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Short Communication

Interferon-γ–induced inhibition of neuronal
vesicular stomatitis virus infection is STAT1
dependent
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In this report, the signaling pathways utilized by interferon (IFN)-γ in neu-
rons and their respective roles in the inhibition of vesicular stomatitis virus
(VSV) replication were studied. The authors have previously shown that IFN-γ
treatment of NB41A3 neuroblastoma cells results in a 2-log inhibition of VSV
production. This inhibition of VSV replication is dependent both in vitro and
in vivo on nitric oxide (NO) production by NO synthase (NOS)-1. In NB41A3
neuroblastoma cells, IFN-γ was found to induce the signal transducer and
activator of transcription (STAT) STAT1 phosphorylation, interferon regula-
tory factor (IRF)-1 expression, and p42/p44 mitogen-activated protein kinase
(MAPK) phosphorylation; MAPK, however, was not required for inhibition of
viral replication. Using olfactory bulb–enriched primary neuronal cultures,
the inhibition of VSV replication was found to be STAT1 dependent, but did
not require IRF-1. Journal of NeuroVirology (2004) 10, 57–63.
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Viral infections of terminally differentiated neurons
within the central nervous system (CNS) provide a
unique challenge for the host immune response. T
cell–induced cytolytic responses to virally infected
cells would be disadvantageous due to the potential
for loss of motor function or cognition resulting from
targeted elimination of neurons Therefore, the host
is better served by innate immune responses, which
are antigen nonspecific and rapidly induced by in-
fections and cytokine action (Bi et al, 1995; Guidotti
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and Chisari, 2001). Work from our laboratory has
demonstrated the requirement for rapid and early in-
nate responses to control viral infections in the CNS
(Plakhov et al, 1995; Christian et al, 1996; Reiss et al,
1996; Komatsu et al, 1996).

Vesicular stomatitis virus (VSV), a single-stranded
negative-sense RNA virus, provides an excellent
model for the study of the immune response to vi-
ral infections in neurons of the CNS. With a genome
containing an open reading frame encoding only five
genes, VSV is a relatively simple virus. Intranasal in-
fection of mice with VSV has been shown to lead
to lethal infection of the CNS (Sabin and Olitsky,
1937), making VSV a versatile model for neurotropic
viral infections (Huneycutt et al, 1993). Both in vivo
and in vitro, proinflammatory cytokines, such as in-
terleukin (IL)-12, tumor necrosis factor (TNF)-α, and
interferon (IFN)-γ , have been found to inhibit VSV
replication and promote host survival (Bi and Reiss,
1995; Reiss et al, 1996; Komatsu et al, 1996, 1997;
Ireland et al, 1999).

IFN-γ is a biologically active, noncovalently
linked, 34-kDa homodimer secreted primarily by nat-
ural killer (NK) cells, Th1 CD4+ T cells, and CD8+
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T cells (Farrar and Schreiber, 1993). IFN-γ treat-
ment can reduce viral titers in infected neuronal cells
in vitro by up to 100-fold compared with untreated
cells, demonstrating its potent antiviral properties,
which are mediated by nitric oxide (NO) (Komatsu
et al, 1996). The antiviral effect is not restricted solely
to VSV, but can be demonstrated in infections with
other viruses, including herpes simplex virus (HSV)-
1 and polio virus (Komatsu et al, 1996). For many
viruses, the antiviral effect of IFN-γ involves the pro-
duction of NO as an effector molecule (reviewed in
Reiss and Komatsu, 1998).

IFN-γ signal transduction includes primary and
secondary responses. The signal transducer and ac-
tivator of transcription (STAT) STAT1 (Farrar and
Schreiber, 1993) mediates the primary signaling
response. After ligand engagement of the IFN-γ
receptor, STAT1 is phosphorylated by the Janus
kinases (JAKs) JAK1 and JAK2, dimerizes, and subse-
quently translocates to the nucleus where it induces
transcription of a subset of IFN-γ –inducible genes.
Included in that subset of genes are additional tran-
scription factors, such as interferon regulatory fac-
tor (IRF)-1 and class II transactivator (CIITA), which
are responsible for mediating secondary IFN-γ re-
sponses, including the up-regulation of major his-
tocompatibility complex (MHC) I and II, expression
of the chemokine IP-10, and antiviral mechanisms
(Bach et al, 1997). Ancillary signaling pathways have
also been described for IFN-γ . IFN-γ has been found
to induce the phosphorylation of p42/p44 mitogen-
activated protein kinase (MAPK) (ERK1/2) through
Jak1 and Raf (Sakatsume et al, 1998); activation of
Raf leads to cytoskeletal plasticity, frequently seen as
morphological changes in IFN-treated cells.

Although the IFN-γ –mediated antiviral effects in
neuronal infection have been widely studied (see
Chesler and Reiss, 2002; Rottenberg and Kristensson,
2002 for review), the signaling pathways involved
are not known. We performed this study to exam-
ine the mechanisms through which IFN-γ utilizes
intracellular signaling cascades to inhibit the replica-
tion of VSV in neurons. IFN-γ treatment of neurons
was found to activate multiple signaling cascades
demonstrated by the phosphorylation of STAT1 and
p42/p44 MAPK, and the up-regulation of IRF-1 pro-
tein expression. Although multiple signaling cas-
cades were activated by IFN-γ , the IFN-γ –mediated
inhibition of VSV replication was STAT1 dependent
but required neither IRF-1 nor p42/p44 MAPK.

IFN-γ signaling through STAT1 and IRF-1
is conserved in neurons

The effects of IFN-γ following binding to its cell sur-
face receptor are generally transduced through the
activation of STAT1 and/or IRF-1 (Bach et al, 1997).
Because neurons may not necessarily utilize the same

Figure 1 IFN-γ treatment induces STAT1 phosphorylation in
NB41A3 cells. NB41A3 cells were treated with IFN-γ (R&D Sys-
tems; 20 ng/ml) for intervals from 0 to 60 min. Cells were lysed,
equal amounts of protein resolved by 10% SDS-PAGE, and an im-
munoblot was performed with mAbs against phospho-STAT1 (Up-
state Biotech; top) or STAT1α (Santa Cruz; bottom). Results are rep-
resentative of three independent experiments.

signaling pathways as do lymphocytes or fibroblasts,
we sought to determine if IFN-γ signaling pathways
were conserved in neurons.

For STAT1 signaling, NB41A3 cells were treated
for intervals from 0 to 60 min with 20 ng/ml
IFN-γ (R&D Systems) and STAT1 activation was de-
termined by probing membranes with a phospho-
specific STAT1 antibody (SantaCruz). Membranes
were then stripped and reprobed with an antibody
recognizing STAT1 independent of its phosphoryla-
tion state (SantaCruz). IFN-γ treatment resulted in
rapid phosphorylation of STAT1 in NB41A3 cells
and this observed increase was not due to increased
STAT1 expression (Figure 1).

Two methods were employed to examine the acti-
vation of IRF-1 in NB41A3 cells. In the first approach,
NB41A3 cells were treated with IFN-γ for intervals
between 0 and 120 min and IRF-1 expression was de-
termined by immunoblotting using an IRF-1–specific
antibody (Santa Cruz). We found IFN-γ treatment in-
duced the expression of IRF-1 in NB41A3 cells in
a time-dependent fashion (Figure 2A). In the second
approach, NB41A3 cells were cotransfected using the
Lipofectamine reagent (Gibco BRL) with pIRFLuc, a
pGL3 (Promega)–based luciferase reporter construct
containing the GAS elements of the murine IRF-1
gene (Rogge et al, 1997), and pCMVβGal, a vector
expressing the β-galactosidase gene under the con-
stitutive control of the cytomegalovirus (CMV) early
promoter (Holmes et al, 1996). Cells were treated for
24 h with medium or 10 ng/ml IFN-γ , and lysates
were prepared using the Promega Reporter Lysis
Buffer. Luciferase expression was determined us-
ing the Promega Luciferase Assay system following
the manufacturer’s instructions. β-Galactosidase ex-
pression was measured with the Tropix Galacto-Star
reagent. Both luciferase and β-galactosidase assays
were measured using a Beckman LS 6000LL liquid
scintillation counter using the single-photon mode.
Readings were taken for each sample over 1 min at
5 s intervals (20 readings per sample).

Luciferase activity in this assay indicated tran-
scriptional up-regulation of IRF-1. In these re-
porter assay experiments, IFN-γ induced three times
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Figure 2 IFN-γ treatment induces IRF-1 expression in NB41A3 cells. (A) Induction of endogenous IRF-1 expression. IRF-1 expression
was determined in NB41A3 cells by immunoblot. Results are representative of three independent experiments. (B) IRF-1 expression is
STAT dependent. STAT1-dependent transcription of IRF-1 in NB41A3 cells was assessed using a luciferase assay. Data are expressed as
relative light units ± SEM. Statistical analysis of the results was performed using the Mann-Whitney non-parametric test (� P < .05 for
pIRF versus pIRF + IFN).

more luciferase activity than medium-treated cells
(Figure 2B). In other experiments, IFN-γ failed
to induce luciferase activity in cells transfected
with the luciferase plasmid lacking the IRF-1
GAS sequences (not shown), indicating the in-
duction of IFN-γ –dependent, STAT-mediated IRF-1
transcription.

STAT1-dependent, IRF-1–independent
inhibition of VSV replication

The role of STAT1 and IRF-1 signaling in the IFN-
γ inhibition of VSV replication was examined by
challenging primary neuronal cultures generated
from STAT1−/− and IRF-1−/− mice with VSV fol-
lowing 24 h treatment with IFN-γ . C57BL/6J and
IRF-1−/− (B6129S2Irf tmImak) mice were obtained from
Jackson Laboratories. BALB/c AnTac mice were ob-
tained from Taconic Laboratories. STAT1−/−mice,
maintained on a BALB/c background, have been
previously described (Durbin et al, 1996). All mice
were bred and maintained in specific pathogen-
free facilities at New York University in accor-
dance with University Animal Welfare Committee
guidelines.

Primary culture of murine olfactory bulb neu-
rons was performed following a modification of
published methods (Banker and Goslin, 1998; Egan
et al, 1992; Cigola et al, 1998). Briefly, olfactory
bulbs were dissected from P0 (<24 h old) C57BL/6J,
BALB/c AnTac, STAT1−/−, or IRF-1−/− mice, dis-
sociated by enzymatic digestion (porcine trypsin
2.5%; Life Technologies, NY), and manual tritura-
tion using flame polished Pasteur pipettes. Cultures
were plated on Poly-D-lysine–coated (70 to 150 kDa;
Sigma) chamber slides in Dulbecco’s minimal
essential medium (DMEM) with 10% fetal bovine
serum (FBS), 50 μg/ml gentamicin (Life Technolo-
gies, NY), 10 mM KCl, 10 μM L-glutamine, and 10 μM
AraC (Sigma) for 36 h at 37◦C/5% CO2. After 36 h,
the medium was replaced with Neurobasal Medium
(Life Technologies, NY) with 1% N2 supplement
(Life Technologies), 0.5 mM L-glutamine, 25 μM L-
glutamic acid, 10 mM KCl, and 50 μg/ml gentam-
icin. Cultures were comprised of approximately 90%
neurons determined by staining for MAP-2B (pAB,
SantaCruz; not shown). The remaining 10% were
comprised of cells such as activated astrocytes as de-
termined by positive staining for glial fibrillary acidic
protein (GFAP; pAb, SantaCruz; not shown). All ex-
periments were performed on day 4 of culture.
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Infectious virus was determined using a standard
plaque assay on Chinese Hamster Overian (CHO) cell
monolayers (Komatsu et al, 1996). Briefly, confluent
monolayers of CHO cells on 24-well plates (Nunc)
were infected with 0.1-ml serial dilutions of experi-
mental samples at 37◦C for 30 min. Following infec-
tion, virus was removed, 1 ml of a mixture of equal
volumes of 1.8% agar and 2× Joklik’s growth medium
added to each well, and the wells were then incu-
bated at 37◦C for 20 h. Plaques were fixed with 10%
buffered formalin for 45 min and stained with 0.5%
methylene blue.

The antiviral effects of IFN-γ were absent in
STAT1−/− cultures, which were also found to be more
permissive to VSV infection (Figure 3A) Though
IFN-γ induction of IRF-1 is present in neurons
(Figure 2A), IRF-1 is not required for the IFN-γ –

Figure 3 STAT1-dependent, IRF-1–independent inhibition of
VSV replication in neurons. Olfactory bulb–enriched primary neu-
ronal cultures generated from P0 BALB/c AnTac and STAT1−/− (A)
or C57BL/6J and IRF-1−/− (B) mice were treated with medium or 20
ng/ml IFN-γ for 24 h and infected with 1 × 103 pfu VSV (∼m.o.i.
of 0.01). Eight hours post infection, viral supernatants were col-
lected and viral titers determined by plaque assay on CHO cell
monolayers. Data are represented as mean titers ± SEM. Statisti-
cal analysis of the results was performed using the Mann-Whitney
nonparametric test (∗P < .05 versus medium treated). Results are
representative of two independent experiments.

induced inhibition of VSV replication. IFN-γ treat-
ment effectively inhibited VSV replication in both
wild-type and IRF-1−/− cultures (Figure 3B).

p42/p42 MAPK (ERK1/2) is phosphorylated
in response to IFN-γ in vitro but is not
required for observed antiviral effect

Several groups have demonstrated the activation of
the p42/p44 MAPK (ERK1/2) by IFN-γ through a
JAK1-dependent pathway. ERK1/2 have been demon-
strated to have antiapoptotic properties in several
systems (Stadheim and Kucera, 1998; Anderson and
Tolkovsky, 1999). To determine if IFN-γ could acti-
vate ERK1/2 in neurons, NB41A3 cells were treated
for intervals from 0 to 60 min with IFN-γ , or TNF-α
as a positive control, and whole cell lysates were
collected. Equal amounts of these lysates were re-
solved by (SDS-PAGE) and ERK1/2 activation was
determined by immunoblot with a phospho-specific
ERK1/2 antibody (Promega) or with an antibody
recognizing ERK1/2-independent of its phospho-
rylation state (Promega). Increases in phosphory-
lated ERK above basal levels in as little as 15 min
were detected. These changes were not associated
with alteration in Erk expression levels by IFN-γ
(Figure 4A).

To determine if the activation of ERK1/2 played
a role in IFN-γ –mediated inhibition of VSV repli-
cation, the MEK inhibitor PD98059 (Calbiochem),
which has been shown to block the activation of
ERK1/2 (Waters et al, 1995), was utilized. Cells were
treated with IFN-γ or medium for 24 h in the pres-
ence or absence of PD98059 and infected with VSV
at a multiplicity of infection (m.o.i.) of 0.01. At 8 h
post infection, viral supernatants were collected and
viral titers determined as using a standard plaque as-
say as previously described (Komatsu et al, 1996). No
difference was found in VSV titers with Erk block-
ade through treatment with PD98059 (Figure 4B). As
determined by immunoblot, the dosage of PD98059
used effectively blocked the activation of ERK1/2 in
NB41A3 cells (not shown). Thus, the activation of
MAPK by IFN-γ was not necessary for the inhibition
of VSV replication.

In this study, we examined the signaling path-
ways engaged by IFN-γ in neurons and their re-
spective contribution to the inhibition of VSV
replication following experimental infection. IFN-
γ signaling can be divided into primary and sec-
ondary events. Initial signaling from the IFN-γ re-
ceptor takes place through Janus kinases and STAT1
(Levy, 1997; Bach et al, 1997). Activated STAT1
can in turn translocate to the nucleus, resulting
in the transcription of IFN-inducible genes, includ-
ing secondary signaling components, such as IRF-
1, which is itself a transcription factor (Taniguchi
et al, 2001). In addition, IFN-γ has been shown to
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Figure 4 IFN-γ –induced phosphorylation of p42/p44 MAPK is not required for the inhibition of VSV replication. (A) p42/p44 MAPK
activation was examined by immunoblot in IFN-γ and untreated NB41A3 cells. Results are representative of two independent experiments.
(B) The contribution of p42/p44 MAPK in IFN-γ –induced inhibition of VSV in NB41A3 cells were determined by viral plaque assay. Data
are represented as mean titers ± SEM. Statistical analysis was performed using the one-way ANOVA in conjunction with a Tukey’s post
hoc test for differences between groups (∗P < .001 versus medium treated). Results are representative of two independent experiments.

activate ERK1/2 through a Jak1-dependent mecha-
nism and CCAAT/enhancer-binding-protein (Nishiya
et al, 1997; Roy et al, 2000; Gil et al, 2001; Hu et al,
2001).

Consistent with the results of others examin-
ing other cell types, IFN-γ induces the rapid
phosphorylation of both STAT1 (Figure 1) and
ERK (Figure 4A) in NB41A3 neuroblastoma cells.
IFN-γ induction of IRF-1 has been previously de-
scribed in neuronal and glial cultures (Thomas
et al, 1997). Increases in IRF-1 protein expres-
sion (Figure 2A) and STAT1-dependent transcrip-
tion, measured through the use of a luciferase reporter
construct containing the GAS sequences from the
IRF-1 promoter, were found (Figure 2B) (Coccia et al,
1999).

The general action of IFN-γ requires the de novo
synthesis of target gene mRNA and subsequent pro-
tein translation. In the case of NO synthase (NOS)-
2, IFN-γ has been shown to induce its expression
through IRF-1 and its subsequent activation of the
NOS-2 promoter (Faure et al, 1999). Sequence anal-

ysis of available murine NOS-1 promoter sequences
has revealed several putative GAS and IRF-1 binding
sequences, though the contribution of these elements
to the regulation of NOS-1 by IFN-γ appears unlikely,
given the absence of changes in NOS-1 mRNA levels
(Chesler and Reiss, 2002; Chesler et al, 2004; Sasaki
et al, 2000). Consequently, in experiments using pri-
mary neuronal cultures, IRF-1 was not found to be
essential for the IFN-γ –induced antiviral response
to VSV infection (Figure 3). In vivo, STAT1 is re-
quired for the host immune response following sys-
temic infection with VSV (Fernandez-Sesma et al,
1998), though this might not be the case in the CNS.
IFN-γ –induced antiviral responses independent of
STAT1 have been described. STAT1−/− mice chal-
lenged with Sendai virus or murine cytomegalovirus
virus (MCMV) were only slightly more susceptible
than their wild-type controls (Gil et al, 2001). This is
in contrast to mice deficient in both the the IFN-α/β
receptor and IFN-γ receptor, which were found to be
exquisitely sensitive to challenge with both Sendai
virus and MCMV (Gil et al, 2001). STAT1 expression
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in primary neurons is required for the IFN-γ –induced
antiviral effect against VSV (Figure 3A). In contrast
to findings with Sendai or MCMV, neurons deficient
in STAT1 were 10-fold more susceptible to VSV in-
fection compared with wild-type primary neuronal
cultures.

These studies demonstrate that IFN-γ –induced
signaling is conserved in CNS neurons compared
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