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Attachment and invasion of Toxoplasma gondii and Neospora
caninum to epithelial and fibroblast cell lines in vitro

YING LEI, M. DAVEY and J. T. ELLIS*

Department of Cell and Molecular Biology, Faculty of Science, University of Technology, Sydney, Gore Hill,
NSW 2065, Australia

(Received 2 February 2005; revised 5 May 2005; accepted 6 May 2005)

SUMMARY

Attachment and invasion of Toxoplasma gondii and Neospora caninum to a cat and a dog fibroblast cell line and 2 epithelial

cell lines (a cat kidney and Vero) were compared in vitro using fluorescence antibody methodology. In addition, trypsin

treatment of tachyzoites was used to determine whether protein molecules were essential to the process of invasion. The

results show that bothT. gondii andN. caninum invaded all 4 cell lines, and that pre-treatment ofT. gondii tachyzoites with

trypsin caused an increase in the ability of the parasite to invade these host cells. Furthermore T. gondii, in comparison

to N. caninum, invaded all 4 cell lines at greater levels. The results here support the conclusion that both T. gondii and

N. caninum have the ability to invade a variety of cell types including both dog and cat cells, and questions the utility of

Vero cells as an appropriate host cell for in vitro studies on the biology of these taxa.
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INTRODUCTION

Toxoplasma gondii and Neospora caninum are two

closely related cyst-forming coccidia with similar

cellular morphology and structure and closely related

molecular and antigenic characterisitics. They both

can invade a broad range of intermediate hosts.

Although these two apicomplexans appear similar

in so many aspects they differ in their definitive hosts

and predilection for host cell types (Dubey, 1994;

Dubey and Lindsay, 1996; McAllister et al. 1998).

For example, in most intermediate hosts,N. caninum

is found predominantly in the central neural system,

whereas T. gondii can infect almost all host cell

types (Frenkel, 1988; Dobrowolski and Sibley,

1996; Hemphill, 1999). Attachment to, and invasion

of a host cell is a crucial step in the establishment

of infection and subsequent survival and prolifer-

ation of a protozoan. In this respect, many aspects

of the cell biology of T. gondii have been studied

and reviewed Ortega-Barria and Boothroyd, 1999;

(Dowse and Soldati, 2004; Ngo, Yang and Joiner,

2004; Sibley, 2004).

Using a modified fluorescent antibody method, we

have compared the ability of 4 different cell lines

to support attachment and invasion by tachyzoites

of either T. gondii or N. caninum. Attachment and

invasion was measured 60 min post-infection (p.i.).

The cells used were dog and cat fibroblast lines.

At the same time, experiments with Vero and a cat

epithelial cell line were performed in parallel in order

to determine whether any of the differences observed

were cell-line specific. Vero was included because it

is a commonly used cell line for the propagation of

both T. gondii and N. caninum. The results obtained

show that all 4 cell lines supported the attachment

and invasion by both T. gondii and N. caninum. In

general, T. gondii attached to and invaded all 4 cell

types at higher levels compared to N. caninum. A

novel observation was made in that removal of

tachyzoite surface proteins by trypsin, resulted in

a significant increase in invasion by T. gondii but

not by N. caninum. These results suggest that the

underlying mechanisms of invasion differ among

the two parasite species. In addition, results are

presented which question the utility of Vero as a

host cell line for studies on the cell biology of these

two taxa.

MATERIALS AND METHODS

Toxoplasma gondii and N. caninum strains

The RH strain of T. gondii, and NC-1 strain of

N. caninum were used in this study. Tachyzoites of

the parasites were maintained in Vero cell (African

green monkey kidney cell) monolayers at 37 xC in

a 5% CO2 atmosphere in tissue-culture medium

(RPMI, GIBCO, USA) containing 2 mM glutamine,

50 U/ml penicillin/50 mg/ml streptomycin (ICNBio-

chemicals, USA) supplemented with 2% newborn

calf serum (NBS; CSL, Australia). Parasites were

harvested from cultures when about 70–80% of the

Vero cells were lysed. The lysed cell preparation

(containing tachyzoites and host cell debris) was
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passed through a 26-gauge needle 3 times to release

tachyzoites from host cells and then washed in cold

phosphate-buffered saline (PBS) by centrifugation

at 4 xC. The pellet was resuspended in 5 ml of cold

PBS and passed through a 3 mm sterile filter unit

to separate tachyzoites from host cells. The eluted,

purified parasites were centrifuged at 4 xC and were

resuspended in cold PBS. Purified tachyzoites were

counted with a haemocytometer, and the percent-

age of viable cells was determined by trypan blue

exclusion (0.25% in PBS). Preparations containing

at least 95% or more viable parasites were immedi-

ately used for attachment and adhesion assays.

Host cells

Dog fibroblast cells 1542 (ATCC, CRL-1542),

cat epithelial cells (CRFK) and Vero cells were

cultured in RPMI supplemented with 2% NBS,

2 mM L-glutamine and 50 U/ml penicillin/50 mg/ml

streptomycin at 37 xC in a 5%CO2 atmosphere. A cat

fibroblast cell line (ATCC, CRL-176) was cultured

in RPMI supplemented with 10% NBS, 2 mM L-

glutamine and 50 U/ml penicillin/50 mg/ml strepto-

mycin at 37 xC in a 5% CO2 atmosphere. All cell

cultures were free ofMycoplasma infection as verified

by commercial PCR testing. For the immuno-

fluorescencemethod described below, host cells were

grown overnight to a monolayer in 8-well chamber

slides with removable gaskets (Lab-Tek, USA)

before use.

Antibodies

The antibodies used in this study are to tachyzoites

of T. gondii and N. caninum and were DG 52

(kindly provided by Professor Boothroyd, Stanford

University School ofMedicine, USA) andNcmAb-4

(a generous present from Dr Björkmann, Swedish

University ofAgricultureSciences, Sweden) respect-

ively. They are species-specific, tachyzoite-specific

monoclonal antibodies. The secondary antibodies

used were FITC conjugated anti-mouse Fab frag-

ment (Sigma) and Texas red conjugated anti-mouse

IgG (Amersham, Australia).

Parasites/host cell pre-treatment with trypsin

and neuraminidase

Freshly purified tachyzoites of RH and NC-1 were

incubated in PBS containing trypsin protease type I

(CSL, Australia) at 0.25 mg/ml at 37 xC for 20 min

or neuraminidase at 0.05–0.1 IU/ml at pH 5.5 for

30 min at 37 xC. After the incubation, the tachyzoites

were put on ice and the reaction with trypsin was

terminated by addition of fetal bovine serum (FBS)

in PBS, to a final concentration of 20%. Tachyzoites

from both treatment groups were then washed twice

in a vast excess of PBS prior to exposure to host cells.

As a control, host cell monolayers were produced

in an overnight incubation, and then washed with

PBS and incubated in PBS containing trypsin at

37 xC for 15 min. The reaction was terminated by

addition of FBS as described above. The host cells

were washed twice with an excess of PBS prior to

parasite infection.

Attachment and invasion assays

For each species, 5r105 freshly purified tachyzoites

were added to each of 3 wells of a chamber slide,

2 species per slide. Slides were incubated at 37 xC

for 5, 30 and 90 min. At the end of each incubation

period, the culture medium was removed, and the

wells were rinsed 3 times in PBS to remove extra-

cellular and unattached tachyzoites. Slides were

then placed into fixation buffer (3% paraformal-

dehyde and 50 mM glycine in PBS) for 15 min at

room temperature, after which they were rinsed

3 times in PBS and subsequently incubated in

blocking buffer (2% bovine serum albumin (BSA)

and 50 mM glycine in PBS) for 30 min. The first

antibody was applied at a dilution of 1 : 500 (DG52)

or 1 : 200 (NcmAb-4) in blocking buffer for 45 min

at room temperature followed by 3 rinses in wash

buffer. Slides were then incubated in the Texas Red

conjugated secondary antibody at a 1 : 100 dilution

in blocking buffer, for 45 min. Slides were then

rinsed in PBS 3 times and were placed into pre-

cooled methanol and acetone (x20 xC) for 5 min

each. This step fixed the cells, the parasites, and the

antibodies, and also permeabilized the monolayers.

After rehydration 3 times in PBS, the slides were

placed into blocking buffer again for 30 min, and

intracellular parasites were labelled with the same

primary antibody diluted as before. The secondary

antibody used for the detection of intracellular

parasites was a goat anti-rabbit antibody conjugated

to FITC at 1 : 200 dilution. Slides were then rinsed

in PBS 5 times and subsequently stained with the

DNA-specific dye Hoechst 33258 (2.5 mg/ml in PBS)

for 2 min. Finally, the preparations were mounted

in anti-fading reagent (Calbiochem, Germany) and a

cover-slip applied.

Results were obtained by inspection of 15

randomly chosen fields at 40r magnification on an

Olympus BX5 reflected epifluorescence micro-

scope with a PM-30 automatic photomicrographic

system. Counting of the Hoechst 33258-stained

host cell nuclei gave the number of host cells within

a given field. The overall numbers of tachyzoites

were determined by counting the numbers of

FITC-labelled parasites within the same field.

The number of external parasites, which attached

to host cells was determined by counting the

Texas red immunolabelled tachyzoites. Finally, the

number of parasites invaded into host cells was

obtained by taking away external parasites (Texas
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red-labelled) from the total parasite number

(FITC-stained).

DTAF labelling and SDS-PAGE of tachyzoite

surface proteins

Freshly purified RH tachyzoites were incubated

with a fluorescent dye 5-(4, 6-dichlorotriaziny)

aminofluorescein (DTAF) at 0.5 mg/ml (stock sol-

ution 7.5 mg/ml in sodium borate, pH 9.0) in Hank’s

solution (pH 8.0) in total darkness for 15 min at 4 xC.

The cells were then washed once in PBS containing

20% FBS and incubated in the same buffer for 5 min

at 4 xC. After washing with PBS (Henriques and De

Souza, 2000) again, the tachyzoites were incubated

with trypsin at several different concentrations.

After the trypsin treatment, the tachyzoites were

washed twice in PBS and resuspended in PBS and

subjected to SDS-PAGE. Equal amounts of protein

from each experimental group were added to sample

buffer and proteins were then separated on 12%

SDS-PAGE gels in Tris-SDS-Glycine running

buffer (Laemmli, 1970). Molecular weight markers

(Bio-Rad) were used for gel calibration. A reducing

sample buffer was used (62 mM Tris-HCI, pH 6.8,

10% glycerol, 2.3% SDS, 0.5% bromophenol blue)

and b-mercaptoethanol was added to a final con-

centration of 5%. Immediately following electro-

phoresis, the gels were removed from their moulds

and DTAF labelled proteins were detected with

a UV transilluminator (Transilluminator TM 40;

Ultra-Violet Products Ltd) with a surface light

energy of approx 7000 mW/cm2 (>320 nm). For com-

parison, after taking the fluorescent pictures, the

same gels were stained with Coomassie Blue using

standard procedures. Images were taken using a

Kodak imaging system.

Evaluation of results

In this assay, results are presented as attachment

or invasion indices (Hemphill, Gottstein and

Kaufmann, 1996). The invasion index was calculated

as the number of intracellular parasites (FITC-

labelled parasites minus Texas red labelled parasites)

in a certain field divided by the host cell number

in the same field. Attachment index was calculated

as the total number of parasites (FITC labelled) in

a certain field divided by the host cell number in

the same field. The data were obtained by using a

double-blind method for examining, randomly, at

least 500 host cells. All samples were analysed in

triplicate in each experiment, and each experiment

was performed 3 times on 3 independent dates.

The data presented show the mean counts from 3

experiments.

RESULTS

Attachment versus invasion

Like other apicomplexan parasites, T. gondii and

N. caninum invade host cells in 2 main steps: through

attachment and active penetration. In order to

study, and to be able to distinguish between these

two processes, we modified a previously described

immunofluorescence staining in vitro attachment/

invasion assay (Hemphill et al. 1996), in which pu-

rified tachyzoites of T. gondii and N. caninum were

allowed to interact with host cell monolayers grown

on chamber slides. In order to detect attached,

non-invaded tachyzoites, chamber slides containing

cultured tachyzoites and host cells were fixed with

3% paraformaldehyde and surface labelled with

monoclonal antibodies (DG52 or NcmAb-4) di-

rected against tachyzoites of T. gondii or N. caninum

first, and then incubated with a Texas red-

conjugated secondary antibody. After this, the

monolayers were permeabilized with methanol

and acetone and incubated again with the same

monoclonal antibodies (DG52 or NcmAb-4) and a

secondary antibody conjugated to FITC, thus dis-

tinguishing between intra-and extracellular parasites

(Fig. 1). Tachyzoites on the outside of the cell were

labelled with Texas red, while those internal were

labelled with FITC.

A B C

Fig. 1. Immunofluorescence assay carried out to identify intra- and extracellular tachyzoites of Toxoplasma gondii and

Neospora caninum. (A) Total tachyzoites (FITC-labelling). (B) Extracellular tachyzoites (Texas red-labelling).

(C) Double staining showing both external and internal parasites.
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Preliminary investigations of the time-course of

events relating to attachment and invasion of dog

fibroblasts, indicated that a time-point between 30

and 90 min was an appropriate time to assay attach-

ment and invasion, because the invasion index

reached a plateau. Hence, 60 min p.i. was chosen as

the time of study and hence the results presented

here relate to experiments assayed at this time-point.

Both RH and NC-1 attached and invaded all 4 cell

lines. While RH attached to 3 of the 4 host cells at

similar levels at 60 min p.i. compared toNC-1, NC-1

bound at higher levels to Vero cells (compared to

T. gondii), than to cat and dog fibroblast cells

(P<0.05) (Fig. 2). For all cell lines attachment

indices of both species are much higher than their

invasion indices (P<0.05). This indicates that

although attachment is necessary for successful

invasion, not every adherent parasite infects a host

cell.

Attachment and invasion to Vero cells of RH

and NC-1

Attachment and invasion ofT. gondii andN. caninum

to a commonly used and well-described cell line

(Vero) was compared. Attachment to Vero cells by

RH and NC-1 is significantly different (P<0.005)

with NC-1 possessing a much higher attachment

index than RH at 60 min p.i. (Fig. 2). However, more

RH invaded into Vero than NC-1 (P<0.005).

Attachment and invasion to fibroblasts of RH

and NC-1

Attachment and invasion to cat and dog fibroblast

cell lines were compared. Overall more RH attached

to, and invaded, both of the fibroblast cell lines

than NC-1 (P<0.005, Fig. 2). In comparing the 2

fibroblast cell lines more RH attached to cat fibro-

blasts than to dog fibroblasts (P<0.05). Although

more NC-1 attached to dog fibroblast cells (P<
0.05), it invaded both fibroblasts with a similar

efficiency (P>0.05, Fig. 2).

Attachment and invasion of fibroblasts and

epithelial cells

Epithelial and fibroblast cell lines were compared.

While RH attached and invaded all four cell lines

similarly (P>0.05, Fig. 2), more NC-1 attached and

invaded into epithelial cells than fibroblast cells

(P<0.05, Fig. 2).

Effects of enzymatic treatments

In order to investigate if a specific recognition pro-

cess wasmediated by parasite surface proteins during

the interaction of T. gondii or N. caninum and their

host cells, tachyzoites were pre-treated with either

trypsin, a protease that can alter the parasites surface

protein composition, or neuraminidase, an enzyme

which cleaves terminal sialic acid residues from

carbohydrate moieties on the surfaces of parasites.

The results obtained showed that pre-treatment of

tachyzoites with neuraminidase prior to host cell

interaction did not affect tachyzoite invasion for both

T. gondii and N. caninum. Trypsin pre-treatment,

however, resulted in a significant increase in invasion

by RH (P<0.01), but it did not affect the ability

of NC-1 to invade (Fig. 3). These results were

consistent in all 4 cell lines used.

To confirm the effects of trypsin treatment on

tachyzoite surface membrane proteins, RH tachy-

zoites were labelled with DTAF, and then the

labelled RH tachyzoites were treated with trypsin.

As expected after treatment with different con-

centrations of trypsin for different time-periods,

surface proteins were removed from the RH tachy-

zoite surface as revealed by fluorescence microscopy

and SDS-PAGE gels viewed for fluorescence (not

shown).

To determine whether the enhancing effect on

T. gondii RH was due to a sole effect on the parasite,
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Fig. 2. Quantitative analysis of attachment (A) and

invasion (B) by Toxoplasma gondii (RH) and Neospora

caninum (NC-1) tachyzoites to 4 host cell lines. The cell

lines used were Vero cells, dog fibroblast (1542) cells,

cat fibroblast (176) cells and cat epithelial (CRFK) cells.

Invasion and attachment indices are defined in the

Materials and Methods section. Values are derived from

3 independent experiments, and the error bars represent

standard error.
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host cell monolayers were treated with trypsin

before being infected with untreated tachyzoites of

T. gondii. While pre-treatment of dog or cat fibro-

blasts and cat epithelial cells with trypsin had no

discernible effect on attachment and invasion (P>
0.05), treatment of Vero cells with trypsin caused a

significant decrease in both attachment and invasion

by both T. gondii and N. caninum tachyzoites. Pre-

treatment of Vero cells resulted in a 42% decrease in

the T. gondii attachment index and a 30% invasion

index compared to untreated controls, whereas the

treatment only decreased N. caninum attachment

and invasion indices by 30% and 12% respectively

(not shown).

DISCUSSION

In this study, the attachment and invasion ofT. gondii

and N. caninum tachyzoites to 2 fibroblast and 2

epithelial cell lines were investigated. To demon-

strate and quantitate tachyzoite attachment and in-

vasion, an assay described by Schenkman, Diaz and

Nussenzweig (1991) and Hemphill, Gottstein and

Kaufmann (1996) was modified in order to clearly

distinguish between intracellular and extracellular

tachyzoites by fluorescence light microscopy.

Under the conditions used in these experiments,

both attachment and invasion took place within a

relatively short time. Preliminary experiments not

presented here showed that a 5 min incubation

of the tachyzoites with host cells was sufficient to

allow attachment and invasion. At 60 min p.i. it was

found that attachment to, and invasion of all cell

lines by T. gondii and N. caninum occurred in a

non-homogeneous manner. Some host cells would

contain several parasites, while others contained

none. Similar patterns of heterogeneous host cell

attachment and invasion have been previously re-

ported (Schenkman et al. 1991; Mineo and Kasper,

1994; Hemphill et al. 1996).

The initial time-course experiments showed that

during incubation of tachyzoites with dog fibroblast

cells, the invasion index increased and reached a

plateau at 60 min p.i., although there were still

additional tachyzoites attached onto the host cell

surface, and there were still a considerable number

of uninfected host cells present. This suggested that

attachment onto the host cell membrane did not

automatically lead to invasion of host cells and, that

attachment and invasion are 2 distinct steps. These

assumptions were confirmed by the fact that a dis-

proportional attachment rate and invasion rates

were found within experiments, and although at-

tachment rates were similar between RH and NC-1,

the corresponding invasion indices of NC-1 were

much smaller than RH. In all cases T. gondii invaded

host cells more efficiently than N. caninum.

In contrast to our data, Sundermann and Estridge

(1999) compared invasion by RH and NC-1 isolates

to human foreskin fibroblasts and found that 2 to

3-fold more NC-1 tachyzoites were intracellular

compared with RH at 1 or 3 h p.i. One possible

explanation for the difference between our results

and theirs, is that T. gondii can display different

growth dynamics depending on the type of cultured

cell used (Hughes, Hudson and Fleck, 1986).

Furthermore, the assay used here is not the same as

the one used by Sundermann and Estridge (1999),

who used an absolute parasite number (tachyzoites/

well), which were not necessarily intracellular, and

host cell number was not taken into consideration

at the same time. We applied a double staining

immunofluorescence protocol that clearly dis-

tinguished intracellular parasites from extracellular

ones and at the same time we took host cell number

into consideration when defining rates of attachment

and invasion. We therefore argue that our method

of assay and analysis is considerably more robust

and clearly distinguishes attachment and invasion.

Furthermore, it recognizes the fact that invaded

parasites must also have attached to the cell prior to

invasion.

With respect to attachment and invasion of dif-

ferent host cells, the RH strain showed no difference

among the four cell lines whereas NC-1 attached to,

and invaded epithelial cells significantly more

efficiently than fibroblast cells. Of interest here is

the fact that T. gondii is known to be able to invade

almost all nucleated cell lines examined (Hartley,

1966; Miller, Frenkel and Dubey, 1972; Canfield,

Hartley and Dubey, 1990; Inskeep et al. 1990;
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Fig. 3. Effects of trypsin pre-treatment of tachyzoites on

invasion indices of Toxoplasma gondii (RH) and Neospora

caninum (NC-1). The cells used were (A) dog fibroblast

(1542) cells, (B) Vero cells, (C) cat fibroblast (176) cells

and (D) cat epithelial (CRFK) cells. The control group

was treated with P/E (PBS/EDTA). The results shown

are the means of 3 independent experiments, and the

error bars represent standard error.
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Hartley and Dubey, 1991; Dubey, Lindsay and

Speer, 1998; Hall, Ryan and Buxton, 2001).

Although in vitro studies may have no correlation to

in vivo studies, N. caninum is known from patho-

logical evidence, to prefer certain tissues such as

brain, placenta and foetal tissues (Dubey et al. 1988;

Buxton et al. 1998; Naguleswaran et al. 2002).

Naguleswaran et al. (2002) showed that T. gondii

and N. caninum tachyzoites exhibit differential

adhesive properties to host cell surface glyco-

saminoglycans, which suggested that the interaction

of N. caninum with a host cell differs from that for

T. gondii. They reported that N. caninum showed

a high affinity to chondroitin sulphates, which may

reflect the preference of N. caninum for certain

tissues such as brain, placenta and foetal tissues

observed upon natural and experimental infections

(Dubey et al. 1988; Buxton et al. 1998). In addition,

while adhesion of N. caninum tachyzoites to Vero

cell monolayers was not markedly affected by

treatments with heparinases, a 30% reduction was

observed in attachment of T. gondii RH strain tachy-

zoites, which confirmed a previous study which

demonstrated the affinity of T. gondii tachyzoites to

heparan sulphate glycosaminoglycans (Carruthers

et al. 2000). Finally, binding of N. caninum tachy-

zoites to Vero cells treated with ABCase at 1 unit/ml

demonstrated a 43% reduction in the number of

adherent parasites, while Toxoplasma did not show

any reduction in bound tachyzoites. All these results

provide convincing evidence that T. gondii and

N. caninum differ in their mechanisms of invasion

of host cells.

Enzymatic treatment of RH or NC-1 tachyzoites

with neuraminidase and trypsin prior to their inter-

action with host cells provided further information

on the nature of the molecules on the tachyzoite

surface and their involvement in attachment and

invasion. For both species, neuraminidase pre-

treatment did not affect host invasion by tachyzoites.

These findings are in keeping with a recent study

demonstrating that pre-treatment of tachyzoites

of T. gondii and N. caninum with 0.05 I.U. of

neuraminidase/ml prior to host cell interaction re-

sulted in no alteration to tachyzoite invasion rates

(Vonlaufen et al. 2004). This implies that sialic

acid plays no role as a ligand for the parasites.

Interestingly, when bradyzoites of N. caninum were

pre-treated with neuraminidase, invasion rates were

more than doubled. This result also indicates that

the two stages employ different receptor-ligand

interactions for invading host cells (Vonlaufen et al.

2004).

For RH tachyzoites, trypsin pre-treatment re-

sulted in a marked increase in invasion of host cells.

In contrast, trypsin pre-treatment of NC-1 tachy-

zoites had little or no effect. These results suggest

that the plasmalemma, and the proteins it contains,

probably differ between T. gondii and N. caninum in

composition and function. Indeed the results suggest

that in T. gondii, surface membrane proteins mask

the real determinants that are involved in host cell

attachment and invasion.

The effect of trypsin treatment could be attributed

to the effect on the parasite, and not the host cells,

since the phenomena occurred only when tachyzoites

were treated with trypsin. Pre-treatment of 3 of the

4 host cells with trypsin had no effect on parasite

invasion rates. Linch et al. (2001) recently demon-

strated that the tachyzoite stage of T. gondii is

resistant to trypsin at concentrations higher than

the physiological concentrations found in the

intestinal fluid and described the presence of a

trypsin inhibitor associated with the surface of

T. gondii.

Previous studies have demonstrated that SAG1,

the most abundant and immunogenic surface

protein, is important for the success of invasion

(Grimwood and Smith, 1992, 1996). Neutralizing

this protein with a monoclonal antibody caused a

significant drop in invasion of host cells (Mineo

et al. 1993; Mineo and Kasper, 1994). Our findings

that trypsin pre-treatment of tachyzoites, which re-

moves surface proteins including SAG1, markedly

increased invasion of T. gondii contradicts these

described phenomena. Our results are, however, in

keeping with more recent studies which showed (1)

that pre-incubation of SAG-1 in polyclonal sera from

chronically infected mice failed to block binding

(Robinson, Smith and Miller, 2004) ; (2) parasites

engineered to lack the major surface protein, SAG1,

appear to invade fibroblasts with faster kinetics

than wild-type parasites (Lekutis et al. 2001). This

challenges the role that anti-SAG1 antibodies have

in blocking parasite attachment through the masking

of SAG1 host cell binding domains.

Hemphill et al. (1996) reported that pre-treatment

of NC-1 tachyzoites with trypsin decreased its

invasion into bovine endothelial cells. We did not

detect a decrease using this methodology, however,

we did not include bovine cells in this study.

Four cell lines were used in this study including a

well-described and widely used one (Vero). While

both species attached to and invaded both the cat and

dog fibroblasts and the cat epithelial cells in a similar

way, Vero cells were the only host cell to which

N. caninum showed a higher attachment index com-

pared toT. gondii. Invasion of Vero cells byT. gondii

and N. caninum was also affected by trypsin treat-

ment of the Vero cells. This suggested that unlike

the other three cell types, the surface membrane

of Vero cells may play a role in the attachment and

invasion process. This raises the question of the

suitability of Vero as a host cell for in vitro studies

using these two parasite taxa. However, given that

both RH and NC-1 are routinely propagated in these

labs in Vero, it is highly likely that selection for

compatible parasite and host cells is occurring. This
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may also have an impact on the biological properties

of the two cell populations.

In summary, this study represents an analysis of

interactions between T. gondii and N. caninum with

four different host cells. These findings may have

important implications for our understanding of

the mechanism of entry of T. gondii and N. caninum

into vertebrate cells. For example, the results suggest

that the cell surface properties of T. gondii and

N. caninum exhibit functional differences with re-

spect to their role in attachment and invasion of host

cells. Further studies on this topic are underway.

In addition, further study using both dog and cat

intestinal cell lines are required before any sugges-

tions can be made regarding why these two closely

related Apicomplexas have different definitive hosts

and why this is so.

This project was conceived and initially supervised
by Professor A. M. Johnson, to whom we express our
gratitude. We thank J. P. Dubey (US Department of
Agriculture, Beltsville, USA) for providing the NC-1 iso-
late ofN. caninum, and J. Boothroyd (Stanford University,
California, USA) and C. Björkmann (Swedish University
of Agriculture Science, Uppsala, Sweden) for their gifts
of the monoclonal antibodies DG52 and NcmAb-4. This
research was performed by Y.L. in partial fulfilment of
the Ph.D. degree at UTS.

REFERENCES

Buxton, D., Maley, S. W., Wright, S., Thompson,

K. M., Rae, A. G. and Innes, E. A. (1998). The

pathogenesis of experimental neosporosis in pregnant

sheep. Journal of Comparative Pathology 118, 267–279.

Canfield, P. J., Hartley, W. J. and Dubey, J. P. (1990).

Lesions of toxoplasmosis in Australian marsupials.

Journal of Comparative Pathology 103, 159–167.

Carruthers, V. B., Hakansson, S., Giddings, O. K.

and Sibley, L. D. (2000). Toxoplasma gondii uses

sulphated proteoglycans for substrate and host cell

attachment. Infection and Immunity 68, 4005–4011.

Dobrowolski, J. M. and Sibley, L. D. (1996).

Toxoplasma invasion of mammalian cells is powered by

the actin cytoskeleton of the parasite. Cell 84, 933–939.

Dowse, T. and Soldati, D. (2004). Host cell invasion by

the apicomplexans: the significance of microneme

protein proteolysis. Current Opinion in Microbiology

7, 388–396.

Dubey, J. P. (1994). Toxoplasmosis. Journal of the

American Veterinary Medical Association 205,

1593–1598.

Dubey, J. P. and Lindsay, D. S. (1996). A review of

Neospora caninum and neosporosis. Veterinary

Parasitology 67, 1–59.

Dubey, J. P., Lindsay, D. S. and Speer, C. A. (1998).

Structure of Toxoplasma gondii tachyzoites, bradyzoites

and sporozoites and biology and development of tissue

cysts. Clinical Microbiology Reviews 11, 267–299.

Dubey, J. P., Carpenter, J. L., Speer, C. A., Topper,

M. J. and Uggla, A. (1988). Newly recognized fatal

protozoan disease of dogs. Journal of the American

Veterinary Medical Association 192, 1269–1285.

Frenkel, J. K. (1988). Pathophysiology of toxoplasmosis.

Parasitology Today 4, 273–278.

Grimwood, J. and Smith, J. E. (1992). Toxoplasma

gondii : the role of a 30 kDa surface protein in host cell

invasion. Experimantal Parasitology 74, 106–111.

Grimwood, J. and Smith, J. E. (1996). Toxoplasma

gondii : the role of parasite surface and secreted proteins

in host cell invasion. International Journal for

Parasitology 26, 169–173.

Hall, S., Ryan, K. A. and Buxton, D. (2001). The

epidemiology of Toxoplasma infection. In

Toxoplasmosis: a Comprehensive Clinical Guide

(ed. Joynson, D. H. and Wreghitt, T. J.), pp. 58–124.

Cambridge University Press, Cambridge, UK.

Hartley, W. J. (1966). A review of the epidemiology of

toxoplasmosis. Medical Journal of Australia 1, 232–236.

Hartley, W. J. and Dubey, J. P. (1991). Fatal

toxoplasmosis in some native Australian birds. Journal

of Veterinary Diagnostic Investigation 3, 167–169.

Hemphill, A. (1999). The host-parasite relationship in

neosporosis. Advances in Parasitology 43, 47–104.

Hemphill, A., Gottstein, B. and Kaufmann, H. (1996).

Adhesion and invasion of bovine endothelial cells by

Neospora caninum. Parasitology 112, 183–197.

Henriques, C. and De Souza, W. (2000). Redistribution

of plasma-membrane surface molecules during

formation of the Leishmania amazonensis-containing

parasitophorous vacuole. Parasitology Research 86,

215–225.

Hughes, H. P. A., Hudson, L. and Fleck, D. G. (1986).

In vitro culture of Toxoplasma gondii in primary and

established cell lines. International Journal for

Parasitology 16, 317–322.

Inskeep, W. 2nd, GardinerR, C. H., Harris, R. K.,

Dubey, J. P. and Goldston, R. T. (1990).

Toxoplasmosis in Atlantic bottle-nosed dolphins

(Tursiops truncatus). Journal of Wildlife Diseases 26,

377–382.

Laemmli, U. K. (1970). Cleavage of structural proteins

during the assembly of the head of bacteriophage T4.

Nature, London 227, 680–685.

Linch, J. G., Botero-Kleiven, S., Arboleda, J. I. and

Wahgren, M. (2001). A protease inhibitor associated

with the surface of Toxoplasma gondii. Molecular

and Biochemistry Parasitology 116, 137–145.

Lekutis, C., Ferguson, D. J., Grigg, M. E., Camps, M.

and Boothroyd, J. C. (2001). Surface antigens of

Toxoplasma gondii : variations on a theme. International

Journal for Parasitology 31, 1285–1292.

McAllister, M. M., Dubey, J. P., Lindsay, D. S.,

Jolley, W. R., Wills, R. A. and McGuire, A. M.

(1998). Dogs are definitive hosts of Neospora caninum.

International Journal for Parasitology 128, 1473–1478.

Miller, N. L., Frenkel, J. K. and Dubey, J. P. (1972).

Oral infections with Toxoplasma cysts and oocysts

in felines, other mammals, and in birds. Journal of

Parasitology 58, 928–937.

Mineo, J. R. and Kasper, C. A. (1994). Attachment of

Toxoplasma gondii to host cells involves major surface

protein SAG-1 (P30). Experimental Parasitology 79,

11–20.

Mineo, J. R., McLeod, R., Mack, D., Smith, J., Khan,

I. A., Ely, K. H. and Kasper, L. H. (1993). Antibodies

to Toxoplasma gondii major surface protein (SAG-1,

Host cell invasion by Toxoplasma and Neospora 589

http://journals.cambridge.org


http://journals.cambridge.org Downloaded: 19 Dec 2008 IP address: 138.25.2.22

P30) inhibit infection of host cells and are produced in

murine intestine after peroral infection. Journal of

Immunology 150, 3951–3964.

Naguleswaran, A., Cannes, A., Keller, N., Vonlaufen,

N., Björkman, C. and Hemphill, A. (2002). Vero cell

surface proteglycans interacted with the micromenes

protein NCMIC 3 mediates adhesion of Neospora

caninum tachyzoites to host cells unlike that in

Toxoplasma gondii. International Journal for Parasitology

32, 695–704.

Ngo, H. M., Yang, M. and Joiner, K. A. (2004). Are

rhoptries in Apicomplexan parasites secretory granules

or secretory lysosomal granules?MolecularMicrobiology

52, 1531–1541.

Ortega-Barria, E. and Boothroyd, J. C. (1999). A

Toxoplasma-like activity specific for sulphated

polysaccharides is involved in host cell infection.

Journal of Biological Chemistry 274, 1267–1276.

Robinson, S. A., Smith, J. E. and Miller, P. A. (2004).

Toxoplasma gondii major surface antigen (SAG-1): in

vitro analysis of host cell binding. Parasitology 128,

391–396.

Schenkaman, S., Diaz, C. and Nussenzweig, V.

(1991). Attachment of Trypanosoma cruzi

trypomastigotes to receptors at restricted cell surface

domains. Experimental Parasitology 72, 76–86.

Sibley, L. D. (2004). Intracellular parasite invasion

strategies. Science 304, 248–253.

Sundermann, C. A. and Estridge, B. H. (1999). Growth

of and competition between Neospora caninum and

Toxoplasma gondii in vitro. International Journal for

Parasitology 29, 1725–1732.

Vonlaufen, N., Guetg, N., Naguleswaran, A.,

Müller, N., Björkman, C., Schares, G.,

Blumroeder, D., Ellis, J. and Hemphill, A. (2004).

In vitro induction of Neospora caninum bradyzoites

in Vero cells reveals differential antigen expression,

localization, and host-cell recognition of

tachyzoites and bradyzoites. Infection and Immunity

72, 576–583.

Ying Lei, M. Davey and J. T. Ellis 590

http://journals.cambridge.org

