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ABSTRACT:

Immunocompetent C57BL/6 mice were infected with Sarcocystis neurona merozoites to assess the protective immune
response to active infection. Using a direct agglutination test, all infected mice seroconverted to S. neurona merozoite antigens
by day 14 postinfection (PI). Further, mice developed splenomegaly and bilateral symmetrical lymphadenopathy by day 14 PI,
which appeared to be resolving by day 28 PI. Histologic analysis revealed a marked increase in germinal center formation in the
spleen and lymph nodes by day 14 PI. Corresponding to gross and histopathological changes, the percentage of B-cells decreased
significantly by day 14 PI but then increased significantly and persisted at day 28 PI in the blood, spleen, and multiple lymph
nodes. There was a sharp nonspecific significant decrease in CD4 percentages by day 14 PI in the blood, spleen, and lymph
nodes. Early-activation CD8 lymphocytes (CD62/CD8) were significantly down-regulated coinciding with a significant compensatory up-regulation of memory (CD44/CD8) lymphocytes in multiple organs. We propose that the protective cell-mediated
immune response to S. neurona involves both CD4 and CD8 cells, with CD8 lymphocytes appearing to play a more critical role.

Sarcocystis neurona is the predominant cause of equine protozoal myeloencephalitis, and it is the most common cause of
equine neurologic disease in the United States. Horses are infected by ingesting S. neurona sporocysts in contaminated feedstuffs or water. Despite a high rate of exposure based on seroprevalence, the majority of horses do not develop any apparent clinical disease. Serological status and exposure rates appear
to be regionally dependent, with approximately 50% of the
horses in the United States being seropositive (MacKay, 1997).
The southeast has one of the highest levels of exposure, with
seroprevalence ranging between 70 and 80%. Clinical neurologic disease affects approximately 1% of all horses, suggesting
that most horses develop a protective immune response (Dubey
et al., 2001). Horses that are mildly immunocompromised because of stress from training, showing, and pregnancy may be
more susceptible to disease (Saville et al., 2000). Symptoms
vary from acute onset of severe neurologic disease with recumbency within 24–48 hr to vague lameness with muscle atrophy
of several months duration. Clinical signs vary based on localization of lesions in the brain and spinal cord as well as other
unknown factors. Some horses with severe signs have minimal
or unidentifiable lesions, whereas other horses have marked lesions. The pathophysiology and immunology of the disease, as
well as the protective immune response, are not well understood
and progress has been slowed because of the lack of a good
research model.
Because early attempts of using an equine model were unsuccessful (Fenger, 1998; Cutler et al., 2001; Saville et al.,
2000), mouse models were established to determine the histological changes associated with infection, the biology of the
host–parasite interaction, and the effects of treatment on disease

(Marsh et al., 1997; Dubey and Lindsay, 1998; Cheadle et al.,
2001). Only immunodeficient mouse models develop neurologic disease (Marsh et al., 1997; Dubey and Lindsay, 1998); therefore, they are potentially poor models for determining the
mechanisms involved in protective immune response to S. neurona infection.
Because immunocompetent mice and 99% of horses that are
exposed do not develop the disease, this suggests that the normal-functioning immune system develops a protective immune
response to S. neurona infection. This study was undertaken to
examine the immune responses of C57BL/6 mice to experimental infection with S. neurona. Mice were infected with S.
neurona merozoites subcutaneously. Immune response was
measured by seroconversion and changes in immune cell subsets, as measured by flow cytometry.
MATERIALS AND METHODS
Maintenance of Sarcocystis neurona cultures
Sarcocystis neurona merozoites (SnOp-15) were grown and maintained in African green monkey (Cercopithecus aethiops) kidney cells
(CV-1 cells, ATCC CCL-70, American Type Culture Collection, Manassas, 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 (HBSS) without calcium and magnesium. Host cells were
then removed from the plastic growth surface by use of 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 merozoite
suspension was centrifuged (400 g for 15 min) to concentrate the merozoites. The merozoites were resuspended in HBSS, and the number of
merozoites in the filtrate was determined using a hemacytometer (Lindsay and Dubey, 2001).
Infection and examination of mice
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Female C57BL/6 mice (4–6 wk old) were obtained from Jackson
Laboratories (Bar Harbor, Maine). Mice were infected with 1 3 107 S.
neurona merozoites subcutaneously. Uninfected age-matched mice
served as controls. Blood was collected via the orbital sinus before
death. Mice were killed at 14 and 28 days postinfection (PI) with halothane. For the experiments described in this study, data on 15 uninfected controls (day 0) and 10 infected mice at each time point were
collected. All uninfected controls are referred to as the ‘‘day 0 group’’
for the duration of this study.
Mice were weighed and necropsied immediately after death. Heparinized blood samples were collected via the retroorbital plexus. Spleens
were weighed, and spleen–body weight ratios were determined. Portions
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FIGURE 1.
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Changes in splenic weight and cellularity associated with infection (*P , 0.05; Tukey’s test).

of the thymus, spleen, lymph nodes (mesenteric lymph node [MLN],
axillary lymph node [ALN], and inguinal lymph node [ILN]), kidney,
liver, lung, and brain were taken for histological examination. Sections
were fixed in formalin and embedded in paraffin. A board-certified pathologist reviewed all sections. Bilateral sections of spleen and lymph
nodes were individually collected and placed in incomplete media.
Blood processing and serology
Heparinized blood from each mouse was diluted a minimum of 1:4
in incomplete media, Roswell Park Memorial Institute 1640 medium
(Thomas Scientific, Swedesboro, New Jersey) without fetal calf serum
or L-glutamine, and then layered in a maximum of 3:1 on One-Step
(Accurate Chemical, Westbury, New York). Samples were spun at 700
g for 25 min at room temperature. The buffy coat was collected, and
samples were washed 3 times in incomplete media. Samples were then
resuspended and used for flow cytometry (Tripp et al., 1997).
Serum samples were collected from each mouse. Serum from each
mouse was run individually for the S. neurona agglutination assay
(Lindsay and Dubey, 2001). Additionally, sera from uninfected (n 5 8)
and infected (n 5 6) mice were pooled in groups of 2 serum samples
per group and submitted to Research Animal Diagnostic and Investigative Laboratory (RADIL), Columbia, Missouri, for Sendai, Mycoplasma sp., and murine hepatitis virus examinations.

Flow cytometry
For each sample, 5 3 105 cells were placed in a 96-well round-bottom
plate. Samples were washed with phosphate-buffered saline (PBS) (250
g for 5 min). Samples 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 stain/106 cells in 50-ml volume. All antibodies were from Pharmingen (San Diego, California), except Tri-color
CD8 and Texas Red-CD4, which were from Cal-Tag (Burlingame, California). Samples were stained for 20 min at 4 C and then washed with
PBS (250 g for 5 min) (Thomas Scientific). Cells were resuspended in
PBS and run on the EPICS-XL flow cytometer (Coulter, Hileah, Florida). Ten thousand events 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 HSD.

RESULTS

Preparation of splenocytes and lymphocytes

Serology

Spleen and lymph node samples were dissociated with a 3-ml plunger
across a metal tissue sieve (Sigma Chemical Co., St. Louis, Missouri).
Spleen samples were resuspended in 10 ml of incomplete media. Cells
were enumerated using the Casy-1 Model TTC Cell Counter and Analyzer System (Sharfe System, GMbH, Reutingen, Germany). Lymphocytes were centrifuged at 250 g for 5 min and resuspended in a minimum volume for flow cytometry. (Gogal et al., 2000)

All infected animals were seropositive for antibodies to S.
neurona by day 14 at a minimum of 1:50 dilution of serum.
All control animals were seronegative. Serologic analysis for
Mycoplasma sp., Sendai, and mouse hepatitis virus was negative for all infected and control mice.
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FIGURE 2. Histopathological changes associated with Sarcocystis neurona infection of immunocompetent C57BL/6 mice. A. Spleen from
uninfected control (Bar 5 55 mm). B. Spleen from infected mouse at day 14 PI (Bar 5 55 mm). Multiple germinal centers with lympholysis are
present. C. Lymph node from uninfected control (Bar 5 18 mm). D. Lymph node with multiple follicles and germinal centers from infected mouse
at day 14 PI (bar 5 10 mm).

Gross examination of organs and cellularity data
By day 14 PI, infected animals developed splenomegaly, as
determined by a significant increase in cellularity, splenic
weight, and an increase in spleen–body weight ratio. (Fig. 1)
(P , 0.05). However, by day 28 PI, the splenomegaly and increased cellularity were in decline, but parameters were still
greater than in the uninfected controls (P , 0.05). Mice also
developed bilateral symmetrical lymphadenopathy involving
ILN and ALN as well as enlarged MLN by day 14 PI. All
lymph nodes were reduced in size by day 28 PI, but they were
still larger than those of the uninfected littermate controls.
Histopathologic analysis
Histologically, spleens from infected mice at day 14 PI had
marked increases in primary and secondary follicles compared
with the uninfected controls. Extramedullary hematopoiesis
(EMH) was increased, but germinal center numbers and activity
were more significant than the EMH. By day 28 PI, the size
and numbers of germinal centers were diminishing, but ger-

minal center activity remained markedly greater than that of
uninfected controls. (Fig. 2A, B)
Lymph nodes became hypercellular, grossly and histologically, by day 14 PI and diminished by day 28 PI (Fig. 2C, D).
There were increased numbers of secondary follicles with
prominent germinal centers. High endothelial venules, an indicator of cellular recruitment to the lymph nodes, were prominent. By day 28 PI, hypercellularity was diminishing.
Mice at day 14 PI developed a few small sinusoidal foci of
mixed inflammatory cells in the liver, predominantly neutrophils and lymphocytes, compared with uninfected controls. The
number and size of foci decreased, and in some cases, foci were
absent by day 28 PI. There were a few similar perivascular
infiltrates present at day 14 PI, which decreased in number and
severity by day 28 PI.
No other consistent findings were present in any of the other
sections viewed.
Flow cytometry
The objectives of the flow cytometry experiment were (1) to
identify changes in activation (CD44/CD69) or memory
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FIGURE 3.
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Total splenocyte counts of immune subsets (*P , 0.05; Tukey’s test).

(CD44) status (or both) of critical immune subsets (CD4, CD8,
B-cell B220) and (2) to determine whether a protective immune
response developed. For these reasons, the following antibodies
were chosen: CD69, CD62, CD69, B220, CD4, and CD8. CD69
is an early-activation marker that has been frequently used in
combination with other cell surface markers to determination
activation or down-regulation of a particular population, i.e.,
B220 or CD8 (Marshall et al., 2001). CD62 and CD44 were
chosen because this combination has frequently been used to
follow changes in an immune population from early activation
to the development of a memory population over time (Topham
et al., 1996; Topham and Doherty, 1998; Turner et al., 2001).
CD62 is a naive marker that is shed very rapidly after activation. CD44 is a memory cell marker, which can be used to
identify the development of a memory population. CD62 and
CD44 were chosen because this combination had frequently
been used to follow changes in an immune population from
early activation to the development of a memory population
over time (Mobely and Dailey, 1992; Topham et al., 1996; Topham and Doherty, 1998; Turner et al., 2001).
By day 14 PI, the percentage of B-cells present in the spleen
decreased significantly compared with the uninfected controls,
but the total number of B-cells decreased only mildly compared
with the controls because of hypercellularity (Figs. 3, 4) (P ,
0.05). There was a marked decrease in the percentage of Bcells in the blood at day 14 PI (P , 0.05); the percentage of

B-cells was increasing by day 28 PI. Total B-cell numbers and
percentages increased significantly in the lymph nodes and
spleen by day 28 PI (Fig. 4) (P , 0.05).
There was a marked decrease in the percentage of CD4 lymphocytes in the blood and spleen at day 14 PI (Fig. 5A) (P ,
0.05). However, the total number of CD4 splenocytes was insignificantly increased at day 14 PI (Fig. 3). Average numbers
decreased in the lymph node by day 14 PI but did not reach
significance until day 28 PI (P , 0.05). Depletion of CD4 cells
affected the percentage of both double-positive CD62/CD4 early-activation cells (Fig. 5B) and double-positive memory CD44/
CD4 lymphocytes (Fig. 5C) (P , 0.05). The percentage of
CD62/CD4 cells rebounded by day 28 PI and CD62/CD4 expression in the spleen were comparable to those of uninfected
mice. The expression of CD62/CD4 was still significantly decreased in the blood at day 28 PI (P , 0.05). In contrast, percentages of memory cell populations of CD44/CD4 decreased
in the spleen, blood, and ALN, and percentages did not rebound
by day 28 PI.
In contrast to the changes in the CD4 population, there was
a significant increase in both total CD8 splenocytes (Fig. 3) and
the percentage of CD8-positive lymphocytes in the blood and
spleen at day 14 PI (Fig. 6A) (P , 0.05). There was an acute
and marked decrease in total number of CD62/CD8 splenocytes
and the percentage of CD62/CD8 ‘‘naive cells’’ in the blood
and spleen at day 14 PI (P , 0.05). In contrast, the percentage
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FIGURE 4.

Average percent expression of B220 in lymphoid organs (*P , 0.05; Tukey’s test).

of CD62/CD8 showed an increasing trend at day 14 PI in the
ILN, which was not significant (Fig. 6B). There was a significant loss of CD62/CD8 cells due to down-regulation of CD62/
CD8 phenotype to CD8 phenotype (P , 0.05) (Fig. 6C). By
day 28 PI, percentages of CD62/CD8 increased in the spleen
and ALN. In comparison, there was a significant increase in the
percentage of cells that are CD44/CD8 by day 14 PI in the
spleen, ILN, and, most significantly, blood (Fig. 6D) (P ,
0.05). Total numbers of CD44/CD8 in the spleen increased significantly as well (Fig. 3), and the percentage of CD8 cells that
were CD44 increased significantly (data not shown) (P , 0.05).
By day 28 PI, the percentage of cells that were CD44/CD8 was
down-regulated and had returned to levels similar to the levels
found in uninfected mice in the spleen. Percentages of CD8
cells in all lymphoid organs examined had decreased by day 28
PI.
DISCUSSION
The findings described in this study outline the protective
immune response of immunocompetent mouse strain (C57BL/
6) infected with S. neurona. Because a reliable equine model
is still being developed, murine models, using both immunocompetent and immunodeficient mice, serve as excellent avenues for elucidating immune responses to S. neurona infection.
From the data presented here, we report that immunocompetent

C57BL/6 mice infected with S. neurona develop a transient
splenomegaly and bilateral lymphadenopathy that appears to
resolve by day 28 PI. Longevity studies from mice killed at
greater than 6 mo show very little histopathologic changes consistent with infection (data not shown). The gross splenomegaly
was confirmed by spleen–body weight ratios, and the cellularity
was confirmed by total cell counts at days 14 and 28 PI. Histologically, the predominant response involved the increased
number of follicles and germinal centers, with increased lympholysis, in both the spleens and lymph nodes. The EMH was
also mildly increased in the spleens of infected mice.
Flow cytometric data revealed a significant increase in Bcells, based on the percentage of cells within the spleen and
lymph nodes as well as total cell splenic numbers. The significant decrease in B-cell percentages in the blood at day 14 PI
was likely due to the recruitment of B-cells to other lymphoid
organs, as well as the significant increase in CD8 lymphocytes
in the blood. The acute significant decrease in the percentage
of CD4 cells suggested the acute loss or destruction of cells.
The overall decrease in CD4 percentages may also be partially
due to the significant increases in B-cell percentages at day 28
PI and the significant increases in CD8 percentages at days 14
and 28 PI. Decreases in CD4 cells appeared to significantly
affect both CD621/CD41 cells and CD441/CD41 lymphocytes.
If the CD4 population was the ‘‘most protective’’ immune cell
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FIGURE 5. Average percent expression of CD4 in lymphoid organs.
ALN 5 axillary lymph node; ILN 5 inguinal lymph node. A. Expression of CD4. B. Expression of CD62/CD4. C. Expression of CD44/
CD4 (*P , 0.05; Tukey’s test).
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subset, one would expect to see significant increases in CD4
subsets, rather than decreases.
In comparison, there was a significant increase in the total
number of CD8 splenocytes and the percentage of CD8 lymphocytes in the blood and spleen by day 14 PI. Significant increases in CD8 response were predominantly due to down-regulation of CD621/CD81 as evidenced by both significantly decreased total numbers and percentages of CD621/CD81, as well
as the significantly decreased percentage of CD8 cells that were
CD621. This down-regulation of CD621/CD81 was combined
with the up-regulation of memory CD441 subset of CD8 lymphocytes, as indicated by the increase in total numbers of
CD441/CD81 splenocytes, increased percentages of CD441/
CD81 lymphocytes, and the increase in the percentage of CD8
lymphocytes that were CD44 positive. This marked increase in
CD8 population, along with the down-regulation of naive
CD621/CD81 subset, supports the role of this subset in the protective immune response to S. neurona infection. By day 28 PI,
the infection appeared to be resolving based on histopathology
and immune cell subsets.
In 2 sets of data points in the ILN and ALN, there was wide
variation in the CD62 and CD44 subsets at day 28 PI. Data
were compiled from 2 different experiments, with 1 set revealing very low numbers of CD62 and CD44, of CD4 and CD8
subsets, and the other producing very high percentages of CD44
and CD62 subsets. These differences were not seen in other
organs, i.e., blood and spleen. All data were analyzed with the
same program and cytosettings on the flow cytometer. We suggest that this variance may be due to subtle changes in the
infection, pathogenicity of the S. neurona strain, and passage
number or preparation of inocula. In most cases, interferon
(IFN)-gamma knock-outs were infected concurrently. They all
died between days 28 and 32 PI, and this was the main quality
control. Additional experiments will be conducted to address
this variance.
Based on the data presented in this study, we propose that
the protective immune response in immunocompetent mice is
due to a combined increased humoral and cell-mediated immune responses. All infected mice seroconverted by day 14 PI,
and there was a marked increase in total B-cell numbers and
percentages of B-cells within lymphoid-specific organs. The
changes in B-cell populations combined with germinal center
development in lymphoid organs suggest a supportive role of
the humoral response with respect to a protective immune response. However, it is likely that the cell-mediated immune response to S. neurona is more important, as based on previous
data (Dubey and Lindsay, 1998; Rosypal et al., 2002) that support the role of IFN-gamma in directing the protective immune
response. Further, our data suggest that during the early stages
of immune response, a significant non–subset specific loss of
CD4 cells occurs, whereas there is a significant specific upregulation of memory CD8 response. We believe that, as with
Toxoplasma gondii, it is the IFN-gamma production by both
the CD4 and CD8 cells that most likely provides the most critical component of the protective immune response in the
C57BL/6 immunocompetent host. With T. gondii, there is a
synergistic effect of CD4 and CD8 cells, but deletion studies
have demonstrated that CD8 cells played a more crucial role.
In T. gondii infection, CD4 cells function to produce IFN-gamma, stimulate natural killer cells, which also produce IFN-gam-

930

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

FIGURE 6. Average percent expression of CD8 in lymphoid organs. ALN 5 axillary lymph node; ILN 5 inguinal lymph node. A. Expression
of CD8. B. Expression of CD62/CD8. C. Percentage of CD8 lymphocytes that are CD621. D. Expression of CD44/CD8 (*P , 0.05; Tukey’s
test).

ma, stimulate the development of a Th1 response, and stimulate
IFN-gamma–dependent reactive nitrogen intermediate (RNI)
killing of parasites (Denkers and Gazzinelli, 1998). There is a
considerable overlap between CD4 and CD8 function. CD8 responsibilities include, but are not limited to, IFN-gamma production, CTL activity including killing infected cells, and IFNgamma–dependent RNI killing of parasites (Denkers and Gazzinelli, 1998). IFN-gamma was the predominant cytokine associated with CD8-mediated protection from T. gondii, but it is
also possible that other CD8-mediated immune modulators, i.e.,
chemokines and cytokines (Gazzinelli et al., 1993; Hooper et
al., 1997; Hayashi et al., 1998; Cua et al., 2001), are also essential. It is possible, that IFN-gamma as well as other immunomodulators may be involved in the protective immune response to S. neurona as well. At this time, based on the data
presented in this study, it appears that CD8 cells may be the
most critical element in the cell-mediated immune response to
S. neurona.
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