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Neonatal Borna disease virus (BDV) infection of the rat brain is associated with microglial activation and
damage to the certain neuronal populations. Since persistent BDV infection of neurons in vitro is noncytolytic
and noncytopathic, activated microglia have been suggested to be responsible for neuronal cell death in vivo.
However, the mechanisms of activation of microglia in neonatally BDV-infected rat brain have not been
investigated. To address these issues, activation of primary rat microglial cells was studied following exposure
to purified BDV or to persistently BDV-infected primary cortical neurons or after BDV infection of primary
mixed neuron-glial cultures. Neither purified virus nor BDV-infected neurons alone activated primary micro-
glia as assessed by the changes in cell shape or production of the proinflammatory cytokines. In contrast, in
the BDV-infected primary mixed cultures, we observed proliferation of microglia cells that acquired the round
morphology and expressed major histocompatibility complex molecules of classes I and II. These manifesta-
tions of microglia activation were observed in the absence of direct BDV infection of microglia or overt
neuronal toxicity. In addition, compared to uninfected mixed cultures, activation of microglia in BDV-infected
mixed cultures was associated with a significantly greater lipopolysaccharide-induced release of tumor necrosis
factor alpha, interleukin 13, and interleukin 10. Taken together, the present data are the first in vitro evidence
that persistent BDV infection of neurons and astrocytes rather than direct exposure to the virus or dying

neurons is critical for activating microglia.

Borna disease virus (BDV) is a nonsegmented, negative-
strand RNA virus that persistently infects the central nervous
system (CNS) and causes behavioral abnormalities in a broad
spectrum of warm-blooded animals (3, 12, 22). In neonatally
infected rats, BDV causes a life-long persistent infection of the
CNS with minimal signs of classical inflammatory cell infiltra-
tion (e.g., encephalitis and meningitis) and the absence of
overt clinical disease. Nonetheless, neonatal BDV infection is
associated with a progressive loss of granule cells in the dentate
gyrus of the hippocampus, Purkinje cells in the cerebellum,
and GABA-ergic neurons in the neocortex (5, 16, 18, 45).

Because BDV establishes a persistent noncytolytic infection
in various cell lines and primary neurons and astrocytes in vitro
(6, 20, 34), the mechanisms of neuronal degeneration in vivo
remain unclear. Previous studies have indicated that even if the
virus does not infect microglia in vivo, neonatal BDV infection
is associated with strong microgliosis (6, 22, 38). Intriguingly,
BDV-associated microgliosis has been found predominantly in
areas of significant neuronal loss, i.e., cortex, hippocampus,
and cerebellum (22, 33, 38, 44), leading to the hypothesis that
microglia activation plays a central role in BDV-associated
neuronal damage (38, 44).

Microglia, the resident macrophage population in the brain,
play a central role in inflammatory processes and acute and
chronic neurodegenerative diseases of the CNS (36). Once
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stimulated, microglia undergo several transformations from
the resting state (i.e., ramified cell morphology) to the reactive
state (i.e., amoeboid morphology) (43). This process is gen-
erally termed “activation” and includes proliferation, ex-
pression of microphage-specific and activation markers,
changes in cell shape, and secretion of a variety of cytokines
and free radicals (43) that are believed to contribute to
neurodegeneration (2, 36 ).

It has been shown that in vitro and in vivo microglia can be
activated by several factors, including double-stranded RNA
(29), viral proteins (32), bacterial membranes (40), pathogen-
stimulated neurons or astrocytes (37, 41), and apoptotic neu-
rons (11, 13). However, the mechanisms of microglia activation
during neonatal BDV infection have not been adequately in-
vestigated. In the present study, a number of different possible
mechanisms of microglia activation in the context of BDV
infection were explored, including activation via direct incuba-
tion with purified virus and persistently BDV-infected primary
neurons or via BDV infection of mixed neuron-glial cultures.
We found that neither direct exposure to purified BDV nor
coculturing with BDV-infected neurons led to activation of the
primary microglia cultures as evaluated by changes in the cell
morphology or the production of the proinflammatory cyto-
kines. In contrast, BDV infection of the mixed neuron-glial
cultures resulted in a significant increase in the number of
round-shaped major histocompatibility complex class I (MHC-
I)- and MHC-II-positive microglia cells without any signs of
overt neurotoxicity. In addition, compared to the uninfected
mixed cultures, the morphological changes in microglia in the
BDV-infected mixed cultures were associated with a signifi-
cantly greater release of tumor necrosis factor alpha (TNF-«),
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interleukin-1B (IL-1pB), and IL-10 following lipopolysaccharide
(LPS) treatment. These results provide the first in vitro evi-
dence that persistent BDV infection of neurons and astrocytes
rather than direct exposure to the virus or dying neurons is
important for activating microglia.

MATERIALS AND METHODS

Reagents. LPS from Escherichia coli 026:B6, staurosporine, Hoechst 33258,
DNase, poly-L-lysine, laminin, and fluorescein isothiocyanate (FITC)-labeled
isolectin I-B4 from Griffonia simplicifolia seeds (lectin IB4) were obtained from
Sigma Chemical Co. (St. Louis, MO). Mouse anti-rat CD11b/c (clone OX42)
monoclonal antibody was purchased from BD Biosciences (San Diego, CA).
Monoclonal anti-MHC-I (clone OX18) and anti-MHC-II (clone OX6) antibod-
ies were from GeneTex (San Antonio, TX). Rabbit anti-activated caspase-3
antibody was obtained from Promega (Madison, WI). Rabbit anti-ionized cal-
cium binding adapter molecule 1 (Ibal) antibody was obtained from Wako
Chemicals (Richmond, VA). Chicken anti-microtubule-associated protein 2
(MAP2) polyclonal antibody, rabbit anti-glial fibrillary acidic protein (GFAP),
and mouse anti-ED1 glycoprotein (rat macrophage lysosomal membrane antigen
antibody; clone ED1) and the secondary antibodies carbocyanin (Cy) 3, Cy 5, or
FITC-conjugated donkey anti-mouse, anti-rabbit, and anti-chicken immunoglob-
ulin G antibodies were obtained from Chemicon (Temecula, CA). Monoclonal
antibody directed against BDV nucleoprotein protein (anti-BDV N; clone Bo18)
was prepared as described previously (19). Dulbecco’s modified Eagle medium
(DMEM) with high glucose (4,500 mg/liter), DMEM/F12 (1:1) nutritional sup-
plemented medium, neurobasal A medium with serum-free B-27 supplement
(NBM), heat-inactivated horse serum, HEPES buffer solution, Hank’s balanced
salt solution, L-glutamine solution, penicillin-streptomycin solution (P/S; 50 U/50
g per ml), trypsin (0.25%)-EDTA (1 mM), and trypan blue were purchased
from Invitrogen/GIBCO-BRL (Carlsbad, CA). Certified heat-inactivated fetal
bovine serum (FBS) was obtained from HyClone (Logan, UT). Recombinant
human immunodeficiency virus type 1 (HIV-1) Tat protein was prepared as
described previously (9). LPS and Tat stocks of 1 mg/ml were prepared in
DMEM.

Virus stock preparation and titration. Purified virus stock was prepared from
human oligodendroglia cells (kindly provided by G. Pauli, Berlin, Germany) (30)
persistently infected with BDV strain He/80 (10) as described previously (31).
Briefly, confluent 175-cm? culture flasks were washed with 20 mM HEPES (pH
7.4) and incubated with 20 ml of 20 mM HEPES containing 250 mM MgCl, and
1% FBS for 1.5 h at 37°C to lyse the cells. Subsequently, supernatants were
harvested and centrifuged twice at 2,500 X g for 15 min to remove cell debris.
Virus particles were concentrated by ultracentrifugation for 1 h at 20°C at 80,000 X
g onto a 20% sucrose cushion containing 20 mM HEPES and 1% FBS. Virus-
containing pellets were resuspended in phosphate-buffered saline (PBS) to ap-
proximately 10° focus-forming units/ml. Determination of viral titers was
carried out on C6 rat glioma cells (ATCC, Manassas, VA) by an immunofocus
assay with monoclonal anti-BDV N antibody as described previously (7, 21).
Mock stock was prepared from noninfected oligodendroglia cells as described
above for BDV stock. The protein concentration of virus stocks was deter-
mined using a bicinchoninic acid protein assay from Pierce Biotechnology,
Inc. (Rockford, IL).

Rat cell culture. (i) Neonatal microglia. All experiments were performed with
adherence to the National Institutes of Health guidelines on the use of experi-
mental animals and with protocols approved by the Johns Hopkins Medical
Institution’s Research and Animal Care Committee. To isolate rat neonatal
microglia, cerebral cortices from postnatal day 1 to 3 Lewis rats (Harlan, Indi-
anapolis, IN) were surgically removed and placed in cold DMEM; the meninges
were carefully separated, and cortices were minced and dissociated with trypsin-
EDTA at 37°C for 15 min. After tituration with DNase (3 pg/ml) and washing,
the mixed glial cell suspension from two brains was plated in a poly-L-lysine-
coated 75-cm? vented cell culture flask with DMEM/F12 medium supplemented
with 10% FBS and 1% (vol/vol) P/S and grown in a humidified 5% CO, incu-
bator at 37°C. On days 14 to 21 in vitro, microglia were detached using an orbital
shaker (150 rpm for 7 h at 37°C with airtight caps on) and centrifuged (150 X g
for 15 min), and microglia number and viability were assessed by trypan blue
exclusion. Microglia were plated either alone or over neurons in DMEM sup-
plemented with 10% FBS and 1% (vol/vol) P/S (see below).

(ii) Cortical neuron-rich cultures. Neuron-rich cultures were prepared from
cortices of embryonic day 19 (E19) or E20 Lewis rats using standard techniques
(27). Briefly, meninges-free cortices were isolated, trypsinized, and mechanically
dissociated by passage through fire-polished Pasteur pipettes. Washed cells were
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plated (200,000 cells/cm?) onto poly-L-lysine (0.05 mg/ml) and laminin (0.1 mg/
ml)-coated tissue culture coverslips (Fisher Brand; Fisher Scientific) in NBM
with L-glutamine, B-27, and P/S supplements (complete NBM). On day 2 in vitro,
cells were infected with BDV or mock stocks diluted with fresh medium (mul-
tiplicity of infection [MOI] of 0.02), and medium was partially (50%) replaced
every fourth day thereafter.

(iii) Cortical mixed neuron-glial cultures. For preparation of mixed neuron
and glia cultures, cortices from E15 to E17 Lewis rats were used. Dissociated
cells (350,000 cells/cm?) were cultured in DMEM/F12 supplemented with 5%
FBS, 5% horse serum, and 1% P/S (vol/vol) and otherwise treated as described
above for neuron-rich cultures.

(iv) Coculture and treatment protocols. Activation of microglia by BDV in-
fection was evaluated either by exposing microglia to purified virus or BDV-
infected neurons or in the mixed BDV-infected and uninfected primary neuron-
glial cultures. Microglial cells (microglia seeding density, 50,000 cells/cm? in
DMEM supplemented with 10% FBS and 1% P/S) were seeded over primary
cortical neurons grown at an initial seeding density of 200,000 cells/cm? for 14
days in vitro, 12 days postinfection (p.i.). To further purify microglial cultures
from loosely attached astrocytes and dead cells, medium was replaced 2 h later
with fresh NBM (cocultures with primary neurons) or with DMEM-10% FBS
(all other cocultures). Twelve hours later, medium was replaced again with NBM
or DMEM-1% FBS-1% P/S (vol/vol) supplemented with either LPS (0, 1, 10,
and 100 ng/ml; dilution of culture medium with LPS was <1% [vol/vol]), Tat (0,
1, 10, and 100 ng/ml; <1% [vol/vol]), the BDV stock (MOI up to 0.1; up to 5%
[vol/vol]), or the mock stock. At the end of incubations, cell supernatants were
collected and stored at —70°C until tested.

Immunocytochemistry. At 5 to 16 days in vitro (or as indicated in the text)
cocultures were washed two times with PBS and then fixed for 15 min with PBS
plus 4% (wt/vol) paraformaldehyde at room temperature. After permeabilization
with 0.1% Triton X-100 (Sigma), cultures were blocked for 2 h in PBS with 2%
donkey serum (Chemicon) and further incubated with primary antibody mixtures
overnight at 4°C in blocking solution. After extensive washing, the cultures were
incubated with secondary antibodies in blocking solution for 1 h at room tem-
perature. The following antibodies were used: anti-MAP2 (1:1,000 dilution) as a
neuronal marker; anti-GFAP (1:800) as an astrocyte marker; anti-CD11b/c (1:
50) and anti-Ibal (1:800) as microglia markers; anti-ED1 (1:100), anti-MHC-I
(1:100), and anti-MHC-II (1:100) as markers of microglia activation; anti-acti-
vated caspase-3 (1:200) as an apoptotic marker; and anti-BDV N (1:50) to
identify infected cells (34). In some experiments microglia were visualized with
FITC-lectin IB4 (5 pg/ml) that was added to the primary antibody mixture (42).
Immunostaining without primary antibodies was used as a negative control.
Following mounting with Gel/Mount medium (Electron Microscopy Sciences,
Hatfield, PA), the samples were allowed to dry in the dark and were viewed using
a 25X, 40X, or 63X objective lenses on an LSM 5 PASCAL confocal microscope
from Carl Zeiss (Melville, NY). Digital images of the cells were captured and
processed by using the software supplied with the microscope.

Microglial activation assays. Microglial activation was assessed by (i) counting
round (activated) microglia cells; (ii) immunostaining for the markers of activa-
tion, i.e., MHC-I and -II or ED1 (see above); and (iii) measuring the levels of NO
and interleukins TNF-qa, IL-1B, and IL-10 in the culture medium.

Microglia stained for specific cell markers (anti-CD11b/c or lectin-IB4) show
two subpopulations of cells: flat ramified and round amoeboid cells. The round
morphology as well as intensive CD11b/c staining are the typical hallmarks of
reactive microglia in vivo and in vitro (43). These cells were clearly distinguish-
able from resting microglia. Counting round microglia cells was performed man-
ually in 10 random fields (digital confocal images at X25 magnification) per well
of the experimental plate. The results from 2 to 4 wells per condition were used
for statistical analyses.

The production of NO was determined indirectly through the assay of nitrite
(NO,), a stable metabolite of NO, based on the Griess reaction (24). Briefly, a
50-pl aliquot of conditioned medium was mixed with 200 pl of distilled H,0 and
20 wl of Griess reagent [0.1% N-(1-naphthyl)ethylenediamine dihydrochloride,
1% sulfanilamide, and 2.5% phosphoric acid; Invitrogen/Molecular Probes,
Carlsbad, CA] and incubated for 30 min at room temperature, and the absor-
bance was read at 540 nm on a microtiter plate reader (Spectra MAX 250;
Molecular Devices, Sunnyvale, CA). Nitrite concentrations were calculated from
a standard curve of sodium nitrite (Sigma) ranging from 0.1 to 100 wM.

TNF-a, IL-1B, and IL-10 levels were determined using sandwich enzyme-
linked immunosorbent assays (R&D Systems, Minneapolis, MN). Twenty-five
microliters of conditioned medium was incubated with 50 wl of assay diluent
RD1-41 in the assay plate for 2 h at room temperature. After any unbound
substances were washed away, horseradish peroxidase-linked polyclonal antibody
specific for rat TNF-a, IL-1B, or IL-10 was added to the wells. Following the
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FIG. 1. Cultured microglia are neither infected nor activated by
purified BDV. (A) Microglia were exposed to the purified mock stock
(left) or BDV stocks at a MOI of 0.1 (right) for 5 days. Images show
immunostaining for a microglial marker, Ibal (green), and BDV N
(red). Note the lack of colocalization of the Ibal- and BDV-positive
cells. The arrow points to an infected nonmicroglial cell occasionally
present in the microglia cultures. (B) Exposure of microglia to the
mock- or BDV-infected stocks did not resulted in change of the cell
morphology or the ED1 expression. (C) LPS treatment induced a
dose-dependent change in the cell shape. In panels B and C immuno-
staining for activated the macrophage/microglia activation marker
ED1 (red) is shown. The data shown represent the 5-day cultures.
Scale bar, 40 pm.

addition of the peroxidase substrate solution, the enzyme-reactive color product
was detected by a microplate reader (Spectra MAX 250) set to 450 nm, with the
wavelength correction set to 540 nm.

Cytotoxicity assays. A colorimetric assay (Cell Proliferation Kit II; Roche
Diagnostics, Indianapolis, IN) was used to assess BDV-mediated toxicity in pure
cortical neuron cultures. The assay is based on the measurement of a soluble
formazan dye which is formed upon cleavage of the tetrazolium salt XTT {so-
dium 3'-[l-(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro)ben-
zene sulfonic acid hydrate} by the mitochondrial succinate-tetrazolium reductase
system that is active only in viable cells. XTT reagent was added at 50 pl per 100
wl of conditioned medium per well of cocultures in 96-well plates or at 250 pl per
500 wl of conditioned medium per well of 24-well plates. Subsequently, plates
were incubated at 37°C for 2 h. Dye absorbance was estimated in 100-wl samples
from experimental 24-well plates. Measurements were performed at 490 nm with
the reference wavelength of 690 nm using a Spectra MAX 250 plate reader.

Viability of neurons in mixed neuron-glial cultures was assessed by means of
trypan blue exclusion. After incubations, cell cultures were stained with 1.5%
trypan blue at 37°C for 5 min. Cultures were washed once with DMEM-1% FBS
(without phenol red) and examined under light microscopy. Cells stained with
trypan blue were regarded as nonviable. The viability of the cultures was calcu-
lated as the percentage of the ratio of the number of unstained cells (viable cells)
against the total number of cells counted (viable cells plus nonviable cells).
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FIG. 2. LPS and HIV-Tat but not purified BDV activate microglia
to produce TNF-a and NO. Microglia cultures (1-day in vitro) were
exposed to cell-free purified BDV or mock stock for 2 days in the
presence or absence of LPS (1, 10, 100 ng/ml) or HIV-Tat protein (1,
10, 100 ng/ml). The concentrations of the proinflammatory molecules
TNF-a (A) and NO (B) released by the microglia were measured
following incubation with LPS (1, 10, 100 ng/ml), Tat (1, 10, 100
ng/ml), the cell-free purified BDV (200 pg/ml which is equivalent to a
MOTI of 0.1) or mock stocks (200 wg/ml). Untreated cultures (zero)
served as the negative control. The results of a representative experi-
ment are shown, and data are the means *+ standard error of the means
for two wells of one 24-well plate. Duplicate experiments yielded
similar results. Note the elevated secretion of NO and TNF-a follow-
ing treatments with LPS or the Tat protein but not following incuba-
tion with the purified virus or BDV-infected neuronal cells.

Statistical analysis. The data were analyzed by a Student’s ¢ test and are
presented as means * standard deviations. A P value of <0.05 was considered
the criterion for statistical significance. All experiments were repeated two or
three times with 2 to 4 wells per each condition used in each experiment.

RESULTS

Purified BDV does not activate rat primary microglia. To
investigate if BDV RNA, viral proteins, or virus particles ac-
tivate microglia, rat primary microglia cultures were exposed to
40 to 200 pg/ml (which is equivalent to a MOI of 0.1) of
purified BDV stocks that contain all of the above components.
Five-day exposure of the cultured microglia to BDV did not
result in their infection, as was evidenced by the absence of
specific anti-BDV immunostaining in Ibal-positive microglia
(Fig. 1A). In contrast, BDV antigen was found in Ibal-negative
cells that were typically present in primary microglia cultures at
low numbers (<2%) (Fig. 1, white arrow). Double staining of
the microglia cultures revealed that the majority of Ibal-neg-
ative cells were GFAP-positive astrocytes (data not shown).

Immunostaining for the ED1 glycoprotein, a marker of ac-
tivated macrophage/microglia, revealed no change in the ED1
expression and cell morphology by microglia after 5 days of
exposure to BDV stock (Fig. 1B). In contrast, treatments with
LPS (used as a positive control) were associated with a typical
“reactive” microglia appearance, i.e., an increase in the cell
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FIG. 3. Microglia are not activated in cocultures with BDV-infected primary cortical neurons. (A) Primary cortical neurons were mock- or
BDV-infected and immunostained for a neuronal marker, MAP2 (green), and BDV (red) on day 12 p.i. About 60% to 90% of neurons were
infected on day 12 in vitro. (B) BDV- or mock-infected primary cortical neurons were cocultured with microglia on day 12 p.i. and immunostained
for a microglia marker after 3 days of coculturing (lectin-IB4; red), neurons (MAP2; green) and for MHC-I (white). Cocultures of cortical neurons
with microglia were not associated with activation of microglia by BDV-infected neurons. Note the absence of differences in the microglia

morphology between the infected and control cultures. Scale bar, 40 pm.

size and a transition from the star-shaped to round morphol-
ogy (Fig. 1C). As expected, exposure of microglia to 1 to 100
ng/ml of LPS or HIV-encoded Tat (the known activators of
microglia [9, 39]) induced a dose-dependent release of NO and
TNF-« in culture medium. In contrast, exposure of microglia
to purified BDV did not result in changes in NO and TNF-«
release compared to microglia exposed to mock stock (Fig. 2).

Persistent BDV infection of primary neurons alone does not
activate microglia. During the first 2 weeks after neonatal
BDV infection in vivo, viral RNA and nucleoprotein are
present predominantly in neurons (44). Thus, we studied
whether BDV-infected neurons were able to activate microglia
in cell culture. Freshly harvested microglia were seeded over
BDV- and mock-infected cortical neurons 12 days p.i., and
cocultures were observed for 1 to 7 days. About 60 to 90% of
cortical neurons were infected at the time of cocultures (Fig.
3A). Coculturing of microglia with BDV-infected primary neu-
rons did not result in changes in microglia morphology or the
expression of MHC-I (Fig. 3 B) and MHC-II (data not shown)
compared to mock cultures. Additionally, there were no sig-
nificant alterations in the secretion of NO, proinflammatory
cytokines (TNF-a and IL-1B), or the anti-inflammatory cyto-
kine IL-10 (Fig. 4 for 3-day cocultures; also data not shown). In
contrast, LPS treatment (100 ng/ml) of the cocultures gave rise
to a significant elevation of the levels of NO and the cytokines
(Fig. 4), with no difference between mock- and BDV-infected
neurons (data not shown). This LPS-induced increase in the
secretion of the cytokines was most likely due to the cultured
microglia because the LPS treatment of the primary neurons
alone did not lead to an up-regulation of NO or the cytokines
(data not shown).

Activation of microglia in mixed brain neuron-glial cultures.
The microglia functions have been shown to be dependent on
astrocytes, which release a broad spectrum of cytokines and
growth factors (15). In particular, astrocytes have been shown
to mediate activation of microglia under pathological condi-
tions (37, 41). Since astrocytes are also susceptible to BDV
infection in vitro and in vivo (7, 34, 44), we studied microglia

activation in mixed cortical neuron-glial cultures consisting of
neurons, astroglia, and microglia (8, 25) from E15 to E17 rats.
On day 10 p.i.,, BDV infection was found mostly in astrocytes
(GFAP-positive cells, 47 = 8% of all BDV-infected cells) and
neurons (MAP2-positive cells, 39 + 7%) but not in microglia
(data not shown). Immunofluorescent microscopic analysis of
the mixed cultures revealed high numbers of amoeboid, round
microglia cells in the BDV-infected mixed cultures as early as
10 days p.i. (Fig. 5A and B, filled arrowheads). These round
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FIG. 4. Infected neurons do not induce release of the soluble fac-
tors by microglia. Concentrations of proinflammatory (TNF-a, IL-1p3,
and NO) and anti-inflammatory (IL-10) molecules released by micro-
glia in supernatants of 2-day cocultures of microglia with mock- or
BDV-infected cortical neurons (day 14 p.i.) were determined as de-
scribed in Materials and Methods. LPS (100 ng/ml; 2 days)-treated
cocultures of microglia with mock-infected neurons served as the pos-
itive control. Note the increased secretion of the soluble factors fol-
lowing LPS treatment and the low and comparable secretion of these
factors in the infected and control cultures. Data are means * stan-
dard deviations of three independent experiments.
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FIG. 5. BDV infection of mixed cultures leads to formation of round reactive microglia. Mock- or BDV-infected mixed cortical neurons
prepared from E15 to E17 rats were stained on day 9 p.i. for microglia markers CD11b/c (A, red) and lectin IB4 (B, red), as well as neuronal marker
MAP2 (green) and the astrocyte marker GFAP (white). Compared to the control cultures (left frames), the mixed BDV-infected cultures (right
frames) had greater numbers of amoeboid, round microglia cells (filled arrowheads). These round microglia were characterized by more intensive
CD11b/c and lectin IB4 staining than the resting, star-shaped microglia population (open arrowheads). Scale bar, 40 wm. (C) Quantitation of the
numbers of round (activated) microglia cells in mock- and BDV-infected mixed cultures. There were significantly more round microglia cells in
the BDV-infected cultures compared to the control cultures. Data are means * standard deviations of three independent experiments (P < 0.001

versus the control cultures; Student ¢ test).

microglia were characterized by more intensive CD11b/c and
lectin IB4 staining than the resting, star-shaped microglia pop-
ulation (Fig. 5A and B; open arrowheads). Both subpopula-
tions of microglia were present in the BDV- or mock-treated
cultures; however, there were significantly more round micro-
glia cells in the BDV-infected cultures compared to the control
ones (P < 0.001) (Fig. 5C). In addition, unlike star-shaped
microglia, round microglia coexpressed MHC-I and -II mole-
cules, indicative of microglial activation (Fig. 6). Notably, the
changes in the cell morphology of activated microglia were not
associated with neuronal cytotoxicity as assessed by the trypan
blue exclusion assay and activated caspase-3 (a marker for
apoptotic cells) immunostaining (data not shown). Further-
more, there was no difference in the accumulation of NO,
TNF-qo, IL-1B, or IL-10 between the mock- or BDV-infected
mixed cultures at 1, 2, and 4 weeks p.i. (data not shown).
BDV infection of mixed brain cell cultures potentiates acti-
vation with LPS. The levels of soluble factors secreted by
microglia following treatment with LPS have been found to be
proportional to the numbers of activated microglia cells in
vitro (8, 25) and in vivo (17, 25). Therefore, we studied if the
observed increase in the numbers of round microglia in BDV-
infected mixed cultures would be associated with an enhanced
release of soluble factors following LPS treatment. As ex-

pected, exposure of the cultures (14 to 16 days p.i.) to LPS (100
ng/ml) resulted in the significantly higher levels of interleukins
TNF-«, IL-1B, and IL-10 in the supernatants from infected
cells compared to the uninfected cells (P < 0.01 for IL-1B and
IL-10 and P < 0.04 for TNF-a) (Fig. 7). No differences in the
levels of NO were found between the BDV-infected and con-
trol cultures following LPS treatment (Fig. 7).

DISCUSSION

The main findings of the present study are that persistent
BDV infection of mixed neuron-glial cultures activates micro-
glia, whereas neither direct exposure to purified virus nor per-
sistent BDV infection of neurons alone is able to activate
primary microglia in vitro. This is the first report of a casual
link between microglia activation and persistent BDV infection
of neurons and astrocytes in the absence of overt neurotoxicity.

Microglia activation has been shown to be triggered by sev-
eral means, such as direct virus infection of microglia (e.g.,
HIV or visna virus), released virus particles or viral proteins
(25), double-stranded RNA (29), neuronal cell death (43), or
by infiltrating T cells (4). However, little was known about the
mechanism of microglia activation in brains of rats following
neonatal BDV infection (44). In contrast to HIV, feline im-
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FIG. 6. Expression of MHC-I and -II by activated round microglia. Mock- or BDV-infected mixed cortical neurons prepared from E15 to E17
rats were stained on day 9 p.i. for microglia marker lectin-IB4 (red), neuronal marker MAP2 (green), and activation markers MHC-I and -II
(white). Note that the majority of round microglia cells in the BDV-infected mixed cultures are positive for MHC-I (A) or MHC-II (B) (filled
arrowheads) compared to star-shaped microglia in the mock-infected cultures (open arrowheads). Scale bar, 80 pwm.

munodeficiency virus, and visna virus that infect microglia, our
study demonstrated the lack of infection of microglia by BDV
in the culture. To the best of our knowledge, this is the first
evidence that BDV does not infect microglia in vitro, consis-
tent with previous reports of the absence of microglia infection
by BDV in vivo (38, 44). We also showed that direct exposure
of microglia to BDV did not lead to activation of microglia.
This finding may not be completely unexpected from a physi-
ological standpoint, given that persistent BDV infection is non-
cytolytic in vivo and that virus is only minimally released into
extracellular compartments in culture (7, 30).

Neuronal injury is a potent physiological trigger of microglia
activation as evidenced by in vivo experiments with selective
neurotoxins and axotomy (43). In neonatal BDV infection, the
first signs of microglia activation (MHC-I expression and pro-
liferation) and apoptosis of neurons are observed simulta-
neously, between 1 and 2 weeks p.i. (44). Therefore, it is
conceivable that BDV-associated neuropathology might act as
a primary trigger of microglia activation. However, our data
challenge this hypothesis because (i) we did not observe any
signs of neurotoxicity in BDV-infected mixed neuron-glial cul-
tures for up to 3 weeks p.i. and (ii) microglia activation was
evident as early as 1 week p.i. Thus, our findings indicate that

noncytolytic BDV infection of neurons and glia can trigger
microglia activation.

The present data demonstrate that BDV infection induces
microglia reaction in mixed cultures of microglia, glia, and
neurons but not in cocultures of purified microglia and neu-
rons. This finding is in agreement with several reports on
inducible microglia proliferation in mixed versus pure micro-
glia cultures (26, 28). On the one hand, the different outcomes
of microglia activation in mixed and pure culture systems could
reflect the requirement for the presence of cell-to-cell contacts
between microglia and other glial cells (e.g., astrocytes) for
proper maturation and reaction to infection in vitro (26, 28).
On the other hand, the major glial cell population, astrocytes,
has been shown to produce soluble microglia mitogens, such as
TNF-a (14, 26), granulocyte-macrophage colony-stimulating
factor, IL-3, and IL-5 (35) that might activate microglia in
vitro. At present, it remains unclear whether the cell-to-cell
contacts or soluble factors secreted by neurons or astrocytes or
both play a main role in activating microglia during BDV
infection. Future studies will identify the specific mechanisms
of how astrocytes contribute to the BDV-induced microglia
activation.

The lack of BDV-associated increase in secretion of IL-1p,
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FIG. 7. Activation of microglia in BDV-infected mixed cultures is
associated with an increased LPS-stimulated secretion of the cytokines
and NO. Mock- or BDV-infected mixed cortical neurons prepared
from E15 to E17 rats were exposed at day 14 p.i. to LPS (100 ng/ml)
or left untreated. Two days after exposure, supernatants of the mixed
cultures were analyzed for release of proinflammatory (TNF-a, IL-1,
and NO) and anti-inflammatory (IL-10) molecules as described in
Materials and Methods. Note a significantly greater release of the
soluble factors in the BDV-infected cultures compared to the control
cultures. The data are means *+ standard deviations of three or four
independent experiments. #, P < 0.05 versus the LPS-treated control
cultures (Student’s ¢ test).

TNF-a, IL-10, or NO in mixed cultures of microglia, neurons,
and astrocytes is inconsistent with previous in vivo findings of
upregulation of proinflammatory cytokines in brains of new-
born BDV-infected rats (22, 33, 38). One of the reasons for the
lack of upregulation of the proinflammatory factors could be
that cell interactions normally present in the brain but not
included in the in vitro study may be required. For example,
effects of T cells may be of a particular interest. Transient
infiltrates of low numbers of T cells in brain tissue have been
reported in neonatal BDV infection at 2 to 3 weeks p.i. (38),
preceding the peak of microglial activation in the rat brain (4
weeks [38, 44]). T cells can be activated by BDV proteins or
BDV-infected astrocytes (34) and, in turn, can activate micro-
glia to produce interleukins (4, 23). Alternatively, it is conceiv-
able that microglia in the cultures undergo only the initial state
of activation, whereas stronger stimuli would be required to
attain the fully activated state with a resulting cytokine secre-
tion. For example, proliferation of MHC-I and -II and immu-
noglobulin expression by microglia are early manifestations of
the CNS response to infection with mouse hepatitis virus (46)
and vesicular stomatitis virus (1). Thus, one can hypothesize
that stronger activation of microglia could be conferred by
infiltrating T cells or by another stimulus. It is noteworthy that
an additional stimulation of microglia in the BDV-infected
cultures with a strong microglia activator, LPS, resulted in a
significantly greater release of TNF-a, IL-1B, and IL-10 com-
pared to the mock-infected LPS-stimulated cell cultures.

Our results provide valuable insights into the mechanisms of
BDV-mediated neuropathology. While a role of microglia in
mediating BDV-associated neurodegeneration has been sug-
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gested based on the observation of microgliosis and the detec-
tion of upregulated expression of mRNAs coding for proin-
flammatory cytokines in the areas of a significant neuronal loss
(22, 33, 38, 44), it remained unclear if activation of microglia
was a secondary response to an early pathology of infected
neurons or if BDV infection itself triggers microgliosis that
affects neuronal survival. We believe that our results provide a
missing casual link between BDV infection and microglia ac-
tivation. Specifically, we hypothesize that in vivo BDV infec-
tion of neurons or glia activates microglia that trigger neuronal
injury or facilitate ongoing cell damage due to direct effects of
BDV. Although we did not find evidence for activation of
microglia by cell death in the infected mixed cultures, it is
plausible that neuronal death in the BDV-infected brain may
further activate already BDV-(pre)activated microglia, leading
to secretion of the proinflammatory cytokines and continua-
tion of neuronal death. This scenario might be particularly
applicable to a gradual loss of neurons in such brain regions as
cerebellum (i.e., Purkinje cells) and striatum (GABA neurons)
associated with chronic neuroinflammation.

In conclusion, activation of microglia in BDV-infected
mixed neuron-glial cultures provides evidence of infection-
driven microglia activation and represents a model for studies
of neurotropic infection-mediated microglia activation in vitro.
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