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Nitric oxide (NO) has been shown to be important for intracellular microbiostasis in vitro. To determine the
role of NO in immune function in vivo, groups of C57BL/6 mice were given a sublethal intravenous inoculum
of Listeria monocytogenes EGD, and their urine was monitored daily for nitrate, the mammalian end product
of NO metabolism. Urinary nitrate levels peaked at 5 to 10 times the basal level on days 5 to 6, when spleen
and liver Listeria counts declined most steeply, and decreased thereafter, when spleens and livers were nearly
sterile. Peritoneal macrophages explanted from Listeria-infected mice produced nitrite spontaneously, whereas
macrophages from uninfected mice did not. The inducible NO synthase mRNA was detectable in the spleens
of infected mice on days 1 to 4 of infection. When Listeria-infected mice were treated orally throughout the
infection with N`'-monomethyl-L-arginine (NMMA), a specific NO synthase inhibitor, they showed no

detectable rise in urinary nitrate excretion. Mean Listeria counts in the livers and spleens of NMMA-treated
mice were 1 to 3 orders of magnitude greater than counts in control mice on days 4 through 8 of infection.
Compared with control mice, NMMA-treated mice also showed worse clinical signs of infection, namely, weight
loss, hypothermia, decreased food and water intake, and decreased urine output. Histologically, NMMA-
treated mice had many more inflammatory foci in their livers and spleens than control mice. The histologic
observation that mononuclear cells are present at sites of infection suggests that inhibiting NO production did
not block the flux of macrophages into infected viscera. As controls for possible drug toxicity, a group of
uninfected mice given NMMA orally showed no detrimental effects on weight, temperature, and food and water
intake. These experiments demonstrate that inhibition of NO production in Listeria-infected mice results in an
exacerbated infection and thus that NO synthesis is important for immune defense against Listeria infection
in mice.

Following the discoveries that nitric oxide (NO) is produced
enzymatically by activated macrophages and that it functions as

a cytotoxic effector molecule for tumor target cells (28, 29),
NO was postulated to exert antimicrobial effects on pathogenic
intracellular microorganisms. This postulate gained support
when it was shown that certain bacteria, fungi, and protozoa
are sensitive to NO-induced cytostasis and/or killing in vitro
(1, 2, 4, 13, 21, 23, 24, 32, 40). Recent attempts have been
made to demonstrate the in vivo relevance of these observa-
tions and, thus, to establish a role for NO in mammalian
cell-mediated immunity. Liew et al. reported exacerbation of
cutaneous leishmaniasis in mice upon intralesional injection of
the NO synthase (NOS) inhibitor N"l-monomethyl-L-arginine
(NMMA) (34). Recently, Green et al. showed that the large
nitrate excretion accompanying Mycobacterium bovis BCG
administration in mice correlated with nonspecific resistance
to challenge with the heterologous microorganism Francisella
tularensis (25). In this system, inhibition of cytokines that are

known inducers of NOS both suppressed nitrate excretion and
abrogated nonspecific resistance to tularemia. Furthermore,
administration of NMMA blocked this nonspecific resistance,
suggesting that NO production plays an important role in host
resistance under these conditions. Evans et al. observed NOS
induction in vivo during cutaneous leishmaniasis (17). They
found that inhibiting NOS by oral administration of NMMA
exacerbated the cutaneous infection and led to an increase in
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parasites in regional lymph nodes. Beckerman et al. reported
exacerbation of Listeria monocytogenes infection in SCID mice
after intraperitoneal administration of aminoguanidine, an

NOS inhibitor (6), and suggested a role for NO in T-cell-
independent host resistance. However, neither of these studies
documented in vivo NOS inhibition. Recently, Gregory et al.
provided data suggesting that NO suppressed acquired immu-
nity to Listeria spp. (27). Mice given a single intravenous dose
of NMMA at the time of infection had fewer listeriae in their
livers and spleens on days 3 and 7 than controls did. These
results conflict with those of Liew et al. (34), Evans et al. (17),
and Beckerman et al. (6). Thus, it is not clear what role NO
plays during infection in vivo. Studies such as these are

complicated by the known multiplicity of physiological actions
of NO in vivo, which include effects on vasculature (41) and on

neuron (19), platelet (37), and lymphocyte (31) function.
By utilizing methods reported by Green et al. (22) and later

by Stuehr and Marletta (48), we reported that M. bovis BCG
infection in mice led to marked induction of NO synthesis in
vivo (20). BCG-infected mice excreted up to 200 times more

daily urinary nitrate, the major product of endogenously
synthesized NO, than uninfected controls. When NMMA was

administered orally to BCG-infected mice by adding the
compound to their drinking water, nitrate excretion was inhib-
ited by 90%. This methodology could be used to examine the
role of inducible NO synthase (iNOS) in murine listeriosis.
This is a relatively short-lived primary infection for which cells
known to produce NO, namely macrophages and hepatocytes,
are parasitized by Listeria spp. Immunoglobulins are not
protective, but immunity can be transferred adoptively with T
lymphocytes from convalescent animals (35, 36). This report
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documents the induction of NOS in mice at a site of Listeria
infection, gives measurements of in vivo NO production over
the course of infection, and examines the effect of inhibiting
NOS on the host organism load in the liver and spleen. The
histopathology of these infected organs and clinical signs of
illness are also examined.

MATERLALS AND METHODS

Animals. Eight- to nineteen-week-old male or female
C57BL/6 mice (Charles River Laboratories, Raleigh, N.C.)
weighing 17 to 20 g each were housed four animals per cage in
Nalgene (Rochester, N.Y.) rodent metabolic cages. The room
ambient temperature was 25 to 28°C, and light sources in-
cluded a window and overhead fluorescent lights which were
turned off at night. Mice were fed a defined L-arginine-
deficient amino acid rodent diet (Zeigler Bros., Inc., Gardners,
Pa.), which contained no nitrite or nitrate and which was
ground into 1- to 2-mm-diameter particles, all as described
previously (20). Mice drank sterile, deionized, distilled water
which contained no nitrite or nitrate. Mouse weights, food and
water intake, and urine and stool output were monitored daily
by cage. Individual animal rectal temperatures were taken with
a 0.039-in. (0.10-cm)-diameter tissue temperature probe (Yel-
low Springs Instrument Co., Yellow Springs, Ohio) inserted 2
cm into the rectum. Mouse cages were cleaned daily with
Roccal II (National Labs, Montvale, N.J.) diluted 1/500 with
tap water and rinsed with tap water. Mice were adapted to this
environment for 3 to 7 days before Listeria challenge.

In one nonmetabolic experiment, mice were housed five per
cage in standard cages containing sawdust bedding at the Duke
University Medical Center Vivarium. They ate undefined
rodent chow and drank tap water.

Listeria infection. L. monocytogenes EGD was grown to
mid-log phase in Trypticase soy broth, diluted with phosphate-
buffered saline (PBS), and administered to mice in a 0.3-ml
volume by tail vein injection. The 50% lethal dose (LD50) for
L. monocytogenes EGD in C57BL/6 mice is approximately 3 x
104 organisms (43). Tenfold dilutions of the inoculum were
plated on Trypticase soy agar, and CFU were counted. The
target inoculum for all experiments was 0.1 x LD50 (standard
inoculum). Control mice were injected with 0.3 ml of PBS.
Mice were assayed for live listeriae between 1 and 13 days

after infection. On days of sacrifice, mice were anesthetized
with ketamine (100 mg/kg of body weight) and xylazine (5
mg/kg) injected intraperitoneally. Blood was collected by heart
puncture under sterile conditions with syringes coated with
heparin, and 100 p.l of whole blood was spread onto Oxford or
modified Oxford agar plates (Difco Laboratories, Detroit,
Mich.), which are selective for Listeria spp. (see below). Plates
were incubated at 30°C for 36 to 48 h, and CFU were counted.
After heart puncture, mice were killed by cervical dislocation.
Spleens and livers were excised under sterile conditions, and a
small portion of each was fixed in formalin for pathological
analysis. The remainder of each organ was homogenized in 1
ml of PBS with 0.05% Triton X-100 (Sigma Chemical Corp.,
St. Louis, Mo.) in a glass grinder. Tenfold dilutions of each
homogenate were spread onto Trypticase soy agar plates. The
plates were incubated at 37°C for 24 h, and CFU were counted.
Results were expressed as numbers of listeriae per organ.
Cultures of the blood, spleens, and livers of mice not experi-
mentally infected with listeriae were always negative for bac-
teria.

Twenty-four-hour stool samples from each cage were col-
lected and stored at - 30°C. At the time of assay, samples were
weighed and a known fraction of each sample (usually not less

than one-third of the sample) was put into a glass grinder, to
which was added PBS with 0.05% Triton X-100 in a ratio of 1
ml per 100-mg sample. The samples were left to soak at 25°C
for 0.5 to 2 h, after which they were homogenized, making sure
all stool pellets were dispersed. Tenfold dilutions of each
homogenate were spread onto Oxford or modified Oxford agar
plates. The plates were incubated at 30°C for 36 to 48 h, and
CFU were counted. It was found that viable Listeria counts did
not decrease during storage at - 30°C for 4 weeks.

Modified Oxford agar, which contains the antibiotics moxa-
lactam and colistin, successfully inhibited all microbial growth
from mouse stool except for listeriae, which appeared as
round, umbilicated gray colonies with a black halo. The
identity of Listeria spp. was confirmed by demonstration of (i)
gram-positive bacilli on Gram stain, (ii) beta-hemolysis activity
on sheep blood agar plates (Remel, Lenexa, Kans.), (iii)
catalase activity, and (iv) tumbling motility under a phase-
contrast microscope. After this initial confirmation, Listeria
spp. were identified by colony characteristics.

Inhibitor administration. In initial experiments, mice re-
ceived NMMA (Calbiochem Corp., San Diego, Calif.) in their
drinking water (50 mM), their food (100 ,umol/g), and via
twice-a-day subcutaneous neck skin fold injections (150 mM)
for a total dosage of 150 to 350 p.mol per mouse per day. In
subsequent experiments, NMMA (0.6 M) was instilled directly
into the stomachs of mice with 22-gauge straight gavage
needles (Perfektum; Popper & Sons, New Hyde Park, N.Y.)
twice a day for a total dosage of 120 p.mol per mouse per day.
Control mice received, by the same routes and at the same
dose, L-arginine acetate made from an equimolar mixture of
free base L-arginine (Sigma) and glacial acetic acid.

Nitrogen products excreted in urine. The nitrate reductase-
containing bacterium Pseudomonas oleovorans was prepared
and stored as described previously (20). Twenty-four-hour
urine samples from each cage were collected on isopropanol (1
ml of isopropanol per approximately 5 ml of urine) to prevent
bacterial growth. All samples were centrifuged at 6,000 x g for
10 min to remove debris and stored at - 30°C until assayed. At
the time of assay, samples were diluted at least 1/10 in HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer
(0.2 M, pH 7.4). P. oleovorans bacteria were then thawed,
diluted 1/20 with phenol-red-free Dulbecco's modified Eagle
medium (DMEM) to about 2.5 x 109 CFU/ml, and kept on
ice. To a 1.5-ml microcentrifuge tube was added 30 p.l of a
diluted urine sample, 150 p1I of 0.2 M HEPES, and 150 p,l of
diluted P. oleovorans. The tubes were incubated at 37°C for 90
min and then microcentrifuged for 2 min to pellet the bacteria.
Sample supernatant (0.4 ml) was assayed for nitrite spectro-
photometrically, by using Griess reagents, as described previ-
ously (21). The concentration of sample nitrate was calculated
from a standard curve of absorbance versus known concentra-
tions of nitrate in spiked nitrate-free mouse urine. The curve
was linear between 0 and 100 p.M nitrate. All urine samples
were serially diluted such that the nitrate concentration fell
within 10 and 100 p.M, the most accurate range of the assay.
The same urine samples used for urinary nitrate determina-

tions were used for total nitrogen, creatinine, and urea deter-
minations. Total nitrogen was obtained via a modified Kjeldahl
procedure, as developed by Brinkmann Instruments, West-
bury, N.Y., and outlined by the Association of Official Analyt-
ical Chemists (4a). These values were used to calculate the
nitrogen balance. Urine creatinine was obtained via the Jaffe
rate method by using a Synchron CX3 System (Beckman
Instruments, Inc., Brea, Calif.) at the Duke University Medical
Center clinical laboratory. Urine urea was obtained via urease-
catalyzed hydrolysis by using an Ektachem 700 C Series
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Analyzer (Eastman Kodak Co., Rochester, N.Y.) at the Duke
University Medical Center clinical laboratory. Urine samples
had to be diluted 21 to 42 times for creatinine and urea
determinations.

Peritoneal macrophage assay. On the days of sacrifice, after
heart puncture of the animals but prior to the removal of livers
and spleens, a 2-cm incision was made in the peritoneum and
the peritoneal cavity was washed with approximately 5 ml of
DMEM. The peritoneal wash fluid was removed, centrifuged,
and plated at 3 x 106 cells per 16-mm-diameter tissue culture
well. Peritoneal macrophages were allowed to adhere for 45
min at 37°C in a humidified 5% C02-95% air incubator, and
then nonadherent cells were removed by rinsing three times
with PBS. The cells were overlaid with DMEM and allowed to
incubate overnight under the conditions listed above. Nitrite
was assayed from the culture supernatants after 24 h of
incubation as described previously (21).

Detection of NOS mRNA. Total RNA from spleen homoge-
nates (dispersed in guanidine isothiocyanate) was isolated by
ultracentrifugation on cesium chloride gradients (10). The
RNA yield was calculated on the basis of the A260, and the
RNA purity was assessed by comparing the A260 with the A280
of each sample. RNA preparations (10 to 20 ,ug per lane) were
size fractionated by formaldehyde gel electrophoresis through
1% agarose, transferred by capillary blotting to nitrocellulose
filters, and then hybridized with radiolabelled cDNA probe for
iNOS.
The probe for iNOS was a 3.4-kb fragment kindly provided

by Carl F. Nathan (51). This was excised from the plasmid
pUC19 with HindlIl and EcoRV, isolated by electrophoresis in
low-melting-point agarose, and labelled with [32P]dCTP by
random primer extension (Bethesda Research Laboratories,
Inc., Gaithersburg, Md.) by the method of Feinberg and
Vogelstein (18). The probe for beta-actin was excised from the
plasmid pAl by using Hindlll (11). Hybridization with beta-
actin was included as a control to confirm the integrity of RNA
in each sample and as a semiquantitative check on the amount
of RNA per lane. The specific activities of the probes used
were greater than 109 cpm/p.g of DNA. iNOS mRNA and
beta-actin migrated with mobilities of 5.0 and 2.0 kb, respec-
tively.

Histology of livers and spleens. Random slices of livers and
spleens taken from infected and control mice on days 4 and 7
were preserved in buffered formalin until they were embedded
in paraffin for sectioning. The tissue sections (4-,um thick) were
stained with hematoxylin and eosin and mounted under cov-
erslips for microscopic examination and microphotography.

Statistical analysis. Listeria counts in organs were compared
by using a nonparametric test for statistical significance (Wil-
coxon rank sums). Blood culture data were compared by using
Student's t test.

RESULTS

L. monocytogenes EGD infection in C57BL/6 mice. Mice were
challenged intravenously with approximately 3 x 103 bacilli
per mouse. Mice were sacrificed on days 1, 3, 5, 7, 9, and 13 of
infection, and their livers and spleens were assayed for viable
listeriae (Fig. 1A). Listeria counts per orSgan in the mouse livers
and spleens rose to a level of about 10 in the spleen and 104
in the liver by the end of day 1. Organism counts plateaued
between days 1 and 3. This plateau phase may represent a
protective host response which prevents lethal, overwhelming
proliferation of listeriae. Between days 5 and 9, a killing
response eliminated listeriae from the spleen and liver. By day
9, the organs were sterile and remained so on day 13.
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FIG. 1. Correlation between primary response to Listeria infection
and nitrate excretion in infected mice. (A) C57BL/6 mice were injected
intravenously with 2 x 103 L. monocytogenes EGD or with PBS on day
0 (asterisk). Their spleens (circles) and livers (triangles) were cultured
for listeriae. Each datum point represents the mean count ± standard
error for a group of four animals. Uninfected mice had no listeriae in
their spleens or livers. Animals sacrificed on day 13 had sterile livers
and spleens (not shown). (B) Groups of C57BL/6 mice were adapted
to metabolic cages and a nitrate-free diet and injected intravenously
with 3 x 103 L. monocytogenes EGD (triangles) or with PBS (circles)
on day 0. Each datum point represents the per mouse urinary nitrate
in a 24-h pool of urine samples from at least four mice.

Correlation of course of Listeria infection with urinary
nitrate excretion. Mice were adapted to metabolic cages where
their water and food intake, urine and stool output, and rectal
temperatures were monitored daily and where they were fed a
defined nitrate-free rodent diet and given sterilized distilled
water. When these mice were infected with the standard
Listeria inoculum and sacrificed on days 2, 4, and 7, they
showed a pattern of liver and spleen organism counts nearly
identical to those observed in mice caged in sawdust bedding
(data not shown). Listeria counts per organ increased to 105 in
the spleen and 104 in the liver by day 2, remained at that level
until day 4, and decreased to 102 in the spleen and 10' in the
liver by day 7, suggesting that this experimental environment
did not affect the ability of normal mice to control the
infection.

Daily 24-h urine samples were collected from infected mice
and assayed for nitrate (Fig. 1B). It has been shown that within
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TABLE 1. Urinary nitrate excretion correlates with
Listeria inoculum

Approxsize of Total urinary nitrateApprox ~~~~excreted on days
No. of expts Listeria inoculum 2cto dofifco

(CFU/mo)use) 2 to 7 of infection(CFU/mouse) ~(Rmol/mouse)"
3 0 3.2 ± 1.85
1 100 5.6
3 1,000-3,000 21.5 ± 1.67
3 5,000-10,000 24.3 ± 1.59

Values are means ± standard errors of the means.

24 h after mice ingest nitrate, 57% of it appears in the urine
(20). Another known route of nitrate elimination in rodents is
via the feces, in which 20% of the nitrate ingested by germfree
rats can be detected (22). It is likely that daily urine assays
reflect the nitrate produced over the previous 24 h, and the
majority of nitrate entering the circulation is eliminated in the
urine.
While on a diet devoid of nitrate or nitrite, mice excreted

nitrate at a baseline of about 0.5 pmol per mouse per day in
the urine. This amount is consistent with baseline levels
excreted by other strains of mice kept on a nitrite- and
nitrate-free diet (20) and is thought to be due to endogenous
constitutive synthesis by endothelial cells (41) and neurons
(33). After Listeria challenge, a rise in mouse urinary nitrate
excretion was detected by day 3 of infection, with increases of
up to 10 p.mol per mouse per day by day 5. Nitrate excretion
then decreased, returning to near-baseline levels by day 9. This
pattern of urinary nitrate excretion during primary listeriosis
was highly reproducible, the peak always occurring between
days 5 and 6 of infection, which was also the period when
Listeria counts in the mouse livers and spleens began to
decline. The magnitude of the nitrate excretion peak depended
on the number of listeriae injected (Table 1). An intravenous
injection of about 0.1 x LDs, of listeriae was determined to be
optimal, with the goal of maximizing urinary nitrate excretion
and yet minimizing mouse mortality.

Evidence that this increase in urinary nitrate excretion was
related at least in part to an increase in NO production by
activated macrophages inside the mouse was obtained by
culturing ex vivo peritoneal macrophages from sacrificed mice
and assaying the culture supernatants for nitrite. Peritoneal
macrophages from five of five mice infected with the standard
Listeria inoculum and sacrificed on days 4 and 7 of infection
produced 15 to 25 nmol of nitrite per 10" cells when cultured
ex vivo for 24 h, whereas peritoneal macrophages from unin-
fected mice did not.

Twenty-four-hour urine creatinine excretions from mice
infected with Listeria spp. were not significantly different from
those from uninfected mice, suggesting that sublethal listerio-
sis caused no compromise in renal function.

Correlation between Listeria infection and detection of NOS
mRNA. Mice were infected with the standard Listeria dose. As
a positive control, NOS was induced in vitro by gamma
interferon and endotoxin in the macrophage-like cell line
J774.1 (49) (Fig. 2). iNOS mRNA was not present in unin-
duced J774 cells or in splenic RNA extracts of an uninfected
mouse. The iNOS message was detected on the first day of
listeriosis, increased to peak expression on day 4, and then
decreased markedly on day 5 to barely detectable amounts on
days 6 and 7. The onset of iNOS mRNA synthesis in the
spleens of Listeria-infected mice followed within 12 h the onset
of gamma interferon, tumor necrosis factor alpha (TNF-o),
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FIG. 2. Effect of Listeria infection on the detection of mRNA for
the iNOS in the spleens of mice. Northern (RNA) blots on total RNA
extracted from spleen on days 0 to 7 of infection with 5 x 103 listeriae
are shown. One infected mouse was sacrificed each day. mRNA for
iNOS migrates near the 28S rRNA band (marker placed from
ethidium bromide-stained gel). The probe was a 3.4-kb fragment
labelled with 32P. Each lane was loaded with 20 ,ig of RNA. The actin
probe for the same filter is shown in the inset at the bottom of the
figure. Lanes: -, RNA extract from J774.1 macrophage-like cells; +,
same cells as those in lane - but treated with gamma interferon (50
U/ml) plus endotoxin (1.0 jig/ml) to induce NOS.

and interleukin-1( mRNA syntheses in these mice, which
occurred 15 to 18 h after Listeria challenge (43, 44). These
cytokines are known inducers of iNOS in macrophages and
hepatocytes (12, 15).

Effect of NMMA administration on the excretion of nitrate
by mice during Listeria infection. Mice not infected with
listeriae were given NMMA to test for side effects. Gavage
with 60 Lmol of NMMA per mouse twice daily did not alter
food and water intake, stool and urine output, or body
temperature. In addition, upon sacrifice, the viscera of the
animals were normal upon gross examination. However, unin-
fected mice which received an instilled gastric dosage of 300
fpmol of NMMA per mouse per day had significant decreases
in food and water intake, and they developed diarrhea (data
not shown). These changes were evident within 2 days of
administration. When sacrificed after 7 days at this NMMA
dosage, the animals were noted uniformly to have inflamed,
distended ceca, suggesting typhlitis. Trials with routes of
administration other than gavage showed that mixing NMMA
in food and water resulted in an undesirable animal-to-animal
variation and that the use of subcutaneous NMMA adminis-
tration and slow-release capsules appeared to be less effective
than oral dosing in suppressing urinary nitrate (data not
shown). On the basis of these findings, the total dosage of 120
p.mol per mouse per day given in two dosages by gavage 12 h
apart was chosen for experiments involving Listeria infection.
When mice were adapted to metabolic cages, infected

intravenously with the standard Listeria inoculum, and given
NMMA via direct gastric instillation at a total dosage of 120
pLmol per mouse per day beginning on day 1 of infection, they
showed no surge in urinary nitrate excretion (compared with
control mice infected with the same Listeria inoculum and
given an equivalent dose of L-arginine as a sham drug admin-
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FIG. 3. Effect of oral NMMA administration on urinary nitrate

excretion during primary murine listeriosis. Groups of C57BL/6 mice
were adapted to metabolic cages and a nitrate-free diet and injected
intravenously with 3 x 103 L. monocytogenes EGD on day 0. On day
1, animals began to receive 60 iimol of NMMA (triangles) or
L-arginine (circles) via direct gastric instillation twice a day. Each
datum point represents the mean ± standard error of at least 4 (days
9 to 11) but usually 8 (days 5 to 8) to 12 (days 0 to 4) mice.
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istration). In fact, NMMA-treated animals showed an almost
undetectable amount of urinary nitrate excretion, dropping
from 0.5 ,umol per mouse per day to below baseline levels
(<0.1 p.mol per mouse per day) about 24 h after receiving the
first dose of NMMA (Fig. 3). Thus, in vivo NO activity, as
monitored by elimination of the end product metabolite of NO
in the urine, was suppressed by NMMA given via the gastro-
intestinal tract.

Effect of NMMA on the course of primary listeriosis. Mice
were infected intravenously with the standard Listeria inocu-
lum and given NMMA at a dosage of 60 p.mol per mouse every
12 h beginning on day I of infection or L-arginine (control
group) at the same dosage in the same manner. Control mice
manifested clinical signs of infection. Mean temperatures
increased from 37 to 39°C during days 2 to 4 of infection, and
mean food and water intake decreased during days 2 to 5 as
mice developed a concomitant loss in body weight. NMMA-
treated mice showed reproducibly worse clinical signs of
infection than control mice (Fig. 4). Weight loss in infected
control mice was minimal and transient, whereas NMMA-
treated animals developed sustained weight losses of up to
one-fifth of their body weight. NMMA-treated mice also had
significant decreases in food and water consumption compared
with control infected mice. Beginning on day 6, these decreases
began to lessen, but normal intake levels were not reached by
day 8. NMMA treatment of infected mice also affected body
temperature. This occurred later during infection (days 6 to 8)
when subnormal body temperatures were observed. The ear-
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FIG. 4. Clinical assessment of mice given NMMA orally during primary listeriosis. Groups of C57BL/6 mice were adapted to metabolic cages

and a nitrate-free diet and injected intravenously with 3 x 103 L. monocytogenes EGD organisms (circles) or with PBS (squares) on day 0. On day
1, animals began to receive NMMA (closed circles, open squares) or L-arginine (open circles) via direct gastric instillation (total amount, 120 ,umol
per mouse per day given in two doses). Each datum point represents the mean ± standard error of at least 11 but usually 17 to 32 mice from five
different experiments. Weight, food intake, and water intake are expressed as daily deviations from day 0 (preinfection) values.
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FIG. 5. Daily nitrogen intake and urine excretion of nitrogen
during Listeria infection. Mice received approximately 3,000 listeriae
(triangles, squares) or PBS (circles) intravenously on day 0. One group
(squares) was given L-arginine orally, 120 p.mol per mouse per day,
while the others (triangles, circles) received NMMA orally at 120 ,umol
per mouse per day. Nitrogen intake (closed symbols) was calculated
from food nitrogen assayed by a macro-Kjeldahl method. This mea-
sured value agreed with the calculated amount from the diet recipe.
Urine nitrogen (open symbols) was assayed by a macro-Kjeldahl
method. Urine urea, creatinine, and nitrate concentrations were also
determined, and their sum of nitrogen closely approximated Kjeldahl
urine nitrogen. Each value represents milligram atoms of nitrogen per
mouse.

lier febrile response (days 2 to 4) to infection was not altered
by NMMA. In one experiment, nitrogen intake and excretion
of nitrogen in urine were measured (Fig. 5). In both uninfected
mice treated with NMMA and infected mice receiving L-
arginine, daily nitrogen intake and urine nitrogen excretion
were fairly constant. Intake exceeded urine excretion in these
animals because of the following. (i) The animals were in a
state of positive nitrogen balance, being preadult, growing
mice. (ii) It is estimated that 10 to 20% of the nitrogen is lost
in feces and hair, etc. (iii) Urine nitrogen levels may be
underestimated because evaporation may leave some solute
coated upon the collecting cones. Nevertheless, NMMA-
treated, infected mice had a marked alteration in nitrogen
balance. Their urine nitrogen excretion remained about the
same despite a significant drop in nitrogen intake such that on
days 4 to 7 they entered a state of presumed negative nitrogen
balance. This indicates mobilization of lean body mass, leading
to inanition. The partitioning of nitrogen excretion was also
determined (data not shown). Irrespective of the group, 98 to
99% of excreted nitrogen was urea, and 1 to 2% was creatinine
on each of the 7 days. The amount of nitrogen lost as nitrate
was a fraction of 1%. Even when nitrate excretion peaked in
infected mice, this amounted to only 0.7% of total nitrogen
loss. Thus, NOS-derived nitrogen contributes negligibly to
total body nitrogen balance.
The results of Listeria counts in organs of NMMA-treated

mice are compiled from five experiments and presented in Fig.
6. Spleen and liver counts on day 2 showed no difference
between NMMA- and arginine-treated groups in two separate
experiments (n = 14 mice [total]). On day 4, there was about
100 times more listeriae in the spleens and livers of NMMA-
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FIG. 6. Effect of oral NMMA administration on spleen and liver
organism counts during primary murine listeriosis. Groups of C57BL/6
mice were adapted to metabolic cages and a nitrate-free diet and
injected intravenously with 3 x 103 L. monocytogenes EGD organisms
on day 0 (asterisks). On day 1, animals began to receive NMMA
(closed circles) or L-arginine (open circles) orally at a dosage of 120
p.mol per mouse per day. For each day of sacrifice, each circle
represents a count from a single animal. To the left of each group of
circles is the mean ± standard error for that group. n ranges from 6 to
21 animals per group. Data from five separate experiments are shown.
Comparisons of the two groups are statistically different on days 4 and
7 for both spleen (A) and liver (B) counts (see text).

treated mice than in control mice (n = 21 mice from three
experiments; P < 0.0005, spleen; P < 0.009, liver). By day 7 or
8, the mean difference increased up to 3 orders of magnitude,
and this was due primarily to decreased spleen and liver counts
in arginine-treated animals at a time when NMMA-treated
mice failed to clear listeriae from these sites (n = 14 from four
experiments; P < 0.0008, spleen; P < 0.0003, liver). In two
experiments extended to day 11, infected, NMMA-treated
mice showed variability in outcome. Three of seven mice
receiving NMMA cleared their livers and spleens of listeriae by
day 11. Another three mice showed heavy infection and/or
were clinically premorbid (with wasting or hypothermia) by day
11. One of the seven mice died heavily infected. Six of seven
arginine-treated mice had sterile spleens and appeared healthy
by day 11. Four of seven had sterile livers. Of the organs that
were not sterile in these animals, Listeria counts were relatively
low (102 to 104). Thus, the ultimate fate of infected NMMA-
treated mice is variable and requires more study.

Blood culture data were obtained on days 4 and 7 at the time
that animals were sacrificed. Fifty-two percent of NMMA-
treated mice (13 of 25) had Listeria bacteremia, while none of
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FIG. 7. Effect of oral NMMA administration on excretion of

listeriae in stools during primary murine listeriosis. Groups of C57BL/6
mice were adapted to metabolic cages and a nitrate-free diet and
injected intravenously with 3 x 103 L. monocytogenes EGD organisms
on day 0. On day 1, animals began to receive NMMA (closed circles)
or L-arginine (open circles) orally at a dosage of 120 ,umol per mouse

per day. Stool was cultured for listeriae on modified Oxford medium
containing selective antibiotics. Each datum point represents the
Listeria count per mouse in a 24-h pool of stool samples from at least
four mice. Uninfected mice had no listeriae in their stools (data not
shown).

the arginine-treated mice (0 of 25) had a positive blood culture
(P < 0.0001).

Listeria counts in stool samples paralleled the rise and fall of
organism counts in viscera. Stool samples were collected every
24 h during the infection period, and Listeria excretion was
calculated as the total number of live bacteria recovered per
mouse per day (Fig. 7). Mice began excreting low levels of
bacteria in the stool by day 1 of infection, after which excretion
increased logarithmically to a peak of about 107 per mouse by
day 5. Of the two groups, greater shedding of listeriae was

found in the stools of NMMA-treated mice. This difference
was evident by day 5 and continued throughout the course of
infection. In one experiment, Listeria excretion in the stool
continued after the livers and spleens were sterile, suggesting
persistence at another site such as in the intestinal wall or the
lymphatics or as part of the fecal flora.

Histopathology of listeriosis in mice treated with NMMA
(Fig. 8). NMMA could have multiple effects on the cell-
mediated immune response to Listeria infection. In addition to
inhibiting the production of NO as an antibacterial effector
molecule, NMMA could alter proliferation events in the bone
marrow and lymph nodes and at sites of infection. NMMA
could also inhibit leukocyte immigration into infected tissue.
Therefore, it was important to examine the morphology of the
livers and spleens in mice treated with this compound. Histo-
logic sections stained with hematoxylin and eosin from mice
sacrificed on days 4, 8, and 11 of infection were examined.
Uninfected mice treated with 120 ,umol of NMMA per day had
no histologic changes. Infected mice treated with arginine
showed minimal changes, probably because the Listeria inoc-

ulum was relatively low (approximately 2,000 CFU per mouse).
There were small clusters of inflammatory cells in the liver (4
to 16 per 10 low-power fields) on days 4 and 8, but no necrosis

was present in the liver or spleen and neutrophils were rare to
nonexistent. In contrast, NMMA-treated infected mice had 11
to 40 (per 10 low-power fields) clusters of inflammatory cells in
the liver, some of which showed necrosis with hypereosino-
philic hepatocytes containing pyknotic nuclei. These areas
were surrounded by mononuclear cell infiltrates containing
prominent histiocytes. Necrosis was likewise apparent in the
spleens of NMMA-treated infected mice. There was exudate
over the splenic capsule, and the follicular architecture was
disrupted by extensive necrosis and by mononuclear cell infil-
tration containing masses of histiocytes. In both organs, in-
flammation showed progression between days 4 and 8. It was
clear from the histopathology that NMMA treatment did not
block cellular infiltration into sites of infection. The findings
are compatible with macrophage immigration into the livers
and spleens of NMMA-treated, infected mice.

DISCUSSION

These results show a reproducible induction of iNOS activity
during primary listeriosis. The time course of nitrate excretion
in primary listeriosis is unique in its abrupt onset and decline.
This observation can be correlated with what is known about
cytokine secretion during this infection. In the spleen, a major
site of organism burden, the mRNAs for gamma interferon,
TNF-o, and interleukin-13 are induced maximally on the first
day of infection (44). The mRNA for iNOS appears shortly
thereafter. Urinary excretion of the NO end product, nitrate,
lags by about 24 to 48 h. This lag between message and end
product excretion is probably determined by several steps,
including (i) synthesis of an active enzyme, which requires
several cofactors, (ii) conversion of NO via several intermedi-
ates to nitrate, and (iii) excretion of nitrate by the kidneys.
Considering all of these factors, the bulk of NO synthesis in the
spleen most likely takes place between days 2 and 5 of
infection. It seems likely that macrophages in the spleen and
that macrophages and hepatocytes (7) in the liver are the
sources of the surge of nitrate excretion during primary
infection. Other possible sources of induced NO production
are endothelial cells (41) and smooth muscle cells (8). The
relative contribution of these cells to the surge observed in
Listeria-infected mice is as yet unknown.

It is clear from Fig. 1 that an exponential expansion of the
bacterial population occurs during the first 24 h. This early,
rapid expansion may occur in the nonimmune host because
listeriae circumvent constitutive defense mechanisms by gain-
ing access to the cytosolic compartment of macrophages and
hepatocytes (26, 42). Here they would not be subjected to a
hostile phagolysosomal environment, and they would have
direct access to nutrients required for rapid replication. If
proliferation continued at the rate seen over the first 24 h,
there would be 109 listeriae per spleen by day 3, a near-lethal
number. In reality, Listeria counts remained relatively constant
from days 1 to 5 at 105 in the spleen and 104 in the liver. This
could be a result of (i) halted bacterial replication, (ii) a rate of
bacterial killing which equals bacterial replication, or (iii) a
combination of (i) and (ii). Because this plateau phase of
infection coincides with the period of NO synthesis, NO may
exert its bacteriotoxic effect during this period. Results from
several in vitro assays and from studies on the antimicrobial
action of reagent NO attest to the microbiostatic activity of this
compound (3, 45).
To determine more directly the extent to which NO is

important in immune defense against intracellular pathogens,
we examined the effect of inhibiting iNOS in vivo during an
infection. Substituted arginines have been shown to be sub-
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FIG. 8. Effect of oral L-arginine or NMMA administration on spleen and liver histopathology during primary murine listeriosis. C57BL/6 mice
were challenged intravenously with 3 x 103 L. monocytogenes EGD organisms on day 0, treated daily with oral NMMA or L-arginine beginning
on day 1, and sacrificed on day 8 of infection. (A) The spleen from an L-arginine-treated infected mouse shows normal splenic architecture
consisting of germinal centers and intervening extramedullary hematopoiesis (dark staining areas between germinal centers). There is no
inflammatory infiltrate. Magnification, x 52. (B) The liver from the same animal shows a portal triad with surrounding normal liver parenchyma.
Magnification, x 130. (C) The spleen from an NMMA-treated infected mouse shows geographic areas of necrosis outlined by a hyperemic rim of
inflammation. Magnification, x 40. (D) Higher-power magnification of the spleen reveals a primary inflammatory infiltrate composed of large
masses of histiocytes and lymphocytes with few neutrophils. Magnification, x 520. (E and F) The liver from the same animal shows many large
clusters of mononuclear cell inflammation, some of which are necrotic, with hepatocytes containing pyknotic nuclei. Magnifications, x 170 and
x 250, respectively.

strate analogs and competitive inhibitors of iNOS in vitro (30).
The overall pharmacology of these compounds has not yet
been investigated. However, one of them, NMMA, has been
shown to have relatively little effect on other arginine biochem-
ical pathways in vitro, namely the urea cycle, protein synthesis,

and polyamine synthesis, while at the same time effectively
inhibiting the synthesis of NO by cytotoxic macrophages (21).
In addition, the potency of NMMA as an iNOS inhibitor is
about 10 times greater than its inhibitory effect on the L-
arginine transport system of macrophages (19a). These obser-
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FIG. 8-Continuied

vations suggest that NMMA is relatively specific for NOS
inhibition. Unfortunately, inhibitors with specificity for iNOS
without inhibition of constitutive NOS are not yet available.
NMMA appears to be rapidly absorbed by the gastrointestinal
tract, as shown by the suppression of urinary nitrate excretion
within 24 h after NMMA administration (Fig. 3). Data regard-
ing the half-life of its action are lacking. However, experiments
by Evans et al., in which NMMA was administered to mice via
their drinking water to suppress NO production induced by
cutaneous infection with Leishmania major and in which
NMMA treatment was abruptly stopped, showed that nitrate
excretion increased to high levels within 24 h after NMMA
discontinuation, suggesting a half-life of less than 24 h (17).

Taking these results into account, the twice-daily gastric dosing
ofNMMA used in our experiments should have been sufficient
to suppress NO production around the clock. Drug adminis-
tration was delayed until 12 to 24 h after Listeria injection to let
the organisms disperse via an unaltered vasculature because it
was presumed that inhibition of endothelial cell NOS would
cause vasoconstriction.

Recently, Beckerman et al. treated Listeria-infected SCID
mice with aminoguanidine, an inhibitor of NOS (6). Listeriosis
in SCID mice manifests itself as a chronic, persisting infection,
a result of a T-cell-independent host resistance to lethal
proliferation of organisms. Aminoguanidine-treated mice
showed greater burdens of listeriae in the liver and spleen as
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FIG. 8 Continued

FIG. 8-Continued

well as increased mortality compared with untreated mice.
Although no measurements of NO production in vivo were
provided, the authors propose that iNOS may be involved in
T-cell-independent host resistance in Listeria-infected SCID
mice. This resistance mechanism could involve bacteriostasis
without killing, an activity which corresponds with a known in
vitro action of NO (3).

Gregory et al. recently treated mice with one intravenous
dose of NMMA at the time of Listeria challenge (27). Consid-
ering the presumed short half-life of NMMA, it is not surpris-
ing that there was no effect of this day 0, one-time dose on
serum NO2- and NO3- levels in mice on days 3 and 7 of
infection. However, NMMA-treated mice had significantly
fewer listeriae in their livers on day 3 of infection and in their

livers and spleens on day 7 of infection than untreated infected
control mice. The authors attribute this immuno-enhancing
effect of NMMA treatment to the suppression of an inhibiting
effect of NO on the proliferation of T lymphocytes. The timing
and dose of NMMA treatment in their experiments make a
comparison of their results with those of our experiments
difficult. It may be that NO has immuno-enhancing and
immunosuppressive effects at different phases of infection due
to its biostatic effects on both microorganisms and T lympho-
cytes.
Our results demonstrate that total body NO production was

nearly completely inhibited by NMMA administration and that
NMMA, at the dose used, had no untoward effects on healthy
mice. NO inhibition in Listeria-infected mice, however, led to
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worsened primary infection. On the average, Listeria counts
were 2 orders of magnitude greater in the livers and spleens of
NMMA-treated mice on day 4 and 3 orders of magnitude
greater on days 7 and 8 than in control mice. This was
corroborated by finding increased Listeria shedding in stool
samples, frequent bacteremia, and clinical signs reminiscent of
uncontrolled infection NMMA-treated mice. The histopathol-
ogy in the liver and spleen is compatible with the notion that
macrophages and other cells at the sites of infection may be
less able to restrict Listeria multiplication. This may be due to
failure of an NO-mediated bacteriostatic host defense mecha-
nism operating early during the course of primary infection. By
days 5 to 6, however, once T-cell immunity is acquired, other
bactericidal mechanisms may be activated, leading to eradica-
tion of listeriae from the liver and spleen. The complete
recovery of some NMMA-treated, NO-suppressed, Listeria-
infected mice by day 11 is compatible with this hypothesis. It is
more likely that an NO-independent killing mechanism ac-
counts for the recovery of some NMMA-treated mice than that
NOS activity escapes inhibition in some individual animals.
This is because pooled urine samples from four mice treated
with NMMA consistently contain such small amounts of
nitrate that significant NO synthesis by one or two animals in
the group seems very unlikely. When anticytokine antibodies
are used to immunosuppress mice, survivors are rare. These
treatments may inhibit both NO-dependent and NO-indepen-
dent mechanisms. NMMA treatment might be specific for
inhibiting a single effector mechanism and hence produces a
less-drastic effect on the cell-mediated immune response.
Support for this notion comes from recent experiments which
show rapid killing of listeriae in the adoptive immunity situa-
tion in the complete absence of NOS induction (36a).
When Listeria-infected mice were treated with NMMA, a

state of inanition ensued. Mice experienced significant de-
creases in thirst, hunger, temperature, and body weight. These
effects can be produced by administration of recombinant TNF
to mice (5, 50). TNF is an important proinflammatory mono-
kine required for an effective host response against Listeria
infection (39), and it is a co-inducer of iNOS transcription (15,
16). The TNF-like effects seen in infected mice treated with
NMMA are probably a result of the increased burden of
bacteria present during days 4 through 8. Alternatively, NO
produced during infection could be directly involved in regu-
lating TNF secretion. Against the latter possibility is the
observation that the loss of hunger and thirst improved on days
6 to 8 (Fig. 4) and yet NO synthesis remained inhibited (Fig. 3).
This issue will require further investigation employing an assay
to quantitate TNF produced at the major sites of infection
(39).
On the basis of our results and those cited from previously

published data, it is becoming clear that the induction of NOS
is an important component of the cell-mediated immune
response to intracellular infections. Future studies are re-
quired to investigate specific roles for the products of NOS and
to determine the cell types and locations in the body in which
iNOS is active. Very little information is available regarding
the issue of NOS induction during infection in humans. In vitro
studies on human macrophages and monocytes, save for a few
reports, have not demonstrated iNOS activity (9, 14, 38, 46,
47). In vivo studies in humans are needed to determine
whether, as in the case of rodents, there is an augmentation of
NOS activity during intracellular infections. Molecular tech-
niques can be used to detect iNOS transcription in human
tissues, and specific antibodies are available which may be used
to detect this enzyme by immunohistochemistry. Nitrate excre-
tion studies done in the appropriately controlled clinical

setting may reveal inflammatory states which cause urinary
nitrate to increase in humans. The challenge then will be to
determine what roles NO plays during inflammation.
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