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Abstract Toxoplasma (T.) gondii is known to infect various
cell types including macrophages. In the present study, we
generated monocyte-derived macrophage cultures from
chicken blood. By flow cytometrical analysis, 84.5 % of
the cultivated cells showed typical macrophage properties.
Macrophage cultures were cultivated at either 37 °C or
40 °C, respectively, and were infected 72 to 96 h post
isolationem with tachyzoites of the T. gondii type II strain
ME49 at a rate of 7.5 tachyzoites per host cell. Light micro-
scopical investigations revealed incorporation of tachyzoites
into the macrophages and gradual destruction of the infected
macrophage culture. Parasite multiplication was observed by
a quantitative real time PCR (qPCR) based on the 529-bp
fragment specific for T. gondii. Samples were drawn 1 h post
infectionem (p.i.), as well as 12, 24, 36, 48, and 72 h p.i. The
parasite replication curve showed a transient decrease of
parasite stages 12 h p.i. followed by a tachyzoite multiplica-
tion. The comparison of different culture conditions showed
a significantly higher replication rate of T. gondii at 37 °C
(median value 48 h p.i., 289.2 % of the initial tachyzoite
number) compared to cultures incubated at 40 °C (median
value 48 h p.i., 73.1 % of the initial tachyzoite number)
throughout the observation period (P<0.05). In general,
replication rates were significantly lower than in a standard
VERO cell cultures at 37 °C (P<0.05). The observed differ-
ences were attributed to the physiological chicken macro-
phage reaction at 40 °C probably approximating the situation
in vivo.

Introduction

Toxoplasma (T.) gondii is a protozoon of the class Coccidia
which is distributed globally (Dubey et al. 2011a, 2011b,
2011c). Besides Felines which represent the definite hosts,
many warm blooded animals serve as intermediate hosts. To
these belong different avian species including chicken (de
Camargo et al. 1995; Kaneto et al. 1997; Devada et al. 1998;
Dubey et al. 2002; da Silva et al. 2003; Zia-Ali et al. 2007;
Dubey 2010). It can be hypothesised that poultry functions
as reservoir host because of high seroprevalences in the field
(Dubey et al. 2008) in association with the detection of
viable tissue stages, e.g. in chickens (Dubey et al. 2005).
Except for epidemiologic studies and few infection experi-
ments, little is known up to date about the properties of T.
gondii in poultry. Especially the parasite–host interaction
including parasite distribution over the organism has been
barely investigated. Some previous in vitro investigations
gave rise to the assumption that T. gondii is able to infect
and replicate within avian macrophages (Onaga et al. 1983;
Meirelles and de Souza 1985; Channon et al. 2000; Unno
et al. 2008) which could be proven recently by Quéré et al.
(2013). Nonetheless, available data is limited to a short-term-
after infection.

In mammals, monocyte-derived macrophages are initially
the most important population in the course of protozoal
infections (Jones et al. 1972; Murray 1986). Macrophages
are also the main border of the immune system when it
comes to defeat protozoal infection in different organs and
tissues. Therefore we established an infection model based
on ex vivo isolated chicken primary monocyte-derived mac-
rophages (in the following referred to as macrophages).

The primary cultures were infected with ME49 strain
(type II) tachyzoites of T. gondii. The infection experiments
were run comparatively at 37 °C or 40 °C, respectively.
These temperatures were chosen because 37 °C are known
to be optimal for the multiplication of T. gondii tachyzoites
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(Pfefferkorn and Pfefferkorn 1976; Diab and El-Bahy 2008)
and used frequently in in vitro studies while 40 °C mimic the
physiologic conditions in poultry. The multiplication of T.
gondii tachyzoites of the different strains under different
conditions was monitored by quantitative polymerase chain
reaction (qPCR) over a prolonged period of 72 h.

Materials and methods

Host cells

The peripheral blood mononuclear cells (PBMC) were gen-
erated ex vivo from chicken blood (Brown Leghorn
chickens). Whole blood was taken from the wing vein (Vena
cutanea ulnaris) into citrate coated specimen cups (WDT,
Garbsen, Germany). It was diluted with phosphate buffered
saline (PBS) and centrifuged in Biocoll® separating solution
(density 1,077 g/ml; Biochrom AG, Berlin, Germany) to
separate the peripheral blood mononuclear cell fraction
(PBMC). The separated PBMCs suspended in RPMI-1640
medium (PAA, Coelbe, Germany) supplemented with 10 %
chicken serum, penicilline (100 U/ml, PAA), streptomycine
(0.1 mg/ml, PAA), and amphotericine B (0.0025 mg/ml,
PAA) were seeded in 6-well tissue culture dishes (TPP,
Trasadingen, Switzerland) and incubated at 37 °C or 40 °C,
respectively, with 5 % CO2. After 24 h, the supernatant was
removed and the remaining adherent cells (monocyte-derived
macrophages) were washed with PBS and incubated for an-
other 48 h to let derived macrophages adhere and remove
thrombocytes (Davies and Lloyd 1989; de Almeida et al.
2000; Wigley et al. 2002). At this, cell culture supernatant
was removed after the first 24-h period and replaced by fresh
medium. The gained supernatant was seeded into other dishes
to obtain a second culture of derived adherent macrophages
which did not adhere in the first dishes because of crowding.
Thereby, the number of harvested macrophages was enhanced.

Flow cytometry

After 4 days of cultivation, the adherent cells from both
cultivation temperatures and “first” and “second adherence”
cultures were harvested and tested for purity and macro-
phage characteristics by flow cytometry using a FACS Canto
II (BD Biosciences, Heidelberg, Germany) equipped with a
488 and 633-nm laser. Cell populations cultured at 37 °C and
40 °C, respectively, were detached from the plate by incu-
bation with accutase (PAA, Piscataway, USA) for 30 min,
washed with PBS and immediately stained with fluorescein
isothiocyanate (FITC)- or phycoerythrin (PE)-conjugated
mouse anti-chicken monoclonal antibodies (Southern Bio-
technology Associates, Eching, Germany) directed against
the following chicken surface antigens: KUL1 (macrophage-

specific), MHC class I, MHC class II, TCR2 (alpha/beta T-
cell-specific), BU1 (B-cell-specific), and CD44. The mono-
clonal antibodies against the avian CD14 and CD86 antigens
(both AbD Serotec, Düsseldorf, Germany) were detected by
means of an anti-IgG1 FITC-labelled secondary antibody
(BD Biosciences). To detect the chicken CD80 antigen
(AbD Serotec), an anti-IgG2a-PerCP-conjugate (BD Biosci-
ences) was used.

The proportion of dead cells was calculated by propidium
iodide (Sigma, Taufkirchen, Germany) staining. Data acqui-
sition and analysis were performed as previously described
(Pieper et al. 2011).

Light microscopy

To control growth and morphology of the cultured cells, light
microscopy (DM IRB, Leica, Bensheim, Germany) was
used. Development and morphology of the cells as well as
the expected invasion of tachyzoites into the macrophages
were monitored at 37 °C and 40 °C. Infected cell cultures
were observed for 72 h after infection by light microscopy.

Confocal laser scanning microscopy (CLSM)

The adherent monocyte-derived macrophages were addition-
ally examined by means of a confocal laser scanning micro-
scope (TCS-SP2, Leica, Bensheim, Germany). To demon-
strate cell morphology as well as infection of the cells with
the parasites, the cells were cultivated on micro culture slides
(BD Biosciences, San Jose, California ,USA), inoculated or
not with the tachyzoites (described below) and fixed with
methanol for 10 min. Cell morphology was analysed by
staining of cell nuclei with 4’,6-diamidino-2-phenylindole
(DAPI, Sigma) and cytoplasm using Evans blue (Sigma).
DAPI was additionally used for visualising of intra- and
extracellular tachyzoites within the cultures. Staining pro-
cedures, adjustment of the CLSM and CLSM analysis were
performed as described (Berndt et al. 2007). All examina-
tions were performed on cell populations cultured at either
temperature (37 °C and 40 °C).

In addition, CLSM was performed on infected cultures
24 h after infection to visualise the nuclei of parasites and
host cells (DAPI) and the host cell cytoplasm (Evans blue).

T. gondii tachyzoites

The tachyzoites of ME49 (type II) strain was maintained at
37 °C in VERO cell cultures (ECACC catalogue no.
84113001) using IMDM medium with 5 % foetal calf serum
and penicilline (100 U/ml, PAA), streptomycine (0.1 mg/ml,
PAA) and amphotericine B (0.0025 mg/ml, PAA). Parasites
were acquired directly before use by harvesting tachyzoites
from destroyed VERO cultures.
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Infection

The infection was performed 72 to 96 h after ex vivo gener-
ation of the primary cells at a multiplicity of infection (MOI)
of 7.5 tachyzoites of the ME49 strain, respectively, per host
cell which is within a usual dose range per host cell (Bouchot
et al. 2001; Guillermo and DaMatta 2004; Ong et al. 2011;
Seabra et al. 2002). The absolute number of host cells per
well varied slightly between the cultures (37 °C, 40 °C, and
VERO cultures). Thus, cell numbers in representative wells
were counted directly before infection to calculate the appli-
cable MOI.

Quantitative assessment of parasite replication

Twice, parasite burden was assessed in triplicates at 1 h post
infectionem (p.i.), 12 h p.i., 24 h p.i., 36 h p.i., 72 h p.i. (if intact
host cells were left after 48 h p.i.), and uninfected negative
control wells 72 h p.i., respectively (n=6 wells per time point).
The number of tachyzoites at each sampling time point was
determined by quantitative T. gondii desoxyribonucleic acid
(DNA) detection employing a real time quantitative PCR

(qPCR) technique as described by Edvinsson et al. (2006)
based on the 529 bp fragment specific for T. gondii.

In order to evaluate the replication potential of T. gondii
inside the primary macrophages we performed a standard
replication trial in the common laboratory T. gondii
tachyzoite maintenance VERO cell culture under the cultur-
ing conditions described above (one triplicate). VERO cells
were cultivated at same number (density) of cells per well as
macrophages and infected with same MOI of 7.5 tachyzoites
per host cell. Samples were taken at the same specific points
in time p.i. as in macrophage cultures (at 1, 12, 24, 36, 48,
and 72 h p.i.). They were tested by the same qPCR to
determine the replicate numbers of tachyzoite genomes.

For data analysis, the absolute replicate numbers were
normalised (as percentages of the 1-h p.i. value) because of
the variance of the actual number of tachyzoites applied on
the respective culture wells. Statistical evaluation of the
parasite replication data was performed using IBM SPSS®
Statistics 20 package (IBM Corporation, New York, USA).
Data was analysed for normal distribution by Kolmogorov-
Smirnov test. Because of non-normal distribution, group
differences were tested by Mann–Whitney U test.

Fig. 1 Macrophage cultures. a Uninfected control (according to time
point 72 h p.i.); b intact macrophages and some free excess tachyzoites
(arrow) at 1 h p.i.; c 24 h p.i. cells show proliferation, enhanced
vacuolization, and ballooning (arrow); d 48 h p.i. cell detachment,
clustering (arrowhead), and free floating tachyzoites (arrow) are

observed; e 72 h p.i. single attached macrophages (arrowhead) and
many free tachyzoites (arrow) are present. (a–e light microscopy, ×400
optical magnification). f Infected cultures 24 h p.i. with DAPI stained
cell nuclei of macrophages (arrowhead) and intracellular T. gondii
tachyzoites (arrow). (CLSM, ×100 optical magnification)

Fig. 2 Cell culture morphology
96 h post isolationem. a Evans
blue stain of cytoplasm (red), b
DAPI stain of cell nuclei (blue),
and c merge
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Results

Characterisation of the host cell cultures

Microscopy

By light microscopy and CLSM, the cultured cells showed
typical morphological features of macrophages (Figs. 1a and

2). The monocyte-derived macrophages were round to irregular
shaped with a diameter that varied from approximately 14 to
58 μm. The large and bulky nuclei were mostly centrally
located and surrounded by unequally stained wide cytoplasm
containing indifferent vacuoles. Cell walls appeared fluently.
Comparison of the cell populations kept at 37 °C and 40 °C,
respectively, revealed no difference in consistence or purity,
though, macrophages seem to have a shorter lifespan at 40 °C
than at 37 °C. The isolated cells stayed vital throughout until
10 days post isolationem at either temperature which is the
interval needed for the conducted experiments. During the first
days of culturing, cell numbers increased while in populations
cultured for 20 days viability was reduced markedly down to a
low percentage of the initially seeded cells.

Flow cytometry

Primary “first” and “second adherence” cultures of both cultiva-
tion temperatures delivered similar results. By flow cytometry,
84.5% (with a range from 73.1% to 92.7%) of the cultured cells
exhibited typical macrophage scatter properties in the FSC vs.
SSC dot plot (Fig. 3a).Within this population, the average rate of
dead cells was 15.5 % (Fig. 3b); 98.5 % (with a range from
97.1 % to 99.1 %) of the living cells with macrophage morphol-
ogy was positively stained for the avian monocyte/macrophage
marker KUL01 and most of them also for the MHC class I,
MHC class II and CD44 antigen additionally confirming the
macrophage identity of the gated cells (Fig. 3c). Hardly any
CD80- or CD86-positive cell was detected.

About 24.85 % of all cultured cells revealed lymphocyte/
monocyte scatter characteristics in the FSC vs. SSCdotplot
(with a percentage of about 6 % dead cells). Within the gated
population, proportions of T cells, B cells as well as 27.9 %
(with a range from 24.9 % to 31.0 %) KUL01-positive
monocytes were found (Fig. 3c).

Infection model

Microscopy

Light microscopical observations

Light microscopical observations with similar results were
performed at several time points after infection in both
cultures kept at 37 °C or 40 °C, respectively (Fig. 1).

At 1 h p.i., T. gondii tachyzoites were lying next to the
primary cells floating free in the culture medium. Until 24 h
p.i., no free infectious stages of T. gondii could be found and the
infected cells looked inconspicuous. At 24 h p.i., macrophages
started to proliferate and to balloon. Later on, these cells formed
clusters and burst while single tachyzoites were rarely ob-
served. At 48 h p.i., the numbers of proliferated macrophages
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Fig. 3 Flow cytometry of cultured cells after 4 days of seeding (n=4; mean
values of one representative culture of 37 °C first adherence, 37 °C second
adherence, 40 °C first adherence, and 40 °C second adherence each). a
Percentages of cells with typical macrophage scatter characteristic (macro-
phages) and cells showing lymphocyte/monocyte scatter properties (lympho-
cytes/monocytes) in the FSC vs. SSC plot. b Percentages of dead cells within
the population of macrophages and lymphocytes/monocytes. c Percentages
of positively stained cells for a range of avian immune cell markers within the
population of macrophages and lymphocytes/monocytes
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as well as of free tachyzoites was highly increased. There were
many detached cell clusters and only single morphologically
unchanged macrophages. The total number of macrophages
decreased. At 72 h p.i., nearly all cells within the clusters were
destroyed. Numerous tachyzoites lay free in the medium.

CLSM

Using DAPI stain for infected cell cultures (37 °C and 40 °C
culturing), nuclei of tachyzoites were visualised intracellularly
in the macrophages close to the host cell nucleus (Fig. 4).

Quantification of parasite replication by qPCR

In general, the replicate number measured by qPCR shows an
initial decrease of the number of parasites during the first 12 h.
Subsequently, the replication rate increases from 12 to 24 h
until 48 h p.i. The last detection point at 72 h p.i. signals a final
decrease of the number of parasite stages in the dying cultures.

Cultivation temperature

The cultivation temperature had a significant impact on the
parasite replication (P<0.05) at any time point from 12 h p.i.
onwards (Table 1). The median relative number of T. gondii
stages (percentage of initial stage number measured at 1 h p.i.)
was higher at 37 °C throughout. Though, the general course of
infection was similar under both culturing conditions, the
level of parasite genome copies varied greatly (Fig. 5). At
37 °C, parasite multiplication leads to a steady increase in

replicates from 12 h p.i. peaking at 48 h p.i. (median 289.2 %).
The final concentration measured 72 h p.i. (220.1 %) showed
a significant increase of parasite numbers at 37 °C compared
to the initially present stages at 1 h p.i.

In contrast, cultures kept at 40 °C displayed a parasite
multiplication on a lower level which was not predominating
in the degradation of tachyzoites. The initial number of DNA
copies was not reached at any later time point p.i. Maximum
parasite stage number was also achieved 48 h p.i. (median
percentage 73.1 %) but following decrease led to a final
median of 38.2 %.

Comparison with common T. gondii-infected VERO culture

The dynamics of the standard replication curve of T. gondii
which was detected in VERO cells showed an initial de-
crease 12 h p.i. similar to macrophage cultures (Fig. 5).
Afterwards, a nearly linear progression was observed. The
final normalised replicate number (as percentage of the 1 h
p.i. value) measured 72 h p.i. accounted for 1267.4 % (me-
dian value) which was significantly more than in both mac-
rophage culture settings (P<0.05).

Discussion

The isolated macrophages showed a purity of approximately
84.5 % which is comparable to similar mammalian model
cultures, e.g. from man or mice (Vissers et al. 1988; Davies
and Lloyd 1989, Bennett 1966). The sum of cells not

a b cFig. 4 CLSM of infected
macrophage culture (24 h p.i.,
incubated at 40 °C). a
Unstained, b DAPI stain of cell
nuclei (blue), and c merge
showing intracellular
localisation of tachyzoite nuclei
(arrow) next to host cell nuclei
(arrowhead)

Table 1 Median values of para-
site replication in chicken mac-
rophages under different culture
conditions (normalised based on
1 h p.i. values; NC uninfected
negative control cultures)

Different letters (a, b) indicate
statistically significant
differences
a The mean value of each tripli-
cate (1 h p.i.) was defined as
100 % for each repetition

Time point p.i. (n=6; h) median (1st/3rd quartile) P value (Mann–Whitney U test)

Macrophages 37 °C Macrophages 40 °C

1 100a 100a –

12 32.2a (28.9/36.5) 19.6b (16.3/25.4) 0.015

24 74.9a (49.8/83.4) 28.6b (24.5/31.7) 0.004

36 149.1a (119.3/176.2) 72.3b (40.3/105.3) 0.015

48 289.2a (244.0/363.6) 73.1b (62.7/192.5) 0.009

72 220.1a (105.4/262.4) 38.2b (24.6/126.2) 0.026

NC 0.0 (0.0/0.0) 0.0 (0.0/0.0) –
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identified as viable macrophages was acceptably low with
15.5 % and represented a mixed population of lymphocytes
and monocytes as well as macrophages altered by processing
(e.g. accutase treatment) or aging which were not marked by
monocyte-macrophage specific KUL01. The light-microscopical
observations confirmed the flow cytometrical results, and
macrophage-typic morphology of the isolated cells was evident,
i.e. large nuclei surrounded by a wide cytoplasm with indifferent
vacuoles (Enbergs andKriesten 1969). The reproducibility of the
isolation results and the homogeneity of the population purity
between the „first“ and „second adherence“ cultures demonstrat-
ed the suitability of the utilised blood isolation protocol for
primary macrophage culture generation.

Previous trials with T. gondii in avian macrophages were
partly performed in immortalised cells, e.g. in the cell lines
HD11 or NCSU (Guillermo and DaMatta 2004). Since T.
gondii has been described to be effective in inhibiting apo-
ptosis pathways (Lüder and Gross 2005, Hwang et al. 2010)
and other important host cell pathways, immortalised cells
are less suited for the investigation of parasite-host cell in-
teractions. Therefore, primary cells are preferable in regard
to this aspect, though, propagation, standardisation and pu-
rity are obvious advantages of cell lines.

Experiments with T. gondii in primary macrophage cul-
tures have also been described before (Onaga et al. 1983;
Meirelles and De Souza 1985; Quéré et al. 2013). At this, a
principal ability of the parasite to survive and replicate in the
host cell was confirmed (Onaga et al. 1983; Meirelles and De
Souza 1985; Quéré et al. 2013) while the observation period
of 24 h after infection in general was too short to obtain data
on the dynamics of the parasite-host interaction and the para-
site replication curve. In addition, the body material from
which the cells are isolated is to be considered in respect of
the experimental use. The presented in vitro infection model
aims at the further investigation of the potential function of

monocytes or macrophages, respectively, as transport cells
initially after the infection of the avian organism. Such in-
vestigations are well possible with naive blood monocyte-
derived macrophages which are short-term cultivated under
stimuli-poor conditions, and results may bemore realistic than
after use of prestimulated macrophages e.g. from the spleen or
peritoneal fluid as described previously (Onaga et al. 1983;
Quéré et al. 2013).

Nonetheless, also significance of the results from ex vivo
generated macrophage cultures as single populations is limit-
ed to a certain extent because important interactions with other
cell populations of the innate and adoptive immune response
are missing (Nguyen and Stadtsbaeder 1976; Murray 1986;
Kasper et al. 1992; Channon et al. 2000; Fouts and Boothroyd
2007; Davison et al. 2008).

The primary cultures were infected with tachyzoites of the
strain ME49 at a MOI of 7.5 which is consistent with infec-
tion doses common for T. gondii in cell cultures (Guillermo
and DaMatta 2004; Bouchot et al. 2001; Seabra et al. 2002;
Ong et al. 2011). Parasite incorporation and multiplication in
macrophages was observed by light microscopy and CLSM
performed in 12-h intervals. Thereby, intracellular vacuoles
containing multiple tachyzoites were mainly visible from
24 h p.i. onwards.

Quéré et al. (2013) showed recently that tachyzoites are
able to invade macrophage-like cells as well as dendritic cells
actively. Mammalian macrophages have been demonstrated to
act as transport host cells during parasite dissemination within
the organism (Lambert and Barragan 2010). T. gondii-infected
macrophages have been shown to be hypermotile compared to
non-infected populations which confirms this assumption
(Lambert et al. 2011). In general, different blood cell popula-
tions have been described to be differentially susceptible to T.
gondii infection (Channon et al. 2000; Unno et al. 2008).
However, in vivo infected macrophages not only carry the
parasite but also contribute to its control by direct killing of
intracellular parasitic stages (Anderson and Remington 1974,
Jones et al. 1975) as well as T-cell activation (Canessa et al.
1988, Mordue and Sibley 2003).

According to earlier short-term studies (Onaga et al. 1983;
Meirelles and De Souza 1985; DaMatta et al. 2000; Quéré
et al. 2013), this study over a 72-h period proved the long-
term functionality of at least a subpopulation of primary
chicken macrophages as host cells for the acute phase
tachyzoite stage of T. gondii.

During the first 24 h after infection, a decrease of the
parasitic stage number was observed by qPCR. Simulta-
neously, free extracellular tachyzoites were visible during
the first 12 h p.i. indicating a competitive inhibition of host
cell invasion by the infection material excess compared to
the number of macrophages. Because no dead tachyzoites
were seen in the wells afterwards, an active phagocytosis of
dead parasites seems plausible as described by Quéré et al.

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1h 12h 24h 36h 48h 72h NC

macrophages 37°C

macrophages 40°C

VERO

Fig. 5 Median parasite replication in chicken macrophage cultures
compared to standard VERO culture (normalised based on 1 h p.i.
values; NC negative control)

3120 Parasitol Res (2013) 112:3115–3122



(2013). The initial decrease of parasitic DNA in parallel to
microscopically visible parasite replication in some of the
macrophages is assumed to base on differential host cell reac-
tion. In mice, a macrophage subpopulation activating the cel-
lular immune response has been identified after in vivo in-
fections (Mordue and Sibley 2003). In chicken, similar differ-
entiation of macrophages may be possible and macrophages
may act differently, i.e. some cells may serve as host cells for
parasite replication while others kill the parasite. This hypoth-
esis is supported by observations of Onaga et al. (1983) who
detected active T. gondii replication only in approximately
30 % to 35 % of the total macrophage population infected.
Interestingly, there has to be a tight interaction between para-
sites and macrophages since from 24 h p.i. onwards, parasite
replication clearly predominates (Fig. 5). Investigations into
gene expression to study this interaction are in progress.

In the present experiments, two temperature regimens
(37 °C versus 40 °C) were compared directly. In compliance
with previous studies (Pfefferkorn and Pfefferkorn 1976) it
could be shown that in principle T. gondii well tolerated the
elevated cultivation temperature and parasite multiplication
occurred in both settings with a minor increase in replicates
at 40 °C followed by a plateau phase from 36 to 48 h p.i.
ended by the death of all potential host cells. The replication
was significantly more efficient and endured over a more
prolonged phase at 37 °C. This is probably owed to the host
cell metabolism which is altered by the chicken
unphysiological temperature of 37 °C. Therefore, we con-
clude that in further investigations in the avian model, the
normal avian body temperature of approximately 40 °C
should be considered because of the physiological host cell
reactivity and metabolism. Differences in T. gondii popula-
tion dynamics are attributed to host cell activation and reac-
tion under physiological temperature conditions rather than
generalised temperature-based death of the parasite over
time. Dead parasites would have been phagocytised and
degraded, or lysed and the total replicate number would have
decreased instead of displaying a plateau phase. Cell mor-
phology and lysis as observed microscopically also were
comparable between the different culture conditions.

In direct comparison to VERO cell cultures replication of
tachyzoites was less effective in chicken macrophages. How-
ever, it has to be considered that primary macrophages are
differentiated cells which do not multiply or only to a very
limited extent (Marim et al. 2010). Thus the potential of a
culture to supply host cells for the parasite is restricted.
VERO cells, in contrast, multiply consistently under the
given culture conditions (Jensen et al. 1974) also during
the course of infection and provide a sufficient host cell
population over 72 h of parasite cultivation. Additionally,
VERO cells do not exhibit any immune reaction so parasite
replication is not inhibited in this host cell population by
defence mechanisms contrary to macrophage cultures.

Conclusion

The presented model of primary chicken macrophages
displayed a high purity and suitability for in vitro infection
trials. Long-term infections with T. gondii revealed a general
non-linear multiplication of the parasite in the macrophage
culture until complete culture lysis. The dynamics of parasite
replication shown in such a model for avian toxoplasmosis
for the first time, to our knowledge, indicated a distinct
parasite–host cell interaction putatively based on the macro-
phage character as cells of the innate immune system. This
will be further scrutinised in following studies.
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