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Borna disease virus (BDV) establishes a persistent infection in the central nervous system of vertebrate
animal species as well as in tissue cultures. In an attempt to characterize the life cycle of BDV in persistently
infected cultured cells, we developed 30 clones by single-cell cloning from a human oligodendroglioma (OL) cell
line after infection with BDV. According to the percentage of cells expressing the BDV major proteins, p40
(nucleoprotein) and p24 (phosphoprotein), the clones were classified into two types: type I (>20%) and type
II (<20%). mRNAs corresponding to both proteins were detected by in situ hybridization (ISH) in a percentage
of cells consistent with that for the protein expression in the two types. Surprisingly, ISH for the detection of
the genomic RNA, mainly in type II, revealed a significantly larger cell population harboring the genomic RNA
than that with the protein as well as the mRNA expression. By recloning from type II primary cell clones, the
same phenotype was confirmed in the secondary cell clones obtained: i.e., low percentage of protein-positive
cells and higher percentage of cells harboring the genomic RNA. After nerve growth factor treatment, the two
types of clones showed increases in the percentage of cells expressing BDV-specific proteins that reached 80%
in type II clones, in addition to increased expression levels per cell. Such enhancement might have been
mediated by the activation of the mitogen-activated protein kinase in the clones as revealed by the detection
of activated ERK1/2. Thus, our findings show that BDV may have established a persistent infection at low levels

of viral expression in OL cells with the possibility of a latent infection.

Borna disease virus (BDV) causes progressive meningoen-
cephalomyelitis in horses and sheep, in addition to several
other vertebrate species (4, 26, 41). BDV is a single nonseg-
mented, negative-stranded (NNS) RNA virus (7, 11, 14, 42)
that is unique among members of the order Mononegaverales,
in that it uses the nucleus as a site for replication and tran-
scription (10, 43). BDV is a highly neurotropic virus that per-
sists in the central nervous system (CNS) of infected animals.
In adult rats, BDV infection is associated with massive brain
inflammation and extensive neuronal damage (33). Neonatal
infection, by contrast, results in life-long persistence without
encephalitis (2, 3, 8, 16, 33). However, infected rats of all ages
express a variety of behavioral abnormalities. Therefore, BDV
provides an important model for the investigation of the mech-
anisms and consequences of viral persistence in the CNS.

Generally, the CNS is known to be unique in its response to
viral infections. This may be because of the lack of specialized
lymphatic drainage, potentially limiting and delaying viral an-
tigen recognition, in addition to the lack of dendritic cells and
the use of microglia for the initial recognition and presentation
of viral antigens, as well as the lack of expression of major
histocompatibility molecules by normal neurons and glial cells
(36). Thus, these factors result in immune limitations, which
could contribute to the fate of viral persistence in the CNS, in
general and for BDV as well. In addition, persistent BDV
infection in the CNS is due to its noncytolytic strategy for
replication (25).
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Persistent infection with BDV has been established in a
variety of neuronal and glial cell lines during which viral anti-
gens are continuously detected (9). The choice of a cell line for
the in vitro characterization of BDV appears to depend on the
in vivo tropism of the virus, as well as on the functional im-
portance and abundance of cells in the CNS such as neurons
and glial cells (astrocytes and oligodendrocytes). The rat as-
trocytoma cell line (C6) is frequently used for such a purpose
(9, 17), in addition to the neuronal cell lines SK-N-SH and
SK-N-SHEP (9).

The cell-specific variations in BDV replication in vitro have
been studied. BDV persistence in the C6 cell line is character-
ized by high-level expression of BDV-specific proteins and
RNA and low-level production of infectious virions (9). Such
an expression is related in part to the secretion of several
neurotrophic factors into the culture medium by the cells (9,
35). Although BDV is characterized by high genomic stability,
a recent report demonstrated the possibility of isolating stable
virus variants from a persistently infected C6 cell line (17).

Although oligodendrocytes are a major cellular component
of the white matter in the CNS and have a pivotal role in
neuronal cell functions, they have not been well studied in
terms of BDV characterization. Oligodendrocytes have been
shown to support experimental and natural infection with neu-
rotropic NNS RNA viruses, such as canine distemper virus (31,
49) and measles virus (1, 20), revealing the important role of
these cells as a target for establishing persistent infection and
participating in the pathogenesis of such viruses. Even more,
they may be targets for hosting the viral genome for life-long
persistence at undetectable levels.

In this study, we characterized persistent BDV infection in a
human oligodendroglioma (OL) cell line. To test for possible
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variations in BDV replicative phenotype, we developed a total
of 30 biological cell clones after infection with BDV. We ex-
amined the differences in BDV replication patterns among the
clones in terms of the expression of BDV-specific major pro-
teins and their corresponding mRNAs. According to the per-
centage of BDV protein-expressing cells, clones were classified
into two types, i.e., type I (>20%) and type II (<20%). How-
ever, the cell population harboring the genomic RNA was
significantly larger than that expressing viral protein or mRNA
especially in type II cell clones. This persistent infection of
BDYV exhibited by type II clones showed a shift to a phenotype
similar to that of type I on treatment with nerve growth factor
(NGF). Such activation might possibly be mediated by the
activation of the mitogen-activated protein (MAP) kinases
(ERK1/2).

MATERIALS AND METHODS

Cells and virus. A human OL cell line and an OL cell line persistently infected
with BDV, HuP2br (OL/BDV), isolated from the brain of a schizophrenic pa-
tient (32), were maintained in Dulbecco’s modified Eagle’s medium with high
glucose (4.5 g/liter) containing penicillin, streptomycin, and 10% heat-inactivated
fetal bovine serum (FBS) (complete medium). A C6 cell line persistently infected
with horse BDV, He-80 (C6/BV) (9), was also used.

Single cell cloning. OL/BDV and C6/BV were grown to confluence, washed
with phosphate-buffered saline (PBS) and harvested by trypsinization. Thereaf-
ter, the cells were suspended in complete medium and disrupted by three 10-s
ultrasonic bursts, followed by centrifugation at 10,000 rpm for 5 min. The clar-
ified samples containing the cell-free viruses from each cell line were separately
incubated with 200 uninfected OL cells. After 1 h of incubation at 37°C in a 5%
CO, incubator, the cells were washed and resuspended in complete medium.
Cells were seeded as a single cell per well in 96-well microplates and then
incubated for 14 days without medium change. Cell growth per well was moni-
tored daily under the microscope, and single microcolonies growing out in
individual wells were picked up on the 14th day and expanded for optimal
division rates in 24- and 6-well microplates and then in T-25 tissue culture flasks.
For recloning, selected cell clones were grown to complete confluence and then
trypsinized and suspended in complete medium. Cells were seeded to a single
cell per well in 96-well microplates, and the subsequent steps were performed as
described above.

Preparation of polyclonal anti-BDV antibodies. For the preparation of the
polyclonal anti-BDV p40 and p24 antibodies, rabbits were immunized with the
purified proteins from glutathione S-transferase (GST)-p40 and GST-p24, re-
spectively, expressed as fusion proteins in Escherichia coli, as described previ-
ously (48).

Immunofluorescence (IF) assay. Selected cell clones, OL/BDV, and unin-
fected OL cells growing to complete confluence were collected after being
washed and treated with trypsin and then suspended in PBS. Cells were smeared
onto eight-well glass slides, dried, fixed in 4% paraformaldehyde solution for 20
min at room temperature, and permeabilized for 5 min in 0.4% Triton X-100
(23). For BDV-specific protein detection, the slides were incubated with p40 and
p24 polyclonal rabbit anti-BDV antibodies (100 pl; dilution 1:250) in PBS for 30
min at 37°C, followed by fluorescein isothiocyanate (FITC)-conjugated goat
anti-rabbit immunoglobulin G (IgG; 100 pl; dilution 1:200) in PBS for 30 min at
37°C.

Antigen-capture ELISA. Cells were grown until complete confluence in 12-
well plates. The culture media were collected and centrifuged. The supernatant
was mixed with Nonidet P-40 at a final concentration of 0.5%. The cells were
washed with PBS and then collected in 500 pl of 0.5% Nonidet P-40. The cells
were sonicated, and the supernatant was collected after centrifugation. Antigen-
capture enzyme-linked immunosorbent assay (ELISA) to quantify BDV-p40
within the cell fraction, as well as in the culture media, was performed as
described previously (48). Briefly, microtiter plates were coated with 100 .l of
PBS containing 1 pg of anti-p40 monoclonal antibody overnight at 4°C. The
plates were blocked in 5% skim milk in PBS for 2 h at 37°C. After being washed
with 0.05% Tween 20 in PBS (PBST), 100 pl of the sample was added per well
(three wells per sample) for 1 h at 37°C. After another wash with PBST, the
plates were incubated with 100 pl of 5 pg of rabbit anti-p40 polyclonal anti-
body/ml for 1 h at 37°C. After five washes with PBST, horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG (50 pl; dilution, 1:2,000) was added for 1 h at
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37°C. Then, 100 pl of a solution of 0.4 mg of o-phenylenediamine in citrate-
phosphate buffer (pH 5.4) with 0.012% hydrogen peroxide/ml was added. Finally,
100 pl of stop solution (3 N H,SO,) was added after color development for 1
min. The absorbance was measured at 492 nm.

BDV infectivity assay. The infectivity of BDV in the culture media of the OL
cell clones was determined for uninfected OL cells. Briefly, the culture medium
was collected and then centrifuged to remove cellular debris. The supernatant
was reacted with 10° uninfected OL cells, and the cells were incubated for 1 h at
37°Cin a CO, incubator. The cells were then washed and plated in 12-well plates.
The cells were monitored for BDV-p40 production every third day, for four
passages, by IF assay.

Western blot analysis. Monolayers of representative OL cell clones, OL and
OL/BDV, were collected after being washed and mixed with an equal volume of
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer, as described previously (46). After cell lysis by sonication, followed by
boiling, the proteins were separated by using a 12% gel and transferred to
polyvinylidene difluoride membranes. The nonspecific binding sites were blocked
with a solution of 5% skim milk in PBST. Polyclonal rabbit anti-BDV-p40
(1:1,000) was incubated with the membrane for 1 h at room temperature. After
being washed with PBST, the membranes were incubated with the HRP-conju-
gated anti-rabbit IgG. Specific binding was detected by using an ECL Western
blotting kit (Amersham Pharmacia Biotech, Uppsala, Sweden).

Total RNA extraction and Northern blot analysis. Total RNA was extracted
from representative cell clones and OL and OL/BDV cells by using Isogen
(Nippon Gene Co., Tokyo, Japan). Aliquots, each of 5 ug of RNA, were sepa-
rated on 1% agarose gel containing formaldehyde and transferred to Gene-
Screen Plus Hybridization Transfer Membranes (NEN Life Sciences, Boston,
Mass.). After being baked at 80°C, the membranes were prehybridized in hy-
bridization solution (7% SDS; 50% deionized formamide; 5X SSC [1X SSC is
0.15 M NaCl plus 0.015 M sodium citrate]; 50 mM phosphate buffer, pH 7.0;
0.1% [wt/vol] N-lauroylsarcosine; 2% blocking reagent) for 2 h at 68°C. This step
was followed by overnight hybridization with digoxigenin (DIG)-labeled RNA
probes for the detection of p40 genomic RNA and mRNA at a concentration of
50 ng/ml. The hybridized probe was detected with alkaline phosphatase-conju-
gated anti-DIG Fab fragment (Boehringer Mannheim) and visualized by using
the chemiluminescence CSPD substrate (Boehringer Mannheim). The signals
were visualized by exposure to X-ray film.

The RNA p40 sense and antisense probes used for hybridization were labeled
with DIG by in vitro transcription with T7 RNA polymerase from the plasmids
containing the cDNAs of BDV-p40, which was linearized with NotI and BamHI
for the generation of the sense and antisense probes, respectively, as described
previously (47). The DIG-labeled riboprobe was synthesized by using a DIG
RNA labeling kit (Boehringer Mannheim).

ISH. In situ hybridization (ISH) was carried out as described previously with
minor modifications (47). Briefly, cells grown in eight-chamber slides until 80%
confluence were washed with PBS, dried, fixed in 4% paraformaldehyde solution
in PBS for 20 min at room temperature, and then denatured in 0.2 N HCI and
in 2X SSC at 70°C. After acetylation in 0.1 M triethanolamine and 0.5% acetic
anhydride, the slides were prehybridized in hybridization solution (50% form-
amide; 3X SSC; 50 mM HEPES, pH 7.0; 5X Denhardt’s solution; 250 wg of
salmon sperm DNA/ml) for 30 min at 37°C, followed by overnight hybridization
at 37°C with the DIG-labeled RNA probes at a concentration of 10 ng/ml. After
being washed, the slides were incubated with FITC-conjugated rabbit anti-DIG
antibodies (50 pl; dilution 1:10; Boehringer Mannheim) for 45 min at 37°C. The
slides were washed, counterstained with propidium iodide, and mounted for
examination under the microscope.

The RNA probes (sense and antisense RNAs) used for ISH were labeled with
DIG by in vitro transcription with T7 RNA polymerase from plasmids containing
the cDNAs of BDV-p40 and BDV-p24, which were linearized with BamHI for
the generation of the antisense probes and with Norl for the p40 sense probe.
The DIG-labeled riboprobes were synthesized by using a DIG RNA labeling kit.
Probes 300 bp in length were then generated by alkaline hydrolysis.

Serum starvation. Cells grown in 12-well plates were washed with PBS and
cultured in FBS-free medium (30). At each time point 0, 2, 3, and 5 days after
starvation, IF assay was carried out.

NGF-B treatment. Cells growing in monolayers were treated with NGF-8
(Sigma) at a concentration of 50 ng/ml in FBS-free medium every other day (9).
At each time point, 0, 2, and 4 days after the treatment, samples for IF assay and
antigen-capture ELISA were collected.

NGF signaling pathway. Cells were cultured in eight-chamber slides in me-
dium containing 0.5% FBS for 2 days. This was followed by serum starvation for
2 h. Next, 100 ng of NGF-B/ml was added to the cells in FBS-free medium for
given time points (19). At each time point (0, 5, 10, 15, 30, and 60 min), the slides
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FIG. 1. Percentage of BDV protein-expressing cells among cell clones persistently infected with BDV. The cell clones were analyzed for the
BDV proteins, p40 and p24, by IF. Representative cell clones belonging to types I (clones 17 and 18) and II (clone 26), as well as parental OL/BDV
and uninfected OL cells, were smeared on glass slides and incubated with polyclonal rabbit antiserum against BDV-p40 (A) and BDV-p24 (B),

followed by the addition of FITC-conjugated secondary antibody.

were washed and fixed in 3% paraformaldehyde solution in PBS for 30 min at
room temperature. The subsequent steps were performed according to the pro-
tocol supplied with the phospho-p44/42 MAP kinase (Thr202/Tyr204) E10
monoclonal antibody (ERK1/2) used (Cell Signaling Technology; New England
Biolabs).

RESULTS

Isolation of OL cell clones persistently infected with BDV.
The cell-free virus derived from OL/BDV was incubated with
OL cells for 1 h at 37°C. After being washed, the infected OL
cells were subjected to single-cell cloning by limiting dilution.
A total of 30 clones were obtained, each of a single-cell origin.
These clones were expanded in 24-well plates, then in 6-well
plates, and then in T-25 tissue culture flasks.

The cell clones were examined for BDV protein expression
by IF assay. The slides were incubated with polyclonal rabbit
antiserum against BDV-p40 or BDV-p24 and then with the
secondary antibody (Fig. 1). The cell clones showed the char-
acteristic punctate nuclear staining of the corresponding pro-
teins in addition to diffused staining in the cytoplasm. Accord-
ing to the percentage of positive cells that expressed either
protein, the clones were classified into three types: I (>20%),
IT (<20%), and III (0%) (Table 1). Type III showed no viral
protein expression among the whole-cell population and was
considered negative and thus was excluded from further char-
acterization. Similarly, the cell clones obtained after infection
of OL cells with cell-free BDV derived from C6/BV were also
divided into three types, as summarized in Table 1. These data
revealed no apparent difference in the infection of OL cells
with the cell-free virus derived from either BDV isolate.
Therefore, representative OL/BDV-derived cell clones from
type I (clones 17 and 18) and type II (clone 26) were selected
for more detailed characterization, together with the parental
OL/BDV and uninfected OL cells as controls.

Quantification of BDV-p40 protein expression among the
cell clones. As shown in Fig. 2A, the production level of BDV-
p40 within the cells among the two types of cell clones showed
some variability by ELISA. Such variability in the protein con-
tents, confirmed by Western blotting as shown in Fig. 2B, is

consistent with the difference in the percentage of BDV pro-
tein-producing cells between types I and II as detected by the
IF assay (Fig. 1).

A significant amount of BDV-p40 was detected in the cul-
ture media of both types of cell clones (Fig. 2A). Thus, we
infected OL cells with the supernatant from both types of
clones in addition to the parental OL/BDV, as described in
Materials and Methods. Along four passages, we detected no
p40-positive cells in the newly infected cells, indicating that
such a level of protein in the supernatant was not due to
release of infectious virus particles into the medium but rather
due to cell death and the release of their protein contents.

Quantification of RNA signals within the cell clones. Next,
we characterized representative clones of each type for the
expression of the viral mRNA by Northern blot analysis with
p40 antisense probe (Fig. 3A, right panel). The expression
level of the 1.2- and 1.9-kb transcripts was lower in type II than
in type I cells, as well as in the parental OL/BDV, and this
appears to be consistent with the low production of p40 protein
by this type as shown in Fig. 2.

TABLE 1. Classification of persistently BDV-infected
OL cell clones

Cell clones‘ detected in BDV strain:

T % BDV-

ype expressing cells” HuP2br He/80

1’ >80 1, 10, 16, 17, 24, 38, 2, 10, 16, 19, 20,
41, 45, 47 22,27, 39, 41

20-50 8, 18, 28, 35, 65, 69, 86 12, 30, 32, 37

II <20 21, 26, 30, 57 3, 13, 20, 26, 29

11T 0 2,7,9, 22,31, 33, 37, 4,8,9, 15, 18
39, 42

“ % BDYV p40-expressing cells in at least five microscopic fields as determined
by IF assay.

> Type I comprises cell clones with a wide range of protein expression: from
those at >80% to others at 20 to 50%. However, there were no clear differences
between them as detected by ELISA, Western blotting, and Northern blotting.
From type I cell clones obtained after infection with HuP2br, underlined clones 17
and 18 were picked up for characterization, together with clone 26 from type II.

¢ Cell clone designations are listed.
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FIG. 2. Quantitative detection of BDV-p40 in persistently BDV-
infected cell clones. (A), Representative cell clones (clones 17 and 18
in type I and clone 26 in type II), as well as OL/BDV and OL cells,
were harvested and fractionated into cells (m) and culture medium
(3O). The concentration of BDV-p40 protein in both fractions was
estimated by antigen-capture ELISA. (B) Western blot analysis of cell
lysates from representative cell clones. Cell lysates were separated by
SDS-PAGE (12% gel). The proteins were transferred to polyvinyli-
dene difluoride membranes, which where then blocked with 5% skim
milk in PBST. The membranes were probed with rabbit anti-BDV-p40
antibodies. Bound antibodies were detected by using HRP-conjugated
anti-rabbit IgG.

By using the p40 sense probe to quantify the expression level
of the 8.9-kb BDV-genomic RNA among the cell clones, we
found that the expression level in type I cell clones was higher
than that in type II, as expected (Fig. 3A, left panel).

Detection of BDV RNA in cells of the two types of cell clones.
We then tried to quantify the cell population positive for viral
RNAs (mRNA and genomic RNA) among the two types of
clones by ISH. Using p40 antisense probe, it was found that the
mRNA expression (Fig. 3B, upper panel) was consistent with
the expression of p40 protein (Fig. 1) among the two types of
clones, >20% in type I and ca. 20% or less in type II. Similar
results were obtained with p24 antisense probe (data not
shown). The mRNA signals were detected in the nuclei of the
infected cells.

To quantify the cell population harboring the genomic RNA
within cells of the two types of clones, the cells were hybridized
with the p40 sense probe. Types I and II as well as the parental
OL/BDV showed the genomic RNA signals localized within
the nuclei of infected cells (Fig. 3B, lower panel), the site for
BDV transcription and replication (10, 43). The percentage of
cells harboring the genomic RNA in type I (cell clone 17) and
the parental OL/BDV was consistent with that producing the
p40 protein and that expressing the mRNA. On the other hand
and unexpectedly, in type II, the cell population harboring the
genomic RNA was two- to threefold higher (40 to 60%) than
that with the corresponding protein and mRNA. However, cell
clone 18 belonging to type I had a percentage of cells harbor-
ing the genomic RNA higher than that with the protein and the
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mRNA expression; its other characteristics were the same as
those of cell clone 17.

We then tried recloning from the type II cell clone 26 that
showed low expression level of the protein. One of the new
clones (reclones) obtained, designated II-26/3, had a level of
viral protein expression that was much lower (<2%) than that
of the original clone and was used for further characterization
and for confirmation of the above mentioned phenotype, i.e., a
larger cell population harboring the genomic RNA than that
harboring the protein and the corresponding mRNA. ISH for
the detection of the mRNA and for the viral genomic RNA
with p40 antisense and sense probes, respectively, was carried
out. As shown in Fig. 3C, the II-26/3 clone showed an increase
in the cell population harboring the viral genomic RNA over
that with the protein or mRNA expression. Moreover, more
cells may have been carrying the genomic RNA in very few
copies that fell below the detection threshold of ISH. Mean-
while, this replication pattern for BDV points to the develop-
ment of a different BDV replication cycle within the cell pop-
ulation in the two types of clones.

Enhancement of replication and transcription in type II cell
clones. As previously reported (30), serum starvation of per-
sistently BDV-infected cells results in cell growth arrest and
enhancement of viral transcription. Thus, we tested the effects
of serum starvation on the replication of BDV in OL cell
clones, especially type II clones. At each time point (0, 2, 3, and
5 days) after starvation, IF assay was carried out with p40
polyclonal antibodies. The cell clones showed a gradual in-
crease in the cell population positive for p40 expression with a
very high intensity of staining within individual cells (Fig. 4A).

We then examined whether other factors can enhance BDV
replication in the clones, mainly in type II. NGF has been
reported to enhance the replication of BDV in cultured cells
(9). Thus, we applied NGF-B to representative cell clones of
types I and II. We quantified the population of cells expressing
BDV-p40 by IF assay (Fig. 4B). NGF-B treatment of the two
types of clones resulted in a gradual increase in the percentage
of cells expressing BDV-p40 in addition to increased intensity
per cell. The increase was prominent for type II clones com-
pared to the start point before stimulation. Further, antigen-
capture ELISA confirmed the gradual increase in BDV protein
production within the culture media as well as in the cells (Fig.
4C and D, respectively). However, the significant amount of
p40 protein detected in the culture media of the cell clones was
found, by the infectivity assay (as described in Materials and
Methods), to not be due to infectious virus particle release into
the media, as revealed by the complete absence of infected
cells along four passages. Nevertheless, it may be due to the
overgrowth of the cells under the effect of NGF and their
subsequent lysis releasing their protein contents into the me-
dium.

As shown here, there was no apparent difference between
reactivation levels as determined by serum starvation and
NGF-B application. However, the only difference was in the
direct effect of NGF on the proliferation and cell activation
where the cell growth and proliferation as well as differentia-
tion in the cell clones were highly stimulated after NGF appli-
cation, a result that was not noticed in the case of serum
starvation, where cell proliferation was arrested and many cells
died. This may indicate the involvement of intrinsic cellular
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FIG. 3. Quantification of the viral RNA (genomic and mRNA) in the cell clones. (A) RNA was extracted from representative cell clones (clones
17 and 18 in type I and clone 26 in type II), as well as OL/BDV and OL cells, and analyzed by Northern blot hybridization for the expression of
BDV-genomic RNA (left panel) and mRNA (right panel) with the p40 sense and antisense probes, respectively. (B) The same representative cell
clones, as well as OL/BDV and OL cells, growing in eight-chamber slides were characterized by ISH with the p40 antisense (upper panel) and sense
(lower panel) probes as described in Materials and Methods. (C) The type II reclone 11-26/3 was characterized by IF with polyclonal rabbit
antiserum against BDV-p40 (a), ISH with p40 antisense probe (b), and ISH with p40 sense probe (c).

factors for BDV activation in type II cell clones, which directed
us to proceed with the following experiment.

Activation of MAP kinase in OL cell clones by NGF. In the
culture system with PC12 cells infected with herpes simplex
virus, it was shown that the viral expression level was signifi-
cantly amplified by NGF through the Ras/Raf signaling path-
way (18). Recently, BDV was also shown to cause sustained
activation of MAP kinase (ERK1/2) in the PC12 cell line (19).
In addition, a very recent report showed that the Raf/MEK/
ERK signaling cascade is activated upon BDV infection in
several cell lines, including OL cells (37). Therefore, we next
examined whether the NGF-B-enhanced replication in the cell
clones may have occured due to the activation of MAP kinase.
IF assay was carried out with antibodies against the activated
form of MAP kinases (ERK1/2) before and after NGF- treat-
ment. As shown in Fig. 5, before the NGF-$ was applied, types
I and parental OL/BDV expressed ERK1/2, whereas type II as
well as the uninfected OL cells did not. After NGF-B treat-
ment, the two types of clones, as well as the uninfected OL
cells, expressed ERK1/2 that was continuously detected in the
BDV-infected cell clones with continuous application of
NGF-B for the tested time points (data not shown).

DISCUSSION

Host cell-virus interactions have been described for many
viruses. However, the consequences of such interactions vary,
either resulting in host cell death or complete clearance of the

virus. Other viruses adopt different mechanisms to maintain
their genome within the cells by developing either a persistent
or a latent infection. In the present study, we obtained cell
clones (type II) in which <20% of the population positively
expressed BDV-specific proteins. However, by ISH, the geno-
mic RNA was found to be harbored in a significantly higher
proportion of cells within individual cell clones. Moreover,
serum starvation and NGF potently enhanced BDV replication
in type II, as well as in type 1. Thus, we postulate that BDV es-
tablished a restricted persistent infection in type II cell clones
which could represent an in vitro state of latency for BDV in
OL cells. Furthermore, this latent pattern may provide some
understanding about the possible host cell-virus interactions.
Host cells were found to affect the replication of measles
virus during persistent infection (44). Moreover, a defective
replication cycle for measles virus has been reported in astro-
glial cell cultures with restricted gene expression (44). Also,
neuroblastoma cells have been shown to modify measles virus
RNA during replication (39). For BDV, cell-specific variations
in the replication pattern affecting the production level of the
virus as well as that of the antigen have been reported (9). In
addition, virus variants have been shown to evolute as a result
of cell cloning, with <20% of the cell population positive for
the protein expression (17). Thus, we can hypothesize that the
clonal selection of OL cells resulted in the varied replication
phenotypes of BDV, as seen in types I and II, which may be
derived from selection of viral variants during cell cloning.
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17 and 18 in type I and clone 26 in type II) were serum starved for 0 to 5 days and examined for BDV antigen by IF with anti-p40 polyclonal
antibodies. The percentages of cells positive for p40 expression by IF at 0, 2, 3, and 5 days after starvation are shown. Type I, clone 17 (m) and
clone 18 (A); type 11, clone 26 ((I). (B to D) The same representative cell clones were treated with NGF- for the indicated time points as described
in Materials and Methods. At 0 days (CJ), 2 days (Z), and 4 days (m) after treatment, the cells were subjected to IF assay by using polyclonal rabbit
antiserum against BDV-p40 (B). The same cell cultures after treatment were fractionated into culture medium (C) and cells (D) and were

separately analyzed for BDV-p40 production by antigen-capture ELISA.

A similar pattern of infection with restricted expression of
viral proteins, as exhibited by type II cell clones, has been
described for other NNS RNA viruses such as canine distem-
per virus that showed restricted infection of OL cells in vitro
(50) and in vivo (49). Similarly, restricted infections with mea-
sles virus (1, 20, 21, 38), Sendai virus (24, 45), and influenza C
virus (28, 29) have been demonstrated in vivo as well as in
vitro. To date, in vitro latent infection with BDV has not been
described. However, in vivo latent infection of BDV was sug-
gested in healthy human subjects with low antigen expression
in addition to frequent reactivation in chronically ill patients
(5). Latent infection for DNA viruses such as Epstein-Barr
virus is associated with a downregulation of gene expression (6,
27). On the other hand, persistent infection is the most com-
mon mechanism thus far adapted by RNA viruses for their
maintenance within infected cells over periods that can extend
for the life of the host. In type II cell clones, the downregula-
tion was not only in the protein production level but also in the
corresponding viral transcripts compared with type I as well as
with the parental clone. Thus, such downregulating factors, to
be outlined in the future, might contribute to such restricted
infection of BDV in OL cells.

NGF is an important factor for the growth, differentiation,
and survival of neurons as well as glia. Furthermore, it was also

found to be important for the pathogenesis of some viral in-
fections. For example, NGF was found to be involved in the
pathogenesis of reovirus T3C9 infection (15). In addition, re-
activation of herpes simplex virus type 1 in latently infected
cells was found to be mediated by NGF (22). Human immu-
nodeficiency virus type 1 long terminal repeat was also strongly
activated by NGF (40). Moreover, NGF has been shown to
activate the Ras/Raf signal transduction pathways in PC12 cells
that resulted in the activation of the herpes simplex virus type
1 latency-associated transcripts (18).

In the case of BDV, the viral replication is favored in the
hippocampus. Further, NGF and other neurotrophic factors
exist in the hippocampus at high concentrations (34), suggest-
ing a relation between BDV replication and such neurotrophic
factors. Moreover, BDV replication was enhanced in several
persistently infected cell lines after application of NGF (9).
This directed us to examine the effect of this neurotrophic
factor on BDV replication in our cell clones. We observed that
BDYV replication was significantly enhanced by NGF in type II
cell clones as well as in type I clones. This enhancement ex-
erted by NGF might be due to an indirect effect(s) on viral
replication through the activation of the cellular transcription
machinery and the activation of the MAP kinase signaling
cascade.
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FIG. 5. Activation of ERK1/2 in OL cell clones after NGF-B treatment. Representative cell clones (clones 17 and 18 in type I and clone 26 in
type II), as well as OL/BDV and OL, were cultured in eight-chamber slides. After 2 h of serum starvation, the cells were untreated (upper panels)
and treated with NGF-B (lower panel) and then processed for IF assay as described in Materials and Methods.

A variety of DNA and RNA viruses induce signaling through
MAP kinase cascade in infected cells. In addition, the MAP
kinase signaling cascade is implicated in the response of cells to
several growth factors. Further, Hans et al. (19) reported that
BDV infection constitutively activated ERK1/2 proteins in
PC12 cells but blocked the neurite extension response of the
PC12 cells to NGF. In our BDV-infected cell clones, the same
can be applied to both parental and type I clones, where the
ERK1/2 were already expressed before NGF application, and
this also explains the effect of serum starvation to activate
BDYV expression in type I cell clones. Moreover, there was no
effect for BDV on the OL cell morphology before or after
NGF application (data not shown). On the contrary, type II
cell clones did not follow the same assumption, where ERK1/2
was not expressed except after NGF application. The activa-
tion effect of serum starvation on type II cell clones may be due
to viral intrinsic factors to survive the diverse effects of cell
death.

Whether BDV or MAP kinases are the first to be triggered
by NGF in type II cell clones is not yet known. Which one
resulted in the activation of the other and how this bidirec-
tional activation (BDV and MAP kinases) occurred and
changed the phenotype of type II cell clones is also not yet
known. However, this suggests that BDV may be able to adopt
a new mechanism to persist, inactively, in infected cells.

During the preparation of this study, Planz et al. (37) re-
ported that MEK-specific inhibitors blocked virus spread to
neighboring cells. Further, it was shown that the spread of
BDYV infection among the cells is due to cell-to-cell transmis-
sion and not to virus released into the culture medium (12, 13),
suggesting that the increase in the percentage of BDV protein-
expressing cells in type II cell clones, after NGF treatment,
may be due to the enhancement of cell-to-cell transmission.
However, hypothesizing that activated ERK1/2, in type II cell
clones, enhanced virus spread to neighboring cells might not
apply, as we determined by ISH that the number of cells
harboring the genomic RNA was greater than those expressing
the protein. In addition, a wider cell population might have
had the genomic RNA in copies that fell under the detection

limit of our ISH technique. Moreover, infected but viral-pro-
tein-nonproducing cells may harbor the virus in a latent state,
which upon NGF stimulation resumed activity and started rep-
lication.

Although BDV, as shown here, may produce an in vitro
latent infection that can change to an active one under the
influence of NGF, the in vivo interaction of BDV with NGF
and the possible consequences for viral replication are still
unknown.

Viral persistence or latency is a mechanism adapted by the
virus for the maintenance of the viral genome in infected cells.
In dividing cells, there must be a mechanism for maintaining
the viral genome so that it is not cleared by continuous cell
division, as in retroviruses where the viral genome is integrated
into the host chromosome as a provirus. Although it is un-
known how BDV can maintain its genomic RNA with no or
only low levels of expression in dividing cultured cells, the in
vivo model with cell-free virus from type II cell clones may
contribute to the understanding of the pathogenesis of this
pattern of BDV persistence or even latency in the nondividing
neuronal cells in vivo. In addition, the low level of BDV-p40,
the target for the T-cell-mediated immune response, can allow
viral escape from immune recognition with consequent persis-
tence of the virus and the possibility of establishing an in vivo
latent infection. Thus, BDV may be regarded as not always
establishing a persistent infection with high levels of viral ex-
pression but may under certain conditions establish a latent
infection with low levels of viral expression. Since BDV is one
of the slow viruses, studying the factors controlling its gene
expression in cells of neuronal origin will be important in
understanding the biology of persistent or latent BVD infec-
tion in the CNS.
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