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We report on an optimized method for the in vitro culture of tissue cyst-forming Neospora caninum brady-
zoites in Vero cells and the separation of viable parasites from host cells. Treatment of tachyzoite-infected Vero
cell cultures with 17 �M sodium nitroprusside for 8 days severely scaled down parasite proliferation, led to
reduced expression of tachyzoite surface antigens, and induced the expression of the bradyzoite marker
NcBAG1 and the cyst wall antigen recognized by the monoclonal antibody MAbCC2. Transmission electron
microscopy demonstrated that intracellular parasites were located within parasitophorous vacuoles that were
surrounded by a cyst wall-like structure, and the dense granule antigens NcGRA1, NcGRA2, and NcGRA7 were
incorporated into the cyst wall. Adhesion-invasion assays employing purified tachyzoites and bradyzoites
showed that tachyzoites adhered to, and invaded, Vero cells with higher efficiency than bradyzoites. However,
removal of terminal sialic acid residues from either the host cell or the parasite surface increased the invasion
of Vero cells by bradyzoites, but not tachyzoites.

Neospora caninum, an apicomplexan parasite that causes
stillbirth and abortion in cattle and neuromuscular disorders in
dogs (14, 15, 21), is phylogenetically closely related to Toxo-
plasma gondii but is different from Toxoplasma with regard to
its natural host range (15), antigenicity (4, 22, 27), few ultra-
structural features (25, 51), and differences in its host cell
recognition (39, 40). Three stages are known in the life cycle of
N. caninum (15). These are oocysts, the sexually produced
stage that is shed with the feces of infected dogs (35); the
rapidly proliferating tachyzoites that are present during the
acute phase of the infection (reviewed in references 14, 15, and
21); and slowly proliferating and tissue cyst-forming brady-
zoites (7, 28). Tissue cysts containing N. caninum bradyzoites
can persist in the infected cow for several years without causing
any clinical signs. Reactivation of quiescent tissue cysts in an
immunocompromised situation, such as during pregnancy, may
lead to bradyzoite-to-tachyzoite reconversion and subsequent
infection of the placenta and/or the unborn fetus (28, 45).

In N. caninum, as in T. gondii, tachzyoites and bradyzoites
can be differentiated at the ultrastructural level by transmission
electron microscopy (TEM) (29, 51, 57) and through detection
of stage-specific antigen expression. The major T. gondii sur-
face antigens TgSAG1 and TgSAG2 are stage-specifically ex-
pressed in tachyzoites (30). Similarly, the two major immuno-

dominant N. caninum tachyzoite surface antigens, NcSAG1
and NcSRS2 (9, 10, 48), were observed to be down-regulated
during tachyzoite-to-bradyzoite stage conversion (17, 47, 55).
Several bradyzoite-specific T. gondii antigens, such as TgBAG1
(5, 42), have been identified (6, 49, 52), and polyclonal anti-
bodies directed against recombinant TgBAG1 were shown to
cross-react with bradyzoites of N. caninum (36, 53, 55, 58).
Furthermore, the monoclonal antibody MAbCC2, reacting
with a 115-kDa T. gondii cyst wall protein (18), was recently
demonstrated to cross-react with N. caninum tissue cysts (31,
55). In addition to stage-specifically expressed antigens, T.
gondii dense granule proteins, which are secreted shortly after
invasion and which are involved in the modification of the
parasitophorous vacuole (11), have been shown to be differ-
entially located in T. gondii tachyzoite and bradyzoite cysts
(52). Several dense granule proteins in N. caninum have been
described (1, 16, 32, 34), and one of them, NcGRA7 (32),
formerly designated Nc-p33 (23), was found to be localized at
the tissue cyst periphery (17).

Although procedures have been developed to obtain N.
caninum bradyzoites from tissue cysts of experimentally in-
fected animals (37), large numbers of bradyzoites are needed
for scientific investigation. Thus, the development of in vitro
culture techniques for inducing tachyzoite-to-bradyzoite stage
conversion was anticipated. The methods used for induction of
stage conversion in Toxoplasma are relatively inefficient for
Neospora (58). Improved results were reported recently by
Tunev et al. (53) upon the use of bovine monocytes as host
cells. An efficient in vitro method for N. caninum bradyzoite-
to-tachyzoite stage conversion in murine epidermal keratino-
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FIG. 1. In vitro stage conversion in Vero cells. Vero cells were infected with Nc-Liverpool tachyzoites and treated with 17 �M SNP for 8 days,
followed by immunofluorescence labeling. Note the down-regulation of NcSAG1- (A to C) and NcSRS2 expression (D to F) in those parasites
expressing NcBAG1. Parasites within vacuoles expressing NcBAG1 also exhibit peripheral labeling with MAbCC2 (G to I). (J) TEM of a tissue
cyst with bradyzoites, peripheral accumulation of electron-dense material reminiscent of a cyst wall (cw), and the presence of host cell mitochondria
(mito) surrounding the cyst. Bar � 0.85 �m. (K and L) Purified parasites labeled with anti-BAG1 (green) and anti-SAG1 (red) antibodies.
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FIG. 2. Differential localization of dense granule antigens in tachyzoites and bradyzoites during in vitro culture. Localizations of NcGRA1, -2,
and -7 in tachyzoite cultures were identical, as exemplified by NcGRA1 (A to C). During in vitro stage conversion, a strong shift of labeling toward
the vacuole periphery was noted for NcGRA1 (D to F) and NcGRA7 (J to L), and also to a lesser extent for NcGRA2 (G to I).
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FIG. 3. Immunogold localization of NcGRA1 in N. caninum tachyzoites (A and B) and in vitro-cultured bradyzoites (C and D). The staining
patterns for NcGRA2 and -3 were virtually identical (not shown). (A) Note the binding of gold particles with the tachyzoite dense granules (small
arrows) and, to a lesser extent, with the vacuolar matrix. Bar � 0.23 �m. (B) Lower-magnification view of panel A. The arrow indicates the area
magnified in panel A. Bar � 0.9 �m. (C) In bradyzoites, NcGRA1 antibodies are localized mainly at the tissue cyst periphery. Bar � 0.25 �m.
(D) Lower-magnification view of panel C. Bar � 1.25 �m. The arrow indicates the area magnified in panel C.
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cytes using sodium nitroprusside (SNP) has been established
(8, 55). However, this culture system is not practical for ob-
taining larger numbers of N. caninum bradyzoites for biochem-
ical, molecular, or functional studies due to high costs involved
in culturing. In addition, in these keratinocyte host cells, tissue
cysts are surrounded by thick keratin filament bundles which
consistently obstruct attempts to purify the parasites (25).
Close association of intermediate filaments with parasitopho-
rous vacuoles and tissue cysts of T. gondii and N. caninum had
also been observed in other host cells (19, 44, 56).

Here, we report the successful induction of N. caninum
bradyzoites in Vero cells using a modified procedure. N. cani-
num tachyzoites of the Liverpool isolate (Nc-Liverpool) (2)
were maintained in, and purified from, Vero cell monolayers as
described by Hemphill et al. (24) and were immediately used
for infection. Confluent monolayers, grown either on poly-L-
lysine (100 �g/ml)-coated glass coverslips in 24-well tissue cul-
ture plates or in T75 or T175 tissue culture flasks, were over-
laid with 1 ml/well (24-well plates) or 20 or 60 ml (T75 and
T175 tissue culture flasks, respectively) of RPMI medium con-
taining 10% fetal calf serum and 105 freshly purified
tachyzoites/cm2. Different concentrations of SNP (17 to 70
�M) were added at the time of infection, and the cultures were
maintained for 8 days at 37°C and 5% CO2. Each day, the
medium was replaced with fresh medium containing the re-
spective concentrations of SNP. We found that application of
20 to 70 �M SNP consistently resulted in detachment of Vero
cells by day 4 of culture at the latest (data not shown), while
treatment with 17 �M SNP did not visibly impair the structural
integrity of the monolayer. Monitoring of N. caninum prolif-
eration in Vero cells by quantitative real-time PCR (38, 55)
revealed that parasite proliferation in SNP-treated cultures
was heavily depressed (data not shown).

Immunofluorescence labeling of infected and SNP-treated

Vero cell cultures was performed as previously described for
keratinocytes (55). This revealed that the bradyzoite-specific
antigen NcBAG1 (Fig. 1B, E, H, K, L) and the the cyst wall-
associated antigen recognized by MAbCC2 (Fig. 1G to I) were
expressed as efficiently as in murine epidermal keratinocytes.
In addition, intracellular parasites expressing NcBAG1 consis-
tently exhibited reduced staining with antibodies directed
against NcSAG1 and NcSRS2 (Fig. 1A to F). Earlier, NcSAG1
and NcSRS2 had been shown to be involved in tachyzoite host
cell invasion (20, 41), and the down-regulation of these surface
antigens in bradyzoites suggests that they probably play a mi-
nor role in the biology of bradyzoites. Furthermore, TEM of
SNP-treated cultures was performed as described previously
(55) and showed that N. caninum bradyzoites generated in 17
�M SNP-treated Vero cells were enclosed within a parasito-
phorous vacuole and were surrounded by a peripheral accu-
mulation of electron-dense material which resembled a cyst
wall (Fig. 1J).

Besides the reduced expression of the immunodominant sur-
face antigens NcSAG1 and NcSRS2 in N. caninum parasites
expressing NcBAG1 (Fig. 1), we also investigated the expres-
sion and localization of three dense granule proteins. The
staining patterns in tachyzoites for NcGRA1 (1), NcGRA2
(16), and NcGRA7 (32) were identical for all three antigens, as
exemplified in Fig. 2A to C for NcGRA1. Granular-type im-
munolabeling was found predominantly within the parasite
cytoplasm at the anterior and posterior ends of the tachyzoites.
In contrast, bradyzoites exhibited staining for NcGRA1 (see
Fig. 4D to F) and NcGRA7 (see Fig. 4J to L) that had largely
shifted toward the periphery of the vacuole. For NcGRA2 (see
Fig. 4G to I), peripheral labeling was not as pronounced but
was clearly evident as well. Immunogold labeling of sections of
LR-White-embedded tachyzoites (Fig. 3A) and bradyzoites
(Fig. 3B) confirmed these findings. In bradyzoites, distinct

FIG. 4. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (silver stain) and corresponding immunoblots of tachyzoite (T) and
bradyzoite (B) extracts. Identical numbers of parasites were loaded. Note different banding patterns obtained in bradyzoite and tachyzoite extracts
by silver staining and immunoblotting using an anti-N. caninum antiserum (Neo) (20), the down-regulation of NcSAG1 and NcSRS2 expression,
and the appearance of NcBAG1 expression in bradyzoites.
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NcGRA1 staining of the cyst periphery could be observed, and
similar results were obtained with anti-NcGRA2 and NcGRA7
antibodies (data not shown). Thus, upon SNP treatment, dense
granule components were secreted and largely accumulated in
the cyst wall, and NcGRA1, -2, and -7 could be involved in
formation of the tissue cyst wall during stage conversion. In
this respect, it is interesting that NcGRA1 and NcGRA2 were
shown to elicit an immune response during chronic infection
and could be used as markers to identify chronically infected
animals by serological means (1, 16). Additionally, as in T.
gondii, dense granule antigens are likely vaccine candidates, as
they are expressed and secreted in both tachyzoites and bra-
dyzoites (54).

In contrast to the situation in murine epidermal keratino-
cytes, Nc-Liverpool bradyzoites could be readily isolated from
SNP-treated Vero cells after 8 days of culture by applying the
previously described protocol for tachyzoites (24) with some

modifications. Briefly, 8-day SNP-treated cultures were
trypsinized and repeatedly passed through a 25-gauge needle,
and following centrifugation at 600 � g at 4°C for 10 min, the
pellet was resuspended in cold RPMI 1640 and washed twice
by centrifugation at 600 � g. Under these conditions, cellular
debris remained largely in the supernatant, while intact para-
sites were recovered in the pellet fraction. The final pellet was
resuspended in 2 ml of cold RPMI 1640, and parasites were
passed through PD-10 columns to separate parasites from still-
intact host cells. The yield per T175 flask was typically �3 �
106 to 5 � 106 parasites. Immunofluorescence labeling of pu-
rified parasites demonstrated that a major portion (typically 50
to 80%) exhibited staining with anti-NcBAG1 antibodies.
Thus, this purified population was heavily enriched in parasites
undergoing stage conversion (Fig. 1K and L).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and immunoblotting (50) were used to assess the differences in
protein expression by N. caninum tachyzoites and bradyzoites.
Equal numbers of both parasite stages were loaded, and silver
staining revealed partially distinct banding patterns for brady-
zoite and tachyzoite extracts (Fig. 4). Immunoblotting con-
firmed the down-regulation of NcSAG1 and NcSRS2 expres-
sion, and the induction of NcBAG1 synthesis, in bradyzoites
(Fig. 4).

The adhesive and invasive properties of N. caninum
tachyzoites and bradyzoites were comparatively assessed using
a recently described adhesion-invasion assay (40) that allows
the determination of invasion rates (i.e., percentages of in-
vaded parasites in relation to the overall number of parasites
interacting with host cells in a given experiment). Only one
representative result of one experiment is shown in Fig. 5;
however, these assays were repeated twice and resulted in
essentially identical results in all three experiments (data not
shown). Equal numbers of tachyzoites and bradyzoites were
incubated with Vero cell monolayers for 30 min, and the num-
ber of tachyzoites actually capable of either adhering to or
invading Vero cells was consistently severalfold higher than
that of bradyzoites (Fig. 5A). In addition, tachyzoites also
exhibited a markedly higher invasion rate than bradyzoites (36
versus 25%, respectively). Differences in host cell invasion
between tachyzoites and bradyzoites had also been described
earlier for T. gondii, albeit at the ultrastructural level (46).

During natural infection, bradyzoites would invade epithe-
lial cells of the dog gut to induce the sexual cycle (14). Intes-
tinal epithelial cells are covered with mucin glycoproteins,
whose carbohydrate chains are usually terminally modified by
sialic acid (26). In order to investigate the role of sialic acid
residues in the interaction between the two parasite stages and
their host cells, Vero cell monolayers were treated with 0.05 IU
of neuraminidase (Vibrio cholerae)/ml at 37°C for 2 h prior to
the parasite incubation (13). Following this treatment, the in-
vasion rate of bradyzoites almost doubled (from 25 to 46%),
while tachyzoite invasion rates were only slightly elevated, by
6% (Fig. 5A). Similar experiments using T. gondii tachyzoites
and macrophages had demonstrated that removal of sialic acid
residues from the macrophage surface had increased invasion
by T. gondii tachyzoites. Our results indicate that the presence
or absence of host cell surface sialic acid residues could influ-
ence host cell invasion, most notably by N. caninum brady-
zoites.

FIG. 5. Adhesion and invasion of Vero cells by in vitro-cultured N.
caninum tachyzoites and bradyzoites. The solid bars indicate the over-
all numbers of parasites interacting with Vero cells (adherent and
invaded), while the open bars indicate the numbers of intracellular
parasites only. The percentages above the bars indicate the invasion
rates (percentages of invaded parasites in relation to the overall num-
bers). (A) Identical numbers of parasites were allowed to interact
either with untreated Vero cells (no treatment) or with Vero cells
which had been treated with neuraminidase. (B) Parasites were treated
with neuraminidase prior to Vero cell interaction. The data are dis-
played as means plus standard deviations, and a representative exper-
iment among three independent experiments is shown.
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Pretreatment of tachyzoites and bradyzoites with 0.05 IU of
neuraminidase/ml prior to host cell interaction resulted in
largely similar findings. In this case, bradyzoite invasion rates
were more than doubled (from 15 to 36%), while tachyzoite
invasion rates were not affected at all (Fig. 5B). This result also
implies that the two stages might employ different receptor-
ligand interactions for invading their host cells. For another
invasive protozoan parasite, Trypanosoma cruzi, removal of
sialic acid residues from the surfaces of metacyclic trypomas-
tigotes also enhanced host cell invasion (43, 59). Cleary et al.
(12) used microarray analysis to study changes in transcript
levels during T. gondii tachyzoite-to-bradyzoite conversion, and
in addition to other developmentally regulated genes, they
identified a gene coding for a putative mucin domain-contain-
ing bradyzoite surface molecule. Given the role of a close
homologue in host cell invasion by another apicomplexan par-
asite, Cryptosporidium parvum (3), it is likely that mucin-like
bradyzoite proteins are also functionally implicated in host cell
invasion by N. caninum upon oral ingestion of tissue cysts.
However, further studies are required to investigate this in
more detail.

The optimized procedure for the culture of N. caninum
bradyzoites presented here will facilitate the accessibility of
this stage to studies of altered gene expression during stage
conversion, e.g., through the construction of cDNA libraries
and expressed sequence tag sequencing, as is currently done
for a number of other apicomplexan parasites, including the N.
caninum tachyzoite stage (33). This information would provide
a better understanding of the events which occur during both
the formation and reactivation of tissue cysts, both of which
represent crucial events in the pathogenesis of Neospora infec-
tion.
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