 kDa, but due to its
extensive glycosylation it migrates with an Mr of 84,000 to
94,000 (GPC). GPC is posttranslationally cleaved by the cel-
lular subtilisin-like protease furin (14, 28). The C-terminus
product (GP2) is readily detected in virally infected cells and
migrates with an Mr of 43,000. In contrast, detection of the
predicted N-terminal product (GP1) of G has been difficult
due to its high content of N glycans, which shield antigenic sites
recognized by antibodies (18). GPC accumulates in the endo-
plasmic reticulum and perinuclear region, but it is typically not
detected on the plasma membrane, whereas GP2 accumulates
at the cell surface (13). Intriguingly, both GPC and GP2 are
associated with infectious BDV particles (13).

Studies aimed at identifying BDV candidate cellular recep-
tors have been jeopardized by the inability to grow cell-free
infectious BDV to high titers. We have described the use of a
pseudotype approach based on the prototypic rhabdovirus ve-
sicular stomatitis virus (VSV) to examine the role of BDV G in
virus cell entry (23). Pseudotyped viruses are competent for
one single round of infection, and therefore new stocks need to
be produced by trans complementation, via transfection, with
the glycoprotein of interest. Replication-competent recombi-
nant VSV (rVSV) expressing heterologous glycoproteins has
been documented (17, 21) and has proved to be a far more
powerful tool for investigating the role of viral glycoproteins in
infection in both cell culture and whole organisms. Here we
describe the generation and characterization of an rVSV
(rVSV�G*/BDVG) in which the VSV G gene was replaced by
the coding region for green fluorescent protein (GFP) and the
BDV G gene was incorporated as an additional ORF between
the M and GFP ORFs of rVSV�G*/BDVG. We present evi-
dence that rVSV�G*/BDVG recreates the tropism and mech-
anism of cell entry exhibited by the bona fide BDV. We also
show that rVSV�G*/BDVG is highly attenuated both in cell
culture and in vivo. We discuss the implications of these find-
ings for the identification of cellular receptors of BDV and the
investigation of the effects of BDV G on the biology of virally
infected cells.

MATERIALS AND METHODS

Cells. Baby hamster kidney BHK-21 cells (ATCC CCL 10) were maintained in
high-glucose Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% heat-inactivated fetal calf serum (FCS) (Life Technologies), 2 mM glu-
tamine, and 0.1� tryptose phosphate broth (Life Technologies). Vero cells were
maintained in minimal essential medium supplemented with 2 mM glutamine
and 7% heat-inactivated FCS. MC57 cells, a mouse fibroblast cell line, were
maintained in RPMI 1640 medium supplemented with 2 mM glutamine and 7%
heat-inactivated FCS.

Generation of recombinant virus. To generate rVSV�G*/BDVG, the BDV G
ORF was amplified from pC-p56 (23) with primers OG1FMluI (5�-CGCACGC
GTGCCATGGAGCTTTCAATGTCTTCTCTTATCG-3�) and OG1509RNheI
(5�-CCTAGCTAGCTTATTCCTGCCACCGGCCGAGG-3�) and the PCR frag-
ment cloned into the MluI and NheI sites of the VSV�G-PL/GFP2.6 vector,
where the VSV G ORF had been replaced by the GFP ORF (38). The recom-
binant virus was recovered following established protocols (30, 37, 38). Briefly,
BHK-21 cells were infected with vTFT7.3, a recombinant vaccinia virus express-
ing the phage T7 RNA polymerase (9). After 1 h, plasmids encoding VSV N, P,
G, and L proteins were cotransfected together with the full-length cDNA clone
of the VSV genome (Indiana serotype) containing BDV G as an additional VSV
ORF. The supernatant fluid was harvested 48 h after transfection, filtered to
remove vTFT7.3, and used to infect BHK-21 cells trans complemented with VSV

G to enhance the efficiency of virus rescue. Cells were examined for GFP
expression 24 h after infection to assess virus rescue. The virus recovered from
this second infection was plaque purified three times in BHK-21 cells expressing
VSV G and then passed three times on Vero cells to assure that the viral
preparation was clean of VSV G. The G gene in rVSV�G*/BDVG was se-
quenced and found to be identical to the parental BVD G gene. The virus was
propagated on Vero cells. A Vero cell plaque assay was used to quantify infec-
tivity. The generation of rVSV�G*/LCMVG has been described previously (24).

Antibodies. Anti-BDV antibodies used included rabbit polyclonal antibodies
against BDV nucleoprotein (Ab-N) and glycoprotein (Ab-G and Ab-GP1N).
Ab-N was generated by immunization with bacterially expressed N. Ab-G was
generated by immunization against a bacterially expressed truncated form of the
BDV p56 glycoprotein (14). Ab-GP1N was generated as described elsewhere
(2a). To detect the nucleocapsid protein of VSV, we used a murine monoclonal
antibody (10G4; Ab-VSV N). Lymphocytic choriomeningitis virus (LCMV) was
neutralized using a monoclonal anti-GP2 antibody, 83.6 (39).

IF microscopy. Infected-cell monolayers were washed with phosphate-buffered
saline, fixed with methanol:acetone (1:1) for 5 min, and processed for immuno-
fluorescence (IF) as described previously (23). Briefly, after blocking with 10%
normal goat serum for 45 min at room temperature, cells were stained with
primary antibodies for an hour. Secondary fluorescent antibodies used were
Rhodamine Red-X-labeled anti-mouse immunoglobulin G (IgG) or anti rabbit
IgG. The coverslips were mounted on microscope slides with Mowiol and viewed
with a fluorescence microscope.

Incorporation of BDV G polypeptides into VSV particles. Culture medium
supernatant (tissue culture supernatant [TCS]) was harvested from Vero cells
infected with rVSV�G*/BDVG (multiplicity of infection [MOI] � 5 to 10). The
TCS was clarified by centrifugation at low speed and viral particles collected by
ultracentrifugation through a 20% sucrose cushion (prepared in 50 mM Tris [pH
7.5]–150 mM NaCl). Viral particles in the high-speed pellet were analyzed by
Western blotting using Ab-G and Ab-GP1N.

Western blotting. For Western blot analysis, cells were harvested in sample
buffer (50 mM Tris-HCl [pH 6.8], 2% sodium dodecyl sulfate [SDS], 0.1%
bromophenol blue, 10% glycerol, 100 mM dithiothreitol). Cell lysates were
separated by SDS-polyacrylamide gel electrophoresis (PAGE) (10% polyacryl-
amide) by using the buffer system of Laemmli, and the proteins were transferred
onto Immobilon-P membranes (Millipore, Bedford, MA) as described previously
(33). Immunodetection of the proteins was done by using the SuperSignal West
Pico chemiluminescent substrate system (Pierce, Rockford, IL).

Analysis of RNA by Northern blot hybridization and RT-PCR. RNA was
isolated from cells and tissues by using TriReagent (Molecular Research Center,
Cincinnati, OH) according to the manufacturer’s instructions. Northern blots
were prepared with appropriate 32P-labeled DNA probes. Autoradiogram films
were scanned with a GS-800 densitometer (Bio-Rad) and analyzed with Image
Quant image analysis software (Molecular Dynamics, Palo Alto, CA). Once an
image had been acquired, optimization to reduce noise or background was
performed and the bands were quantified. Reverse transcription-PCR (RT-
PCR) was carried out using Superscript II and random hexamer primers for the
RT reaction and Taq polymerase together with VSV N- or actin-specific primers.

Apoptotic analysis. Vero cells were either mock infected or infected with the
recombinants at a MOI of 5. At the different times postinfection, cells were
washed and subsequently incubated for 15 min with Annexin V-fluorescein
isothiocyanate and 7-amino-actinomycin D according to the manufacturer’s in-
structions (Pharmingen). After staining, cells were immediately acquired with a
FACSCalibur flow cytometer (Becton Dickinson) and then analyzed with FlowJo
(Treestar) software.

Metabolic labeling of infected cells and virus. For metabolic labeling of the
rVSV proteins, 106 Vero cells were infected with wild-type (wt) VSV or rVSV
(MOI � 10). After 4 h, cells were washed with methionine-free DMEM and
incubated for 14 h at 37°C in 0.5 ml methionine-free DMEM containing 100 mCi
of [35S]methionine-cysteine (Tran35S-label; ICN) and 10% DMEM. Protein ly-
sates were separated by SDS-PAGE. Labeled viral particles were collected by
ultracentrifugation of the clarified culture medium supernatant through a 20%
sucrose cushion (prepared in 50 mM Tris [pH � 7.5]–150 mM NaCl).

Titration of infectious virus. Virus titers were determined by plaque assay.
Vero cell monolayers (80% confluent) were incubated with 10-fold serial dilu-
tions of viral stocks for 90 min at 37°C. After removal of the inoculum, cells were
washed with minimal essential medium, overlaid with agarose (Seakem ME) in
medium 199 (Invitrogen) supplemented with 1% FCS, 100 units/ml penicillin,
and 100 �g/ml streptomycin. Cultures were fixed with 25% paraformaldehyde in
phosphate-buffered saline, and plaques were visualized by 1% crystal violet
staining. For titration of rVSV�G*/BDVG, the overlay medium contained 0.5%
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agarose, whereas for titration of rVSV�G*/LCMVG and rVSV�G*/VSVG, the
agarose concentration was raised to 1%.

Neutralization assay. Aliquots (1,000 PFU) of the indicated rVSV were incu-
bated for 45 min at 37°C with the neutralizing antibodies (Nt-Ab) targeting the
appropriate viral surface glycoprotein (G) and assayed for infectivity by plaque
assay. Infectivity was normalized with respect to values obtained with each rVSV
incubated under the same conditions but in the presence of 5% normal goat
serum instead of Nt-Ab.

Infection of mice and rats. Adult male (2 to 3 months old) wt C57BL/6 (B6)
mice, B6 mice lacking a functional type I interferon receptor (IFNAR�/� mice),
and newborn rats (Lewis strain) were used for intracranial (i.c.) injections (30-�l
volume). Experiments were performed under specific-pathogen-free conditions
according to guidelines of the Institutional Animal Care and Use Committee at
The Scripps Research Institute.

Detection of viral antigen by immunohistochemistry (IHC). Brains from mice
and rats infected with the indicated rVSV and from mock-infected controls were
collected, embedded in Tissue-Tek O.C.T. compound, and frozen on dry ice.
Cryosections (6 �m) were cut, placed on Fisher Superfrost Plus slides, dried, and
fixed with 2% formaldehyde. After a blocking step with donkey anti-mouse
anti-IgG, sections were stained with a mouse monoclonal antibody to VSV N.
After the primary antibody incubation, sections were washed, stained for 1 h at
room temperature with a biotinylated secondary antibody (Jackson Immuno-
Research Laboratories), washed, and stained with streptavidin–Rhodamine Red-X
(Jackson ImmunoResearch Laboratories). All sections were costained for 5 min
at room temperature with 1 �g/ml 4�,6�-diamidino-2-phenylindole (Sigma-Al-
drich) to visualize cell nuclei. Brain tissue sections from rats were also examined
by IHC for expression of glial acidic fibrillary protein (GFAP) and lectin to
identify astrocyte and microglia cells within the brain parenchyma.

RESULTS

Generation and growth properties of rVSV�G*/BDVG. To
generate rVSV�G*/BDVG, we followed published protocols
(37, 38), and detailed descriptions are provided in Materials
and Methods (Fig. 1). The generation of rVSV�G*/LCMVG
has been described previously (24), as has that of rVSV�G*/
VSVG (38).

To examine the single-step growth properties of rVSV�G*/
BDVG, we infected Vero cells (MOI � 3), and at various times
after infection we determined titers of infectious virus in TCS
by plaque assay (Fig. 2A). We also infected Vero cells (MOI �
3) with rVSV�G*/VSVG and rVSV�G*/LCMVG (Fig. 2A).
Cells infected with rVSV�G*/BDVG exhibited a delayed ki-
netics and low level of total infectious virus compared to cells
infected with either rVSV�G*/VSVG or rVSV�G*/LCMVG.
Consistent with this finding, the kinetics of cell death associ-
ated with rVSV�G*/BDVG infection was significantly delayed
compared to that for cells infected with rVSV�G*/VSVG or
rVSV�G*/LCMVG (Fig. 2B). Likewise, plaques produced by
rVSV�G*/BDVG were smaller in size and took longer to
develop than those produced by rVSV�G*/VSVG (Fig. 2C).

Synthesis of viral RNA in rVSV�G*/BDVG-infected cells.
The differences in the single-step growth properties observed
between rVSV�G*/VSVG and rVSV�G*/BDVG led us to
examine whether these viruses also exhibited differences in

virus RNA replication and transcription. For this, we isolated
total cell RNA from the same samples used to determine
production of infectious virus (Fig. 2A), and equal amounts of
RNA of each sample were analyzed by Northern blot hybrid-
ization using a double-stranded-DNA probe specific to VSV
N (Fig. 3). Cells infected with rVSV�G*/BDVG exhibited
a delayed kinetics in virus RNA replication compared to
those infected with rVSV�G*/VSVG and, to a lesser extent,
rVSV�G*/LCMVG (Fig. 3). Moreover, genome/N-mRNA ra-
tios were significantly lower in rVSV�G*/BDVG-infected cells
than in rVSV�G*/VSVG- and rVSV�G*/LCMVG-infected
cells, which correlated with increased levels of N mRNA in
rVSV�G*/BDVG-infected cells (Fig. 3). RNA isolated from
rVSV�G*/VSVG-infected cells at 48 h postinfection (p.i.) pro-
duced only very weak Northern blot hybridization signals for
both N mRNA and genomic RNA, which correlated with a
dramatic decrease in levels of 28S rRNA (not shown), which
was due to the robust cytopathic effect caused by rVSV�G*/
VSVG.

Biosynthesis and virion incorporation of viral polypeptides
produced in rVSV�G*/BDVG-infected cells. We examined the
biosynthesis of BDV G polypeptide species in rVSV�G*/
BDVG-infected cells and their incorporation into rVSV par-
ticles. For this, we infected Vero cells with rVSV�G*/BDVG
(MOI � 10), and at 4 h p.i., cells were radiolabeled with
Trans35S-label (200 �Ci/ml). After 18 h of labeling, we har-
vested TCS and prepared whole-cell extracts (WCE) for each
sample. TCS samples were clarified by centrifugation at low
speed and viral particles collected by ultracentrifugation
through a sucrose (20%) cushion. We used equal amounts of
radioactivity (cpm) from each WCE sample and from each
virion particle sample recovered in the high-speed pellet for
SDS-PAGE followed by autoradiography. WCE and concen-
trated virions from cells infected with each of the rVSVs ex-
hibited the predicted similar patterns of VSV polypeptide syn-
thesis with the exception of the glycoprotein, where each rVSV
produced a polypeptide of the expected molecular size for
BDV G, VSV G, and LCMV G, respectively (Fig. 4A). We
next used a newly generated antiserum to the N terminus of
BDV GP1 (Ab-GP1N) and also a rabbit polyclonal serum to
BDV G (Ab-G) (14) to examine the G species present in
virions released from rVSV�G*/BDVG-infected cells and
compared them with those present in bona fide BDV virions.
As a control for these studies, we used samples from rVSV�G*/
VSVG-infected cells. Consistent with our previous findings,
Ab-G recognized GPC and GP2 in WCE and cell-free virions
(not shown). Notably, our newly generated Ab-GP1N readily
recognized GP1 in both WCE and cell-released virus prepara-

FIG. 1. Schematic representation of the wt and recombinant VSV genomes. The indicated rVSVs were generated by cloning the ORF coding
for the indicated G of interest upstream of the GFP ORF in VSV�G*.
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FIG. 2. Growth properties of rVSV�G*/BDVG. (A) Single-step growth curve. Vero cells were infected at a MOI of 3 with the indicated rVSV.
Virus-containing TCS were harvested at the indicated times p.i. and viral titers determined by plaque assay. (B) CPE properties of rVSV. (i) Light
microscopy assessment of CPE. Vero cell monolayers were infected with the indicated rVSV at 0.1 or 5 MOI and photographed at the indicated
times p.i. (ii) Kinetics and magnitude of virally induced cell apoptosis. Vero cells infected (MOI � 3) with the indicated rVSV were collected at
the indicated times p.i. and subjected to fluorescence-activated cell sorting analysis using Annexin V-fluorescein isothiocyanate and 7-amino-
actinomycin D. (C) Plaque development. Indicated dilutions of rVSV�G*/VSVG or rVSV�G*/BDVG were used to infect Vero cells. After the
adsorption time (90 min at 37°C), the virus inoculum was removed and cells overlaid with agarose (1%). At 24 h or 72 h p.i., cells infected with
rVSV�G*/VSVG or rVSV�G*/BDVG, respectively, were fixed and stained with crystal violet.
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tions from Vero cells infected with either rVSV�G*/BDVG or
BDV (Fig. 4B).

To determine if the reduced infectivity observed in the one-
step growth curve (Fig. 2A) was due to reduced particle pro-
duction, we compared the amount of virus released from cells
infected with either rVSV�G*/VSVG, rVSV�G*/BDVG, or
VSV G-complemented rVSV�G* (Fig. 4C). The genome
rVSV�G* does not express an envelope glycoprotein and pro-
duces noninfectious “bald” particles corresponding to approx-
imately 5% to 10% of the amount of virus released from
wild-type VSV-infected cells. We used the same volume of
TCS from cells infected with each of the viruses, concentrated
virions by ultracentrifugation, and then analyzed the pelleted
virus by SDS-PAGE and Coomassie staining. Particle pro-
duction in rVSV�G*/BDVG-infected cells was significantly
reduced compared to that in rVSV�G*/VSVG-infected
cells but was higher than the amount of bald virus released
from rVSV�G*-infected cells. Both rVSV�G*/VSVG and
rVSV�G*/BDVG particles exhibited the characteristic bullet
shape of rhabdoviruses (not shown).

Cell tropism of rVSV�G*/BDVG. To assess whether rVSV�G*/
BDVG recreated the cell tropism of bona fide BDV, we com-
pared the susceptibilities to rVSV�G*/BDVG of cell lines
known to be either susceptible or resistant to BDV infection.
Both BDV and rVSV�G*/BDVG displayed the same cell tro-
pism pattern as determined by their ability to cause cytopathic
effect (CPE) in the cell lines tested (Fig. 5A). The rVSV�G*/
BDVG-induced CPE correlated with its ability to replicate

within the cells as determined by detection of viral antigen
expression by IF in Vero cells but not in MC57 cells (Fig.5Aii).
MC57 cells were fully susceptible to infection with rVSV�G*/
VSVG, indicating that the resistance of MC57 to rVSV�G*/
BDVG was not due to an intracellular blockade of VSV mul-
tiplication. Consistent with their susceptibility to LCMV
infection, both MC57 and Vero cells were susceptible to infec-
tion with VSV�G*/LCMVG, which further supported a cor-
relation between the virus entry phenotype and the glycopro-
tein present in the rVSV envelope. Results from neutralization
assays provided additional evidence that envelope glycoprotein
played a central role in determining cell entry of the different
rVSVs (Fig. 5B).

We next asked whether rVSV�G*/BDVG and BDV entered
Vero cells using the same receptor molecule. For this, we
conducted competition experiments. We added increasing
amounts of UV-inactivated rVSV�G*/BDVG or VSV�G*/
LCMVG to Vero cells. After 45 min of adsorption at 4°C (to
prevent internalization), virus was removed and cells were ad-
sorbed with wt BDV (500 FFU) for 60 min at 4°C. After
several washes, cells were transferred to 37°C to induce virus
internalization. Three hours later, cells were trypsinized and
mixed with fresh uninfected Vero cells and 48 h later analyzed
by IF using anti-BDV antibodies. BDV infectivity is cell asso-
ciated, and thereby it can be assumed that 1 FFU is derived
from a single initially infected cell. Incubation of cells with
rVSV�G*/BDVG but not rVSV�G*/LCMVG resulted in a

FIG. 3. Altered pattern of RNA replication and gene transcription in rVSV�G*/BDVG-infected cells. Vero cells infected with the indicated
rVSV were collected at the indicated hour p.i., and their RNA was isolated and subjected to Northern blot analysis using a DNA probe for VSV
N. Ethidium bromide staining of the 28S rRNA was used to assess RNA loading. Bands corresponding the VSV genome RNA and N mRNA
species are indicated. Levels of N mRNA and genome RNA species were quantified by densitometry of their hybridization as described in
Materials and Methods and values used to determine genome RNA/N-mRNA ratios at different times p.i.
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dose-dependent decrease in infectivity of authentic BDV (Fig.
5C).

Virulence of rVSV�G*/BDVG in vivo. Our results using cell
culture systems indicated that rVSV�G*/BDVG was signifi-
cantly attenuated compared to rVSV�G*/VSVG. We there-
fore decided to explore whether this attenuated phenotype
could be extended to an in vivo infection. For this we in-
oculated (i.c.) B6 mice with either rVSV�G*/BDVG or
rVSV�G*/VSVG using in each case two virus doses (100 and
1,000 PFU) (Fig. 6A). Consistent with previous reports, i.c.
inoculation with rVSV�G*/VSVG result in 100% (n � 8)
mortality between days 3 and 5. In contrast, we observed 100%
(n � 8) survival of mice inoculated with rVSV�G*/BDVG (at
both 100- and 1,000-PFU doses). In addition, rVSV�G*/
BDVG-infected mice did not exhibit any noticeable clinical
symptoms during the entire course (15 days) of this experi-
ment. RT-PCR studies showed that viral RNA was detected in
brain tissue of rVSV�G*/VSVG-infected mice at both days 2
and 3 p.i. (Fig. 6B). Subsequent times were not examined
because all the mice had succumbed to infection by day 4 p.i.
Likewise, viral RNA was readily detected in brain tissue of
rVSV�G*/BDVG-infected mice at day 2 p.i. but not at any of
the later times examined (Fig. 6B). Based on these results, we

examined whether, as with wt VSV, replication of rVSV�G*/
BDVG became unchecked in the absence of type I interferon
responses. To this end, we inoculated (i.c.) B6 mice lacking a
functional type I interferon receptor (IFNAR�/�) with either
rVSV�G*/BDVG (1,000 PFU) or rVSV�G*/VSVG (1,000
PFU) (Fig. 6C). Inoculation with rVSV�G*/VSVG caused
100% mortality within 2 to 3 days, whereas mice inoculated
with rVSV�G*/BDVG remained healthy during the entire ob-
servation period, which extended up to 4 weeks for some of the
mice. Unlike the situation with wt mice, we detected viral RNA
sequences in brain tissue but not liver tissue of rVSV�G*/
BDVG-infected mice up to 4 weeks p.i., the latest time exam-
ined (Fig. 6D). Consistent with the detection of rVSV�G*/
BDVG RNA in brain tissue, IHC studies revealed the presence
of virus antigen-positive cells (Fig. 6E). These findings indi-
cated that rVSV�G*/BDVG was able to persist in the CNS of
IFNAR�/� mice.

Similarly to BDV, rVSV�G*/BDVG also was able to repli-
cate in brains of newborn infected rats. IHC studies showed
high loads of viral antigen in both the cortex and the hip-
pocampus of newborn rats at day 5 p.i. with rVSV�G*/BDVG
(Fig. 7A). rVSV�G*/BDVG also exhibited attenuated viru-
lence in rats compared to rVSV�G*/VSVG (Fig. 7B).

FIG. 4. Synthesis of rVSV�G*/BDVG polypeptides in infected cells and their incorporation into virions. (A) Vero cells were infected with the
indicated rVSVs and at 4 h p.i. were metabolically labeled with [35S]methionine-cysteine for 18 h prior to preparation of cell lysates and protein
analysis by SDS-PAGE and autoradiography. TCS from the same samples were collected, and virions were purified by ultracentrifugation through
a 20% sucrose cushion. Samples were normalized by loading the same amount of radioactivity (cpm) in both cases. (B) Detection of BDV G by
Western blotting. WCE and virion samples prepared from TCS of rVSV-infected cells were subjected to Western blotting using Ab-GP1N.
(C) Levels of particle production by cells infected with rVSV. Virions were concentrated from equivalent TCS volumes from each sample of
infected cells and analyzed by SDS-PAGE followed by Coomassie staining.
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DISCUSSION

The paucity of cell-free virus associated with BDV infection
has hampered studies aimed at identifying receptors that fa-
cilitate BDV cell entry. The development of reverse genetics
systems for BDV have provided investigators with a novel and
powerful tool to investigate the molecular and cell biology, as
well as pathogenesis, of BDV (5, 36). However, as with bona
fide BDV isolates, the infectivity of virus rescued via reverse
genetics remains extremely low and cell associated. With the
aim of overcoming this problem, we took advantage of the
existing robust reverse genetics for the prototypic mononega-
virus VSV (22) which has allowed investigators to rescue a
variety of rVSVs expressing heterologous viral glycoproteins

that retain their ability to mediate receptor recognition and cell
entry (12, 17, 21). In this work we have described the generation
and characterization of a recombinant VSV (rVSV�G*/BDVG)
where VSV G was replaced by BDV G.

We detected high titers (ca. 107 PFU/ml) of infectious virus
in tissue culture supernatants of rVSV�G*/BDVG-infected
cells (Fig. 2A). Although this titer was approximately 100-fold
lower than that produced by the parental rVSV�G*/VSVG, it
is comparable to what has been observed with some other
rVSVs expressing foreign viral glycoproteins (12). In the case
of rVSV�G*/BDVG, the lower titers probably reflect ineffi-
cient particle formation and release due to the slow release of
BDV G from the endoplasmic reticulum and its limited traf-

FIG. 5. rVSV�G*/BDVG recreated the cell tropism and entry of bona fide BDV. (Ai) Susceptibility of different cell lines to CPE caused by
the indicated rVSV. The indicated cell lines were infected with the indicated rVSV (MOI � 3) and CPE assessed by light microscopy at 72 h p.i.
Infections that did not exhibit CPE at 72 h p.i. were allowed to proceed until day 10 p.i., a time at which the cells were considered to be
nonsusceptible if they remained free of signs of CPE. (Aii) Expression of viral antigen in susceptible cells. Vero and MC57 cells were infected with
the indicated rVSV (MOI � 5), and 24 h p.i., the cells were fixed and analyzed by IF with a polyclonal rabbit serum to BDV N (Ab-BDV N) or
with a monoclonal antibody to VSV N (Ab-VSV N). (B) Neutralization of rVSV�G*/BDVG by Nt-Ab to BDV G was done as described in
Materials and Methods. The infectivity of the nonneutralized fraction of virus was determined by plaque assay and normalized (%) with respect
to the infectivity of the corresponding rVSV treated with control serum. (C) BDV cell entry is competed by rVSV�G*/BDVG. Increasing amounts
of UV-inactivated rVSV�G*/BDVG (open bars) or rVSV�G*/LCMVG (solid bars) were added to Vero cells. After 45 min of adsorption at 4°C
(to prevent internalization), virus was removed and cells were adsorbed with wt BDV for 60 min at 4°C. After several washes, cells were transferred
to 37°C to induce virus internalization. At 3 h p.i., cells were trypsinized, mixed with fresh uninfected Vero cells, and at 48 h p.i. analyzed by IF
using a polyclonal rabbit serum to BDV N. FFU values were normalized, considering 100% the FFU values obtained with samples subjected to
the same protocol but being exposed to diluent instead of to treatment with UV-inactivated rVSV viruses.
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ficking to the cell surface (7, 41), which is the cellular site of
VSV budding (2). Consistent with this notion, we observed that
although expression levels of BDV G and VSV G were similar
in cell lysates, the incorporation of BDV G into particles was
severely restricted compared to that of VSV G (Fig. 4A).
Nevertheless, the forms of BDV G protein incorporated into
rVSV�G*/BDVG virions resembled those observed in bona
fide BDV particles (Fig. 4B).

Both rVSV�G*/BDVG and BDV exhibited the same host
cell range among the cell lines tested (Fig. 5A), suggesting that

both viruses recognized the same cellular receptors. This view
was further supported by results from neutralization assays
(Fig. 5B) and competition experiments (Fig. 5C).

Results from infections of cultured cells indicated rVSV�G*/
BDVG was significantly attenuated compared to rVSV�G*/VSVG
(Fig. 2B and C) and also compared to rVSV�G*/LCMVG (not
shown). This attenuated phenotype was manifested by a de-
layed CPE as determined by both morphological changes in
the cell monolayers (Fig.2Bi) and levels of apoptosis assessed
by Annexin V expression levels (Fig.2Bii). In addition,

FIG. 6. Replication and virulence of rVSV�G*/BDVG in mice. (A) Survival of B6 mice upon i.c. inoculation. Mice were inoculated with the
indicated number of PFU of each virus and monitored daily. (B) Detection of viral RNA in brains of infected mice. B6 mice infected (i.c.) with
the indicated rVSV were euthanized at the indicated days p.i. and RNA isolated from brain tissue. The presence of viral sequences was assessed
by RT-PCR using specific primers to amplify a segment of the VSV N ORF. (C) Survival of IFNAR�/� mice upon i.c. inoculation of the indicated
rVSVs. (D) Detection of viral RNA in brains and livers of infected IFNAR�/� mice. (E) Detection of viral antigen in brains of rVSV-infected
IFNAR�/� mice. Brain sections from mice infected with either rVSV�G*/BDVG or rVSV�G*/VSVG at 2 weeks p.i. or 2 days p.i., respectively,
were examined by IHC using an antibody to VSV N.
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rVSV�G*/BDVG plaques developed significantly slower and
were smaller than those of rVSV�G*/VSVG. The VSV M
protein has been documented to play a central role in CPE,
both cell rounding and apoptosis, associated with VSV infec-
tion (6, 11), although other viral components appear to con-
tribute to VSV-induced CPE. Notably, the phenotypic features
of rVSV�G*/BDVG resembled those of some described VSV
M mutants (3, 11). We therefore considered the possibility that
during the rescue of rVSV�G*/BDVG, unintended mutations
were incorporated into its M ORF, which could result in a virus
phenotype similar to that described for several VSV M mu-
tants (3). However, sequence analysis revealed that rescued
rVSV�G*/VSVG and rVSV�G*/BDVG had identical M
ORFs (data not shown). Mutations within VSV M also have
been shown to affect virus-host interaction in such a way that
viral mRNAs accumulate at high levels but are translated less
efficiently than those of wt VSV (3). Intriguingly, we observed
a significantly increased N-mRNA/genome ratio in rVSV�G*/
BDVG-infected cells compared to that in cells infected with
either rVSV�G*/LCMVG or rVSV�G*/VSVG (Fig. 3). How-
ever, VSV�G*/BDVG-infected cells did not exhibit in-
creased levels in viral polypeptide synthesis (Fig. 4A). This
finding likely reflected the fact that reduced levels of ge-
nome RNA synthesis had a significant contribution to the
altered N-mRNA/genome ratio. However, we cannot rule
out that mRNAs produced by rVSV�G*/BDVG also had
lesser translation efficiencies than mRNAs produced by
rVSV�G*/VSVG.

The attenuated phenotype of rVSV�G*/BDVG was dra-
matically manifested in infected mice. All the mice infected
(i.c.) with 1,000 PFU survived, and none of them exhibited any
noticeable morbidity (Fig. 6A). RT-PCR analysis readily de-
tected viral RNA at day 2 p.i. in brains of rVSV�G*/BDVG-
infected mice (Fig. 6B), but rVSV�G*/BDVG was cleared
from the infected brains at day 3 p.i. One could speculate that
propagation within the brain involves multiple rounds of in-

fection, and a reduced propagation efficiency of rVSV�G*/
BDVG would give the host a window of opportunity to mount
an efficient antiviral innate immune response that would clear
rVSV�G*/BDVG before the virus propagated extensively and
induced sufficient cell damage to cause morbidity and mor-
tality. Consistent with this hypothesis, we observed that
rVSV�G*/BDVG was able to persist for up to 42 days, the
latest time examined, in the brains of IFNRA�/� mice (Fig. 6C
to E). Notably, we could not detect viral RNA in blood or
tissues, other than brain, in IFNRA�/� mice persistently in-
fected with rVSV�G*/BDVG (Fig. 6D). Whether replication
of rVSV�G*/BDVG outside the CNS is controlled by the
appearance of neutralizing antibodies is currently under
investigation. Moreover, histological analysis revealed that
rVSV�G*/BDVG replication within the CNS was highly re-
stricted to certain neuronal populations by mechanisms that
remain to be determined. Evidence indicates that the cyto-
pathic nature of VSV, rather than immune-mediated pathol-
ogy, appears to be the main factor contributing to VSV
neuropathogenesis. Therefore, the restricted spread of
rVSV�G*/BDVG within the CNS of persistently infected
IFNRA�/� mice may account for the lack of clinical symp-
toms in these mice. Consistent with this view, rVSV�G*/
BDVG, although attenuated with respect to rVSV�G*/
VSVG, caused 100% mortality by day 8 p.i. in newborn rats,
which correlated with widespread virus propagation within
the brain parenchyma.

The generation of rVSV�G*/BDVG provides us with a
unique tool for the identification of receptors that mediate
BDV cell entry. In addition, the investigation of the mechanisms
underlying the highly attenuated phenotype of rVSV�G*/BDVG
both in cultured cells and in mice may uncover novel aspects of
BDV G-host cell interactions that could also have implications
for the development of VSV-based vectors to deliver foreign
genes and antigens.

FIG. 7. Replication and virulence of rVSV�G*/BDVG upon infection of newborn rats. (A) Detection of viral antigen in brains of rVSV�G*/
BDVG-infected newborn rats. Brain sections from rVSV�G*/BDVG-infected or mock-infected control rats collected at day 5 p.i. were examined
by IHC using an antibody to VSV N. Antibodies to GFAP and lectin were used to identify astrocyte and microglia cells, respectively, within the
brain parenchyma. (B) Survival of newborn rats upon i.c. inoculation with rVSV�G*/BDVG. Newborn rats were inoculated with rVSV�G*/BDVG
or rVSV�G*/VSVG (1,000 PFU) and monitored daily. None of the mock-infected control rats (n � 3) exhibited morbidity throughout the duration
of the experiment (not shown).
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