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IMMUNOPATHOLOGIC EFFECTS ASSOCIATED WITH SARCOCYSTIS
NEURONA–INFECTED INTERFERON-GAMMA KNOCKOUT MICE

Sharon G. Witonsky, Robert M. Gogal, Jr.*, Robert B. Duncan†, and David S. Lindsay*
Department of Large Animal Clinical Sciences, Virginia–Maryland Regional College of Veterinary Medicine, Virginia Polytechnic Institute and
State University (Virginia Tech), Blacksburg, VA 24061-0442. e-mail: switonsk@vt.edu

ABSTRACT: Interferon-gamma knockout (IFN-gamma KO) mice were infected with Sarcocystis neurona merozoites to charac-
terize the immunopathology associated with infection. By day 14 postinfection (PI), mice developed splenomegaly and lymph-
adenopathy, characterized by marked lymphoid hyperplasia with increased numbers of germinal centers. Additional histopatho-
logic changes included increased extramedullary hematopoiesis, multifocal mixed inflammatory infiltrates in the liver, perivascular
infiltrate of the liver and lung, and interstitial pneumonia. The total number of B-cell splenocytes (P , 0.05) and the percentage
of B-cells increased on day 14 PI in the spleen and on day 28 PI in the lymph nodes (P , 0.05). By day 28 PI, the number of
B-cell splenocytes decreased significantly. A non–subset-specific decrease in percentages of CD4 lymphocytes throughout all
lymphoid organs was observed on day 14 PI. However, total CD4 and CD44/CD4 splenocytes increased significantly by day 28
PI. Early-activation CD8 lymphocytes were reduced in the blood and spleen, whereas memory CD8 lymphocyte percentages and
total numbers were significantly increased. On the basis of the results, we propose that S. neurona–infected IFN-gamma KO
mice are immunocompromised and unable to clear the infection. Thus, they develop B-cell exhaustion and a delayed, but
sustained, increased number of memory CD4 and CD8 lymphocytes due to chronic antigen stimulation.

Sarcocystis neurona is the predominant causative agent of
equine protozoal myeloencephalitis. Despite a national sero-
prevalence of 50%, with some areas of the country being 70–
80% positive, only 1% of all horses are clinically affected
(MacKay 1997; Saville et al., 1997). This suggests that in most
horses, normal immune function prevents clinical disease. In
fact, many attempts to develop a repeatable equine model have
been unsuccessful (Fenger et al., 1997; Cutler et al., 2001; Sa-
ville et al., 2001), most likely because of effective host immune
response preventing clinical disease. Some researchers have at-
tempted to develop mouse models that exhibit neurologic dis-
ease; however, only immunodeficient mice (Marsh et al., 1997;
Lindsay and Dubey, 1999; Fritz and Dubey, 2002) appear to
succumb to infection. Nude mice, which lack normal T- and B-
lymphocytes, have been used to determine the pathogen life
cycle (Marsh et al., 1997). However, because they have a se-
verely compromised dysfunctional immune system, the model
cannot be used for assessing therapeutic response or normal
host immune response to infection. Interferon-gamma (IFN-
gamma) gene knockout (KO) mice were established by Dubey
and Lindsay (1998) as a model to study drug efficacy and the
S. neurona life cycle. Depletion of IFN-gamma compromises
both innate and adaptive responses. Although some components
of the immune response are limited because of the lack of IFN-
gamma, particularly with respect to natural killer (NK) cell ac-
tivity, macrophage activation, CD4 Th1 responses, and CD8
cytotoxicity, other responses may be normal or slightly reduced,
i.e., humoral response, non–IFN-gamma–dependent nitric oxide
response, etc. Rather than eliminating the host immune re-
sponse, as with nude mice, the immunity of gamma-IFN KO
mice may be delayed or reduced, which permits clinical disease
to develop. Thus, the pathophysiologic and pathoimmunologic

Received 10 December 2002; revised 9 April 2003; accepted 24 April
2003.

* Center for Molecular Medicine and Infectious Disease, Department of
Biomedical Sciences and Pathobiology, Virginia Polytechnic Institute
and State University, 1410 Prices Fork Road, Blacksburg, Virginia
24061-0442.

† Department of Biomedical Sciences and Pathobiology, Virginia Poly-
technic Institute and State University, Duck Pond Drive, Blacksburg,
Virginia 24061-0442.

mechanisms of the disease can still be determined. By under-
standing the host immune response to, and pathophysiologic
mechanisms of, S. neurona infection, supportive immunother-
apies and immunoprotective vaccines can be developed. For
these reasons, IFN-gamma KO mice were infected with S. neu-
rona to evaluate the pathophysiologic and immunopathologic
mechanisms associated with infection. Gross and histopatho-
logic changes were correlated with immune responses as as-
sessed by seroconversion and quantitative changes in immune
cell subsets.

MATERIALS AND METHODS
Maintenance of Sarcocystis neurona cultures

Sarcocystis neurona merozoites (SNOP-15) were grown and main-
tained in African green monkey (Cercopithecus aethiops) kidney cells
(CV-1 cells, ATCC CCL-70, American Type Culture Collection, Ma-
nassas, Virginia) as previously described (Rosypal et al., 2002).

For mouse infections, merozoites were harvested from infected cell
cultures by removing the medium and replacing it with Hanks balanced
salt solution without calcium and magnesium. Host cells were then re-
moved from the plastic growth surface with a cell scraper. This cell
mixture was passed through a 27-gauge needle attached to a 10-ml
syringe to disrupt the host cells. The suspension was passed through a
sterile 3-mm filter to remove cellular debris. The number of merozoites
in the filtrate was determined by using a hemacytometer (Lindsay and
Dubey, 2001).

Direct agglutination test for Sarcocystis neurona antibodies

Detection of S. neurona–specific antibodies was accomplished as pre-
viously described by Lindsay and Dubey (2001). Positive controls con-
sisted of previously collected serum from S. neurona–infected mice.
Negative controls consisted of sera from N. caninum–positive mice, T.
gondii–positive mice, and noninfected mice.

Infection and examination of mice

Breeding pairs of IFN-gamma KO mice were obtained from Charles
River Laboratories, Inc., Wilmington, Massachusetts. Colonies were
bred and maintained at the Virginia–Maryland Regional College of Vet-
erinary Medicine Nonclient Lab Animal Facility, Blacksburg, Virginia.
Mice were maintained in conventional housing and fed normal murine
diet ad lib. Female mice at a minimum age of 4–6 wk were infected
with 1 3 107 S. neurona merozoites s.c. Noninfected, age-matched mice
served as controls. Blood was collected through the orbital sinus before
death, and the blood was divided into nonheparinized and heparinized
tubes for serum and flow cytometry, respectively. Mice were killed on
days 14 and 28 postinfection (PI) with an overdose of halothane. All
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protocols were compliant with Virginia Tech Animal Care and Use
Committee recommendations. For the experiments described here, data
from 15 uninfected controls and 8 infected mice at each time point were
used.

Mice were weighed at the time of death. Necropsies were performed,
and spleens were weighed. Portions of thymus, spleen, lymph nodes
(LN) (mesenteric, axillary, inguinal), kidney, liver, lung, and brain were
collected and submitted for histopathology. Sections were fixed in 10%
buffered neutral formalin and embedded in paraffin. Portions of spleen
and LN were individually collected and placed in incomplete media for
cell dissociation, enumeration, and flow cytometric analysis.

Blood processing and serology

Heparinized blood from each mouse was run individually. Samples
were diluted a minimum of 1:4 in incomplete media (Roswell Park
Memorial Institute [RPMI] 1640, Thompson Scientific, Swedesboro,
New Jersey). The blood was layered at a maximum of 3:1 on One-Step
(Accurate Chemical, New York, New York). Samples were spun at 700
g for 25 min at room temperature (23 C). The buffy coat was collected,
and samples were washed 3 times in incomplete media (250 g, 5 min).
Samples were then resuspended and analyzed by flow cytometry. (Tripp
et al., 1997).

Serum from each mouse was tested individually for antibodies to S.
neurona, using the agglutination assay (Lindsay and Dubey, 2001). Se-
rum from uninfected mice (n 5 6) and infected mice (n 5 6) were
pooled in groups of 2 samples per group and submitted to the Research
Animal Diagnostic and Investigative Laboratory (RADIL) (Columbia,
Missouri) for serological testing for Mycoplasma, Sendai virus, and mu-
rine hepatitis virus.

Preparation of spleen and lymph node samples

Tissue samples were dissociated using a 3-ml plunger over a tissue
sieve. Spleen samples were placed in a total volume of 10 ml of in-
complete media. Cells were enumerated using the Casy-1 Model TTC
Cell Counter and Analyzer System (Sharfe System GMbH, Berlin, Ger-
many). The cells were centrifuged at 250 g for 5 min and resuspended
in a minimum volume for flow cytometry (Gogal et al., 2000).

Flow cytometry

For each sample, 5 3 105 cells were placed in a 96-well round-bottom
plate. Cells were washed with phosphate-buffered saline (PBS) (250 g,
5 min). The cells were stained with either PE-B220/FITC-CD69 or
FITC-CD62/PE-CD44/Tri-color CD8/Texas Red CD4 at a concentration
of approximately 0.5 mg of stain per 106 cells. All antibodies were from
Pharmingen (San Diego, California), except Tri-color CD8 and Texas
Red-CD4, which were from Caltag (Burlingame, California). Samples
were stained for 20 min at 4 C and then washed with PBS (250 g, 5
min). Cells were resuspended in PBS and analyzed on the EPICS XL
Flow Cytometer (Coulter, Hileah, Florida). A total of 10,000 lympho-
cytes were collected per sample (Tripp et al., 1997).

Statistical analysis

Analysis of variance was conducted using the GLM procedure of the
SAS system (version 8.2, SAS Institute Inc., Cary, North Carolina) to
test for treatment effects. Standardized residual plots were used to assess
model adequacy. Mean separation was performed using Tukey’s hon-
estly significant difference test.

RESULTS

Serology

All infected animals underwent seroconversion by day 14 PI
at a dilution of 1:50 of serum. Negative controls and uninfected
mice had negative titers (data not shown). Serologic analysis
for the presence of Mycoplasma, Sendai virus, and mouse hep-
atitis virus was negative for all groups.

Gross examination and cellularity data

By day 14 PI, infected mice developed splenomegaly, which
was confirmed by significantly increased spleen–body weight
ratios and significantly increased cellularity (Fig. 1). Spleno-
megaly persisted on day 28 PI. Although the weight and cel-
lularity had decreased slightly by day 28 PI, numbers were still
markedly (P , 0.05) elevated compared with uninfected con-
trols. Bilateral symmetrical lymphadenopathy of the inguinal
and axillary LN (ILN and ALN) was also present on both day
14 and day 28 PI. Mesenteric LN were also enlarged.

Histopathologic analysis

Spleens from S. neurona–infected mice had marked increases
in follicular lymphoid hyperplasia with prominent germinal
centers (Fig. 2A, B). Extramedullary hematopoiesis (EMH) was
markedly increased in spleens harvested from infected mice on
day 14 PI. By day 28 PI, germinal centers and lymphoid fol-
licles had diminished moderately in size (Fig. 2C), but they
were still larger than those from spleens from uninfected con-
trols. EMH was persistently increased, such that about 50–60%
of the spleen cross-sectional area was EMH, compared with
20–30% of the cross-sectional area of spleens harvested on day
14 PI.

LN had markedly increased numbers of secondary follicles
and large germinal centers by day 14 PI (Fig. 2D, E). High
endothelial venules were conspicuous, and sinusoidal macro-
phages and eosinophils were also present. By day 28 PI, the
follicular and germinal center activity was diminishing, but it
was still markedly greater than the controls. Other changes in-
cluded plasma cell transformation of the medullary cords, neu-
trophils in the paracortex, and the conspicuous presence of his-
tiocytes associated with the loss of lymphocytes and plasma
cells. In some mice, the thymus of S. neurona–infected mice
had cortical lymphoid depletion by day 28 PI compared with
the controls.

Livers from infected mice contained sinusoidal foci of mixed
inflammatory cells, predominantly lymphocytes and neutrophils
(Fig. 3A, B). Infiltrates increased in size and number from day
14 to day 28 PI (Fig. 3C). Perivascular infiltrates, composed of
lymphocytes and neutrophils, were as numerous as mixed in-
flammatory foci. The perivascular inflammation remained static
or progressed mildly from day 14 to day 28 PI. Foci of EMH
were also present but not extensive on day 14 PI.

Sarcocystis neurona–infected mice developed progressive
mild to moderate multifocal interstitial pneumonia, similar to
that previously described by Fritz and Dubey (2002). By day
28 PI, the majority of the S. neurona–infected mice had mod-
erate amounts of interstitial pneumonia with perivascular infil-
trates, which progressed from mild to moderate between days
14 and 28 PI.

Histopathologic analyses of brains from mice 28 day PI doc-
umented the development of encephalitis or meningioencephal-
itis, or both, as described previously by Fritz and Dubey (2002).
The architecture of the meninges was obscured with focally
extensive mixed infiltrates composed of eosinophils, neutro-
phils, and fewer lymphocytes. Inflammation was accompanied
by vascular endothelial cell hypertrophy. In some cases, mer-
ozoites were visible.
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FIGURE 1. Changes in splenic weight and cellularity associated with infection in IFN-gamma KO mice (*P , 0.05).

FIGURE 2. Histopathologic changes associated with Sarcocystis neurona infection in IFN-gamma KO mice. A. Spleen from uninfected control
mouse. Bar 5 420 mm. B. Spleen from day 14 PI IFN gamma KO mouse on day 14 PI. Bar 5 90 mm. C. Spleen from day 28 PI IFN-gamma
KO mouse. Bar 5 50 mm.
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FIGURE 2. Continued. D. LN from uninfected IFN-gamma KO
mouse. Bar 5 270 mm. E. LN from day 14 PI IFN-gamma KO mouse.
Bar 5 350 mm.

FIGURE 4. Average percent expression of B220 in lymphoid organs
(*P , 0.05). ALN, axillary lymph node; ILN, inguinal lymph node.

FIGURE 3. Histopathologic changes of the liver associated with Sarcocystis neurona infection in IFN-gamma KO mice. A. Liver from uninfected
control mouse. Bar 5 100 mm. B. Infected liver on day 14 PI from IFN-gamma KO mouse. Bar 5 80 mm. C. Infected liver on day 28 PI from
IFN-gamma KO mouse. Bar 5 50 mm.

Flow cytometry

Both the percentage of splenic B-cells and the total number
of B-lymphocytes (P , 0.05) in the spleen increased by day 14
PI. By day 28 PI, the percentage and total number of B sple-
nocytes had declined significantly (P , 0.05). However, the
percent expression of B-cells was significantly increased by day
28 PI in the LN (Figs. 4, 5).

The percent expression of CD4 lymphocytes in the blood was
decreased by day 14 PI and continued to decline through day
28 PI (P , 0.05) (Fig. 6A). A moderate nonspecific significant
decrease in both early-activation CD62/CD4 (P , 0.05) (Fig.



936 THE JOURNAL OF PARASITOLOGY, VOL. 89, NO. 5, OCTOBER 2003

FIGURE 5. Total splenocyte counts from uninfected and Sarcocystis
neurona–infected IFN-gamma KO mice (*P , 0.05).

FIGURE 6. Average percent expression of CD4 in lymphoid organs
(*P , 0.05). A. Average percent expression of CD4 in lymphoid or-
gans. B. Average percent expression of CD62/CD4 in lymphoid organs.
C. Average percent expression of CD44/CD4 in lymphoid organs.

6B) and memory CD44/CD4 (P 5 0.06) (Fig. 6C) peripheral
blood lymphocytes on day 14 and day 28 PI was observed.
There was also a significant decrease in the percentage of CD4
cells that were CD621 at both time points (data not shown). In
the spleen, the percentage of CD4 lymphocytes was marginally
decreased on day 14 PI, but by day 28 the percentage became
significantly increased. Total number of CD4 splenocytes was
significantly increased on day 14 PI and remained persistently
elevated on day 28 PI. There were no significant changes in the
percentage of CD62/CD4 lymphocytes present, and there was
only a mild nonsignificant increase in total CD62/CD4 sple-
nocytes on day 28 PI. There was mild downregulation of CD62/
CD4, based on the percentage of CD4 cells that were CD621

(data not shown). There was a nonsignificant increase in the
percentage of CD44/CD4 splenocytes on day 28 PI as well as
a significant increase in the total number of CD44/CD4 sple-
nocytes on days 14 and 28 PI. In the ALN, there was a mild
significant decrease in CD4 lymphocytes by day 28 PI. There
was little change in the early-activation CD62/CD4 subset, but
there was a marked significant increase in the CD44/CD4 subset
on day 14 PI, which then diminished by day 28 PI. In the ILN,
there was no significant change in CD62/CD4 lymphocytes. In
contrast to the ALN, in the ILN there was a nonsignificant
decrease in the percentage of CD44/CD4 lymphocytes on day
14 PI, which returned to similar levels as that of control mice
by day 28 PI.

The percentage of peripheral blood CD8 lymphocytes in-
creased significantly by day 14 PI and then declined slightly by
day 28 PI but was still significantly greater than the controls
(Fig. 7A). The percentage of CD62/CD8 lymphocytes did not
change (Fig. 7B), but there was a marked significant decrease
in the percentage of CD8 cells that were CD621 (Fig. 7C). This
was coupled with a significant increase in the percentage of
CD44/CD8 lymphocytes on day 14 PI.

In the spleen, the total number of CD8 splenocytes had in-
creased significantly by day 14 PI and continued to increase
through day 28 PI. However, the percentage of overall CD8
splenocytes did not increase significantly until day 28 PI. There
was mild downregulation of CD8 splenocytes that were CD621

on day 14 PI (Fig. 7C). More importantly, the total number of
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FIGURE 7. Average percent expression of CD8 in lymphoid organs (*P , 0.05). A. Average percent expression of CD8. B. Average percent
expression of CD62/CD8. C. Average percent expression of CD8 lymphocytes that are CD621. D. Average percent expression of CD44/CD8.

CD44/CD8 splenocytes was significantly increased on both day
14 and day 28 PI; the percentage of memory splenocytes that
were CD44/CD8 significantly increased by day 28 PI.

In the ALN, there was a mild significant decrease in CD8
lymphocytes on day 28 PI, associated with a significant de-
crease in both the percentage of CD44/CD8 lymphocytes and
the percentage of CD8 lymphocytes that were CD441 (data not
shown). In the ILN, there were mild insignificant changes in
the percentage of CD8 lymphocytes present. The percentage of
CD62/CD8 lymphocytes did not change significantly, and there
was a mild decrease in CD44/CD8 lymphocytes on day 14 PI,
which normalized on day 28 PI.

DISCUSSION

As has been previously described (Dubey and Lindsay, 1998;
Fritz and Dubey, 2002), IFN-gamma KO mice infected with S.
neurona develop terminal encephalitis. Previous studies have
focused on parasite life cycle, pathology, and response to treat-
ment. In the present study, we have focused on the pathoim-
munology associated with infection. Sarcocystis neurona–in-

fected mice developed splenomegaly with increased EMH and
bilateral symmetrical lymphadenopathy by day 14 PI. Hepatic
changes included mixed inflammatory foci and perivascular le-
sions. The latter were also present in the lungs, accompanied
by interstitial pneumonia.

Although the mice developed encephalitis, multiple organs
were affected. As S. neurona exists intracellularly (Fritz and
Dubey, 2002), it is possible that other types of cells and organs
are infected. Both in mice and other species, i.e., cats, raccoons,
S. neurona can cause lesions in many tissues, including mus-
cle, heart, lung, liver, intestine, and retina (Hamir and Dubey,
2001; Dubey, 2001a, b; Fritz and Dubey, 2002). In addition,
others have shown through immunohistochemistry that S. neu-
rona has been identified in only some of these lesions (Dubey,
2001b). Therefore, the pathophysiology of these changes has
not been ascertained. Several possible hypotheses have been
proposed. Some damage may have been directly due to S.
neurona infection. Alternatively, the subsequent host immune
and inflammatory response may have caused lesions in an
attempt to clear the infection. The last hypothesis is that
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secondary infections may have developed in the already in-
fected immunocompromised host. The latter appears to be less
likely based on the negative serology for common pathogens
and the high prevalence of the changes.

Because S. neurona is an intracellular pathogen of leukocytes
and other cells including monocytes and endothelial cells (Dub-
ey, 2001b; Fritz and Dubey, 2002), it is more likely that the
interstitial pneumonia and perivascular reactions were either a
primary result of S. neurona infection or due to inflammatory
response associated with infection. Inflammatory foci have been
reported in other infectious disease models, i.e., gamma herpes
virus, that are associated with immune-mediated clearance of
infected cells (Belz et al., 1998; Marshall et al., 2001). We
propose that this is one possible mechanism for the focal le-
sions. This cannot be confirmed without immunohistochemical
analysis of the lesions. In addition, increased EMH is also com-
monly seen associated with infectious diseases (Prunescu,
1999); thus, its presence is likely secondary to the immune and
inflammatory response rather than a direct consequence of S.
neurona itself. Finally, as has been reported previously in hors-
es and mice, infected animals also develop perivascular lesions
in multiple organs including the brain, liver, and lungs (Rooney
et al., 1970; Daft et al., 2002; Fritz and Dubey, 2002). The
explanation for this observation is not clear, but we propose
that because S. neurona can exist intracellularly in leukocytes
and endothelial cells, it is plausible that S. neurona–infected
cells stimulate localized inflammation that results in perivas-
cular inflammation. It would seem plausible that S. neurona–
infected cells may penetrate the endothelium or epithelium in
already inflamed areas, leading to infection within that specific
organ. The result may be focal liver lesions, myositis, pneu-
monia, penetration of the blood–brain barrier (BBB), and en-
cephalitis. Toxoplasma gondii can penetrate epithelium and en-
dothelium as well as monocytic and lymphocytic cells (Mori-
saki et al., 1995; Brunton et al., 2000; Barragan and Sibley,
2002). Infected monocytes can then penetrate the BBB (Huang
and Jong, 2001). In addition, another proposed mechanism by
which T. gondii penetrates the BBB involves transcellular mi-
gration of the endothelial cells, which may be mediated by
SAG-1, or SAG-3, or both (Morisaki et al., 1995; Huang and
Jong, 2001; Barragan and Sibley, 2002). It appears plausible
that S. neurona may also be able to penetrate the BBB through
either infected leukocytes or transcellular migration.

To this point, the immune response associated with S. neu-
rona infection in gamma-IFN KO mice had not been defined.
Changes in the spleens and LN demonstrated a marked and
seemingly ‘‘appropriate’’ response to infection based on in-
creased follicular activity on day 14 PI. However, on day 28
PI, follicles in the spleen and LN have a ‘‘wasted, burnt out’’
appearance. EMH predominates because of the loss of lympho-
cytes and increased cellularity in the regions outside the folli-
cles and germinal centers. In immunocompetent C57BL/6 (B6)
mice, clearance of the infection was correlated with resolution
of follicular activity and EMH in the spleens and LN (Witonsky
et al., 2003a).

Humoral response to S. neurona in IFN-gamma–infected
mice consisted of an early and marked increase in B-cells in
the spleen and ALN, with a marked significant increase in total
splenic B-cell numbers. However, the response was not sus-
tained as both the percentage of B-cells decreased below that

of uninfected mice, and the total number of B-cells in the spleen
decreased dramatically on day 28 PI. The marked decline in B-
cell percentages to less than that of the uninfected mice, com-
bined with the progressive histologic changes, i.e., in spleen,
liver, lung, suggest the inability to respond to and control the
infection.

Analysis of the cell-mediated response showed an acute non–
subset–specific loss in the percentage of CD4 lymphocytes in
the spleen and blood on day 14 PI. In the peripheral blood, the
decreased percentage was at least partially offset because of the
increased percentage of CD8 lymphocytes. In the spleen, there
was an increase in B-cells that would also partially offset the
percentage of CD4 lymphocytes. Loss of CD4 cells due to in-
fection was also possible. On day 28 PI, the percentage of CD4
splenocytes increased significantly. This was partly due to the
loss of B-cells. It was also likely due to antigen stimulation,
based on the increased total number of CD4 splenocytes. De-
spite changes in immune cell subsets, the total number of CD4
splenocytes increased significantly and dramatically on day 14
PI and continued to increase through day 28 PI. It was the
memory CD44/CD4 subset that was affected (P , 0.05).

Analysis of the CD8 subset showed similar response to the
CD4 subset in the spleen. By day 14 PI, there was a significant
increase in CD8 expression in the blood, and the percentage of
CD8 expression in the spleen did not increase significantly until
day 28 PI. However, total CD8 splenocytes increased signifi-
cantly by day 14 PI and continued to increase through day 28
PI. In the blood and the spleen, the changes in CD8 population
appeared to be due to downregulation of the early-activation
CD62/CD8 population combined with significant (P , 0.05)
upregulation of the CD44/CD8 subset. Total splenocytes reflect-
ed this change as well. There was a slight, nonsignificant in-
crease in total number of CD62/CD8 lymphocytes on day 14
PI, which became significantly increased on day 28 PI, whereas
the CD44/CD8 lymphocytes continued to increase significantly
from day 14 PI through day 28 PI (P , 0.05). Changes in
percentage of CD8 expression in the ALN and ILN were mild,
although there was a significant decrease (P , 0.05) in CD44/
CD8 expression on days 14 and 28 PI, respectively. This may
have been due to the inability to sustain this level of immune
response. Overall, the sustained increase in CD4 and CD8 sple-
nocytes of predominantly the memory subset, combined with
histopathologic progression and the inability to sustain the hu-
moral responses, suggests continued immunological stimulation
due to the lack of resolution of the infection.

The persistence of infection was supported by flow cytomet-
ric changes. In immunocompetent B6 mice, the protective im-
mune response associated with S. neurona infection, based on
the time points examined, consisted of a marked and sustained
increase in B-cell numbers through day 28 PI as well as a
marked increase in CD8 populations (Witonsky et al., 2003a).
The cell-mediated protective response appeared to be mediated
by the CD8 population, based on the downregulation of CD62/
CD8 lymphocytes with the more significant upregulation of
CD44/CD8 lymphocytes based on total numbers and percent-
ages (P , 0.05). The peak response in the C57BL/6 mice, based
on the time points examined, occurred on day 14 PI, and by
day 28 PI, there was a decrease in the total number of CD8
cells as well as CD44/CD8 lymphocytes, suggestive of resolu-
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tion of infection. Histopathologic analysis also supported res-
olution of infection.

In the IFN-gamma KO mice infected with S. neurona, the
humoral response becomes exhausted because of the inability
of the cell-mediated immune response to clear the infection. As
has been shown with T. gondii and has been demonstrated in
S. neurona–infected C57BL/6 mice, the CMI response was
most critical for protection. In T. gondii infections, humoral
immunity was supportive in the acute response, and it serves a
more critical role in chronic infections. However, both CD4 and
CD8 responses were critical for CMI. It was predominantly
IFN-gamma, produced by CD4 and CD8 cells, which mediates
the protective effect. Further, Gazzinelli et al. (1992) demon-
strated that although both populations were critical, CD8-me-
diated immune response was more important.

Comparing the CMI response, both C57BL/6 and IFN-gam-
ma KO mice exhibited a non–subset-specific loss of CD4 lym-
phocytes in multiple lymphoid organs. In the C57BL/6 mice,
total number of CD4 splenocytes was increased by day 14 PI
but returned to ‘‘control’’ levels by day 28 PI because the in-
fection was resolving infection. In the IFN-gamma KO mice,
the CD4, particularly the memory CD44/CD4 response, was
sustained.

Comparison of CD8 populations between C57BL/6 and IFN-
gamma KO mice revealed an early acute increase in the per-
centage of CD8 cells in the blood and a delayed increase in the
spleen on day 28 PI in IFN-gamma KO mice. The naive CD62/
CD8 subset was downregulated in multiple organs with upre-
gulation of the memory CD44/CD8 response. Changes in subset
analysis were similar. Again, these changes were seen in
C57BL/6 mice but occurred more rapidly in the C57BL/6 mice
than in the IFN-gamma KO mice. In addition, the memory re-
sponse was resolving on day 28 PI in the C57BL/6 mice,
whereas the CD8 response in IFN-gamma KO mice continued
to be sustained because of chronic infection, as evidenced by
histological changes, including the presence of S. neurona mer-
ozoites in the central nervous system.

To summarize, in IFN-gamma KO mice infected with S. neu-
rona, neither CD41 nor CD81 lymphocytes were completely
functional. Not only does the absence of IFN-gamma affect T-
cell function, but, as stated previously, IFN-gamma also affects
both innate (i.e., NK, macrophage) and acquired (i.e., lympho-
cyte) responses, which alter the normal host immune response.
As a result, S. neurona was not cleared, and antigenic stimu-
lation remained, causing continued CD4, CD8, and B-cell pro-
liferation and recruitment. Eventually, B-cell exhaustion oc-
curred, and by day 28 PI, because of the inability to clear in-
fection, S. neurona had already penetrated the BBB, resulting
in terminal encephalitis or meningoencephalitis.

ACKNOWLEDGMENTS

We thank Dan Ward for the statistical analysis. This research was
supported by a Cooperative State Research, Education, and Extension
Service Animal Health and Disease grant to S.G.W, D.S.L, and R.M.G.

LITERATURE CITED

BARRAGAN, A., AND L. SIBLEY. 2002. Transepithelial migration of Toxo-
plasma gondii is linked to parasite motility and virulence. Journal
of Experimental Medicine 195: 1625–1633.

BELZ, G., J. ALTMAN, AND P. DOHERTY. 1998. Characteristics of virus

specific CD81 T cells in the liver during the control and resolution
phases of influenza pneumonia. Proceedings of the National Acad-
emy of Sciences 95: 13812–13817.

BRUNTON, S., G. WALLACE, E. GRAHAM, AND M. STANFORD. 2000. The
effects of cytokines on the replication of T. gondii within rat retinal
vascular endothelial cells. Journal of Neuroimmunology 102: 182–
188.

CUTLER, T., R. MACKAY, P. GINN, K. GILLIS, S. TANHAUSER, E LERAY,
J. DARNE, AND E. GREINER. 2001. Immunoconversion against Sar-
cocystis neurona in normal and dexamethasone treated horses chal-
lenged with Sarcocystis neurona. Veterinary Parasitology 95: 197–
210.

DAFT, B. , B. BARR, I. GARDNER, D. READ, W. BELL, K. PEYSER, A.
ARDANS, H. KINDE, AND J. MORROW. 2002. Sensitivity and speci-
ficity of western blot testing of cerebrospinal fluid and serum for
diagnosis of equine protozoal myeloencephalitis in horses with and
without neurologic abnormalities. Journal of the American Veteri-
nary Medical Association 221: 1007–1013.

DUBEY, J. P. 2001a. Parasitemia and early tissue localization of Sarco-
cystis neurona in gamma-interferon knock-out mice fed sporocysts.
Journal of Parasitology 8: 1476–1479.

———. 2001b. Migration and development of Sarcocystis neurona in
tissues in interferon-gamma knockout mice fed sporocysts from a
naturally infected opossum. Veterinary Parasitology 95: 341–351.

———, AND D. S. LINDSAY. 1998. Isolation in immunodeficient mice
of Sarcocystis neurona from opposum (Didelphis virginiana) fae-
ces and its differentiation from Sarcocystis falcatula. International
Journal for Parasitology 28: 1823–1828.

FENGER, C., D. GRANSTROM, A. GAJADHAR, N. WILLIAMS, S. MCCRILLIS,
S. STAMPER, J. LONGEMEIER, AND J. P. DUBEY. 1997. Experimental
induction of equine protozoal myeloencephalitis in horses using
Sarcocystis sp. sporocysts from the opossum (Didelphis virgini-
ana). Veterinary Parasitology 68: 199–213.

FRITZ, D., AND J. P. DUBEY. 2002. Pathology of Sarcocystis neurona in
gamma-interferon knock-out mice. Veterinary Pathology 39: 137–
140.

GAZZINELLI, R., Y. XU, S. HIENY, A. CHEEVER, AND A. SHER. 1992.
Simulataneous depletion of CD41 and CD81 T lymphocytes is
required to reactivate chronic infection with Toxoplasma gondii.
Journal of Immunology 149: 175–180.

GOGAL, R., M. PRATER, M. JOHNSON, AND S. HOLLADAY. 2000. Bilateral
sections of spleen and thymus in rodents exhibit homogeneity in
leukocyte marker expression. Toxicology 157: 217–223.

HAMIR, A. N., AND J. P. DUBEY. 2001. Myocarditis and encephalitis
associated with Sarcocystis neurona infection in raccoons (Procyon
lotor). Veterinary Parasitology 95: 335–340.

HUANG, S., AND A. JONG. 2001. Cellular mechanisms of microbial pro-
teins contributing to invasion of the blood brain barrier. Cellular
Microbiology 3: 277–287.

LINDSAY, D. S., AND J. P. DUBEY. 1999. Determination of the activity of
pyrimethamine, trimethoprim, sulfonamides, and combinations of
pyrimethamine and sulfonamides against Sarcocystis neurona in
cell cultures. Veterinary Parasitology 82: 205–210.

———, AND ———. 2001. Direct agglutination test for the detection
of antibodies to Sarcocystis neurona in experimentally infected an-
imals. Veterinary Parasitology 95: 179–186.

MACKAY, R. 1997. Equine protozoal myeloencephalitis. Veterinary
Clinics of North America: Equine Practice 13: 79–96.

MARSH, A., B. BARR, J. LAKRITZ, R. NORHAUSEN, J. MADIGNA, AND P.
CONRAD. 1997. Experimental infection of nude mice as a model for
Sarcocystis neurona-associated encephalitis. Parasitology Research
83: 706–711.

MARSHALL, D., S. TURNER, G. BELZ, S. WINGO, S. ANDREANSKY, M.
SANGSTER, J. RIBERDY, T. LIU, AND P. DOHERTY. 2001. Measuring
diaspora for virus specific CD81 T cells. Proceedings of the Na-
tional Academy of Sciences 98: 6313–6318.

MORISAKI, J., J. HEUSER, AND L. SIBLEY. 1995. Invasion of Toxoplasma
gondii occurs by active penetration of the host cell. Journal of Cell
Science 108: 2457–2464.

PRUNESCU, P. 1999. Hepatic hematopoiesis in adult mouse during ex-
perimental rodent malaria. Roum Archives of Microbiological Im-
munology 58: 79–94.



940 THE JOURNAL OF PARASITOLOGY, VOL. 89, NO. 5, OCTOBER 2003

ROONEY, J., M. PRICKETT, AND F. DELANEY. 1970. Focal myelitis-en-
cephalitis in horses. Cornell Veterinarian 60: 494–499.

ROSYPAL, A. C., D. S. LINDSAY, R. B. DUNCAN, S. A. AHMED, A. M.
ZAJAC, AND J. P. DUBEY. 2002. Mice lacking the gene for inducible
or endothelial nitric oxide are resistant to sporocyst induced Sar-
cocystis neurona infections. Veterinary Parasitology 103: 315–321.

SAVILLE, W., S. REED, D. GRANSTROM, K. HICHCLIFF, C. KOHN, T. WIT-
TUM, AND S. STAMPER. 1997. Prevalence of serum antibodies to S.
neurona in horses in Ohio. Journal of the American Veterinary
Medical Association 210: 519–524.

———, R. STICH, S. REED, C. NJOKU, M. OGLESBEER, A. NUNSCHMANN,
D. GROVER, A. LAREW-NAUGLE, J. STANEK, D. GRANSTROM, AND J.

DUBEY. 2001. Utilization of stress in the development of an equine
model for equine protozoal myeloencephalitis. Veterinary Parasi-
tology 95: 211–222.

TRIPP, R., A. HAMILTON-EASTON, P. CARDIN, P. NGUYEN, F. BEHM, S.
WOODLAND, P. DOHERTY, AND M. BLACKMAN. 1997. Pathogenesis
of an infectious mononucleosis-like disease induced by a murine
gamma-herpes virus: Role for a viral superantigen? Journal of Ex-
perimental Medicine 185: 1641–1650.

WITONSKY, S., R. M. GOGAL, R. B. DUNCAN, AND D. S. LINDSAY. 2003a.
Protective immune response to experimental infection with Sar-
cocystis neurona in C57BL/6 mice. Journal of Parasitology 89:
924–931.




