
Differentiation of Neurons Restricts Arbovirus Replication and
Increases Expression of the Alpha Isoform of IRF-7

Kimberly L. W. Schultz, Patty S. Vernon,* Diane E. Griffin

W. Harry Feinstone Department of Molecular Microbiology and Immunology, Johns Hopkins Bloomberg School of Public Health, Baltimore, Maryland, USA

ABSTRACT

Susceptibility to alphavirus infection is age dependent, and host maturation is associated with decreased virus replication and
less severe encephalitis. To identify factors associated with maturation-dependent restriction of virus replication, we studied
AP-7 rat olfactory bulb neuronal cells, which can differentiate in vitro. Differentiation was associated with a 150- to 1,000-fold
decrease in replication of the alphaviruses Sindbis virus and Venezuelan equine encephalitis virus, as well as La Crosse bunyavi-
rus. Differentiation delayed synthesis of SINV RNA and protein but did not alter the susceptibility of neurons to infection or
virion maturation. Additionally, differentiation slowed virus-induced translation arrest and death of infected cells. Differentia-
tion of uninfected AP-7 neurons was associated with changes in expression of antiviral genes. Expression of key transcription
factors was increased, including interferon regulatory factor 3 and 7 (IRF-3 and IRF-7) and STAT-1, suggesting that neuronal
maturation may enhance the capacity for antiviral signaling upon infection. IRF-7 produced by undifferentiated AP-7 neurons
was exclusively the short dominant negative �-isoform, while that produced by differentiated neurons was the full-length �-iso-
form. A similar switch in IRF-7 isoforms also occurred in the brains of maturing C57BL/6J mice. Silencing of IRF expression did
not improve virus multiplication in differentiated neurons. Therefore, neuronal differentiation is associated with upregulation
of transcription factors that activate antiviral signaling, but this alone does not account for maturation-dependent restriction of
virus replication.

IMPORTANCE

Viral encephalomyelitis is an important cause of age-dependent morbidity and mortality. Because mature neurons are not read-
ily regenerated, recovery from encephalitis suggests that mature neurons utilize unique antiviral mechanisms to block infection
and/or clear virus. To identify maturational changes in neurons that may improve outcome, we compared immature and mature
cultured neurons for susceptibility to three encephalitic arboviruses and found that replication of Old World and New World
alphaviruses and a bunyavirus was reduced in mature compared to immature neurons. Neuronal maturation was associated
with increased baseline expression of interferon regulatory factor 3 and 7 mRNAs and production of distinct isoforms of inter-
feron regulatory factor 7 protein. Overall, our studies identified maturational changes in neurons that likely contribute to as-
sembly of immunoregulatory factors prior to infection, a more rapid antiviral response, increased resistance to virus infection,
and improved survival.

Development of age-dependent resistance to fatal disease is a
characteristic of many virus infections of the central nervous

system (CNS) (1–9). We have used Sindbis virus (SINV), the pro-
totype alphavirus in the family Togaviridae, as a model system to
understand maturation-mediated restriction of virus multiplica-
tion in neurons. SINV preferentially infects neurons and causes
age-dependent encephalomyelitis in mice. Young animals are
highly susceptible to SINV infection and succumb within 3 to 4
days. In contrast, adult animals infected with the same strain of
SINV restrict virus replication in the CNS, are able to clear virus,
and recover from infection (4). Age-dependent restriction of virus
replication is not due to the maturation of the immune system,
but rather to a decreased susceptibility of maturing neurons to
infection (10, 11). The molecular basis for this maturation-depen-
dent restriction of virus replication is unclear, but it has previously
been attributed to decreased expression of viral receptors, proapo-
ptotic molecules, and inflammatory response genes and to in-
creased expression of fractalkine and interferon (IFN)-inducible
genes (12, 13). Although changes in neuronal receptor expression
may contribute to age-dependent susceptibility to SINV (14), the
reduced production of virus by mature neurons compared to im-
mature neurons suggests a postentry restriction of replication

(15). Because neurons are terminally differentiated essential cells,
for host recovery neural function must be preserved during viral
clearance. Therefore, neurons are uniquely important cells for the
study of antiviral responses (16, 17).

Type I IFN signaling constitutes the first line of host defense
against many virus infections (18, 19). IFN treatment of cells prior
to SINV infection blocks replication (20), and mice deficient in
IFN-�/� signaling are highly susceptible to infection (21, 22). IFN
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signaling is vital for early control of SINV infection in vivo (21, 23,
24), and susceptibility of Venezuelan equine encephalitis virus
(VEEV) to IFN is a major determinant of attenuation and age-
dependent susceptibility (25, 26). Similarly, deletion of the IFN
antagonist NSs (a nonstructural protein) from La Crosse virus
(LACV) decreases virulence in mammals and allows neuronal
production of type I IFN during infection (27–29). These studies
suggest a potential role for IFN signaling in maturation-depen-
dent neuronal restriction of neuronotropic virus replication.
Neurons can induce IFN signaling upon infection (28, 30–33),
and IFN expression is increased during maturation of cultured
neurons (34). However, autocrine IFN signaling has not been im-
plicated in maturation-dependent control of virus replication
(33).

Canonically, the innate response to infection with RNA viruses
is dependent on detection of viral RNA through surface interac-
tion with Toll-like receptors or cytoplasmic interaction with RNA
helicases, such as RIG-I or MDA-5 (35, 36). These signaling path-
ways activate constitutively expressed IFN regulatory factors
(IRFs), which leads to expression of type I IFN and IFN-stimu-
lated genes (ISGs). Thus, small amounts of IFN can stimulate
increased ISG expression and facilitate an enhanced response to
subsequent virus infection, a phenomenon known as IFN priming
(37). Likewise, increased expression of proteins in the IFN induc-
tion pathway, such as RIG-I, increases resistance to virus infection
(36, 38, 39).

Pathogen detection pathways converge on activation of IRF-3
and IRF-7, which are critical transcription factors for type I IFN
gene expression. IRF-3 is ubiquitously expressed and is the pri-
mary regulator of IFN-� expression (40, 41). IRF-7 expression is
regulated in a cell-type-dependent manner and is required for
maximal type I IFN-� gene expression (42, 43). Loss of IRF-3
and/or IRF-7 greatly impairs the immune response to infections in
a virus- and cell-type-specific manner (44–47). IRFs can stimulate
ISG expression in response to virus infection independently of
IFN, suggesting that increased IRF expression could also have a
direct protective effect (48). For example, IRF-3 mediates innate
immune signaling in neurons during Western equine encephalitis
virus and St. Louis encephalitis virus infection independently of
IFN signaling (49).

To investigate the molecular mechanisms underlying matura-
tion-dependent restriction of neuronotropic virus replication, we
used cultured AP-7 rat olfactory sensory neurons immortalized by
a temperature-sensitive simian virus 40 (SV40) T antigen (50).
Similar to the CSM14.1 nigral neuron system (15), these neurons
can differentiate in vitro and thus allow comparison of virus rep-
lication and host antiviral responses in undifferentiated cycling
(cAP-7) and differentiated nondividing (dAP-7) neurons. Rats are
susceptible to SINV-induced encephalomyelitis (51), and cul-
tured immature and mature primary rat dorsal root ganglion neu-
rons show maturation-dependent restriction of SINV replication
(52).

dAP-7 neurons have an intrinsic ability to restrict multiplica-
tion of three different neuronotropic viruses compared to cAP-7
neurons. To determine the molecular mechanisms that contribute
to the intrinsic resistance of maturing neurons to neuronotropic
viruses, we assessed the expression of cellular factors that induce
and amplify the cellular antiviral response. We found that neural
maturation was associated with increased expression of immuno-

regulatory transcription factors Irf-3 and Irf-7 and further induc-
tion upon infection.

MATERIALS AND METHODS
Cell culture. Rat AP-7 Odora neurons, an olfactory-derived cell line im-
mortalized with a temperature-sensitive SV40 T antigen (a gift from Dale
Hunter, Tufts University, Boston, MA) (50), were grown at 33°C in 7%
CO2 in Dulbecco’s modified Eagle’s medium (DMEM)–10% fetal bovine
serum (FBS) supplemented with 100 U penicillin/ml, 100 �g streptomy-
cin/ml, and 2 mM glutamine. At about 25% confluence, cells were differ-
entiated for 5 to 7 days by shifting to 39°C and 5% CO2 in DMEM–10%
FBS supplemented with 1 �g/ml insulin, 20 �M dopamine, 100 �M
ascorbic acid, penicillin, streptomycin, and glutamine. CSM14.1 neurons
were grown in DMEM–10% FBS with penicillin, streptomycin, and glu-
tamine at 31°C in 5% CO2. For differentiation, CSM14.1 cells were shifted
to the nonpermissive culture conditions of DMEM–1% FBS with penicil-
lin, streptomycin, and glutamine at 39°C in 5% CO2 for at least 3 weeks as
described previously (15). BHK-21 cells were grown at 37°C in 5% CO2 in
DMEM–10% FBS with penicillin, streptomycin, and glutamine. Cells
were monitored for mycoplasma with the MycoAlert mycoplasma detec-
tion kit (Lonza Rockland Inc., Rockland, ME) and determined to be free
of contamination.

Viruses and infection of cells. SINV strain TE (53), VEEV strain
TC-83 (a gift from Ilya Frolov, University of Alabama, Birmingham, AL),
and La Crosse virus strain La Crosse/original (54) (a gift from Andrew
Pekosz, Johns Hopkins Bloomberg School of Public Health, Baltimore,
MD) were used. Virus stocks were grown in and titers were determined by
plaque formation on BHK-21 cells. AP-7 or CSM14.1 monolayers were
infected with viruses at the indicated multiplicity of infection (MOI) in
DMEM–1% FBS for 1 h and washed with phosphate-buffered saline (PBS;
pH 6.2), and medium was replaced.

To quantify one-step virus production, neuronal monolayers were
inoculated as described for each experiment. At each time point, 100 �l of
supernatant fluid was collected from each of 3 wells. Infectious virus was
quantified by plaque assay on BHK-21 cells. Percentages of infected cells
were determined by immunofluorescence microscopy by using monoclo-
nal antibodies (MAb) to E2 of either SINV (MAb 209 [55]) or VEEV
(1A3B7 [56]) with Alexa Fluor 594-conjugated anti-mouse IgG (Life
Technologies). The number of infected cells was compared to the total
number of cells as visualized by 4=,6-diamidino-2-phenylindole (DAPI)-
stained nuclei (ProLong Gold; Life Technologies).

Transmission electron microscopy. For transmission electron mi-
croscopy (TEM), samples were fixed in 2.5% glutaraldehyde, 3 mM
CaCl2, 1% sucrose in 0.1 M sodium cacodylate buffer (pH 7.2) for 1 h at
room temperature. After buffer rinse, samples were postfixed in 1% os-
mium tetroxide in buffer (1 h) on ice in the dark. Following a distilled
water rinse, plates were stained with 2% aqueous uranyl acetate (0.22-�m
filtered; 1 h, in the dark), dehydrated in a graded series of ethanol, and
embedded in Eponate 12 (Ted Pella) resin. Samples were polymerized at
60°C overnight.

Thin sections, of 60 to 90 nm, were cut with a diamond knife on the
Reichert-Jung Ultracut E ultramicrotome and picked up with naked 200-
mesh copper grids. Grids were stained with 2% uranyl acetate in 50%
methanol and observed with a Hitachi 7600 TEM at 80 kV. Images were
captured with an AMT charge-coupled-device (1,000 by 1,000 pixels)
camera.

Antisera and immunoblot analysis. For immunoblot analysis, neu-
ronal monolayers were washed with cold 1� PBS (pH 6.2), lysed with cold
RIPA buffer (50 mM Tris, 150 mM NaCl, 1% SDS, 1% NP-40, 0.5%
Na-deoxycholate, 1 mM EDTA), incubated on ice for 30 min, and cleared
by centrifugation. Brains from 3-day-old or 6-week-old C57BL/6J mice
were homogenized in 1� PBS and cleared by centrifugation. Ten micro-
grams of total protein was separated by SDS-polyacrylamide gel electro-
phoresis (PAGE) and transferred to a nitrocellulose membrane (Bio-
Rad). Immunodetection was conducted with the following antisera
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diluted 1:1,000 unless otherwise indicated: monoclonal anti-E2 (MAb
209; 1:2,000) (55), polyclonal anti-nsP3 (57), polyclonal anti-IRF-7
(Sigma), polyclonal anti-IRF-3 (Santa Cruz Biotechnology), polyclonal
anti-phospho-STAT-1(Y701) (Cell Signaling), polyclonal anti-STAT-1
(Cell Signaling), and monoclonal anti-�-actin (1:5,000; Millipore). The
membranes were incubated with horseradish peroxidase-conjugated
donkey anti-rabbit or sheep anti-mouse immunoglobulin G (GE Health-
care) and developed using ECL Prime Western blotting reagents (GE
Healthcare).

Measurement of RNA levels. Total cellular RNA was isolated using
Qiagen RNeasy or RNeasy Plus minikits per the manufacturer’s direc-
tions. SINV positive-strand RNA was quantified as described previously
(57). Briefly, cDNA from total cellular RNA was transcribed using the ABI
high-efficiency reverse transcription kit with a SINV-specific primer,
SINV9899R (5=-AGCATTGGCCGACCTAACGCAGCAC-3=). Quantita-
tive PCR (qPCR) was performed on an ABI 7500 thermocycler with ABI
qPCR mastermix and primers SINVE2F (5=-TGGGACGAAGCGGACGA
TAA-3=) and SINVE2R (5=-CTGCTCCGCTTTGGTCGTAT-3=) and
TaqMan probe (5=– 6-carboxyfluorescein–CGCATACAGACTTCCGCC
CAGT– 6-carboxytetramethylrhodamine–3=). Viral RNA was quantified
by comparison to a standard of SINV genomic RNA.

Equal microgram amounts of RNA isolated from AP-7 neurons from
3 independent experiments were pooled and analyzed using the rat anti-
viral response qPCR array (PARN-122; SABiosciences) according to the
manufacturer’s directions.

cDNA was synthesized from cellular RNA using random primers and
the ABI high-efficiency reverse transcription kit. qPCR to determine the
threshold cycle (CT) and ��CT was conducted in an ABI 7500 thermocy-
cler with ABI qPCR mastermix. The following PrimeTime standard
qPCR assays from IDT were used: Irf-3, Rn.PT.47.14307929; Irf-7,
Rn.PT.47.7921156.

Cell survival. Neuronal monolayers were mock infected or infected
with SINV (MOI, 5) or VEEV (MOI, 50). Cell viability was determined
microscopically by using trypan blue exclusion at the indicated times after
infection and is reported as the percent viability.

Protein radiolabeling. At the indicated times after infection, the neu-
ronal monolayer growth medium was replaced with 1� PBS (pH 6.2)
containing 50 �Ci/ml of Trans35S-label (1,175 Ci/mmol; 70% methio-
nine, �15% cystein; MP Biomedical, LLC). After 1 h, the cells were dis-
lodged, collected by centrifugation, and lysed with cold RIPA buffer. The
lysates were subjected to SDS-PAGE and autoradiography.

Transfection of double-stranded RNA (dsRNA). Four days into the
differentiation process, RNA duplexes (40 pmol total) specific to three
nonoverlapping regions of the cDNA of interest (IDT trifecta RNA) were
transfected into AP-7 neurons by using RNAiMAX (Invitrogen). The
neurons were infected 96 h after transfection.

Nucleotide sequence accession numbers. The sequences for Irf-3 and
Irf-7 were deposited with GenBank and assigned accession numbers
NM_001006969 and NM_001033691, respectively.

RESULTS
Alphavirus multiplication is restricted in differentiated neu-
rons. To define AP-7 neurons as a faithful model of in vivo infec-
tion, we first compared alphavirus multiplication in immature
cAP-7 and mature dAP-7 neurons. After differentiation of AP-7
cells for 7 days, cell division ceases, processes extend from the cell
body, and neuronal markers are expressed by the mature dAP-7
neurons (50). cAP-7 neurons produced new infectious SINV by 6
h after infection with an increase to 108.6 PFU/ml by 18 h (Fig. 1A).
In contrast, dAP-7 neurons did not produce new SINV until 9 h,
and virus titers increased more slowly, to a 50-fold-lower peak of
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106.9 PFU/ml at 18 h (Fig. 1A). Production of infectious virus then
continued at the same levels through 48 h for both cAP-7 and
dAP-7 neurons.

Infectious virus production by the New World alphavirus
VEEV (TC-83 strain) was similarly affected by neuronal differen-
tiation. In cAP-7 neurons, VEEV accumulated through 24 h, with
peak titers of 107.8 PFU/ml (Fig. 1B). In contrast, VEEV produc-
tion by dAP-7 neurons was not detectable until 12 h and increased
only modestly through 24 h, with a peak titer of 105.2 PFU/ml.

Additionally, mature neurons were less susceptible to infection
with VEEV than with SINV. By 8 h after infection with SINV at an
MOI of 5, more cAP-7 cells (58%) were positive for E2 glycopro-
tein than dAP-7 cells (28%), as determined by immunofluores-
cence microscopy (Fig. 1C). However, similar numbers of cAP-7
and dAP-7 neurons were positive by 24 h after infection. Upon
infection at an MOI of 50, fewer dAP-7 (52%) than cAP-7 (84%)
neurons were positive by 8 h after infection, but levels of infection
(�90%) were similar 24 to 48 h after infection. This indicates that
all cells in culture were susceptible to SINV infection regardless of
maturation state. Immature neurons were susceptible to VEEV at
either MOI tested, with greater than 90% of cells infected by 24 h
after infection. In contrast, only 40% of dAP-7 neurons were pos-
itive for E2 glycoprotein through 48 h after VEEV infection at an
MOI of 5. At an MOI of 50, 70% of dAP-7 neurons were infected
by 8 h after infection and greater than 90% were infected by 24 h.
This suggests that maturation of dAP-7 neurons confers protec-
tion to VEEV infection. Therefore, studies using VEEV were con-
ducted at an MOI of 50 to ensure infection of all cells and to focus
on factors restricting intracellular replication. During both SINV
and VEEV infection, cAP-7 neurons displayed a brighter fluores-
cent signal at 8 h after infection than dAP-7 neurons, suggesting
greater synthesis of glycoprotein on a per cell basis.

A defect in any step of virus replication or in assembly of virus
particles could reduce infectious virus production. To determine
if progeny virus from dAP-7 neurons was morphologically dis-
tinct from that produced by cAP-7 neurons, we imaged budding
virus 24 h after infection by using TEM. The majority of virions
produced by both cAP-7 and dAP-7 neurons were single particles,
with only occasionally observed multiple particles packaged into
one envelope (Fig. 2A). Virus particles from both cAP-7 and
dAP-7 neurons were comparable in size and electron density, in-
dicating that virion assembly is not likely to be responsible for
reduced infectious virus production.

To compare viral RNA synthesis between cycling and differen-
tiated AP-7 neurons, viral RNA was measured using qRT-PCR
(Fig. 2B). The synthesis and accumulation of viral RNA was slower
in dAP-7 neurons. However, levels of viral RNA at 24 h were
similar in cAP-7 and dAP-7 neurons, potentially due to decreased
infectious virus production. Delayed SINV RNA synthesis in
dAP-7 neurons may reduce the amount of genomic RNA available
to be packaged into new virions or the RNA available for transla-
tion of viral proteins needed for virion assembly.

SINV nonstructural proteins (nsP1 to -4) are translated from
both incoming viral genomic RNA and newly synthesized full-
length, positive-strand RNA. Structural proteins (C, E1, pE2, and
6K) are translated from subgenomic mRNA produced later in
infection. Thus, delayed RNA replication could also affect the tim-
ing and levels of viral protein production. Comparison of SINV
protein production in cAP-7 and dAP-7 neurons showed a delay
in production of both nonstructural and structural proteins by

dAP-7 cells (Fig. 2C). nsP3 was detected in cAP-7 neurons at 4 h
after infection and increased through 8 h, but it was not detectable
until 12 h in dAP-7 neurons (Fig. 2C, top).

The envelope glycoprotein E2 is produced as a precursor pE2
(54 kDa) that is cleaved to E2 (47 kDa) and E3 (7 kDa) prior to
virion maturation. In cAP-7 neurons, pE2 was detected by 5 h
after infection with cleavage to E2 detected at 7 h with both pE2

FIG 2 SINV intracellular replication is delayed in differentiated AP-7 neu-
rons. AP-7 neurons were infected with the TE strain of SINV (MOI, 5). (A)
cAP-7 and dAP-7 neurons were fixed at 24 h after infection, and ultrastructure
analysis was performed by transmission electron microscopy of thin sections.
Bar, 100 nM. (B) Total cellular RNA was collected at various times after infec-
tion. cDNA was produced using SINV-specific primers and quantified by
qPCR compared to standard SINV genomic DNA. SINV RNA levels in cAP-7
(dashed lines) or dAP-7 (solid lines) neurons are expressed as the mean SINV
copy number (log10) � standard deviation of triplicate samples from a repre-
sentative of two experiments. (C) Immunoblot analysis of total cell lysates
prepared at the indicated times from mock-infected (M) or SINV-infected
cAP-7 (left) or dAP-7 (right) neurons with anti-nsP3 (top), anti-E2 (middle),
or anti-�-actin (bottom) antibodies. A representative of 2 experiments is
shown. Significant differences between cAP-7 and dAP-7 at each time point
were determined by two-way ANOVA with Bonferroni’s posttest. ***, P 	
0.001.
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and E2 accumulating in similar amounts through 24 h (Fig. 2C
middle). In dAP-7 neurons, neither pE2 nor E2 were detected
until 24 h after infection. Therefore, multiple steps of SINV mul-
tiplication are delayed in differentiated neurons, all of which
probably contribute to a reduced production of infectious virus.

Cell survival after alphavirus infection is extended in differ-
entiated neurons. In addition to reduced virus multiplication in
vivo, host maturation is associated with decreased morbidity and
mortality upon SINV TE and VEEV TC-83 infection in mice (25,
26, 53). SINV induces apoptosis of immature neurons both in vivo
and in cultured cells (58–61). Cytopathic effects (CPE), including
cell rounding, detachment, and ultimately production of cyto-
plasmic blebs, were first apparent between 12 and 18 h in both
SINV- and VEEV-infected cAP-7 neurons. Two days after infec-
tion, less than 10% of cAP-7 neurons were viable, as determined
by trypan blue exclusion (Fig. 3). In contrast, 62% of SINV-in-
fected and 73% of VEEV-infected dAP-7 neurons were viable at
this time, and reduction in survival to 10% did not occur until 4
days after infection. Therefore, AP-7 differentiation extended sur-
vival after alphavirus infection, potentially the result of reduced
virus replication, increased cellular survival signaling, or a combi-
nation of both.

Shutoff host protein synthesis is delayed upon infection of
differentiated neurons. Alphavirus infection causes significant
changes in cellular processes, including inhibition of host protein
synthesis. To determine if effects on host translation differ during
SINV or VEEV infection of cAP-7 and dAP-7 neurons, we moni-
tored incorporation of radiolabeled Cys/Met throughout infec-
tion (Fig. 4). In SINV-infected cAP-7 neurons, reduced host pro-
tein synthesis was evident by 6 h, and most translation of cellular
proteins was shut off by 12 h. In contrast, in SINV-infected dAP-7
neurons, shutoff host protein synthesis occurred between 12 and
24 h and correlated with delayed nsP3 synthesis (Fig. 2D). Com-
pared to SINV infection, translational arrest induced by VEEV
infection of cAP-7 neurons was slower, occurring between 24 and
48 h after infection, although induction of cell death was similar
(Fig. 3). During VEEV infection of dAP-7 neurons, host protein
synthesis was minimally affected through 48 h. In agreement with

immunoblotting studies (Fig. 2D), structural proteins were visible
by 6 h in SINV- and VEEV-infected cAP-7 neurons but were not
apparent until 24 h after infection in dAP-7 neurons. Therefore,
changes in AP-7 neurons associated with differentiation delayed
alphavirus-mediated translational arrest, potentially providing a
longer window for synthesis of host antiviral proteins after infec-
tion.

Bunyavirus replication is reduced in differentiated AP-7
neurons. To determine if dAP-7 cell-mediated restriction of virus
multiplication was unique to alphaviruses or a more general phe-
nomenon for neuronotropic viruses, we assessed progeny virus
production of the unrelated encephalitic La Crosse virus (original
strain; family Bunyaviridae). At an MOI of 5, LACV was produced
rapidly in cAP-7 neurons, with peak titers of 105.5 PFU/ml at 6 h
after infection (Fig. 5). In dAP-7 neurons, LACV titers increased
less than 10-fold in 24 h. We were unable to test the effect of higher
MOIs for LACV infection due to low stock titers, and we cannot
rule out that LACV would replicate somewhat better with infec-
tion of dAP-7 neurons at a higher MOI. Overall, these studies
indicated that neuronal differentiation confers inherent charac-
teristics that restrict replication of three different neuronotropic
viruses.

AP-7 differentiation is associated with the upregulation of
antiviral gene expression. We hypothesized that neurons may
upregulate expression of cellular defense genes during differenti-
ation, allowing an expedited innate immune response upon
pathogen detection. We compared the gene expression levels of 84
antiviral genes in uninfected dAP-7 neurons to those in unin-
fected cAP-7 neurons by using an antiviral response qPCR array.
Expression of 22 genes was upregulated 2-fold or more during
differentiation (Table 1). These included genes at all stages of the
innate immune signaling pathway, including the dsRNA receptors
tlr3 (11.78-fold increase) and ddx58/rig-I (3.65-fold), transcrip-
tion factors stat1 (5.35-fold) and Irf-7 (3.59-fold), and effector
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FIG 4 Alphavirus-mediated shutoff of host protein synthesis is delayed in
differentiated AP-7 neurons. Mock-, SINV (MOI, 5)-, or VEEV (MOI, 50)-
infected cAP-7 (upper) and dAP-7 (lower) neurons were radiolabeled for 1 h
with 35S-labeled cysteine/methionine at the indicated times after infection.
Protein synthesis (equal cpm per lane) was analyzed by SDS-PAGE autora-
diography. Viral proteins are denoted to the right. Results of a representative
experiment of three experiments are shown.
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genes ifnb1 (4.67-fold) and isg15 (5.91-fold). Expression of two
genes, cxcl10 and spp1, was reduced more than 2-fold during dif-
ferentiation.

As STAT-1 is an important determinant for outcome after
SINV infection (21), we determined if protein levels were in-
creased in AP-7 neurons during differentiation. STAT-1 levels
were higher in uninfected dAP-7 neurons compared to cAP-7
neurons and remained unchanged in both cell types during infec-
tion (Fig. 6A). Classically, activation of downstream signaling
through the JAK/STAT pathway requires phosphorylation of
STAT1. Thus, to compare signaling in undifferentiated and differ-
entiated AP-7 neurons, we investigated the phosphorylation state
of STAT1. Phosphorylated STAT1 (Y701) was not detected before
or after SINV infection (Fig. 6A), although the cells responded to
recombinant IFN treatment with STAT1 phosphorylation (Fig.
6B). This confirmed results of previous studies showing a lack of
STAT1 phosphorylation during SINV infection of AP-7 or
CSM14.1 neurons (62).

Differentiated neurons upregulate IRF-7 expression. IRFs
comprise a family of transcription factors that upon activation
regulate expression of IFN and ISG mRNAs. IRF-3 and IRF-7 are
central regulators of the cellular innate immune response and the
convergence point for integration of pathogen detection path-
ways. IRF-3 is constitutively expressed and found inactive in the
cytoplasm, whereas IRF-7 oftentimes is produced in response to
IFN signaling. Upon activation, IRF-3 and IRF-7 are phosphory-
lated, translocate to the nucleus, and stimulate ISG expression. In
a positive feedback loop, IFN upregulates expression of Irf-3 and
Irf-7 mRNAs. We compared expression of Irf-3 and Irf-7 during
AP-7 differentiation by using quantitative reverse transcription-
PCR (qRT-PCR) (Fig. 7A). Day zero corresponds to cAP-7 neu-
rons, as these samples were not supplemented with differentiation
medium, nor were they incubated at the nonpermissive tempera-
ture. Gene expression throughout the time course is represented
as the fold change compared to day zero levels. Irf-3 mRNA levels
increased steadily through the differentiation process and were
4-fold higher on day 7. Irf-7 mRNA levels increased 13-fold on day
3 and were sustained at an elevated level with an average 11-fold
increase on day 7.

We confirmed the effect of differentiation on Irf expression by
using CSM14.1 neurons, an immortalized rat nigral neuron cell
line that restricts SINV infection similarly to dAP-7 neurons when
differentiated (15) (Fig. 7B). Similar increases in Irf-3 and Irf-7
transcripts were detected in dCSM14.1 neurons as in cCSM14.1
cells. These studies showed that expression of Irf-3 and Irf-7
mRNAs is upregulated during differentiation of two distinct neu-
ronal cell lines.

We investigated the levels of IRF-3 and IRF-7 proteins in cy-
cling and differentiated AP-7 neurons (Fig. 7C). No changes in
IRF-3 protein levels were detected during differentiation. At day
zero, a single IRF-7 band was visible by immunoblot analysis.
Upon differentiation, a slower-mobility band accumulated, and a
third band of intermediate mobility was visible upon longer expo-
sures. These bands corresponded in sizes to mouse IRF-7 isoforms
�, �, and 
 (63). All three isoforms contain exons 8 and 9, and so
the corresponding mRNAs would be detected by qRT-PCR (Fig.
7A and B). In dCSM14.1 neurons, we detected a single IRF-7 band
corresponding in size to the �-isoform, while no IRF-7 was de-
tected in cCSM14.1 neurons (Fig. 7D). Importantly, IRF-7 �, the
full-length isoform expressed by differentiated neurons, is a po-
tent transactivator, whereas IRF-7 
, the primary isoform ex-
pressed by undifferentiated neurons, inhibits IRF-7 �/� transac-
tivation (63). Thus, in two distinct neuronal cell lines, total IRF-7
protein levels are increased upon differentiation, in agreement
with increased mRNA levels, and differentiation is associated with
increased levels of the active full-length �-isoform of IRF-7.

To investigate whether IRF-3 or IRF-7 levels were changed
during development in vivo, we compared IRF-3 and IRF-7 in
brain homogenates from 3-day-old and 6-week-old C57BL/6J
mice. In 3-day-old mice, IRF-3 protein migrated as would be ex-
pected for a protein with a predicted molecular mass of 62 kDa.

TABLE 1 Gene products with a �2-fold change in expression in dAP-7
neurons compared to cAP-7 neurons

Gene product Reference (accession no.) Fold change

Cd80 NM_012926 152.58
Il6 NM_012589 95.22
Casp1 NM_012762 33.48
Nlrp3 XM_220513 14.63
ctsb (cathepsin B) NM_022597 14.36
Tlr3 NM_198791 11.78
Dhx58 (LGP2) NM_001106645 10.11
Azi2 NM_001025705 9.45
Tlr9 NM_198131 8.62
Isg15 XM_216605 5.91
Stat1 NM_032612 5.35
Il18 NM_019165 4.90
Atg12 NM_001038495 4.69
Ifnb1 NM_019127 4.67
Irak4 NM_001106791 4.26
ctss (cathepsin S) NM_017320 3.90
ctsl1 (cathepsin L1) NM_013156 3.77
Ddx58 (RIG-I) NM_001106645 3.65
Irf7 NM_001033691 3.59
Il15 NM_013129 3.52
Tbkbp1 NM_172021 3.37
Dak NM_001039031 3.10
Cxcl10 NM_139089 �4.64
Spp1 NM_012881 �4.35
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FIG 5 Differentiated AP-7 neurons also restrict multiplication of LACV.
cAP-7 (dashed lines) or dAP-7 (solid lines) neurons were infected with the
original strain of LACV (MOI, 5). Viral titers in supernatant fluids collected at
the indicated times after infection were measured by plaque formation on
BHK cells and are expressed as the mean log10 PFU/ml � standard deviation of
triplicate samples from a representative of two experiments. Significant differ-
ences between cAP-7 and dAP-7 at each time point were determined by two-
way ANOVA with Bonferroni’s posttest. ***, P 	 0.001.
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However, IRF-3 was detected in a high-molecular-mass complex
in the brains of 6-week-old mice, suggesting that it is in a tight
complex that was not dissociated by SDS–�-mercaptoethanol and
high heat. In brain homogenates from 3-day-old mice, IRF-7 was
predominately in the 
-isoform. In contrast, the �-isoform was
dominant in brain homogenates from 6-week-old mice. Thus, the
IRF-7 isoforms switched from the dominant negative 
-isoform
to the active �-isoform upon maturation of cultured neurons and
in the mouse brain, possibly priming neurons for a rapid response
upon infection.

Because dAP-7 neurons had decreased SINV multiplication
(Fig. 1A) and increased levels of Irf-3 and Irf-7 expression (Fig.
7B), we assessed whether medium from uninfected dAP-7 neu-
rons could confer these characteristics on cAP-7 neurons. cAP-7
neurons were incubated for 24 h before infection with normal
medium (DMEM–10% FBS), differentiation medium (normal
medium plus dopamine, insulin, and ascorbic acid), or condi-
tioned differentiation medium from 7- to 9-day dAP-7 neurons
(Fig. 8A). No differences (determined by one-way analysis of vari-
ance [ANOVA]) in SINV multiplication were detected. Addition-
ally, pretreatment did not alter expression of either Irf-3 or Irf-7.
Thus, the antiviral properties observed in dAP-7 neurons could
not be conferred to cAP-7 neurons by the differentiation medium
alone or by soluble factors produced by dAP-7 neurons.

IRF-3 and IRF-7 expression is increased after infection of
dAP-7 neurons. In many cell types, activation of innate immune
signaling results in increased Irf-7 gene expression. Thus, we com-
pared Irf-3 and Irf-7 gene expression levels in cAP-7 and dAP-7
cells following infection with SINV, VEEV, or LACV. Irf-3 and
Irf-7 gene expression increased less than 3-fold after infection of
cAP-7 neurons with SINV, VEEV, or LACV (Fig. 9A and B). In
contrast, Irf-3 and Irf-7 gene expression was rapidly and substan-
tially increased in dAP-7 neurons after infection (Fig. 9A and B).
By 1 h after infection with all three viruses, Irf-3 was increased
10-fold and Irf-7 was increased approximately 25-fold. Irf-3 con-
tinued to increase through 24 h after SINV infection, while VEEV-
or LACV-infected dAP7 cells did not show further increases (Fig.
9A). Irf-7 expression was further increased at 24 h after infection
with all three viruses (Fig. 9B).

To determine if increased mRNA levels resulted in increased
protein levels, we investigated protein accumulation in SINV-in-
fected cells by immunoblot analysis. In cAP-7 neurons, total levels
of IRF-7 protein increased during infection (Fig. 9C, left). How-
ever, the isoform that increased was the dominant negative

-form, indicating that even after infection, cAP-7 neurons do not

produce the functional � or � IRF-7 isoforms. No change in total
IRF-7 protein levels was detected in dAP-7 neurons during SINV
infection, and isoform � remained the most abundant form
throughout the time course (Fig. 9C, right). IRF-7 is reported to
have a short-half-life of approximately 30 min in most cells, but
the half-life in neurons is unknown and virus infection has a vari-
able effect on IRF-7 stability (64). Therefore, increased gene ex-
pression may be necessary to maintain IRF-7 protein levels during
infection.

To determine if IRF-3 and IRF-7 are critical for restricting
virus multiplication during alphavirus infection of dAP-7 cells, we
silenced Irf-3 and Irf-7 alone or together during SINV and VEEV
infection of dAP-7 neurons. dsRNA was transfected into AP-7
neurons on day 4 of differentiation. Replacement of differentia-
tion medium at this stage did not affect the neurons morpholog-
ically or the restriction of virus multiplication (Fig. 10D and E,
none versus dAP-7). In uninfected neurons, Irf-3 expression was
decreased 8- to 71-fold when silenced alone and 7- to 53-fold
when silenced along with Irf-7 (Fig. 10A). Irf-7 expression was
decreased 25- to 42-fold when silenced alone and 15- to 36-fold
when silenced with Irf-3 (Fig. 10B).

The level of silencing was then determined during infection.
Compared to neurons that had not been transfected with silencing
RNA, Irf-3 expression alone was decreased 28-fold during SINV
infection and 72-fold during VEEV infection. When silenced
along with Irf-7, Irf-3 levels were further decreased 26- to 111-fold
during alphavirus infection (Fig. 10A). IRF-3 protein levels were
decreased to the level of detection when silenced alone or with
Irf-7 (Fig. 10C, middle). When silenced alone, Irf-7 mRNA levels
decreased 11-fold after SINV infection and 19-fold when cosi-
lenced with Irf-3 (Fig. 10B). After VEEV infection, there was a 29-
to 33-fold decrease in Irf-7 mRNA levels compared to untrans-
fected dAP-7 neurons when silenced alone or with Irf-3. However,
IRF-7 protein was still detectable regardless of virus infection or
silencing conditions (Fig. 10C, top), and we were unable to iden-
tify an RNA silencing strategy that consistently reduced IRF-7
protein levels at the time of or throughout infection. It is possible
that IRF-7 in a stable transcriptionally active complex is less sus-
ceptible to rapid turnover. Levels of Irf-3 and Irf-7 mRNAs
changed less than 4-fold in neurons transfected with irrelevant
dsRNAs, indicating that neither transfection nor medium changes
affected expression.

To determine the impact of Irf-3 and Irf-7 dsRNA on virus
multiplication in dAP-7 neurons, we compared the levels of infec-
tious SINV and VEEV produced by dAP-7 neurons with and with-

FIG 6 Stat1 is not phosphorylated during SINV infection of AP-7 neurons. (A) cAP-7 or dAP-7 neurons were mock infected (M) or infected with SINV (MOI,
5). Total cell lysates prepared at the indicated times after infection were analyzed with anti-pSTAT1 (P-Y701) (top row), anti-STAT1 (middle row), or
anti-�-actin (bottom row) antibodies. Results of a representative experiment of 2 experiments are shown. (B) cAP-7 or dAP-7 neurons were treated with 500
IU/ml of recombinant rIFN-�, -�, or -
. Total cell lysates prepared 4 h after treatment were analyzed by immunoblotting using anti-STAT1 (P-Y701) (top row)
or anti-�-actin (bottom row) antibodies. Results of a representative experiment of 2 experiments are shown.
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out Irf silencing prior to infection (Fig. 10D and E). There was no
effect on replication of either virus when Irf-7 transcript levels
were decreased alone or simultaneously with Irf-3. Furthermore,
reduction in IRF-3 protein alone did not increase production of
either SINV or VEEV compared to untreated dAP-7 neurons (de-
termined by one-way ANOVA). Thus, loss of IRF-3 is not suffi-
cient to reverse restriction of alphavirus replication in differenti-
ated AP-7 neurons.

DISCUSSION

Host maturity is an important factor determining the outcome of
viral encephalitis (1, 3–9). We have previously demonstrated mat-

FIG 7 Irf-3 and Irf-7 mRNAs and IRF-7 protein increase during differentia-
tion. (A) Total cellular RNA was collected at various times after plating of AP-7
neurons. Neurons were incubated at the permissive temperature in DMEM–
10% FBS, 1 day prior to day 0 collection, corresponding to cAP-7 neurons.
After day 0, neurons were maintained in differentiation medium at the non-
permissive temperature as described for the differentiation procedures. cDNA
was produced using random primers, and Irf-3 and Irf-7 mRNAs were mea-
sured by qPCR and normalized to glyceraldehyde 3-phosphate dehydrogenase
levels. mRNA levels are expressed as the mean value compared to levels in
uninfected day 0 cAP-7 neurons � standard deviations of six samples. (B)
Total RNA was collected from day 0 (9 replicates) and day 7 (12 replicates)
AP-7 neuron cultures or from triplicate cultures of day 0 or day 28 CSM14.1
neurons. mRNA levels, measured as described for panel A, are expressed as the
mean value of differentiated cultures compared to levels in day 0 AP-7 or
CSM14.1 neurons � standard deviations. (C) Total cell lysates prepared from
AP-7 neurons during differentiation were analyzed by immunoblot analysis
with anti-IRF-7 (top row), anti-IRF-3 (middle row), or anti-�-actin (bottom
row) antibodies. Multiple isoforms of IRF-7 are detected by the IRF-7 anti-
body. (D) Total cell lysates prepared from CSM neurons at the indicated days
during differentiation were analyzed by immunoblot analysis with anti-IRF-7

(top row) or anti-�-actin (bottom row) antibodies. (E) Brain homogenates
(10%) from 3-day-old or 6-week-old C57BL/6J mice were analyzed by immu-
noblot analysis with anti-IRF-7 (top row), anti-IRF-3 (middle row), or anti-
�-actin (bottom row) antibodies. Results of a representative experiment of at
least 2 experiments are shown. Significant differences between cAP-7 and
dAP-7 at each time point were determined by one-way ANOVA with Dun-
nett’s posttest. ***, P 	 0.001.
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FIG 8 Medium exchange does not confer antiviral properties. cAP-7 neurons
were incubated in normal medium (DMEM–10% FBS), differentiation me-
dium, or supernatant fluids from dAP-7 neurons for 24 h. (A) Extracellular
virus collected at 5 and 24 h after SINV infection (MOI, 5) infection was
measured by plaque assay. Titers are expressed as the mean log10 PFU/ml �
standard deviation of triplicate samples. (B) Total cellular RNA was collected,
and cDNA was produced using random primers. Gene expression was mea-
sured by qPCR and normalized to glyceraldehyde-3-phosphate dehydrogenase
levels. RNA levels are expressed as the mean value compared to levels in cAP-7
neurons in normal medium � standard deviation of six samples. Significant
differences by Student’s t test or one-way ANOVA with Dunnett’s posttest are
shown. **, P 	 0.01.

Antiviral Priming of Differentiated Neurons

January 2015 Volume 89 Number 1 jvi.asm.org 55Journal of Virology

http://jvi.asm.org


uration-dependent restriction of SINV replication in CSM14.1
neuronal cells (15). In this study, we have shown maturation-
dependent restricted replication of the encephalitic arboviruses
SINV, VEEV, and LACV in olfactory bulb-derived AP-7 neurons.
During SINV infection, maturation did not affect neuronal sus-
ceptibility to infection or virion maturation. However, matura-
tion did reduce susceptibility to VEEV infection. When equal per-
centages of immature and mature neurons were infected with
either alphavirus, restriction was associated with delayed synthesis
of viral RNA and protein, decreased production of infectious vi-
rus, delayed shutoff of host protein synthesis, and improved via-
bility of infected neurons. During maturation from immature cy-
cling cells to differentiated neurons, expression of Stat-1 and the
immunoregulatory transcription factors Irf-3 and Irf-7 was in-
creased. The IRF-7 protein isoforms changed from production of
the inhibitory 
 short form to the transcriptionally competent �
long form. Silencing of Irf-3 and Irf-7 did not improve viral repli-
cation in mature neurons, indicating that there are additional
maturation-dependent mechanisms for restriction of virus repli-
cation. However, we were unable to consistently reduce IRF-7
protein levels by RNA silencing, so IRF-7 may yet prove to be
important for restricting virus replication.

To counter host antiviral signaling, viruses encode IFN antag-

onists that circumvent the host antiviral response by distinct
mechanisms, often by inhibiting host transcription and transla-
tion (65). SINV nsP2 shuts off both host transcription and trans-
lation, whereas VEEV capsid is responsible for transcriptional ar-
rest (66–68). LACV NSs inhibits RNA polymerase II-dependent
transcription to block IFN signaling (69). In our studies, host
protein synthesis was sustained longer during infection of dAP-7
neurons than in cAP-7 neurons during alphavirus infection. Ad-
ditionally, alphavirus protein synthesis was delayed in dAP-7 neu-
rons. Thus, active translation of antiviral proteins in dAP-7 neu-
rons could likely support survival and reduce virus multiplication
prior to accumulation of viral proteins required for cellular trans-
lation arrest.

The protective role of IFNs against encephalitic virus infections
has been demonstrated in other in vitro systems and in vivo. Pre-
treatments of a variety of cultured cells, including neurons, with
IFN-�, -�, or -
 prevents more than 99% of infectious SINV pro-
duction, significantly reduces synthesis of viral proteins, and pre-
serves cellular viability and protein synthesis (20, 62, 70). The G3A
mutation in VEEV TC-83 renders this strain responsive to IFN-
�/� priming and is correlated with decreased mortality in wean-
ling mice (25, 26, 70). Mice that lack the �-chain of the IFN-�/�
receptor, IFN-�, or the IFN-activated STAT1 transcription factor
are more susceptible to SINV, VEEV TC-83, and LACV (21, 24,
26, 27, 70, 71). Subprotective levels of IFN-� are sufficient to stim-
ulate antiviral signaling during SINV infection and allow for sig-
naling during the first hours of infection, which determine the
outcome of infection (23). Consistent with these previous studies,
STAT1 was not phosphorylated in either dAP-7 or cAP-7 neurons,
and transfer of dAP-7-dervied medium to cAP-7 neurons failed to
confer protection, suggesting that if IFN were present, it was not
signaling detectably through the classical JAK/STAT pathway.

Canonically, IRFs activate ISG expression in response to IFN as
well as stimulate IFN expression. However, the control of innate
immune signaling varies according to tissue and virus (72–75).
Increased susceptibility of IRF-7-deficient mice to viruses such as
West Nile virus, Chikungunya virus, and SINV demonstrates the
central importance of IRF-7 in orchestrating IFN signaling (44,
47, 76–78). Noncanonically, IRF-1, -3, and -7 can upregulate ISG
expression in the absence of measurable IFN (48, 79–82). Utiliza-
tion of noncanonical, STAT1-independent antiviral signaling by
neurons has been demonstrated in neurons during measles virus,
WEEV, and St. Louis encephalitis virus infection (49, 83). These
studies support the importance of higher levels of Irf-7 and Irf-3 to
enable differentiated neurons to orchestrate a prompt and effec-
tive antiviral response. Additionally, Irf-7 is constitutively ex-
pressed in the brains of naive, weanling mice and is upregulated in
neurons during LACV infection (28). By analyzing protein as well
as mRNA, we found that distinct IRF-7 isoforms are produced in
brains of newborn and weanling mice, with the functional �-iso-
form prominent in weanling mice.

Our studies are consistent with a model in which preassembled
IRFs mediate rapid intracellular signaling upon pathogen detec-
tion to induce the antiviral response. Production of a distinct iso-
form of IRF-7 may contribute to the improved IFN response in
differentiated rodent neurons. Conversely, the presence of the
dominant negative isoform in immature rodent neurons may
contribute to the failure of these cells to mount an antiviral re-
sponse. In the absence of Irf-3 and Irf-7, and presumably conse-
quent ISG expression, viral titers did not increase to those mea-

FIG 9 Expression of Irf-3 and Irf-7 is upregulated during infection of differ-
entiated AP-7 neurons. cAP-7 or dAP-7 neurons were infected with SINV
(MOI, 5), VEEV (MOI, 50), or LACV (MOI, 5). Total cellular RNA was col-
lected at 1, 12, or 24 h after infection, and cDNA was produced using random
primers. Irf-3 (A) or Irf-7 (B) gene expression was measured by qPCR and
normalized to glyceraldehyde-3-phosphate dehydrogenase levels. RNA levels
are expressed as the mean value compared to levels in mock-infected cAP-7
neurons � standard deviation of triplicate samples. Results of a representative
experiment of 2 experiments are shown. Significant differences by two-way
ANOVA with Bonferroni’s posttest are shown. *, P 	 0.05; **, P 	 0.01; ***,
P 	 0.001. (C) cAP-7 or dAP-7 neurons were mock infected or infected with
SINV (MOI, 5). Total cell lysates were prepared at the indicated times after
infection and analyzed by immunoblotting using anti-IRF-7 (top) or anti-�-
actin (bottom) antibodies. Results of a representative experiment of 2 experi-
ments are shown.
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sured in cAP-7 neurons. We cannot rule out that residual IRF-7
was sufficient to support antiviral signaling during infection.
However, IRF-mediated signaling may play a greater role in vivo to
control virus spread, orchestrate virus clearance, or modulate the
adaptive immune response in the CNS.

Recently, advances have been made in understanding the ac-
tive role neurons play in the response to neuronotropic virus in-
fection. Along with our studies, these findings collectively suggest
that the CNS has evolved specialized control of the cellular re-
sponse to pathogens, possibly due to the limited regenerative

FIG 10 Virus replication is unchanged upon silencing of IRF-3 or IRF-7 during infection of differentiated AP-7 neurons. On day 4 of differentiation, dAP-7
neurons were transfected with dsRNA specific to Irf-3 (3), Irf-7 (7), both (3/7), or enhanced green fluorescent protein (E), or not transfected, with medium
change (N). For comparison, dAP-7 neurons were differentiated normally, without medium changes (d). At 96 h after transfection, dAP-7 neurons were infected
with SINV (MOI, 5) or VEEV (MOI, 50). Total cellular RNA was collected at 0 or 24 h after infection, and cDNA was produced using random primers. Irf-3 (A)
and Irf-7 (B) gene expression was measured by qPCR and normalized to glyceraldehyde-3-phosphate dehydrogenase levels. RNA levels are expressed as the mean
value compared to levels in mock-infected, 0-h dAP-7 neurons � standard deviation of duplicate samples. Significant differences by one-way ANOVA with
Dunnet’s posttest are shown. *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001. (C) Total cell lysates were prepared at the indicated times after infection and analyzed by
immunoblotting using anti-IRF-7 (top), anti-IRF-3 (middle), or anti-�-actin (bottom) antibodies. Viral titers in supernatant fluids collected at the indicated
times after SINV (D) or VEEV (E) infection were measured by plaque formation in BHK cells and are expressed as the mean log10 PFU/ml � standard deviation
of triplicate samples. No significant differences by one-way ANOVA with Dunnet’s posttest. Results of a representative experiment of 2 experiments are shown.
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properties and specific function of neurons. Collectively, matura-
tion of neurons is associated with increased levels of IFN signaling
pathway components (33, 34). Mature neurons are able to pro-
duce an innate immune response upon virus infection (28, 30–
33). Increased basal levels of Irf-3 and Irf-7 expression could con-
tribute to an enhanced host response to infection. However,
innate immune signaling does not fully explain the improved out-
come for mature neurons following virus infection (33, 45). Fur-
ther comparison of antiviral gene expression in mature and im-
mature neurons may identify other factors that make greater
contributions to age-dependent susceptibility to encephalitic vi-
ruses.
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