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The ability of the central nervous system (CNS) to generate innate immune responses was investigated in an
in vitro model of CNS infection. Cultures containing CNS cells were infected with mouse hepatitis virus-JHM,
which causes fatal encephalitis in mice. Immunostaining indicated that viral infection had a limited effect on
culture characteristics, overall cell survival, or cell morphology at the early postinfection times studied. Results
from Affymetrix gene array analysis, assessed on RNA isolated from virally and sham-infected cultures, were
compared with parallel protein assays for cytokine, chemokine, and cell surface markers. Of the 126 tran-
scripts found to be differentially expressed between viral and sham infections, the majority were related to
immunological responses. Virally induced increases in interleukin-6 and tumor necrosis factor alpha mRNA
and protein expression correlated with the genomic induction of acute-phase proteins. Genomic and protein
analysis indicated that viral infection resulted in prominent expression of neutrophil and macrophage che-
motactic proteins. In addition, mRNA expression of nonclassical class I molecules H2-T10, -T17, -M2, and
-Q10, were enhanced three- to fivefold in virus-infected cells compared to sham-infected cells. Thus, upon
infection, resident brain cells induced a breadth of innate immune responses that could be vital in directing
the outcome of the infection and, in vivo, would provide signals which would summon the peripheral immune
system to respond to the infection. Further understanding of how these innate responses participate in immune
protection or immunopathology in the CNS will be critical in efforts to intervene in severe encephalitis.

Viral encephalitis is an emerging global health threat (60).
Understanding the events that occur within the central nervous
system (CNS) after viral exposure is necessary if effective ther-
apeutic interventions against viral encephalitides are to be
developed. The traditional concept that the brain is an im-
mune-privileged site has given way to the current understand-
ing that resident CNS cells, including microglia, astrocytes, and
neurons, are capable of initiating innate immune responses
(14, 54). Within the brain, these innate responses are critical in
establishing protective immunity, and the defenses mounted by
these cell types are the first to engage and counter viruses or
other infectious agents. Innate immune responses also recruit
leukocytes into the CNS and establish a microenvironment
that can potentially direct the activity of infiltrating cells. How-
ever, innate immunity and its subsequent impact on adaptive
responses can also contribute to virally induced immunopa-
thology that can manifest as inflammatory neurologic disease
(15, 38). Thus, the ability to effectively treat viral encephalitis
requires an understanding of the role of innate immunity in
disease resolution and pathogenesis.

Mouse hepatitis virus (MHV)-JHM is a coronavirus (genus
Coronaviridae) that is particularly trophic for astrocytes but
also infects oligodendrocytes and neurons (21, 48, 64). MHV-
JHM is a highly virulent virus in the susceptible mouse. In the
absence of prophylactic treatment, such as antiviral antibodies,
adult C57BL/6 mice injected intracranially with 10 PFU of
MHV-JHM succumb to fatal encephalitis within 5 to 7 days (8,

49). The extreme neurovirulence of MHV-JHM following in-
tracranial or intranasal infection has been attributed to the
extraordinarily rapid spread of the virus in the CNS relative to
less-virulent variants (e.g., MHV-A59) and mutants (20). How-
ever, recent evidence suggests that the morbidity following
MHV-JHM infection may arise from the lack of protective im-
munity capable of controlling viral replication and the gener-
ation of an immunopathogenic response (55, 56). The in vivo
intracranial inoculation of MHV-JHM can induce high levels
of macrophage inflammatory protein � (MIP-1�), MIP-1�, MIP-
2, and interleukin-6 (IL-6) mRNA levels within the brain 3
days postinfection (55). Resident brain cells appeared to be the
source of these immune mediators, as leukocyte infiltration did
not reach a peak until days 5 and 8 after infection. The early
chemokine response corresponded with a subsequent altered
leukocyte infiltrate, consisting predominantly of macrophages.
These results, supported by chimeric studies, indicated that the
innate immune response (presumably induced by resident
brain cells) contributes to disease pathology in the CNS (56).

However, immune events seen within the CNS are a net
result of the combined actions of resident brain cells and the
recruited leukocytes, making it difficult to identify the immune
component that originates with resident cell populations. To
address this issue, we used a well-defined in vitro model sys-
tem, primary cultures of cerebellar cells derived from C57BL/6
mice. The in vitro model system is comprised of three types of
resident CNS cells: neurons, astrocytes, and microglia. Employ-
ing this model, we investigated the CNS-derived innate immune
responses generated following infection with MHV-JHM.

The response of resident brain cells to viral infection was
evaluated at various time points following viral infection by
Affymetrix gene profiling and measurement of intracellular or
culture supernatant protein concentrations. The results reveal
that the primary event upon viral infection in the brain is the
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production of a wide range of CNS immune responses, which
have the capacity to influence disease outcome.

MATERIALS AND METHODS

Cerebellar cultures. Neurons and glial cells were isolated from the cerebella of
7-day-old C57BL/6 mice according to standard enzyme dissociation methods as
described previously (50), with the modification that antimitotics (e.g., 5-fluoro-
deoxyuridine) were not used. In brief, cerebella were dissociated in calcium-free
saline with trypsin and DNase and then plated on MATRIGEL (Collaborative
Products, Bedford, Mass.)-coated dishes. The cells, which are adherent, were
grown in Dulbecco’s modified Eagle medium--F-12 (Life Technologies, Gaith-
ersburg, Md.) plus 10% horse serum supplemented with 30 mM glucose, 2 mM
glutamine, 20 mM KCl, and penicillin (20 U/ml)-streptomycin (20 �g/ml).

Virus inoculation. MHV-JHM was grown in DBT murine astrocytoma mono-
layers, and a lysate was prepared. The lysates were diluted over a 100-fold to 0.01
multiplicity of infection (MOI) in culture medium. The diluted lysate was added
to the medium of the neuronal-glial cultures 5 days after establishment of the
cultures, when the cells had achieved a mature culture phenotype. Control
cultures were sham inoculated with equivalent amounts of culture medium. The
medium was not exchanged after viral infection.

Plaque assays. Viral production was measured in both the supernatant and
cell fractions of the cultures by plaque assay on DBT murine astrocytoma mono-
layers grown at 80 to 90% confluence (43). Cell lysates and supernatants from
control and infected CNS cultures were serially diluted, and titers were deter-
mined directly on monolayers. Cells from control and infected cultures were
scraped and repeatedly pipetted through a narrow-bore pipette tip to disrupt
cells. Cell lysates and supernatants were gently rocked for 90 min, and then the
samples were aspirated. A 1% agarose (GIBCO BRL, Rockville, Md.) solution
in Dulbecco’s modified Eagle medium (GIBCO BRL) was overlaid for 3 days at
37°C. Cells were fixed with formaldehyde (Fisher Scientific) and stained with
crystal violet before plaques were counted.

RNA isolation. Total RNA was isolated from the control and virus-infected
cultures by using the RNeasy mini kit (QIAGEN, Santa Clarita, Calif.). Briefly,
the cell lysates were homogenized in the presence of guanidine isothiocyanate-
containing buffer to inactivate RNases. The addition of ethanol promoted the
binding of the RNA to the RNeasy membrane. DNase digestion was performed
on a sample adsorbed to the membrane of an RNeasy spin column. Total RNA
was eluted from the column with water. To confirm the integrity and size distri-
bution of the collected RNA, the samples were run on a 1% agarose gel. Total
RNA was estimated by measuring the A260.

Gene profiling. Sham- and virus-infected cultures were set up in triplicate. One
24-h sample and two independent 72-h samples were evaluated. RNA was
pooled from triplicate cultures for each sample. GeneChip analysis was per-
formed by using Affymetrix reagents and protocols. Briefly, 10 �g of labeled
cRNA was placed on a GeneChip (murine genome array U74Av2) and allowed
to hybridize with probe pairs (37). Each probe pair consisted of one perfect
match oligonucleotide of 25 bp and one mismatch oligonucleotide that contained
a single mismatch at the 13th position. For each probe pair, a hybridization signal
was calculated from the difference in hybridization between the perfect and
mismatched probes. This signal is a quantitative measurement, representing the
relative abundance of a transcript. The detection P value was based on a com-
parison of the probe pair intensities to a user-definable threshold. The distribu-
tion of probe pair intensities was analyzed by a one-sided Wilcoxon signed rank
test which allows for the definition of a transcript as detected (present), not
detected (absent), or marginal. All user-definable parameters necessary for these
calculations were set at the Affymetrix default values. A detailed explanation of
the analysis of the signal and detection algorithms can be obtained from
Affymetrix. Analysis of GeneChip data was done with Affymetrix Microarray
Suite, version 5.0, software. Genes that were defined as present in either the
baseline or experiment sample and had a signal intensity of over 200 were
selected for analysis. All gene changes at 24 and 72 h are shown as ratios of
relative differences between virus and sham inoculations. The 72-h data repre-
sent means � standard errors of the means (SEM).

ELISA. Supernatants were collected from sham- and virus-inoculated cultures
at 24, 48, 72, and 96 h after infection and analyzed for secretion of IL-6, tumor
necrosis factor alpha (TNF-�), IL-1, MIP-1�, MIP-2, and GRO-�. Enzyme-
linked immunosorbent assay (ELISA) antibodies, standards, and streptavidin-
horseradish peroxidase were purchased as DuoSet kits from R&D Systems
(Minneapolis, Minn.) and used according to the manufacturer’s protocols. Nine-
ty-six-well microplates (Fisher Scientific) were coated with capture antibody at
concentrations given for each protocol and blocked in 1% bovine serum albumin
(Sigma-Aldrich, St. Louis, Mo.) in phosphate-buffered saline (PBS, 100 mM, pH

7.3). Serially diluted culture supernatants and appropriate standards were bound
by the corresponding detection antibody. The development reaction (H2O2 and
tetramethyl benzidine; R&D Systems) was stopped with 2 N H2SO4 (Fisher
Scientific), and plates were read at wavelengths of 595 to 450 nm.

Western blots. Cultures were washed in ice-cold PBS, and lysates were pre-
pared in lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM
EDTA, 1% Triton X-100, 0.5% NP-40, a protease inhibitor cocktail tablet (Boe-
hringer-Mannheim, Indianapolis, Ind.), and a cocktail of phosphatase inhibitors
(4.5 mM sodium pyrophosphate, 10 mM �-glycerophosphate, 1 mM sodium
fluoride, 1 mM sodium orthovanadate). After the addition of lysis buffer, cells
were scraped and incubated on ice for 30 min and then centrifuged at 15,000 rpm
in a Beckman J21 centrifuge for 30 min at 4°C. The supernatants were saved, and
the protein concentrations were determined by using the Bio-Rad protein assay
kit (Hercules, Calif.). Samples for each treatment were diluted with Laemmli
sample buffer and then reduced for 10 min at 70°C prior to being size fraction-
ated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis with 10%
Tris--glycine or 3 to 8% Tris--acetate gels (NuPage Novex; Invitrogen Life
Technologies, Carlsbad, Calif.). Proteins were transferred to Immobilon P mem-
branes (Millipore, Bedford, Mass.) overnight at 17 V. After blocking in 25%
casein--PBS--0.1% Tween buffer, membranes were incubated in primary anti-
body solution at room temperature for 2 h and washed. The membranes were
incubated for 1 h in secondary antibodies (anti-mouse or anti-rabbit; Pierce,
Rockford, Ill.) coupled to horseradish peroxidase and then washed and visual-
ized with a chemiluminescent system (Amersham, Encinitas, Calif.). Quantifica-
tion was by densitometry measurements with NIH image software. The primary
antibodies used for detection of cell-specific proteins were anti-glial fibrillary
acidic protein (anti-GFAP, 1:5,000, clone MAB360; Chemicon International,
Temecula, Calif.) for astrocytes, anti-F4/80 (1:100, clone CI:A3-1; Caltag, Bur-
lingame, Calif.) and anti-microglial protein �M integrin (CD11b) (1:100, clone
MAB 1458; Chemicon) for microglia, and anti-�-internexin (1:500, polyclonal
AB5354; Chemicon International) and anti-synapsin 1 (1:1,000, polyclonal
A-6442; Molecular Probes, Eugene, Oreg.) for neurons. Antibodies to pro-
caspase 3 (1:000, polyclonal 06-735; Upstate, Lake Placid, N.Y.) and STAT-1�
(1:000; polyclonal KAP-TF001; StressGen, Victoria, British Columbia, Canada)
were also used. The antibodies used in this study have been well characterized by
the companies that distribute them and by our laboratory.

Immunohistochemistry. Cells were stained according to the Vectastain Elite
kit protocol (Vector Laboratories, Burlingame, Calif.). Briefly, cells were fixed
with 4% paraformaldehyde for 15 min. After rinsing with 5% sucrose three times
for 10 min, cells were rinsed with PBS and incubated for 30 min in 0.05% Triton
X-100 (Sigma) in PBS to permeablize the cells. Cells were rinsed in PBS and
incubated with the endogenous biotin-blocking kit (Molecular Probes). Antibod-
ies specific for the cell or molecule of interest were added overnight with appro-
priate normal serum and 0.5% bovine serum albumin to block nonspecific bind-
ing. As described above, anti-GFAP (1:800), anti-F4/80 (1:100), and �-internexin
(1:5000) were used for the detection of astrocytes, microglia, and neurons,
respectively. Oligodendrocytes were not detectable in the cultures as indicated by
immunostaining with an antibody to myelin-oligodendrocyte-specific protein (1:
750, clone MAB 328; Chemicon). Antibodies to IL-6 (5 �g/ml; R&D Systems,
Inc.) and IL-1a (7 �g/ml; R&D Systems, Inc.) were also used. Following incu-
bation with primary antibodies, cultures were washed with PBS and sequentially
treated with biotinylated secondary antibody and the peroxidase-conjugated avi-
din-biotin complex provided in the Vectastain Elite ABC kit. Immunoreactivity
was detected by the presence of a brown reaction product following incubation
with 0.05% 3,3�-diaminobenzidine (Sigma).

RESULTS AND DISCUSSION

Viral infection has limited impact on culture characteristics
at 72 h. The general appearance of the mixed neuronal-glial
cultures and the morphology of the cells in sham-infected
cultures were comparable to that previously reported by this
laboratory (50). Representative microscopic fields of the im-
munostained mixed neuronal-glial cultures are shown in Fig.
1A. The micrographs illustrate the relative contribution of
each cell type to the cultures. The granule neurons were the
most numerous cell type in the cultures (�90% of cells) but
were considerably smaller than the astrocytes (�5% of cells)
and microglia (�5% of cells). The neurons were localized to
neuronal clusters connected by fiber tracks. Astrocytes and
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microglia were primarily located in nonneuronal regions of the
culture but could also be found within the neuronal clusters.

The ability of MHV-JHM to infect murine astrocytes, oli-
godendrocytes, and neurons in vitro and in vivo has been well
documented (21, 34, 64). MHV-JHM was added to the neu-
ronal-glial cultures at a dose of 0.01 MOI or 3.6 � 104 PFU/ml
at 0 h. A low dose of MHV-JHM was used to simulate in vivo
conditions after the inoculation of a low dose of MHV-JHM
(10 PFU) was given to the whole brain. The initial low dose of
inoculum allowed the in vitro infection to develop over a time
span similar to that observed in an acute infection in vivo (20).
Results indicated that the in vitro conditions were conducive
to the development of infection and CNS response. By 72 h
postinfection, viral titers in the cell lysates had increased over
10-fold and it is estimated that approximately 10% of cells
were infected. The increase in viral titers indicated that active
replication and secondary infection was occurring, simulating
in vivo events (Fig. 2). Although correlating increases are ob-
served in the supernatant, comparatively limited virus ap-
peared to be shed into the supernatant (10-fold-larger increase
in cell lysate at 72 h than in the supernatants). Cells and

supernatants from sham cultures remained free of virus (data
not shown).

The impact of MHV-JHM infection on the culture charac-
teristics and morphological features of the three cell types
present in culture were evaluated with immunostaining and
Western blot analysis of cell-specific proteins. Viral infection
had limited cytopathic effects on the culture characteristics or
cellular morphology at 72 h (Fig. 1). Although a slight decrease
in the astrocyte marker GFAP production was apparent at 72
and 96 h, viral infection did not greatly alter the level of GFAP
or the neuronal marker �-internexin, as determined by West-
ern blotting (Fig. 1B). Similar results were obtained at the
mRNA level by Affymetrix gene array analyses (data not
shown). In contrast, in virally infected cultures, the levels of the
microglial marker F4/80 (Fig. 1B) and �M integrin/CD11b
(data not shown) were depressed at 24 h postinfection and
increased with time, surpassing that of control cultures at 96 h
(Fig. 1B). Changes in the microglial markers may have indi-
cated an alteration in the activation stage, as numeric differ-
ences were not apparent by immunostaining.

The unchanged morphology at 72 h reaffirmed that the dif-

FIG. 1. CNS culture characteristics. (A) Representative microscopic fields from control and virally infected cultures immunostained with
cell-specific antibodies for neurons, astrocytes, and microglia. Immunostaining was carried out at 72 h postinfection. The unstained neuronal
clusters (NC) are evident in the microscopic fields showing astrocyte (A) and microglial (M) immunostaining. (B) Western blot analysis
demonstrates the relative level of the cell-specific proteins in the cultures. Results from virus-infected cultures were normalized (norm) to control
values represented by the dotted line. Insets show representative Western blots. Means � SEM are shown (two to five independent experiments;
protein levels at 96 h reflect one experiment).
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ferences in cell biology (noted below) were the result of the
natural development of the infection and not the consequence
of a major toxic event due to overwhelming viral growth.

Cellular induction of innate immunity in response to viral
infection. To gain insight into the cellular events initiated by
viral infection, genomic profiling and protein assays on the
MHV-JHM- and sham-inoculated neuronal-glial cultures was
performed. Limited changes in mRNA messages were ob-
served at 24 h. In contrast, at 72 h, 126 mRNA messages were
found by genomic profiling to be differentially expressed be-
tween virally and sham-infected cultures, reflecting the impact
of the progression of infection. The overwhelming majority of
these mRNA messages were immune-related genes (Fig. 3;
Tables 1 to 5). Of the 32 genes upregulated over 10-fold in the
presence of virus, all were directly involved in CNS immune
responses (highlighted in Tables 1 to 5). Two ESTs, one
thought to be immune related, were also enhanced 10-fold
(data not shown). Virus-induced suppression of gene expres-
sion was observed for only 2 genes at 72 h (H19 and synapsin
IIb) (Table 5). Together, these results clearly demonstrate
that, upon viral infection, the primary response of cells within
the CNS was to initiate an innate response, as opposed to
modulation of other neuronal or glial cell functions. Note, a
single gene may have one or more functions; thus, the tabular
assignments, Tables 1 to 5, are attempts to categorize gene
products for the purpose of discussion.

Induction of cytokine and acute-phase proteins. A primary
function of innate immunity is to provide an early defense
against a pathogen within the tissue. This is accomplished, in
part, by the induction of proinflammatory cytokines and acute-

phase proteins. At 24 h postinfection, viral infection had neg-
ligible impact on cytokine mRNA levels at 24 h postinfection.
In contrast, by 72 h, virally infected cultures demonstrated a
greater than 10-fold upregulation of IL-6, TNF-�, pro-IL-1�,
IL-1�, and interferon-stimulated protein 15 mRNA levels
compared with sham-infected cultures (Table 1). Anti-inflam-
matory cytokines, IL-10 and transforming growth factor �
(TGF-�) were not detected in either sham-infected or virally
infected cultures, reinforcing the view that this response was
proinflammatory nature (data not shown).

Supernatants from the virus- and sham-infected cultures
were assayed for IL-6 and TNF-� by ELISA to determine
whether the changes in mRNA expression resulted in parallel
changes in protein levels. The culture supernatants showed
limited increases in IL-6 and TNF-� protein concentrations at
24 and 48 h, reflecting mRNA levels (Fig. 4A). However, at
72 h, IL-6 and TNF-� levels in supernatants from virally in-
fected cultures were elevated more than 300-fold compared to
sham-infected culture supernatants, clearly indicating the abil-
ity of CNS cells to produce these cytokines in response to viral
infection. IL-1� protein was not detected in the culture super-
natants (data not shown) or upon immunohistochemical anal-
ysis (Fig. 4B), although elevated mRNA levels were observed
in virally infected samples. This discrepancy may be a con-
sequence of the inability to detect IL-1�-converting enzyme
mRNA in the genomic analysis of our samples. Thus, the
increased IL-1� mRNA expression seen upon infection with
MHV-JHM and other encephalitic viruses may not correspond
with simultaneous protein production (35, 47, 55). Alterna-
tively, the IL-1 may be consumed rapidly at, or near, the site of
synthesis and, thus, undetectable in the supernatant.

Previous studies have demonstrated that within days of ei-
ther in vivo or in vitro viral infection of CNS cells, heightened
IL-6 and TNF-� transcript levels result (35, 46, 55). Acutely
expressed, IL-6 has been reported to contribute to neuropro-
tection (75), whereas chronic IL-6 synthesis has been impli-
cated in aggravating CNS inflammatory diseases (10, 45).
TNF-� production in the brain has been associated with neu-
rotoxicity, although here there is limited evidence of toxicity
under the conditions used in this study (28). Importantly, IL-6
and TNF-� are potent inducers of acute-phase responses and
have the ability to act as mediators between the immune and
endocrine systems (3, 6, 19). This activity of IL-6 and TNF-� is
partially regulated through the transcription factor CCAAT/

FIG. 2. Viral titer kinetics. Cultures were either sham or MHV-
JHM infected at 0 h. At the times indicated, cell lysates and culture
supernatants were harvested and viral titers were determined by
plaque assay. Virus was not detected in sham-infected cultures (data
not shown). Means � SEM are shown (two to seven independent
experiments, duplicate cultures).

FIG. 3. Gene expression categories by percentage. Gene array
analysis was done as per Methods and Materials. Percentages repre-
sent a �2.5-fold increase in the expression genes from virus-infected
cultures relative to sham-infected cultures at 72 h. ESTs, expressed
sequence tags.
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enhancer binding protein (C/EBP)-delta3, the mRNA level of
which was enhanced (Table 4) (23, 27). In the CNS, acute-
phase responses appear to be produced by the reactive astro-
cytes in response to proinflammatory cytokines (11). Following

72 h of MHV-JHM infection, serum amyloid A-3 transcripts
were strongly upregulated (74-fold) along with procomplement
C3 component and pentraxin-related protein 3 (Table 1). Pro-
complement C3 component, produced by microglia and astro-

FIG. 4. Virally induced cytokines and chemokines. (A) IL-6, TNF-�, MIP-1�, MIP-2, and GRO-� concentrations in the supernatants of control
and virus-infected cultures at indicated times postinfection were determined by ELISA. A prominent increase in these proteins was observed 48 h
postinfection. Means � SEM are shown (2 to 14 cultures were measured for each time point). (B) IL-6 and IL-1� in cultures were evaluated by
immunohistochemical staining. Strong immunostaining for IL-6 was observed in microglia in the virus-infected cultures, whereas no immuno-
staining was observed for IL-1�. The arrows indicate an unstained microglia. Panel 1 is a phase-contrast micrograph; panel 2 shows the bright-field
image of the same field.

TABLE 1. Cytokines and acute-phase reactants

Gene product Function or cellular expression
and ligand

Affymetrix
probe set

identification

Gene
symbol

GenBank
accession no.

Change (n-fold)
at time (h):

24 72

Cytokine
IL-6 APRa neuropathogenic/protective 102218_at Il6 X54542 1.3 37.3 � 22
TNF-� APR, septic shock, proinflammatory 102629_at Tnf D84196 0.9 100.0 � 48
IL-1� precursor Fever, T-cell and M/Mo activation,

neuropathogenic/protective
94755_at II1a M14639 1.1 43.6 � 11

IL-1� APR, T-cell and M/Mo activation,
neuropathogenic/protective

103486_at II1b M15131 1.1 41.4 � 36

IL-1 receptor antagonist Inhibits IL-1 activity 93871_at II1rn L32838 1.3 2.6 � 0
Macrophage colony-stimulating factor 1 Macrophage growth factor 101450_at Csf1 M21952 0.8 2.1 � 0
ISG-15 Activation of NK cells (LPS), ubiquitin,

homeostatic brain function
161511_f_at G1p2 AV152244 0.9 15.5 � 9

ISG-15 98822_at G1p2 X56602 0.4 13.8 � 2
Acute-phase response (IL-6 inducible)

Serum amyloid A-3 protein 102712_at Saa3 X03505 1.6 73.7 � 6
Preprocomplement component C3 93497_at C3 K02782 1.6 4.2 � 1
Pentraxin-related protein 3 92731_at Ptx3 X83601 1.1 5.8 � 0
C-type lectin, superfamily member 8 95951_at Clecsf8 AF061272 1.6 4.8 � 1

Chemokine and cytokine receptors
P75 TNF receptor/TNFR2 Endothelial cells, T cells, M/Mo; TNF-�,

lymphotoxin-�
94928_at Tnfrsf1b X87128 1.5 2.9 � 0

FPR-1 Astrocytes, M/Mo, neutrophils; n-formyl-
methionyl peptides (fMet-Leu-Phe)

99387_at Fpr1 L22181 5.5 16.7 � 0

FPR-RS-2 Microglia, M/Mo; amyloid beta 42 101800_at Fpr-rs2 AF071180 2.5 33.6 � 7

a APR, acute-phase response.
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cytes, is seen in the neuritic plaques of Alzheimer’s disease and
is thought to cause neuronal damage (7, 24). In contrast, pen-
traxin-related protein 3, made by astrocytes and some neurons
in response to seizures and TNF-�, may be neuronal protective
(52).

Expression of cytokine and chemokine receptors. The po-
tential for TNF-� to directly influence CNS cells is evident by
the upregulation of TNF-� receptor mRNA in virus-infected
cultures (Table 1). TNF-� receptors are expressed on micro-
glia and astrocytes (2, 42). Virus infection also enhanced the
expression of chemokine formyl peptide receptor (FPR) levels
more than 16-fold (72 h) that of control cultures. Predomi-
nantly expressed in lymphoid tissues, FPR-1 is a high-affinity
receptor for n-formyl-methionyl peptides (FMLP), which are
chemotactic factors for neutrophils, eosinophils, and macro-
phages (29, 69). In macrophages, FMLP binding appears to
activate intracellular calcium, priming the cells for antigen
presentation and cytokine release (1). Whether similar events
occur in microglia or astrocytes has not been investigated, al-
though increases in both classical and nonclassical major his-
tocompatibility complex (MHC) mRNA levels were observed
in virally infected cells (see below) and an FMLP receptor has
been previously detected in the CNS (33). FPR-RS-2 binds
amyloid beta 42. Upregulated on microglia in response to
inflammatory stimuli, such as TNF-�, FPR-RS-2 has been im-
plicated in the pathogenesis of Alzheimer’s disease (18).

Facilitating leukocyte recruitment in response to viral in-
fection. Another function of the CNS innate immune response
is facilitating the recruitment of leukocytes by the coordinated
upregulation of chemokines, adhesion molecules, and matrix
metalloproteinases (MMPs). These molecules are critical in the
transition from innate tissue responses to adaptive lymphocyte

responses. Significant CNS chemokine activity upon infection
was evident in the genomic data (Table 2). A marked increase
in neutrophil-targeted chemokines was observed. MIP-2 mRNA
was one of the few messages upregulated at 24 h postinfection
(3.1-fold). At 72 h, MIP-2 transcript levels in virally infected
cultures were increased 114-fold relative to levels in control
cultures, consistent with our previous in vivo observations (55).
Likewise, virus-induced GRO-� and LIX mRNA levels were
10-fold higher than in sham-infected cultures. These results
were echoed in culture supernatant protein concentrations
(Fig. 4A). MIP-2 and GRO-� supernatant protein levels were
elevated 20- and 10-fold, respectively, at 72 h and further
enhanced by 96 h. This increase may relate to the observation
that neutrophils appear as the earliest infiltrates in the CNS
after an attenuated MHV-JHM infection (76). In the milder
infections, neutrophils appeared to be protective. However,
neutrophils can also contribute substantially to immunopathol-
ogy following more virulent infections (66), suggesting that
their presence in severe encephalitis is harmful.

In addition to the chemokines described above, there was
a strong upregulation macrophage chemoattractant protein
(MCP)- and MIP-1-related transcripts, along with MIP-1� pro-
tein expression. Although these chemokines are attractants for
other types of leukocytes (Table 2), previous in vivo chimeric
studies demonstrated that prior to MHV-JHM-induced mor-
tality, high MIP-1� and MIP-1� mRNA levels were clearly
associated with enhanced macrophage infiltration when com-
pared with a less-virulent MHV strain (56). In the neuronal-
glial cultures, astrocytes are a likely source of MIP-1� and -2,
MCP-1, MCP-2, and interferon-inducible protein 10 (IP-10)
(34). Our previously studies demonstrated that upon infection
with a low dose of an MHV-JHM variant, expression of these

TABLE 2. Leukocyte infiltration

Gene product Chemotactic target
Affymetrix
probe set

identification

Gene
symbol

GenBank
accession no.

Change (n-fold)
at time (h):

24 72

Chemokines
KC/CXCL1 precursor Neutrophils 95348_at Cxcl1 J04596 1.3 11.8 � 0.6
KC/CXCL1 precursor Neutrophils 95349_g_at Cxcl1 J04596 1.4 16.6 � 3.3
LPS-inducible CXC chemokine/

ENA-78/CXCL5/GARG-39
Neutrophils 98772_at Cxcl5 U27267 1.0 11.3 � 2.6

RAS-related C3 botulinum
substrate 2

Neutrophils 103579_a Rac2 X53247 1.1 3.2 � 1.0

MIP-2/CXCL2 Neutrophils 101160_at Cxcl2 X53798 3.1 113.7 � 55.9
MIP-1�/CCL3 M/Mo, TH1 T cells, NK cells 102424_at Ccl3 J04491 0.9 7.3 � 0.7
MIP-1�/CCL4 M/Mo, TH1 T cells, NK cells 94146_at Ccl4 X62502 0.4 8.4 � 1.7
MIP-1	/CCL9 Osteoclasts, leukocytes 104388_at Ccl9 U49513 1.2 5.3 � 2.6
MCP-1/CCl2 (GARG) T cells, M/Mo, basophils 102736_at Ccl2 M19681 1.3 7.5 � 4.4
MCP-2/CCL8 T cells, M/Mo, basophils, eosinophils 92459_at Ccl8 AB023418 1.3 8.8 � 0.6
MCP-3/CCL7 (GARG) T cells, M/Mo, basophils, eosinophils 94761_at Ccl7 X70058 2.3 8.1 � 4.8
MCP-5/CCL12 Monocytes 93717_at Ccl12 U50712 1.0 43.1 � 23.6
IP-10/CXCL10 (GARG) Activated TH1 T cells 93858_at Cxcl10 M33266 0.6 72.9 � 42.0
RANTES/CCL5 Memory TH1 T cells, NK cells, M/Mo,

basophils, eosinophils
98406_at Ccl5 AF065947 0.5 65.6 � 53.2

Cell adhesion
ICAM-1/CD54 96752_at Icam1 M90551 7.1 6.5 � 1.2
VCAM-1/CD106 92558_at Vcam1 M84487 0.7 5.8 � 1.4
VCAM-1/CD106 92559_at Vcam1 U12884 2.4 3.2 � 0.8
Ly6e/thymic shared antigen 1 101487_f_a Ly6e U47737 1.1 3.0 � 0.3

MMP
Stromelysin/MMP-3 98833_at Mmp3 X66402 0.5 13.5 � 7.4
Procollagenase/MMP-13 100484_at Mmp13 X66473 0.7 18.7 � 3.0
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chemokines was induced in astrocyte cultures and that the ef-
fect was abolished by UV inactivation of the viral infectivity (34).

Adhesion molecules and MMP are necessary to allow in-
flammatory lymphocytes to enter through the blood-brain bar-
rier into the CNS. Intracellular adhesion molecule 1 (ICAM-1)
was one of the few transcripts to be upregulated at 24 h (7.0-
fold). However, unlike most transcripts that increased with
time, its expression appeared stable between 24 and 72 h.
Vascular cell adhesion molecule 1 (VCAM-1) and ICAM-1
expression along the blood-brain barrier allows leukocytes to
attach and begin the process of infiltration into the CNS. This
process is augmented by MMP digestion of the endothelial
layer. Both MMP-3 and MMP-13 mRNA levels were enhanced
in virus-infected cells (Table 2). Thus, these observations in-
dicate that resident brain cells can initiate a vigorous recruit-
ment of neutrophils and macrophages upon infection, which
may subsequently result in either control of the infection, im-
munopathological injury, or death. In MHV-JHM infection
and fatal encephalitis, this balance appears to lean towards
immunopathological injury, as opposed to viral clearance.

Nonclassical antigen presentation upon viral infection. An-
other critical function of CNS innate immunity supportive of
the transition to adaptive immunity is resident cell interaction
with infiltrating T cells in the context of MHC molecules (4, 14,
17, 53, 64). Small, but consistent, increases in classical MHC
class I transcript expression were observed with virally infected
cultures compared to sham-infected cultures (Table 3). These
increases are likely to be microglial in origin, due to the dif-
ferential propensity of microglia to express MHC class I com-
pared to astrocytes following in vitro MHV-JHM infection and
in other models (9, 17, 64). In an in vitro model of Theiler’s
murine encephalomyelitis virus infection, MHC class II, B7-1,
B7-2, and CD40 protein expression were upregulated on the
surface of microglia upon infection in a manner similar to the
upregulation occurring with exposure to gamma interferon
(IFN-	) (46). Comparable expression of MHC class II, CD80,
CD86, and CD40 was not observed in our studies. Thus, MHV-

JHM-induced innate immunity in CNS cells does not appear to
be supportive of antigen presentation, and an inadequate tran-
sition to adaptive immunity may result. This possibility is cor-
roborated by studies of in vivo MHV-JHM infection where
limited T-cell activity in the brain was observed (55).

Viral infection enhanced nonclassical MHC class I molecule
expression up to fivefold over sham-infected cultures. Nonclas-
sical MHC class I may have less dependence on IFN-	 regu-
lation than classical MHC (22), which could explain the en-
hanced nonclassical MHC expression in the absence of IFN-	.
Nonclassical class I molecules associate with �2-microglobulin
in a manner similar to class I molecules but have restricted
polymorphism (63). Little is known about the impact of non-
classical MHC presentation on disease outcome in the periph-
ery, much less in the CNS. H2-T10 and H2-T17 present to 	

T cells, which along with NK T cells and NK cells can migrate
into the CNS following parasitic helminth infection and the
induction of experimental autoimmune encephalomyelitis (12,
62). Generally, the presence of 	
 T cells, NK T cells, and NK
cells had been associated with exacerbating disease outcome,
although it has been suggested that nonclassical MHC class I
expression on neurons might be protective (31, 36). Q10,
thought to be liver specific, appears to bind a classical peptide
repertoire and can interact with CD8 T cells and NK cells,
potentially providing some protective immunity against viral
infection (71). Q2-k and Q1 are also thought to be limited to
the liver and to the thymus and intestinal epithelium, respec-
tively (68). It is assumed that these molecules are presenting
to, or interacting with, infiltrating lymphocytes (68, 71). How-
ever, the upregulation of Gp49 mRNA in virus-infected cells is
curious. Gp49 is a membrane receptor that contains immuno-
receptor tyrosine-based inhibitory motifs. Expressed on NK
cells, it inhibits their activation and release of immune reac-
tants in response to nonclassical MHC class I expression and
other stimuli, suggesting that a resident brain cell may act in a
similar manner (30, 67). The potential role of this molecule
expressed in virally infected CNS cells is unknown.

TABLE 3. Antigen presentation

Gene product Cell type presented to
Affymetrix
probe set

identification

Gene
symbol

GenBank
accession

no.

Change (n-fold)
at time (h):

24 72

MHC class I
�2 microglobulin 93088_at B2m X01838 0.8 2.4 � 0.0
Histocompatibility 2, K region CD8 T 93120_f_a H2-K V00746 1.3 2.7 � 0.4
Histocompatibility 2, D region locus 1 CD8 T 101886_f_at H2-D1 X52490 0.9 2.6 � 0.5
Histocompatibility 2, D region locus 1 CD8 T 97540_f_at H2-D1 M69069 1.3 3.2 � 0.2
Proteasome activator 28-alpha subunit 101510_at Psme1 AB007136 1.1 2.8 � 0.1
Proteasome activator 28-beta subunit 100588_at Psme2 U60329 1.0 2.1 � 0.1
Proteasome subunit type 10	/MECI-1 101486_at Psmb10 Y10875 1.0 3.6 � 0.5
TAP binding protein 102689_at Tapbp AF110520 0.9 3.5 � 0.1
TAP binding protein 100154_at Tapbp AI836367 1.4 3.7 � 0.8

Nonclassical MHC class 1
Histocompatibility 2, M region locus 2 Unknown 101300_at M26156 1.5 4.6 � 0.8
Histocompatibility 2, Q region locus 1 Unknown 99378_f_a H2-Q1 M18837 1.0 3.5 � 0.2
Histocompatibility 2, Q region locus 2-k Unknown 102161_f_at H2-Q2-k X58609 1.2 2.4 � 0.4
Histocompatibility 2, Q region locus 10 Alloreactive CD8 T, NK 97173_f_at H2-Q10 M27134 0.6 4.9 � 1.6
Histocompatibility 2, T region locus 10 	
 T 93865_s_at H2-T10 M35244 1.1 4.2 � 0.8
Histocompatibility 2, T region locus 17 	
 T 101876_s_at H2-T17 M35247 1.2 3.7 � 0.7

Receptors to nonclassical MHC class I
Gp49 Mast cell development, NK cell cytotoxicity 100325_at Gp49a M65027 1.9 3.4 � 0.2
Gp49B Mast cell development, NK cell cytotoxicity 92217_s_at Gp29b U05265 1.7 3.8 � 0.5

VOL. 79, 2005 INNATE IMMUNE RESPONSES IN THE CNS IN VITRO 4375



Transcription factors and regulators. The expression of the
secreted and membrane-bound immune mediators is regulated
by intracellular events (Table 4). The discovery of many of the
gene products listed was accomplished by evaluating cellular
activity in response to IFN-	 or lipopolysaccharide (LPS), po-
tent initiators of immune responses. Here, the presence of
IFN-�/� or IFN-	 mRNA in the gene profiling experiments
was limited, and IFN-	 protein was not detected in superna-
tants from virally infected cultures (data not shown). In addi-
tion, the IFN-	 receptor message level was not significantly
different between sham and infected cultures at 72 h (mean
signal intensities, 571 � 155 and 473 � 125, respectively). With
restricted amounts of interferons, interferon regulatory factor
7 (IRF-7) was the likely intermediary between viral replication
and induction of interferon sensitive transcription factors.
IRF-7 is a distinct and essential transcription factor that reg-
ulates interferon antiviral responses (58). IRF-7 was one of the
few transcripts enhanced at 24 h, supporting its ability to acti-
vate subsequent events observed at 72 h (Table 4). First dis-
covered as a factor in Epstein-Barr virus pathogenesis and
latency, IRF-7 can be activated by Epstein-Barr virus latent
membrane protein 1, other viral components, NF-�B, and sig-
nal transducer and activation of transcription 1 (STAT1) (39,
58). Latent membrane protein 1 directly induces the expres-
sion, phosphorylation, and nuclear translocation of IRF-7,
which can regulate both viral and cellular genes, including

GTPases (44, 73). MHV-JHM spike and hemagglutinin ester-
ase have also been shown to induce specific CNS genes (56,
74). The potential of these proteins to interact with IRF-7 is a
subject for future investigation.

STAT1 mRNA levels and protein concentrations were sub-
stantially increased following viral infection of neuronal-glial
cultures (Table 4; Fig. 5). STAT1 is considered the primary

FIG. 5. Viral infection induces expression of STAT1�. Mean val-
ues (� SEM) for the expression of STAT1� protein in virus-infected
cultures relative to control (cont) cultures are shown (two to five
independent experiments; *, P � 0.05). The inset shows representative
Western blots (arrows indicate STAT1� bands).

TABLE 4. Intracellular regulation of innate immunity

Gene product Target response(s)
Affymetrix
probe set

identification

Gene
symbol

GenBank
accession no.

Change (n-fold)
at time (h):

24 72

Transcription factor/DNA binding protein
IRF-7 IFN responses 104669_at Irf7 U73037 3.5 15.8 � 3.0
STAT-1 IFN responses 101465_a Stat1 U06924 2.1 12.3 � 1.7
ISGF-3 IFN responses 103634_at Isgf3g U51992 1.0 3.3 � 1.2
Interferon activated gene (IFI-205) M/Mo responses 94224_s_at Ifi205 M74123 0.9 17.6 � 9.7
C/EBP-3 Immune and inflammatory responses 160894_at Cebpd X61800 1.5 2.9 � 0.4
C/EBP-3 Immune and inflammatory responses 92925_at Cebpd M61007 1.4 2.5 � 0.1
Immediate early response Immune and inflammatory responses 94384_at Ier3 X67644 1.4 3.6 � 0.4

Nuclear factor-kappa B signaling
I�-B-zeta Prevents NF-�B binding to DNA 98988_at Nfkbiz AA614971 0.8 2.9 � 0.4
I�B-alpha Traps NF-�B in the cytoplasm 104149_at Nfkbia AI642048 1.4 2.8 � 0.6
I�B-alpha Traps NF-�B in the cytoplasm 101554_at Nfkbia U57524 0.9 2.7 � 0.3

47-kDa GTPase family
IFN-	-inducible protein 47 B-cell responses 104750_at Irg47 M63630 2.2 12.2 � 2.7
IFN-	-induced GTPase M/Mo cytokine, chemokine signaling 96764_at Iigp AJ007971 1.0 29.1 � 0.7
IFN-	-induced GTPase M/Mo cytokine, chemokine signaling 96764_at Iigp AJ007971 1.5 29.3 � 12.3
IFN-	-induced GTPase IFN responses 98410_at Gpti AJ007972 1.2 5.4 � 2.1
IGTP STAT1-dependent IFN responses 160933_at Igtp U53219 0.9 9.5 � 1.4
T-cell-specific protein (TGTP) T-cell or M/Mo responses 102906_at Tgtp L38444 0.6 17.2 � 8.2

Other GTPases
Guanylate nucleotide binding protein 2 M/Mo, fibroblast IFN responses 104597_at Gbp2 AJ007970 2.5 31.7 � 19.4
Mx protein Antiviral responses 102699_a Mx2 J03368 1.1 6.9 � 3.8
Interferon inducible protein 1 M/Mo IFN responses 97409_at Ifi1 U19119 1.8 6.4 � 2.4

GARG/IFITa

GARG-16/IFIT-1 Proinflammatory responses 100981_at Ifit1 U43084 1.1 24.7 � 7.9
GARG-49/IFIT-3 Proinflammatory responses 93956_at Ifit3 U43086 1.9 16.9 � 6.3
GARG-39/IFIT-2 Proinflammatory responses 103639_at Ifit2 U43085 1.3 11.3 � 5.1

Translation factors/RNA binding protein,
ELL-related RNA polymerase II

Elongation factor 103891_i_at Ell2 AI197161 0.9 2.5 � 0.1

Miscellaneous
Ubiquitin specific protease 18 Acts on ISG-15 95024_at Usp18 AW047653 1.8 33.3 � 1.2
Viperin/viral hemorrhagic septicemia

virus induced gene 1
Antiviral 104177_at Vip1 AA204579 5.0 41.5 � 6.9

a IFIT, IFN-induced protein with tetratricopeptide repeats.
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mediator of IFN-	 responses; nonetheless, it can also be acti-
vated by IFN-�/�, IL-6, granulocyte colony stimulating factor,
and other mediators (51). Activated STAT1 binds to interfer-
on-dependent positive-acting transcription factor 3 (ISGF-3)/
p48 (a member of the IRF of the transcription factor family),
which is also upregulated (Table 4). Together, they form the
ISGF-3 complex, which translocates into the nucleus and binds
to interferon-stimulated response elements in the promoters of
interferon-inducible genes, including many GTPases, cytokines,
and chemokines.

Unlike many of the gene products listed in these tables,
NF-�B and its pathways have been well characterized. Trig-
gered by cytokines, bacterial products, and viruses, NF-�B is
involved in the regulation of over 100 genes of the apoptotic,
growth, immune, and other pathways (26). Little has been
reported about the impact of MHV on NF-�B pathways. In-
creased expression in negative regulators of NF-�B may indi-
cate an internal attempt to control its function (Table 4). The
outcome can be surmised by the other events described here.

GTPases and glucocorticoid attenuated response gene
(GARG). MHV-JHM infection resulted in considerable eleva-
tion of members of the p47 GTPase superfamily. These pro-
teins appear to localize to the endoplasmic reticulum, present-
ing the possibility that they function in processing or trafficking
of proteins to the cell surface (5). Five of the six known mem-
bers of this family, IIGP, GPTI, TGTP, IFN-inducible GTPase
(IGTP), and IFN-	-inducible protein 47 (with the exception of
LRG-47), were expressed at higher levels (5- to 29-fold) in
MHV infected cells. Reports indicate that these GTPases are
involved in the generation of innate immune responses against
specific pathogens (13, 57, 65, 72). IGTP knockout mice ap-
peared highly susceptible to the protozoan parasite Toxo-
plasma gondii but not to Listeria monocytogenes and cytomeg-
alovirus infections (65). Although IGTP upregulation upon
T. gondii infection is IFN-	 independent, it appears to be STAT1
(Table 4) dependent (16). In contrast, IIGP seems necessary
for protection against intracellular pathogens such as L. mono-
cytogenes (72). IIGP had been reported to be upregulated in
the CNS, along with Mx, upon transmissible spongiform en-
cephalopathy infection (57). TGTP may, in a manner similar to
Mx, contribute to protection against negative-strand RNA vi-
ruses (13). Whether TGTP and Mx (or any of the GTPases
upregulated here) offer protection against positive-stranded
RNA viruses, such as MHV, aggravate the proinflammatory
response leading to fatal encephalitis, or both, is unknown. The
ability of Mx to bind to viral proteins and interfere with as-
sembly and transport of intact virion out of the cell is the best
characterized of these GTPases (25). Mx and other larger
GTPases can be directly activated by IRF-7 in the absence of
interferons (59). However, with the exception of IGTP, studies
investigating IRF-7 and/or STAT1 regulation of p47 GTPases
have not been published.

MHV-JHM infection of CNS cultures resulted in an 11- to
25-fold change in GARG-16, -39, and -49 mRNAs relative to
control cultures. GARGs are highly conserved proteins with
multiple repeat domains that are inhibited by glucocorticoids
(61). Although inducible by IFN-	 and LPS, this report sug-
gests they are not IFN-	 dependent. GARG-16 production by
microglia has been described and is thought to play a role in
the regulation of inflammatory responses in the CNS (32).

Thus, despite the limited appearance of interferons, consid-
erable upregulation of genes (and proteins) known to be in-
terferon inducible was evident. Similar results have been found
in models of spontaneous experimental autoimmune enceph-
alomyelitis and spongiform encephalopathies (40, 57). Al-
though these studies were performed with whole animal tis-
sues, allowing for the infiltration of leukocytes from the
periphery, they support our finding that interferons, particu-
larly IFN-	, may not be required for the activation of these
responses within the CNS.

Viral effects on cell viability. Consistent with the culture
characteristics (Fig. 1) at 72 h, apoptosis was not evident in
either virus-infected or control cultures. mRNA levels for
caspases and death domain proteins were not upregulated in
virus-infected cultures relative to sham-infected cultures (data
not shown). Western blot analysis for procaspase 3, the pre-
cursor of active caspase 3, did not exhibit increased expression
upon viral infection (Fig. 6A), and active caspase 3 was unde-
tectable in both sham- and virus-infected cultures (data not
shown). Instead, MHV-JHM infection resulted in elevated lev-
els of genes associated with antiapoptotic activity (Bc1-2A1d
and A20) and cell growth (GADD34, JUNB, JTB, and prolif-
erin) (Table 5). Finally, total protein levels in sham- and virus-
infected cultures were similar (Fig. 6B). Although some of
these genes (e.g., GADD45) can also participate in apoptosis,

FIG. 6. Cell viability was not altered by viral infection at 72 h. (A)
Western blot analysis for procaspase 3 at indicated times postinfection.
Results from virus-infected cultures are normalized to control (cont)
values, represented by the dotted line. Insets show representative West-
ern blots. (B) Protein levels in the cultures at indicated times post-
infection. Means � SEM are shown (two to five independent experi-
ments; results for protein level at 96 h are from one experiment).
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together, these results indicate that virally induced apoptosis is
limited at 24 and 72 h. Therefore, the observed alterations in
mRNA and protein levels following viral infection appear to be
a consequence of initial cellular responses to infection as op-
posed to a function of apoptotic events.

Neuronal effects of viral infection. The predominant cell
type in the neuronal-glial cultures is neurons. However, only a
few of the mRNAs differentially regulated between sham- and
virus-infected cultures in the genomic analysis are neuron spe-
cific (Table 5). For example, the gene array data indicated that
viral infection did not alter the expression of mRNA for syn-

apsin 1, a synaptic protein involved in neurotransmitter release
that is found at high abundance in CNS neurons (data not
shown). Western blot analysis corroborated this finding at the
protein level (Fig. 7A). The majority of the genes related to
neuronal growth or function that were altered upon viral in-
fection are thought to favor neuronal survival, including nin-
jurin and Huntington-associated protein 1-A.

To further assess the impact of viral infection on the func-
tional properties of the neurons, we examined their ability to
respond to a depolarizing stimulus, the brief application of
high-K� saline. The high-K� saline depolarizes the neuronal

TABLE 5. Growth, differentation, metabolism, and apoptosisa

Gene product Function
Affymetrix
probe set

identification

Gene
symbol

GenBank
accession no.

Change (n-
fold) at time

(h):

24 72

Glial cells
F4/80 gene, macrophages/microglia Adhesion, signaling 103507_at Emr1 X93328 0.7 3
CD14 antigen, macrophages/microglia Inflammatory responses 98088_at Cd14 X13333 1.2 2
Intracellular regulation

GADD/MYD
GADD45 gamma/MYD118 MAP kinase (proliferation and apoptotic

responses) activator
101979_at Gadd45g AF055638 1.0 3.4

GADD45 beta/MYD118 MAP kinase activator 102779_at Gadd45b X54149 1.0 4.7
GADD45 beta/MYD118 MAP kinase activator 161666_f_at Gadd45b AV138783 1.6 8.0
GADD34/MYD116 Complexes with proliferating cell nuclear

antigen
160463_at Myd116 X51829 3.2 2.5

JUNB Transcriptional factor promoting cell
proliferation

102363_r_at Junb U20735 0.9 2.1

Schlafen 2 Inhibit cell proliferation, lymphocyte
maturation

92471_i_at Slfn2 AF099973 1.4 3.4

B-cell leukemia/lymphoma 2A1d Antiapoptosis 93869_s_at Bcl2A1d U23781 1.1 2.9
TNF-�-induced protein-3/A20 Antiapoptosis 99392_at Tnfaip3 U19463 0.8 29.5
Zinc-finger protein 147 Mediates estrogen actions 100475_at Trim25 D63902 1.0 2.7
H19 Embryonic development 93028_at H19 X58196 1.1 0.3

Receptors
CD52 Marker malignant T and B cells, maturing

spermatozoa
104606_a Cd52 M55561 1.2 3.8

JTB Proliferation, onogenesis 102791_at Jtb AB016490 1.4 6.0
Extracellular/secreted; proliferin/MRP

embryonic growth factors
Proliferin 1/MRP-1 94838_r_at Plf K02245 0.9 4.0
Proliferin 2/MRP-2 93883_at Plf2 K03235 0.8 4.6
Proliferin 3/MRP-3 93929_s_at plf3 X16009 0.4 6.5

Neurons
Synapsin IIb Neurotransmitter release 160954_at Syn2 AF096867 0.8 0.6
Purine nucleoside phosphorylase Astrocyte regulation of adenosine

guanosine
93290_at Pnp U35374 1.1 4.3

Adrenomedullin Neuropeptide, hypotensive vasodilator 102798_at Adm U77630 1.0 4.2
Nerve injury-induced protein/ninjurin Promotes axonal growth and nerve

regeneration
93318_at Ninj1 U91513 0.7 2.4

Huntingtin-associated protein 1-A Neuritic development and synaptic function 102323_at Hap1 AJ002272 0.9 2.5
Multiple cell types

*GTP cyclohydrolase 1 Production of tetrahydrobiopterin and NO 102313_at Gch L09737 0.6 5.4
Ceruloplasmin Multicopper oxidase 92851_at Cp U49430 1.4 2.9
Manganese superoxide dismutase Oxidoreductase, manganese, mitochondrion 96042_at Sod2 L35528 1.1 2.4
Cytochrome P450 Heme-thiolate monooxygenases, NADPH-

dependent electron transport pathway;
oxidizes steroids and fatty acids

99979_at Cyp1b1 X78445 0.9 2.4

Acyloxyacyl hydrolase A phospholipase, lysophospholipase, diacyl-
glycerollipase, and acyltransferase

99838_at Aoah AF018172 0.3 8.8

Cholesterol 25-hydroxylase Cholesterol metabolism, oxidoreductase
activity, steroid hydroxylase activity

104509_at Ch25h AF059213 0.9 4.9

Lipocalin 2 Intracellular transport, neutrophil re-
sponses, sleep cycles

160564_at Lcn2 X81627 0.8 3.4

Spermidine synthase Biosynthesis of spermidine from arginine 92540_f_at Srm Z67748 1.1 2.7

a GADD, growth and DNA damage inducible; MYD, myeloid differentiation response protein; JTB, jumping translocation breakpoint; MRP, mitogen-regulated
protein; *GTP, guanidine triphosphate; MAP, mitogen-activated protein.
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membrane potential, resulting in Ca2� influx through voltage-
gated Ca2� channels, a process similar to that occurring during
action potential generation. The Ca2� signal was measured by
using fura-2-based Ca2� imaging. At 48 h postinfection, the
Ca2� signal produced by K� application to neurons in the
virus-infected cultures was smaller than the Ca2� signal pro-
duced in control neurons. However, this effect was transient,
and no difference in the Ca2� signals was observed at the later
times studied (Fig. 7B to D). Resting Ca2� levels were com-
parable in control and virus-infected neurons until 72 h postin-
fection, when neurons in the virus-infected cultures demon-
strated an elevation in resting Ca2� levels relative to neurons
in control cultures (Fig. 7E). Consistent with these results,
Western blot analysis indicated that, prior to 72 h postinfec-
tion, the virus had limited effect on the level of protein for the
L-type Ca2� channel (Fig. 7F), the primary Ca2� channel
involved in the generation of the Ca2� signal following K�

application. Together, these results suggest that at 72 h postin-
fection neuronal function was slowly beginning to be affected.
However, the disruption of neuronal function does not appear
to be a primary outcome at the early stages of infection inves-
tigated here.

Summary and implication of results. The innate capacity of
resident brain cells to respond to local insults within the brain
is still poorly understood. To elucidate how early CNS re-
sponses may participate immunologically in the outcome of
fatal encephalitis, the impact of MHV-JHM infection on mixed
neural-glial cell cultures was evaluated by gene profiling and

protein analysis. Viral infection of CNS cells resulted in the
strong induction of proinflammatory responses by 72 h postin-
fection (Fig. 3; Tables 1 to 4). These results suggest that be-
yond cytokines, chemokines, and classical MHC class I prod-
ucts, a broader scope of innate immune molecules (including
interferon-stimulated protein 15 [ISG-15], FPRs, nonclassical
MHC class I, IRF-7, STAT1, small-size GTPases, GARGs,
GADD45, and proliferin) may participate in fatal viral enceph-
alitis. In contrast, limited differences in cell survival, metabo-
lism, and neuronal function, aside from promoting neuronal
growth between sham- and virus-infected cultures were ob-
served (Fig. 2 and 7; Table 5).

Because a low MOI was used in our experiments, the ob-
served changes in host gene expression probably represent
both direct viral effects on the infected cells and bystander
effects, as seen upon in vivo infection. Production of immune
factors by a limited number of MHV-JHM-infected cells could
also result in the altered gene expression of uninfected cells.
Resident brain cells can express receptors that correspond to
immune receptors, as demonstrated in this study by the expres-
sion of TNF-� receptor and FPR transcripts (Table 1), and
produce immune factors when stimulated by appropriate sig-
nals.

The robust proinflammatory responses by CNS cells in vitro
parallel those of previous in vivo reports (4, 10, 11, 34). How-
ever, in vitro CNS preparations allowed unequivocal dis-
crimination of virally induced innate CNS responses from in-
filtrating leukocyte responses. This immunological activity can

FIG. 7. Viral infection slightly alters neuronal properties. (A) Western blot and gene array data showing the relative level of mRNA and protein
for the alpha-1 subunit of the synaptic vesicle protein synapsin 1 at 72 h. (B) Representative recordings of intracellular Ca2� in a neuron of a
control (cont) and virus-infected culture at 48 h postinfection. The neurons were stimulated at the time indicated by the arrow with a brief pulse
(1 s) of high-K� saline applied from a micropipette placed near the neuron. (C) Digitized micrographs of fura-2-loaded granule neurons used for
measurement of intracellular Ca2� levels. (D) Mean (� SEM) values for the peak amplitude of the Ca2� signals (with resting Ca2� levels
subtracted) in the population of neurons studied in control and virus-infected cultures at different times postinfection. Data are normalized to the
mean value for control cultures at the same time point. (E) Mean (� SEM) resting Ca2� levels at the three time periods studied postinfection.
A significant increase in resting Ca2� levels was observed at 72 h postinfection. The neuronal population is the same as shown in panel D (*, P 
0.05). (F) L-type Ca2� channel Western blot and gene array analysis. Insets shows representative Western blots.
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contribute to either protective or pathogenic mechanisms. More-
over, protective immune responses can also be immunopatho-
logical, as in the case of MHV-induced demyelination. Our
previous studies of chimeric viruses demonstrated that the
MHV-JHM spike glycoprotein was sufficient to trigger immu-
nopathology leading to death. On a virus background (MHV-
A59) that allowed for viral clearance, the presence of the MHV-
JHM spike protein resulted in cytokine (IL-6) and chemokine
(MIP-2 and MIP-1�) mRNA expression concomitant with high
mortality (56). The discrepancy between virus clearance and
corresponding neurological disease has been documented for
other viral agents. Reports indicated that, following resolution
of herpes simplex virus titers upon treatment, approximately
one-third of encephalitis survivors subsequently die or become
neurologically impaired (41). Moreover, cytokine levels or the
severity of clinical outcomes did not correlate with cerebrospi-
nal fluid herpes simplex virus loads (70). Therefore, the suc-
cessful treatment of severe encephalitis may require viral elim-
ination and down regulation of immunopathogenic responses.
This study provides potential new targets for research and
therapeutic intervention in severe viral encephalitis.
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