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Due to the nonrenewable nature of neurons, recovery from viral infection of the central nervous system
requires noncytopathic mechanisms for control of virus replication. Recovery from alphavirus encephalitis can
occur without apparent neurological damage through the effects of antibody and gamma interferon (IFN-�). To
establish an in vitro cell culture system that will allow the study of mechanisms of IFN-�-mediated control of
Sindbis virus (SINV) replication in neurons, we have characterized the susceptibility to SINV infection and
IFN-� responsiveness of two neuronal cell lines that can be differentiated in vitro: CSM14.1, a rat nigral cell
line, and NSC34, a mouse motor neuron cell line. Undifferentiated CSM14.1 and NSC34 cells were permissive
for SINV and susceptible to virus-induced cell death. With differentiation, CSM14.1 cells reduced virus
replication and became progressively resistant to virus-induced cell death, resulting in prolonged virus
replication. NSC34 cells did not differentiate completely and became only partially resistant to SINV infection.
Both CSM14.1 and NSC34 cells responded to pretreatment with IFN-� by decreasing SINV replication.
Differentiated CSM14.1 cells treated 24 h after infection with IFN-� responded with increased cell viability and
clearance of infectious virus. IFN-� treatment sequentially altered the ratio of genomic to subgenomic viral
RNA synthesis, promoted recovery of cellular protein synthesis, reduced viral protein synthesis, and inhibited
viral RNA transcription within 24 h after treatment. We conclude that CSM14.1 cells provide an excellent
model for the study of IFN-�-mediated noncytolytic clearance of SINV from mature neurons.

Alphaviruses are an important cause of mosquito-borne en-
cephalitis. Sindbis virus (SINV) is the prototype alphavirus in
the Togaviridae family and is related to western equine enceph-
alitis virus (23). SINV has a plus-strand, capped, and polyad-
enylated RNA genome of 11.7 kb which serves as mRNA for
the nonstructural polyproteins P123 and P1234. The structural
proteins, capsid, E1, and E2 are translated from a subgenomic
RNA. E2 is synthesized as a precursor, pE2, that is cleaved to
E2 and E3 late in replication to produce the mature E2 nec-
essary for virions to be infectious. Heterodimers of E1 and E2
trimerize to form the spikes of the mature virion (60).

In humans, SINV infection causes clinical symptoms ranging
from a minor influenza-like illness to polyarthritis and rash (35,
42). In mice, SINV infects neurons, resulting in a well-charac-
terized encephalomyelitis (28). While neonatal mice die within
the first few days after infection, adult immunocompetent mice
clear SINV within 7 to 8 days (29, 36). In addition to age, the
severity of disease in infected mice is dependent on the virus
strain and genetic background of the mouse (28, 61, 62, 64).
Innate and adaptive immune responses developed in response
to SINV infection are critical for host survival and virus clear-
ance (4, 6, 18, 39), and SINV-induced encephalitis is an excel-
lent model system for study of the factors involved in deter-
mining the outcome of viral encephalomyelitis (4, 5, 17, 67, 68).

Recovery from virus infection of the central nervous system
(CNS) is dependent upon elimination of the infecting virus and

preservation of target cells. Elimination of virus-infected cells
by major histocompatibility complex class I-restricted CD8�

cytotoxic T lymphocytes is an established and efficient strategy
for eradicating virus from tissues. However, because neurons
are terminally differentiated cells with very limited capacity for
renewal, recovery from encephalomyelitis requires mecha-
nisms for clearance of intracellular virus that do not harm the
infected neurons (5, 17, 18, 48, 49).

The immune mediators involved in noncytolytic clearance of
SINV from neuronal cells are incompletely understood. Type I
interferon (IFN) is important for initial control of virus repli-
cation (6, 16, 55), and both humoral (6, 19, 39, 63) and cellular
(4, 33) arms of the adaptive immune response play critical roles
in facilitating clearance from the CNS. Passive transfer of
SINV antibody to persistently infected immunodeficient SCID
mice rapidly clears infectious virus from the CNS without neu-
rologic sequelae (6, 39), and treatment of persistently infected
mature dorsal root ganglia, neurons, and AT3-Bcl2 prostatic
carcinoma cells with anti-E2 monoclonal antibody suppresses
SINV replication (11, 12, 64). IFN-�/� acts synergistically with
antiviral antibodies in vitro to facilitate virus clearance (11). T
lymphocytes also contribute to the clearance of virus from
certain populations of neurons. Viral RNA is reduced more
slowly in brains of mice lacking CD8� T cells (33), and IFN-�
can clear SINV from the spinal cord neurons of persistently
infected immunodeficient mice (4).

Noncytolytic, cytokine-mediated clearance is increasingly
recognized to be important for virus clearance. Tumor necrosis
factor alpha, IFN-�/�, and IFN-� control levels of hepatitis B
virus replication in the liver and mediate clearance by T cells
(20, 21, 22, 43, 69). IFN-� protects the CNS from a number of
neurotropic viruses (53), including SINV (4, 5, 17), measles
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virus (48, 49), hepatitis C virus (15), coronavirus (26), vesicular
stomatitis virus (VSV) (10), yellow fever virus (41), and Thei-
ler’s murine encephalomyelitis virus (52) and mediates site-
specific clearance of SINV without signs of paralysis or cyto-
toxicity (4). These in vivo studies suggest that the primary
mechanism of T-cell-dependent viral clearance from neurons
is mediated by IFN-� through mechanisms that downregulate
viral replication without damage to host cells (4, 9, 17, 49, 53).

The IFN-� receptor is composed of two subunits, the ligand-
binding IFN-�R� chain and the shorter, mostly intracellular,
signaling IFN-�R� chain (59). IFN-� receptors are present on
many cells, and the binding of IFN-� homodimers results in
activation of the Jak1/2 and STAT-1 signaling cascades (59).
IFN-� is important for activation of macrophages in defense
against infection, but a wide variety of cells are responsive to
induction of its direct antiviral activity. In the CNS, IFN-�
receptors are expressed at the highest levels on neurons and
populations of neurons differ in the abundance of constitu-
tively expressed receptors (51, 53, 66). Several regions of the
CNS with high IFN-� receptor expression receive projections
from sensory neurons likely to be exposed to pathogens, sug-
gesting that the constitutive distribution of the receptor may
correlate with the role of IFN-� in innate immunity and anti-
viral responses (53).

Although IFN-� can induce an antiviral state, the actual
downstream effector molecules responsible for noncytolytic
resolution of viral infection are not known. Molecules impli-
cated include RNA-dependent protein kinase (PKR), 2,5-oli-
goadenosine synthetase/RNase L, and nitric oxide (NO) syn-
thetase (NOS)/NO, (10, 17, 20, 21, 22, 36, 43, 48, 49, 50, 53).
However, IFN-� regulates the transcription of many other
cellular genes (20, 21, 36), and the specific molecules involved
in inhibition of viral replication and in viral clearance remain
poorly defined and may be different for different types of
viruses and cells. Some of the difficulties in identifying these
pathways relate to the complexity of the animal models, the
redundancy of the antiviral pathways, and the lack of in vitro
model systems for studying the process.

To initiate studies of molecular mechanisms of IFN-�-de-
pendent clearance of SINV from neurons, we have utilized the
immortalized CSM14.1 rat neuronal cell line (13, 70) as an in
vitro model system. CSM14.1 cells can be differentiated, de-
velop prolonged SINV infection, and respond to IFN-� by
down regulating virus replication.

MATERIALS AND METHODS

Cell culture. The rat CSM14.1 nigral neuronal cell line, immortalized with a
temperature-sensitive simian virus 40 T antigen, was a gift from Dale E. Bre-
desen (Buck Institute for Age Research, Novato, Calif.) (13, 70). CSM14.1 cells
were grown at the permissive temperature of 31°C in Dulbecco’s modified Ea-
gle’s medium (DMEM; Gibco BRL, Grand Island, N.Y.) supplemented with
10% heat-inactivated fetal bovine serum (FBS), 100 U of penicillin/ml, 100 �g of
streptomycin/ml, and 2 mM glutamine (Gibco BRL). For differentiation, cells at
95% confluency in 12-well plates were shifted to the restrictive temperature of
39°C and growth medium was replaced with DMEM/1% FBS. Under these
conditions, CSM14.1 cells stopped dividing and gradually differentiated to de-
velop a mature neuronal phenotype (dCSM14.1 cells) (65).

The murine NSC34 cell line, produced by fusing mouse N18TB2 neuroblas-
toma cells with mouse motor neurons, was a gift from Neil Cashman (University
of Toronto) (7, 14). NSC-34 cells were grown at 37°C in DMEM/10% FBS. For
differentiation, cells were cultured at a density of 2 � 103 cells/cm2 in plates
coated with poly-L-lysine and Matrigel (Becton-Dickinson Biosciences, Bedford,

Mass.) and incubated with medium consisting of 1:1 DMEM and Ham’s F12
(Gibco BRL) supplemented with 1% FBS, 100 U of penicillin/ml, 100 �g of
streptomycin/ml, and 2 mM glutamine (dNSC34 cells).

Virus infection and IFN-� treatment of cells. SINV strain 633 (SINV633;
E2-55Q-172G) (62) expressing enhanced green fluorescent protein (eGFP) from
a second subgenomic promoter was constructed by standard cloning DNA tech-
niques as previously described (16, 24). Viral RNA was transcribed and trans-
fected into BHK cells to produce stock virus. Amounts of SINV633 and
SINV633-eGFP were assayed by plaque formation on BHK cells (24).

Differentiated CSM 14.1 cells were infected at a multiplicity of infection
(MOI) of 1 (determined in BHK cells) with virus diluted in DMEM/1% FBS. For
treatment with IFN-�, medium was supplemented with rat recombinant IFN-�
(rIFN-�; PBL Biomedical Laboratories, New Brunswick, N.J.). Differentiated
NSC34 cells were infected at an MOI of 1 and treated with mouse rIFN-�
(Calbiochem Bioscience Inc., La Jolla, Calif.).

Cell viability was examined by trypan blue exclusion. Cells were trypsinized,
washed once, and incubated with trypan blue at room temperature. Total num-
bers of viable cells/well were determined in triplicate.

Fluorescence microscopy. Differentiated CSM14.1 cells were infected with
SINV-eGFP or mock infected and treated with IFN-� as described above. At 24,
48, 72, and 96 h after treatment, cells were washed with warm differentiation
medium and examined with a Nikon Eclipse TE200 microscope. Green fluores-
cent (eGFP-positive cells) and phase-contrast pictures were captured and ana-
lyzed.

Analysis of protein synthesis. Differentiated CSM14.1 cells were mock in-
fected, SINV infected, or SINV infected and treated with IFN-� as described
above. At 2, 6, 12, 18, 24, 42, and 48 h after treatment, dCSM14.1 cells were
incubated with methionine-free, cysteine-free DMEM (ICN, Aurora, Ohio) for
1 h, followed by methionine-free, cysteine-free DMEM containing 50 �Ci/ml of
35S-translabel (ICN) for 1 h. Cells were then washed three times with ice-cold
phosphate-buffered saline (PBS), lysed, and scraped in RIPA buffer (1% NP-40,
0.1% sodium dodecyl sulfate [SDS], 0.1% Na deoxycholate, 10 mM Tris-Cl [pH
7.0], 150 mM NaCl, 1 mM EDTA) with 25 �g of aprotinin/ml (Sigma-Aldrich, St.
Louis, Mo.). All samples were stored at �80°C and then analyzed simulta-
neously.

Cell lysates were analyzed for incorporation of 35S into protein by precipitation
with 10% trichloroacetic acid and counting in a scintillation counter. For analysis
of the proteins synthesized, cell lysates (5 � 104 cpm/sample) were denatured by
boiling for 5 min in 6� SDS loading buffer (0.5 M Tris [pH 6.8], 30% glycerol,
10% SDS, 0.12% bromophenol blue, 6% �-mercaptoethanol), followed by10%
SDS-polyacrylamide gel electrophoresis (PAGE) and autoradiography.

For immunoprecipitation of SINV proteins, a 1:100 dilution of rabbit poly-
clonal antiserum against SINV (18) and immobilized protein A (Pierce, Rock-
ford, Ill.) were used (11, 12). Cell lysates or supernatant fluids were incubated
with SINV antiserum overnight at 4°C and then with 50 �l of protein A-conju-
gated beads at room temperature for 2 h. Immunocomplexed beads were washed
three times with immunoprecipitation buffer (RIPA and 25 �g of aprotinin/ml),
resuspended in 30 �l of 6� SDS loading buffer, and boiled for 10 min. Immu-
noprecipitated SINV structural proteins were analyzed by 10% SDS-PAGE.

For pulse-chase analysis of newly synthesized proteins, cells were washed once
with PBS and twice with methionine-free, cysteine-free DMEM, incubated with
50 �Ci of 35S-translabel/ml at 39°C for 30 min, and then washed twice with chase
medium (DMEM/1% FBS with 15 mg of L-methionine/L). Cell lysates and
supernatant fluids were collected at different times postchase and analyzed as
described above. Supernatant fluids were ethanol precipitated (11, 12), immu-
noprecipitated, or loaded directly by equal volume onto a 10% SDS-PAGE gel.

Analysis of viral RNA synthesis. Differentiated CSM14.1 cells were labeled for
2 h with DMEM containing 20 �Ci of [5,6-3H]uridine/ml (NEN, Boston, Mass.)
and 1 �g of actinomycin D/ml (Calbiochem, San Diego, Calif.). Cells were
washed once with PBS, lysed with 250 �l of RNA STAT-60/well (RNAzol
reagent; Tel-Test, Friendswood, Tex.), and scraped off. RNA was isolated with a
standard chloroform extraction protocol, and samples were stored in isopropanol
at �20°C overnight. The next day, RNA was precipitated with ethanol, stored at
�80°C, and analyzed by agarose gel electrophoresis (11, 12, 16). Autoradio-
graphs were imaged, and ratios of genomic to subgenomic RNA were deter-
mined using NIH Image.

RESULTS

Cell death and virus replication in undifferentiated and
differentiated CSM14.1 neuronal cells. In vivo, SINV induces
cell death in immature neurons but not in mature neurons
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(36). To identify a cell line that reflected these properties, we
studied neuronal cell lines that could be differentiated in vitro.
CSM14.1 is a rat nigral cell line, immortalized by a tempera-
ture-sensitive simian virus 40 T antigen (13, 70), that differen-
tiates under restrictive culture conditions. To determine the
effect of SINV infection on these cells, CSM14.1 cells that were
undifferentiated and differentiated for various periods of time,
from 1 to 3 weeks, were infected with SINV and viability
assessed (Fig. 1A). Cycling, undifferentiated cells were suscep-
tible to viral cytopathic effects, and all cells were dead by 7 days
after infection. With differentiation, the cells ceased dividing
and became increasingly resistant to SINV-induced cell death.
The viability 7 days after infection of cells differentiated for 1
week was 47%, for 2 weeks was 58%, and for 3 weeks was 65%.
As CSM14.1 cells differentiated, they remained susceptible to
SINV infection (Fig. 1B), but virus growth was restricted and
peak virus production was approximately 100-fold less than
that of undifferentiated cells (P � 0.0013). This restriction is
not due to differences in culture conditions because virus grows
equally well in undifferentiated cells cultured under permissive
and nonpermissive conditions (65).

IFN-� pretreatment protected undifferentiated and differ-
entiated CSM14.1 cells from SINV infection and virus-induced
cell death. To determine whether undifferentiated and differ-
entiated CSM14.1 cells could respond to IFN-� with induction
of an antiviral state, cells were pretreated with 100 U/ml of rat
rIFN-� 24 h before SINV infection (Fig. 2). Pretreatment with
IFN-� improved the viability of both undifferentiated and dif-
ferentiated CSM14.1 cells (Fig. 2A) (cycling, P � 0.00043; 1
week, P � 0.07; 2 weeks, P � 0.02; 3 weeks, P � 0.0008),
decreased SINV replication in undifferentiated cells, and pre-
vented replication in differentiated cells (Fig. 2B). To deter-

FIG. 1. SINV replication in undifferentiated and differentiated
CSM14.1 (dCSM) cells. Cycling undifferentiated CSM14.1 cells and 1-,
2-, and 3-week differentiated CSM14.1 cells were analyzed for cell
viability by trypan blue exclusion (A) and SINV replication (B). Cells
were infected with SINV-eGFP at an MOI of 1. Viability is expressed
as the percentage of live infected to live mock-infected cells. Each
point represents the average and standard error of the mean of three
individual wells. The dashed line indicates the limit of virus detection.

FIG. 2. Effect of treatment with IFN-� before SINV infection. Cy-
cling undifferentiated CSM14.1 cells and 1-, 2-, and 3-week differen-
tiated CSM14.1 (dCSM) cells were treated with 100 U of IFN-�/ml
24 h before infection and analyzed for cell viability by trypan blue
exclusion (A) and SINV replication over 7 days (B) and over 3 days in
3-week differentiated cells (C). Cells were infected with SINV-eGFP at
an MOI of 1. Cell viability was improved and virus replication was
reduced in all groups compared to untreated cells (*, P 	 0.05; **, P
	 0.01; ***, P 	 0.001; Student’s t test). The dashed line indicates the
limit of virus detection.
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mine whether replication was completely suppressed, virus
growth was examined more closely over the first 72 h after
infection of IFN-�-pretreated 3-week differentiated CSM14.1
cells (Fig. 2C). Virus replication was suppressed at all time
points (P 	 0.00001). Therefore, both undifferentiated and
differentiated CSM14.1 cells were able to respond to IFN-� by
induction of an antiviral state, but differentiated cells re-
sponded most completely.

IFN-� treatment of infected dCSM14.1 cells protected
against cell death and suppressed virus replication. To deter-
mine whether SINV replication could be suppressed after viral
infection had been established in differentiated CSM14.1 cells,
cells were treated with 10, 100, and 1,000 U/ml of rat rIFN-�
24 h after infection. At this time, most, if not all, cells were
infected. SINV production and cell viability were monitored at
different times after rIFN-� treatment (Fig. 3A and B). Rep-
lication was significantly reduced by IFN-� treatment (Fig.
3A), and this reduction was dose dependent, with 100 U/ml
providing better suppression than 10 U/ml (P � 0.0003 at day
4 postinfection [p.i.]). The highest dose of 1,000 U/ml did not
provide better suppression than 100 U/ml, and therefore 100

U/ml was used for subsequent studies. SINV-infected
dCSM14.1 cells that were left untreated or treated with differ-
ent doses of rIFN-� remained viable, indicating that inhibition
of viral replication in differentiated cells was nonlytic (Fig. 3B).

To further assess the effects of treatment with rIFN-� after
infection on SINV-infected neurons, CSM14.1 cells, undiffer-
entiated or differentiated for various lengths of time, were
infected with SINV and treated with rIFN-� 24 h after infec-
tion (Fig. 3C and D).

Replication of SINV in undifferentiated CSM14.1 cells was
not affected by treatment with IFN-�, while in differentiated
neurons replication was suppressed so that infectious virus
could no longer be detected 6 days after treatment (Fig. 3C).
Treatment with IFN-� after infection protected differentiated,
but not undifferentiated, CSM14.1 cells from SINV-induced
cell death (Fig. 3D). Effects were similar on cells differentiated
for 1, 2, and 3 weeks. These data demonstrated that treatment
with rIFN-� after viral infection protected mature neurons and
inhibited SINV replication by noncytolytic means.

To determine whether the outcome would be the same with
parental SINV633 as with the double subgenomic virus

FIG. 3. Effect of treatment with IFN-� after SINV infection. Undifferentiated and differentiated CSM14.1 (dCSM) cells were infected with
SINV-eGFP at an MOI of 1 and 24 h later treated with 0, 10, 100, or 1,000 U of rat rIFN-�/ml. Virus production (A) and numbers of viable cells
8 days after treatment (B) of 2-week differentiated cells were determined. P values (Student’s t test) compared SINV-infected untreated with
rIFN-� (100 U/ml)-treated cells (A). Undifferentiated cells and cells differentiated for various periods of time were treated with 100 U of IFN-�,
and virus production (C) and cell viability (D) were determined. Each point represents the average and standard error of the mean of three
individual wells. The dashed line indicates the limit of virus detection.
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SINV633-eGFP, the effects of IFN-� treatment 24 h after
infection were determined. SINV633 replicated 25-fold better
than SINV633-eGFP (Fig. 4), but cell viabilities were similar
(data not shown). SINV633-infected, as well as SINV633-
eGFP-infected differentiated CSM14.1 cells responded to
IFN-� treatment 24 h after infection by completely protecting
mature neurons from cell death and restricting virus replica-
tion (Fig. 4).

Effect of IFN-� on SINV infection of NSC34 cells. In vivo
studies indicate that motor neurons in the brainstem and spinal
cord respond to the antiviral effects of IFN-� better than cor-
tical or hippocampal neurons (4). To determine whether cells
with a motor neuron phenotype would provide a better in vitro
model for studies of the effects of IFN-�, the mouse neuro-
blastoma-motor neuron hybrid cell line NSC34 (7) was studied
(Fig. 5). Unlike CSM14.1 cells, NSC34 cells do not completely
leave the cell cycle under differentiation conditions and there-
fore do not become completely differentiated. NSC34 cells
differentiated for 12 days replicated SINV to high titer, and all
cells were dead by 5 days after infection (Fig. 5A). Pretreat-
ment of dNSC34 motor neurons with mouse rIFN-� protected
them against SINV-induced cell death (Fig. 5A) and inhibited
virus replication 31-fold compared to untreated cells (Fig. 5B)
(P � 0.0043).

Differentiated NSC34 cells treated 2 or 5 h after infection
were completely protected, remaining viable for 5 days (Fig.
5C), and virus replication was decreased approximately 10-fold
(Fig. 5D). Treatment with rIFN-� 24 h after infection was less
effective, but there was substantial improvement in viability
compared to untreated, SINV-infected cells (Fig. 5C). Overall,
viral titers steadily decreased in the rIFN-� treated cells, but
unlike dCSM14.1 cells, virus was not cleared before the
dNSC34 cells reached confluence and died. Because the con-
tinued proliferation and the mixed developmental stage of
dNSC34 cells presented several confounding factors, subse-
quent studies were performed with dCSM14.1 cells differenti-
ated for 2 to 3 weeks and treated with 100 U/ml of IFN-�.

IFN-� treatment of infected dCSM14.1 inhibited viral gene
expression. To investigate the effect of IFN-� treatment on
gene expression, dCSM14.1 cells were examined for expression
of SINV-derived eGFP (Fig. 6). At the time of rIFN-� treat-
ment, 24 h after infection, there was extensive expression of
eGFP, showing widespread infection of dCSM14.1 cells (Fig.
6D and F). At 20 h after rIFN-� treatment (44 h p.i.), eGFP
expression was still detected in rIFN-� treated cells (Fig. 6H),
but by 42 h after treatment (66 h p.i.) no eGFP was detected
(Fig. 6L), while there was extensive eGFP expression in un-
treated cells (Fig. 6J). These results indicated that viral protein
synthesis was inhibited in treated cells. Cells remained viable
throughout (Fig. 6G and K).

SINV protein synthesis is reduced and host cell protein
synthesis is reinitiated after rIFN-� treatment. SINV infection
inhibits host cell protein synthesis in mammalian cells (31). To
identify changes in levels of viral and host protein synthesis in
dCSM14.1 cells treated with rIFN-� after SINV infection, we
examined incorporation of 35S into newly synthesized proteins
at various times after infection and treatment (Fig. 7). Before
rIFN-� treatment, SINV-infected cells had reduced overall
protein labeling, consistent with a shutdown of host protein
synthesis (Fig. 7A). At 2 h after treatment, there was an in-
crease in the amount of protein synthesized in the rIFN-�-
treated cells and protein synthesis remained higher than in
untreated cells (Fig. 7A). The types of synthesized proteins
were analyzed by PAGE (Fig. 7B and C) and immunoprecipi-
tation (Fig. 7D and E). There was an increase in the synthesis
of both cellular and viral proteins by 6 h after IFN-� treatment.
Production of viral proteins in IFN-�-treated cells then de-
creased below the levels synthesized in untreated cells, and
synthesis of new viral proteins was undetectable 24 h after
treatment. Cellular protein synthesis was restored in IFN-�-
treated cells and remained higher than in untreated cells.

Viral RNA transcription is reduced after rIFN-� treatment.
Several steps of viral replication are possible targets for intra-
cellular antiviral factors. Because all dCSM14.1 cells were in-
fected at the time of treatment, initial steps of entry were not
involved. RNA labeling showed that viral RNA transcription
was active at the time of rIFN-� treatment, 24 h after infection
(Fig. 8A, time zero). At 6 h there was a general increase in viral
RNA synthesis in IFN-�-treated cells, but by 18 h viral RNA
transcription was substantially reduced in IFN-�-treated cells
compared with untreated cells, and by 42 h after treatment
viral RNA synthesis was no longer detectable in treated cells
(Fig. 8A). The ratio of genomic to subgenomic RNA averaged
0.88 in cells prior to treatment and increased to 1.53 in un-
treated cells over 24 h of study, while in IFN-�-treated cells the
ratios plateaued at 1.02 (P � 0.045) (Fig. 8B).

Release of viral proteins is not affected at 6 h after rIFN-�
treatment. Treatment of SINV-infected cells with anti-E2
monoclonal antibodies results in inhibition of virus budding
from infected cells and accumulation of immature particles at
the plasma membrane (11, 12). To determine whether in-
creased levels of accumulated viral structural proteins within
cells 6 h after treatment (Fig. 7) indicated a deficiency in viral
protein release, cells were labeled at 6 h after treatment and
chased for different periods of time (Fig. 9). Newly synthesized
protein released into supernatant fluids during the course of
the pulse-chase suggested that more protein was being synthe-

FIG. 4. Comparison of SINV633 and SINV633-eGFP replication
and response to IFN-� in differentiated CSM14.1 cells. CSM14.1 cells
differentiated for 3 weeks were infected with either double subgenomic
recombinant SINV633-eGFP or SINV633. Cells were infected at an
MOI of 1 and treated with IFN-� (100 U/ml) 24 h p.i. Each point
represents the average and standard error of the mean of three indi-
vidual wells. The dashed line indicates the limit of virus detection.
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sized and released in the rIFN-�-treated cells than in untreated
cells (Fig. 9A). 35S-labeled viral proteins appeared in the su-
pernatant fluid as early as 1 h after chase and were equal in
IFN-�-treated and untreated cells (Fig. 9B). However, by 90
min after chase there was a higher level of labeled viral protein
released from IFN-�-treated cells, consistent with the increase
in viral protein synthesis at this time (Fig. 7). The decrease and
disappearance of the precursor E2 (pE2) band from immuno-
precipitated cell lysates at 30 to 60 min after chase indicated
that viral structural proteins were processed efficiently in both
treated and untreated cells (Fig. 9C). Analysis of cellular ly-
sates and supernatant fluids at 15 h postchase showed that
treated cells continued to release higher levels of labeled pro-
tein (Fig. 9D).

DISCUSSION

IFN-� is an important cytokine for the noncytolytic control
of SINV infection of neurons in vivo (4), but in vitro models for
study of mechanisms of virus clearance have not been avail-
able. We used a rat neuronal cell culture system, CSM14.1 cells
(13, 70), that could be differentiated in vitro. CSM14.1 cells
were resistant to SINV-induced death and continued to pro-
duce virus for many days after infection. CSM14.1 cells were

responsive to IFN-� so that pretreatment prevented replica-
tion of SINV in differentiated neurons and decreased replica-
tion in undifferentiated neurons by about 1,000-fold. IFN-�
treatment improved the survival of undifferentiated and differ-
entiated neuron cells treated before or after infection. When
treated with IFN-� 24 h after infection, SINV-infected differ-
entiated CSM14.1 cells cleared virus infection. This was asso-
ciated with a rapid decrease in the ratio of genomic to sub-
genomic RNA synthesis. A transient increase in synthesis of
total viral RNA and protein at 6 h after treatment was followed
by cessation of viral protein and RNA synthesis and restoration
of host cell protein synthesis. There was no inhibition of viral
protein processing or release of viral proteins by IFN-� treat-
ment. These data indicated that IFN-� treatment activated
signaling cascades and antiviral factors that led to a series of
cellular changes that directly affected viral RNA transcription,
viral protein synthesis, and virus production by infected neu-
rons.

Age of the host is a critical factor determining the outcome
of SINV infection and neuronal maturity correlates with resis-
tance to viral replication and virus-induced cell death (29, 36,
38). While young mice succumb to lethal encephalitis, adult
mice are able to clear viral infection with pathology in the CNS
that includes mononuclear cell infiltration but does not include

FIG. 5. SINV infection and IFN-� treatment of differentiated NSC34 cells. Differentiated NSC34 cells were infected with SINV-eGFP at an
MOI of 1 and assayed for cell viability (A) and SINV replication (B) with or without treatment with 100 U/ml of mouse rIFN-� for 24 h before
infection. NSC34 cells were treated with 100 U of rIFN-�/ml at 2, 5, and 24 h after SINV infection and analyzed for cell viability (C) and SINV
replication (D). Cell viability was analyzed by trypan blue exclusion and displayed as log10 of the number of viable cells/well. Each point represents
the average and standard error of the mean of three individual wells.
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FIG. 6. Effect of IFN-� on viral protein expression in dCSM14.1 cells. Differentiated CSM14.1 (dCSM14.1) cells were mock infected (A, B) or
infected with SINV-eGFP (C-L). CSM14.1 cells differentiated for 2 or 3 weeks were examined by phase (C, E) and fluorescence (D, F) microscopy
24 h after infection just prior to rIFN-� treatment. Cells differentiated for 3 weeks were examined 20 h (G, H) and 42 h after treatment (I to L).
At 42 h after rIFN-� treatment, eGFP expression was extensive in untreated dCSM14.1 cells (J), but eGFP could not be detected in cells that had
been treated with rIFN-� (L).
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neuronal damage or clinical signs of disease. Cycling immature
CSM14.1 and NSC34 cells were susceptible to SINV-induced
cytotoxicity, while mature CSM14.1 cells were substantially
more resistant. IFN-� treatment, either before or after infec-
tion, provided some protection to immature CSM14.1 cells, but
mature CSM14.1 cells were completely protected from SINV-
induced death. Likewise, SINV replication was not completely
eliminated in undifferentiated CSM14.1 cells, as it was in the
differentiated CSM14.1 cells. These data suggest that IFN-�-
inducible factors that promote cell survival might differ from

those that mediate viral clearance and that mature neurons
respond more completely to IFN-� treatment than immature
neurons. The cellular factors expressed during neuronal mat-
uration that may affect responsiveness to IFN-� are at present
unknown.

Many neuronal populations within the CNS constitutively
express receptors for IFN-� (45, 51, 66), but functional re-
sponses differ substantially depending on the cell type, neuro-
nal maturity, and length of exposure to this cytokine and others
that may be simultaneously expressed during an in vivo im-

FIG. 7. Effect of IFN-� on viral and host cell protein synthesis in dCSM14.1 cells. Protein synthesis was assessed by 35S incorporation by
infected differentiated CSM (dCSM) cells labeled for 1 h at various times after treatment. (A) Incorporation of 35S into trichloroacetic
acid-precipitable intracellular proteins. (B, C) Total protein synthesis, as analyzed in two separate experiments by PAGE, in mock-infected (M),
SINV-infected (I), and SINV-infected/rIFN-�-treated (T) dCSM14.1 cells at 0, 6, 12, 18, and 24 h (B) or 0, 3, 6, and 12 h (C) posttreatment (ptx).
IFN-� treatment of dCSM14.1 cells 24 h prior to infection (P) was also analyzed in the 24-h ptx gel (72 h after treatment, 48 h after infection) (B).
(D, E) Immunoprecipitation of 35S-labeled viral structural proteins from lysates of mock-infected (M), SINV-infected (I), and SINV-infected/
rIFN-�-treated (T) dCSM14.1 cells from two separate experiments at 0, 3, 6, and 24 h (D) or 0, 2, 6, 12, 18, 24, 42, and 48 h (E) after treatment.
Results displayed are representative of multiple experiments. C, capsid.
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mune response. In vitro, IFN-� can decrease proliferation,
promote differentiation (2, 25, 27, 30), improve survival (8, 49,
52), and induce an antiviral state in selected neurons (9, 10, 40,
44, 46, 58). For instance, some neuroblastoma cell lines and
embryonic neurons respond to IFN-� by decreasing prolifera-
tion and promoting differentiation (2, 25, 27, 30). IFN-� treat-
ment of cultured embryonic rat sympathetic neurons inhibits
initial dendrite outgrowth and in mature neurons induces re-
traction of existing dendrites (32). Long-term exposure to

IFN-� can result in neurodegeneration, demyelination, and
excitotoxic damage in vitro (1) and in vivo (47, 54). In these
studies, the effect of IFN-� on cells of the rat nigral cell line
CSM14.1 were protective and antiviral.

Noncytolytic clearance of viral infection depends on the
ability of the infected cell to activate the required pathways for
inhibition of viral replication, as well as the susceptibility of the
virus to activated pathways (20, 21). SINV replication is sus-
ceptible to intracellular antiviral factors, and mature neurons
are able to activate pathways that result in noncytolytic clear-
ance of virus infection. SINV replication can be inhibited in
many types of cells by pretreatment with IFN-�/�, and the
present studies have shown that pretreatment and postinfec-
tion treatment with IFN-� have a direct antiviral effect on
SINV-infected mature neurons. However, the downstream sig-
naling events and effector molecules responsible either for
preventing or resolving SINV infection are not understood.
Antiviral proteins known to play important roles in inhibition
of replication of other viruses include PKR, 2,5-oligoadenosine
synthetase/RNase L, double-stranded RNA-specific adenosine
deaminase, NOS/NO, and the Mx GTPase proteins (9, 53).
However, mice lacking PKR, RNase L, and Mx1 mount IFN-
dependent antiviral responses and inhibit SINV (56), VSV,
and encephalomyocarditis virus (71) replication in vivo and in
vitro. NOS-dependent mechanisms play critical roles in inhib-
iting VSV, poliovirus, and herpes simplex virus type 1 replica-
tion in neurons (34, 53), but inhibition of SINV and influenza
virus replication is not NOS dependent (34, 50).

SINV downregulated translation of cellular proteins and
increased viral protein synthesis in differentiated CSM14.1
cells in a manner typical of the response of other types of cells
to SINV infection. However, the cells survived infection and
responded to IFN-� by shutting down virus replication. Se-
quential changes in SINV-infected neurons were recognized
after IFN-� treatment. Between 3 and 6 h, there was a general
increase in cellular protein synthesis, viral protein synthesis,
and viral RNA transcription. This period of improved cellular
function was followed by a gradual elimination of viral protein
and RNA synthesis. This suggested that multiple mechanisms
were activated and converged to inhibit virus replication and
that de novo cellular protein synthesis might be required for
complete inhibition of SINV replication. The only antiviral
protein that has been clearly associated with inhibition of al-
phavirus replication is zinc finger antiviral protein (ZAP) (3).
ZAP inhibits the translation of nonstructural proteins off in-
coming genomic RNA by an unknown mechanism, making
ZAP a candidate for establishing the antiviral state in unin-
fected neurons. Decreased production of nonstructural pro-
teins would limit synthesis of new minus-strand RNAs because
the P123 polyprotein, plus nsP4, is required for minus-strand
synthesis. P123 is processed by nsP2, and fully processed nsP1,
nsP2, and nsP3 plus nsP4 show a preference for the sub-
genomic promoter, and changes in abundance could affect the
relative amounts of genomic and subgenomic RNA synthe-
sized (37, 57). However, minus-strand synthesis is normally
shut off early in alphavirus infection and genomic and sub-
genomic plus-strand RNAs continued to be produced. There-
fore, clearance of established infection appears to require un-
identified, IFN-�-induced effector molecules that function at

FIG. 8. Viral RNA (vRNA) transcription in SINV-infected
dCSM14.1 cells with and without rIFN-� treatment. CSM14.1 cells
were mock infected (M) or SINV infected for 24 h (0 h after treat-
ment) and then treated with 100 U/ml of rIFN-�. Cells with or without
treatment were labeled with [3H]uridine for 2 h in the presence of
actinomycin D at 2, 6, 18, 24, 42, and 48 h (experiments 1 and 2) or 3,
6, 24, and 48 h (experiment 3) after treatment. Newly synthesized RNA
was examined by agarose gel electrophoresis and autoradiography (A).
Ratios of genomic to subgenomic RNA were determined using NIH
Image and averaged from six separate experiments (B). *, P � 0.045
(Student’s t test).
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later stages of viral replication. Further study will be needed to
define these effects more clearly.

In this study we have presented an in vitro cell system that
can replicate the in vivo responses to SINV infection and
IFN-�-mediated clearance. Our data suggest that suppression
of genomic viral RNA synthesis and reactivation of cellular
protein synthesis are involved in abolishing established SINV
infection and in the promotion of survival of differentiated
neurons infected with SINV.
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