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SUMMARY

It has been observed that fluorescent membrane-impermeant molecules can enter the cercariae as they penetrate mouse
skin. The hypothesis to be tested was that such molecules, which included Lucifer Yellow and a variety of fluorescent
dextrans, entered the parasite through the nephridiopore and excretory tubules as well as through the surface membrane.
FITC-labelled poly-L-lysine (molecular weight 10 kDa), added at 4 “C during syringe transformation, was found to enter
the nephridiopore and labelled the excretory bladder and sometimes the excretory tubules. This finding indicates that
macromolecules (10 kDa) can enter the nephridiopore. It was found that linoleic acid (a normal constituent of skin) greatly
stimulated uptake of Lucifer Yellow and dextrans into the excretory/subtegumental region of 2-h-old schistosomula. This
correlated with an increased uptake of membrane-impermeant propidium iodide at 37 “C. Since increased uptake of
propidium iodide occurs when membranes become permeable, the surface membrane could also be a pathway of transport

of the membrane-impermeant molecules into the schistosomulum.
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INTRODUCTION

An understanding of host-parasite interactions re-
quires us to explore the nature of the host-parasite
interface. It is assumed that the surface membrane of
the parasite is the most extensive interface (Skelly
and Wilson, 2006; Kusel et al. 2007), but this as-
sumption has been recently modified. The influx of
fluorescent membrane-impermeant molecules of up
to 20 kDa molecular weight into cercariae as they
penetrate mouse skin has been described. This was
reproduced in vitro by transformation in the presence
of the membrane-impermeant molecules. One im-
plication of this observation is that there may exist
a host-parasite interface at the skin stage of parasite
development which is unexpected and unique
(Thornhill et al. 2009), and resides within the para-
site rather than at the surface.

During transformation from the water-adapted
cercaria to the skin schistosomulum, the surface
membrane undergoes extensive loss of glycocalyx

attached to cercarial membrane, and there is
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replacement of this membrane by the double-
membrane characteristic of the schistosomulum
(Hockley and Mcl.aren, 1973). The membrane com-
ponents are incorporated into the surface by fusion
of cytoplasmic multilaminate vesicles (Hockley and
McLaren, 1973). This dynamic remodelling of the
surface may alter the membrane permeability of the
surface at this stage of development.

Although the process of influx into the cercaria as
it transforms into the schistosomulum was shown by
fluorescence and confocal microscopy, the mechan-
ism by which the influx occurred was not examined
(Thornhill et al. 2009). Membrane-impermeant
molecules, such as Lucifer Yellow, propidium iodide
and a variety of dextrans, might enter the schistoso-
mulum through the surface membrane during the
remodelling described above, or it may be that pores
which allow passage of such molecules exist in the
membrane. Photomicrographs of labelled schistoso-
mula show labelling of the surface membrane con-
sistent with this route of entry. Other routes of
uptake might be the apertures of the oesophagus, the
head glands and the pre- and post-acetabular glands,
but inspection of the photomicrographs shows that
these apertures are not regularly associated with the
fluorescently labelled compound that has entered the
parasite. One aperture, however, that always shows
the presence of the fluorescent compound is the ne-
phridiopore. This aperture is the orifice through
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which waste products from the excretory system of
the parasite are voided from the organism (Wilson
and Webster, 1974; Dorsey et al. 2002). The ne-
phridiopore, together with other excretory orifices
(Dorsey et al. 2002), may be partially exposed to the
environment during vigorous tail movement and
completely when the tail is removed during initial
penetration of the skin.

In this paper, we present evidence from in vitro
transformation of cercaria to schistosomulum that
there is a major route of uptake of macromolecules
through the nephridiopore. This paper uses the
macromolecule fluorescently labelled poly-L-lysine
to demonstrate this. We also show that the skin
component linoleic acid has an effect on the very
early schistosomulum to increase uptake of Lucifer
Yellow into the pre-acetabular gland ducts, whereas
when applied to older schistosomula, a dramatic up-
take into the parasite occurs into the excretory/
subtegumental region.

MATERIALS AND METHODS

Origin of parasite material, skin penetration and
in vitro culture

A Puerto Rican isolate (PR) of Schistosoma mansoni
was maintained in our laboratory in Biomphalaria
glabrata snails and T'O mice (Jones et al. 1989).

Fluorescent and other chemicals

Lucifer Yellow CH lithium and potassium salt
(molecular weight 457 Da), Hoechst 33258 (mol-
ecular weight 624 Da) and propidium iodide (mol-
ecular weight 668 Da) were purchased from
Invitrogen (UK); FITC-labelled dextrans of mol-
ecular weights 4, 10, 20 and 70 kDa were purchased
from Sigma (UK) and Invitrogen. FITC-labelled
poly-L-lysine (10 kDa molecular weight) was ob-
tained from Sigma-Aldrich (UK). All fluorescent
chemicals are water soluble and were dissolved
(1 mg per ml) in RPMI 1640 medium.

Paraformaldehyde and linoleic acid (1.1376 > 99 %)
were obtained from Sigma-Aldrich.

Exposure of cercariae to fluorescent compounds during
in vitro transformation

This has been fully described by Thornhill et al.
(2009). T'wo experimental situations were described
in which the cercariae were transformed in the
presence of the fluorescent compounds (a), and in
which the fluorescent compounds were added to
transformed cercariae which had been incubated as
schistosomula for up to 2 h (b).

(a) Cercariae were exposed to the fluorescent
compounds during syringe transformation as fol-
lows. They were concentrated on ice for 30 min and
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reduced to a volume of 0-5 ml. Added to this sus-
pension were 1-5ml of RPMI 1640 and 100 ul of
1 mg per ml fluorescent Lucifer Yellow, FITC
dextrans or FI'T'C poly-L-lysine containing Hoechst
33258 and propidium iodide added to a final con-
centration of 10 ug per ml. Syringe transformation,
with a 21 G needle, was carried out at 4 °C and
the mixture incubated at 4 °C or at 37 °C. (b) Lucifer
Yellow, FITC dextrans or FITC poly-L-lysine,
propidium iodide and Hoechst 33258 were also
added to in wvitro-transformed schistosomula after
transformation had been completed. The freshly
transformed schistosomula were washed and kept in
RPMI 1640 in 10% foetal calf serum for up to 2 h at
37 °C. During this incubation period, the schistoso-
mula were washed 3 times in RPMI 1640 to remove
the foetal calf serum and then they were exposed to
100 ul of 1 mg per ml fluorescent Lucifer Yellow or
poly-L-lysine containing Hoechst 33258 and propi-
dium iodide added to a final concentration of
10 ug per ml for 15 min at 37 °C.

The use of propidium iodide to detect changes in the
permeability of the surface membrane

The uptake of propidium iodide by cells or parasites
is indicative of an increase in membrane permeability
(Gillan et al. 2005). The use of propidium iodide
as an indicator of increased membrane permeability
in cells need not mean irreversible damage. It can
mean an increase in membrane permeability at a re-
gion in the membrane (Goksor et al. 2003; Shiu
et al. 2007). This has also been shown for mammalian
cells being subjected to electroporation (Kennedy
et al. 2008) and for bacteria (Graca et al. 2002) and
uptake through calcium-dependent hemi-channels
(Valiunas, 2002). Propidium iodide used in the
multicellular schistosome can reveal damage, which
results in a rapid massive uptake of propidium iodide
labelling many nuclei. With the results reported
here, we are measuring a slight increase in surface
and internal membrane permeability, where only
several nuclei are labelled.

Incubation of cercariae and cultured schistosomula
with linoleic acid

(a) Cercariae were sedimented on ice for 30 min, the
supernatant reduced to a volume of 0-5 ml and RPMI
1640 added to a volume of 1-:5 ml. A volume of 100 ul
of RPMI 1640 containing 100 ug linoleic acid was
added to one sample and 100 ul of RPMI 1640 to
another (control). Lucifer Yellow and propidium
iodide were then added as previously, and trans-
formation to schistosomula was carried out and
the schistosomula incubated at 4 °C or 37 °C. (b)
Schistosomula were produced by syringe trans-
formation. The freshly transformed schistosomula
were washed and kept in RPMI 1640 in 10% foetal
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Fig. 1. Binding of poly-L-lysine to schistosomula. Cercariae were transformed at 4 °C in RPMI 1640 in the presence
of 10 kDa poly-L-lysine. After 15 min on ice, the parasites were washed in RPMI 1640 and examined under the
Laborlux S fluorescence microscope. Strong binding of poly-L-lysine was observed in all specimens at the
nephridiopore. The fluorescence could, in some specimens, also be observed in the internal tissues of the schistosomula,
which appeared to represent the excretory bladder and the excretory tubules. EB, excretory bladder; N, nephridiopore.

Scale bars =25 um.

calf serum for up to 2 h at 37 °C. During this incu-
bation period, the schistosomula were washed 3
times in RPMI 1640 to remove the foetal calf serum
and then divided into 2 tubes each containing 100 ul
of 1 mg per ml fluorescent Lucifer Yellow, dextrans
or poly-L-lysine containing Hoechst 33258 and
propidium iodide added to a final concentration of
10 ug per ml. To one tube was added 100 ug linoleic
acid in 100 ul of RPMI 1640 and the control tube
received 100 ul of RPMI 1640. Both tubes were in-
cubated for 15 min at 37 °C.

In both experimental situations (transformation in
the presence of labelled compounds (a) or trans-
formation and then addition of labelled compounds
(b)), all parasite samples were washed 3 times in
RPMI 1640 before observation under a fluorescence
microscope.

Fixation of schistosomula

Labelled schistosomula were fixed at 4 °C for 4 h in
4% paraformaldehyde. The 4% paraformaldehyde
was prepared by dissolving the solid in RPMI 1640 at
60 °C.

Examination of parasites by fluorescence microscopy

All labelled parasites were viewed and photographed
using a Leitz Orthoplan Laborlux S microscope.
This allowed the variability of the labelling of the
parasite population to be observed, counted and re-
corded. Photographs were taken after observation of
the parasites under the 40x or 10x objectives.
Further detail in the distribution of the labelled

https://doi.org/10.1017/50031182009991983 Published online by Cambridge University Press

compounds was sought using a Zeiss microscope
(Axioplan 2). All specimens in Laborlux and Zeiss
microscopes were unfixed. All specimens examined
in the confocal microscope were fixed in 4% para-
formaldehyde. Confocal microscopy was carried out
with the Leica TCS NT AOBS SP2 confocal

microscope.

RESULTS

Uptake of FITC poly-L-lysine (10 kDa) during
transformation at 4 °C

The access of dextrans (3—20 kDa) to the parasite at
4 °C appeared to occur through the nephridiopore
(see Introduction section). Such molecules have no
net charge at pH 7-4 (Invitrogen, UK). We therefore
used a macromolecule of a molecular weight in this
range, poly-L-lysine, which carries a net positive
charge at pH 7-4. Poly-L-lysine has been used as
a cationic protein to bind to schistosome surface
membranes (McLaren et al. 1984; Jones et al. 1988;
Tan et al. 2003).

When 10 kDa poly-L.-lysine was used in the me-
dium during transformation at 4 °C, the images
shown in Figs 1, 2 and 3 were seen. Under the Labor-
lux microscope it was observed that all schistosomula
were labelled at the nephridiopore and there was
some labelling of the internal region, probably the
excretory bladder. Two of the 10 examined spe-
cimens showed labelling of tubules (Fig. 3b) which
lead into the bladder. These may be excretory tu-
bules.

During experiments with poly-L-lysine, TRITC
dextran (10 kDa) (Figs 3a and b) was included in the


https://doi.org/10.1017/S0031182009991983

F. A. Thornhill and others

Fig. 2. Binding of poly-L-lysine to schistosomula.
The sample from Fig. 1 was examined in the Zeiss
fluorescence microscope to show the binding at the
nephridiopore and in the excretory bladder. EB,
excretory bladder; N, nephridiopore.

labelling mixture and internal labelling by the dex-
tran indicated that, although binding in this region of
the nephridiopore, the poly-L-lysine did not ob-
struct the passage of other macromolecules.

Variability and the binding of poly-L-lysine

Thornhill et al. (2009) showed that in wvitro trans-
formation of cercariae in the presence of fluorescent
compounds gave very variable percentage uptake
into schistosomula when the results of different ex-
periments were compared and a large proportion of
schistosomula was poorly labelled. This was in con-
trast to the skin-derived forms, most of which were
brightly labelled. When the images (Figs 1, 2 and 3)
from the transformation in vitro in the presence of
poly-L-lysine were considered, it was immediately
apparent that influx into the nephridiopore was not
variable. This suggests that although there is access
to molecules via the nephridiopore, in a proportion of
cercariae (in vitro transformed with Lucifer Yellow
or dextrans) these membrane-impermeant molecules
cannot be internalised further. Skin-derived forms,
however, may receive signals from skin molecules
which enable internalisation to take place. Signals
received during skin penetration have been identified
by Haas and colleagues (Haas et al. 2008 ; Haeberlein
and Haas, 2008). One of these, linoleic acid, was
tested to ascertain whether it could stimulate uptake
of membrane-impermeant molecules into schistoso-
mula.
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Effect of linoleic acid at 4 °C and 37 °C on the initial

transformation of cercariae

Cercariae in ice were transformed with Lucifer
Yellow and propidium iodide in the presence and
absence of 60 ug ml~! linoleic acid and then in-
cubated at 4 °C for a further 30 min or 1 h at 37 °C.
After washing in RPMI 1640, the parasites were
examined under a fluorescence microscope. Table 1
shows the data from 2 experiments.

The schistosomula kept at 4 “C showed that in the
presence of linoleic acid, there was a significant effect
on the accumulation of the Lucifer Yellow into the
pre-acetabular gland ducts and gut (Fig. 4). In those
cercariae which were transformed and incubated
for a further 1 h at 37 °C in RPMI 1640, the linoleic
acid had a greater effect than was detected at 4 °C.
At 4 °C, of 68 schistosomula examined, 3 had gland/
gut labelling. At 37 °C, 44 out of 60 schistosomula
examined had gland/gut labelling. Thus, there was
considerable increase in the labelling of the gut and
gland ducts. Linoleic acid had only a slight effect
on the incorporation into the excretory/subtegu-
mental region at this early stage in transformation

(Table 1).

Effect of linoleic acid on schistosomula after a 2-hour
incubation in RPMI 1640 and 10 % foetal calf serum

After transformation, schistosomula were cultured
for 2 h at 37 °C and thereafter exposed to membrane-
impermeant Lucifer Yellow. It was found that
60 ug ml~! linoleic acid significantly stimulated the
uptake of this molecule into the excretory/subtegu-
mental tubule region of the schistosomula (Table 2),
but not into the glands as was found in the above
experiments with freshly transformed parasites
(‘Table 1). Variable numbers were unlabelled be-
tween experiments.

Uptake of propidium iodide during and after
transformation of cercariae

We have used propidium iodide as a marker for any
change in surface membrane permeability of indi-
vidual parasites during their incubations under dif-
ferent conditions. The uptake of Lucifer Yellow has
been recorded in the same parasite and was located in
either the excretory/subtegumental region of the
body or the pre-acetabular gland ducts and gut re-
gion.

We have recorded the uptake of propidium iodide
at 4 °C during syringe transformation and after
subsequent incubation at 37 °C. At 4 °C, propidium
iodide remained in the region of the nephridiopore
and Lucifer Yellow was widely dispersed within the
parasite (data in Fig. 4, Thornhill ez al. 2009). After a
1-h incubation of schistosomula at 37 °C in the
presence of Lucifer Yellow and propidium iodide,
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Table 1. The effect of linoleic acid on the uptake of Lucifer Yellow when
present during iz vitro transformation of cercariae to schistosomula

(Cercariae were transformed at 4 °C into schistosomula in RPMI 1640 and
Lucifer Yellow in the presence and absence (control) of 60 ug ml~! linoleic acid.
One group remained at 4 °C for 30 min and the other was incubated for 1 h at
37 °C. All parasites were then washed and observed under the fluorescence
microscope. The total numbers of schistosomula are shown and the number of

schistosomula in each category is shown.)

Excretory/ Gut/

Number subtegumental gland duct Unlabelled
4°C
Exp. 1
Control 88 58 11 (13%) 19
Linoleic acid 73 45 17 (23 %) 11
Exp. 2
Control 21 10 2 (10%) 9
Linoleic acid 32 14 10 (31%) 8
37°C
Control 68 7 3 (44 %) 58
Linoleic acid 60 16 44 (73 %) 0

Fig. 3. Binding of poly-L-lysine to schistosomula. The sample from Fig. 1 was examined by confocal microscopy after

fixation of the parasites with paraformaldehyde. The presence of the fluorescent poly-L-lysine could be seen at the
nephridiopore and in the excretory bladder and in some specimens in the excretory tubules. The red background shows
the presence of TRITC dextran (10 kDa). EB, excretory bladder; E'T, excretory tubule.

uptake of Lucifer Yellow was often, but not always,
accompanied by uptake of propidium iodide
(Table 3). We conclude from this that in a variable
proportion of parasites, uptake of Lucifer Yellow oc-
curs without the membrane permeability change
indicated by propidium iodide uptake.

Uptake of propidium iodide during and after
transformation of cercariae in the presence and
absence of linoleic acid

Incubation of schistosomula for 2 h after trans-
formation was followed by exposure to Lucifer
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Yellow and propidium iodide in the presence and
absence of linoleic acid. The schistosomula were
exposed at 4 °C (to slow membrane metabolism) and
37 °C. In the absence of linoleic acid at 4 °C, few of
the schistosomula which showed labelling of Lucifer
Yellow were propidium iodide positive. After lino-
leic acid treatment at 4 °C, 11/16 labelled parasites
were propidium iodide positive. At 37 °C, linoleic
acid induced all of the schistosomula to show ex-
cretory/subtegumental labelling and 100% showed
propidium iodide labelling. These results strongly
suggest that linoleic acid stimulates cross-membrane
transit of Lucifer Yellow (Table 4).
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Fig. 4. Binding of probes to schistosomula, showing
location of the gut and pre-acetabular gland tubules. The
preacetabular gland ducts are shown stained with alizarin
(c and d) specific for calcium and with 10 kDa FI'TC
dextran (b). Image (a) shows the appearance of the gut
and oesophagus after Lucifer Yellow labelling. During
and after transformation, cercariae could be labelled in
these ducts, especially in the presence of linoleic acid
(Table 1). DPrAc, ducts of preacetabular glands; Es,
oesophagus. Scale bars =25 um.

DISCUSSION

The observation that macromolecules up to 20 kDa
molecular weight entered the schistosomulum either
during skin penetration or in vitro transformation
(‘Thornhill et al. 2009) has been examined with the
objective of determining the route by which the
molecules enter the parasites. Molecules might enter
the tissues of the parasite through the surface mem-
brane or through several apertures in the surface.
The orifices of the excretory pore (nephridiopore),
those leading to the pre- and post-acetabular glands,
that leading to the oesophagus and those leading to
the head glands are all possible entry points. When
Lucifer Yellow or any of the different molecular
weight fluorescent dextrans were used during in vitro
transformation, all schistosomula were labelled in
the surface membrane and the nephridiopore. The
oesophagus, ducts of the pre-acetabular glands and
head glands were sometimes labelled. We therefore
formed the hypothesis that molecules entered the
parasite either through the surface membrane or
through the nephridiopore or both.
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Table 2. The effect of linoleic acid on the uptake of
Lucifer Yellow by schistosomula

(Schistosomula were cultured for 2h at 37 °C without
Lucifer Yellow. Lucifer Yellow was added in the presence
and absence (control) of linoleic acid. The labelling re-
corded is that which occurred in the excretory tubule
subtegumental region. The total numbers of schistosomula
counted are shown.)

Total Linoleic
number  Control*  acid* Unlabelled
Exp. no.
1 186 41 92 53
2 98 11 87 0
3 56 5 49 2
4 154 2 136 16
5 68 7 54 7

* Student’s #-test (two tailed); P<0-001.

Table 3. Uptake of propidium iodide by cercariae
transformed in Lucifer Yellow and propidium iodide
and incubated in RPMI 1640 for 1 h

(Cercariae were transformed on ice in the presence of
Lucifer Yellow (in excretory/subtegumental region) and
propidium iodide and incubated at 37 °C for 1 h in RPMI
1640. The parasites were washed and counted under the
fluorescence microscope.)

Lucifer Yellow
(in excretory/
subtegumental Propidium
Number region) iodide
Exp. 1 254 75 57
Exp. 2 255 24 15
Exp. 3 222 38 35

Thornhill et al. (2009) showed the pattern for
Lucifer Yellow, TRITC and FITC dextrans and
propidium iodide that was obtained when parasites
were transformed on ice (4 °C) and examined after
3 min. Much of the propidium iodide was con-
centrated in the posterior region close to the ne-
phridiopore. Lucifer Yellow and dextrans had a more
interior distribution. These images provide evidence
that, in the very early stages of transformation at
least, macromolecules and membrane-impermeant
propidium iodide enter the parasite through the ap-
erture of the excretory system. Staining by propi-
dium iodide is used to detect small changes in
membrane or tubule permeability and not a massive
effect seen during damage as was explained in the
Materials and Methods section.

We sought a molecule which, because it carried a
net positive charge at pH 7-4, might be delayed in its
uptake into the parasite due to binding to negatively
charged groups. We chose FI'T'C poly-L-lysine as it
has been used as a model for eosinophil cationic
protein, and has been shown to bind to schistosome


https://doi.org/10.1017/S0031182009991983

Membrane and nephridiopore uptake of macromolecules in Schistosoma 1095

Table 4. The uptake of propidium iodide by 2-h-old schistosomula in the

presence of Lucifer Yellow

(Schistosomula were incubated on ice or at 37 °C. Cercariae were transformed on
ice and incubated for 2 h in RPMI 1640 plus 10 % foetal calf serum at 37 °C. The
parasites were washed and Lucifer Yellow and propidium iodide added in the

presence and absence of linoleic acid.)

Excretory/
subtegumental Propidium
Number and gland Unlabelled iodide

4°C
Control 21 11 1 2
Linoleic acid 32 23 9 6
37°C
Control 19 16 3 11
Linoleic acid 19 19 (all exc/subteg) 0 19

membranes (Jones et al. 1988; Tan et al. 2003). All
the schistosomula could be seen to be labelled in the
nephridiopore itself, but many showed heavy label-
ling of what seemed to be the excretory bladder. In
some specimens, tubules leading into the bladder
could be seen. This is firm evidence that 10 kDa
poly-L-lysine entered the nephridiopore and was
rarely found bound to other membranes under these
conditions of transformation. TRITC dextran
10 kDa, co-incubated with the poly-L-lysine during
transformation entered the parasite and distributed
to various tissues. TRITC dextran was not as clear
as poly-L-lysine, since its lack of amino groups
(Leypoldt and Henderson, 1993) allowed limited
preservation by paraformaldehyde. Nevertheless,
the TRITC dextran was seen in the nephridiopore
and bladder region, as well as internal tissues.

The conclusions from this work are that under
the syringe transformation conditions, chosen to be
carried out at 4 °C to limit the activity of the surface
membrane in transport activity and endocytosis
(Ribeiro et al. 1998), macromolecules and other
membrane-impermeant molecules can enter the
parasite and be distributed to internal tissues
through the nephridiopore and excretory bladder.
The role of the surface membrane in molecule uptake
at 4 °C is assumed in our arguments not to be im-
portant, but there is a possibility that any per-
meability increase in the surface membrane during
its remodelling might be enhanced at 4 °C. We think
this unlikely because poly-L-lysine was not found
bound at the surface and propidium iodide did not
enter the parasite in the subtegumentary position
under these conditions.

The original observation that penetration of the
skin by cercariae allowed uptake of macromolecules
(Fig. 2 of Thornhill et al. 2009 ) may be partially
explained by their passage into the excretory system
and from that location their rapid diffusion into body
tissue spaces, perhaps through gap junctions (Dorsey
et al. 2002). These macromolecules may also
pass through the surface membrane, since increased
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permeability to Hoechst 33258 and propidium iodide
was observed in some parasites during culture at
37 °C. The addition of linoleic acid to schistosomula
in culture in the presence of Lucifer Yellow signifi-
cantly increased the uptake of Lucifer Yellow into
the subtegumental/excretory tubule region of the
parasite. The linoleic acid may interact with the
surface membrane of the schistosomulum and in-
crease cell membrane permeability (Haas, 1984) as
unsaturated fatty acids can do in mammalian cells
(Oliveira et al. 2008). The interesting work of El Ridi
and colleagues gives a different explanation for the
effects of unsaturated fatty acids on the surface
membrane involving their effects on sphingomyelin
metabolism. Increased hydrolysis of sphingomyelin
reveals surface antigens and possibly transporters
(‘Tallima et al. 2005).

One unexpected effect of linoleic acid on freshly
transformed schistosomula was its mediation of a
very large increase in the uptake of Lucifer Yellow
by the pre-acetabular gland ducts. The ability of
linoleic acid to stimulate the holocrine secretion
(Curwen et al. 2006) of these glands may be the
explanation for this enhanced labelling (Fusco et al.
1986; Mikes et al. 2005). The pronounced muscular
activity during secretion of these glands might ac-
celerate uptake under these conditions.

We have used the uptake of propidium iodide to
decide whether the membrane-impermeant Lucifer
Yellow enters the parasite through the surface mem-
brane. At 4 °C, uptake of Lucifer Yellow occurs
without propidium iodide uptake into the parasite,
except at the nephridiopore. In the absence of lino-
leic acid at 37 °C, a proportion of parasites shows
uptake of Lucifer Yellow without propidium iodide
uptake, and we conclude that this cannot take place
through the surface membrane in these parasites
unless transporters exist (Cao et al. 1993). At 37 °Cin
the presence of linoleic acid, all parasites which take
up Lucifer Yellow, also show uptake of propidium
iodide. As described in the Materials and Methods
section, we interpret this uptake as a physiological
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Fig. 5. This diagram summarizes the results in this paper and in Thornhill et al. (2009). Cercariae are shown
penetrating skin into which fluorescent macromolecules have been injected (Thornhill et al. 2009). Cercariae
penetrating the skin (left) experience influx of Lucifer Yellow (LY ; green) to label the subtegumental region close to the
excretory tubules within the schistosomulum (S/E). Tissues become labelled with propidium iodide (PI; 15 min to 2 h;
pink spots). This process continues for at least 2 h. To reproduce this in vitro, syringe transformation is carried out in
the presence of the macromolecules and at 4 °C a proportion of schistosomula shows the same pattern of uptake as the
skin forms (subtegumental/excretory tubule region), but the propidium iodide remains at the region of the
nephridiopore (N). A proportion becomes only very weakly labelled (D; diffuse green). At 4 °C in the presence of
linoleic acid (ILA), the weakly labelled forms show pronounced uptake into the pre-acetabular gland ducts (DPrAc) and
the oesophagus. At 37 °C, transformation in the presence of the macromolecules shows a percentage of schistosomula
labelled in the subtegumental/excretory tubule region and also diffusely labelled forms. The propidium iodide can be
seen in internal tissues in some parasites. The presence of linoleic acid increases the proportion of parasites labelled in
the pre-acetabular gland ducts. After 2 h, schistosomula previously unexposed to fluorescent macromolecules are
incubated with these molecules and there is a mixture of forms labelled in the subtegumental/excretory tubule region
and diffusely labelled. Addition of linoleic acid yields a very high proportion labelled in the subtegumental/excretory

tubule region.

change in membrane permeability, and not as dam-
age to the membrane.

During skin penetration, many molecules such as
ceramides and glycolipids as well as linoleic acid
(Haas et al. 2008) will have effects on the per-
meability of the surface membranes and the results
we have obtained from skin (Thornhill et al. 2009)
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can be explained by an influx through both the ne-
phridiopore and the surface membrane. A summary
of these results is shown in Fig. 5.

It is possible that large molecules can enter the
surface membrane through pores (Braschi and
Wilson, 2006). Pores in membranes of mammalian
cells have been demonstrated by the uptake of a
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variety of dextrans (Dong et al. 1998), and fenestra-
tions in blood capillaries by transmission electron
microscopy (Milici et al. 1985). It is also possible that
the remodelling of the parasite surface which occurs
during skin penetration could contribute to an in-
creased permeability.

We can also consider the effects of stress during
tissue migration on the properties and permeability
of the surface membrane of schistosomes and indeed
any tissue-dwelling or migrating parasite. In mam-
malian cells, deformation of the plasma membrane
can greatly affect the synthesis of the surface
(Vlahakis and Hubmayr, 2003 ; LaPlaca et al. 2006
Booth et al. 2007) and its permeability (Silver and
Siperko, 2003).

In conclusion, the uptake of macromolecules
by cercariae as they transform into schistosomula
can occur through the nephridiopore and excretory
tubules and the surface membrane. Surface mem-
brane pores may be formed during the massive ex-
penditure of energy during skin penetration and
surface changes during remodelling may contribute
to the increase in permeability. Further work is
needed to discover both the causes of permeability
change and the consequences for the parasite of
molecule uptake.
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