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SUMMARY

Factors which affect adhesion of cultured Trypanosoma congolense bloodstream forms to mammalian feeder cells have been
examined. Using an in vitro binding assay, the initial events following interaction of trypanosomes with bovine aorta
endothelial (BAE) cells were monitored by both light- and electron microscopy. Metabolic inhibitors and other bio-
chemicals were incubated with either cells or parasites, to test whether any inhibited the process. Our findings suggest that
adhesion of the parasites is an active process requiring metabolic energy from the trypanosomes, but not from endothelial
cells. We also provide data suggesting that T. congolense bloodstream forms possess a lectin-like domain, localized at
distinct sites on their flagellar surface, which interacts with specific carbohydrate receptors, most likely sialic acid residues,
on the endothelial cell plasma membrane. We also suggest that the cytoskeletal protein actin is probably involved in this
interaction.
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INTRODUCTION

Trypanosoma congolense, (Broden, 1904), is one of
the most important agents of African animal trypano-
somiasis, and infections cause extensive losses in
economic productivity throughout the continent.
This parasite is pathogenic for domestic livestock,
especially cattle, and infected animals show severe
signs of organ damage, anaemia, weight loss, abor-
tion and infertility (Molyneux & Ashford, 1983).
Once infection has taken place, after transmission by
the tsetse fly vector, rapidly dividing trypanosomes
circulate within the bloodstream of mammalian
hosts, protected from the immune response by their
variable surface glycoprotein (VSG) coat (Vicker-
man, 1985; Boothroyd, 1985). In contrast to other
trypanosomatids T. congolense does not invade
tissues, like T. brucei or T. evansi, or cells, like the
South American T. cruzi, and can be regarded as a
true extracellular blood parasite.

In addition, the flagellum of T. congolense, unlike
other trypanosomatids, does not extensively pro-
trude from the anterior end of the cell body
(Vickerman, 1969; Vickerman & Tetley, 1990).
However, this organelle appears to play a key role in
the cell adhesion events which occur at different life-
cycle stages within the insect vector and in animal
hosts. In infected animals, T. congolense bloodstream
forms are found adhering to erythrocytes and to
endothelial cells of the microvasculature through

their flagellum (Banks, 1978, 1979, 1980). The direct
effects of this process are not entirely understood,
but the tissue surrounding the adhesion sites is
damaged by release of a vascular permeabilization
factor, and the subsequent action of the host's
immune system (Banks, 1980).

The binding of T. congolense to endothelial cells
has not been investigated at the molecular level. The
aim of these studies was therefore to dissect the
interaction between cultured trypanosomes and
bovine aorta endothelial cells in vitro, a process
which resembles the adhesion event between para-
sites and host cells in vivo. An in vitro adhesion assay
was characterized during these experiments, where
observations were made by light- and electron
microscopy. Biochemical inhibition assays 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.
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(1985), and routinely maintained in Minimal Es-
sential Medium (MEM) supplemented with 20%
foetal calf serum (FCS) and 2 mM glutamine.
Cultures of passages between 11 and 20 were used.
BAE cells were either used unfixed, or were fixed
when 95-100% confluent. Pre-fixed BAE cells were
prepared by rinsing cover-slips 3 times with PBS,
and incubating them for 10 min in freshly prepared
2% glutaraldehyde in PBS, 1% glutaraldehyde in
PBS, or several concentrations of paraformaldehyde.
Cover-slips were rinsed extensively in PBS, then
stored in 0-16 M ethanolamine, pH 8-3, for at least
24 h at 4 °C in order to saturate free aldehyde
groups. After fixation in 1 % paraformaldehyde for
20 min at 4 °C, ethanolamine treatment was not
necessary (Norgard et al. 1993, data not shown).

Trypanosome culture

Cultures were prepared from T. congolense
TREU1627, a cloned derivative of a Gambian isolate
(primary isolation code Kantong Kunda/77/
LUMP/1794). Metacyclic derived T. congolense
bloodstream forms (Gray et al. 1985) were grown at
34 °C in volumes of 6-8 ml in T-25 flasks, either
axenically, or on BAE-feeder cells, in a medium
modified from that of Majiwa et al. (1993). This
consisted of a combination of RPMI 1640 Medium
and Iscove's modified Dulbecco's Medium (RPMI/
IMDM, 1/1) supplemented with 20% heat-inacti-
vated (56 °C, 30 min) donor goat serum, 4 mM
glutamine, 1 mM sodium pyruvate, 0-2 mM adeno-
sine, 0-1 mM bathocuproine-sulphonate and 0-1 mM
monothioglycerol. Trypanosomes were released
from their feeder cells mechanically, by removing
the medium, and vigorously striking the side of the
flask 2-3 times. A few ml of fresh medium were
added, and trypanosomes were washed from the
monolayer, which remained adhered to the flask.

Adhesion assay

Immediately prior to the assay, BAE cells on cover-
slips were rinsed 3 times with PBS, and once with
RPMI/IMDM containing 01 % bovine serum albu-
min (medium/BSA). Harvested trypanosomes were
centrifuged at 800 £ for 10 min at room temperature
and resuspended, at a density of 5 x 105 ml, in PBS,
P B S / 0 1 % BSA, PBS/100 mM glucose, RPMI/
IMDM, medium/BSA, or trypanosome culture
medium, depending on the experiments to be
performed. Trypanosomes were incubated with the
cell monolayers for 1 h, then the cover-slips were
rinsed carefully 3 times with PBS, fixed for several
hours in 1 % glutaraldehyde in PBS at 4 °C, and
processed for light- and electron microscopy.

The number of adherent parasites in each ex-
periment was resolved light microscopically by

randomly choosing 20 different fields at 40 times
magnification on a Polyvar light microscope, count-
ing the monolayer-bound trypanosomes, and deter-
mining the average number of adherent parasites per
field. For every experiment a control incubation was
performed. The numbers of trypanosomes adhering
in each experiment are expressed as a percentage, in
relation to the control experiment conducted on the
same day with the same culture. All experiments
were performed in duplicate, and the data presented
are from 1 representative experiment out of 4-6
carried out.

In order to compare the number of adhering
trypanosomes to fixed and unfixed BAE cell mono-
layers during a time-course, trypanosomes were
resuspended in culture medium at 106 parasites/ml
and incubated with the monolayers. After various
time-points one cover-slip each was rinsed in PBS
and fixed as described above.

Light microscopy

Glass cover-slips containing glutaraldehyde-fixed
T. congolense bloodstream forms adhering to BAE
cells were washed in distilled water, and were stained
with haemotoxylin and eosin. Cover-slips were
finally dehydrated in ethanol and xylene and
mounted onto glass slides.

Scanning electron microscopy (SEM)

Glass cover-slips with BAE-cell monolayers and
adhering T. congolense were fixed in PBS plus 2 %
glutaraldehyde for 4 h at 4 °C, were rinsed several
times in PBS and treated with 1 % osmium tetroxide
in PBS for 1 h at 4 °C. Specimens were then
dehydrated through a series of acetone (70—90—
100%), and were critical-point dried. Specimens
were viewed in a Jeol JSM-255 III scanning electron
microscope operating at 12-5—20 kV.

Transmission electron microscopy (TEM)

Cover-slips containing bloodstream forms adhering
to BAE cell monolayers were processed for thin
section EM as follows. Cells were fixed in 2%
glutaraldehyde in 0-1 M cacodylate buffer (Fluka
Chemicals, UK), pH 7-3, for 2 h at room tem-
perature. 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 cover-slips were
then carried through a graded series of ethanol
(70-95-100%) and embedded in Epon 812 resin
(Fluka Chemicals, UK). After polymerizing the
resin at 65 °C for 24 h, the glass cover-slips were
removed by dipping the specimen into liquid
nitrogen, and the freshly exposed surfaces were
embedded in Epon 812 again. Ultrathin sections
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were finally cut perpendicular to the surface onto
which the cells had previously been adhering, using
a Diatom diamond knife on a 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.

Treatment of live endothelial cells prior to the
adhesion assay

Monolayers were treated with cycloheximide
(50 /^g/ml) in culture medium for 6 h at 37 °C prior
to fixation. Tunicamycin, was added to the medium
at 2-5 /ig/ml for 4 h at 37 °C. Glycolytic inhibition of
BAE cells was performed by incubating cells in PBS
containing 100 HIM deoxyglucose for 30 min at 37 °C.
The effect of mitochondrial inhibitors was assayed
by treating cells with 1-5 mM sodium azide, 10—
100 nM antimycin or 1-5 /tM oligomycin (all in PBS)
for 20 min prior to fixation. BAE cell monolayers
were also incubated for 4 h in culture medium
containing either 10 fig/m\ taxol, 0-5 /ig/ml noco-
dazole, or various concentrations of cytochalasin D
(10~8-10~7 M). The effects of these drugs on the
microtubule network and the actin filament system
were visualized by immunofluorescence using a
polyclonal rabbit anti-tubulin antibody, or a poly-
clonal rabbit anti-skeletal muscle actin antibody (not
shown). Cover-slips were then rinsed briefly in PBS
and fixed for 20 min in 1 % paraformaldehyde in
100 mM cacodylate buffer, pH 7-3, at 4 °C, and
rinsed several times in PBS before the adhesion assay
was carried out.

(SBA), specific for iV-acetyl-glactosamine. For each
lectin a control incubation was conducted in the
presence of 0-4 M of its corresponding inhibitory
monosaccharide (Benhamou, 1989). After washing
the cover-slips with PBS, the adhesion assay was
performed, (iii) Neuraminidase treatment. Live and
pre-fixed BAE cells were rinsed twice in PBS and
once in 20 mM MES-buffer, 100 mM NaCl, 4 mM
CaCl2, pH 5-5. Neuraminidase Type V from Clostri-
dium perfringes was added to the same buffer at a
concentration of 5 U/ml, and the cells were treated
with this enzyme at 37 °C for 60 min, before being
washed several times with PBS. As a minor impurity
the protease caseinase (0-0001 unit/mg) was present
in the enzyme preparation, (iv) Poly-L-lysine and
dextran sulphate: in order to investigate possible
charge interactions, pre-fixed and live endothelial
cells were incubated with poly-L-lysine (2-20 /ig/m\)
or dextran sulphate (3-30 /*g/ml), for 1 h at 4 °C.

Pre-treatments of T. congolense

Freshly isolated trypanosomes were given the fol-
lowing treatments before performing the adhesion
assay.

Pre-fixation. Freshly isolated trypanosomes were
fixed by the addition of 1 % glutaraldehyde or 2 %
paraformaldehyde to the medium for 5—10 min at
4 °C. They were washed in PBS and kept in 0-16 M
ethanolamine, pH 8-3, at 4 °C overnight. After
washing the cells 3 times in PBS they were
resuspended in medium/BSA and assayed for en-
dothelial cell adhesion at 106 trypanosomes/ml in
medium BSA.

Treatment of pre-fixed BAE cells

Monolayers were fixed in 1 % paraformaldehyde in
100 mM cacodylate buffer, pH 7-3, at 4 °C, and were
given the following treatments before the adhesion
assay was carried out. (i) Periodate treatment:
monolayers were subjected to different concentra-
tions (2-20 mM) of sodium periodate in 50 mM
sodium acetate, 100 mM NaCl, pH 5, at 4 °C for
30 min. Alternatively, incubations were performed
in 2-20 mM sodium periodate in PBS (pH adjusted
to 7) at 4 °C. Cells were washed extensively with
PBS before applying the trypanosomes. (ii) Lectin
binding: BAE monolayers were incubated for 45 min
at 37 °C in PBS with SO^g/ml of the following
lectins: wheat germ agglutinin (WGA), specific for
JV-acetyl-glucosamine and iV-acetyl-neuraminic acid
residues, succinylated WGA (Vector Laboratories,
England), specific for iV-acetyl-glucosamine only
(Monsigny et al. 1980), Tetragonolobus purpurea
agglutinin (TPA), specific for fucosyl residues,
Concanavalin A (Con A), specific for D-mannosyl
and D-glucosyl residues, and soybean agglutinin

Drug treatments. Trypanosomes (106/ml) were incu-
bated in PBS/0-5% BSA in the presence of 10-
100 mM deoxyglucose for 20 min at room tem-
perature. Sodium azide (1-20 mM), antimycin (1—
100 nM), oligomycin (1—5 /IM) were used as mito-
chondrial inhibitors. Parasite numbers were then
adjusted to five times 105/ml and were immediately
used for the adhesion assay. Cycloheximide treat-
ment was carried out at 30 /jg/ml for 4 h at 34 °C in
culture medium. Tunicamycin was added to 106/ml
of trypanosomes at 0-5 /tg/ml and cells were incu-
bated for 60 min at 34 °C prior to the adhesion assay.
For the cytochalasin D treatment, 106 parasites/ml
were incubated in 10~7, 10~6 and 10"5 M cytochalasin
D for 20 min at 34 °C in culture medium, before
applying them to the monolayers at 105parasites/ml.
Taxol was used at 1—10/jg/ml, and nocodazole at
0-1-1 /4g/ml in culture medium for 6 h at 34 °C.

Surface protease treatment. Freshly isolated trypano-
somes (106/ml) were spun down and resuspended in
medium without serum. Trypsin protease type VI
and pronase (Serva, GB) were both added to
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Fig. 1. SEM of Trypanosoma congolense adherent to bovine aorta endothelial (BAE) cells. Monolayers were grown on
glass cover-slips, incubated with the parasites and processed for SEM as described in the Materials and Methods
section. (A) Low magnification view demonstrating the adherence of the parasites onto the endothelial cell surface.
(B) Single adherent trypanosome showing that the flagellum is the only part of the parasite directly in contact with
the BAE cell surface.

2-10/^g/ml (Reinwald, 1985). After an incubation at
28 °C for 20 min, the cells were put on ice. In the
case of trypsin the reaction was stopped by the
addition of 80 /ig/m\ of soybean trypsin inhibitor
type I-S. The cells were washed twice with ice-cold
culture medium, were counted and immediately
used for the binding assay in culture medium.

RESULTS

Morphology and ultrastructural observations

Scanning electron microscopy of adherent T. congo-
lense bloodstream forms (Fig. 1A) shows that the
parasites adhered to the cell surface membrane of
BAE cells and not to the cover-slip underneath.
Trypanosomes were bound to the endothelial cell
surface exclusively by the anterior two thirds of the
flagellum (Fig. 1 B). These findings were confirmed

in sections cut perpendicular to the plane of the
cover-slip and viewed by TEM (Fig. 2). The
microtubule skeleton (MT), a single layer of micro-
tubules forming the cage round the cell body, was
clearly visible, as well as the paraflagellar rod (PFR),
oriented towards the trypanosome cell body, and the
microtubular axoneme (Ax), facing the endothelial
cell membrane. The flagellum adhered at approxi-
mately 45° with respect to the medial axis laid
through the axoneme and the PFR.

Longitudinal sections through the adhering fla-
gellum (Fig. 3) suggest that the initial attachment
was not mediated through an extensively wide area
on the flagellum, although the two membranes
seemed to be crossbridged closely to each other over
long stretches. The trypanosomal surface com-
ponents directly interacting with the endothelial cell
membrane appeared to be situated along a thin line
on the anterior flagellum.
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Fig. 2. TEM of adherent Trypanosoma congolense. (A)-(C) Micrographs of trypanosomes adhering onto live BAE
cells. Longitudinal section (A) and cross-section (B) at lower magnification, f, Flagellum. (C) Higher magnification
view of (B). MT, microtubules; PFR, paraflagellar rod; Ax, axoneme. (D) Trypanosomes adhering onto BAE cells
pre-fixed in 2 % paraformaldehyde. (E) BAE cells pre-fixed in 2 % glutaraldehyde.

The effect of pre-fixation and metabolic inhibition of
BAE-cells on their association with T. congolense

Initial attachment of T. congolense bloodstream
forms to feeder cells was not altered by pre-fixation
of BAE cells by formaldehyde or glutaraldehyde

(data not shown). Electron microscopy showed no
ultrastructural alterations compared to control cul-
tures (Fig. 2D and E). To obtain information on the
time dependence of the adhesion process, parasites
were incubated at 34 °C with fixed and unfixed
feeder cells, and the number of adherent trypano-
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Fig. 3. TEM of adherent trypanosomes. (A) and (B) Two longitudinal serial sections through a flagellum adherent to
the endothelial cell surface. Note that the site of intimate contact between the flagellar and endothelial membrane
appears to be constituted by a thin line along the anterior flagellar surface (see also Fig. 2). (C) Lower magnification
view of (A).

somes counted after different time-points (Fig. 4).
There was no difference in the adhesion kinetics of
T. congolense to fixed and unfixed cells within the

first 60 min. After approximately 120 min, the
number of trypanosomes adherent to fixed mono-
layers reached saturation point, while the numbers
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Fixed BAEs
Live BAEs

100 200
Time (min)

300

Fig. 4. Comparison of adhesion of Trypanosoma
congolense bloodstream forms on live and pre-fixed (2 %
glutaraldehyde) BAE cell monolayers during a time-
course of 4 h.

carried out to determine if the adhesion process
involved only one, or both sugar residues. Inhibition
was not observed when cells were incubated with
WGA in the presence of 0-4 M iV-acetylglucosamine,
or with succinylated WGA, which has no binding
specificity for iV-acetylneuraminic acid. The possible
involvement of sialic acid residues in mediating the
contact between trypanosomes and BAE cells was
confirmed when neuraminidase-treated BAE mono-
layers showed a 95 % reduction in trypanosome
adhesion. In contrast, treatment with tunicamycin,
an inhibitor of AT-glycosylation, showed no effect.

Incubation with a polycation, poly-L-lysine, or
with polyanionic dextran sulphate before addition of
trypanosomes had no effect, showing that adherence
was not based solely on charge interactions. When
poly-L-lysine or dextran sulphate were present
during the adhesion assay, over 60% of trypano-
somes were lysed (data not shown).

counted adhering to live BAE cells showed a further
increase. The number of parasites adhered to unfixed
cells continued to rise over 48 h of incubation, due to
their multiplication, whereas trypanosomes on fixed
cells scarcely divided during this time (data not
shown).

Pre-treatment of BAE cells with glycolytic and
mitochondrial inhibitors had no effect on adhesion of
the parasites, nor had inhibition of protein synthesis
with cycloheximide (data not shown). Cytoskeletal
inhibitors which alter the microtubule system (taxol
and nocodazole) or actin microfilaments (cyto-
chalasin D) had no effect. Since initial adhesion was
apparently independent of target cell metabolism,
subsequent assays were carried out using pre-fixed
BAE cells.

The involvement of endothelial cell surface
carbohydrates in T. congolense adhesion

Both pre-treatment of BAE cells with periodate, and
the pH at which this treatment was carried out, had
a dramatic effect on the adherence of trypanosomes
to the monolayer (Fig. 5). At 20 mM periodate, and
at pH 5, adherence of trypanosomes to the monolayer
was only 3-5 % of that on control cells, although with
a milder treatment of 2 mM periodate, adherence on
treated cells was greater than 50% of the control.
The reduction in adherence after periodate treatment
was less marked at neutral pH.

BAE cells were also incubated with different
lectins before trypanosomes were added. Con A,
SBA and TPA had no effect on subsequent adhesion
of trypanosomes, but prior incubation of cells with
wheat germ agglutinin (WGA) inhibited parasite
attachment by 60% (Fig. 5). Since WGA recognizes
both AT-acetylglucosamine and AT-acetylneuraminic
acid (sialic acid) residues, further experiments were

The effects of pre-treatment of trypanosomes

Pre-fixed T. congolense bloodstream forms had
completely lost their ability to adhere to the
endothelial cell surface (Fig. 6). This suggested that
adhesion depended on parasite metabolism, and/or
that epitopes involved in the adhesion process were
denatured or masked by fixation.

In a further series of experiments trypanosomes
were resuspended in various buffers and media and
were then allowed to adhere to BAE cells. No
substantial difference in the number of adhered
trypanosomes was found when parasites were re-
suspended in culture medium (containing 20%
donor goat serum), medium/BSA, PBS/100 mM
glucose, or PBS/05% BSA. Incubations in PBS
alone resulted in a 43 % reduction of adherent
parasites. Carrying out the binding assay at 4 °C, or
inhibiting glycolysis by incubating trypanosomes
with 2-deoxyglucose, each reduced adhesion to 50%
of a control culture. However, mitochondrial inhibi-
tors such as sodium azide, antimycin and oligomycin
had no effect on the number of adherent parasites.

Alteration of the parasite cell surface by pre-
incubating trypanosomes with cycloheximide signifi-
cantly decreased adherence. An even larger in-
hibition was observed when the surface of blood-
stream forms was altered by protease treatment
using trypsin and pronase (Fig. 6). This suggested
the destruction of receptors necessary for parasite
adhesion to BAE cells. Protease digestions at higher
concentrations and temperatures led to considerable
loss of viability of parasites (data not shown).

Parasites were incubated with several drugs which
affect the function of the cytoskeleton, to investigate
whether it was involved in mammalian cell in-
teraction. Neither taxol, which enhances and sta-
bilizes microtubules, nor nocodazole, a microtubule
depolymerizing drug had any effect on adhesion of
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Fig. 5. Effects of treatments affecting endothelial cell surface carbohydrates on the efficiency of trypanosome adhesion.
After the various treatments monolayers were fixed and incubated with the parasites as described.

control

1 % glutaraldehyde
2% paraformaldehyde

culture medium
medium/BSA

PBS/IOOmM glucose
PBS/O.5% BSA

PBS
4°C

10OmM deoxyglucose
20mM sodium azide

lOOnM antimycin
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10u.g/ml trypsin
10(ig/ml pronase

0.1 |aM cyt. D.
luMcyt. D.
0 M cyt.D

v/////Amiy/////r///////////^^^^

y/////////////Zf/////////////^^^^
v//y//////y/ysy/////r///^^^^
YjP/y/y///&//>r//r/////////^^^

YMP/////////y///////////////^^^^
<//iy/y////////////yAP//////^^^^

v////////////////////?y/M^^^

V/////////AZW//////////A

0 20 40 60 80 100 120

% of adherent T. congolense
Fig. 6. Effects of treatments of Trypanosoma congolense bloodstream forms prior to performing the adhesion assay.

trypanosomes to BAE cells (data not shown).
Treatment with 10"5 M cytochalasin D, a drug which
specifically interacts with actin, resulted in a marked
decrease in the number of adherent trypanosomes.

Attempts, however, to label T. congolense actin with
a panel of several anti-actin antibodies, or with
rhodamine-coupled phalloidin, have not been suc-
cessful.
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DISCUSSION

In this paper the in vitro interaction between
T. congolense bloodstream forms and bovine aorta
endothelial cells was investigated. Observations
using TEM and SEM show that T. congolense
parasites adhere to feeder cells by a specific area in
the anterior two thirds of the flagellum. Only a minor
part of the flagellar surface appears to be directly
involved, since the two membranes are in intimate
contact with each other exclusively by a small area of
the trypanosomal flagellum. These findings, and the
fact that parasites can be released from the feeder
cells mechanically, indicate that the interaction is
rather weak. Banks (1978) studied the distribution of
T. congolense in infected rats and rabbits, and found
that trypanosomes attached by their anterior end to
the walls of blood vessels. In addition, the micro-
circulation contained 4—1400 times as many trypano-
somes than other vessels. This number could reflect
the relationship between adhesion and blood press-
ure, since in smaller vessels the pressure generated
by the blood flow is much lower than in larger
vessels. T. congolense has also been shown to prefer
the vessels of some organs over others (Losos et al.
1973; Kaliner, 1974), and receptor-ligand inter-
action during initial attachment may contribute to
this preference. The EM observations also point in
this direction, since the interaction is mediated solely
by the anterior part of the flagellum in direct contact
with the endothelial cell surface, never by the
parasite cell body, and since a distinct geometric
pattern of attachment is maintained in all parasites.

The adhesion of T. congolense in vivo to cells lining
the walls of blood vessels also occurs when parasites
are cultured with endothelial cells in vitro. Other
pathogenic trypanosome species, such as T. brucei
and T. evansi, do not attach to feeder cells in this
way, although they can cluster in intracellular spaces.
It was possible, therefore, to use an in vitro assay
whereby endothelial monolayers grown on cover-
slips were provided as an adhesion matrix. Different
fixation regimes had no effect on the subsequent rate
of attachment to cells, although trypanosomes ad-
hered to fixed cells did not divide and increase in
number like those on unfixed cells. This suggests
that BAE cells release certain factors essential for
multiplication of the parasite. Banks (1979) reported
that T. congolense adhered to glutaraldehyde-fixed
and unfixed erythrocytes, and to the microvascu-
lature, in a similar manner. Fixation of target cells
has also been used in studies on the attachment of
T. cruzito fibroblasts and MDCK-cells (Schenkman,
Robbins & Nussenzweig, 1991a; Schenkman, Diaz
& Nussenzweig, 19916), and to rat heart myoblasts
(Villata et al. 1993). These papers suggested that
adherence of T. cruzi trypomastigotes, which pre-
cedes cell invasion, was mediated by specific recep-
tors on target cells at restricted cell surface domains.

In contrast to these findings, our observations were
that T. congolense did not show a preference for any
specialized cell surface domain.

Recognition of specific receptor—ligand inter-
actions, usually mediated by cell surface adhesive
molecules, is a very early step in microbial coloniza-
tion and pathogenesis. In many cell types, carbo-
hydrates are known to be crucially involved in
cell-cell interactions. Cell surface adhesive molecules
include glycolipids (Karlsson et al. 1992), glycos-
aminoglycans (Lander, 1993), and glycoproteins
(Hoffman, 1992; Oebrink, 1993). Modifications car-
ried out on cell surface carbohydrates, therefore, are
likely to influence the adhesive properties of cell
surfaces. Periodate oxidation at acid pH has long
been used as a tool to cleave carbohydrate residues
(Woodward, Young & Bloodgood, 1985). The results
presented here after the use of a whole range of
periodate concentrations at low and neutral pH,
show that carbohydrates are likely to be involved in
T. congolense binding to endothelial cells. The
possibility, however, that other surface membrane
components are also affected by this treatment,
cannot be ruled out. Further evidence of a role for
carbohydrate receptors in adhesion has been ob-
tained by the use of lectins. Wheat germ agglutinin
specifically inhibits trypanosome attachment, in a
manner which points towards a role for sialic acid
residues in this process. In addition, neuraminidase,
which specifically cleaves terminal sialic acid resi-
dues, considerably reduced the number of trypano-
somes which attached to BAE cells during the
adhesion assay.

Modification of the trypanosome surface was also
attempted to identify parasite components which
affected adhesion. Trypanosomes pre-fixed with
aldehydes were no longer able to bind to endothelial
cells, indicating denaturation or masking of the
molecules involved. Both inhibition of protein
synthesis prior to adhesion, and protease treatment
of trypanosomes before the adhesion assay, reduced
the number of adherent parasites. From these results
it can be concluded that sialic acid residues on the
endothelial plasma membrane might comprise, or at
least be a significant component of, a receptor which
is recognized by a specific, lectin-like trypanosome
surface molecule.

This lectin-like surface protein, located at the
anterior part of the flagellum and with a specialized
function, is rather unlikely to be a part of the variable
surface glycoprotein (VSG) coat. Firstly, the binding
of trypanosomes is restricted exclusively to the
anterior two thirds of the flagellum, which suggests
that a non-VSG component of the T. congolense
plasma membrane constitutes the receptor. Sec-
ondly, there is evidence that non-variable glyco-
proteins, as well as parts of the VSGs, are cleaved
during the exposure of live T. brucei bloodstream
forms to trypsin (Frommel, Seyfang & Balber, 1988).
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The reduction in adherence after protease treatment
of trypanosomes in these studies suggests a similar
occurrence in T. congolense. Thirdly, it is interesting
to note that attachment of T. congolense to red blood
cells appeared to be mediated by sialic acid residues
on the erythrocyte surface, and could be abolished
by protease treatment (Banks, 1979). This inter-
action, however, could be inhibited by poly-L-lysine,
which saturates the negatively charged sialic acid
residues on the erythrocyte surface. In our experi-
ments, neither poly-L-lysine nor dextran sulphate
had any effect on trypanosome attachment to BAE
cells.

Initial observations indicated that trypanosome
attachment occurred independently of a functional
target cell metabolism (data not shown). Experi-
ments were then carried out to find if the attachment
process required metabolic activity on the part of the
parasite. Inhibition of glycolysis resulted in de-
creased efficiency of adhesion, suggesting that try-
panosomes expend metabolic energy in their in-
teraction with endothelial cells. Similar results were
obtained in studies of South American trypanosomes
and their attachment to mammalian cells (Schenk-
man et al. 1991a).

The cytoskeleton in most eukaryotic cells is
involved in cellular events such as cell motility and
surface receptor movements (Geiger, 1989). In
trypanosomes, the cytoskeleton is mainly micro-
tubule-based (Angelopoulos, 1970; Hemphill,
Lawson & Seebeck 1991a; Hemphill, Seebeck &
Lawson, 1991 b), and the presence of actin in African
trypanosomes has not yet been conclusively demon-
strated (BenAmar et al. 1988; Seebeck, Hemphill &
Lawson, 1990). However, the genes coding for actin
of T. brucei have been sequenced, and it has been
shown that they are constitutively transcribed in
both bloodstream and insect forms (BenAmar et al.
1988). In this study, parasites were treated with
drugs which would specifically affect microtubules
and actin filaments. Taxol and nocodazole, which are
microtubule active drugs in higher eukaryotic cells,
had no effect on adhesion, while cytochalasin D, a
drug specifically destroying the organization of actin
filaments (Cooper, 1987) did have an inhibitory
effect. No specialized filamentous structures, how-
ever, could be seen by TEM. There remains the
possibility that actin could form small filaments not
visible by our methodology.

In conclusion, our evidence indicates that the
interaction between these two cell types is mediated
by certain carbohydrate receptors present on the
endothelial cell surface, and one or several ligands,
most likely proteins or glycoproteins, on the trypano-
some, whose functional activities are affected by
proteases and protein synthesis inhibitors. These
ligands must be present at distinct localizations near
the anterior end of the flagellum. Our investigations
provide the necessary background for further studies

on interactions between T. congolense and endothelial
cells which should lead to the identification of the
molecules involved. The significance and the func-
tional importance of this adhesion is yet to be
explained, but a more thorough exploration of this
process will contribute to a better understanding of
the pathogenesis of this parasite.
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