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Abstract

 

Nitric oxide (NO) is a radical molecule that not only serves

as a vasodilator and neurotransmitter but also acts as a cy-

totoxic effector molecule of the immune system. The induc-

ible enzyme making NO, inducible NO synthase (iNOS), is

transcriptionally activated by IFN-

 

g

 

 and TNF-

 

a

 

, cytokines

which are produced during viral infection. We show that

iNOS is induced in mice infected with the Coxsackie B3 vi-

rus. Macrophages expressing iNOS are identified in the

hearts and spleens of infected animals with an antibody

raised against iNOS. Infected mice have increased titers of

virus and a higher mortality when fed NOS inhibitors.

Thus, viral infection induces iNOS in vivo, and NO inhibits

viral replication. NO is a novel, nonspecific immune defense

against viruses in vivo. (

 

J. Clin. Invest.

 

 1996. 97:1837–1843.)
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Introduction

 

Nitric oxide (NO)

 

1

 

 is a radical molecule produced by a variety
of cells. NO acts as a neurotransmitter, a vasodilator, and as a
cytotoxic immune effector (1–6). NO is produced by NO syn-
thase (NOS), which occurs as several isoforms. The constitu-
tive isoforms, such as endothelial NOS and neuronal NOS, are
regulated by Ca

 

2

 

1

 

 and calmodulin. We and others have cloned
the inducible isoform (iNOS) from murine macrophages (7–9).
iNOS is present in activated but not resting macrophages, and
it always produces NO when synthesized, so its activity is tran-
scriptionally regulated. We and others isolated the promoter
region flanking the iNOS gene and showed that it contains re-
sponse elements capable of binding transcription factors in-
duced by viral infection, such as nuclear factor-

 

k

 

B and IFN re-
sponse factor-1 (10, 11). The presence of sequences that
potentially activate iNOS transcription in response to viral in-
fection suggests that NO plays a role in responding to viruses.

We used a murine model of viral myocarditis to explore the
role of NO during viral infection. The B10.A mouse, when
treated with LPS at the time of infection with Coxsackie virus
B3 (CVB3), develops maximum viremia within 3 d and can die
within 7–10 d. With this system we show that macrophages
within myocarditic infiltrates express NOS in virally infected
mice, and that inhibition of NOS both increases mortality and
accelerates the time course of mortality. The viral load is in-
creased in infected mice that are fed NOS inhibitors, suggest-
ing that NO inhibits viral replication in vivo, as has been re-
ported with in vitro studies by others (12–15). 

 

Methods

 

Materials.

 

The iNOS cDNA was previously cloned by our laboratory
(7). The antibody hybridizing to a subpopulation of macrophages ex-
pressing MAC-3 was prepared from a hybridoma cell line from
American Type Culture Collection (ATCC; Rockville, MD; M3/
84.6.34) (16). The antibody hybridizing to cells expressing the com-
mon leukocyte antigen (CLA) antibody was prepared from a hybri-
doma cell line from ATCC (M1/9.3.4.HL.2) (17). The antibody hy-
bridizing to cells expressing the 5E6 natural killer cell antigen was
obtained from PharMingen (San Diego, CA; 01621D) (18).

 

Production of an anti-iNOS antibody.

 

A rabbit polyclonal anti-
iNOS peptide antibody was produced using methods previously
described (19, 20). In brief, a peptide corresponding to the COOH-
terminal 15 amino acids of iNOS was synthesized (AKKGSALEEP-
KATRL) and coupled to thyroglobulin. The conjugate was injected
with complete Freund’s adjuvant into a New Zealand White rabbit; a
booster injection was repeated at monthly intervals, and serum was
collected 1 wk afterwards (Hazelton Research, Inc., Denver, PA).
The antibody was purified from the serum using an affinity column of
peptide conjugated to BSA.

 

Immunohistochemistry and Western blots.

 

Western blot analysis
was performed as described previously (19). In brief, 200 

 

m

 

g of mac-
rophage homogenate was fractionated by SDS-PAGE and then
transferred to a nylon membrane, blocked and washed, incubated
with the anti-iNOS antibody at a dilution of 1:2,500, and developed
with a chemiluminescent system (ECL; Amersham Corp., Arlington
Heights, IL; according to the manufacturer’s instructions). Immuno-
histochemistry was performed as described previously (19). In brief,
tissue from paraformaldehyde-perfused mice was frozen in O.C.T.
medium, and 4-

 

m

 

m-thick serial sections were cut. The tissue slices
were mounted on slides, blocked with BSA, incubated with rabbit
anti–murine iNOS antibody at dilutions of 1:250, washed, incubated
with a secondary biotinylated goat anti–rabbit antibody, washed, in-
cubated with a streptavidin–horseradish peroxidase conjugate, and
developed with a kit (Vector Laboratories, Inc., Burlingame, CA; ac-
cording to the manufacturer’s instructions). As controls, tissues were
processed similarly with the primary antibody omitted. For quantita-
tion of cellular infiltrates, transverse sections of murine left ventricle
were examined at the level of the papillary muscles. A minimum of 20
high-powered fields (

 

3

 

400) were examined, and the total number of
positive-staining cells per field was counted. 

 

NOS catalytic activity assay.

 

NO production was measured by
monitoring the conversion of [

 

3

 

H]arginine to [

 

3

 

H]citrulline as de-
scribed previously (21). In brief, tissue or cell samples were homoge-
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nized in Tris-EDTA buffer; the homogenate was added to a mixture
of NADPH, EDTA, and 5 

 

3 

 

10

 

4

 

 cpm [

 

3

 

H]arginine (New England
Nuclear, Boston, MA), and incubated at 22

 

8

 

C for 15 min. The reac-
tion mixture was run over a column of Dowex 50XW mesh 200–400
(Sigma Chemical Co., St. Louis, MO), and the [

 

3

 

H]citrulline in the
flow-through was counted in a scintillation counter.

 

Viral culture.

 

CVB3 was maintained in our laboratory (22, 23).
Aliquots of virus (generous gift of Dr. S. Huber, University of Ver-
mont, Burlington, VT) were plated onto HeLa cells, and the virus was
collected from the supernatant and cells, centrifuged, and stored at

 

2

 

70

 

8

 

C. Viral virulence was measured by intraperitoneal injection
into B10.A mice. 

 

Macrophage culture and stimulation.

 

RAW 264.7 macrophages
(ATCC) were grown and stimulated as described previously (7). To
prepare extracts of stimulated macrophages, 10-cm plates of 10

 

7

 

 mac-
rophages were stimulated for 8 h with 3 ng/ml LPS (

 

Escherichia coli

 

0111:B4; Sigma Chemical Co.) and 10 U/ml recombinant murine
IFN-

 

g

 

 (gift of the American Cancer Society). The macrophages were
then scraped from the plates, suspended in 1 ml PBS, and homoge-
nized in a Dounce homogenizer (Kontes Glass Co., Vineland, NJ).

 

Murine infection.

 

The murine model of CVB3 myocarditis has
been extensively studied in our laboratory (22–25). In brief, B10.A
mice were injected intraperitoneally with a dilution of CVB3 virus
standardized to produce death in 50% of the animals by day 7. On
day 2, the mice were injected intraperitoneally with 1 

 

m

 

g LPS. Some
mice were fed NOS inhibitors in their drinking water (26). Either 10
mM 

 

N

 

G

 

-mono-methyl-arginine (NMMA; Calbiochem Corp., La
Jolla, CA) or 100 mM 

 

N

 

G

 

-arginine methyl ester (NAME; Sigma
Chemical Co.) was supplied as drinking water to control or infected
mice. (In later experiments, lower doses of methyl-arginine were used
as described in figure legends.) The amount of water consumed and
the weight of the mice were recorded to ensure that morbidity and
mortality did not reflect differences in hydration. For determining vi-
ral content of the hearts of infected mice, mice were killed 5 d after
infection, a time point previously determined to be associated with
peak cardiac viral titers; 1 g of heart was homogenized in 1 ml 2%
MEM medium (GIBCO BRL, Gaithersburg, MD); and 20 

 

m

 

l was as-
sayed for viral titer. Viral quantity was then determined by titering
homogenate on HeLa cells; serial dilutions were made until a reduc-
tion from 100 to 50% of cytopathic effect was seen. To measure the
induction of NOS by viral infection, B10.A mice were injected intra-
peritoneally with 1 ml of HeLa cell supernatant containing CVB3.
Hearts and spleens were harvested from control and infected mice 7 d
after infection.

 

Statistics.

 

A Student’s 

 

t

 

 test was used to assess differences in viral
titers in hearts between groups of mice given different amounts of
NMMA (see Table II). An ANOVA analysis was used to assess dif-
ferences in individual cell markers between groups of infected ani-
mals at different time points (see Table III). In all tests, 

 

P

 

 values of
0.05 or less were considered to indicate statistical significance.

 

Results

 

Viral infection activates iNOS in the heart.

 

CVB3 elicits myo-
carditis in humans (27) and mice (22–25). We treated B10.A
mice with CVB3 and LPS, and 7 d later we assayed the spleen
and heart for NOS catalytic activity (Fig. 1). In infected mice,
negligible NOS activity occurs in the spleen, whereas a massive
increase in NOS activity is evident in the heart. Of the several
forms of NOS, the neuronal and endothelial enzymes are abso-
lutely dependent upon Ca

 

2

 

1

 

, whereas iNOS activity is inde-
pendent of Ca

 

2

 

1

 

. Treatment with the chelating agent EDTA
fails to decrease cardiac NOS activity in tissue from infected
animals. Indeed, a modest increase of NOS activity that is con-
sistently evident in several replications occurs with EDTA

(data not shown). The mechanism for this increase is not ap-
parent.

We wished to ascertain whether the activated NOS in the
hearts was derived from macrophages and to localize the cellu-
lar elements producing NOS using immunohistochemistry. Ac-
cordingly, we developed antisera in rabbits immunized with a
peptide whose sequence occurs in iNOS but not in neuronal or
endothelial NOS. Affinity-purified antibodies were used in
Western blots of macrophages in culture stimulated with LPS
and IFN-

 

g

 

 for various times (Fig. 2). A band corresponding in
molecular weight to iNOS, 

 

z 

 

135 kD, is first evident at 4 h and
becomes progressively more intense at 6 and 24 h. This corre-
sponds to the known time course for induction of new iNOS
protein. Immunohistochemistry of the same populations of
macrophages reveals negligible staining in unstimulated mac-
rophages, whereas, 8 h after stimulation with LPS and IFN-

 

g

 

,
intense staining is evident in discrete regions of macrophage
cytoplasm (Fig. 3).

Immunohistochemistry was used to localize cells express-
ing iNOS in the spleen and heart of virally infected mice (Fig.

Figure 1. NOS catalytic activity in myocarditis. Hearts and spleens 
were collected from control and CVB3-infected B10.A mice on day 7 
and assayed for iNOS catalytic activity in the presence of EDTA to 
abolish constitutive NOS activity. n 5 3 mice per data point6SEM; 
P , 0.05 for CVB3 and CVB3 1 LPS hearts vs controls. 

Figure 2. Activated 
macrophage extracts ex-
press iNOS protein. 
Macrophages were stim-
ulated with LPS and 
IFN-g for 0, 2, 4, 6, and 
24 h. Homogenates of 
macrophage were elec-
trophoresed, transferred 
onto a membrane, and 
probed with anti-iNOS 
antibody. 
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4). The spleen is comprised of circular germinal centers or
white pulp enriched in lymphocytes, surrounded by the red
pulp enriched in mononuclear cells. No iNOS staining is
evident in the white pulp, whereas 

 

z 

 

1% of the mononuclear
cells in the red pulp stains for iNOS (Fig. 4 

 

A

 

). In infected
mice, the architectural boundaries of white and red pulp are
disrupted. Increased iNOS staining is evident, with 

 

z 

 

10% of
the mononuclear cells staining positively (Fig. 4 

 

B

 

). This corre-
sponds with the iNOS mRNA localization that we reported
previously (7).

In hearts of control mice, negligible iNOS staining is de-
tected (Fig. 4 

 

C

 

), whereas prominent staining occurs in in-
fected mice. Two staining patterns are seen in infected mice.
Within focal zones of myocyte necrosis, infiltrating macro-

phages stain intensely for iNOS. In addition, macrophages
staining for iNOS are scattered throughout the interstitial
spaces between nonnecrotic myocardial fibers (Fig. 4 

 

D

 

). Focal
zones of necrosis and diffuse interstitial mononuclear cell infil-
trates are the classical histologic pattern found in CVB3 myo-
carditis in the LPS-treated B10.A murine strain (24, 25).

Since the mice were treated with LPS as well as virus and
LPS alone can induce iNOS, we also examined mice treated
with the same dose of LPS but no virus. In these animals, we
do not observe iNOS staining in the heart (data not shown).
We also examined mice treated with virus alone but no LPS. In
these animals, iNOS was expressed in cardiac mononuclear
cells (data not shown).

Like B10.A mice, A.SW mice develop myocarditis when

Figure 3. Activated macrophages 
express iNOS. Immunocytochem-
istry with the anti-iNOS antibody 
of macrophages (A) resting and 
(B) stimulated with LPS and 
IFN-g for 6 h.
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treated with CVB3, although no boost with LPS is necessary
for development of the late phase of myocarditis. In some ex-
periments, we treated A.SW mice with CVB3 in the absence of
LPS and examined their hearts 7 d later (data not shown). The
pattern and extent of iNOS staining in the heart is essentially
the same in these mice as in the B10.A mice. 

 

NOS inhibitors increase mortality and viral titer.

 

The acti-
vation of iNOS in the hearts of virally infected mice could rep-
resent an antiviral immune response or a postviral immune re-
sponse that damages the heart. Discriminating between these
alternatives might be feasible by ascertaining whether inhibi-
tion of NO formation is therapeutic or worsens the clinical
state of the animals. Accordingly, we treated mice with two in-
hibitors of NOS, NMMA or NAME (Table I). Feeding
NMMA or NAME to control or LPS-treated mice does not
produce significant mortality. Viral infection alone produces
40–50% mortality. Virtually all infected animals treated with
NAME or NMMA die.

To explore possible mechanisms for the increased mortal-
ity produced by NOS inhibitors, we monitored the viral titer in
myocardial extracts of mice fed different amounts of NMMA
(Table II). An increase in viral titer is evident with a 

 

. 

 

1,000-
fold increase of viral titer at the highest dose of NMMA.

 

NOS inhibitors increase inflammatory infiltrates in hearts of

infected mice.

 

To determine the effect of NOS inhibition upon
the kinetics of immune cell infiltration into the heart, mice
were harvested at days 3, 5, and 9 after infection with CVB3;
sections of their hearts were processed for immunohistochem-
istry with antibodies against the MAC-3, CLA, and natural
killer markers; and the numbers of staining cells were counted
per high-power field. Inhibition of NOS is associated with a
mild increase in macrophages infiltrating into the heart after
3 d of infection and an increase in natural killer cells after 3
and 5 d of infection, but after 9 d of infection the numbers of
cells expressing MAC-3, CLA, and natural killer markers are
approximately equal (Table III). (The large standard devia-
tions in cell counts are due to the focal nature of the disease.) 

 

Discussion

 

Our study provides several lines of evidence indicating a major
role for NO in defending against viral infections, at least in the
case of Coxsackie virus myocarditis. Other investigators have
reported that infection with various viruses induces expression
of iNOS in vitro (12, 13, 15, 28–31). MacMicking and associates
(13) have observed that transfection of iNOS cDNA into cells
in culture decreases viral titer in these cells. Croen (12) ob-
served that induction of iNOS in virally infected macrophages
decreases viral titer in these cells.

We provide evidence that this antiviral effect of NO ob-
served in vitro plays a role in an organism’s response to viral
infection. Thus, we show that viral infection produces a pro-
found augmentation of iNOS in the heart. Evidence that NO
protects the animal from damaging effects of early virus-medi-
ated injury comes from our experiments in which NOS inhibi-
tors increase viral titer and mortality. 

NO is a prominent vasodilator that also inhibits platelet ag-
gregation. One potential role of NO in inflammatory re-
sponses could be relatively nonspecific: namely, to increase
vascular perfusion of the infected areas, permitting lympho-
cytes to infiltrate and produce selective antiviral antibodies.
Some studies suggest that NO may reduce inflammatory re-
sponses by decreasing neutrophil adherence to endothelium
(32–35). Our findings favor a direct antiviral role of NO in re-
sponse to infection. This would fit with the established antibac-
terial effects of NO (36–41).

In this murine myocarditis model, viral infection stimulates
infiltrating mononuclear cells to secrete IFN-

 

g

 

, IL-1

 

b

 

, IL-6,
and TNF-

 

a

 

 (24, 25, 42, 43). In addition, CVB3-induced pro-
duction of IL-1

 

b

 

, IL-6, and TNF-

 

a

 

 has been demonstrated in
human monocytes (44). We (10) and others (11) have shown
that the regulatory region of the iNOS gene contains specific
recognition sites for transcription factors induced by IL-6,
TNF-

 

a

 

, and IFN-

 

g

 

. By deletion analysis, we have shown regu-
latory functions for these regions in the induction of iNOS.
The release of these cytokines from mononuclear cells proba-
bly stimulates the expression of iNOS during viral infection. 

 

Figure 4.

 

Infected mice express iNOS in their spleens and hearts on day 7. Immunohistochemistry with the anti-iNOS antibody shows that iNOS 
is absent in spleens of control mice (

 

A

 

) but present in spleens from infected mice (

 

B

 

). Control animals do not express iNOS in their heart (

 

C

 

), 
but infected animals express iNOS in their hearts in an infiltrative pattern (

 

D

 

). The magnification is 400. Noninfected control mice given LPS 
alone on day 2 do not express iNOS in their heart on day 7 (data not shown).

 

Table I. NOS Inhibitors Increase Mortality in
CVB3-infected Mice

 

Group Infection LPS Treatment Death

 

A

 

2 2

 

NAME 1/6

B

 

2 2

 

NMMA 0/6

C

 

2 1

 

NAME 1/10

D

 

1 1

 

5/11

E

 

1 2

 

NAME 10/10

F

 

1 1

 

NAME 13/14

G

 

1 1

 

NMMA 16/16

Mice were infected with a fixed dose of Coxsackie virus, and their mor-

tality was observed after 7 d. Some mice were fed 10 mM NMMA or 10

mM NAME in drinking water. Data are reported as dead mice/total

mice for each data point.

 

Table II. Inhibition of NOS Increases Viral Titer
in Infected Mice

 

Group [NMMA]

Log viral titer
(50% of tissue culture

infectious dose)

 

mM

 

A 0 3.3

 

6

 

0.2

B 0.8 3.6

 

6

 

0.5

C 4.0 3.2

 

6

 

0.2

D 8.0 6.4

 

6

 

0.8

Mice were infected with Coxsackie virus and fed various doses of

NMMA. After 5 d, the viral content of 20 

 

m

 

g heart was measured. 

 

n

 

 

 

5

 

 3

for each data point

 

6

 

SEM; 

 

P

 

 

 

,

 

 0.02 for [NMMA] 

 

5

 

 8 mM.
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Cytokines can also induce iNOS expression in cardiac myo-
cytes in vitro (45–47), and iNOS can be expressed in cardiac
myocytes and microvascular endothelial cells in animal models
of inflammation such as cardiac allograft rejection (48–50).
However, by immunohistochemistry we did not detect iNOS
expression in cardiac cells other than infiltrating mononuclear
cells. It is possible that iNOS is expressed in cardiac myocytes
at a low level that is not detected by immunohistochemistry
but at a level sufficient to synthesize enough NO to block viral
replication. Since the number of cardiac myocytes is much
greater than the number of infiltrating mononuclear cells, a
small amount of iNOS expressed in many cardiac myocytes
could generate more NO than a large amount of iNOS in rela-
tively few macrophages.

After induction of iNOS by cytokines, the elaborated NO
elicits direct antiviral effects. This response would appear to
reflect a rapid but nonspecific type of immune activity, con-
trasted with the slower but highly site-specific recognition ac-
tions of antibodies and T cell receptors. 

How does NO inhibit viral replication? Conceivably, NO
could exert an antiviral effect through its influences upon the
host cell. NO can influence cell metabolism in several ways. It
inhibits glyceraldehyde-3-phosphate dehydrogenase, thus di-
minishing glycolysis (51–55), 

 

cis

 

-aconitase (56, 57), and mito-
chondrial respiratory enzymes (58), and perhaps it can affect
the Krebs cycle. As NO has been demonstrated to damage
DNA (59–61), it can probably also damage viral RNA. The
known ability of NO to inhibit ribonucleotide reductase (62,
63) may also influence viral replication. NO can also affect the
viral life cycle by influencing intracellular signaling pathways
regulated by oxidation of sulfhydryl groups (29). NO might
bind to metal ions in viral proteins that are required for repli-
cation. Thus, a nitroso compound was shown to reduce HIV
infectivity by ejecting zinc from a transcription factor that con-
tains a zinc finger motif (64). Whereas the CVB3 genome does
not contain zinc finger motifs, NO could conceivably influence
metal ions of other transcription factors. NO can inhibit cell
proliferation, but Coxsackie is a picornavirus whose replica-

tion involves a viral RNA-dependent RNA polymerase and
thus is not absolutely dependent upon host cell replication. 

Inhibition of NOS is associated with a temporary increase
in immune cell infiltration into the hearts of infected mice (Ta-
ble III). Although macrophages are more prominent in hearts
of treated mice after 3 d of infection, and although natural
killer cells are more prominent in the hearts of treated mice af-
ter 3 and 5 d of infection, the numbers of infiltrating cells are
the same after 9 d of infection in the hearts of treated and un-
treated mice. Perhaps more macrophages and natural killer
cells migrate into the heart because NOS inhibition permits vi-
ral replication to increase, inducing higher levels of local cy-
tokine production, which in turn stimulates additional mac-
rophage and natural killer cell migration. This would support
prior studies that show that macrophages and natural killer
cells (65, 66) play a role in suppressing CVB3 replication.
Thus, although other antiviral molecules are induced by viral
infection, and although cells other than macrophages are in-
volved in the host response to viral infection, NO plays a major
role in defending B.10A mice from CVB3 infection.
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