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Adhesion and invasion of bovine endothelial cells by
Neospora caninum
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SUMMARY

Neospora caninum is a recently identified coccidian parasite which was, until 1988, misdiagnosed as Toxoplasma gondii. It
causes paralysis and death in dogs and neonatal mortality and abortion in cattle, sheep, goats and horses. The life-cycle
of Neospora has not yet been elucidated. The only two stages identified so far are tissue cysts and intracellularly dividing
tachyzoites. Very little is known about the biology of this species. We have set up a fluorescence-based adhesion / invasion
assay in order to investigate the interaction of N. caninum tachyzoites with bovine aorta endothelial (BAE) cells in vitro.
Treatment of both host cells and parasites with metabolic inhibitors determined the metabolic requirements for adhesion
and invasion. Chemical and enzymatic modifications of parasite and endothelial cell surfaces were used in order to obtain
information on the nature of cell surface components responsible for the interaction between parasite and host. Electron
microscopical investigations defined the ultrastructural characteristics of the adhesion and invasion process, and provided
information on the intracellular development of the parasites.
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INTRODUCTION

Neospora caninum is an obligatory intracellular
parasite which is structurally very similar to Toxo-
plasma gondii, and has been misdiagnosed as such
until 1988. N. caninum was first isolated from a dog
where it caused severe neurological problems, par-
alysis and death (Dubey et al. 1988). Other struc-
turally and antigenically similar parasites have been
reported from sheep, goats and horses, and in cattle
N. caninum is now regarded as a major cause of
neonatal mortality and abortion (Barr et al. 1994).
Based on DNA sequence analysis, the parasite has
been placed into the family Sarcocystidae and is
established as a sister group to T. gondii in the
phylum Apicomplexa (Ellis et al. 1994). The only two
stages of its (largely unknown) life-cycle discovered
to date are dividing tachyzoites and tissue cysts. N.
caninum produces grossly visible necrotic lesions in a
few days p.i., and causes cell death by intracellular
multiplication of tachyzoites. In infected animals,
tachyzoites have been found in neural cells, macro-
phages, fibroblasts, vascular endothelial cells, and
hepatocytes. In vitro cultivation of tachyzoites has
been achieved using several well-established cell
lines (Lindsay & Dubey, 1989; Dubey & Lindsay,
1993), and infected cultured cells were used to
compare the ultrastructural features of N. caninum
and T. gondii (Lindsay et al. 1993). Tachyzoites
obtained from cell cultures retain their infectivity for
animals (Dubey & Lindsay, 1993).

An important pre-requisite for entry, survival and

proliferation of obligatory intracellular parasites is
recognition of the appropriate host cell. This initial
physical contact, which is likely to be mediated by
one or several specific cell surface molecules, triggers
the invasive process, determines the strategy for
evading the phagolysosomal system of the host cell,
and is also important with respect to the metabolic
changes which occur within the parasite and the
host. However, entry and development of obligate
intracellular parasites takes place by employing a
variety of mechanisms, either with or without the
participation of the host cells. Detailed studies on
various aspects of host-parasite interactions have
been carried out on intracellular parasites such as
Plasmodium spp. (Bannister & Dluzewski, 1990;
Pasvol, Carlsson & Clough, 1992; Holder, 1994),
Eimeria spp. (Augustine, 1989; Chobotar, Danforth
& Entzeroth, 1993), Theileria parva (Fawcett, Mu-
soke & Voigt, 1984; Shaw, Tilney & Musoke, 1991),
Toxoplasma gondii (Werk, 1985; Bonhomme, Pingret
& Pinon, 1992; Joiner & Dubremetz, 1993; Kasper
& Mineo, 1994), and the South American trypano-
somatids Leishmania spp. (Wilson et al. 1992) and
Trypanosoma cruzi (Cross & Tackle, 1993; Schenk-
man & Eichinger, 1993).

The current information on the basic biology of
N. caninum is sparse, and detailed investigations on
the nature of Neospora tachyzoite-host cell inter-
action on the molecular level have not been carried
out to date. The aim of the study described in this
paper was therefore to dissect the interaction be-
tween cultured N. caninum tachyzoites and bovine

Parasitology (1996), 112, 183-197 Copyright © 1996 Cambridge University Press

Downloaded from https:/www.cambridge.org/core. University of Basel Library, on 30 May 2017 at 13:17:04, subject to the Cambridge Core terms of use, available at https:/www.cambridge.org/core/terms. https://doi.org/10.1017/S0031182000084754

https:/www.cambridge.org/core
https:/www.cambridge.org/core/terms
https://doi.org/10.1017/S0031182000084754


A. Hemphill and others 184

aorta endothelial (BAE) cells in vitro, a process
which resembles the interaction between parasites
and vascular endothelial host cells in vivo. An in vitro
adhesion / invasion assay was characterized, where
observations were made using light- and trans-
mission electron microscopy. Biochemical inhibition
experiments were performed to investigate the
reactive groups which take part in the interaction.

MATERIALS AND METHODS

If not otherwise stated, all reagents and tissue culture
media were purchased from Sigma (St Louis, Mo,
USA)

Endothelial cells

Primary cultures of bovine aorta endothelial (BAE)
cells were prepared as described by Gray et al. (1985)
and were maintained in 8-10 ml of RPMI-medium
(Gibco) supplemented with 20% foetal calf serum
(FCS), 2 mM glutamine, 50U/ml penicillin, and
50/^g/ml streptomycin at 37 °C / 5 % CO2 in T-25
tissue culture flasks. Cultures between passages 11
and 20 were used. For adhesion / invasion experi-
ments, BAE cells were grown on glass coverslips in
24-well tissue culture plates (Sarstedt, USA) until
60-80% confluency. Monolayers were used either
unfixed, or they were fixed for 10 min at 4 °C in PBS
containing either 1 % or 3 % paraformaldehyde, or a
mixture of 3 % paraformaldehyde / 005% glutar-
aldehyde. In some experiments, monolayers were
fixed in 2 % glutaraldehyde in PBS for 2-4 min,
rinsed extensively in PBS, and then stored in 016 M
ethanolamine, pH 8-3, for 24 h at 4 °C (Hemphill,
Frame & Ross, 1994). Prior to use, coverslips were
rinsed extensively with PBS.

Parasites

Neospora caninum tachyzoites of the Nc-1 isolate
(Dubey et al. 1988; Lindsay, Blagburn & Dubey,
1990) were maintained in BAE-cell monolayers at
37 °C / 5 % CO2 in RPMI-medium containing 2 mM
glutamine, 50 U/ml penicillin, 50 fig/m\ strepto-
mycin, and 7 % FCS. Parasites were harvested from
their feeder cell cultures when about 60-80 % of the
BAE host cells were lysed overnight (typically 3-4
days p. i.). Free tachyzoites were removed from the
tissue culture flasks by collecting the medium
supernatant, and a large portion of the residual
parasites were released from their feeder cells by
vigorously striking the side of the flask 2-3 times.
Alternatively, they were scratched off using a rubber
policeman. A few ml of medium were added, and the
tachyzoites were collected. The preparation (con-
taining tachyzoites and host cell debris) was washed

twice in cold PBS. The final pellet was resuspended
in 2 ml of cold PBS and passed through a PD-10™
column filled with Sephadex G25M (Pharmacia),
previously equilibrated with PBS. The eluted,
purified, parasites were centrifuged at 4 °C and were
resuspended in cold RPMI or PBS, depending on
the experiments to be performed (see below).
Purified tachyzoites were checked for viability using
Trypan blue staining (025% in PBS), and only
preparations containing at least 95 % or more viable
parasites were immediately used for adhesion assays.

Production of polyclonal rabbit anti-N. caninum
antiserum

Prior to immunization of a rabbit, the pre-immune
serum was taken, and the absence of antibodies
directed against T. gondii and N. caninum was
confirmed by indirect immunofluorescence (See-
feldt, Kirkbride & Dubey, 1989; Trees, Tennant &
Kelly, 1991). The serologically negative rabbit was
infected intravenously with 107 freshly purified,
living, N. caninum tachyzoites, and 108 tachyzoites
were administred orally. This procedure was re-
peated 2 times at intervals of 10 days, before the
serum was taken. The rabbit showed no clinical signs
throughout the immunization period.

In vitro adhesion / invasion assay

Freshly purified N. caninum, either untreated para-
sites, or tachyzoites treated according to the experi-
ments described below, were adjusted to 5 x 107

parasites / ml in RPMI / 1 %FCS. One ml was then
incubated at 37 °C / 5% CO2 with BAE cell
monolayers grown on glass coverslips in 24-well
tissue culture plates. After 40 min, coverslips were
rinsed 3 times in PBS, and were placed into fixation
buffer containing PBS / 3 % paraformaldehyde /
005% glutaraldehyde for 10 min at 24 °C. Cover-
slips were then rinsed extensively in PBS and were
subsequently incubated in PBS containing 1 % BSA
and 50 mM glycine (blocking buffer) for 30 min. The
first antibody-layer (polyclonal rabbit anti-iV. cani-
num) was applied at a dilution of 1:200 in blocking
buffer for 25 min, followed by 3 buffer rinses and an
incubation in a 1:100 dilution in blocking buffer of
a second antibody (goat anti-rabbit conjugated to
Texas red, Becton Dickinson Immunocytometry
Systems) for 25 min. Specimens were then rinsed in
PBS (3 times, 5 min), and were placed into pre-
cooled methanol and acetone (— 20 °C) for 5 min
each. This step fixed the cells, the parasites, and the
antibodies by precipitation onto the coverslip, and
permeabilized the monoloayers as well. After re-
hydration (5 min in 3 changes of PBS each) the
coverslips were placed into blocking buffer again
(30 min), and intracellular parasites were labelled
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with the same polyclonal anti- N. caninum antiserum
diluted as before. The secondary antibody for the
detection of intracellular parasites was a goat anti-
rabbit conjugated to FITC (The Binding Site).
Specimens were then rinsed in 2 x concentrated PBS
for 1 min, followed by additional rinses (5x5 min)
in PBS. In some experiments, the coverslips were
subsequently stained with the DNA-specific dye
Hoechst 33258 (25 /*g/ml in PBS) for 2 min. Finally,
the preparations were briefly rinsed in distilled
water, and were embedded in a mixture of glycerol /
gelvatol containing l,4-diazobicyclo(2.2.2)octan
(Merck) as an anti-fading reagent (Hemphill, AfTol-
ter & Seebeck, 1992).

Results were obtained by inspection of 20 ran-
domly chosen fields at 40 x magnification on a Leitz
Laborlux S fluorescence microscope using all three
channels. Counting of the Hoechst 33258-stained
host cell nuclei indicated the number of host cells
within a given field. The overall number of N.
caninum tachyzoites was determined by counting the
number of FITC-labelled parasites within the same
field. Finally, the number of parasites sitting on the
surface of the host cells was determined by counting
the Texas red immunolabelled tachyzoites. From
these three figures, we could determine (i) the
percentage of the total parasite number / host cell in
relation to a control experiment performed with the
same parasite- and BAE cell-preparations on the
same day, and (ii) the percentage of intracellular
parasites in relation to the total parasite number in a
given experiment.

In the case of adhesion / invasion inhibition assays
(where either parasites or host cells were pre-treated
with various chemicals prior to adhesion and in-
vasion), results are presented as adhesion and
invasion indices. The adhesion or invasion index of
a given experiment was calculated by dividing the
number of total or invaded parasites / cell by the
number of total or invaded parasites / cell in a
control experiment. All experiments were performed
in duplicate. The data presented show the mean
count from 1 representative experiment out of 4—6
carried out. For every experiment the deviation of
adhesion and invasion indices was never more than
+ 015.

Time-course experiments of N. caninum interactions
with BAE cells

The kinetics of parasite attachment, invasion and
further parasite development were investigated by-
using the immunofluorescence staining protocol
described above. Freshly purified parasites were
incubated with BAE cell monolayers at 37 °C / 5 %
CO2. After different time-points, duplicate cover-
slips of each were rinsed 3 times in PBS, and fixation
and triple-labelling was carried out as described
above.

Transmission electron microscopy (TEM)

Cultures containing endothelial cells grown in tissue
culture flasks were infected with N. caninum tachy-
zoites for the different time-points as indicated in the
text and the preparations were processed for thin-
section TEM as follows. Cells were fixed in 2%
glutaraldehyde / 0 2 % tannic acid in 01 M cacody-
late buffer (Fluka Chemicals, UK), pH 7-3, for 2 h at
room temperature. They were post-fixed with 1 %
osmium tetroxide in veronal acetate buffer, pH 7-4,
for 1 h at 4 °C, followed by buffer rinses. The fixed
cells were then scraped from the surface of the tissue
culture flask with a rubber policeman, and were then
carried through a graded series of ethanol
(70%-95%-100%) and embedded in Epon 812
resin (Fluka Chemicals, Switzerland). After poly-
merizing the resin at 65 °C for 24 h, ultrathin
sections were cut using a Diatom diamond knife on
an LKB-ultramicrotome. Sections were loaded onto
200 mesh copper or nickel grids and stained with
uranyl acetate and lead citrate (Smith & Croft, 1991).
Specimens were viewed on a Jeol 100 CX II
transmission electron microscope operating at 60-
80 kV.

Treatments of pre-fixed endothelial cells

Monolayers were fixed in PBS containing 3%
paraformaldehyde / 005% glutaraldehyde for
10 min. This fixation completely prevented parasite
entry into host cells. Coverslips were then washed
several times in PBS before given the following
treatments which would mainly alter the carbo-
hydrate composition on the surface, (i) Periodate
treatments (2-20 mM in either PBS (pH adjusted to
7) or in 50 mM sodium acetate, 100 mM NaCl, pH 5)
were carried out as previously described (Hemphill
et al. 1994). (ii) Both live and pre-fixed monolayers
were rinsed twice in 20 mM MES-buffer, 100 mM
NaCl, 4 mM CaCl2, pH 5-5 and were incubated with
the same buffer containing 5 U/ml of neuraminidase
type V from Clostridium perfringes (Hemphill et al.
1994) or with 05 IU/ml of neuraminidase from
Vibrio cholerae (Calbiochem) for 60 min at 37 °C (de
Carvalho, Yan & de Souza, 1993). (iii) Hyaluronidase
digestion of monolayers was performed by incu-
bating coverslips for 60 min at 37 °C in RPMI
containing 03 mg/ml of hyaluronidase from bovine
testes (de Carvalho et al. 1993). (iv) The effects of
pre-incubation of endothelial cell surface with lectins
was studied by incubating coverslips with 50 yMg/ml
of the following lectins for 30 min in PBS: wheat
germ agglutinin (WGA), specific for AT-acetyl-
glucosamine and JV-acetyl-neuraminic acid residues,
Tetragonobulus pur pur ea agglutinin (TPA), specific
for fucosyl residues, Concanavalin A (Con A),
specific for D-mannosyl residues and D-glucosyl
residues, and soybean agglutinin (SBA), specific for
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iV-acetyl-galactosamine. Incubations were followed
by a brief fixation step (5 min, 1 % paraformaldehyde
in PBS) and extensive washing with PBS prior to
incubations with N. caninum tachyzoites.

Treatments of live BAE cell monolayers prior to the
adhesion / invasion assay

Monolayers were incubated with cycloheximide
(50//g/ml in culture medium) for 6 h at 37 °C, or
with tunicamycin (25 /*g/ml) for 4 h at 37 °C
(Hemphill et al. 1994). The effect of glycolytic
inhibition of endothelial cells was assayed by pre-
incubating with 100 mM deoxyglucose in PBS.
Mitochondrial inhibitors used were sodium azide
(1-5 mM), antimycin (10-100 nM) and oligomycin
(1-5 /*M), all solubilized in PBS / 0-5% BSA. The
effects of altering the microtubule network within
endothelial cells were assessed by treating cells with
nocodazole (05 fig/xn\) or taxol (5 fig/ml) respect-
ively in culture medium for 1 h at 37 °C. Cyto-
chalasin D (01-50 /IM) was added to the culture
medium in order to study the effects of alterations of
the actin microfilament system.

Pre-treatments of N. caninum tachyzoites prior to
interaction with BAE cells

Freshly isolated tachyzoites were given the following
treatments prior to performing the adhesion/
invasion assay.

Extracellular maintenance. N. caninum were resus-
pended in RPMI / 1 %FCS and incubated either at
37 °C or at 4 °C. After various time-points 107para-
sites were assayed for adhesion and invasion as
described above.

Pre-fixation. Tachyzoites were fixed by addition of
1 % glutaraldehyde or 3 % paraformaldehyde to the
medium for 5 and 15 min, respectively, at 4 °C.
They were washed twice in PBS and kept in 016 M
ethanolamine, pH 83, at 4 °C overnight. After 3
washes in PBS, tachyzoites were resupended in
RPMI / 1 % FCS and were assayed for adhesion and
invasion at a density of 5 x 107parasites /ml.

Drug treatments. Tachyzoites were incubated in PBS
/ 1 % FCS in the presence of 100 mM deoxyglucose
for 30 min at 24 °C. Sodium azide (1-20 mM),
antimycin (1-100 nM) and oligomycin (1-5 /IM) were
used to study the effects of mitochondrial inhibitors.
The protein kinase inhibitor H8 was used at
10-3-1 0-»M in PBS / 1 % FCS for 30 min at 24 °C
(Schenkman, Robbins & Nussenzweig, 1991 a).

Cycloheximide treatment was carried out at
30 /*g/ml for 3 h, and tunicamycin was added to
tachyzoites at 1 fig/ml for 3 h at 37 °C in culture
medium. Taxol (10^g/ml), nocodazole (1 /ig/ml),
and cytochalasin D (5-100/^M) were incubated with
tachyzoites in culture medium for 60 min at 37 °C.
After all these treatments, tachyzoites were washed
twice with cold PBS, and adjusted to 107 para-
sites/ml in RPMI / 1 % FCS.

Temperature. BAE cells and parasites were pre-
cooled at 4 °C in RPMI / 1 %FCS for 20 min.

Surface protease treatments. Freshly purified tachy-
zoites were incubated in PBS containing either
trypsin protease type VI , pronase (both Serva, UK)
or chymotrypsin (Sigma), all at 10/^g/ml. After an
incubation at 37 °C for 20 min, the cells were put on
ice, and the reactions terminated by the addition of
20% FCS and incubation on ice. Tachyzoites were
finally washed twice with cold PBS prior to use.

Periodate and lectin treatments. In order to remove
potential surface-exposed carbohydrate residues,
tachyzoites were resuspended in ice-cold PBS con-
taining 2-5 mM NaIO4, and incubated at 4 °C for
5 min. Potential sugar residues on the surface of N.
caninum were blocked by resuspending the tachy-
zoites in PBS containing 50 /ig/m\ of the lectins Con
A, SBA, TPA and VVGA. The parasites were
incubated at 4 °C for 40 min. with the lectins and
then washed twice in PBS.

RESULTS

Kinetics of N. caninum-B^4£" cell interactions in
vitro

A crucial step during the (still largely unknown) life-
cycle of N. caninum is its ability to adhere to, and
invade, a variety of host cells. In order to study, and
to be able to distinguish between, these two pro-
cesses, we established and characterized an immuno-
fluorescence-based in vitro adhesion / invasion assay,
in which purified N. caninum tachyzoites were
allowed to interact with BAE cell monolayers grown
on glass coverslips. In order to detect adherent, non-
invaded parasites, coverslips were fixed and surface
labelled using a polyclonal antiserum directed
against purified N. caninum tachyzoites, followed by
a Texas red-conjugated second antibody. After this,
the monolayers were permeabilized and incubated
again with the polyclonal antiserum and a secondary
antibody conjugated to FITC, thus demonstrating
both intra- and extracellular parasites (Fig. 1). In no
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Fig. 1. Immunofluorescence assay carried out in order to demonstrate, and distinguish, between intra- and
extracellular Neospora caninum tachyzoites. (A-B) Parasites and BAE cells incubated for 30 min prior to fixation.
(C-D) Parasites and BAE cells cocultivated for 36 h prior to fixation. (A and C) All tachyzoites (FITC-labelling);
and D) extracellular, adherent tachyzoites (Texas red-labelling). The arrow points at a tachyzoite which is in the
process of invading the host cell, arrowheads indicate intracellular parasites.

case did the tachyzoites attach to the areas of the
glass coverslip devoid of host cells. In addition,
attachment and invasion of parasites was not uni-
form. Some cells contained several parasites, others
none. We also found that this assay was capable of
demonstrating parasites which were just in the
process of invading a host cell (Fig. 1 A and B).

The kinetics of attachment, invasion and in vitro
development and proliferation of N. caninum tachy-
zoites within endothelial cell monolayers were evalu-
ated using the assay described above (Fig. 2A).
During incubation of tachyzoites with BAE cell
monolayers, the total number of tachyzoites / host
cell increased most rapidly within the first 60 min.
The further increase in overall parasite numbers was
less dramatic. Already after 5 min p.i., intracellular
parasites could be observed, and the percentage of
intracellular parasites in relation to the total parasite
number increased extensively during the first 20-
40 min, reaching its highest figure after 60 min p.i.
(Fig. 2A). At 120 min p.i. almost every endothelial
cell had parasites bound onto its surface, but only

about 65 % of the cells were actually infected (Fig.
2A). Few tachyzoites undergoing endodyogeny were
first observed after 6 h, and their number increased
steadily with time. After 36 h, the overall number of
parasites / host cell had almost doubled (Fig. 1 C and
D). At 60-72 h p.i.» rupturing of the host cells was
first observed, and fresh tachyzoites were set free
which were weakly motile and exhibited gliding and
flexing movements. These parasites would either
become non-viable and were found in the super-
natant together with host cell debris, or would infect
neighbouring BAE cells.

The results obtained during the initial phases of
this time-course experiment suggested that parasites
were most infective during the first 60 min of
incubation with endothelial cells. In order to find out
whether extracellular maintenance of tachyzoites
affected their infectivity, we incubated purified
parasites in RPMI / 1 % FCS and let them interact
with BAE cell monolayers only after different
incubation times (Fig. 2B). Maintenance of tachy-
zoites at 37 °C for longer than 4-6 h resulted in a
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preincubalion time

Fig. 2. Time-course experiments investigating the
kinetic aspects of the initial Neospora-host cell
interactions (A) Time-course of adhesion to, and
invasion of, BAE cells by N. caninum tachyzoites. Note
that adhesion to, and invasion of, host cells takes place
mainly within the first 60 min. (B) Time-course
experiment demonstrating the effects of extracellular
maintenance of tachyzoites at 37 °C and 4 °C.

relatively rapid decrease of infectivity with time,
while parasites remained strongly infective for longer
time periods (up to 12 h) if kept at 4 °C (Fig. 2B).
Thus, prolonged extracellular maintenance of tachy-
zoites had a significant negative impact on their
infectivity.

Electron microscopical investigations of the adhesion,
invasion and intracellular development of N.
caninum

According to the above 'time schedule', BAE cell
monolayers grown in tissue culture flasks were
infected with purified N. caninum tachyzoites, and
after different time-points the cultures were fixed
and processed for TEM (Figs. 3A-F, 4A-E). The
initial contact between tachyzoites and endothelial
cells appeared to be mediated by any part of the

parasite surface, with no obvious preference for a
specialized parasite cell surface domain. In addition,
there was also no preferential contact area on the
endothelial cell surface involved, since both pseudo-
podia- and non-pseudpodia containing surfaces were
found to contain adherent parasites (Fig. 3A and B).
The first step in the actual invasion process was the
development of a recess in the host cell membrane
right at the site of parasite interaction (Fig. 3C). As
this junction expanded circumferentially from the
point of initial contact, the parasite appeared to
invade the host cell by progressive zippering of the
membranes (Fig. 3D), until it was completely
enclosed by a parasitophorous vacuole membrane
(PVM, Fig. 3E). Occasionally we also found host cell
pseudopodia which appeared to assist in the entry
process, increasing the host-parasite contact area by
engulfing the parasites (Fig. 3F). However, the PVM
was in continuity with the host cell plasma-mem-
brane during the whole entry process. Immediately
after invasion, the parasitophorous vacuole would
translocate from the extreme host cell periphery
towards the host cell interior (Fig. 4A). Parasites
then exhibited a great deal of surface membrane
activity, which could indicate that parasite-specific
material was secreted, modifying the vacuolar lumen
and the PVM, as described for other intracellular
parasites (Fig. 4B and C). When a host cell was
infected with multiple numbers of parasites (Fig.
4C) each tachyzoite had its own PVM where it could
develop and undergo endodyogeny already after 6 h
post-invasion (Fig. 4D). However, it is likely that,
during the final stages of intracellular development
of Ar. caninum, the PVM disintegrated before lysis of
the host cell could occur (Fig. 4E).

The effects of pre-fixation, metabolic inhibition and
cytoskeletal alterations of endothelial cells on their
interaction with N. caninum.

Endothelial monolayers grown on glass coverslips
were treated with paraformaldehyde (1-3 %), glutar-
aldehyde (005-2%) and mixtures thereof. The
effects of these treatments on attachment and
invasion of tachyzoites were evaluated with respect
to control experiments with untreated host cells
(Fig. 5). Pre-fixation of monolayers with both
aldehydes had a profound effect on the overall
number of tachyzoites / cell, reducing it to aproxi-
mately 25 °0 compared to unfixed host cells. How-
ever, invasion of host cells was only completely
inhibited when glutaraldehyde (005%) was incor-
porated into the fixation solution. No differences
with respect to adhesion of the parasites were
observed when higher concentrations of glutar-
aldehyde (up to 2%) were used.

However, the fact that AT. caninum also invaded
paraformaldehyde-fixed host cells, although at a
much lower rate, suggested that the parasite actively
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Fig. 3. (A-F) TEM of the initial host-parasite interaction and invasion of BAE cells. Note that the initial contact
between BAE cells and tachyzoites is not likely to be mediated by any specialized cell surface domains (A, B). The
initial phase of the invasive process is characterized by an indentation on the BAE cell surface membrane at the site
of the host-parasite contact (C), followed by progressive zippering of the two membranes (D), until the entire parasite
is enclosed by a parasitophorous membrane (E). BAE cell pseudopodia occasionally assist in the invasive process by
engulfing the parasite (F),
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Fig. 4. (A-F) TEM of the intracellular development of Neospora caninum tachyzoites. As the entry process is
completed, the tachyzoites are entirely surrounded by a parasitophorous vacuole membrane (PVM), which is in close
contact with the parasite cell surface (A). Shortly after entry, parasites exhibit membrane activity (B), thus probably
modifying the PVM and constructing their own compartment, the parasitophorous vacuole, in order to achieve
suitable conditions for further development. Each parasite has got its own vacuole (C). Endodyogeny occurs first after
6 h (D), thus continuing until larger pseudocysts are developed which eventually lead to rupture of the host cell after
3-4 days (E). N. caninum tachyzoite in the process of invading a formaldehyde-fixed BAE cell (F). Note the extensive
damage on the BAE cell surface, and the extensive membrane activity surrounding the advancing tachyzoite.
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Fig. 5. Effects of various pre-treatments of BAE cells
prior to their interaction with Neospora caninum
tachyzoites.
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Fig. 6. Effects of various treatments altering the
carbohydrate composition of pre-fixed (3 %
paraformaldehyde / 005% glutaraldehyde) BAE cells on
adhesion of Neospora caninum tachyzoites.

participated in this process. Electron microscopical
investigations of parasites invading formaldehyde-
treated host cells suggested that, at least at the
ultrastructural level, this invasive process differed
somewhat from the entry process into live cells:

BAE-cells showed dramatic changes at the point of
parasite entry, with the host cell membrane being
disrupted, and clusters of vesicles appearing in the
cytoplasm and around the advancing tip of the
parasite (Fig. 4F). However, it appeared that, after
entry, the tachyzoites were unaccessible for the first
antibody layer in the immunofluorescence- based
adhesion/invasion assay.

Invasion of pre-fixed, non-metabolizing host cells
suggested a rather passive role of the endothelial cells
during parasite entry. Thus, we also investigated the
effects of pre-incubation of BAE cells with several
metabolic inhibitors (Fig. 5). Both glycolytic and
mitochondrial inhibitors had no profound effect on
the adhesion and invasion of the parasites, neither
had pre-incubation of endothelial cells with the
protein synthesis inhibitor cycloheximide (Fig. 5).

Pre-incubation of the BAE cell monolayers with
the microtubule active drugs nocodazole (which
induces depolymerization of microtubules) and taxol
(which stabilizes microtubules and induces extensive
polymerization and microtubular rearrangement)
had no significant effect, neither on adhesion nor on
invasion of N. caninum (Fig. 5). However, treatment
of BAE cells with cytochalasin D, a drug which
induces gross changes within the actin microfilament
system was very effective (Fig. 5). While the total
number of parasites / cell was significantly higher
than in control experiments, they were only adhering
to the host cell surface. Thus, invasion of tachyzoites
was almost completely inhibited in cytochalasin D-
treated host cells in a dose-dependent manner. The
results obtained in this series of experiments sug-
gested that the cortical actin skeleton of the host cells
was likely to play an important role in triggering the
invasive process in N. caninum.

The involvement of host cell surface carbohydrates in
Neospora adhesion

In order to study the involvement of carbohydrate
residues on the endothelial cell surface in adhesion,
pre-treatment of endothelial monolayers was carried
out employing reagents which would alter their cell
surface carbohydrate composition. Since alterations
of cell surface carbohydrates was often accompanied
by detachment of monolayers from the surface they
adhered to (most cell adhesion molecules are com-
posed of carbohydrate residues), we performed these
experiments using BAE cells pre-fixed in 3%
paraformaldehyde / 005% glutaraldehyde. Thus
parasites would attach to, but not invade, BAE cells.
Periodate treatments carried out at neutral or low pH
resulted in increased adhesion of tachyzoites to their
host cells (Fig. 6). Similar effects were observed
when endothelial cells were pre-treated with neur-
aminidase and hyaluronidase. In contrast, pre-
incubation of monolayers with the lectins WGA,
SBA and TPA had no effect on adhesion of the
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Fig. 7. Effects of pre-treatments of Neospora caninum
tachyzoites on their potential to adhere to, and invade,
BAE cells.

parasites, while Con A treatment resulted in a slight
increase in parasite attachment (Fig. 6). However,
the addition of the Con A-inhibiting sugar alpha-
methyl mannoside (200 RIM) to Con A prevented
increased parasite binding, while addition of this
sugar to the parasites during the binding assay did
not (Fig. 6). Thus, the parasites bound to a part of
the Con A molecule different from the sugar binding
site. In conclusion, carbohydrates on the endothelial
cell surface inhibit rather than promote the adhesion
of N. caninum.

Effects of pre-treatments o/N. caninum tachyzoites

Pre-fixed parasites completely lost the ability to
invade endothelial cells (Fig. 7). However, a con-
siderable percentage of the parasites (35 % compared
to the control experiment) was still found to adhere
to the monolayers. This suggested that, although the
initial contact between parasite and host could lead
to tachyzoite adhesion without energy expenditure,
the entry process itself required metabolic energy on
part of the parasite.

In a further series of experiments, tachyzoites
were resuspended in various buffers and media, and

were then allowed to adhere to and invade BAE cell
monolayers. No significant differences were found
when parasites were resuspended in culture medium
containing RPMI / 7%FCS, RPMI / 1 %FCS,
RPMI alone, PBS / 50 mM glucose or PBS alone
(data not shown). Carrying out the binding assay at
4 °C, however, resulted in decreased adhesion and
dramatically diminished invasion of host cells (Fig.
7). Similar results were obtained when parasites
were pre-treated with a glycolytic inhibitor (deoxy-
glucose), or with mitochondria! inhibitors such as
sodium azide, antimycin and oligomycin. Pre-
incubation of N. caninum tachyzoites with a protein
kinase inhibitor, H8, also resulted in partial in-
hibition of both the adhesion and invasion process
(Fig. 7).

When tachyzoites were treated with cycloheximide
prior to the incubation with BAE cells, no effect
could be observed. However, surface protease treat-
ments using low concentrations of trypsin, pronase
and chymotrypsin significantly interfered with the
ability of the parasites to adhere to, and invade, BAE
cells (Fig. 7). Pre-incubating parasites with tunica-
mycin, an inhibitor of JV-glycosylation, was also
ineffective. Altering the parasite cell surface carbo-
hydrates by treating tachyzoites with 2 mM sodium
periodate in PBS for 5 min at 4 °C did not affect their
infectivity (Fig. 7), nor did pre-incubations of the
tachyzoites with lectins (data not shown).

N. caninum tachyzoites were also incubated with
drugs which would affect the function of the
cytoskeleton, to investigate whether it was involved
in mammalian cell interaction (Fig. 7). Neither taxol,
which enhances and stabilizes microtubules, nor
nocodazole, a microtubule depolymerizing drug,
had any effect on adhesion and invasion. However,
treatments of parasites with cytochalasin D, an actin
depolymerizing drug, resulted in a marked decrease
in adhered and invaded parasites. Thus, the actin
skeleton of N. caninum is likely to play an important
role during infection of host cells.

DISCUSSION

In this study, the in vitro interaction between N.
caninum and bovine aorta endothelial cells was
investigated. To demonstrate and quantitate N.
caninum adhesion, invasion, and development, we
modified an assay described by Schenkman et al.
(1991a) in order to clearly distinguish between
intracellular and extracellular parasites by fluores-
cence light microscopy. Our observations were
extended using transmission electron microscopy of
BAE cell cultures infected with N. caninum.

Under the conditions used for our experiments,
both adhesion and invasion took place within a
relatively short time after incubation of the tachy-
zoites with host cells. We found that adhesion, and
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invasion, of BAE cells by N. caninum happened in a
non-homogeneous manner. Some host cells would
contain several parasites, others none. Similar pat-
terns of heterogeneous host cell attachment had been
previously observed for other intracellular parasites
(Schenkman, Diaz & Nussenzweig, 1991 b\ Mineo &
Kasper, 1994). After 45-60 min, tachyzoite invasion
had reached a plateau, although (i) there were still
additional parasites adhering onto the endothelial
cell surface and (ii) there was still a considerable
number of uninfected host cells present. This
suggested (i) that adhesion onto host cells did not
automatically lead to penetration of the host cell
membrane, and (ii) that the parasites had lost their
potential to infect target cells upon prolonged
extracellular maintenance. The latter assumption
was confirmed by performing appropriate time-
course experiments. Tachyzoites were incubated in
culture medium for different time periods before
being allowed to react with BAE cells. By increasing
the time of extracellular maintenance of N. caninum
tachyzoites infectivity was dramatically reduced. It
is also possible that both adhesion and infection of
endothelial cells was dependent on the host cell cycle.
Infection of mammalian cells by T. gondii for
instance appeared to increase when the cells pro-
gressed from the Gl phase to the S phase, and
decreased as the cells entered G2-M phase. Thus, it
has been suggested that certain host cell surface
proteins which are expressed at different times on
the host cell surface would serve as parasite receptors
(Dvorak & Crane, 1981).

The inital step of the parasite invasion process was
recognition and attachment to its host cell. Electron
micrographs of adherent N. caninum showed that
tachyzoites would initially attach to BAE cells by any
part of their surface. Furthermore, no preference
could be seen for any specialized host cell surface
domain. Parasites could interact with host cell
pseudopodia as well as with the BAE cell surface
devoid of pseudopodia. Tachyzoites also bound to
both paraformaldehyde- and glutaraldehyde-fixed
BAE cells, but attachment was much more efficient
to living cells. This can be explained by considering
the plasma membrane of living cells as a highly
dynamic structure, with additional receptors prob-
ably engaged during incubation with the parasites.
Fixation of target cells has also been used in studies
on the attachment of T. cruzi to fibroblasts, MDCK
cells and to rat heart myoblasts (Schenkman et al.
1991 a,b; Villata et al. 1993), in studies on the
interaction of T. congolense with endothelial cells
(Hemphill et al. 1994; Hemphill & Ross, 1995), and
in studies of the adherence of T. gondii to human
fibroblasts (Mineo & Kasper, 1994).

N. caninum was not only able to adhere to, but also
to invade BAE cells fixed with 3 % paraformalde-
hyde, provided that no glutaraldehyde was used.
Minute amounts of glutaraldehyde (005%) com-
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pletely blocked penetration of BAE cells. This was
probably due to the higher cross-linking ability of
glutaraldehyde compared to paraformaldehyde (Grif-
fiths, 1993). However, when viewed by TEM, the
mechanisms of penetration of living and pre-fixed
BAE cells appeared to be somewhat different.
Invasion of live BAE cells by N. caninum tachyzoites
was a multistep process. As the parasite encountered
a suitable location for penetration of the endothelial
cell surface, the host and the parasite plasma
membranes bound closely to each other at the site of
initial contact. A recess developed on the endothelial
cell surface, and the parasite moved into the host cell
with the host cell membrane curving around the
invading parasite, which eventually became intra-
cellular, completely encircled by a parasitophorous
vacuole membrane. This process is likely to be very
similar, but not necessarily identical, to the 'self
zippering mechanism' described for the invasion of
host cells by other intracellular parasites such as T.
cruzi (Schenkman et al. 1991a; Theileria parva
(Fawcett et al. 1984), Plasmodium spp. (Tait & Sacks;
1988; Holder, 1994), and Toxoplasma gondii (Werk,
1985; Bonhomme et al. 1992). In contrast to this
process, penetration of pre-fixed BAE cells was
accompanied by extensive endothelial cell surface
membrane damage. The host cell showed dramatic
changes at the point of entry, with the plasmalemma
being disrupted and clusters of irregular vesicles
appearing around the advancing parasite. However,
we could still distinguish between intra- and extra-
cellular parasites by fluorescence staining. These
findings are not all surprising since other intra-
cellular parasites were also found to be capable of
infection of paraformaldehyde pre-fixed host cells in
vitro (Schenkman et al. 1991a). Thus it is possible,
that tachyzoites invading pre-fixed host cells were
still capable of constructing some sort of vacuole
within these pre-fixed cells, which rendered them
unaccessible to antibodies. However, the question
whether parasites can survive and undergo endo-
dyogeny within paraformaldehyde-treated cells will
need further clarification.

Several other lines of evidence suggested that the
invasion process required parasite energy and was
largely independent of the target cell metabolism.
Firstly, performing the adhesion assay at 4 °C
reduced the rate of both adhesion and invasion.
Secondly, pre-fixed tachyzoites were not found
inside living BAE cells. Thirdly, metabolic inhi-
bition of tachyzoites using deoxyglucose, sodium
azide, oligomycin and antimycin reduced the rate of
both adhesion and invasion to BAE cells, while
treatments of BAE cells with the same glycolytic and
mitochondrial inhibitors affected neither adhesion
nor invasion. Thus, metabolic energy was necessary
to trigger invasion after an initial, probably low-
affinity, contact between parasite and host cell
surface molecules. The fact that treatment of
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parasites with H8, an inhibitor of protein kinases,
also resulted in partial inhibition of invasion,
suggests that this mechanism could be mediated by
rapid signal transduction events similar to those
which occur after the interaction between T cells and
their targets (Kammer et al. 1988), or T. cruzi and
MDCK-cells (Schenkman et al. 1991a). De novo
protein synthesis on part of the parasite apparently
did not play an important role during adhesion and
invasion, since cycloheximide treatment of parasites
prior to incubation with BAE cells had no effect.
Based on these criteria, the adhesion / invasion
process of host cells by N. caninum was very similar
to equivalent processes described in other Apicom-
plexa such as Plasmodium and Toxoplasma (Tait &
Sacks, 1988). For these parasites, however, evidence
has been obtained that specific target cell surface
proteins serve as parasite receptors which mediate
attachment to, and invasion of, host cells (Holder,
1994; Kasper & Mineo, 1994).

Recognition of specific receptor-ligand inter-
actions, usually mediated by cell surface adhesive
molecules, is a very early process in microbial
colonization and pathogenesis. In many cell types,
carbohydrates are known to be crucially involved
during invasive processes by parasitic micro-
organisms (Wilson et al. 1992; Schenkman &
Eichinger, 1993; Holder, 1994; Kasper & Mineo,
1994). Cell surface adhesive molecules include
glycolipids (Karlsson et al. 1992), glycosaminogly-
cans (Lander, 1993), and glycoproteins (Hoffman,
1992; Oebrink, 1993). Modifications carried out on
cell surface carbohydrates would therefore be likely
to influence the adhesive properties of cell surfaces.
Since we experienced that modifications of carbo-
hydrates of living cell monolayers either by chemical
or enzymatic means resulted in detachment of the
monolayers from the glass coverslip, we carried out
these experiments only on pre-fixed BAE cells under
conditions which would prevent interiorization of
the parasites. We used the mildest fixation conditions
possible (3% paraformaldehyde / 005% glutar-
aldehyde) in order to (hopefully) minimize the risk of
accidentally masking or exposing cell surface recep-
tors different from the ones which would be
accessible for the parasites on unfixed cells. Periodate
oxidation at acidic pH had previously been used as a
tool to cleave carbohydrate residues (Woodward,
Young & Bloodgood, 1985; Hemphill et al. 1994).
The results presented here after the use of a whole
range of periodate concentrations at low and neutral
pH, show that removal of carbohydrates from the
endothelial cell surface increased the adhesion of N.
caninum tachyzoites. However, the possibility that
other cell surface components were also affected by
this treatment can not be ruled out.

Therefore, enzymatic treatments were performed,
namely neuraminidase and hyaluronidase digestions.
Both treatments of endothelial cell surfaces pro-

moted the attachment of N. caninum tachyzoites to
BAE cells. Similar results were obtained when sialic
acid residues were removed from the surface of
macrophages prior to infection with T. gondii (de
Carvalho et al. 1993) and T. cruzi (Araujo-Jorge &
de Souza, 1984). In contrast, for Plasmodium spp.
the situation with respect to sialic acid residues is less
clear. Neuraminidase treatment of erythrocytes
makes human red cells refractory to most P.
falciparum strains, but has no effect on invasion by
P. knowlesi (Holder, 1994). Hyaluronidase treatment
of host cells also enhanced the penetration of Hela
cells by tachyzoites of T. gondii, as previously
reported by Lycke, Lund & Strannegard (1965) and
Norrby (1971), and similar results were obtained in
a study investigating the interaction of macrophages
with T. gondii (de Carvalho et al. 1993). It is likely
that removal of sialic acid residues and acid muco-
polysaccharides facilitates the interaction of surface
components of parasite and host cells participating
in the interaction.

The role of potential carbohydrate residues on the
N. caninum cell surface in adhesion to, and invasion
of, BAE host cells, was also assessed. Parasites were
treated either with sodium periodate or with tunic-
amycin prior to incubation with host cells. Neither
of these treatments had any effect. However, the
reduction in adherence and invasion after protease
treatment of tachyzoites suggested that removal of
proteins or protein fragments from the parasite
surface also removed, or altered, the molecules
responsible for mediating N. caninum interaction
with the monolayer. It is likely that this interaction
involved specific molecules that would act as ligands
mediating host-cell recognition and invasion.

Receptor-ligand systems employing mainly glyco-
proteins, glycolipids and lectin binding sites, have
been shown to be responsible for parasite adhesion
and invasion in Trypanosoma, Plasmodium and
Toxoplasma. The interaction between T. cruzi and
mammalian host cells for instance involves probably
multiple parasite ligands. The glycoprotein gp83,
isolated from T. cruzi trypomastigote membranes, is
one of those ligands mediating parasite attachment
(Villata et al. 1992, 1993). Furthermore, a 60kDa
surface protein (Ortega-Barria & Pereira, 1992), as
well as the ssp3 antigen of T. cruzi (Schenkman et al,
1992) have been reported to be involved in adhesion
and invasion of mammalian cells. On the other hand,
a 74 kDa cell surface receptor on rat heart myoblast
has been identified, and this glycoprotein appears to
serve as a mammalian trypanosome receptor (Vilatta
et al. 1992). P. falciparum is known to infect
erythrocytes by binding onto the transmembrane
glycoprotein band 3 (Donelson & Fulton, 1992).
However, binding of this parasite to its target cells is
completely inhibited in the presence of BSA-AT-
acetyl-glucosamine, suggesting that the ligand on the
Plasmodium surface exhibits lectin-like properties
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with a high affinity for sialic acid residues. The
current literature on T. gondii adhesion to host cells
underlies the importance of three points. Firstly,
tachyzoites possess surface ligands which bind the
ECM protein laminin with high affinity; parasite-
bound laminin then promotes the attachment of the
tachyzoites to the host cell laminin receptor. Sec-
ondly, lectins are known to mediate cell-cell inter-
actions. BSA-glucosamide, albumin-iV-acetyl-D-
glucosamine and albumin-galactose bound to extra-
cellular tachyzoites. Electron microscopical studies
with gold-labelled lectins and glycoproteins localized
sugar residues on parasite rhoptries, but not on the
surface. Thus it was proposed that sugar containing
macromolecules are released upon contact with the
host cell membrane (Kasper & Mineo, 1994).
Thirdly, it has been shown that the major surface
antigen of T. gondii (SAG-1, P30) is involved in
parasite attachment and invasion (Mineo & Kasper,
1994). Also non-invasive protozoan parasites adhere
to their host cells via carbohydrate residues. For
instance, Giardia duodenialis adhesion to intestinal
epithelial cells is apparently mediated by cell surface
lectin-binding sites (Pegado & deSouza, 1994).
Lectin-mediated cell-cell interactions are also im-
portant during the pathogenesis of African animal
trypanosomiasis caused by T. congolense (Hemphill
et al. 1994; Hemphill & Ross, 1995). Terminal
carbohydrates have also recently been shown to play
a crucial role during the cytoadherence of Tricho-
monas vaginalis and Tritrichomonas foetus (Bonilha
et al. 1995). However, there is no information either
on N. caninum ligands or on host cell receptors
which could potentially be involved in adhesion to,
or invasion of, target cells by this parasite.

The cytoskeleton in most eukaryotic cells is
involved in cellular events such as cell motility and
surface receptor movements (Geiger, 1989). We
therefore assessed the effects of cytoskeletal drugs on
adhesion and invasion of BAE cells by N. caninum
tachyzoites. We treated parasites with drugs which
would specifically affect microtubules and actin
microfilaments. Treatment of both parasites and
BAE cells with taxol and nocodazole, which are
microtubule-active drugs in higher eukaryotic cells,
had no effect either on adhesion or on invasion.
However, pre-treatment of tachyzoites with cyto-
chalasin D were very effective. This drug has been
shown to inhibit the endocytotic process, to prevent
plasma membrane extensions, and is known to cause
redistribution of cell surface receptors which are
physically linked to the cortical actin skeleton
(Cooper, 1987; Geiger, 1989). In the present study it
significantly inhibited the invasive capacities of N.
caninum. Similar results were obtained previously
with T. gondii (Ryning & Remington, 1978; Sibley,
1995). For this parasite, morphological studies had
revealed changes in the parasite during entry such as
screw movements, extension of the apical pole,

rotating movements and amoeboid deformation. An
actin-myosin system has been localized in the apical
complex using specific antibodies (Schwarzman &
Pfefferkom, 1983; Endo et al. 1988), and this has
been implicated in invading movements. Thus,
similar actin-myosin based movements are likely to
be involved during penetration of host cells by N.
caninum.

BAE cell monolayers were also treated with
cytochalasin D. Treatment of BAE cells with this
drug prevented invasion by N. caninum. This is not
surprising since inhibition of invasion had been
previously observed with respect to the interaction
of T. gondii (Ryning & Reminton, 1978; Silva,
Meirelles & de Souza, 1982; de Carvalhoef al. 1993),
and T. cruzi (Henriquez, Piras & Piras, 1981; Zenian
& Kierszenbaum, 1983) with macrophages. How-
ever, at the same time the number of N. caninum
tachyzoites which adhered to the host cell surface
was significantly higher than in control experiments.
This effect clearly demonstrated that adhesion and
invasion are two distinct processes. While, after
cytochalasin D treatment, the parasites could still
adhere to the host cells, the signal(s) which would
trigger the invasive process within the parasite was
(or were) not present anymore, probably altered or
dislocated upon cytochalasin D treatment. Thus, the
identification and characterization of molecules, on
both the host cell surface and the parasite surface,
which are responsible for mediating such signals,
will be a primary goal during future investigations.

In conclusion, our studies have provided im-
portant basic information on the interaction between
N. caninum and BAE cells. Our experiments demon-
strated the ultrastructural aspects, as well as the
kinetics of parasite atttachment, invasion, and in-
tracellular development in vitro. Biochemical treat-
ment using metabolic inhibitors showed that ad-
hesion and invasion are active processes which
require metabolic energy on the part of the parasite,
but not on the host cells. Chemical and enzymatic
modifications of both BAE cell and parasite surface
have demonstrated that the initial contact between
the parasites and BAE cells is a receptor-mediated
process, unlikely to be mediated by carbohydrates.
However, adhesion and penetration of the host cell
membrane are two distinct events; the latter one
probably mediated by cell surface molecules which
are physically linked to the cortical actin skeleton of
both N. caninum and BAE cells. These investigations
provide the basis for further ongoing studies on the
identification and characterization of host cell recep-
tors and N. caninum ligands which play important
roles during Neosporosis.

The N. caninum isolate Nc-1 was a kind gift from J. P.
Dubey (US Department of Agriculture, Beltsville, MD)
and Joakim Hohmdahl (Swedish University of Agri-
cultural Sciences, Uppsala). We are grateful to Carole
Ross (Centre for Tropical Veterinary Medicine, Uni-
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