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Arginine-Derived Nitric Oxide Reduces Fecal Oocyst Shedding
in Nude Mice Infected with Cryptosporidium parvum
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Dietary L-arginine (4%) significantly reduced fecal oocyst shedding in athymic nude mice chronically infected
with Cryptosporidium parvum. This effect appeared to be due to an increase in host nitric oxide (NO) production
as it was not observed in arginine-supplemented animals administered the NO synthase inhibitor, N-nitro-L-
arginine methyl ester. N-Nitro-L-arginine methyl ester alone significantly increased fecal oocyst shedding in
chronically infected animals. In in vitro assays, oocyst excystation and sporozoite viability were significantly
reduced by the NO donors sodium nitroprusside and S-nitroso-L-acetyl penicillamine in a concentration-
dependent manner. These data suggest that arginine-derived NO may reduce the parasite load in experimental
cryptosporidiosis.

Cryptosporidium parvum is an intracellular protozoan para-
site that establishes itself in a parasitophorous vacuole just
within the brush border of host small intestinal enterocytes (6).
The infection is self limiting, except in immunodeficient hosts,
in which it may cause protracted and untreatable diarrhea. As
a result, chronic cryptosporidiosis is responsible for consider-
able morbidity and some mortality in AIDS patients (16).
Athymic nude mice (10, 13, 21) and SCID mice (17) have been
used to establish chronic C. parvum infections similar to those
seen in AIDS patients, and while such models have shortcom-
ings in terms of being able to mimic the diarrhea seen in
human infections, they are useful for studies of host-parasite
interactions and to test putative chemotherapeutic agents.
The present study was undertaken to determine whether,

and to what extent, nitric oxide (NO) played a role in control-
ling the parasite load in experimental cryptosporidiosis. Adult
male athymic nude mice were individually housed in filter top
cages after being infected with C. parvum, originally of calf
origin, as described elsewhere (13). Five fecal pellets were
collected daily in 2 ml of neutral buffered formalin, and the
oocysts suspended in a 10-,ul sample of fecal homogenate were
counted after being visualized with a commercial direct immu-
nofluorescence assay that employs a fluorescein isothiocya-
nate-labeled monoclonal antibody directed against Cryptospo-
ridium oocyst wall antigens (Meridian Diagnostics, Inc.,
Cincinnati, Ohio). An oocyst shedding score (0, no oocysts; 1,
1 to 10 oocysts; 2, 11 to 50 oocysts; 3, 51 to 100 oocysts; 4, >100
oocysts) that correlated well with the number of both infected
ileal villus enterocytes and crypt cells and correlated negatively
with the ileal villus-to-crypt length ratio was developed (13).
Thus, the shed fecal oocyst score could be used as an index of
parasite load.
Animals that had been infected with 105 oocysts more than

3 weeks earlier were fed a control diet ad libitum (powdered
Purina Lab Chow). Control animals were maintained on this
diet, while other animals were fed this diet to which had been
added 4% L-arginine or 4% L-citrulline. All diets were auto-
claved at 160°C for 20 min, while injected agents were dis-
solved in phosphate-buffered saline (PBS) and filter sterilized.
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Animals fed the control diet showed a gradual increase in fecal
oocyst score over a 2-week period while animals on the
arginine-supplemented diet showed a decrease in oocyst shed-
ding. Figure 1 illustrates the effects of feeding animals the
various diets for 14 days on the change in shed oocyst score,
i.e., the difference in score between the value on a given day
and that on the day prior to when the test diet was first
administered (day 0). Each diet group contained eight animals
with day 0 oocyst scores ranging from 1 to 4. The range of
mean day 0 scores was 2.75 to 3.13. Animals on the control diet
showed a significant increase (P < 0.01) in shed oocyst score
during the test period as determined by a one-way analysis of
variance (ANOVA). Changes in oocyst shedding scores were
significantly less (P < 0.01) in the arginine-supplemented diet
group compared with the control group as determined by a
two-way ANOVA, even after the animals had been returned to
the control diet (P < 0.05 on day 19, Tukey's protected t test).

Arginine is known to protect against a variety of infectious
agents (9), and this protection is generally ascribed to the
generation of NO by NO synthase. L-Arginine is converted to
NO and citrulline by this enzyme (18). To ensure that citrulline
was not causing the observed reduction in fecal oocyst shed-
ding, animals were fed chow supplemented with 4% L-citrulline
for 14 days. Figure 1 illustrates the lack of any antiparasitic
effect of the citrulline-supplemented diet. No antiparasitic
effect was seen in animals fed the 4% arginine-supplemented
diet for 14 days when these animals were also administered the
NO synthase inhibitor, N-nitro-L-arginine methyl ester (L-
NAME), at 80 mg/kg of body weight subcutaneously (s.c.)
twice daily. This dose of L-NAME was without any detectable
toxicity when given for 14 days. The data illustrated in Fig. 1
suggest that the antiparasitic effect of dietary arginine was
related to host NO metabolism.

In another experiment, animals were infected by the oral
administration of 105 Cryptosporidium oocysts immediately
prior to being placed on the control diet or the 4% arginine-
supplemented diet. Figure 2a illustrates the shed oocyst scores
of these animals. The arginine-supplemented diet group had a
significantly lower (P < 0.01) fecal oocyst score as determined
by two-way ANOVA of the data on days 7 to 19. Post hoc
Tukey's protected t tests indicated that the difference between
the two groups was no longer statistically significant by day 19.
However, when the diets of the two groups of animals were
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FIG. 1. Changes in fecal oocyst scores from the value on day 0.
Chronically infected animals were maintained on control chow or on

this chow supplemented with L-citrulline or L-arginine on days 1 to 14
before being returned to the control diet. In a second group given the
L-arginine-supplemented diet, the NO synthase inhibitor, L-NAME,
was administered s.c. (80 mg/kg) twice daily on days 1 to 14.

reversed on day 21, the arginine-supplemented animals again
exhibited significantly lower shed oocyst scores as determined
by two-way ANOVA of the data on days 23 to 34.
Two groups of animals were infected with 103 Cryptospo-

ridium oocysts, and 5 days later, one group began a 4-day
course of L-NAME (80 mg/kg s.c. twice daily). The lower
oocyst inoculum number was used in this experiment so that
the control animals would have a more gradual increase in
oocyst shedding with time and any increase in shedding
induced by the NO synthase inhibitor would be readily de-
tected. Figure 2b illustrates that L-NAME did increase the
oocyst shedding score. This increase was significant (P < 0.01)
as determined by two-way ANOVA. The difference between
the two groups persisted after discontinuing the L-NAME
administration. The parasitosis continued to increase in both
groups during the observation period. In the case of the
L-NAME group, the elevated oocyst score suggested that the
4-day course of inhibitor boosted the infection, while the
establishment of infection in the control group proceeded
more slowly because of the retarding effect of some ongoing
host NO-mediated process.
The NO donor, S-nitroso-L-acetyl penicillamine (SNAP),

administered (22 mg/kg s.c. twice daily) for 7 days (peak body
fluid concentration, 0.1 mM) to chronically infected animals,
had no effect on the oocyst shedding score of a group of
chronically infected animals (data not shown). In general,
tolerance is rapidly induced with NO donors and exogenous
NO inhibits endogenous synthesis, although tolerance is be-
lieved to be less of a problem with SNAP than with many of the
other NO donors (20). Thus, between drug tolerance develop-
ment and inhibition of host NO synthesis it is perhaps not
surprising that we were unable to demonstrate an in vivo effect
of an exogenous NO donor when it was injected twice daily.
NO donors were tested for direct antiparasitic effects under

conditions in which drug tolerance and suppression of endog-
enous host NO synthase were not factors in the outcome.
SNAP and sodium nitroprusside were used in an in vitro oocyst
excystation system. Oocysts were stimulated to excyst by the
following method (2a). Isolated oocysts were incubated at 37°C
for 45 min in a solution of 0.1 M sodium acetate-0.025 M
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FIG. 2. (a) Effects of a 4% L-arginine-supplemented diet on shed
fecal oocyst scores following oral inoculation with1oc C. parvum
oocysts. At the first arrow (day 1), one group of animals was fed the
control diet (open circles) and a second group received the 4%
L-arginine-supplemented diet (closed circles). At the second arrow
(day 21), the diets of the two groups were reversed. (b) Effects of the
NO synthase inhibitor, L-NAME (80 mg/kg s.c. twice daily), given on
days 5 to 9 on the shed fecal oocyst score of control diet-fed animals
following the administration of i0' oocysts per os.

sodium chloride (pH 5.6), washed in PBS, and then incubated
for an additional 45 min in 0.75% synthetic sodium tauro-
cholate in PBS. The resulting excystation was measured by
counting empty and full oocysts in glutaraldehyde-fixed sam-
ples by phase-contrast microscopy. In some oocyst samples,
NO donors were included in all incubation solutions. Both NO
donors significantly inhibited oocyst shedding in a dose-depen-
dent manner as assessed by one-way ANOVA of repeated
measures (Table 1).
Sodium nitroprusside and SNAP were also tested in a

sporozoite viability assay. Cryptosponidium oocysts were ex-
cysted as described above and incubated for 30 min at 37°C in
PBS or PBS containing the NO donor. Viability was assessed
by the fluorescein diacetate-propidium iodide vital staining
technique as adapted to Cryptosporidium sporozoites (3). Table
1 shows the viability of freshly excysted sporozoites after
incubation in PBS (control) or PBS containing sodium nitro-
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TABLE 1. Effect of NO donors on the percentage of C. parvum oocysts excysting following incubation in an excysting
medium and on the viability of freshly excysted sporozoites

Characteristic and o% of excysted oocysts or viable sporozoites (mean ± SEM) at NO donor concn (mM)
NO donor 0 0.001 0.01 0.1 1.0

Excystation
Sodium nitroprusside 88.1 + 1.6 81.6 ± 3.4 73.0 ± 2.7a 70.5 ± 2.2a 63.1 ± 2.5a
SNAP 88.1 ± 1.6 79.4 ± 1.0" 75.1 ± 2.8a 72.4 ± 2.Oa 67.4 ± 3.1a

Viability
Sodium nitroprusside 97.6 ± 1.2 95.8 ± 2.4 81.8 ± 5.2b 67.9 + 3.2a 69.1 ± 5.0a
SNAP 90.8 ± 2.1 91.8 ± 4.4 82.8 ± 1.5a 70.6 1.5a 42.0 ± 5.3a

a Significantly different from control: P < 0.01.
b Significantly different from control: P < 0.05.

prusside or SNAP. The NO donors significantly reduced
viability as determined by one-way ANOVA of repeated
measures.
The present study suggests that dietary arginine reduced the

parasitosis of experimental cryptosporidiosis and that this
effect was NO mediated. NO has been shown to be cytotoxic to
viruses (5), some (4, 25) but not all (8) bacteria, fungi (2), and
many eukaryotic cells (12). Activated macrophage-generated
NO has been implicated in the stasis and killing of both
intracellular (1, 15, 19, 24) and extracellular (23) protozoan
parasites. The arginine effect seen in the present experiments
both may have been the result of a direct antiparasitic effect of
NO, or a NO derivative, as suggested by the in vitro experi-
ments, and may have involved an indirect effect due to arginine
enhancement of extrathymic T-cell function. In the nude
mouse, dietary arginine has been shown to increase splenic T
cells, mononuclear cell blastogenic responses to phytohemag-
glutinin and concanavalin A, and delayed-type hypersensitivity
(11).
The evidence of a NO-mediated anticryptosporidium effect

in the present study is not surprising as the administration of
anti-gamma interferon antibodies was found to increase oocyst
shedding in infected BALB/c mice (22). The antiparasitic
effects of gamma interferon- or tumor necrosis factor alpha-
activated macrophages have been directly correlated with the
release of NO in some intracellular parasites (1, 15). In the
nude mouse model, there appeared to be some NO-mediated
amelioration of the infection throughout its course that was
unmasked by the administration of the NO synthase inhibitor.
Cryptosporidium infections in steroid-immunosuppressed ro-
dent models develop more rapidly than they do in immuno-
deficient rodent models (13, 14). Steroid hormones inhibit the
induction of NO synthase in macrophages (7), and such
inhibition may explain the more rapid onset of cryptosporidi-
osis in the immunosuppressed rodent.
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