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Borna disease virus (BDV), a nonsegmented, negative-stranded (NNS) RNA virus, causes central nervous
system (CNS) disease in a broad range of vertebrate species, including felines. Both viral and host factors
contribute to very diverse clinical and pathological manifestations associated with BDV infection. BDV per-
sistence in the CNS can cause neurobehavioral and neurodevelopmental abnormalities in the absence of
encephalitis. These BDV-induced CNS disturbances are associated with altered cytokine and neurotrophin
expression, as well as cell damage that is very restricted to specific brain regions and neuronal subpopulations.
BDV also targets astrocytes, resulting in the development of prominent astrocytosis. Astrocytes play essential
roles in maintaining CNS homeostasis, and disruption of their normal activities can contribute to altered brain
function. Therefore, we have examined the effect of BDV infection on the astrocyte’s physiology. We present
here evidence that BDV can establish a nonlytic chronic infection in primary cortical feline astrocytes that is
associated with a severe impairment in the astrocytes’ ability to uptake glutamate. In contrast, the astrocytes’
ability to uptake glucose, as well as their protein synthesis, viability, and rate of proliferation, was not affected
by BDV infection. These findings suggest that, in vivo, BDV could also affect an important astrocyte function
required to prevent neuronal excitotoxicity. This, in turn, might contribute to the neuropathogenesis of BDV.

Borna disease (BD) virus (BDV) causes central nervous
system (CNS) disease in a broad range of vertebrate species
(36, 43, 48, 63, 65). BDV has a nonsegmented, negative-strand
(NNS) RNA genome (9, 17). Based on its unique genetic and
biological features, BDV is considered to be the prototypic
member of a new virus family, Bornaviridae, within the order
Mononegavirales (19, 68).

Naturally occurring BDV infections were thought to be
mainly restricted to horses and sheep within certain geographic
regions of central Europe. Current evidence, however, indi-
cates that the natural host range, geographic distribution, and
prevalence of BDV are much broader than previously consid-
ered (36, 43, 63, 65). The genetics, immune status, and age of
the host, as well as viral factors, contribute to a high degree of
heterogeneity in disease symptoms and pathological manifes-
tations associated with BDV infection. Clinical manifestations
can range from dramatic to subtle or even been unapparent
(32, 36, 43, 63, 65). Nevertheless, all known BDV isolates are
noncytolytic and highly neurotropic (43, 48, 65). Heightened
viral gene expression in limbic system structures and neuronal
structural alterations within the hippocampal formation are
the main histopathological hallmarks of BDV infection (32, 34,
35). Immune cell infiltrates are frequently, but not always,
observed in the CNS of BDV-infected animals, and immune-
mediated neuronal damage is thought to be responsible for the
clinical symptoms associated with classic BD (5, 48, 65, 71).
BDYV affects the postnatal development of the brain monoam-
inergic system (61). However, the cellular and molecular mech-
anisms whereby BDV causes CNS disturbances in the absence
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of encephalitis remain largely unknown (1, 2, 11, 24, 32, 33, 40,
42, 66).

BDYV persistence in the CNS is also characterized by infec-
tion of astrocytes (10, 12, 13) and development of prominent
astrocytosis (32, 34, 48, 65). The reactive astrocyte response is
a near universal response to brain insults, including viral in-
fection, and represents a complex process involving profound
changes in the astrocyte gene expression program (28, 57).
Astrocytes play essential roles in the maintenance of a CNS
microenvironment compatible with proper neuronal activity (3,
28, 69). Disturbances in astrocyte functions can induce or en-
hance neuronal pathology by affecting complex interactions
within neuronal networks (3, 28, 37, 57). Thus, astrocyte glu-
tamate transporters are essential to maintain low extracellular
levels of glutamate, the major excitatory neurotransmitter in
the CNS (64). Excessive extracellular glutamate levels would
activate neuronal N-methyl-p-aspartic acid (NMDA) recep-
tors, leading to an increase in calcium influx, which can result
in neurotoxicity and cell death (25, 45, 47, 67). Both human
immunodeficiency virus (HIV) and feline immunodeficiency
virus (FIV) have been shown to affect glutamate uptake by
astrocytes, which is likely to contribute to the neuropatho-
genesis of these two lentiviruses (4, 4a, 15, 25, 73, 78). We
have previously documented the preparation of primary fe-
line astrocyte (FeAst) cultures that maintain many of their
normal physiological activities, including glutamate and glu-
cose uptake (78). Using this culture system, we have exam-
ined whether BDV persistence in astrocytes leads to an
impairment of their normal cell physiology, which in turn
could contribute to neuronal damage and disturbances in
CNS functions associated with cases of BDV infection that
proceed in the absence of encephalitis. Here, we present
evidence that BDV can establish a nonlytic chronic infection in
primary feline cortical astrocytes that is associated with a se-
vere and specific impairment in the astrocytes’ ability to uptake
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glutamate. We discuss the implications of this finding with
respect to the neuropathogenesis of BDV.

MATERIALS AND METHODS

Cells and viruses. (i) Enriched astrocyte cultures. Primary cultures of cerebral
cortical astrocytes were prepared from 2-day-old offspring of specific-pathogen-
free (SPF) cats as described previously (55, 79) with some modification (6).
Briefly, forebrains were removed aseptically from the skulls; the meninges were
excised under a dissecting microscope, and neocortices were dissected. The cells
were dissociated, without trypsin, by passage through needles of decreasing
gauges (16G1, 19G1, and 25G1) two to three times with a 10-ml syringe. The cells
were seeded at a density of 10° cells per cm? on 12-well tissue culture plates
(Costar) in Dulbecco’s modified Eagle’s medium (DMEM) (BioWhittaker) con-
taining 10% fetal bovine serum (FBS) and 25 mM glucose and then incubated at
37°C in an atmosphere containing 5% CO, at 95% humidity.

(ii) Cell lines. C6 cells (ATCC CCL 107), derived from a rat glial tumor, were
grown in DMEM containing penicillin, streptomycin, 1% glutamine, and 10%
heat-inactivated FBS. C6-lacZ cells were derived from a clone of C6 cells that
was stably transfected with a lacZ gene expression vector which conferred to the
cells high B-galactosidase activity that can be easily detected by in situ staining
for B-galactosidase. C6-lacZ cells were grown similarly to the C6 cells, but with
G418 (250 pg/ml) incorporated into the medium for selection of stably trans-
fected cells.

(iii) Virus stock. The Giessen strain He/80 of BDV was passaged three times
in Lewis rats by intracerebral inoculation. Brain homogenate from the fourth
passage (BDVRp4) was prepared as described previously (16). Aliquots of BD-
VRp4 stock were stored at —70°C. The infectious titer (focus-forming units
[FFU] per milliliter) of BDVRp#4, as well as those of supernatants and whole-cell
extracts (WCE) from BDV-infected FeAst, was determined by an immunofocus
assay as described previously (16, 39). Preparation of WCE was done by three
cycles of freezing and thawing, followed by ultrasonication on ice.

RNA analysis. Total RNA was isolated by the TRI reagent procedure (MRC,
Inc., Cincinnati, Ohio). RNA samples were dissolved in 0.5 mM EDTA and
stored at —70°C. Total RNA (5 pg) from BDV-infected and mock-infected
primary FeAst, as well as from C6 cells, was analyzed by Northern blot hybrid-
ization as described previously (16, 17). Briefly, RNA was size fractionated by 2.2
M formaldehyde-agarose gel electrophoresis, transferred by capillarity with 20X
SSC (1x SSCis 0.15 M NaCl plus 0.015 M sodium citrate) to MagnaGraph nylon
membrane (MSI, Westboro, Mass.), and UV cross-linked. Hybridization with
32p_labeled BDVp40 or GAPDH-specific probes was performed as described
previously (16, 17). Methylene blue (MB) staining of the membrane after trans-
fer and prior hybridization was used to verify that similar amounts of total RNA
were loaded in all cases.

Detection of viral proteins. (i) Indirect immunofluorescence (IIF). Cells were
grown on coverslips and fixed with acetone-methanol (50:50) for 5 min at room
temperature. After several washes with phosphate-buffered saline (PBS), cells
were blocked with PBS-10% normal goat serum for 60 min at room temperature.
Double labeling of BDV antigens and the astrocytic marker glial fibrillary acidic
protein (GFAP) was done by using a rat serum to BDV and a rabbit polyclonal
serum to GFAP. Binding of primary antibodies was detected with species-
matched secondary antibodies conjugated to either fluorescein isothiocyanate or
rhodamine.

(ii) Immunoblot analysis. WCE were prepared in 1X sodium dodecyl sulfate
(SDS)-loading buffer (50 mM Tris-HCI [pH 6.5], 100 mM dithiothreitol, 2%
SDS, 0.1% BPB, 10% glycerol). Extracts were analyzed by Western blotting with
rabbit polyclonal antibodies to BDV nucleoprotein (NP [p40]) and phosphopro-
tein (P [p24]) antigens, as described previously (20, 31).

Cell proliferation and rate of protein synthesis. (i) Cell proliferation. Viable
cells were determined by trypan blue staining. The number of cells for each time
point was determined in triplicate.

(ii) Rate of protein synthesis. Cells were starved for 45 min in medium without
cysteine and methionine and containing 1% dialyzed FBS. 3S-Trans label was
added to the cultures (50 pCi/ml). At the indicated postlabeling times, whole-cell
lysates were made by using 1X SDS-gel loading buffer. Incorporation of labeling
into macromolecules was determined by precipitation with trichloroacetic acid
and measurement of 3>S label by liquid scintillation counting.

Glucose uptake assay. Uptake experiments were conducted weekly after in-
fection as described previously (78). Briefly, after the medium was removed, cells
were incubated for 3 h in 0.5 ml of serum-free DMEM, containing 5 mM instead
of 25 mM glucose (DMEMS), at 37°C in an atmosphere containing 5% CO, at
95% humidity. Afterward, 0.5 ml of fresh DMEM containing [°H]2-deoxy-p-
glucose (*H-2DG) (final concentration, 48 nM) was added for an additional
20-min incubation. Uptake was terminated by aspirating the uptake solution and
washing the cells three times with 2 ml of ice-cold PBS. Astrocytes were then
lysed by adding 0.5 ml of 10 mM NaOH containing 0.1% Triton X-100, and a
300-p portion was assayed for *H by liquid scintillation counting. The protein
content was measured by the method of Bradford (8) in 100 wl of the remaining
lysate. *H-2DG uptake was expressed in femtomoles per milligram of protein.

Glutamate uptake assay. The uptake of [*H]glutamate (*H-Glu) was deter-
mined by the method described by Volterra et al. (74). Briefly, after infection and
supernatant collection, the medium was replaced by 0.5 ml of fresh medium
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containing 50 pM glutamate and 18.5 kBq (9.25 pmol) of *H-Glu. Uptake was
terminated 15 min later by removing the supernatant and washing the cells three
times with 2 ml of ice-cold PBS containing 5 mM glutamate. Astrocytes were
then lysed by 0.5 ml of 10 mM NaOH containing 0.1% Triton X-100, and a
300-ul portion was assayed for *H by liquid scintillation counting. The protein
content was measured (8) in 100 pl of the remaining lysate. Uptake was ex-
pressed in femtomoles per milligram of protein.

Statistical analysis and image processing. A two-factor (BDV-uninfected ver-
sus BDV-infected cultures for 4 to 6 days) between-group analysis of variance
was applied to the mean from each triplicate for each experiment. Scheffe’s
contrast procedures were used to perform post hoc comparisons between
the infected conditions for each day. All agarose gel pictures were taken with
a Stratagene Eagle eye camera. Pictures were scanned with an Agfa Stu-
diostar scanner, and the composite images were generated with Adobe Photo-
shop.

RESULTS

Primary FeAst are susceptible to BDV. We first tested
whether primary FeAst could be infected with our rat-adapted
laboratory stock BDV-He80 strain without requiring adapta-
tion passages in feline cells. This BDV-He80 viral stock cor-
responded to the fourth passage in brain tissue of newborn
infected rats. We infected primary FeAst with BDV-He80 at a
multiplicity of infection (MOI) of 0.1 FFU/cell and analyzed
the synthesis of BDV RNA, as well as expression of viral
antigen and production of infectious virus (Fig. 1). Both BDV
genomic and subgenomic viral mRNAs were readily detected
by Northern blot hybridization at 48 h postinfection (p.i.) (Fig.
1A). Levels of BDV genome and mRNA increased signifi-
cantly from 48 to 72 h p.i.; thereafter, and until the last time
point analyzed (6 days p.i.), levels of genome RNA remained
at the same level, whereas BDV NP mRNA showed a modest,
steady increase (Fig. 1A). No differences were observed be-
tween BDV- and mock-infected FeAst with respect to the
levels of the housekeeping cellular mRNA GAPDH (Fig. 1A).
Consistent with our previous findings (78), the majority of the
cells (>90%) were positive for the astrocyte marker GFAP
(Fig. 1B), reflecting a high degree of purity in our astrocyte
primary cultures. About 85% of the cells in the population
were positive for BDV NP antigen at 72 h p.i. as determined by
immunofluorescence (IF) (Fig. 1B and C). The majority of
cells that scored positive in IF for BDV antigen were also
GFAP positive. However, there was a low percentage (ca. 3%)
of BDV-positive cells that were not immunolabeled by the
anti-GFAP antibody (Fig. 1C). The cell lineage of these
GFAP-negative cells was not determined in this study. How-
ever, we have previously shown that 2 to 3% of the cells in
these primary astrocyte cultures are microglia, as determined
by nonspecific esterase staining (30). BDV infection of FeAst
was productive, since infectious virus progeny was detected
24 h p.. (Fig. 1D). Viral titers increased significantly between
24 and 72 h p.i., followed by a plateau effect that was main-
tained until 120 h p.i., the last time point analyzed (Fig. 1D).
Throughout the entire kinetics experiment, BDV infectivity
remained cell associated, and we were unable to detect at any
time cell-free infectious particles in the tissue culture superna-
tant (data not shown). We also observed a correlation between
the number of infected cells and production of BDV infectious
progeny (Fig. 1E).

BDV establishes a nonlytic chronic infection in primary
FeAst. Once we verified that primary FeAst were susceptible to
BDV, we examined whether BDV could establish a long-term
persistent infection in these cells. Primary FeAst were infected
with BDV-He80 at an MOI of 0.1 FFU/cell, and 5 days p.i.,
cells were subcultured at a 1/3 ratio. After 15 days, these cells
(FeAst/BDVpl) were subcultured again (1/3 ratio). Subse-
quent cell passages were done every 20 days, with passage 5
(pS) (100 days p.i.) as the end point of the experiment. As a
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FIG. 1. (A) Synthesis of BDV RNA in primary FeAst. Primary cat astrocytes were infected with BDV-He80 at an MOI of 0.1 FFU/cell. At the indicated times, total
RNA from mock- and BDV-infected cells was analyzed by Northern blot hybridization. BDV genomic and NP mRNAs were detected with a 3?P-labeled NP DNA
probe. As a control, the same blot was also hybridized with a probe for the housekeeping cellular nRNA GAPDH. MB staining of the membrane after transfer and
prior hybridization was used to verify that similar amounts of total RNA were loaded in all cases. The positions of the 28S and 18S rRNAs are indicated. (B) Detection
of BDV NP antigen and GFAP expression in primary FeAst. BDV-infected cells (INF) and mock-infected controls were fixed at 96 h p.i. and analyzed by indirect
immunofluorescence. Cells were simultaneously labeled with a rabbit antiserum to GFAP («GFAP) and a rat serum to BDV (aBDV). (C) The percentage of cells
expressing one or both antigens was determined by counting cells (total of 250) from five or six different fields. Shown are the average and standard deviation from
two independent experiments. ND, not determined. (D) Kinetics of BDV multiplication in primary FeAst. Cells were infected with BDV-He80 at an MOI of 0.1
FFU/cell. At the indicated times p.i., BDV infectivity in supernatant and in WCE was determined. Only cell-associated infectivity was detected. Values correspond to
the average and standard deviation of two independent experiments. (E) Number of BDV-infected cells at different times p.i. FeAst were infected at an MOI of 0.1
FFU/cell, and at the indicated times after infection, cells were fixed and examined for expression of BDV NP antigen by IIF. Values correspond to the average and
standard deviation of two independent experiments.
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TABLE 1. Expression of BDV antigens and GFAP in
FeAst persistently infected with BDV*

% of cells positive at day p.i.:

Antigen
40 (passage 2) 60 (passage 3) 100 (passage 5)
BDV NP 86 (79-91) 92 (84-95) 88 (83-94)
GFAP 94 (88-96) 89.5 (81-93) 91 (87-93)
BDV NP + GFAP 79.5 (73-86) 87 (83-92) 82 (76-93)
BDV NP — GFAP 6.5 (9-2) 5(7-4) 6(8-3)

“ At 40, 60, and 100 days p.i., corresponding to passages 2, 3, and 5, respec-
tively, BDV-infected FeAst were fixed and analyzed by IIF with antibodies to
BDV and GFAP. The total percentages of cells expressing viral antigens or
GFAP, as well as double-positive cells, are indicated. Numbers correspond to
the average and range obtained from counting cells in three independent
fields. The range, indicated in parentheses, corresponds to the lowest and
highest numbers of positive cells observed in any of the three fields examined
for each case.

control, we used mock-infected FeAst cells that were handled
in an identical manner to the BDV-infected cells.

Viral genome and subgenomic NP mRNA were readily de-
tected at 80 days p.i. (four cell passages, FeAst/BDVp4) by
Northern blot hybridization (Fig. 2A). Likewise, BDV NP and
P gene products were detected in FeAst/BDV cells (Fig. 2B).
Levels of both BDV genomic and mRNA species in FeAst/
BDVp4 were slightly decreased compared to those detected at
in BDV-infected FeAst at day 4 p.i., as well as in C6 cells
persistently infected with BDV-He80 for 40 days (C6BVp10)
(compare Fig. 1A and 2A). IF results showed that most of the
cells within the BDV persistently infected FeAst cell popula-
tion expressed both GFAP and BDV NP antigen (Fig. 2C and
Table 1). These results indicated that primary FeAst can sus-
tain long-term BDV replication and transcription. We ob-
served a small, but consistent, percentage of cells that were
positive for viral antigen, but negative for GFAP. This sub-
population of GFAP-negative cells did not increase from pas-
sages 1 to 5, indicating that they were not being selected under
the tissue culture conditions used in our study (Table 1). The
percentage of GFAP-negative cells in BDV persistently in-
fected FeAst was similar to that observed in mock-infected
control FeAst, suggesting that BDV infection did not affect the
expression of this astrocyte marker.

We next evaluated whether BDV persistence has a notice-
able impact on the survival and growth of FeAst cells. For this,
we compared the rates of cell growth and protein synthesis
between FeAst/BDV at 20 (p1) and 60 (p3) days p.i. and those
of mock-infected control cells. Both BDV persistently infected
cells and control cells exhibited the same kinetics of cell growth
(Fig. 3A) and rates of protein synthesis (Fig. 3B).

Infectivity associated with FeAst persistently infected with
BDV. A characteristic feature of BDV-infected cultured cells is
the extremely low levels, or complete lack, of cell-free virus
(CFV). Likewise, the infectivity detected in FeAst/BDV cul-
tures was cell associated and remained at similar levels (8 X
10 to 10 X 10* FFU/10° cells) from passages 1 to 5 (100 days
of persistence). We did not detect CFV in the tissue culture
supernatant at any time throughout the entire course of the
observation period of the BDV persistently infected FeAst
(data not shown). This finding led us to consider whether
BDV-susceptible cells could become infected when cocultured
with BDV persistently infected FeAst. For this, we cocultured
FeAst/BDV and C6-lacZ cells at a 1:1 ratio. The percentage of
cells within the population positive for both LacZ and BDV
NP antigen increased from 0 to about 50% between 12 and
72 h after seeding of the cells (Fig. 4). Concomitantly, the
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majority (>90%) of the cells within the population became
BDV NP positive at 72 h postseeding (Fig. 4).

BDYV affects glutamate uptake in FeAst. To assess the effects
of BDV infection on astrocyte function, we performed a glu-
tamate uptake assay. As a baseline, we measured glutamate
uptake in mock-infected cells, which averaged 8,619.07 =
2,238.11 fmol/mg/15 min, a value within the same range ob-
tained under similar conditions with human astrocytes (29).
We then determined the ratio of glutamate uptake between
infected and mock-infected control cells that were identically
and simultaneously processed. During the first 10 days p.i.,
which we designated as the acute phase of the infection, BDV
did not cause any significant alteration in the *H-Glu uptake
(Fig. 5A), although the infected cells showed a tendency to-
ward increased *H-Glu uptake during this time. These results
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FIG. 3. Cell growth and synthesis of proteins are not impaired in FeAst
persistently infected with BDV. (A) Cell growth. Mock-infected (p4) and BDV-
infected FeAst pl and p4 were seeded (10° cells/dish) into 35-mm-diameter
polylysine-treated tissue culture dishes. At the indicated postseeding times, the
numbers of viable cells were determined by using trypan blue staining. For each
sample and time point, cell numbers were determined in triplicate. Shown are
average values and standard deviations of two independent experiments. (B)
Rate of protein synthesis. Cells were labeled with 3°S-Trans label for the amount
of time indicated. Incorporation of 33S label into proteins was determined by
trichloroacetic acid precipitation and Cerenkov counting with a scintillation
counter. Each time point was determined in triplicate. Values correspond to the
average and standard deviation.
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were in marked contrast to the findings with the persistently
infected cultures (Fig. 5B). We observed a very dramatic and
sustained effect on the glutamate uptake in astrocyte cultures
persistently infected with BDV. Glutamate uptake was almost
completely inhibited in FeAst/BDVp4 cells, reaching only 2
and 1% at 80 and 91 days p.i., respectively, compared to that in
controls. A strong inhibition of glutamate uptake was still ob-
served at day 96 p.i. (27% of the control value). These results
were statistically significant for all time points to the P < 0.001
level (Fig. 5B).

To determine if the effect of persistent BDV infection on
glutamate uptake was selective or represented a general BDV-
mediated impairment of the astrocyte physiology, we examined
the effects of a chronic BDV infection on glucose uptake (*H-
2DG uptake). The *H-2DG uptake assay was performed with
FeAst/BDVp4 cells over four time points (Fig. 5C). Mock-
infected control cultures had an average *H-2DG uptake value
of 351.14 = 88.25 fmol/mg of protein (12 independent assays),
which was similar to the value reported for murine astrocytes
(299 to 630 fmol/mg of protein). *H-2DG uptake increased
significantly on day 80 (172% of the control value), but was not
significantly different from that of the mock-infected control
cells on days 85, 91, and 96 p.i. These data indicated that
chronic BDV infection did not significantly impair glucose
uptake.

DISCUSSION

This study provides, for the first time, evidence that a rat-
adapted strain of BDV can establish a nonlytic productive
persistent infection in feline cortical astrocytes that is associ-
ated with a selective and nearly complete inhibition of the
astrocyte’s ability to uptake glutamate, an important function
required to prevent neuronal excitotoxicity (46).

Diverse mechanisms are likely to contribute to BDV-in-
duced CNS disturbances. Classic BD, both naturally occurring
and experimentally induced, is an immune-mediated biphasic
behavioral disease that is characterized by a strong immune
cell inflammatory response within the CNS (58). In contrast,
neonatally infected rats do not have inflammation and are free
of clinical signs of classic BD, namely severe neurological dis-
turbances together with high morbidity and mortality. None-
theless, these rats, referred to as BDV/PTI-NB, exhibit distinct
cognitive, neurobehavioral, and specific neurodevelopmental
abnormalities (1, 2, 11, 24, 40), which are associated with
specific neurochemical alterations (42, 60, 61). The cellular
and molecular bases of these BDV-induced CNS disturbances
are not well understood. BDV appears to have a specifically
enhanced affinity for areas with a high density of aspartate and
glutamate receptors in the hippocampal formation, which
might contribute to impaired brain function (22). Brains of
BDV/PTI-NB rats exhibit a chronic upregulation in the expres-
sion levels of several proinflammatory cytokines (66). Altered
cytokine expression in the CNS can contribute to the BDV
interference with neuroplasticity processes in specific cell pop-
ulations seen in BDV/PTI-NB rats, thus leading to distur-
bances in cognitive function (33). Increased cytokine expres-
sion by CNS resident cells, mainly microglia and astrocytes,
could also modulate astrocyte function, as well as affect the
supply of factors required for survival of selective neuronal
populations within the cortex and limbic system structures
(33).

Astrocytes are the most common cell type in the brain and
play a key role in maintaining the appropriate microenviron-
ment in the CNS required for normal neuronal activity (3, 27).
One of the most important functions of astrocytes is to regu-
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FIG. 4. BDV-susceptible cells become infected by cocultivation with BDV-
infected FeAst. C6-lacZ cells and BDV-infected FeAst were seeded at a ratio of
1:1. At the indicated postseeding (p.s.) time points, cells expressing BDV anti-
gens and LacZ were determined by IIF.

late the level of extracellular glutamate, a major excitatory
neurotransmitter (64). Glutamate accumulates as a conse-
quence of neuronal activity (64). Excessive levels of extracel-
lular glutamate often result in neuron toxicity and death (64).
Thus, the astrocyte’s function of controlling levels of extracel-
lular glutamate in the brain is essential to maintaining the
health of the neuron. Evidence indicates that glutamate-medi-
ated neurotoxicity may play a major role in CNS disorders,
including virus-induced diseases (25, 45, 47, 67). Astrocytes
are the main cellular target of BDV in the CNS; hence it
would be plausible that the disruption of the astrocyte’s ability
to prevent glutamate-mediated neurotoxicity could contribute
to BDV-induced CNS dysfunction in the absence of encepha-
litis.

BDV dramatically altered glutamate uptake by long-term
persistently infected primary FeAst. This BDV-mediated im-
pairment in glutamate uptake by astrocytes was not observed
during the initial phase of infection (first 10 days after infec-
tion). However, the numbers of BDV-infected cells and levels
of BDV replication were similar in both cases. This finding
suggests that the impairment in glutamate uptake probably
results from a combination of slow progressive changes in
astrocyte cell physiology induced during BDV persistence. A
variety of nonlytic viruses have been shown to be capable of
affecting cell-differentiated functions (21). Therefore, it is
possible that BDV infection can directly interfere with the
activity of the glutamate transporters. The role of a soluble
factor secreted by BDV-infected cells in the inhibition of
glutamate uptake was not examined. Therefore, we cannot
formally rule out the possibility that production of cyto-
kines, or other soluble factors, by the minor fraction of
BDV-infected cells that were GFAP negative could be re-
sponsible for the effect on glutamate uptake by astrocytes.
Thus, for example both interleukin-1 (IL-1) and tumor ne-
crosis factor alpha (TNF-a) have been shown to affect glu-
tamate uptake by astrocytes (14, 41, 56, 77). Interestingly
the expression of these two cytokines is upregulated in the
CNS of PTI-NB rats (66). Significant changes in temporal
expression of IL-1 and TNF have been reported in BDV/
PTI-NB rats (60). This raises the possibility that, also in
vivo, glutamate uptake can be affected at different levels at
early and late stages of BDV infection. Arachidonic acid and
reactive oxygen intermediates, which can be produced by
astrocytes and microglia in response to infection, are also
known to suppress the astrocyte’s ability to scavenge gluta-
mate from the environment (26, 70, 75, 76).
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FIG. 5. (A) Effects of BDV acute infection on FeAst glutamate uptake. At
the indicated time points after infection with BDV, the *H-Glu uptake assay was
performed, as described in Materials and Methods. Results are expressed as the
ratio of *H-Glu uptake of infected cultures over that of control cultures. (B)
Effects of BDV persistent infection on FeAst glutamate uptake. At the indicated
time points after infection with BDV, the *H-Glu uptake assay was performed,
as described in Materials and Methods. Results are expressed as the ratio of
*H-Glu uptake of infected cultures over the value of the control cultures *

J. VIROL.

Cell growth and synthesis of macromolecules were not al-
tered in BDV-infected compared to control mock-infected
FeAst, indicating that BDV-mediated abrogation of glutamate
uptake was not a consequence of a generalized cytotoxicity
caused by BDV infection. Recent evidence indicates that glu-
tamate and astrocytes are pivotal components of the coupling
of synaptic activity with energy metabolism (38, 54). Glutamate
transporters mediate glutamate-induced uptake of glucose in
astrocytes. The electrochemical gradient of Na™ that drives the
activity of these transporters also triggers the glycolytic pro-
cessing of glucose, which results in astrocyte release of lactate,
the preferred energy substrate of activated neurons (54).
Therefore, an impaired astrocyte’s ability to uptake glutamate
not only can contribute to NMDA-mediated neurotoxicity, but
also can compromise the supply of substrate for energy pro-
duction in neurons. Whether glucose metabolism and lactate
production are affected in BDV persistently infected FeAst
remains to be determined. On the other hand, the impaired
energy metabolism of astrocytes will significantly affect their
ability to maintain low levels of extracellular glutamate (23).
Glucose uptake was not altered in FeAst persistently infected
with either BDV (this report) or FIV (30). These findings il-
lustrate that a noncytolytic virus persistent infection can selec-
tively target and disrupt specific components of interconnected
cellular functions.

BDV has been recently implicated in “staggering disease”
(SD), a neurological disorder affecting domestic cats in several
parts of the world (49, 52, 59, 62). A high percentage (>40%)
of cats with SD have been found to be BDV seropositive (49,
52, 59). Both viral antigen and RNA have been detected in
brain tissue of diseased cats (51, 53). Moreover, SPF cats
inoculated with BDV isolated from a cat with SD developed
disease (50). These findings, together with the failure to detect
other infectious agents in the CNS of SD cats, suggest a pos-
sible causative role of BDV in SD. BDV load in the CNS of SD
cats is significantly lower than that observed in BDV infections
of other species. More intriguingly, astrocytes, rather than neu-
rons, appear to be the main virus target cell in the feline CNS
(18). The mechanisms underlying neuronal damage observed
in the brains of cats with SD are unknown, and whether altered
astrocyte physiology is a contributing factor remains to be
determined. Our findings with BDV-infected primary FeAst
make plausible the hypothesis that altered glutamate uptake by
astrocytes could contribute to neuronal damage associated
with SD in cats.

Previous studies have shown that two lentiviruses, FIV and
HIV, can establish a persistent nonlytic infection in astrocytes
(7, 72, 78) and lead to a severe impairment, either directly or
indirectly, in the glutamate uptake function of astrocytes (4a,
44, 45, 47, 78). The results presented here have shown that
BDV, an NNS RNA virus, can also specifically abrogate glu-
tamate uptake by astrocytes. Together, these findings suggest a
possible common pathogenic mechanism for causing neuronal
damage by viruses that cause a nonlytic persistent infection of
astrocytes.

standard error of the mean. Results were analyzed by analysis of variance. *, P <
0.05; =#x, P < 0.01; ==, P < 0.001. (C) Effects of BDV persistent infection on
astrocyte glucose uptake. At the indicated time points with BDV, the ability of
the feline astrocyte cultures to remove *H-2DG from the culture supernatant was
determined, as described in Materials and Methods. Results are expressed as the
ratio of [*H]glucose uptake of infected cultures over the value of the control
cultures.
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