Further investigations are needed to
define the precise role of this tick in
Lyme disease transmission. Clarification
is needed on the apparent low frequency
of infection, low spirochete burden, and
low survival rate in A. americanum.
Amblyomma americanum’s ability to
transmit Lyme disease may be of ex-
treme importance because of the exten-
sive range of this species. Efforts to
identify vectors of Lyme disease in Tex-
as, Arkansas, and Georgia (7) may bene-
fit from this new information (/4).
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Complete Development of Cryptosporidium in Cell Culture

Abstract. Protozoan parasites of the genus Cryptosporidium cause a short-term,
Sflu-like, gastrointestinal illness in immunocompetent persons and severe, persistent,
life-threatening diarrhea in immunodeficient individuals. No effective therapy is
available for the treatment of cryptosporidiosis in the immunodeficient host.
Complete development (from sporozoite to sporulated oocyst) of a human isolate of
Cryptosporidium was achieved in cultured human fetal lung cells and primary

chicken kidney and porcine kidney cells.

The growth of this newly recognized

zoonotic agent in cell culture now provides a means of studying its behavior,
development, and metabolism, and a mechanism for evaluation of potentially useful

therapeutic agents.

Protozoans of the genus Cryptospori-
dium (Phylum Apicomplexa; Suborder
Eimeriorina) are small (2 to 6 pm) cocci-
dian parasites that inhabit the microvil-
lous region of epithelial cells of a variety
of animals, including man (7). Until re-
cently, Cryptosporidium infections wete
considered rare in animals, and in man
they were thought to be the result of a
little-known opportunistic pathogen out-
side its normal host range (2). Our con-
cept of cryptosporidiosis has changed
within the past several years to that of an
important cause of gastroenteritis and
diarrhea in several animal species, espe-
cially calves, lambs, goats, and humans
).

In immunocompetent humans, Cryp-
tosporidium may produce a short-term,
flu-like, gastromtestmal illness (3; 4).
This contrasts sharply with the pro-
longed, severe diarrhea in immunodefi-
cient individuals who contract crypto-
sporidiosis (3, 5), especially those with
acquired immunodeficiency syndrome
(AIDS). Recent reports of respiratory (6)
and biliary (7) -infections demonstrate
that Cryptosporidium is not always con-
fined to the gastrointestinal tract of im-
munodeficient persons.

Experimental infections in farm and
laboratory animals have established that
Cryptosporidium has little or no host
specificity, and that it is transmitted by
ingestion of oocysts that are fully sporu-
lated and infective at the time they are
passed in the feces (I, 3, 4). Calves and
perhaps companion animals such as Kkit-
tens, puppies, and rodents may serve as
sources of human infection (3, 4), and
human-to-human transmission may oc-
cur (8). Thus, cryptosporidiosis has
joined the list of more than 150 zoono-
ses; those diseases caused by agents that
are naturally transmitted between other
vertebrate animals and man (9).

We report here the complete develop-
ment (from sporozoite to infective oo-
cyst) of a human isolate of Cryptospo-
ridium in cell culture. Cultivation of
Cryptosporidium in vitro will enable in-
vestigators to determine precisely the

biology of this intracellular parasite in
the absence of other microbes found in
the host intestine.

Cryptosporidium oocysts were ob-
tained from the feces of a patient with
persistent cryptosporidiosis and the clin-
ical and laboratory features of AIDS, or
from the feces of goats experimentally
infected with this human isolate (3). Fe-
ces containing oocysts were stored in a
2.5 percent (weight to volume) soltition
of K,Cr,0; at 4°C for up to 12 months
prior to use. OQocysts were purified and
concentrated by flotation in Sheather’s
sugar solution (3), washed three times by
centrifugation in phosphate-buffered sa-
line [(PBS), pH 7.2], and incubated in
PBS containing 0.1 percent (weight to
volume) glucose, penicillin (5000 IU/ml),
streptomycin (5 mg/ml), and amphoteri-
cin-B (20 wg/ml), for 3 hours at 37°C to
kill microbial contaminants (/0). The
oocysts were then washed three times
and incubated in PBS containing 0.25
percent trypsin and 0.75 percent sodium
taurocholate (each weight to volume) for
30 to 60 minutes at 37°C to obtain free
sporozoites (10).

Excysted (free) sporozoites were
washed twice in PBS and resuspended in
growth medium (//) and approximately
150,000 sporozoites were added to each
Leighton tube containing a monolayer of
cells growing on a 5 cm? plastic cover
slip. After incubation for 4 hours at 37°C
in a S percent CO, atmosphere to allow
attachment and penetration of sporozo-
ites, cell monolayers were rinsed vigor-
ously with maintenance medium (/2).
Infected cell cultures were kept in main-
tenance medium at 37°C with a 5 percent
CO, atmosphere throughout the study.
Cells used to study the developmental
cycle of Cryptosporidium were human
fetal lung (HFL) cells (Flow 2000). Pri-
mary chicken kidney (PCK) and porcine
kidney (PK-10) cells were also examined
for their ability to support the growth of
Cryptosporidium. The cell monolayers
were examined at various times after
inoculation of sporozoites for develop-
mental stages of Cryptosporidium by
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NomarskKi interference contrast micros-
copy (10).

Representative developmental stages
of Cryptosporidium in HFL cells are
shown in Fig. 1, and their time of appear-
ance, presence, and relative numbers are
presented in Table 1. After the initial 4-
hour incubationi period, some sporozo-
ites floated free in the medium; however,
most had attached to or had penetrated
HFL cells. By 8 hours very few free
sporozoites were observed, the remain-
der had transformed into trophozoites
within parasitophorous vacuoles of HFL

cells. Merogonous development pro-
ceeded rapidly with the appearance of
mature type I meronts (with six or eight
merozoites) by 12 hours, and mature
type II meronts (with four merozoites)
by 24 hours after inoculation of sporozo-
ites. Sexual stdges (macrogametes and
microgametocytes) were present by 48
hours, and the first oocysts (unsporulat-
ed and sporulated) were observed within
HFL cells 72 hours after inoculation of
sporozoites. Sporulated oocysts, mor-
phologically identical to those in the fe-
ces of experimentally infected calves,

Table 1. Developmental stages of Cryptosporidium in human fetal lung cells at selected times
after inoculation of approximately 150,000 sporozoites. Symbols: 1+, 1 to 5 per field; 2+, 6 to
10 per field; and 3+, more than 10 per field (examined at x400).

Time after Meronts Macrogametes
inoculation Tr o.;:ho- and micro- Oocyst
(hours) zoites Type I Type 11 gametocytes
4 1+ 0 0 0 0
8 2+ 0 0 0 0
12 2+ 1+ 0 0 0
16 2+ 2+ 0 0 0
24 1+ 1+ 2+ 0 0
48 2+ 3+ 2+ 1+ 0
72 2+ 3+ 2+ 2+ 1+
96 2+ 1+ 3+ 2+ 2+
120 2+ 0 2+ 3+ 2+
144 1+ 0 1+ 2+ 3+
168 0 0 0 0 3+
192 0 0 0 0 2+
11, 18* 0 0 0 0 2+
28, 31* 0 0 0 0 1+

*Days after inoculation with sporozoites.

Fig. 1. Representative
developmental stages
of Cryptosporidium in
human fetal lung cell
cultures after inocula-
tion of sporozoites.
Nomarski interfer-
ence contrast photo-
micrographs of living
cells (x1600). (A)
Sporozoite free in cul-
ture medium 4 hours
after inoculation. (B)
Immature type I mer-
ont with central re-
fractile body (rb) and
nuclei (arrows) near
the periphery, 12
hours after inocula-
tion. (C) Mature type
I meront with mero-
zoites (mz) and re-
fractile body (rb). A
macrogamete (ma) is
also shown. (D) Ma-
ture type II meront
with merozoites (mz)
and refractile body

& |

(rb). (E) Type II merozoite (mz) in the process of leaving the parasitophorous vacuole of the
host cell. Two merozoites have already escaped. (F) Macrogamete with prominent refractile
body (rb) and granular cytoplasm. (G) Oocyst undergoing sporogony within parasitophorous
vacuole of the host cell. Note that there are four sporoblasts at this stage of development. (H)
Optical cross section of a fully sporulated oocyst in a host cell. Note the sporozoites (sz) and
refractile body (rb). (I) Side view of fully sporulated oocyst in a host cell. Note the sporozoite

(sz) and the refractile body.
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goats, and mice (3), were the only devel-
opmental stage seen in HFL on days 7,
8, 11, 18, 28, and 31 after inoculation of
sporozoites. Most of these sporulated
oocysts remained within parasitophor-
ous vacuoles of the HFL cells.

Infectivity of cell culture—derived
oocysts for suckling mice was also test-
ed. HFL cells containing oocysts were
harvested by trypsinization, incubated in
2.5 percent K,Cr,0; for 4 hours at 4°C
to kill all developmental stages except
oocysts, washed three times by centrifu-
gation in PBS, and then inoculated into
four 5-day-old Swiss-Webster mice. Five
days later, the four inoculated mice and
four uninoculated littermates were ex-
amined for the presence of Cryptospo-
ridium infections as described previously
3, 10).

All four mice inoculated with cell cul-
ture—derived oocysts had numerous de-
velopmental stages of Cryptosporidium
in their ileum enterocytes, and numerous
oocysts in their feces when examined 5
days later. No developmental stages of
Cryptosporidium were observed in en-
terocytes of the uninoculated litter-
mates, and no oocysts were found in
their feces.

The development of Cryptosporidium
in HFL cells during the first 3 days after
inoculation of sporozoites was similar to
that reported in suckling mice inoculated
orally with oocysts isolated from humans
or calves (3, 13, 14). However, on days 4
through 8 after inoculation, the numbers
and types of developmental stages ob-
served in HFL cells differed markedly
from those in mice. During this 4-day
period, the number of developmental
stages, including meronts, increased in
mice, perhaps because of the occurrence
of an autoinfective cycle (3, 13, 14). In
HFL cells, however, the number of para-
sites decreased from days 4 through 8,
with type I and type II meronts no longer
present by days 5 and 7, respectively
(Table 1).

Some oocysts developing in entero-
cytes of experimentallty infected mice
and in endodermal cells of the chorioal-
lantoic membrane of chicken embryos
are thin-walled (autoinfective oocysts);
the remaining oocysts are the highly re-
sistant, thick-walled forms that pass un-
altered through the intestine and trans-
mit the infection to susceptible hosts by
way of fecal-oral contamination (3, 13,
14). Thin-walled oocysts were not ob-
served in HFL cells in the present study.
Most of the thick-walled oocysts that
developed in HFL cells remained within
parasitophorous vacuoles; only a small
proportion were released into the culture
medium.
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Reinitiation of merogonous develop-
ment by sporozoites released from au-
toinfective oocysts and recycling of type
I meronts (10, 13, 14) are features of the
life cycle of Cryptosporidium that may
explain why a small number of oocysts
are capable of producing overwhelming
infections in succeptible animals and
man (8). These features may also explain
why immunodeficient individuals may
develop persistent, life-threatening intes-
tinal infections in the absence of repeat-
ed oral exposure to oocysts (3), and why
very heavy Cryptosporidium infestations
can develop in the respiratory (6) and
biliary (7) tracts of such patients.

In HFL cells, it appears that sporozo-
ites develop into mature type I meronts
within 16 hours (Table 1). The presence
of type I meronts through 96 hours after
inoculation is most likely due to a recy-
cling of one or both asexual stages since
sporozoites were not seen beyond 8
hours and no apparent autoinfective cy-
cle was observed. Recycling of type I
meronts has been reported in experimen-
tally infected mice (3, 13, 14) and chick-
en embryos (10).

Since human and calf isolates of Cryp-
tosporidium exhibit little or no host
specificity (I, 3), it was not surprising
that PK-10 and PCK cells also supported
complete development (from sporozoite
to sporulated oocysts) of the human iso-
late. However, the number of parasites
developing in these two cell types was
smaller than those in HFL cell cultures.

We are aware of only one other coc-
cidian species, Eimeria tenella, which
has been reported to complete its entire
developmental cycle (from sporozoites
to unsporulated oocyst) in cell culture
[see (I15) for review]. Unlike E. tenella,
however, oocysts of Cryptosporidium
complete sporogonous development
within the host cells grown in vitro. Not
only were the in vitro derived oocysts of
Cryptosporidium sporulated by morpho-
logic criteria, but they were also infec-
tive to mice.

Cryptosporidiosis is most ominous in
its effects on morbidity and its contribu-
tions to mortality in patients with AIDS
(16). No effective therapy is available to
eradicate this agent once it becomes es-
tablished in an immunodeficient individ-
ual (5). The growth of Cryptosporidium
in cell culture not only provides a means
of studying its behavior, development,
and metabolism but it also provides a
mechanism for rapid evaluation of poten-
tially useful therapeutic agents.
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THOMAS B. HAYNEST
Department of Zoology-Entomology,
Auburn University, Alabama 36849

11 MAY 1984

References and Notes

S. Tzipori, Microbiol. Rev. 47, 84 (1983).
J. M. Vetterling, H. R. Jarvis, T. G. Merrill, H.
Sprmz J. Protozool. 18, 243 (1971)

. s L Current et al., N. Engl J. Med. 308, 1252

1.

2.

3

4. N. C Reese W. L. Current, J. V. Ernst, W. S.

Bailey, Am. J Trop. Med. Hyg 31, 226(1982)

5. Centers For Disease Control, Morbid. Mortal.

Weekly Rep. 31, 589 (1982).
6. L. Mele et al., Proc. Am. Soc. Microbiol. 83rd
Annu. Meet. (1983), Abstract C96.

7. S. D. Pitlik et al., N. Engl. J. Med. 308, 967
(1983).

8. B. L. Blagburn and W. L. Current, J. Infect.

Dis. 148, 772 (1983).

9. M. G. Schultz, N. Engl. J. Med. 308, 1285
(1983).

10. W. L. Current and P. L. Long, J. Infect. Dis.
148, 1108 (1983).

11. Growth medium consisted of minimal essential
medium (MEM) with Earle’s salts (Gibco) sup-
plemented with 10 percent fetal calf serum, L-
glutamine (1.0 mM), penicillin (100 IU/ml),
streptomycin (100 wg/ml), and amphotericin B
(0.25 wg/ml).

12. Maintenance medium was the same as growth

medium (/7) except for 2 percent fetal calf
serum being used instead of 10 percent.

13. W. L. Current and N. C. Reese, Proc. 27th
Annu. Meet. Am. Soc. Vet. Parasitol. (1982),
Abstract 41.

14. W. L. Current, in Proceedings of the Fourth
International Symposium On Neonatal Diar-
rhea (Veterinary Infectious Disease Organiza-
tion, Saskatoon, 1983), p. 293.

15. D. J. Doran, in The Biology of the Coccidia, P.
Ildg.sli;)ng, Ed. (University Park Press, Baltimore,

16. W. M. Weinstein, Ann. Int. Med. 99, 210 (1983).

17. Some of these findings were presented at the
Fourth International Symposium on Neonatal
Diarrhea (/4). Supported in part by cooperative
agreement No. ARS-587B30-3-482 between the
U.S. Department of Agriculture and the Ala-
bama Agricultural Experiment Station.

* Address reprint requests to W.L.C. Mailing
address after 1 June 1984: Animal Health Dis-
covery Research, Eli Lilly Research Labora-
tories, Greenfield, Ind. 46140.

t Present address: U.S. Department of Agricul-
ture Regional Parasite Research Laboratory,
Auburn, Ala. 36830.

14 November 1983; accepted 27 February 1984

Suppression of Prolactin in Pigs by Escherichia coli Endotoxin

Abstract. An endotoxin produced by Escherichia coli caused a decrease in
prolactin concentrations in the plasma of sows when given at low dosages 2 days
postpartum. Five to tenfold increases occurred in the plasma cortisol concentra-
tions. Piglet growth, used as an indicator of milk secretion by the sows, was
significantly depressed after the endotoxin administration. Some cases of lactation
failure in the periparturient sow may thus be due to endotoxins suppressing prolactin
concentrations. This appears to be the first report of a bacterial endotoxin having an

effect on prolactin in any species.

Insufficient milk production by sows
and the resultant malnourishment of pig-
lets may be directly responsible for be-
tween 6 and 17 percent of all preweaning
deaths in commercial pig production fa-
cilities and represents a multimillion dol-
lar annual loss to the American pork
industry (I, 2). Malnourishment also
contributes to the neonatal susceptibility
of piglets to transmissible gastroenteri-
tis, Escherichia coli enteritis, and crush-
ing by the sow, the primary causes of
death in the neonatal pig (2). Sows with
insufficient milk frequently show one or
more of the following clinical signs: py-
rexia, anorexia, leukopenia, lethargy,

mastitis, metritis (infrequently), and
blanching of the mammary glands (3).

Sows with agalactia frequently have
clinical signs of mastitis, which in many
instances is due to Gram-negative bacte-
ria, including E. coli (4). When placed in
the mammary gland or uterus of postpar-
tum sows, E. coli endotoxin is readily
absorbed and can be assayed in the
blood (5). Prolactin concentrations in the
plasma of agalactic animals is reduced
(6), and treatment of sows with E. coli
endotoxin produces signs typical of natu-
ral cases of hypogalactia (7).

For the experiments described here
we used normal sows of Yorkshire/Lan

Table 1. Changes in mean piglet weight (grams per hour per piglet) for days 1 to 3 postpartum
divided into three intervals per day (2400 to 0800 hours, 0800 to 1600 hours, and 1600 to 2400
hours). Analysis of variance for each interval on day 2 revealed no statistically significant
difference between groups (P = 0.05). Data are expressed as means (standard error) (N = 3 for

each group at each dose of endotoxin).

D‘());e Day 1 postpartum Day 2 postpartum Day 3 postpartum
endp-
toxin 1 2 3 1 2 3 1 2 3
(mg)
4 2.0 2.5 5.2 5.5 -1.5% 6.3 5.1 2.5 9.2
(1.2) (1.2) 0.4) 2.3) (1.6) 0.4) (0.6) 0.7) (1.6)
8 4.6 2.2 5.3 6.2 -3.1* 3.8 5.9 2.9 10.2
(0.6) (1.0) 0.3) 0.7) (1.0) 0.6) 0.7) 0.9 (1.1)
16 6.4 1.1 8.7 5.0 —3.2%* 7.1 5.3 2.4 10.2
(0.6) (0.4) (1.9) (1.0) (1.1) (1.7) (1.4) (1.6) 0.5)

*Value significantly different from corresponding period for groups 1 and 3 postpartum (P < 0.025,
P < 0.002, and P < 0.03 for the groups receiving 4, 8, and 16 mg of endotoxin, respectively).
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