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The phenomenon of age-related resistance to infection with Cryptosporidium parvum has been well
characterized in rodent models, and its existence has been demonstrated in calves. To determine whether this
is a genuine age effect in a fully susceptible animal model or the result of infection with related pathogens
inducing a nonspecific immunity, and to examine several parameters associated with severity of clinical
diseases, lambs maintained in a parasite-free environment were infected with C. parvum oocysts at increasing
ages. A marked decrease in the severity of clinical symptoms was observed as the age at infection increased,
though the kinetics of both fecal and serum antibody responses were similar in all age groups, suggesting that
mechanisms other than humoral response may play an important role in the development of age-related
resistance. This study demonstrates the first experimental evidence for age-related resistance to ovine
cryptosporidiosis and examines parameters which may influence the acquisition of resistance to infection.
Intestinal cryptosporidiosis is frequently associated with
diarrhea in young ruminants and human infants, and the
relative importance of different immune mechanisms in acquired immunity to Cryptosporidium parvum infection is not
well understood. Administration of hyperimmune bovine colostrum, containing high titers of anti-C. parvum antibodies,
provided partial protection in calves, reducing diarrhea and
oocyst shedding (5). A good correlation has been demonstrated between reduced oocyst shedding and peaks of specific
immunoglobulin A (IgA) secretions in lambs (11) and calves
(20). It has also been demonstrated that lambs (18) and calves
(6, 20) which have experienced a primary infection are refractory to reinfection and that secondary challenge is not accompanied by IgG seroconversion. There is no fecal IgA response
in rechallenged calves (20).
The mechanisms concerned with the development of the
age-related resistance to infection in young animals are also
poorly understood. Young ruminants (up to 25 to 30 days of
age) are commonly infected with C. parvum, but infection is
seldom reported in immunocompetent animals over this age.
However, endogenous stages of the parasite have been found
in the intestines of young adult sheep (1), and oocysts have
been detected in feces from adult sheep and cattle (13, 19).
Experimental studies have shown that calves raised in isolation
are susceptible to infection with the parasite at 3 months of
age, although only two of seven calves infected exhibited
diarrhea (6). Studies using several strains of laboratory mice
have shown that neonatal mice are more susceptible to C.
parvum infection than young adults or adult mice (9, 21). In
studies using the related parasite Cryptosporidium baileyi,
broiler chickens inoculated during the first and second week of
life excreted oocysts for a longer period and had greater
numbers of endogenous stages in their tissues than chickens
inoculated at 28 or 42 days of age (12).
The development of natural, age-related resistance to infection in ruminants is of considerable interest in terms of both
reduction of clinical disease and the resultant reduction of
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environmental contamination. This study investigates the development of age-related resistance to ovine cryptosporidiosis
and examines parameters which may influence the acquisition
of resistance to infection, comparing severity of clinical symptoms and humoral responses in groups of lambs experimentally
infected with C. parvum oocysts at different ages.
MATERIALS AND METHODS

Animals. Thirty-six Finn X Dorset cross male lambs were
either delivered by hysterectomy or collected at birth onto a
sterile sheet, immersed in a Virkon bath (Antec International),
and housed in secure isolation facilities. Isolation rooms were
steam cleaned, fogged with formaldehyde, and then sprayed
with 20% hydrogen peroxide. Personnel donned protective
clothing before entering the isolation rooms to prevent accidental contamination of the lambs with C. parvum. Before
having access to the lambs, personnel went through a disinfectant footbath containing 5% iodophore.
Lambs were colostrum deprived. On the first day of life, they
were fed with 50 to 100 ml of 10% sterile glucose within the
first 2 h, followed by three equally spaced feeds of glucose over
the remainder of the day. Thereafter, lambs were fed three
times a day on ultra-high-temperature-treated (U.H.T.) milk
ad libitum during the first 2 weeks of life and twice a day until
the end of the experimental period (groups I and II) or 45 days
of age (groups III and IV). Animals were introduced to
autoclaved lamb ration and autoclaved hay from 20 days of
age, and by day 45, milk was replaced by solid diet in groups III
and IV. All lambs received antibiotics orally (Clamoxyl; SmithKline Beecham) twice a day for the first 7 days of life to
minimize the possible impact of bacterial infections on colostrum-deprived animals.
C. parvum isolate. The C. parvum isolate used was originally
isolated from the feces of a red deer calf (Cervus elaphus) (2).
The isolate has since been maintained by passage at three
monthly intervals in conventional neonatal lambs or calves.
Oocysts were purified from infected lamb feces by the method
of Hill et al. (11). Briefly, 200 to 300 g of feces was diluted to
5% with tap water, and the resulting suspension was acidified
to pH 5, causing a large proportion of the fecal debris to
floculate and sediment. Oocysts suspended in the aqueous
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Tris-HCl [pH 7.4] with 2 mM phenylmethylsulfonyl fluoride).
The mixture of sporozoites and oocyst walls was disrupted by
ultrasonic treatment in an ice bath and centrifuged at 10,000 x
g for 20 min at 4°C. The protein content was determined by the
bicinchoninic acid method (23), and the supernatant was
aliquoted and stored at -80°C. Enzyme-linked immunosorbent assay (ELISA) plates (Greiner ELISA F) were coated
with 50 ,u of antigen solution per well (0.5 jig of protein per
well) in 0.05 M carbonate-bicarbonate buffer (pH 9.6) and
incubated overnight at 4°C. Plates were washed twice with
PBS-T, blocked with 150 ,lI of 1% bovine serum albumin
(Sigma)-0.05% Tween 20 in PBS per well, and incubated for 2
h at 37°C. Optimal sample dilutions were determined; sera
were diluted 1:80 (IgG) and 1:40 (IgA), and fecal extracts were
diluted 1:10. Samples were diluted in blocking buffer. Plates
were washed twice with PBS-T, and then 50 ,l of antibody test
solution was added to each well and incubated at 37°C for 1 h.
Unbound antibody was removed by three washes with PBS-T.
Antisera against sheep a or -y chains were raised in pigs. IgG
from antisera against sheep IgA and IgG was prepared by
affinity chromatography with protein A-Sepharose CL4B
(Pharmacia Ltd.). The IgG fractions were processed by passage through affinity columns of sheep F(ab)2 and fetal lamb
serum immobilized on Sepharose 4B (CNBr-activated Sepharose 4B; Pharmacia Ltd.) and were then tested in parallel by
immunoelectrophoresis against whole sheep serum and by
double diffusion against purified preparations of sheep IgA
and IgG (22) prior to conjugation with horseradish peroxidase
(16). Optimal dilutions of 1:1,000 for IgG and 1:200 for IgA
were used. Labelled secondary antibody was added (50 pI per
well) and incubated for 1 h at 37°C. Unbound secondary
antibody was removed by three washes with PBS-T. Finally, 50
pI of substrate (tetramethylbenzidine; Sigma) was added per
well and incubated for 20 min at room temperature, the
reaction was stopped by adding 50 p1 of 1 M H2SO4 per well,
and the optical densities were read at 450 nm with a Titertek
Multiscan spectrophotometer (Flow Laboratories).
Statistical analysis. Results were analyzed by using Student's t test.
RESULTS
Parasite dynamics. The percentages of animals shedding
oocysts in each group during the course of the infection are
shown in Fig. 1. There was considerable variation between the
groups. All lambs inoculated with C. parvum oocysts became
infected, although those animals which were infected at 28 or
56 days of age exhibited only subclinical infections or reduced
clinical symptoms. Lambs infected at 6 days old (group I)
showed a prepatent period of 3 to 4 days, while oocyst
shedding reached a peak on day 6 postinfection (p.i.) and fell
below detectable levels between days 13 and 18 p.i. Lambs
infected at 28 days old (group II) showed a prepatent period of
3 to 6 days, and oocysts were detectable in feces for 1 to 6 days.
Lambs infected at 56 days old (group III) presented an
extended prepatent period, starting to shed oocysts 5 to 7 days
p.i. The patent period was similar to that of lambs in group II
(1 to 6 days). No oocyst shedding was detected in the control
animals (group IV) throughout the experimental period. The
profiles of oocyst shedding are shown in Fig. 2. Mean oocyst
shedding on peak days (group I, 2.2 x 109; group II, 2.3 x 108;
group III, 2.5 x 10 ; P < 0.001 between groups) and total
oocyst output (group I, 1.2 x 1010; group II, 3.8 x 108; group
III, 3.6 x 107; P < 0.001 between groups) showed logarithmic
differences between groups. The differences between groups II
and III were not statistically significant. The oocyst shedding
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phase were sedimented, washed in tap water, and resuspended
in 1% sodium dodecyl sulfate (SDS) for 60 min at room
temperature. Thereafter, oocysts were washed three times, and
the sediment was suspended in a solution of 1% sodium
hypochlorite in phosphate-buffered saline (PBS) at 4°C for 10
min, pelleted, washed three times, and stored at 4°C in PBS.
Experimental design. Lambs were randomly distributed into
four groups and housed in different isolation rooms. Group I
consisted of 10 lambs that were inoculated orally at 6 days of
age and rechallenged when 28 days old. Lambs in group II
(nine lambs) were inoculated at 28 days, and lambs in group III
(six animals) were inoculated at 56 days. Group IV (11 lambs)
remained as uninfected controls. The infective dose consisted
of 106 C. parvum oocysts suspended in PBS and was administered orally with a 10-ml syringe. Pairs of lambs from each
challenge group were killed 12 days after infection by barbiturate overdose (with age-matched noninfected controls) to
study the histological invasion and lesions. The remaining
lambs in groups I and II were killed on day 47 (four lambs, two
from each group) and day 54 or 55 (four lambs in group I and
five lambs in group II). Lambs in group III were killed on day
75 (two lambs) or 82 (two lambs).
Collection and preparation of samples. (i) Feces. A body
harness with detachable fecal bag was fitted to each animal to
allow collection of total daily fecal output. Total fecal weight
per day was recorded, and an assessment was made of fecal
consistency (pellet, solid, soft, and scour). Severity of diarrhea
was determined by drying a 2-g fecal sample to a constant
weight at 100°C to give the percentage of fecal solids.
Oocyst shedding was examined daily, starting at 3 days of
age. Qualitative examination was undertaken by means of
phenol-auramine (17) or Heine (8)-stained smears. Quantitative examination of oocyst numbers was made by diluting feces
in an aqueous solution of 0.16% malachite green-1% SDS and
counting in an improved Neubauer hemacytometer.
Fecal samples were also assessed for the presence of anti-C.
parvum coproantibodies. Fecal extracts were obtained by a
modification of the method of Hill et al. (11). Approximately 2
g of feces was diluted 1:5 with PBS (pH 7.2) containing 0.05%
Tween 20 (PBS-T) and homogenized at 13,000 rpm for a few
seconds in an Ultraturrax T25 homogenizer (IKA Labortechnic). The mixture was agitated on an orbital shaker for 60 min
and centrifuged at 15,000 x g for 20 min, and the supernatant
was stored at -20°C. All processing was carried out at 4°C.
(ii) Blood. Blood samples were collected from the jugular
vein twice a week. Serum was extracted and stored at -20°C.
(iii) Tissue. Pieces of tissue 3 cm long were taken postmortem from the middle and both ends of duodenum, jejunum,
ileum, cecum, and colon. Fresh tissues were fixed in 10%
formol saline and embedded in paraffin wax. Sections (5 pum)
were cut, stained with hematoxylin and eosin, and examined
microscopically with a 40X objective.
Clinical assessment and pathological examination. In addition to stool consistency, fecal solids determination, and oocyst
shedding, each animal was clinically assessed daily for demeanor, appetence, and abdominal pain. Gross examination of
the small and large intestine and mesenteric lymph nodes was
conducted at necropsy. Inflammatory responses were assessed
by studying the intensity of cellular infiltrations and by changes
in the morphology of the enterocytes. The presence and
density of C. parvum endogenous stages was determined by
counting the number of stages associated with a predetermined
number of enterocyte nuclei (10).
Fecal and serum anti-C. parvum antibodies. C. parvum
oocysts (109) were excysted in a solution of trypsin and bile
salts and resuspended in 1 ml of chilled lysis buffer (10 mM
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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 animals 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 diarrhea and oocyst shedding generally coincided. Groups II and
III, by comparison, showed either reduction or complete
abrogation of symptoms, and oocyst output was greatly reduced.
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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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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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 jejunum, 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 mononuclear 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 antibody 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. Sb) 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. 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
III. 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 resistance 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 associated with cryptosporidiosis, was present only in lambs infected 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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and that no
some areas

lesions were present. However, the parasitizing of
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 development of age-related resistance to C. parvum infection previously demonstrated in both immunocompetent (21) and athymic (9) mice. Adult severe combined immunodeficiency mice
also have been shown to resist initial colonization by C. parvum
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
oocysts 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 excretion, 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 ruminants 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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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 response must play an important role in the development of
age-related resistance. The resistance of severely immunodeficient 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 mechanisms are associated with the ovine age-related resistance
demonstrated in the present study.
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to be important in the development of an effective immune
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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).
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reduction of oocyst shedding, while Fayer et al. (5) have
demonstrated a partial protection by administering hyperimmune 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 rechallenge for at least 4 months (18). In this study, lambs rechallenged 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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