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Borna disease virus (BDV) is a nonsegmented negative-strand RNA virus with a tropism for neurons.
Infection with BDV causes neurological diseases in a wide variety of animal species. Although it is known that
the virus spreads from neuron to neuron, assembled viral particles have never been visualized in the brains of
infected animals. This has led to the hypothesis that BDV spreads as nonenveloped ribonucleoproteins (RNP)
rather than as enveloped viral particles. We assessed whether the viral envelope glycoprotein (GP) is required
for neuronal dissemination of BDV by using primary cultures of rat hippocampal neurons. We show that upon
in vitro infection, BDV replicated and spread efficiently in this system. Despite rapid virus dissemination, very
few infectious viral particles were detectable in the culture. However, neutralizing antibodies directed against
BDV-GP inhibited BDV spread. In addition, interference with BDV-GP processing by inhibiting furin-mediated
cleavage of the glycoprotein blocked virus spread. Finally, antisense treatment with peptide nucleic acids
directed against BDV-GP mRNA inhibited BDV dissemination, marking BDV-GP as an attractive target for
antiviral therapy against BDV. Together, our results demonstrate that the expression and correct processing
of BDV-GP are necessary for BDV dissemination in primary cultures of rat hippocampal neurons, arguing

against the hypothesis that the virus spreads from neuron to neuron in the form of nonenveloped RNP.

Borna disease virus (BDV) is the etiological agent of Borna
disease, a neurological disorder of horses, sheep, and other
farm animals (27). Recent evidence indicates that the natural
host range, the geographic distribution, and the prevalence of
BDV are much broader than previously thought (21, 40, 45).
The spectrum of clinical diseases due to BDV infection ranges
from subtle behavioral abnormalities (e.g., impairment of
learning and memory) to progressive, immune-mediated me-
ningoencephalitis (17, 38). There is considerable evidence that
BDV also infects humans (5, 9, 36). Although it has been
linked to certain neuropsychiatric disorders, the epidemiology
and the clinical consequences of human infection with BDV
remain controversial (2, 3, 5, 26, 41).

BDV is a nonsegmented negative-strand RNA virus (8, 43)
that has the property, unique among members of the order
Mononegavirales that infect animals, of transcribing and repli-
cating its genome in the nucleus (7). The BDV genome con-
sists of an 8.9-kb RNA, which includes at least six open reading
frames (ORFs) (23). ORF I codes for the nucleoprotein (N)
p40, ORF II codes for the phosphoprotein (P) p24, ORF III
codes for the matrix protein p16, ORF IV codes for the gly-
coprotein (GP) p56, ORF V codes for the polymerase protein
p180/190, and an ORF overlapping with the P gene codes for
protein p10. Characterization of amino acid sequences of sev-
eral BDV strains and isolates from various parts of the world
revealed that BDV is a remarkably conserved virus with 84 to
95% amino acid identities among all gene products (37).

* Corresponding author. Mailing address: INSERM U563, CPTP
Batiment B, Place du Baylac, 31300 Toulouse, Cedex 3, France. Phone:
33-5-6177 9292. Fax: 33-5-6177 9291. E-mail: ddune@pasteur.fr.

Sensitivities to detergents and organic solvents indicate that
BDV is an enveloped virus (31), a suggestion that has been
supported by electron microscopy data of cell-released BDV
infectious particles (15, 24, 49). Viral GPs that are present at
the surfaces of enveloped viruses have important functions
(42). They mediate virus attachment to the cell surface recep-
tors, thus serving as primary determinants of viral tropism, and
they facilitate penetration by triggering fusion of the viral en-
velope with cell membranes.

GPs of nonsegmented negative-strand RNA viruses, com-
prising the families Paramyxoviridae, Filoviridae, and Rhabdo-
viridae, have been extensively studied (12). The Paramyxovi-
ridae possess two integral membrane proteins with separate
functions. Hemagglutinin is involved in cell attachment, and
the fusion protein is responsible for fusion of the viral en-
velope with the cell membrane. By contrast, the Filoviridae
and Rhabdoviridae have a single GP present at the viral
envelope. Among the proteins encoded in the BDV genome,
OREF IV encodes the single GP of BDV (15, 44). In BDV-
infected cells, BDV-GP can be detected as two glycosylated
proteins of 84 and 43 kDa (GP-84 and GP-43, respectively)
(15). GP-84 corresponds to the glycosylated full-length
product encoded by ORF IV, whereas GP-43 is derived from
the C terminus of GP-84 after cleavage by the cellular pro-
tease furin (14, 39). Subcellular-fractionation studies and
colocalization experiments have demonstrated that GP-84
accumulates in the endoplasmic reticulum, whereas GP-43
reaches the cell surface (15). Both products appear to be
associated with infectious virions: GP-84 is thought to be
involved in attachment of the virus to its cell surface recep-
tor, and GP-43 is thought to be involved in pH-dependent
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fusion after internalization of the virion by endocytosis (14,
35).

BDV infection is noncytolytic in all cell systems examined so
far (20) and requires cell-cell contact for its spread. Little or no
infectious virus is released from BDV-infected cells (6), and
virus yields are low even after enhancement of virus release by
treatment of infected cells with osmotic shock or n-butyrate
(15, 24). In addition, assembled virus is very rarely observed in
infected cells and assembled viral particles have never been
visualized in the brains of BDV-infected animals. BDV antigen
distribution in the central nervous systems (CNS) of infected
animals strongly suggests that BDV disseminates by cell-cell
contact, possibly using the synaptic contacts between neurons
(17). These observations, combined with the notion that ribo-
nucleoproteins (RNP) of BDV are infectious after transfection
to susceptible cells (7), have led to the hypothesis that dissem-
ination of BDV in the CNS takes place as nonenveloped RNP
rather than as enveloped viral particles (16). This would imply
that after initial entry of BDV into its target cell, BDV-GP is
dispensable for BDV dissemination.

In this study, we assessed whether BDV-GP is required for
neuronal dissemination of BDV. We show that BDV replicates
and spreads efficiently in in vitro-infected primary cultures of
rat hippocampal neurons. During virus dissemination, very few
infectious viral particles could be detected in the culture. How-
ever, neutralizing antibodies directed against BDV-GP com-
pletely inhibited BDV spread. In addition, interference with
BDV-GP processing in infected neurons blocked virus spread.
These results demonstrate the necessity of BDV-GP for BDV
dissemination in neurons. Furthermore, antisense treatment
with peptide nucleic acids that were directed against BDV-GP
mRNA inhibited BDV dissemination in neurons, marking
BDV-GP as an attractive target for antiviral therapy for BDV.

MATERIALS AND METHODS

Cells and virus. Vero cells (ATCC CCL-81) were grown in Dulbecco’s mod-
ified Eagle medium with Glutamax-1 (Gibco) supplemented with 10% fetal calf
serum (FCS) and 1X Bufferall (Sigma). Primary hippocampal neurons were
isolated from 1-day-old Sprague-Dawley rats (Janvier) (1). Briefly, the hip-
pocampi were dissected and dissociated by mechanical trituration and digestion
with phosphate-buffered saline (PBS) plus 0.3% Aspergillus protease (Sigma) for
10 min at room temperature. DNase 1 (Sigma) was then added to a final
concentration of 1 mg/ml, and the mixture was incubated for 10 min at room
temperature. After the addition of 35% FCS, the suspension was passed over a
70-wm-pore-size cell strainer and centrifuged at 400 X g for 10 min. After
resuspension in Neurobasal medium (Gibco), the cell suspension was centrifuged
at 400 X g through a 4% bovine serum albumin (BSA) cushion for 10 min. Then,
the cells were seeded on poly(bL-ornithine) (Sigma)-laminin (Roche)-coated
glass coverslips and grown in Neurobasal medium supplemented with 25 mM
B-mercaptoethanol, 0.5 mM glutamine, 2% B-27 supplement (Gibco), and 2%
FCS. After 24 h in culture, the mitotic inhibitors 5-fluoro-2’-deoxyuridine (10
mg/ml; Sigma) and uridine (25 mg/ml; Sigma) were added to limit the growth of
glial cell contaminants. BDV infection was performed by adding cell-released
virus (CRV) to the culture medium. We used the BDV laboratory strain He/80.

Reagents and antibodies. We used decanoyl-Arg-Val-Lys-Arg-chloromethyl-
ketone (decRVKRcemk) (Furin Inhibitor I; Calbiochem) as a 1-mg/ml stock
concentration in methanol. As primary antibodies, we used anti-microtubule-
associated protein 2 (anti-MAP-2) (Sigma) and anti-N (clone 38/17C1) (46)
mouse monoclonal antibodies; anti-GP (clone H12) rat monoclonal antibody;
and anti-N, anti-P, and anti-GP rabbit polyclonal antibodies. As secondary an-
tibodies, we used fluorescein isothiocyanate (FITC)-labeled anti-rabbit immu-
noglobulin G (IgG) and Cy3-labeled anti-mouse IgG (Interchim), biotinylated
goat anti-rabbit IgG, horseradish peroxidase-labeled streptavidin, and R-phyco-
erythrin-labeled streptavidin (Southern Biotechnology Associates).

Preparation of cell-free BDV from Vero cells persistently infected with BDV
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(Vero-BY cells) and titration. Cells were treated with 10 mM HEPES (pH 7.2 to
7.5) plus 250 mM MgCl, for 90 min at 37°C to enhance virus release (15). The
supernatants were collected and clarified, and the virus was pelleted by ultra-
centrifugation (220,000 X g for 135 min) through a 20% sucrose cushion in 10
mM HEPES- 75 mM NaCl- 2 mM EDTA (pH 7.2). Titration of cell-free BDV
(in focus-forming units [FFU] per milliliter) was performed using an immuno-
focus assay as described previously (15).

Virus neutralization assay. Undiluted normal rat serum (NRS), as well as H12
antibodies, was incubated at 56°C for 30 min in order to heat inactivate the
complement. Then, antibody dilutions were mixed with a standard quantity of
virus (100 FFU) and incubated for 90 min at 37°C. Subsequently, dilutions were
plated on top of Vero cells and incubated for 4 days, after which the cells were
fixed and processed for immunofluorescence assay for BDV antigens.

Immunofluorescence. Cells grown on glass coverslips were fixed for 30 min at
room temperature with 4% paraformaldehyde, followed by a 10-min fixation at
room temperature with methanol-acetone (1:1). Then, the cells were rinsed with
PBS and blocked overnight at 4°C with PBS plus 2% normal goat serum and 2%
normal horse serum. Incubation for 1 h at room temperature with primary
antibodies was followed by a 1-h incubation at room temperature with secondary
antibodies or biotinylated antibodies, which was (if necessary) followed by a 1-h
incubation at room temperature with labeled streptavidin. Anti-GP immuno-
staining was amplified using the TSA Fluorescein System (Tyramide signal am-
plification; NEN Life Science Products) according to the manufacturer’s proto-
col. After extensive washes, the coverslips were mounted using Vectashield
(Vector Laboratories).

PNA construction and synthesis. Eighteenmer peptide nucleic acids (PNAs),
directed against the BDV-GP mRNA (PNA) or generated at random (PNA,,,),
were synthesized. The PNAg sequence was N terminus-GCA TTG CCA GAC
TAC CCC-C terminus; the PNA,_,, sequence was N terminus-CAT ACT TGA
CTC GTT ATC-C terminus.

To promote cellular import, the designed PNA was coupled to 16 amino acid
residues (RQIKIWFQNRRMKWKK) derived from the third helix of the anten-
napedia homodomain (pAntp) of Drosophila (10). In addition, the PNA con-
struct was linked covalently to the nuclear localization signal (NLS) of the simian
virus 40 T antigen (PKKKRKYV) (see Fig. 5). The solid-phase synthesis of pep-
tides, as well as that of the PNA, was performed in a fully automated synthesizer
(Syro II; MultiSyn Tech, Heidelberg, Germany) using the N-(9-fluoenyl)me-
thoxycarbonyl strategy (29). At the N terminus of the PNA, a spacer of two
lysines was introduced to prevent spatial binding hindrance of the subsequent
NLS sequence, and one cysteine was introduced to enable linkage with the pAntp
(4). All products were precipitated in ether and purified by preparative high-
performance liquid chromatography (HPLC) (LC-8A; Shimadzu, Kyoto, Japan)
on a YMC ODS-A 7A S-7-um reverse-phase column (20 by 250 mm). The
fractions corresponding to the purified conjugate were lyophilized. Sequences
were characterized by analytical HPLC (Shimadzu LC-10) and laser desorption
mass spectrometry (Vision 2000; Finnigan). The cysteines of the pAntp peptide
and the PNA-NLS construct were oxidized at the range of 2 mg/ml in a 20%
dimethyl sulfoxide water solution. Five hours later, the reaction was completed
and the progress of oxidation was monitored by analytical C,g reverse-phase
HPLC (Shimadzu LC-10).

Electrophoretic mobility shift assay. Six micrograms of a plasmid containing
the BDV-GP mRNA sequence was linearized by suitable restriction enzymes and
in vitro transcribed (using T7 polymerase and T3 polymerase for the mRNA and
antisense RNA, respectively) in the presence of [*?PJUTP (10 mCi/ml) for 60
min at room temperature, followed by 60 min at 37°C. After in vitro transcription
termination, radiolabeled probes were gel purified on a 5% denaturing poly-
acrylamide gel, and 20 X 10° cpm of probe was incubated with various molar
concentrations of PNAg or PNA,,, in binding buffer (50 mM Tris-HCI [pH 7.8],
60 mM KCl, 5 mM MgCl,,10 mM dithiothreitol, 10% glycerol, 0.01% BSA,
0.01% NP-40 [Igepal; Sigma]) plus 500 ng of poly(rI-rC) per reaction for 2 h at
37°C. Then, samples were subjected to gel retardation analysis on native 6%
polyacrylamide gels (Invitrogen) in Tris-borate-EDTA buffer at 100 to 150 V for
45 min at 4°C. Subsequently, the gels were dried and visualized using a Phos-
phorImager and quantified using Image-Quant software (Molecular Dynamics).

PNA treatment and flow cytometric analysis of Vero-BV cells. Vero-BV cells
(5 % 10*) were incubated with PNAs for 4 h at 37°C in 100 1 of medium without
FCS. Then, the cells and PNAs were diluted (final concentration of PNAs, 1 wM)
in 2.4 ml of medium and plated in six-well plates. After 6 days of incubation, the
cells were harvested by trypsin dissociation, and the exact procedure was re-
peated. After another 6 days of incubation, the cells were dissociated with
trypsin, harvested, and fixed in 2% paraformaldehyde for 15 min at room tem-
perature. After fixation, the cells were incubated twice for 10 min each time in
reaction buffer (PBS- 1% BSA- 0.5% saponin) at room temperature and
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FIG. 1. BDV replicates and spreads efficiently in primary hippocampal neurons. (A) Experimental setup. Primary hippocampal neurons were
infected with 500 FFU of BDV-CRV/well on day 1 of culture. On day 3, the cultures were washed twice with fresh medium, after which new
medium was added. After various periods of incubation (arrows), samples were analyzed in different ways. (B) Double immunofluorescence
analyses on different days of culture. BDV-N was detected with a rabbit polyclonal antibody, followed by a FITC-labeled secondary antibody
(green), while the neuronal marker MAP-2 was detected with a mouse monoclonal antibody followed by a Cy3-labeled secondary antibody (red).
Original magnification, X100. (C) Quantification of virus spread. On different days of culture, percentages of BDV-N-positive neurons relative to
MAP-2-positive neurons were assessed. (D) Analysis of BDV titers in culture supernatants. On different days of culture, viral titers in culture
supernatants were determined using an immunofocus assay. BDV titers are given as FFU per milliliter of isolate. Results are given for one
representative experiment selected from a series of three independent experiments. Inoc, inoculum; 3 bw, day 3 before washes; 3 aw, day 3 after

washes. The error bars indicate standard deviations.

blocked for 45 min in 7% normal goat serum in reaction buffer at room tem-
perature. The cells were incubated for 1 h with anti-GP or anti-N polyclonal
antibody in reaction buffer on ice, washed extensively in reaction buffer, incu-
bated for 30 min with biotinylated goat anti-rabbit IgG on ice, washed exten-
sively, and incubated with R-phycoerythrin-labeled streptavidin in reaction buffer
on ice. After being extensively washed in reaction buffer and PBS, the cells were
analyzed using a FACScalibur (Becton-Dickinson).

RESULTS

BDV replicates and spreads efficiently in primary hip-
pocampal neurons, while very few infectious viral particles are
detectable in culture. In vivo, BDV replicates and persists
predominantly in neurons of the limbic system. Recently, it was

shown in vitro that rat hippocampal neurons are highly sus-
ceptible to infection with cell-free BDV (1). In order to assess
whether BDV-GP is required for neuronal dissemination of
BDV, we used primary cultures of rat hippocampal neurons.
Cells were infected with 500 FFU of BDV-CRV/well, corre-
sponding to a multiplicity of infection (MOI) of ~0.025 FFU/
cell. The use of a low MOI allowed us to study viral dissemi-
nation occurring after primary infection. On days 1, 3 (before
and after repeated changes of the culture medium), 4, 6, 8, 10,
12, and 14, samples were collected (Fig. 1A) and analyzed by
immunofluorescence microscopy, and virus spread was quan-
tified. BDV infection was first detectable on days 4 to 6, when
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FIG. 2. Subcellular localization of BDV-GP in infected neurons. (Left) BDV-GP was detected with a rabbit polyclonal antibody followed by
a biotinylated secondary antibody, peroxidase-labeled streptavidin, and Tyramide signal amplification (green). (Middle) Note the punctate staining
for BDV-N in neurites, detected with a mouse monoclonal antibody followed by a Cy3-labeled secondary antibody (red). (Right) Double
immunofluorescence staining for BDV-GP (green) and BDV-N (red). Cell nuclei were counterstained with propidium iodide (blue). BDV-GP was
mainly expressed perinuclearly (arrowheads), as well as at termini (asterisks) or contact points of neurites. Original magnification, X400.

<5% of all neurons were positive for BDV-N. Between day 6
and day 10, BDV spread rapidly, and by day 12, 100% of the
neurons were infected (Fig. 1B and C). The distribution pat-
tern of BDV-positive neurons strongly suggested that cell-cell
contact was required for virus spread. On days 4 to 6, infected
neurons were found isolated in the culture, as expected after
primary infection with BDV-CRYV at a low MOI. During virus
dissemination, infected neurons were found either in foci or in
direct contact with other infected neurons by means of neu-
rites. BDV infection persisted for up to 22 days (the last time
that was analyzed) and was noncytolytic (as assessed by trypan
blue staining; data not shown).

In addition to analyzing viral dissemination kinetics, we as-
sessed BDV titers in culture supernatants (Fig. 1D). We con-
firmed that after the cultures were washed on day 3, no CRV
originating from the inoculum was detectable in the culture.
During the period of maximal virus dissemination (between
days 6 and 10), viral titers in culture supernatants were negli-
gible. When infection had reached 100% (from day 12 on), we
were able to detect ~100 FFU/ml in culture supernatants (Fig.
1D), corresponding to the production of ~1 FFU/400 neurons.
Analysis of viral titers after B-bungarotoxin-induced apoptosis
(19) or total cell lysis on day 14 of culture resulted in titers of
500 to 1,000 FFU/ml (data not shown).

In infected neurons, BDV-GP is localized perinuclearly and
at the termini of neurites. To characterize the subcellular lo-
calization of BDV-GP in infected neurons, as well as to com-
pare the expression of BDV-GP to that of BDV-N, we used
immunofluorescence microscopy (Fig. 2). BDV-GP was de-
tected mainly in the perinuclear region. This is in accordance
with earlier studies that localized BDV-GP expression to the
endoplasmic reticulum (15). In addition, BDV-GP expression
was detected at the termini of neurites or at contact points of
neurites. BDV-N was expressed in the nucleus, in the cytosol,
and along neurites. Staining for BDV-N in neurites was punc-
tate and colocalized with staining for BDV phosphoprotein

(data not shown), consistent with transport of assembled RNP
along neurites. BDV-N and BDV-GP colocalization was re-
stricted to the perinuclear area and to those neuritic termini or
contact points that were positive for BDV-GP. The lack of
colocalization of BDV-N with BDV-GP along neurites sug-
gests that nonenveloped RNP are transported separately from
BDV-GP to neuronal termini. However, the possibility that the
lack of colocalization may also be due to the known differences
in the overall expressed amounts of BDV-N and BDV-GP
cannot be excluded.

Neutralizing antibodies directed against BDV-GP block
BDV dissemination in neurons. Monoclonal antibodies di-
rected against BDV-GP were obtained after fusion of a mouse
myeloma cell line with spleen cells of a BDV-infected rat that
had been boosted with vaccinia virus expressing BDV-GP. The
resulting hybridoma produces the monoclonal antibody H12,
which has been shown to possess neutralizing capacity against
BDV-CRYV (13). In order to quantify the neutralizing capaci-
ties of H12 antibodies, we performed BDV-CRV neutraliza-
tion assays using both H12 antibodies and NRS. Whereas NRS
did not possess any neutralizing activity against BDV-CRYV,
the neutralizing capacity of H12 was determined to be 100
FFU of BDV-CRV/3 g of Ig (Fig. 3A).

Subsequently, we used H12 antibodies to study the role of
the BDV-GP in BDV dissemination in neuronal cultures. One
day after initial infection with BDV-CRYV, the neurons were
thoroughly washed, and 1 day later, controlled amounts of
antibodies were added to the culture medium (Fig. 3B). Be-
cause of the modest neutralizing capacities of H12 antibodies,
we used 100 FFU/well for primary infection instead of the 500
FFU/well described earlier (this resulted in delayed but com-
parable kinetics of infection; data not shown). Immunofluores-
cence analysis performed on day 10 revealed comparable levels
of virus spread in untreated cultures and in cultures that were
treated with NRS. Virus spread was characterized by foci of
infected neurons (Fig. 3C). By contrast, BDV dissemination
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FIG. 3. Neutralizing antibodies directed against BDV-GP block BDV dissemination in primary hippocampal neurons. (A) Seroneutralization
assays. Aliquots (100 FFU) of purified BDV-CRV were incubated for 1 h at 37°C with serial dilutions of antisera (standardized for Ig content)
and assayed for infectivity by immunofocus assay of Vero cells. a-GP, anti-GP antibodies. (B) Experimental setup. Primary hippocampal neurons
were infected with 100 FFU of BDV-CRV/well on day 3 of culture. On day 4, the cultures were washed twice with fresh medium, after which new
medium was added. On day 5 of culture, antibodies (standardized for Ig content) were added. On day 10, samples were taken for immunofluo-
rescence analysis (C) and quantification (D). (C) Double immunofluorescence analysis. BDV-N was detected with a rabbit polyclonal antibody
followed by a FITC-labeled secondary antibody (green), while MAP-2 was detected with a mouse monoclonal antibody followed by a Cy3-labeled
secondary antibody (red). Original magnification, X200. (D) Quantification of BDV-N-positive neurons per well on day 10 of culture. NT, not
treated. The results are given for one representative experiment selected from a series of three independent experiments. The error bars indicate

standard deviations.

was totally inhibited in the presence of H12 antibodies. The
few BDV-N-positive neurons detectable were found dispersed
over the coverslip and were surrounded by uninfected neurons,
suggesting that BDV positivity was due to primary infection
rather than to virus dissemination. Quantification of BDV-N-
positive neurons per well on day 10 of culture confirmed the
inhibiting effect of the anti-GP antibody on BDV dissemina-
tion (Fig. 3D).

Inhibition of BDV-GP processing blocks viral dissemination
in primary hippocampal neurons. For full biological activity of
the BDV-GP, proteolytic cleavage of the GP-84 precursor pro-
tein by the cellular protease furin is necessary (39). It was
recently shown that treatment of Vero-BV cells with a furin
inhibitor (FI) significantly decreased the production of infec-

tious BDV (39). Since BDV-GP is the only BDV protein that
possesses a furin cleavage site, this decrease was most likely
due to interference with BDV-GP processing.

To study whether correct BDV-GP processing is necessary
for virus dissemination in neurons, we used the FI de-
cRVKRcmk. decRVKRemk penetrates freely into cells, where
it inhibits furin activity by mimicking the sequence motif of the
furin cleavage site. To avoid possible effects of furin inhibition
on the correct formation of synapses in the culture (48), we
infected cultures on day 10 and started treatment with FI on
day 13 (Fig. 4A).

Immunofluorescence analysis on day 15 revealed productive
virus spread in the absence of FI, characterized by foci of
infected neurons (Fig. 4B). By contrast, BDV dissemination
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FIG. 4. The FI decRVKRcmk blocks BDV dissemination in primary hippocampal neurons. (A) Experimental setup. Primary hippocampal
neurons were infected with 100 FFU of BDV-CRV/well on day 10 of culture. On day 11, the cultures were washed twice with fresh medium, after
which new medium was added. On day 13 of culture, FI was added. On day 15, samples were taken for immunofluorescence analysis (B) and
quantification (C). (B) Double immunofluorescence analysis. BDV-N was detected with a rabbit polyclonal antibody followed by a FITC-labeled
secondary antibody (green), while MAP-2 was detected with a mouse monoclonal antibody followed by a Cy3-labeled secondary antibody (red).
Cell nuclei were counterstained with propidium iodide (blue). Original magnification, X100. (C) Quantification of BDV-N-positive neurons per
well on day 15 of culture. NT, not treated. Results are given for one representative experiment selected from a series of three independent

experiments. The error bars indicate standard deviations.

was totally inhibited by treatment with FI. As after treatment
with neutralizing antibodies (see above), the distribution pat-
tern of the few BDV-positive neurons suggested that they
became infected as a result of the primary infection with BDV-
CRYV rather than as a result of virus dissemination. Quanti-
fication of BDV-N-positive neurons per well on day 15 of
culture confirmed the inhibiting effect of FI on BDV dissem-
ination and revealed that this effect was dose dependent (Fig.
4C).

Antisense treatment directed against BDV-GP mRNA
blocks virus dissemination. Since BDV-GP expression ap-
peared to be crucial for BDV dissemination in neurons, it
represented an attractive target for specific antiviral interven-
tion. We chose to evaluate an antisense strategy that was di-
rected against a sequence in the mRNA of BDV-GP (bp 934 to
951). As antisense agents, we made use of PNA constructs.
PNAs are nucleic acid analogs with an achiral polyamide back-
bone consisting of N-(2-aminoethyl)glycine units (33). Those
units bear the nucleobases that are attached through methyl-
enecarbonyl linkers. PNAs are resistant to proteases and
nucleases and thus are much more stable in cells than DNA or
RNA. They bind to cRNA or DNA in a parallel or antiparallel
orientation following the Watson-Crick base-pairing rules. The
uncharged nature of the PNA oligomers even enhances the
stability of the hybrid PNA-RNA (DNA) duplexes compared
to natural homoduplexes (32). However, PNAs are poorly
transported across cell membranes, which is a major obstacle
to the application of PNAs as an antisense strategy. In order to
promote cellular import, the designed PNA was coupled to 16
amino acid residues derived from the third helix of the pAntp
of Drosophila, which has been reported to cross biological
membranes by an energy-independent mechanism (10). Addi-

tionally, the PNA construct was linked covalently to an NLS
sequence (Fig. 5) (4).

To characterize the binding specificities of the PNA con-
structs, we performed electrophoretic mobility shift assays
(Fig. 5). These assays proved that the PNA construct that
contained a sequence directed against BDV-GP mRNA
(PNAG) bound specifically to the in vitro-produced target
RNA sequence and not to the antisense RNA. In addition, we
showed that the PNA with a random sequence (PNA,,,) did
not recognize the BDV-GP target sequence.

Subsequently, we analyzed whether PNA treatment would
lead to decreased expression levels of BDV-GP in infected
cells. In order to be able to analyze the expression levels of
BDV-GP by flow cytometry, we treated Vero-BV cells with
PNA constructs (Fig. 5). Due to the persistent nature of BDV
infection in Vero-BV cells, the cells contained considerable
levels of BDV-GP at the start of treatment. Since the half-life
of BDV-GP is unknown, we chose to treat Vero-BV cells for a
period of 12 days before analysis. The analysis demonstrated
that upon treatment with PNA 5, BDV-GP expression levels in
Vero-BV cells were decreased, whereas treatment with PNA,
had no detectable effect. In addition, treatment with PNAg
also slightly decreased the levels of BDV-N and BDV-P in
Vero-BV cells (data not shown).

Encouraged by the effects of PNAs on persistently infected
cells, we tested the potential of PNA treatment to inhibit BDV
dissemination in acutely infected neurons. One day after initial
infection with BDV-CRYV, neurons were thoroughly washed,
and 1 day later, PNAs were added to the culture medium (Fig.
5). Immunofluorescence analysis on day 10 revealed produc-
tive virus spread when cells were treated with PNA_, , compa-
rable to the amount of virus dissemination seen in untreated

Tan
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cells (Fig. 5). In contrast, BDV dissemination was progressively
inhibited with increasing concentrations of PNAg, as could
also be confirmed by quantitation of the BDV-N-positive neu-
rons per well (Fig. 5). As after treatment with neutralizing
antibodies and FI (see above), the distribution pattern of the
few BDV-positive neurons suggested that infection of these
neurons was due to primary infection rather than to virus
dissemination.

DISCUSSION

In enveloped viruses like BDV, viral surface GPs are key
factors in the initial infection of specific cell types via receptor
recognition, as well as in the late steps of the replication cycle,
namely, the assembly and release of infectious virions. Al-
though there is consensus on the role of the BDV-GP in initial
infection via receptor-mediated endocytosis, the role of the GP
in BDV dissemination in the CNS is controversial (16). For
example, assembled viral particles have never been visualized
in the brains of BDV-infected animals, and little or no infec-
tious virus is released from BDV-infected cells. In addition,
BDV is noncytolytic in all cell systems examined so far and
requires cell-cell contact for its spread. These observations,
combined with the notion that RNP of BDV are infectious
after transfection in susceptible cells (7), have led to the hy-
pothesis that dissemination of BDV in the CNS takes place as
nonenveloped complexes of RNP rather than as enveloped
viruses. This would imply that once BDV gains entry into its
initial target cells within the CNS, the BDV-GP is dispensable
for its further dissemination.

Here, we analyzed whether BDV-GP is necessary for neu-
ronal dissemination of BDV by using an in vitro approach.
Since in vivo, BDV replicates and persists predominantly in
neurons of the limbic system, we used primary cultures of rat
hippocampal neurons. After in vitro infection with BDV-CRYV,
BDV efficiently replicated in cultured neurons, confirming pre-
vious observations (1). To selectively study the process of virus
dissemination and to separate this process from the primary
infection with BDV-CRYV, we performed the initial infection
with BDV-CRYV at a low MOI (0.025 FFU/cell). In addition,
we repeatedly changed the culture medium 1 to 2 days after the
initial infection, thereby reducing the chances of infection by
residual BDV-CRV from the original inoculum. Indeed, no
residual BDV-CRYV could be detected in the culture medium
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after the repeated washes had been performed (Fig. 1D). In
the absence of residual BDV-CRYV, BDV progressively dissem-
inated in our cultured neurons to attain 100% infection within
a 12-day period. The distribution pattern of infected neurons
during BDV dissemination strongly suggested that the spread
took place via cell-cell contacts, as is thought to occur in the
CNS of infected animals. In addition, BDV persisted in culture
without causing neuronal cell death or overt cytopathic effects.
Taken together, these observations validate primary cultures of
hippocampal neurons as an in vitro system to study BDV
neuronal dissemination.

We report here that during BDV dissemination in neurons,
very small amounts of viral particles were detectable in the
supernatant (Fig. 1D). Even after cell lysis or B-bungarotoxin-
induced apoptosis, the total number of cell-associated BDV
viral particles obtained remained extremely low (on the order
of 1 particle/S0 to 100 cells), suggesting that the virus might
indeed spread as nonenveloped RNP rather than as enveloped
viral particles.

To our surprise, we found that neutralizing antibodies di-
rected against BDV-GP completely inhibited BDV spread.
Since antibody binding to viral GPs of Sindbis virus that are
expressed on the cellular surface can inhibit viral replication
(18), we examined whether anti-GP antibodies could have af-
fected BDV replication in a similar way. We did not observe
any inhibitory effects of antibody treatment on BDV replica-
tion, as analyzed by measuring the expression levels of BDV-N,
either in Vero-BV cells or in infected neurons (data not
shown). Also, when infected cultures that had been incubated
with neutralizing antibodies for several days were washed, virus
dissemination immediately followed antibody removal (data
not shown). These results strongly suggest that binding of neu-
tralizing antibodies to BDV-GP does not affect BDV replica-
tion efficacy but rather interferes directly with the role(s) of
BDV-GP in the dissemination process.

A direct role for BDV-GP in BDV dissemination was con-
firmed by experiments in which BDV-GP processing in in-
fected neurons was inhibited by treatment with an FI. The
cellular protease furin cleaves BDV-GP during its maturation.
Cell lysates of BDV-infected embryonic rabbit brain cells that
had been treated with FI contained 2 log units fewer infectious
viral particles than untreated cells. Full infectivity of the cell
lysates could be restored by in vitro furin treatment, demon-
strating that the correct processing of BDV-GP is important

FIG. 5. PNAs directed against BDV-GP mRNA block BDV dissemination in primary hippocampal neurons. (Top) Schematic representation
of the constructs. To promote cellular import, the designed PNA was coupled to 16 amino acid residues derived from the third helix of the pAntp
of Drosophila. Additionally, the PNA construct was linked covalently to an NLS sequence. At the N terminus of the PNA, a spacer of two lysines
(K-K) was introduced to prevent spatial binding hindrance of the following NLS sequence, and one cysteine was introduced to enable linkage with
the pAntp (4). On the left below the schematic is shown an electrophoretic mobility shift assay of PNAs with a random sequence (PNA_,,,) or with
a sequence directed against BDV-GP mRNA (PNAg) incubated with GP-mRNA or with GP-antisense (as) RNA. The arrows indicate the
positions of uncomplexed RNAs and that of the PNAG— GP-mRNA complex. On the right below the schematic are histograms of the flow
cytometric analyses of the expression of BDV-GP in Vero and Vero-BV cells. Vero-BV cells were treated with 1 uM PNA or PNA _, , for 12 days
or left untreated. The dark shading indicates background staining for BDV-GP in (uninfected) Vero cells; the light shading indicates expression
levels of BDV-GP in untreated Vero-BV cells. In the middle of the figure is the experimental setup. Primary hippocampal neurons were infected
with 250 FFU of BDV-CRV/well on day 3 of culture. On day 4, the cultures were washed twice with fresh medium, after which new medium was
added. On day 5 of culture, PNAs were added. On day 10, samples were taken for immunofluorescence analysis and quantification. Below the
timeline, immunofluorescence analysis is shown. BDV-N was detected with a FITC-labeled secondary antibody. Original magnification, X100.
(Bottom) Quantification of BDV-N-positive neurons per well on day 10 of culture. NT, not treated. Results are given for one representative
experiment selected from a series of three independent experiments. The error bars indicate standard deviations.
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for the infectivity of viral particles (39). Using our dissemina-
tion assay in neurons, we showed that inhibition of BDV-GP
processing also results in inhibition of BDV dissemination
(Fig. 4). Taken together, these results demonstrate the neces-
sity of correctly processed BDV-GP for BDV dissemination in
neurons.

The requirement for BDV-GP in BDV neuronal dissemina-
tion is inconsistent with the hypothesis that BDV spreads as
nonenveloped RNP. However, it also appears to be inconsis-
tent with the small numbers of viral particles detectable in
culture supernatants and in cell lysates during dissemination. A
possible explanation is that expression of correctly processed
BDV-GP on the surfaces of infected cells might induce local
fusion of the infected neuron with its neighboring neuron,
allowing passage of nonenveloped RNP. Fusion of infected
neurons with uninfected neurons would then most likely take
place at the synaptic termini, consistent with the subcellular
staining pattern that was found for BDV-GP (Fig. 2). How-
ever, BDV-GP-mediated membrane fusion is strictly pH de-
pendent and occurs only in an acidic environment, like intra-
cellular endocytic vesicles (14). Since in the synaptic cleft, such
low pH values are not encountered, we consider this possibility
highly unlikely, although we cannot formally rule it out.

We rather consider the requirement for BDV-GP in BDV
dissemination in neurons indicative of a crucial role for envel-
oped viral particles in this process. The small numbers of viral
particles in culture supernatants, as well as in cell lysates, could
be explained by the short half-life that BDV particles might
have in vitro. The apparent lack of colocalization of BDV-GP
with BDV-N along neurites and the accumulation of BDV-GP
at the termini of neurites (Fig. 2) suggest that nonenveloped
RNP may be transported separately from BDV-GP to neuro-
nal termini, where local assembly of viral particles might take
place. Such a mechanism has already been described for other
neurotropic viruses, like herpes simplex virus type I and pseu-
dorabies virus (30, 34, 47). After local viral-particle assembly
and budding, a new cell will be infected by receptor-mediated
endocytosis, and the envelope of the BDV particle will fuse
with the membrane of the endocytic vesicle. The existence of
viral particles in this process is temporary, and their half-lives
after assembly will be highly dependent on the intercellular
distance that needs to be crossed. If viral-particle assembly
indeed takes place at neuritic termini, the distance to the
closest cell will be very small (the synaptic cleft), resulting in
short half-lives for BDV viral particles. This in turn would lead
to low yields of viral particles, both in culture supernatants and
in cell lysates, and it would also be consistent with the notori-
ous difficulties that researchers have in visualizing intracellular
BDYV particles. It is clear that additional studies will be needed
to better understand the mechanism of BDV dissemination in
neurons.

As for all members of the order Mononegavirales, the ex-
pression levels of BDV proteins are relative to the positions of
their ORFs in the genome. The closer the ORF is positioned
to the 3’ end of the genome, the higher the expression level of
the encoded protein. BDV-GP is encoded by ORF 1V, and its
expression levels are indeed known to be low compared to that
of BDV-N (ORF I) or BDV-P (ORF II). With its low levels of
expression and its crucial role in viral dissemination in neu-
rons, BDV-GP represents an attractive target for antiviral
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therapy by antisense strategies. We chose to use cell-penetrat-
ing constructs of PNA (Fig. 5) that were directed against a
sequence in the mRNA of BDV-GP. We demonstrated that
PNA binds specifically to its target (Fig. 5) and that it effec-
tively decreases expression levels of BDV-GP in Vero-BV cells
(Fig. 5). The slightly decreased expression levels of BDV-N
and BDV-P (data not shown) in those cells might be explained
by binding of the PNA to its target sequence in the viral
antigenome. Since the BDV antigenome is used as a template
for replication of the BDV genomic RNA, PNA binding to the
antigenome could in theory inhibit replication efficacy. To
what extent such a mechanism contributes to the inhibitory
effects of PNA treatment on BDV dissemination in neurons
(Fig. 5) is unknown. PNA interference with human immuno-
deficiency virus infection has already proved to effectively in-
hibit viral replication in vitro (22, 25, 28), and this study un-
derlines the therapeutic promise of antisense therapy by the
use of cell-penetrating agents.

Recently, it has been shown that expression of the rabies
virus GP is necessary for its dissemination in neurons, ending
a debate on the possible transsynaptic transfer of rabies virus
as nonenveloped RNP (11). In this paper, we demonstrate that
the GP of BDV is required for BDV dissemination in primary
cultures of rat hippocampal neurons, strongly suggesting that
enveloped viral particles are crucial in this process and arguing
against the idea that BDV spreads from neuron to neuron in
the form of nonenveloped RNP.
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