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Inhibition of Vesicular Stomatitis Virus Infection by Nitric Oxide
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Inhibitory effects of nitric oxide (NO) on vesicular stomatitis virus (VSV) infection were investigated by using
a VSV-susceptible mouse neuroblastoma cell line, NB41A3. Productive VSV infection of NB41A3 cells was
significantly inhibited by an organic NO donor, S-nitro-N-acetylpenicillamine (SNAP), while the control
compound N-acetylpenicillamine (NAP) had no effect. Survival rate of VSV-infected cells was greatly increased
by the treatment with SNAP, while the NAP treatment did not have any effect. Adding SNAP 30 min prior to
infection resulted in complete inhibition of viral production when a low multiplicity of infection (MOI) was
used. Substantial inhibition of viral production was also obtained with treating cells 6 h earlier before infection
with a higher MOL. Activating the neuronal NO synthase by treating cells with N-methyl-p-aspartate (NMDA)
led to significant inhibition of viral production by cells infected at the three doses of virus tested (MOIs of 0.1,
1, and 5). The inhibitory effect of NMDA on viral infection was totally blocked by the NO synthase inhibitor
N-methyl-L-arginine. However, adding hemoglobin, a strong NO-binding protein and thus an inactivator of NO
activity, did not reverse the NMDA-induced inhibition of viral production, suggesting that NO might exert its
antiviral effects inside the NO-producing cells. Collectively, these data support the anti-VSV effects of NO,
which might be one of the important factors of natural immunity in controlling the initial stages of VSV

infection in the central nervous system.

Both innate and acquired immunity are believed to be im-
portant in controlling viral infections. Innate immunity, which
is rapidly induced or activated by viral infections, is expected to
play a predominant role in controlling the initial events of viral
infections. Acquired immunity, on the other hand, takes days,
not hours, for its activation by viral infections and is likely to be
more important at relatively later stages of infections and viral
clearance. Although the interaction between the central ner-
vous system (CNS) and peripheral immune systems might exist
(6), the CNS is isolated from the peripheral blood by the
blood-brain barrier, which when its integrity is not yet altered
by viral infections, efficiently prevents perfusion of blood-
borne factors (25), and the local innate immunity of the CNS
may be especially critical in controlling the initial neurotropic
viral infections.

Vesicular stomatitis virus (VSV), a member of the Rhab-
doviridae family, is an enveloped, single-stranded, negative-
sense RNA virus (46). Intranasal instillation of VSV into mice
leads to initial infection of olfactory receptor neurons (38) and
then the olfactory bulb, followed by an acute infection of the
CNS (9, 15, 16). When mortality occurs, infected mice die
between days 7 and 10 postinfection. All surviving mice com-
pletely clear the virus from the CNS by 12 days postinfection.
No obvious damage to the CNS could be observed in these
surviving mice. The host defense mechanisms which control
the neurotropic viral infection in the CNS and mediate viral
clearance are not fully understood.

As a neurotransmitter having many important physiological
functions in the CNS (35, 36, 40), nitric oxide (NO) has also
been demonstrated to have inhibitory effects on viral infec-
tions. Recent research showed that NO has an inhibitory effect
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on ectromelia, vaccinia, and herpes simplex type 1 viruses (21)
and may mediate Lentinan-induced protection against influ-
enza virus (17).

NO is synthesized from L-arginine by a group of enzymes
called NO synthases (28, 35, 36). The olfactory bulb is one of
the few areas in the adult CNS where neuronal NO synthase is
readily expressed (2). The expression of constitutive neuronal
NO synthase in olfactory receptor neurons declines after birth,
but it is readily and rapidly induced after injury (39). Inducible
NO synthase, which produces NO in large quantities, can also
be induced in activated astrocytes and microglia cells in the
CNS (5, 11). It is notable that the areas where NO synthases
are highly expressed or rapidly induced are the places where
VSV infection initially takes place. Considering the antiviral
effects of NO, it is intriguing to hypothesize that NO might be
especially crucial in controlling the initial infection before spe-
cific immune responses develop and infiltrate the infected
CNS. Therefore, it is important to determine directly the ef-
fect(s) of NO on VSV infection, especially in neurons. A VSV-
susceptible mouse neuroblastoma cell line, NB41A3, was used
in our studies to investigate the effects of NO on VSV infec-
tion.

MATERIALS AND METHODS

Virus. VSV Indiana strain, San Juan serotype, was propagated in Chinese
hamster ovary cells and purified over a sucrose gradient as previously described
(14).

Mouse neuroblastoma cell line NB41A3. VSV-susceptible neuroblastoma
NB41A3 cells were purchased from American Type Culture Collection and
cultured in Ham’s F-10 medium plus 15% horse serum and 2.5% noninactivated
fetal bovine serum (Sigma). Cells were subcultured two to three times per week
by adding fresh trypsin (0.25%) solution.

Reagents. S-Nitroso-N-acetylpenicillamine (SNAP), N-methyl-p-aspartic acid
(NMDA), and hemoglobin were purchased from Calbiochem-Novabiochem, Inc.
All other chemicals, including N-acetylpenicillamine (NAP) and N-methyl-L-
arginine (L-NMA), were purchased from Sigma. Stock solutions were prepared
as 5 mM SNAP, 5 mM NAP, 50 mM NMDA, 3 mM L-NMA, and 5 mM
hemoglobin.

Plaque assay of infectious viral titer. Infectious virus was quantitated on
NB41A3 monolayers. Monolayers of NB41A3 cells were prepared by inoculating
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FIG. 1. Inhibition of VSV infection by SNAP. NB41A3 cells (5 X 10%) were
infected with VSV at an MOI of 0.1 and cotreated with SNAP (@) or NAP (O).
Medium-treated infected cells are shown at 0 puM. SNAP and NAP were replen-
ished once, 4 h later. Eight hours postinfection, infectious viral titers in the
supernatants of treated infected cells were determined. Results shown are the
averages of three replicates. The experimental results are similar to those of
three repetitions of these conditions.

20 X 10* cells in 1 ml per well (24-well plate; Nunc) and incubated for 2 days at
37°C. The medium was removed, 0.1 ml of each dilution of samples (10-fold
serial dilutions) was added to each well, and the wells were then incubated for 30
min at 37°C. The medium was removed, 1 ml of the mixture of equal volumes of
1.8% agar (kept at 45°C) and 2X F-10 medium (kept at 37°C) was added to each
well, and the wells were then incubated at 37°C for 24 h. Plaques were fixed with
10% formaldehyde for 30 min and stained with 0.5% methylene blue.

Determination of NO concentration. The concentration of NO was deter-
mined by assaying its stable end product, NO,~ (3). Briefly, equal volumes of
samples and Greiss reagent (1% sulfanilamide, 0.1% N-1-naphthylethylenedia-
mine, 5% H;PO,) (Sigma) were incubated at room temperature for 10 min. The
reaction produces a pink color, which was quantified at 540 nm against standards
in the same buffer on a automated microplate reader (model EL 309; Bio-Tek,
Inc.).

MTT assay for cytotoxicity. The assay employs the pale yellow tetrazolium salt
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT; Sigma),
which is cleaved by active mitochondria to form a dark blue formazan product
that can be completely solubilized in acidic isopropanol. MTT was dissolved in
0.1 M Tris-buffered saline to make a 5-mg/ml solution, which was filtered and
removed any insoluble residues. Ten microliters of MTT solution was added to
each well containing 100 wl of cells (96-well plate) and incubated 4 h in a 37°C,
5% CO, humidified incubator. One hundred microliters of 0.04 N HCI in iso-
propanol was added to each well and mixed vigorously to dissolve the dark blue
crystals. The plate was then read at 540 nm with the automated plate reader.

RESULTS

Inhibition of VSV infection by the organic NO donor SNAP.
To investigate the effects of NO on VSV infection of NB41A3
cells, NO was directly provided to infected cells at the time of
infection by the addition of the organic NO donor SNAP. The
same concentrations of the control compound NAP were
added in the control group. Significant inhibition of infectious
VSV production was obtained upon treatment with SNAP
(Fig. 1). Eight hours postinfection, untreated infected cells
produced about 10* PFU of VSV per ml. Similar viral yield was
produced by NAP-treated infected cells. However, more than
a 100-fold reduction of infectious viral titer was reproducibly
observed upon treatment with 100 uM SNAP.

Since NO has been shown to be cytotoxic at high concen-
trations (4, 7, 31, 32, 35), the antiviral effect of SNAP might
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FIG. 2. Increased survival rate of infected cells by the treatment of SNAP.
NB41A3 cells (5 X 10%) were either uninfected or infected with VSV at an MOI
of 5 and cotreated with SNAP or NAP. Cells treated with medium are shown at
0 wM. SNAP and NAP were added every 4 h. Sixteen hours postinfection,
cellular viability was determined with the MTT assay. No cytotoxicity was ob-
served when uninfected cells were treated with either SNAP or NAP. Symbols:
open circles, uninfected, treated with NAP; closed circles, uninfected, treated
with SNAP; open triangles, infected, treated with SNAP; closed triangles, in-
fected, treated with NAP.

result from toxicity to cells. The MTT assay, which is a measure
of mitochondrial functions, an index of living cells, was used to
assess cellular viability of SNAP- or NAP-treated uninfected
and infected NB41A3 cells. Although there was a slight de-
crease (about 10%) of survival rate of uninfected NB41A3 cells
treated with the highest dose of SNAP tested, 200 uM, com-
pared with cells treated with medium or NAP, no cytotoxicity
was induced by 100 nM or lower concentrations of SNAP (Fig.
2). In fact, infected cells were saved from dying by the SNAP
treatment. The survival rate of VSV-infected NB41A3 cells
was increased about 50% by 100 uM SNAP. Treatment with
NAP had no effect on the survival rate of both uninfected and
infected cells at any concentration. The antiviral effect of
SNAP is not likely due to the result of cytotoxicity.

Kinetics of VSV production by the SNAP-treated infected
cells. The inhibitory effect of SNAP on VSV infection of
NB41A3 cells was further investigated by determining the ki-
netics of VSV production by the SNAP-treated infected cells.
A significant inhibition of viral release was obtained with 100
pM SNAP for multiplicities of infection (MOIs) of both 0.1
and 1 (Fig. 3). The same concentration of NAP had no effect
on the viral production. A lower level of inhibition was ob-
served when NB41A3 cells were infected with VSV at an MOI
of 5. It is possible that high viral load might kill infected cells
rapidly and impair the cellular ability to convert SNAP to NO
and thus is more resistant to the treatment with SNAP. This
possibility, however, was ruled out, in that similar concentra-
tions of NO,~ were produced by both uninfected and infected
cells (MOIs of 0.1, 1, and 5) treated with SNAP (data not
shown). Thus, the cellular ability to produce NO from SNAP
was not impaired even if in the presence of high viral multi-
plicity.

Treating infected cells with 100 wuM SNAP 6 or 3 h prior to
infection resulted in greater inhibition than adding SNAP at
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FIG. 3. Kinetics of VSV production by infected cells treated by SNAP. NB41A3 cells (5 X 10*) were infected with VSV at an MOI of 0.1, 1, or 5 and cotreated with either medium (V), 100 .M SNAP (@), or 100

M NAP (O). SNAP and NAP were replenished every 4 h. At 6, 10, 14, and 18 h postinfection, infectious viral titers in the supernatants of treated cells were determined. The averages of three replicates are shown.
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the time of infection (Fig. 4). Viral production by cells infected
with VSV at an MOI of 0.1 was completely inhibited by adding
SNAP as late as 30 min before infection. When the stringent
test of use of an MOI of 5 was performed, higher level of
inhibition of viral production was also obtained when infected
cells were pretreated with 100 uM SNAP 6 h before infection.
Considering that the half-life of NO is only several seconds and
NO is highly active and forms many products with other mol-
ecules inside living cells (13), this result suggests that NO
inhibits VSV infection indirectly rather than inhibiting VSV
infection directly by itself.

Inhibition of VSV infection by NMDA-induced activation of
neuronal NO synthase. NMDA has been used as an activator
of neuronal NO synthase (3, 7). Significant inhibition of VSV
production by cells infected by all the three doses of virus
tested (MOIs of 0.1, 1, and 5) was obtained by treating
NB41A3 cells for 2 min with 500 puM NMDA (Fig. 5). Adding
300 uM L-NMA, a competitive inhibitor of NO synthase, com-
pletely reversed the inhibitory effect of NMDA on VSV infec-
tion, suggesting that the inhibitory effect of NMDA was medi-
ated by activation of neuronal NO synthase. Treatment of
NB41A3 cells with 500 .M NMDA for 2 min did not result
cytotoxicity (data not shown). Adding 300 uM L-NMA alone to
the infected cells before infection did not have any effect on
VSV production. Unexpectedly, adding 500 .M hemoglobin, a
strong NO-binding protein and thus an inactivator of NO ac-
tivity (32), did not prevent NMDA-induced inhibition of VSV
production. The same concentration of hemoglobin added
alone to infected cells also had no effect on viral production.
Since L-NMA can efficiently diffuse into living cells whereas
hemoglobin cannot, it is reasonable to infer that NO exerts its
inhibitory effect on VSV infection inside NO-generating cells
rather than by an autocrine or paracrine means.

DISCUSSION

The effect of NO on VSV infection was investigated in this
study. Productive VSV infection of NB41A3 cells was greatly
inhibited by 100 uM SNAP (Fig. 1). The survival rate of VSV-
infected cells was also significantly increased by the treatment
with 100 .M SNAP (Fig. 2). Greater inhibition was obtained
by pretreating cells with SNAP before infection (Fig. 4). Acti-
vating the neuronal NO synthase by treating cells with 500 u.M
NMDA led to significant inhibition of viral production by in-
fected cells (Fig. 5). The data strongly support the anti-VSV
effect of NO.

Although one of the smallest and simplest biosynthetic mol-
ecules, NO has now been recognized as a very important factor
in mammalian cells (35, 36, 40). First identified as an endo-
thelium-derived blood vessel-relaxing factor (10), NO has since
been demonstrated to be involved in a wide variety of functions
especially in the CNS, including serving as a neurotransmitter
(42), influencing synaptic plasticity and expression of long-
term potentiation (1a), facilitating NMDA receptor-mediated
neurotransmitter release (33), mediating the formation of syn-
aptic connections in developing and regenerating olfactory re-
ceptor neurons (39), and formation of smell (12).

The importance of NO in immune responses is beginning to
be recognized. It has been demonstrated that NO is a key
component in the host defense against tumor cells, protozoan
parasites, fungi, bacteria, and viruses (21, 24, 41, 45). NO
induces a marked increase in tumor necrosis factor alpha and
interleukin-18 mRNAs through a transcription control (27).
Moreover, NO rapidly activates lymphocytes by enhancing the
NF-kB activity and src family protein tyrosine kinase p56
(23).
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FIG. 5. Reversion of NMDA-induced inhibition of VSV infection by
L-NMA. NB41A3 cells (5 X 10*) were treated with either medium or 500 uM
NMDA for 2 min. Cells were extensively washed and cultured for 30 min before
being infected with VSV at an MOI of 0.1, 1, or 5. .-NMA (300 uM) or
hemoglobin (500 uM) was added in either medium-treated or NMDA-treated
infected cells. Eight hours postinfection, infectious viral titers in the supernatants
were determined on NB41A3 monolayers.

Many cellular targets of NO have been identified in the
living cells. Heme-, transition metal-, or thiol-containing pro-
teins serve as the major targets of NO (35, 43, 44) which, by
binding to these proteins, can inhibit their activities. These
include such essential enzymes as complexes I and II of the
mitochondrial respiratory chain, aconitase, and ribonucleotide
reductase (13). In addition, NO activates cGMP synthetase (3)
and poly(ADP-ribose) synthetase (47). The iron concentration
can also be controlled by NO, which modulates both ferritin
mRNA translation and transferrin receptor mRNA stability
(8). Many other functions are mediated by more complex and
more active forms of NO formed by reacting with O, or H,0O,
(43, 44). Studies reported in this article clearly showed that NO
has an inhibitory effect on VSV infection, but the mechanisms
involved are far from clear. Some of the functions of NO
mentioned above or other, not yet identified ones may mediate
its inhibition.

As it has been ruled out in other viral infections (21), inter-
ference of NO itself with viral infectivity seems less likely. The
greater inhibition observed by treating cells with SNAP several
hours before infection suggests that NO might work indirectly
by inducing and/or activating other antiviral factors inside cells.
Furthermore, contrary to the general belief that NO diffuses
out of the generating cells and mediates its activities through
acting on neighboring cells, the lack of reversion by hemoglo-
bin of NMDA-induced inhibition of VSV infection suggests
that NO mediates its antiviral effects inside cells. Antiviral
actions of NO inside NO-generating neurons might be advan-
tageous for the host, considering the fact that NO-generating
neurons are selectively resistant to toxicity of NO, but the
neighboring neurons are sensitive to the NO-induced neuro-
toxicity (7).

In addition to its potential protective role of controlling
initial infections, NO might also be important in viral clearance
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from the CNS. Viral clearance in the periphery is primarily
mediated by virus-specific T cells. However, the mechanisms of
viral clearance from the CNS, especially from the infected
neurons, are not thoroughly understood but are likely to differ
from those employed in the periphery, because T cells can
recognize only viral antigens presented by self major histocom-
patibility complex (MHC) molecules and neurons lack the
constitutive expression of MHC molecules (18). Furthermore,
neurons do not have an efficient system of loading viral anti-
gens to MHC class I molecules (19). One prominent advantage
of NO as an antiviral agent is its action independent of immune
recognition of the infected cells. As most neurons in the CNS
are terminally differentiated and cannot regenerate after
death, clearance of virus from neurons by a noncytopathic
mechanism is also advantageous.

Research with interferon regulator factor 1 (IRF-1) knock-
out mice provides provocative results on potential effect(s) of
NO on VSV infection. IRF-1, a transcriptional factor, is in-
volved in the antiviral responses of interferons (IFNs) (22).
While the expression of most of IFN-inducible genes (2',5'-
oligoadenylate synthetase, double-stranded RNA-dependent
protein kinases, 1-8, 9-27, and MHC class I H-2K” genes) is not
significantly impaired by IRF-1 inactivation (22, 30), the ex-
pression of inducible NO synthase is severely inhibited in
IRF-1 knockout mice (20, 29). VSV infection of IRF-1 knock-
out mice results in earlier death than in wild-type mice (30),
suggesting an anti-VSV effect of NO in vivo. However, other
unidentified impairments resulted from the deficiency of IRF-1
might complicate the interpretation. In a recent report,
Kimura et al. (22) suggested the nonessential role of IRF-1 and
inducible NO synthase in antiviral responses of IFNs to VSV.
Although the expression of the inducible NO synthase is ab-
rogated by inactivation of IRF-1, the expression of inducible
NO synthase in the wild-type cells that they used in response to
IFNs is very weak, if expressed at all. Their experimental con-
dition (treating embryonic fibroblast cells of wild-type and
IRF-1 knockout mice with IFNs 18 h before VSV infection)
might not be physiological, since in vivo IFNs are produced
only after viral infections. The finding that VSV infection was
not altered in IFN-y receptor knockout mice (34) conflicts with
their assumption of the importance of IFN-y in anti-VSV in-
fection. Overexpression of the IRF-1 ¢cDNA induces an anti-
viral state to VSV (22), further suggesting the importance of
IRF-1 in anti-VSV responses.

Clearance of Sindbis virus from neurons by antibodies
through a noncytopathic mechanism has been demonstrated
(26), but anti-VSV antibodies are less likely to be important
in the control of CNS infection by VSV because anti-VSV
immunoglobulin G appears in the blood only after 8 days
postinfection (30) and infiltration of B cells into the CNS
was not detected until day 14 postinfection (1). The fact that
mice devoid of functional type I IFN (type I IFN receptor
knockout) are extremely sensitive to intravenous VSV in-
fection but type II IFN receptor knockout mice are as resistant
as wild-type mice to intravenous VSV infection suggests the
protective role of type I IFN but not type II IFN in VSV
infection of the periphery (34). However, the roles of IFNs
in controlling VSV infection in the CNS are await investiga-
tion.

Although the results of this study clearly support the anti-
VSV effect of NO, the mechanisms involved are not under-
stood. Further studies in vitro may help to dissect the molec-
ular mechanisms involved in the antiviral effects of NO.

J. VIROL.

ACKNOWLEDGMENTS

We thank Alice S. Huang for thoughtful and provocative discus-
sions. We also thank Philip Furmanski for use of his automated mi-
croplate reader.

This work was supported by a research grant AI18083 to Carol S.
Reiss from the NIH.

REFERENCES

1. Bi, Z., and C. S. Reiss. Unpublished data.

la.Bohme, G. A., C. Bon, J. M. Stutzman, A. Doble, and J. C. Blanchard. 1991.
Possible involvement of nitric oxide in long-term potentiation. Eur. J. Phar-
macol. 199:379-381.

2. Bredt, D. S., P. M. Huang, and S. H. Snyder. 1990. Localization of nitric
oxide synthase indicating a neural role for nitric oxide. Nature (London)
347:768-770.

3. Bredt, D. S., and S. H. Snyder. 1989. Nitric oxide mediates glutamate-linked
enhancement of cGMP levels in the cerebellum. Proc. Natl. Acad. Sci. USA
86:9030-9033.

4. Chao, C. C., S. Hu, T. W. Molitor, E. G. Shaskan, and P. K. Peterson. 1992.
Activated microglia mediate neuronal cell injury via a nitric oxide mecha-
nism. J. Immunol. 149:2736-2741.

5. Corradin, S. B., J. Mauel, S. D. Donini, E. Quattrocchi, and P. Ricciardi-
Castagnoli. 1993. Inducible nitric oxide synthase activity of cloned murine
microglial cells. Glia 7:255-262.

6. Cserr, H. F., and P. M. Knopf. 1992. Cervical lymphatics, the blood-brain
barrier and the immunoreactivity of the brain: a new view. Immunol. Today
13:507-512.

7. Dawson, V. L., T. M. Dawson, E. D. London, D. S. Bredt, and S. H. Snyder.
1991. Nitric oxide mediates glutamate neurotoxicity in primary cortical cul-
tures. Proc. Natl. Acad. Sci. USA 88:6368-6371.

8. Drapier, J. C., H. Hirling, J. Wietzerbin, P. Kaldy, and L. L. Kuhn. 1993.
Biosynthesis of nitric oxide activates iron regulatory factor in macrophages.
EMBO J. 12:3643-3649.

9. Forger, J. M., R. T. Bronson, A. S. Huang, and C. S. Reiss. 1991. Murine
infection by vesicular stomatitis virus: initial characterization of the H-2¢
system. J. Virol. 65:4950-4958.

10. Furchgott, R. F., and J. V. Zawadzki. 1980. The obligatory role of endothelial
cells in the relaxation of arterial smooth muscle by acetylcholine. Nature
(London) 288:373-376.

11. Galea, E., D. J. Reis, and D. C. Feinstein. 1994. Cloning and expression of
inducible nitric oxide synthase from rat astrocytes. J. Neurosci. Res. 37:406—
414.

12. Gelperin, A. 1994. Nitric oxide mediates network oscillations of olfactory
interneurons in a terrestrial mollusc. Nature (London) 369:61-63.

13. Henry, Y., M. Lepoivre, J. C. Drapier, C. Ducrocq, J. L. Boucher, and A.
Guissani. 1993. EPR characterization of molecular targets for NO in mam-
malian cells and organelles. FASEB J. 7:1124-1134.

14. Huang, A. S., and E. K. Manders. 1972. RNA synthesis in vesicular stomatitis
virus. IV. Transcription by standard virus in the presence of defective inter-
fering particles. J. Virol. 9:909-916.

15. Huneycutt, B. S., Z. Bi, C. J. Aoki, and C. S. Reiss. 1993. Central neuro-
pathogenesis of vesicular stomatitis virus infection of immunodeficient mice.
J. Virol. 67:6698-6706.

16. Huneycutt, B. S., L. V. Plakhov, Z. Shusterman, S. M. Bartido, A. S. Huang,
C. S. Reiss, and C. Aoki. 1994. Distribution of vesicular stomatitis virus
proteins in the brain of BALB/c mice following intranasal inoculation:an
immunohistochemical analysis. Brain Res. 635:81-95.

17. Irinoda, K., K. N. Masihi, G. Chihara, Y. Kaneko, and T. Kator. 1992.
Stimulation of microbicidal host defense mechanisms against aerosol influ-
enza virus infection by Lentinan. Int. J. Inmunopharmacol. 14:971-977.

18. Joly, E., L. Mucke, and M. B. A. Oldstone. 1991. Viral persistence in neurons
explained by lack of major histocompatibility class I expression. Science
253:1283-1285.

19. Joly, E., and M. B. A. Oldstone. 1992. Neuronal cells are deficient in loading
peptides onto MHC class I molecules. Neuron 8:1185-1190.

20. Kamijo, R., H. Harada, T. Matsuyama, M. Bosland, J. Gerecitano, D. Sha-
piro, J. Le, S. I. Koh, T. Kimura, S. J. Green, T. W. Mak, T. Taniguchi, and
J. Vilcek. 1994. Requirement for transcription factor IRF-1 in NO synthase
induction in macrophages. Science 263:1612-1615.

21. Karupiah, G., Q. W. Xie, R. M. L. Buller, C. Nathan, C. Duarte, and J. D.
Macmicking. 1993. Inhibition of viral replication by Interferon-y induced
nitric oxide synthase. Science 261:1445-1448.

22. Kimura, T., K. Nakayama, J. Penninger, M. Kitagawa, H. Harada, T. Mat-
suyama, N. Tanaka, R. Kamijo, J. Vilcek, T. W. Mak, and T. Taniguchi.
1994. Involvement of the IRF-1 transcription factor in antiviral responses to
interferons. Science 264:1921-1924.

23. Lander, H. M., P. Sehajpal, D. M. Levine, and A. Novogrodsky. 1993. Acti-
vation of human peripheral blood mononuclear cells by nitric oxide-gener-
ating compounds. J. Immunol. 150:1509-1516.

24. Lee, S. C., D. W. Dickson, C. F. Brosnan, and A. Casadevell. 1994. Human
astrocytes inhibit Cryptococcus neoformans growth by a nitric oxide-medi-



VoL. 69, 1995

25.

26.

27.

28.
29.

30.

31

32.

33.

34,

35.

ated mechanism. J. Exp. Med. 180:365-369.

Leibowitz, S., and R. A. C. Hughes. 1983. Immunology of the nervous system,
p. 1-16. Edward Arnold Publishers, London.

Levine, B., J. Hadwick, B. Trapp, T. Crawford, R. Bollinger, and D. Griffin.
1991. Antibody-mediated clearance of alphavirus infection from neurons.
Science 254:856-860.

Magrinat, G., S. N. Mason, P. J. Shami, and J. B. Weinberg. 1992. Nitric
oxide modulation of human leukemia cell differentiation and gene expres-
sion. Blood 80:1880-1884.

Marietta, M. A. 1994. Nitric oxide synthase: aspects concerning structure and
catalysis. Cell 78:927-930.

Martin, E., C. Nathan, and Q. W. Xie. 1994. Role of interferon regulatory
factors in induction of nitric oxide synthase. J. Exp. Med. 180:977-984.
Matsuyama, T., T. Kimura, M. Kitagawa, K. Pteffer, T. Kawakami, N.
Watanabe, T. M. Kundig, R. Amakawa, K. Kishihara, A. Wakeham, J.
Potter, C. L. Furionger, A. Narendran, H. Suzuki, P. S. Ohashi, C. J. Paige,
T. Tanioguchi, and T. W. Mak. 1993. Targeted disruption of IRF-1 or IRF-2
results in abnormal type I IFN gene induction and aberrant lymphocyte
development. Cell 75:83-97.

Merrill, J. E., L. J. Ignarro, M. P. Sherman, J. Melinek, and T. E. Lane.
1993. Microglial cell cytoxicity of oligodendrocytes is mediated through nitric
oxide. J. Immunol. 151:2132-2141.

Moncada, S., and A. Higgs. 1993. The r-arginine-nitric oxide pathway. N.
Engl. J. Med. 329:2002-2012.

Montague, P. R., C. D. Gancayeo, M. J. Wimn, R. B. Marchase, and M. J.
Friedlande. 1994. Role of NO production in NMDA receptor-mediated
neurotransmitter release in cerebral cortex. Science 263:973-977.

Muller, U., U. Steinhott, C. F. L. Reis, S. Hemmi, J. Pavlovic, R. M. Zink-
ernagel, and M. Aguet. 1994. Functional role of type I and type II interferons
in antiviral defense. Science 264:1918-1921.

Nathan, C. 1992. Nitric oxide as a secretory product of mammalian cells.
FASEB 1. 6:3051-3064.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

VIRAL INHIBITION BY NO 2213

Nathan, C., and Q. W. Xie. 1994. Nitric oxide synthases: roles, tolls, and
controls. Cell 78:915-918.

Petrarca, M. A., C. S. Reiss, D. C. Diamond, J. Boni, S. J. Burakoff, and D. V.
Faller. 1988. T cell hybridomas define class II MHC-restricted responses to
VSV infection. Microb. Pathog. 15:319-332.

Plakhov, L. V., C. Aoki, E. E. Arlund, and C. S. Reiss. The carliest events in
VSV infection of the murine olfactory neuroepithelium and entry of the
central nervous system. Submitted for publication.

Roskams, A. J., D. S. Bredt, T. M. Dawson, and G. V. Ronnett. 1994. Nitric
oxide mediates the formation of synaptic connections in developing and
regenerating olfactory receptor neurons. Neurons 13:289-299.

Schmidt, H. H. H. W., and U. Walter. 1994. NO at work. Cell 78:919-925.
Seguin, M. C., F. W. Klotz, 1. Schneider, J. P. Weir, M. Goodbary, M.
Slayter, J. J. Raney, J. U. Aniagolu, and S. J. Green. 1994. Induction of nitric
oxide synthase protects against malaria in mice exposed to irradiated Plas-
modium berghei infected mosquitoes involvement of interferon gamma and
CD8* T Cells. J. Exp. Med. 180:353-358.

Snyder, S. H. 1992. Nitric oxide: first in a new class of neurotransmitters?
Science 257:494-496.

Stamler, J. S. 1994. Redox signalling nitrosylation and related target inter-
actions of nitric oxide. Cell 78:731-936.

Stamler, J. S., D. J. Singel, and J. Loscalzo. 1992. Biochemistry of nitric
oxide and its redox-activated forms. Science 258:1896-1902.

Stenger, S., H. Thuring, M. Rollinghoff, and C. Bogdan. 1994. Tissue ex-
pression of inducible nitric oxide synthase is closely associated with resis-
tance to Leishmania Major. J. Exp. Med. 180:783-793.

Wagner, R. R. 1987. Rhabdovirus biology and infection: an overview, p. 9-74.
In R. R. Wagner (ed.), The rhaboviruses. Plenum Press, New York.
Zhang, J., V. L. Dawson, T. M. Dawson, and S. H. Snyder. 1994. Nitric oxide
activation of poly (ADP-ribose) synthetase in neurotoxicity. Science 263:
687-689.



