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The Gamma Interferon Knockout Mouse Model for Sarcocystis neurona: Comparison of
Infectivity of Sporocysts and Merozoites and Routes of Inoculation
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and Natural Resources Institute, Parasite Biology, Epidemiology and Systematics Laboratory, Building 1001, Beltsville, Maryland 20705-2350.
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Veterinary Medicine, Virginia-Tech, 1410 Prices Fork Road, Blacksburg, Virginia 24061-0342. email: jdubey@anri.barc.usda.gov

ABSTRACT: The dose-related infectivity of Sarcocystis neurona sporo-
cysts and merozoites of 2 recent isolates of S. neurona was compared
in gamma interferon knockout (KO) mice. Tenfold dilutions of sporo-
cysts or merozoites were bioassayed in mice, cell culture, or both. All
8 mice, fed 1,000 sporocysts, developed neurological signs with de-
monstrable S neurona in their tissues. Of 24 mice fed low numbers of
sporocysts (100, 10, 1), 18 became ill by 4 wk postinoculation, and S.
neurona was demonstrated in their brains; antibodies (S. neurona ag-
glutination test) to S neurona and S. neurona parasites were not found
in tissues of the 6 mice that were fed sporocysts and survived for >39
days. One thousand culture-derived merozoites of these 2 isolates were
pathogenic to all 8 mice inoculated subcutaneously (s.c.). Of the 24
mice inoculated s.c. with merozoites numbering 100, 10, or 1, only 3
mice had demonstrable S. neurona infection; antibodies to S. neurona
were not found in the 21 mice that had no demonstrable organisms. As
few as 10 merozoites were infective for cell cultures. These results
demonstrate that at least 1,000 merozoites are needed to cause disease
in KO mice. Sarcocystis neurona sporocysts were infective to mice by
the s.c. route.

Sarcocystis neurona is the most important cause of equine protozoal
myeloencephalitis (EPM) in the horse, and EPM is the most commonly
diagnosed neurologic disease of horses in the Americas (Dubey et al.,
1991; MacKay et al., 1992; Dubey, Lindsay et al., 2001). The life cycle
of S neurona is not completely known. Opossums (Didelphis virgini-
ana) are definitive hosts, and they excrete S neurona sporocystsin feces
(Fenger et al., 1997; Dubey and Lindsay, 1998). Horses and several
other animal species (cats, ponies, zebra, raccoons, mink, skunk, Pacific
harbor seals, sea otters) are considered aberrant intermediate hosts (re-
viewed by Dubey, Lindsay et a., 2001). In all of these aberrant hosts,
including horses, only schizont stages have been identified and are con-
fined to the central nervous system (CNS). Cats can act as experimental
intermediate hosts and harbor the sarcocyst stage; the natural interme-
diate host is unknown (Dubey et al., 2000). Horses fed sporocysts de-

veloped clinical signs and S. neurona—specific antibodies, but the par-
asite was not demonstrated in tissues (Fenger et al., 1997).

Certain strains of immunodeficient mice are susceptible to S neurona
infection (Marsh et al., 1996; Dubey and Lindsay, 1998). Gamma in-
terferon gene knockout (KO) mice develop encephalitis after being fed
sporocysts from opossums (Dubey and Lindsay, 1998). At present, little
is known of the effect of dose on the development of clinical sarco-
cystosisin KO mice. Ininitial experiments, nude or KO mice inocul ated
parenterally with 10,000 or more cell culture-derived merozoites de-
veloped neural sarcocystosis (Marsh et a., 1997; Dubey and Lindsay,
1998). The period to development of clinical disease in KO mice after
inoculation with merozoites is also not defined. Nothing is known of
the sensitivity of the bioassays in cell culture or KO mice for isolating
S. neurona from affected horses. For example, attempts to recover S
neurona from the CNS of horses fed S. neurona sporocysts have been
unsuccessful using bioassay in cell culture (Fenger et a., 1997). There-
fore, dose titrations of S. neurona sporocysts and merozoites in KO
mice were performed.

The KO mice (BALB/c Inft™™) were bred in-house from stock mice
(Jackson Laboratories, Bar Harbor, Maine). They were 26 to 51 days
old when used in experiments; both males and females were used.

Sarcocystis neurona sporocysts were collected from the small intes-
tine of 3 naturally infected opossums as described (Dubey, 2000; Dub-
ey, Black et al., 2001). Sporocysts were suspended in antibiotic saline
(Dubey et al., 1989) and stored at 4 C until used. Three isolates (SN15-
OP; SN28-ORF, SN29-OP) of S. neurona (Dubey, 2000; Dubey, Black
et a., 2001) were used. Seven, 10-fold dilutions (10° to 10-6) of spo-
rocysts were made in antibiotic saline and stored at 4 C. Aliquots (0.5
ml) from each dilution were fed to KO mice by a stomach tube. The
number of infective S neurona sporocysts in the inoculum was esti-
mated by bioassay in mice because 3 or more species of Sarcocystis
may be present in opossums, and their sporocysts cannot be distin-
guished visually (Dubey and Lindsay, 1999; Tanhauser et al., 1999).
Sera from mice were examined for antibodies to S neurona in a S
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TasLE |. Infectivity of graded doses of Sarcocystis neurona sporocysts
of 2 isolates for gamma interferon knockout mice.

TasLE Il. Infectivity of graded doses of Sarcocystis neurona merozoites
of 2 isolates for gamma interferon knockout mice.

SN28-OP sporocysts SN29-OP sporocysts

SN28-OP merozoites SN29-OP merozoites

Exam- Exam- Exam- S S
Dose*  inedt Tissuef SAT§  ined Tissue SAT Dose*  inedt SATEH neurona8 Examined SAT neurona
10+ DK27 B,EH, Lu ND DK22 B 50 10° DK27 ND + ND ND ND
(1000 DK28 B,Lu ND DK26 B >500 DK27 ND + ND ND ND
DK28 B, Lu ND DK30 B,E, Lu >500 DK27 ND + ND ND ND
DK28 B ND DK30 B, T >500 DK27 ND + ND ND ND
10°° D28 B, E ND DK27 B >500 10° DK27 ND + DK31 ND +
(10) DK28 B ND DK27 B, St >500 DK27 ND + DK31 ND +
K56 None <25 DK28 B >500 DK27 ND + DK33 ND +
K56 None <25 DK28 B,H,Lu >500 DK27 ND + DK35 ND +
10°¢ DK28 B ND DK28 B, St >500 10 DK27 ND + DK30 ND +
1) DK38 B >25 DK29 B,Lu >25 DK27 ND + DK34 ND +
K56 None <25 K56 None <25 DK27 ND + DK35 ND +
K56 None <25 K56 None <25 DK27 ND + DK35 ND +
1077 D4 ND ND K65 None <25 10° DK32 ND + DK35 ND +
0) K65 None <25 K65 None <25 DK32 ND + DK35 ND +
K65 None <25 K65 None <25 DK32 ND + DK36 ND +
K65 None <25 K65 None <25 DK32 ND + DK36 ND +
* Dilution of sporocysts fed with approximate number of infective sporocysts in 1?2 DK35 =500 + K70 <25 -
parentheses. DK38 ND + K70 <25 -
T Clinical presentation and day postinoculation mouse was examined at necropsy. K67 <25 — K70 <25 —
D, died; K, killed; DK, killed when clinically ill. _ _
1B, brain; E, eye; H, heart; Lu, lung; St, stomach; T, tongue. K67 <25 K70 <25
§ SAT, Sarcocystis neurona agglutination test. Values expressed as reciprocal ti- 10 DK 28 ND + K70 <25 —
ters. K67 <25 - K70 <25 -
K67 <25 - K70 <25 -
neurona agglutination test (SAT) as described by Lindsay and Dubey Ke7 <25 - K70 <25 -
(2001). _ _ _ _ ) 1 K53 <25 - DK49 =500 +
For histologic studies, all mice were examined at necropsy. Portions K67 <25 _ K54 <25 _
of brain, eyes, heart, lungs, liver, spleen, mesenteric lymph nodes, small K67 <25 _ K70 <25 _
intestine, kidneys, adrenals, uterus, testes, abdominal muscle, urinary K67 o5 B K70 o5 B

bladder, skeletal muscle from legs, and tongue of mice fed sporocysts
and brains of those injected subcutaneously (s.c.) with merozoites or
sporocysts were fixed in buffered neutral 10% formalin. All sections of
intestine and other tissues of each mouse were embedded in paraffin
blocks and sections were cut at 5 wm and examined microscopically
after staining with hematoxylin and eosin.

For immunohistochemical (IHC) staining, sections from each mouse
were reacted with anti-S. neurona serum prepared in a rabbit injected
with culture-derived S. neurona merozoites as described (Dubey et al.,
1999). The specificity of the S. neurona antiserum has been described
(Dubey and Hamir, 2000). A Dako EnVision™ peroxidase (Dako, Car-
pinteria, California) rabbit kit was used for staining, and the procedure
recommended by the manufacturer was followed. Briefly, after depar-
affinization, sections were treated with quenching solutions (3% hydro-
gen peroxide in methanol), rinsed with water, digested in 0.4% pepsin,
rinsed with BRIJ (Sigma, St. Louis, Missouri) detergent, rinsed in
blocking solution (0.5% casein), treated with primary antibody (S neu-
rona serum diluted 1:5,000 with 1% BRIJ) at 37 C for 30 min after
rinsing treated with Dako EnVision kit-labeled polymer HRP solution,
rinsed with buffer, treated with substrate 3-amino-9-ethylcarbazole,
rinsed with buffer, counterstained with Mayer's hematoxylin, covered
with Crystal Mount, air dried, mounted in Permount, and examined
microscopically. Three experiments were performed.

The objective of experiment 1 was to study dose-related clinical sar-
cocystosis in KO mice fed S neurona sporocysts of 2 isolates (SN28-
OPR, SN29-OP). Tenfold dilutions of sporocysts stored at 4 C for 30 days
were made in antibiotic saline, and aliquots (0.5 ml) of 104, 10-5, 10-,
and 107 dilutions (estimated to contain 100, 10, 1, or O organisms)
were fed to 4 KO mice (Table I). These dilutions were selected for
bioassay because KO mice fed undiluted (10° suspension of sporocysts
became ill around 14 days after feeding sporocysts. Mice were observed
for 56 days.

* Counted number of merozoites administered.

T Clinical presentation and day postinoculation mouse was examined at necropsy.
K, killed; DK, killed when clinically ill.

T SAT, Sarcocystis neurona agglutination test. Values expressed as reciprocal ti-
ters.

§ +, S neurona found in brain; —, S neurona not found in brain.

The objective of experiment 2 was to compare the sensitivity of bio-
assay in cell culture versus KO mice to detect S. neurona in the inoc-
ulum. Schizonts and merozoites of S. neurona were grown in cell cul-
ture as described (Dubey et a., 1999). Free merozoites obtained from
the tissue culture medium in flasks containing cultures of SN28-OP
(passage 3, grown in M617 cells) and SN29-OP (passage 2, grown in
equine kidney cells) were counted and diluted 10-fold in tissue culture
medium until the last dilution contained 1 estimated merozoite (Table
I1). Aliquots (0.5 ml) from the last 3 dilutions (estimated to have 100,
10, and 1 merozoite) were inoculated onto 3 equine kidney cell culture
flasks and injected s.c. into KO mice within 1 hr of inoculation into
cell cultures.

The objective of experiment 3 was to determine if sporocysts can be
infective to KO mice by the s.c. route. For this, 2 KO mice were in-
oculated s.c. with ~10,000 sporocysts of SN15-OP isolate, which had
been stored for 10 mo at 4 C.

All KO mice that developed neurologic signs had demonstrable S.
neurona in their brains. Mice fed low numbers of sporocysts from iso-
lates SN28-OP and SN29-OP became ill and were killed between 22
and 38 days after feeding sporocysts (DAFS) (Table I). Thelast dilution
tested (107 dilution) was not infective to KO mice. The 10-¢ and 105
dilutions of sporocysts were pathogenic to 10 of 16 mice and the 104
dilution was pathogenic to all 8 mice (Table |). Mice that survived 56



DAFS had no SAT antibodies (<1:25) to S neurona, and S. neurona
parasites were not demonstrable in their tissues by immunohistochem-
istry. Sarcocystis neurona was found in the brains of 18, lungs of 6,
eyes of 3, hearts and stomachs of 2, and tongue of 1 of the 18 of the
KO mice with demonstrable S. neurona (Table I).

The dose-related response of KO mice injected with culture-derived
merozoites is shown in Table I1. All mice inoculated s.c. with 1,000 or
more merozoites of both S neurona isolates became ill between 3 and
4 wk postinoculation, and S. neurona was found in the brains of all
infected mice. The infectivity of =100 merozoites was erratic; only 3
of 24 mice injected with 1-100 merozoites of the SN28-OP and SN29-
OP isolates became infected. Antibodies to S neurona were not found
in sera of mice that survived for 6772 days, and parasites were not
demonstrable in their tissues.

The results of bioassay of merozoites in cell culture indicated that
parasites injected into mice were viable. Of the 3 flasks inocul ated with
100, 10, or 1 merozoite of the SN28-OP isolate, S. neurona was first
seen in culture on the 27th day after inoculation with 100 and 10 mer-
ozoites. Organisms were not observed in the flask seeded with 1 mer-
ozoite. The cultures were discarded after 60 days of observation. Sar-
cocystis neurona organisms were seen in all 3 flasks 45 days after in-
oculation with 1, 10, or 100 merozoites of the SN29-OP isolate.

The reason for differences in infectivity of culture-derived merozoites
for cell culture versus mice may be related to heterogeneous stages of
the organism present in culture medium. Sarcocystis neurona undergoes
asynchronous schizogony in cell culture, wherein a new population of
schizonts may develop from merozoites without leaving the host cells
(Lindsay et al., 1999). Merozoites of different ages are probably in the
media and may differ in infectivity.

The 2 KO mice inoculated s.c. with sporocysts developed clinical
signs of infection, and S neurona was found in their brains when killed
40 days after s.c. injection. Results indicate that S. neurona sporocysts
can excyst when injected s.c. into KO mice. However, efficiency of the
route (oral versus s.c.) of sporocysts to cause infection in KO mice
needs to be compared.
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