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FIG. 1. Percentage of animals shedding oocysts in the infected
groups.

profiles for group I animals were typical of clinically affected
lambs. The colostrum deprivation experienced by these ani-
mals did not affect the severity of clinical symptoms or the
duration of oocyst shedding, which were similar to those during
experimental infections in conventional lambs. Onset of diar-
rhea and oocyst shedding generally coincided. Groups II and
II, by comparison, showed either reduction or complete
abrogation of symptoms, and oocyst output was greatly re-
duced.

Clinical signs. The numbers of animals exibiting diarrhea
varied greatly between groups (Fig. 3), and the percentage of
fecal solids over the course of the experiment is shown in Fig.
4. Virtually all the lambs in group I had diarrhea during the
period of maximum oocyst shedding (days 4 to 11 p.i.),
averaging 15% or less fecal solids during this period. The
differences in fecal consistency were statistically significant
from days 5 to 12 (P < 0.001 to P < 0.01), but not thereafter.
Diarrhea was present in a small percentage of group II animals
over a 5-day period, though the decrease in fecal solids was not
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significant compared with the control animals (P > 0.05). No
diarrhea was observed in group III lambs, a slight softening of
the fecal pellets from some animals being the only observable
effect of the infection.

Pathological lesions. Lambs in group I showed the typical
symptoms described for neonatal cryptosporidiosis of diarrhea
and oocyst shedding, inappetence, lethargy, and depression.
Animals from this group killed at 12 days p.i. showed heavy
parasitism of the ileum and moderate parasitism of the jeju-
num, cecum, and colon; in the latter, the endogenous stages of
the parasite were concentrated in the crypts. No parasites were
detected in the duodenum. Inflammation was most evident in
the ileum, with infiltration by polymorphonuclear and mono-
nuclear cells, while changes in the epithelium involved partial
villous atrophy and flattened columnar enterocytes. A mild
granulocyte infiltration was observed in the jejunum, cecum,
and colon.

No endogenous stages of C. parvum or modifications to the
submucosa or surface epithelium were observed in lambs of
groups II and III killed on day 12, 19, or 26 p.i.

Antibody responses. Kinetics of both fecal and serum anti-
body responses followed a similar pattern in all groups of
animals, though maximal fecal IgA levels in group III animals
were lower than in groups I and II (Fig. 5a). Low levels of
specific fecal IgA were detectable by day 6 p.i., had increased
by day 10 p.i., and reached a peak on day 13. Anti-C. parvum
fecal IgA levels remained at the same level in the control group
during the first (0.088 optical density [O.D.] units), second
(0.110 O.D. units), and third (0.120 O.D. units) months of life.
No specific anti-C. parvum IgG could be detected in the fecal
samples. The increase in serum IgA was very rapid, reaching a
peak on day 10 p.i. (Fig. 5b) and then declining steadily
towards basal levels (groups I and II). Group III lambs were
killed before any observable reduction in antibody response
occurred. Specific serum IgG levels rose from days 6 to 10 p.i.
and reached a peak on days 17 to 21 (Fig. 6). Anti-C. parvum
IgG levels in serum increased with age in the control group,
showing average levels during the first, second, and third
months of 0.075, 0.207, and 0.318 O.D. units, respectively.
When anti-C. parvum IgG values in serum in age-matched
control lambs were subtracted from those of the infected
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FIG. 2. Profile of oocyst shedding in lambs infected at 6 (group I), 28 (group II), and 56 (group III) days of age.
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FIG. 3. Percentage of animals with diarrhea in the infected groups.

animals, significant differences (P < 0.05) were observed only
on days 10, 13, and 17 p.i. between group I and groups II and
II1. No significant differences were observed between groups II
and III throughout the experiment. There were no significant
differences between groups with respect to rapidity of IgA
seroconversion. Background ELISA readings (in the absence
of serum) were, in all cases, <0.06 O.D. units.

Group I lambs were rechallenged at 28 days old (22 days
post-initial infection) with 106 C. parvum oocysts. No oocyst
shedding or alteration in fecal consistency was observed in any
of these animals postchallenge. Lambs killed on days 12, 19,
and 26 postchallenge had no inflammation or endogenous
stages of C. parvum in the gut. Serum and coproantibody levels
in this group remained at prechallenge levels or lower for the
duration of monitoring.

DISCUSSION

The results demonstrate the acquisition of age-related resis-
tance and its effect on the development of cryptosporidial
infection in lambs. They also show that this resistance is
independent of the development of acquired immunity, since
the lambs were maintained under parasite-free conditions until
experimentally infected. Extension of the prepatent period and
reduction of oocyst shedding occur as the age of the lamb at
infection increases. Diarrhea, the principal clinical sign asso-
ciated with cryptosporidiosis, was present only in lambs in-
fected at 6 days old and in a small percentage of lambs infected
at 28 days old. In groups II and III, histological examination
showed that on day 12 p.i., there were no endogenous stages of
the parasite in the intestinal mucosa of the tissues examined
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FIG. 4. Percentage of fecal solids in lambs infected at 6 (group I), 28 (group II), and 56 (group III) days of age, compared with control lambs
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FIG. 5. Kinetics of anti-C. parvum IgA in feces (a) and serum (b) in
lambs infected at 6 (group I), 28 (group II), and 56 (group III) days of
age. Anti-C. parvum fecal IgA levels in age-matched animals during
the first (*1), second (*2), and third (*3) months of life are indicated.

and that no lesions were present. However, the parasitizing of
some areas in the gut and the shedding of small numbers of
oocysts cannot be excluded because of the limited sensitivity of
the screening techniques currently available.

These results in sheep are in agreement with the develop-
ment of age-related resistance to C. parvum infection previ-
ously demonstrated in both immunocompetent (21) and athy-
mic (9) mice. Adult severe combined immunodeficiency mice
also have been shown to resist initial colonization by C. parvurn
for at least 3 weeks, exhibiting neither oocyst shedding nor
histological evidence of any significant colonization of the
intestinal tract (7). An age-related decrease in susceptibility
has been reported also for the infection of chickens by the
related parasite C. baileyi (12).

Harp et al. (6) demonstrated that calves remain susceptible
to infection with C. parvum for at least 3 months if maintained
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FIG. 6. Kinetics of anti-C. parvum serum IgG in lambs infected at
6 (group I), 28 (group II), and 56 (group III) days of age. Anti-C.
parvum serum IgG levels in the age-matched animals during the first
(*1), second (*2), and third (*3) months of life are indicated.

in isolation from the parasite. This experiment demonstrates a
similar trend in lambs, though clinical manifestations declined
in lambs infected at 1 or 2 months old, small numbers of
oaocysts in the feces and slight softening of the fecal pellets
being the only observable effects in lambs infected at 56 days of
age. Such infections occurring naturally would go undetected
in the field.

The present results accord with previous epidemiological
studies in which lambs up to 10 days old, naturally infected
with C. parvum, exhibited diarrhea and intense oocyst excre-
tion, while ewes in the same flock appeared healthy, and only
3 of 23 examined shed small numbers of oocysts in their feces
(26). Excretion of oocysts by healthy adult ruminants has been
observed in other epidemiological surveys in sheep and cattle
(13, 19). '

The age-related resistance to C. parvum infection in sheep
may have epidemiological significance, as has been suggested
previously for ovine and bovine coccidiosis, where apparently
healthy adults serve as carriers which intermittently shed
oocysts but rarely develop clinical signs of infection (4).
Clinical cryptosporidiosis in ruminants appears seasonally,
coinciding with lambing and calving periods. Our results
indicate that naive older lambs (and possibly adults) could
become subclinically infected and perpetuate the infection
between lambing periods. Amplification of contamination by a
totally susceptible host such as a newborn lamb, as suggested
by Xiao et al. (26), could induce a clinical outbreak. As
cryptosporidiosis is a zoonosis, contact between naive human
subjects and apparently healthy subclinically infected animals
could result in human infections. Although an age-related
resistance to cryptosporidial infection in sheep may have a
beneficial effect in terms of both reduced clinical symptoms
and oocyst output, with a resultant reduction in environmental
contamination, the role of apparently healthy animals as
reservoirs of infection may be significant.

The mechanism involved in age-related resistance in rumi-
nants remains unclear. Taghi-Kilani et al. (24) have shown that
the suppression of B cells by treatment with rabbit anti-mouse
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IgM antibodies does not render neonatal mice more suscepti-
ble to infection with C. parvum and that an absence of humoral
immunity does not prevent the development of an age-related
reduction in susceptibility to infection. Ungar et al. (25)
suggested that antibody response could be a redundant rather
than irrelevant mechanism of the host response and showed
that both CD4™ T cells and gamma interferon (IFN-y) are
required to prevent the initiation of an infection; individually,
they can limit the extent (IFN-vy) or duration (CD4™" T cells) of
the infection. They also suggested that some of the IFN-y is
not of T-cell origin. T cells and IFN-y have been demonstrated
to be important in the development of an effective immune
response against Cryptosporidium muris (14). Other nonspecific
immune factors, such as the presence of intestinal flora, have
been considered of importance in the resistance of adult mice
to infection, possibly related to the production of IFN-y
through a non-T-cell pathway (7).

By contrast, a good correlation has been found in lambs (11)
and calves (20) between maximal IgA secretion in the gut and
reduction of oocyst shedding, while Fayer et al. (5) have
demonstrated a partial protection by administering hyperim-
mune colostrum to calves infected with C. parvum. In this
study, the only significant differences observed in specific
serum IgG and IgA and fecal IgA anti-C. parvum responses
between animals infected at 6, 28, and 56 days old were a
reduced maximal fecal IgA response in group III animals
relative to groups I and II and serum anti-C. parvum IgG levels
in group I animals between days 10 and 17 relative to group II
and III animals. From day 21 p.i., there were no significant
differences in serum IgG levels between the infected groups.
Specific anti-C. parvum fecal IgA increased in the infected
groups from baseline levels to a peak on day 13 p.i. Similar
patterns have been observed in colostrum-deprived neonatal
lambs (11), with a peak on day 16, and in neonatal calves (20),
with peaks on days 11 and 12. The low levels of fecal IgA
observed in group III may be attributable to a natural dilution
effect caused by increased fecal production; milk-fed lambs at
1 month old produce 25 to 50 g of feces per day, whereas
2-month-old lambs eating a predominantly solid diet produce
400 to 500 g of feces per day. That serum IgA levels were
maintained relative to groups I and II is less surprising, since
the corporal volume of group III lambs was approximately
twice that of the lambs in groups I and II, whereas the fecal
mass was up to 10 times greater. The absence of anti-C. parvum
IgG in the feces of experimentally infected lambs agrees with
the findings of Hill et al. (11); however, IgG has been detected
in the feces of naturally and experimentally infected calves
(20). Increased serum IgA levels (day 10) occurred prior to the
peak observed in feces, which may be due to an intense local
IgA synthesis in the intestine, as suggested by Hill et al. (11).
Specific IgG levels reached a peak in all the groups between
days 17 and 21 p.i. These results coincide with data from work
carried out in experimentally (11) and naturally (18) infected
neonatal lambs. In the noninfected control group, serum
immunoglobulin levels to C. parvum showed an increase over
time similar to that observed in young calves with no history of
infection (15).

Neonatal exposure to C. parvum stimulates the development
of acquired immunity and makes lambs refractory to rechal-
lenge for at least 4 months (18). In this study, lambs rechal-
lenged when 28 days old were refractory to rechallenge and
showed no increases in specific fecal IgA or serum IgG and
IgA. Calves are also refractory to rechallenge and show no
increase in serum IgG (6) or fecal IgA (20). With other
coccidian parasites, such as Eimeria bovis, the primary infec-
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tion also protects against rechallenge for 6 months or longer
4).

The variation in severity of the clinical symptoms exhibited
by the different groups compared with the very similar humoral
responses suggests that mechanisms other than antibody re-
sponse must play an important role in the development of
age-related resistance. The resistance of severely immunodefi-
cient adult mice appears to be IFN-y dependent (3), these
workers suggesting that IFN-y may enhance innate effector
mechanisms and induce changes in the intestinal epithelium.
Nevertheless, other immunologically mediated mechanisms
seem to be necessary to eradicate the infection completely.
Further work is required to explore whether similar mecha-
nisms are associated with the ovine age-related resistance
demonstrated in the present study.
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