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Interaction and cystogenesis of Toxoplasma gondii within skeletal
muscle cells in vitro
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Infection by the protozoan parasite Toxoplasma gondii is widely prevalent in humans and animals. To pre-
vent human infection, all meat should be well cooked before consumption, since the parasite is present in skeletal
muscle. In this context, the use of skeletal muscle cells (SkMCs) as a cellular model opens up new approaches to
investigate T. gondii-host cell interactions. Immunofluorescent detection of proteins that are stage-specific for bra-
dyzoites indicated that complete cystogenesis of T. gondii in in vitro cultures of SkMCs occurs after 96 h of infection.
Ultrastructural analysis showed that, after 48 h of interaction, there were alterations on the parasitophorous vacu-
ole membrane, including greater thickness and increased electron density at the inner face of the membrane. The
present study demonstrates the potential use of primary cultures of SkMCs to evaluate different molecular aspects
of T. gondii invasion and cystogenesis and presents a promising in vitro model for the screening of drug activities

toward tissue cysts and bradyzoites.
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The obligate intracellular pathogenic parasite 7Toxo-
plasma gondii, the causative agent of toxoplasmosis, has
a life cycle that is comprised of three infective stages:
tachyzoites, bradyzoites and sporozoites. These stages
are found in feline infection (definitive hosts) and non-
feline infection (intermediate hosts). The two main trans-
mission mechanisms of 7. gondii infection are through
ingestion of either: (i) oocysts shed into the environment
from the faeces of cats or (ii) viable tissue cysts found in
raw or undercooked meat of intermediate hosts (Dziers-
zinski et al. 2004, Ferguson 2004). In both intermediate
and definitive hosts, the asexual cycle of development
occurs within any nucleated cell of warm-blooded ani-
mals, such as mammals (including humans) and birds.
This cycle consists of two infective stages: tachyzoites
undergoing fast multiplication and bradyzoites, which
are latent and undergo slow multiplication in tissue cysts
during the chronic phase of toxoplasmosis. Tissue cysts
are located mostly in the central nervous system, retina
and in heart and skeletal muscles (Dubey 1993, 1998). In
some species of intermediate hosts, the tissue cysts can
persist for a lifetime, but this mechanism is still not fully
understood (Tenter et al. 2000).

Normally, the immune response effectively prevents
dissemination of this parasite, but sometimes a sponta-
neous reactivation of the latent infection occurs, char-
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acterised by bradyzoite-tachyzoite differentiation. The
interconversion process and subsequent parasite egress
leads to infection of neighbouring cells and formation
of new tissue cysts, thus maintaining the infection in the
host (Montoya & Liesenfeld 2004). Nevertheless, in im-
munocompromised hosts, such uncontrolled reactivation
may be more frequent and result in a potentially fatal in-
fection (Gazzinelli et al. 1993, Gross & Pohl 1996). The
disease has great importance in congenitally infected
children that can present retinochoroiditis, hydroceph-
alus, convulsions and intracerebral calcification. The
most common complication of congenital toxoplasmosis
is ocular disease (Montoya & Liesenfeld 2004). To pre-
vent human infection, all meat should be well cooked
before consumption (Hill & Dubey 2002).

The T. gondii-host cell interaction involves an ear-
ly stage of adhesion and posterior invasion of the host
cell. These steps are both crucial for the establishment
of parasite infection. The development and modifica-
tion of the parasitophorous vacuole (PV), an interface
between the parasite and host cell functions, facilitates
replication and differentiation of the parasite, leading
to its protection against free radicals, pH and osmolar-
ity changes and the activation of the host immune sys-
tem (Laliberté & Carruthers 2008). Another advantage
is that this vacuole does not fuse with the endocytic or
exocytic membrane trafficking pathways of the host and
fails to acidify (Joiner et al. 1990, Sinai 2008).

Limited attention has been given to the study of con-
version and cystogenesis of 7. gondii in skeletal muscle
cells, although the parasite’s preference for this cell type
during chronic toxoplasmosis is well known (Andrade et
al. 1999, 2001, Monteiro-Leal et al. 1998, Barbosa 1999,
Barbosa et al. 1999, 2005, Ferreira-da-Silva et al. 2008,
Guimaraes et al. 2008). The implementation of skeletal
muscle as a cellular model is justified because the inges-
tion of raw or undercooked meat containing tissue cysts
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is an important transmission route for toxoplasmosis.
Furthermore, the process of cystogenesis is responsible
for the maintenance of the infection.

MATERIALS AND METHODS

The procedures with animals were carried out in ac-
cordance with the guidelines established by the Funda-
¢d0 Oswaldo Cruz-Fiocruz Committee of Ethical for the
Use of Animals by license CEUA 0229-04 and by the
Guidelines on the Care and Use of Animals for Experi-
mental Purposes (NACLAR).

Tissue cysts and bradyzoites isolation - T. gondii
cysts from ME-49 strain (Type II) were maintained in
C57BL/6 female mice (15-18 g) inoculated intraperitone-
ally with 50 cysts/animal. After four and 12 weeks post-
infection, the mice were sacrificed and the brain cysts
isolated, as described by Freyre (1995) and Popiel et al.
(1996) and modified by Guimaraes et al. (2007, 2008). To
obtain intact bradyzoites from isolated tissue cysts, we
employed the method developed by Popiel et al. (1996)
and modified by Guimaries et al. (2008).

Primary culture of skeletal muscle cells (SkMCs) -
SkMC cultures were obtained from the thigh muscles
of 18-day old mouse embryos. The cultures were main-
tained at 37°C for 4-5 days to complete myogenesis and
muscle fibre formation. During this period, the culture
medium was renewed every two days according to Bar-
bosa et al. (2000).

Fluorescence microscopy - Immunofluorescence as-
says were performed using specific monoclonal antibod-
ies for bradyzoites (anti-BAG1-7ES). Briefly, bradyzoites
were allowed to interact with SkMCs at a parasite-host
cell ratio of 1:1. After 12-168 h of interaction, the cul-
tures were fixed for 30 min at rt in 4% paraformalde-
hyde diluted in PBS, washed three times (10 min each)
with PBS and then processed according to Guimaraes et
al. (2008). The samples were examined under a Nikon
Eclipse E800 microscope. The images were obtained
with a CoolSNAP-Pro colour camera and processed with
the Image-Pro Plus 4.5.1.29 software in the Production
and Image Management Sector/IOC-Fiocruz, RJ, Brazil.
The monoclonal antibody anti-BAGI1-7ES was kindly
presented by Dr. W. Bohne (Institut fiir Medizinische
Mikrobiologie, Universitdt Gottingen, Germany).

Transmission electron microscopy - SKMCs were in-
fected with 7. gondii bradyzoites (1:1 parasite-host cell
ratio) and, after variable periods of interaction (between
30 min at 31 days), the cultures were washed three times
for 10 min with PBS and fixed for 1 h at 4°C in 2.5% glu-
taraldehyde diluted in 0.1 M sodium cacodylate buffer
containing 3.5% sucrose and 2.5 mM CaCl, (pH 7.2).
After fixation, the cells were washed in the same buffer
and then post-fixed for 30 min at rt in 1% OsOy diluted
in 0.1 M cacodylate buffer. The cells were washed in the
same buffer, scraped from the plastic dish and centri-
fuged at 4°C for 5 min at 10,000 g. Thereafter, the cells
were dehydrated in a graded series of acetone and em-
bedded in Epoxy resin. Thin sections were stained with
uranyl acetate and lead citrate and then examined under
a Zeiss EM10C transmission electron microscope.

RESULTS

The ultrastructural analysis of the skeletal muscle cell
- T. gondii bradyzoite interaction showed parasites inside
tight PVs after 30 min of infection (Fig. 1). After 48 h of
infection, cells containing parasites in the endodyogeny
process of cell division could be observed (Fig. 2). The
first signs of changes in the structure of the PV mem-
brane (PVM) were seen, including greater thickness and
increased electron density at the inner face of the mem-
brane, similar to the granular material found in the vacu-
ole matrix. The presence of small membrane invagina-
tions was also observed (Fig. 2). Finally, after 48 h, there
were endoplasmic reticulum (ER) profiles of the host cell

Fig. 1: ultrastructural analysis after 30 min of skeletal muscle cells-T.
gondii bradyzoites interaction. Intracellular parasite were observed
into parasitophorous vacuole. AG: amylopectin granules; Bz: bra-
dyzoite; HC: host cell; Mic: micronemes. Bar = lum.

Fig. 2: transmission electron microscopy analysis of skeletal muscle
cells after 48 h of Toxoplasma gondii bradyzoites infection. Parasito-
phorous vacuole membrane (PVM) presenting structural modifications
to form the cyst wall, indicative that cystogenesis in vitro is occurring.
Endoplasmic reticulum (ER) profiles were observed surrounding the
parasitophorous vacuole that is under formation. HC: host cell; P: para-
site; PM: plasma membrane. Bar = lum.
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around the PVM. The membrane face, which contained
ribosomes, was turned toward the cytoplasm and the
smooth face was in close contact with PVM (Fig. 2).

We monitored 7. gondii interconversion within
SkMCs by immunofluorescence, utilising an anti-
bradyzoite (anti-BAG1) monoclonal antibody after 24,
120 and 144 h of interaction. This analysis revealed few
bradyzoites multiplying within mature myotubes (Figs
3-5). During the period of infection between 120-144 h,
it was common to find both PVs that were anti-BAGlI
positive and PVs that were anti-BAG1 negative for the
same mature myotube. Although the infection has been
exclusively with the bradyzoite form (Fig. 3), some para-
sites remained as bradyzoites, while others had become
tachyzoites (Figs 4, 5).

After 31 days, the alterations observed in the PVM
were consistent with wall cyst formation, including
PVM thickening and the development of an electron
dense granular region containing a large number of ves-
icles and tubules (Figs 6-8). These tissue cysts presented
a dense matrix (Fig. 6) between the intracystic parasites.
They showed a large amount of amylopectin granules,
micronemes and electron-dense rhoptries with the nu-
clei localised in the posterior end, indicating that these
parasites are typical bradyzoites (Figs 6, 7). Host cell
organelles (ER profile and mitochondria) were rarely as-
sociated with the newly formed tissue cysts (Figs 6-8).

DISCUSSION

The majority of knowledge concerning the 7. gondii-
host cell interaction has been derived from in vitro as-
says with tachyzoites and there is little information in
relation to the interaction with bradyzoite and sporozo-
ite forms (Dubey et al. 1998, Fouts & Boothroyd 2007).

Moreover, the majority of in vitro studies concerning the
tachyzoite«»bradyzoite conversion have been performed
in cell lines for several reasons: (i) easy growth of these
cells, (ii) long term survival as a monolayer and (iii) the
type of cell line and/or the origin of the host cell are not
thought to be decisive for tissue cyst formation in vitro
(Lindsay et al. 1991, McHugh et al. 1993). This extrapola-
tion has been based on results obtained with different cell
lines and very rarely with primary cultures of the cells
involved in the cystogenesis in vivo, for example, neural
cells or muscle cells (Dubey et al. 1998). Consequently,
experimental assays using skeletal muscle cells (a target
cell where the parasite is resident during the chronic phase
of the disease) to investigate cystogenesis in vitro, or even
the parasite biology or other aspects of the parasite-host
cell interaction, are limited to studies carried out by our
group (Andrade et al. 1999, 2001, Barbosa et al. 2005,
Ferreira-da-Silva et al. 2008, Guimaraes et al. 2008).

For many protozoan parasites, differentiation (inter-
conversion) is an obligate process, with different evolu-
tionary stages within its life cycle that is necessary for
the success of parasite transmission (Dzierszinski et al.
2004). The maintenance of 7. gondii in tissues is crucial
to establish the chronic infection and also is probably
responsible for toxoplasmosis reactivation. This is de-
termined by the host immunosuppression, which leads
to disruption of tissue cysts and subsequent bradyzoite-
tachyzoite conversion (Lyons et al. 2002). A hypothesis
was postulated linking the protective role of neuroglobin
and myoglobin to the cytotoxic effect of nitric oxide,
which is also observed during infection with Plasmo-
dium and Trypanosoma cruzi in red blood cells and
cardiomyocytes, respectively (Taylor-Robinson, 1998,
Ascenzi et al. 2001, 2005). In this context, these results
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Figs 3-5: immunofluorescence assays showing skeletal muscle cells after 24, 120 and 144 h of infection with bradyzoite forms, respectively.
A: phase contrast microscopy of infected myotube; B: bradyzoites (arrow) inside parasitophorous vacuole were labeled with anti-BAGI;
C: double labeling of the infected culture with DAPI plus anti-BAG1; D: merge showing phase contrast microscopy, nuclei (DAPI - blue)
and anti-BAGI (red). Bar =20 pm.
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could justify the persistence of 7. gondii cysts in retina,
in the nervous system and heart and skeletal muscles for
a long time. The bradyzoite-tachyzoite interconversion
in SkMCs, as shown by immunofluorescence assays,
was expected since immune system components that are
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Figs 6-8: transmission electron microscopy analysis of skeletal
muscle cells after 31 days of infection with Toxoplasma gondii bra-
dyzoites. Besides having many typical bradyzoites (Bz), the cyst wall
(CW) can be characterized by membrane invaginations (arrow) and
tubules (T) in the granular region (GR). Rare profiles of endoplasmic
reticulum or mitochondria (Mt) associated with the cyst wall were ob-
served. AG: amylopectin granules; HC: host cell; Mic: micronemes;
R: rhoptries; asterisk: cyst matrix. Bar =1 pm.

responsible for the control of tachyzoite proliferation in
the in vivo system were not present in the in vitro sys-
tem. The strategies that we employed to overcome this
variable were to keep a low parasite-host cell ratio, to
monitor the intracellular development for up to 31 days
and to observe complete cystogenesis, in vitro.

Unlike the large amount of data on tachyzoite infection
during the parasite-host cell interaction, little is known
concerning the changes caused by bradyzoite infection.
To understand these differences it is necessary to analyse
bradyzoite infection at the ultrastructural and molecular
level (Sasono & Smith 1998, Fouts & Boothroyd 2007).
Thus, the use of primary culture of SkMCs as host cells,
and of the bradyzoite form of the parasite, allowed us to
partially mimic the in vivo infection system, since inges-
tion of raw or undercooked meat is one of the main routes
of infection by 7. gondii (Weiss & Kim 2000).

The formation of typical tissue cysts in our in vitro
culture system clearly shows the potential of this system
in the study of 7. gondii cystogenesis. Thus, this cellular
model may be useful for several approaches, including:
(1) monitoring and evaluating intracellular 7. gondii de-
velopment, (ii) characterising the molecular mechanisms
involved in cyst formation within the host cells and (iii)
analysing the action of anti-parasitic drugs against tissue
cysts and bradyzoites of 7. gondii, considering that the
current therapies act on tachyzoites and that such treat-
ments have little or no effect on the wall tissue cyst and
bradyzoites. Current therapies act on tachyzoites and
such treatments have little or no effect on the wall tissue
cyst or bradyzoites.
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