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Abstract The present study focuses on the role of the
biogenic monoamine serotonin (5-hydroxytryptamine)
in the biology of sporocyst stages of the human blood
fluke, Schistosoma mansoni, and its importance during
obligate development within its snail host Biomphalaria
glabrata. Based on previous work demonstrating that
snails infected with S. mansoni have reduced levels of 5-
hydroxytryptamine, we hypothesized that sporocysts
actively transport this molecule from the host milieu.
Intact sporocysts isolated in vitro take up exogenous
5-hydroxytryptamine via a high-affinity mechanism
(Km=1.4 lmol l)1), and this serotonin transporter-like
activity is dependent upon extracellular Na+ and Cl)

and is highly sensitive to previously characterized sero-
tonin transporter inhibitors. Autoradiography suggests
that transported [3H]5-hydroxytryptamine localizes
within the body of the sporocyst, and in many cases is
found in apical gland cells. Moreover, serotonin trans-
porter-like activity is absent in free-swimming miracidia,
the infective stage for the snail host, and the increase in
larval serotonin transporter-like activity after miracid-
ium-to-sporocyst transformation is accompanied by a
corresponding decrease in steady-state levels of tran-
scripts for tryptophan hydroxylase, the rate-limiting
enzyme in serotonin biosynthesis. Overall our data
suggest that S. mansoni larvae express surface-exposed
serotonin transporter-like molecules, and that the tran-
sition from free-living miracidium to parasitic mother

sporocyst is characterized by an increased dependence
upon exogenous 5-hydroxytryptamine.

Keywords Electron microscopy Æ Miracidia Æ
Schistosoma mansoni Æ Serotonin transport Æ Sporocyst

Abbreviations 5-HT 5-hydroxytryptamine Æ CBSS
Chernin’s balanced salt solution Æ SERT serotonin
transporter

Introduction

Schistosoma mansoni is one of four major Schistosoma
spp. that infect over 200 million people in tropical and
subtropical regions worldwide (World Health Organi-
zation 1998, 2000). Numerous control efforts have been
initiated attempting to reduce parasite burdens in in-
fected human populations using chemotherapy, and to
limit the proliferation of snail intermediate hosts. In
spite of these efforts, infections due to Schistosoma spp.
continue to be an enormous public health problem in
endemic areas, and there is a great need to develop new
methods of transmission control. As a result, Schisto-
soma spp., and especially S. mansoni, have been subject
to a large body of research aimed at elucidating unique
aspects of their biology that could be exploited for the
development of new strategies to disrupt the life cycle.

Biogenic monoamines such as serotonin (5-hydroxy-
tryptamine; 5-HT) have been extensively investigated as
potential targets for novel chemotherapies in S. mansoni
(Thompson et al. 1996) due to the clear effects these
compounds have on the parasite’s behavior and physi-
ology (reviewed in Mansour 1984; Pax et al. 1996). Bath-
application of 5-HT increases muscular activity in both
human- (adult) and snail-host (larval) stages of
S. mansoni (Mansour 1984; Boyle et al. 2000), and also
stimulates glucose uptake (Rahman et al. 1985),
glycogen breakdown, and lactate excretion (Mansour
1984; Rahman et al. 1985) in adults. In addition, adult
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stages of S. mansoni exhibit carrier-mediated uptake of
exogenous 5-HT (Catto and Ottesen 1979; Wood and
Mansour 1986). While the receptors or transporters
involved in these processes have not been identified
molecularly, pharmacological data suggest that 5-HT
can act via receptors with pharmacological similarities
to those previously found in mammals and arthropods
(Day et al. 1994; Boyle et al. 2000). Since S. mansoni is
an obligate endoparasite, it has been hypothesized that
responses to 5-HT in vitro indicate that parasites react
to fluctuations in host 5-HT levels with changes in
motility and/or metabolism which may be important for
their survival within the host (Mansour 1984).

Transmission of S. mansoni to humans is dependent
on the development of the parasite in the snail inter-
mediate host belonging to the genus Biomphalaria
(Basch 1976). This process is relatively complex,
involving the asexual production of three phenotypically
distinct life stages. Free-swimming ciliated miracidia
that have hatched from eggs in the feces of an infected
host actively seek out a suitable snail host (Kalbe et al.
1996), and then penetrate through the mantle using
glandular secretions (Yoshino et al. 1993). Once inside
the snail, miracidia transform into mother sporocysts by
shedding their ciliary plates and forming a surface syn-
cytium called the tegument (Pan 1996), which serves as
an absorptive and secretory surface for the developing
larvae. After �15–20 days, daughter sporocysts that
have developed from germinal cells within the mother
sporocyst emerge and migrate to the host digestive gland
and gonad, where they eventually give rise to cercariae.
These cercariae emerge from the daughter sporocyst and
exit through the snail headfoot, completing the intra-
molluscan phase of the life cycle. Given the species
specificity of the snail/parasite interaction (Basch 1976)
and the complex development and migration necessary
for disease transmission, intramolluscan stages of
S. mansoni represent a unique target for disease control.

Results from work in our laboratory suggest an
important role for 5-HT during the intramolluscan
development of S. mansoni. Snails infected with
S. mansoni contain reduced CNS levels of 5-HT (Manger
et al. 1996), and this parasite-induced depletion of host
5-HT may be partially responsible for parasitic castra-
tion, a process by which schistosome-infected snails have
reduced reproductive output (Crews and Yoshino 1989;
Manger et al. 1996). To follow up on these observations,
we aimed to identify potential mechanisms for larval
depletion of host 5-HT. The surface tegument is a single
cell consisting of an outer lipid bilayer, cytoplasm, and
an inner lipid bilayer supported by multiple cytons
within the body of the sporocyst. In adult stages, this
structure is known to contain a variety of integral
membrane proteins, including solute transporters
(Pappas and Read 1975; Skelly et al. 1994; Skelly and
Shoemaker 1996; Skelly et al. 1999) and receptors for
host factors (Camacho and Agnew 1995; Davies et al.
1998) that presumably facilitate interactions with the
host environment (Yoshino et al. 2001). We hypothe-

sized that sporocysts possess surface-exposed serotonin
transporter (SERT)-like molecules that enable them to
transport host 5-HT as has been described for adult
stages of S. mansoni (Catto and Ottesen 1979; Wood and
Mansour 1986), and that this activity is important for
development and eventual disease transmission to hu-
mans. To address this hypothesis we first investigated
the 5-HT transport capacity of S. mansoni sporocysts in
vitro, as well as the functional pharmacology of the
transporter(s) involved in 5-HT uptake. We then used
autoradiography to determine the eventual location of
transported 5-HT. We also compared gene expression
profiles for enzymes involved in the synthesis of biogenic
monoamines among free-living and intra-host stages of
S. mansoni.

Materials and methods

Parasite collection

All parasites used were the NMRI strain of S. mansoni (Lewis et al.
1986). Free-swimming miracidia were hatched from eggs harvested
from the livers of 48-day S. mansoni infected mice and axenically
transformed into mother sporocysts as described previously (Boyle
et al. 2000). Briefly, dissected livers containing S. mansoni eggs were
blender-homogenized in 0.4 mol l)1 NaCl containing antibiotics
(penicillin 60 lg ml)1 and streptomycin 50 lg ml)1; NaCl-PS),
washed three times by centrifugation in NaCl-PS, and the
homogenate was resuspended in artificial pond water (Nolan and
Carriker 1946) to induce hatching. Phototactic miracidia were
collected from the top of a 1-l volumetric flask and washed twice in
Chernin’s balanced salt solution (CBSS, pH 7.2; containing in
mmol l)1: 47.9 NaCl, 2.0 KCl, 0.5 Na2HPO4, 1.8 MgSO4, 3.6
CaCl2, and 0.6 NaHCO3; Chernin 1963) supplemented with 1 g l)1

each of glucose and trehalose and the same antibiotics as in NaCl-
PS (CBSS+). After resuspension in CBSS+, they were either used
immediately in experiments (for miracidia 5-HT uptake determi-
nations, see below), or plated in a volume of 1 ml in 24-well plates
(Costar, Cambridge, Mass., USA) at a density of approximately
5,000 miracidia/well. Under these conditions, 90% of the miracidia
shed their ciliary plates and form the tegumental syncytium within
48 h, becoming primary, or mother, sporocysts. Prior to all
experiments, sporocysts were transferred to clean 1.5-ml micro-
centrifuge tubes, pelleted by brief (�3 s at 500·g) centrifugation,
and washed with CBSS to remove sugars and antibiotics. It should
be noted that sporocysts cultivated in this fashion, while not
identical to sporocysts generated in vivo, are capable of producing
progeny daughter sporocysts when cultured in vitro (Yoshino and
Laursen 1995; Ivanchenko et al. 1999).

Serotonin uptake assay

All assays were carried out in 1.5-ml microcentrifuge tubes in a final
volume of 20–100 ll CBSS, and S. mansoni miracidia or sporocysts
were added last to tubes containing [3H]5-HT and drugs or salines
of interest. Uptake was allowed to proceed for either 10 or 15 min at
22�C, a time during which uptake was consistently linear (data not
shown). Assays were terminated by washing (3·1.5 ml) in ice-cold
CBSS using brief centrifugations (�3 s at �500·g) between washes
to pellet the larvae. Initiation and termination of individual uptake
assays were staggered to ensure equal incubation times for each
treatment. Following the final wash, larvae were resuspended in
100 ll CBSS, and 70–90 ll of the of the suspension was added to
3.5 ml scintillation fluid (Scintiverse, Fisher) and subjected to
scintillation counting in a TriCarb 2200CA liquid scintillation
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analyzer (Packard Instrument Company, Downers Grove, Ill.,
USA). The number of worms in an aliquot (5–20 ll) of the sus-
pension was determined in order to normalize the data to uptake per
1,000 larvae. Non-specific uptake was determined by carrying out
identical assays in the presence of 200 lmol l)1 unlabeled 5-HT at
4�C. The mean non-specific uptake was subtracted from each data
point prior to analysis, and all assays were performed in duplicate or
triplicate. For Km determinations sporocysts were incubated in 10,
5, 1, 0.5, and 0.05 lmol l)1 [3H]5-HT for 15 min. Parallel assays
were carried out in the presence of the serotonin transport blocker
fluoxetine (10 lmol l)1) to differentiate SERT-like (e.g., fluoxetine-
sensitive) uptake from non-specific uptake.

To determine the effects of Na+ and Cl) ions on [3H]5-HT
uptake, sporocysts were divided into five pools and washed three
times with 1.5 ml normal CBSS (49.0 mmol l)1 Na+, 57.1 mmol
l)1 Cl)), low-Na+ CBSS (0.6 mmol l)1 Na+), low-Cl) CBSS
(0 mmol l)1 Cl)), or low-Na+ or low-Cl) CBSS mixed with an
equal part of normal CBSS (24.8 mmol l)1 Na+ or 28.6 mmol l)1

Cl), respectively). For low-Na+ saline, choline chloride isotonically
replaced NaCl, and K2HPO4 replaced Na2HPO4. For low-Cl)

saline, sodium and potassium gluconate salts replaced NaCl and
KCl, respectively, and Ca(NO3)2 replaced CaCl2. Sporocysts were
then incubated for 10 min in the presence of 1 lmol l)1 [3H]5-HT
in the proper saline, washed and subjected to liquid scintillation
counting as described above.

For Ki determinations, sporocysts were treated with 500 nmol
l)1 [3H]5-HT containing different drug concentrations ranging from
0.001 to 10 lmol l)1 for 10–15 min, and processed for scintillation
counting as above. At least two separate experiments were carried
out for each drug.

Autoradiographic analysis and electron microscopy

To determine the fate of transported 5-HT, sporocysts were incu-
bated for 15 min with 1 lmol l)1 [3H]5-HT as described above in
the presence or absence of 10 lmol l)1 fluoxetine, washed exten-
sively (4·1.5 ml) with CBSS, and fixed for 2 h in 4% paraformal-
dehyde and 2% glutaraldehyde in snail PBS (sPBS, pH 7.2; Crews
and Yoshino 1991). After a 2-h wash in sPBS and brief centrifu-
gation, the sporocyst pellet was overlaid with one drop of 2% low
melting point agarose (Invitrogen, Carlsbad, Calif., USA) in sPBS
and incubated at 42�C for 15 min to ensure mixing of the agarose
with the remaining CBSS. After hardening, the agarose plug was
dehydrated through a graded ethanol series with gentle agitation at
22�C, and all subsequent manipulations were carried out at this
temperature. Plugs were infiltrated for 1 h in a 1:1 mixture of EtOH
and embedding resin, consisting of a 1:1 mixture of EMBed 812
and Spurr’s low viscosity embedding media (Electron Microscopy
Sciences, Fort Washington, Pa., USA). After an overnight incu-
bation in 100% resin and three more resin changes the following
day, samples were polymerized for 24 h at 60�C. Sections of
1–2 lm thickness were cut with a diamond knife and fixed to glass
microscope slides by heating. For autoradiography, slides were
dipped in photographic emulsion NTB-2 (Kodak, Rochester, N.Y.,
USA) in a darkroom equipped with Safelight Filter 2 (Kodak) and
stored in the dark at 4�C in the presence of desiccant for
20–25 days. Samples were then allowed to warm to room temper-
ature, developed for 4 min in 50% strength D-19 developer
(Kodak), rinsed in distilled water, and fixed for 8 min in 50%
strength all-purpose fixer (Kodak). A subset of the slides were not
exposed to emulsion, but rather were stained with 1% toluidine
blue O (in 1% sodium borate) and rinsed with deionized water.
Slides were dried, mounted in Polymount (Polysciences, Warring-
ton, Pa., USA), and visualized by light and differential interference
contrast microscopy (DIC) on a Provis AX70 light microscope
(Olympus, Melville, N.Y., USA) connected to a Spot RT Slider
digital camera (Diagnostic Instruments, Sterling Heights, Mich.,
USA). Digital images were collected, brightness and contrast were
adjusted using Spot software, and then subjected to HiGauss
filtering using Image-Pro Plus software (MediaCybernetics,
Carlsbad, Calif., USA).

To further clarify which sporocyst tissues took up exogenous
[3H]5-HT, the embedded sporocysts used above were also analyzed
by transmission electron microscopy (TEM). Blocks were trimmed
and ultrathin sections (70–100 nm) were cut with a diamond knife
on a Reichert Om U3 ultramicrotome. Sections were transferred to
200-mesh nickel EM grids (Polysciences), stained with uranyl ace-
tate and lead citrate, and viewed on a Philips CM120 TEM oper-
ating at 80-kV acceleration voltage under conditions described
previously (Hillyer and Albrecht 1998). Photographic negatives
were scanned and processed manually to optimize brightness and
contrast. It should be noted that sections were processed for TEM
for the purpose of examining identified sporocyst tissues at higher
magnification, and were not exposed to photographic emulsion.

Analysis of tryptophan and tyrosine hydroxylase transcript
levels during development by real-time quantitative PCR

Real-time quantitative PCR (qPCR) with SYBR green detection
(Morrison et al. 1998) was used to determine developmental changes
in steady-state mRNA levels of tryptophan hydroxylase (TPH;
GenBank Acc. No. AF031034) and tyrosine hydroxylase (TH;
GenBank Acc. No. AF030336), the rate limiting enzymes in sero-
tonin and catecholamine biosynthesis, respectively. Adult worms
were obtained by perfusion (Day et al. 1994) or dissection from the
mesenteric veins of 48-day-infected mice, and miracidia and spo-
rocysts were obtained as described above. Total RNAwas harvested
from worms either directly (miracidia and sporocysts) or after
pulverizing in liquid N2 (adults), using RNAzol. cDNA was syn-
thesized from 2 lg of total RNA in a 25-ll reaction using 200 U of
MMLV-reverse transcriptase (Promega, Madison, Wis., USA) and
oligo-dT(18) and random hexamer primers, and control reactions
were carried out for each sample in the absence of MMLV-RT to
account for the presence of any contaminating genomic DNA. For
qPCR, cDNA samples were diluted 1:5 with sterile water for the
analysis of poly-adenylated transcripts, or 1:500 for determination
of 18 s ribosomal transcript levels. qPCR reactions contained the
following: 2.5 ll diluted cDNA, 240 nmol l)1 of each primer,
3 mmol l)1 MgCl2, 200 lmol l)1 each of dATP, dCTP and dGTP,
400 lmol l)1 dUTP, 0.1·SYBR green (Molecular Probes, Eugene,
Ore., USA), 225 lmol l)1 ROX-I dye labeled 6-mer (Synthegen,
Houston, Tex., USA), and 0.5 U of HotStar Taq polymerase
(Qiagen, Valencia, Calif., USA). Reactions were subjected to 95�C
for 15 min, followed by 40 cycles of 15 s at 95�C and 60 s at 60�C on
a GeneAmp 5700 Sequence Detection system (Applied Biosystems,
Foster City, Calif., USA). Dissociation curves were carried out at
the end of each PCR run to determine product purity, and data were
analyzed with GeneAmp 5700 SDS software (Applied Biosystems).
To determine the cycle threshold (Ct) value (Livak and Schmittgen
2001; Morrison et al. 1998), the amplification threshold was set at
0.2, and the background fluorescence was determined during cycles
6–10. The metabolic enzyme glyceraldehyde-3-phosphate dehydro-
genase (GAPDH; GenBank Acc. No. M92359; Charrier-Ferrara et
al. 1992) also was measured to serve as a control mRNA unrelated
to biogenic monoamine synthetic pathways.

Quantitative PCR primers were designed using Primer Express
Software (Applied Biosystems, Foster City, Calif., USA) and were
selected if they would produce a product ranging from 50–150 bp,
had melting temperatures between 58 and 60�C, and had 2 or fewer
G-C pairs in the final 5 bp of the 3’ end. Primer sequences were as
follows (Target gene: Forward, Reverse, [region amplified]): TPH:
ttggtttccaagacacatttctga, cgacgttttctgtattccttatctttg [526–642]; TH:
tgactttatccaatgccaatcg, aactgttgccccgtaattcttc [274–382]; GAPDH:
tcgttgagtctactggagtctttacg, aatatgagcctgagctttatcaatgg [284–336];
Sm18 s: gtgtcggcgacggatctt, ccggaatcgaaccctgatt, [299–420].

Data analysis

Km and IC50 values for 5-HT uptake data were determined using
nonlinear regression analysis in GraphPad Prism software (Version
3.00 for Windows, GraphPad Software, San Diego, Calif., USA).
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For IC50 determinations, all data were converted to percent of
control prior to analysis, and values output from multiple experi-
ments were averaged to generate the final values. The empirically
determined Km (see Results) was used to convert IC50 values of
transport inhibitors to Ki values using the method of Cheng and
Prusoff (1973). When necessary, standard curves of known molar
amounts of [3H]5-HT were subjected to scintillation counting in
parallel to convert uptake data to picomoles [3H]5-HT min)1/1,000
sporocysts. For qPCR data, statistical comparisons were made by
conducting a one-way ANOVA on the delta Ct values (target gene
Ct minus 18s ribosomal Ct; Livak and Schmittgen 2001) deter-
mined for each developmental stage. For graphical representation
only, relative gene levels were calculated using the 2()DDCt) formula
(Livak and Schmittgen 2001) and standard deviations were esti-
mated. All non-repeated measures ANOVAs were carried out using
the General Linear Models (GLM) procedure in Statistical Anal-
ysis Software (SAS; SAS Institute, Cary, N.C., USA) and Fischer’s
Protected Procedure (Zolman 1993), and when appropriate we
performed multiple comparisons of treatment groups using either
the LSMeans procedure or Tukey’s Honest Significant difference
test in SAS. We performed only preplanned comparisons to mini-
mize Type I error (Zolman 1993), and all differences were deemed
significant at P<0.05.

Results

5-HT transport is saturable, dependent upon
extracellular Na+ and Cl), and sensitive
to antidepressants

In vitro transformed sporocysts exhibited specific 5-HT
uptake. A 15 min incubation in 500 nM [3H]5-HT

resulted in significant [3H]5-HT accumulation in 5-HT-
treated sporocysts (16,210±1,900 cpm/1,000 sporocysts;
Fig. 1A). The presence of 10 lmol l)1 fluoxetine in the
assay medium significantly reduced serotonin uptake by
over 80% to 3,090.8±790 cpm/1,000 sporocysts
(P<0.0001). Similar results were observed when the
assay was conducted at 4�C in the presence or absence of
200 lmol l)1 unlabeled 5-HT (P<0.0001 for all treat-
ments when compared to control).

Km determinations were carried out on both the total
uptake (total [3H]5-HT accumulation) as well as on the
fluoxetine-sensitive component of uptake (total uptake
minus uptake in the presence of fluoxetine). Km for total
uptake was 2.4±0.38 lmol l)1, with a Vmax of
0.21±0.011 pmol min)1/1,000 sporocysts (Fig. 1B).
The fluoxetine-sensitive component had a Km of
1.4±0.33 lmol l)1, and a corresponding Vmax of
0.13±0.0088 pmol min)1/1,000 sporocysts. At [3H]5-
HT concentrations lower than or equal to 1.0 lmol l)1,
total uptake and fluoxetine-sensitive uptake were nearly
identical (Fig. 1B). However, at higher concentrations of
[3H]5-HT (5.0 and 10 lmol l)1), substantial binding
and/or uptake was observed above the fluoxetine-sensi-
tive component. Therefore, to look specifically at the
fluoxetine-sensitive, and therefore SERT-like, compo-
nent of 5-HT transport, concentrations of
0.5–1 lmol l)1 [3H]5-HT were used in all subsequent
uptake assays.

To examine the developmental regulation of S.
mansoni SERT-like activity, 5-HT uptake capacity of
freshly hatched miracidia (0 h in culture) was compared
to that of in vitro transformed mother sporocysts (20 h,
3 days, and 6 days in culture). We detected very little
5-HT transport activity in miracidia (Fig. 1C). However,
when members of this same batch of parasites were
cultured in CBSS+ and induced to transform into spo-
rocysts, SERT-like activity became apparent after 20 h
in culture (Fig. 1C). In 20-h sporocysts specific 5-HT
uptake increased by over 25-fold to 6,916±650 cpm/
1,000 larvae when compared to miracidia (260.5±240
cpm/1,000 larvae). Observations of larvae at this time
point showed that 74.9±4.9% were fully transformed
into sporocysts, as revealed by the lack of attached cil-
iary plates and formation of the tegumental surface.
This uptake was highly sensitive to 10 lmol l)1 fluoxe-
tine, and persisted for up to 6 days in culture (Fig. 1C).

Fig. 1A–C Specificity, saturability and developmental regulation of
S. mansoni serotonin transporter (SERT) activity. A Total [3H]5-
HT uptake in sporocysts (cpm/1,000 sporocysts) during a 15-min
incubation under drug-free conditions (Control), in the presence of
10 lmol l)1 fluoxetine (fluox), at 4�C (ice), or at 4�C in the presence
of 200 lmol l)1 unlabled 5-HT (ice/excess). Total uptake was
significantly inhibited compared to control under all three
conditions (P<0.0001 for all treatments). n=5/treatment. B Total
(solid circles) and fluoxetine-sensitive (solid squares) uptake in the
presence of different [3H]5-HT concentrations. Km for total uptake
was 2.4±0.38 lmol l)1, with a Vmax of 0.21±0.011 pmol min)1/
1,000 sporocysts. The Km for the fluoxetine-sensitive, and therefore
SERT-like, component of uptake was 1.4±0.33 lmol l)1, with a
Vmax of 0.13±0.0088 pmol min)1/1,000 sporocysts. n=4 per
treatment. C Specific 5-HT uptake in miracidia (0 h) and
sporocysts cultured in vitro (20 h, 3 days, 6 days). Fluoxetine-
sensitive SERT-like activity was highly upregulated in sporocysts
compared to miracidia, and persisted for up to 6 days in culture.
n=3/treatment. All error bars shown represent the standard error
of the mean (SEM)
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These data suggest that SERT-like proteins are func-
tional only after the miracidium-to-sporocyst transition
and the resultant formation of the tegumental syncy-
tium.

To elucidate the similarities and differences between
SERT proteins studied to date and sporocyst SERT-like
activity, we determined functional properties of
S. mansoni 5-HT transport in situ. Sporocyst 5-HT
uptake is dependent upon extracellular sodium and
chloride (Fig. 2A). In low-Na+ saline, uptake was
reduced to 15.0±3.3% of control (P=0.0003), and was
28.8±2.5% of control (P=0.0010) in intermediate
(24.8 mmol l)1) Na+ saline. Chloride ion-free CBSS
reduced uptake to 25.3±2.9% of control (P=0.0007),
while intermediate chloride saline (28.6 mmol l)1) had
no inhibitory effect on 5-HT uptake (P=0.6802 when
compared to control).

Sporocyst SERT-like activity is sensitive to a wide
range of antidepressant and psychotropic drugs. The
tricyclic antidepressant imipramine inhibited 5-HT up-
take with a Ki of 30.9±8.84 nmol l)1, and at high
concentrations (1 and 10 lmol l)1) uptake was com-
pletely blocked (Fig. 2B). Table 1 lists the calculated Ki

values for the compounds tested. The compound 6-ni-
troquipazine was the most potent inhibitor of sporocyst
5-HT uptake, with a Ki of 4.61±2.7 nmol l)1. Overall,
there is agreement between the Ki values calculated for
sporocyst SERT-like activity in situ and those deter-
mined for SERT genes cloned and characterized from
Drosophila melanogaster (dSERT; Corey et al. 1994;
Demchyshyn et al. 1994) and Caenorhabditis elegans
(MOD-5; Ranganathan et al. 2001). Furthermore, we
also found that the general 5-HT receptor antagonist
methiothepin was effective at inhibiting [3H]5-HT up-
take with a Ki of 1.6 lmol l)1. In contrast, GBR 12,909,
a dopamine transport inhibitor, as well as dopamine and
norepinephrine, did not significantly inhibit 5-HT up-
take in sporocysts at the concentrations tested
(10 lmol l)1), confirming the specificity of the sporocyst
transport system for 5-HT alone.

In situ localization of transported 5-HT

When sporocysts were incubated for 15 min in 1 lmol l)1

[3H]5-HT, sectioned, and processed for autoradiography,
we observed an increased density of exposed silver grains
directly associated with sporocysts in comparison to
background silver grain levels (Fig. 3A). While in certain
cases the grains were evenly distributed throughout the
interior of sporocysts (denoted by asterisks in Fig. 3E), in
most cases the signal was localized primarily in discrete
areas within the larvae (see arrows, Fig. 3C). In all sec-
tions examined, [3H]5-HT-derived silver grainswere never

Fig. 2A, B Sporocyst SERT-like activity is dependent on extracel-
lular Na+ and Cl), and is sensitive to imipramine. A In CBSS
containing 0.6 mmol l)1 Na+ (LowNa+), 24.8 mmol l)1 Na+

(50:Na+), or 0 mmol l)1 Cl) (LowCl)), sporocyst 5-HT uptake
was significantly reduced when compared to controls (P £ 0.01 for
each). In contrast, CBSS with 28.6 mmol l)1 Cl) (50:Cl)) had no
effect on 5-HT uptake (P=0.68 when compared to control). n=3/
treatment. B Sporocysts were incubated in 500 nmol l)1 [3H]5-HT
in the presence of different concentrations of imipramine
(10 lmol l)1 to 0.1 nmol l)1), washed, and subjected to liquid
scintillation counting. Imipramine had a Ki of 30.5±8.8 nmol l)1,
and Ki values determined for other compounds are listed in
Table 1. All error bars shown represent the standard error of the
mean (SEM)

Table 1 Inhibitory constants (Ki) for serotonin transport (SERT)
blockers in Schistosoma mansoni, Drosophila melanogaster, and
Caenorhabditis elegans

Drug Ki (nmol l)1)

S. mansoni dSERTa MOD-5b

6-Nitroquipazine 4.61 ND ND
Clomipramine 229 2670 ND
Desipramine 1,680 580 334
Chlorpromazine 280 ND ND
Imipramine 30.9 1450 89
Fluoxetine 182 73 133
Methiothepin 1,610 ND ND
5-HT 782 490 ND
GBR 12,909c 10,800 >10,000 ND
Dopamine >100,000 >10,000 >10,000
Norepinephrine >100,000 >10,000 ND

aData from Demchyshyn et al. (1994), except clomipramine from
Corey et al. (1994)
bData from Ranganathan et al. (2001)
cDopamine transport inhibitor
5-HT 5-hydroxytryptamine, ND not determined
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observed in the tegument or tegumental-associated
structures. Serial histological sections counterstained
with toluidine blue O and visualized with DIC optics
(Fig. 3D, F, H) revealed that the major source of the
highly localized radioactivity was a sporocyst secretory
cell found in close proximity, and anterior, to the neural
mass, and filledwith large secretory vesicles (Figs. 3D and
4). Based on detailed descriptions of gland cells by Pan

(Pan 1980, 1996) and our electron microscopic observa-
tions (Fig. 4), we have concluded that apical gland cells
serve to concentrate exogenously acquired 5-HT. This
staining was specific and the result of SERT-like activity,
since sporocysts treated with [3H]5-HT in the presence of
10 lmol l)1 fluoxetine exhibited very little staining above
background in the apical gland cell and other parts of the
sporocyst (see arrow, Fig. 3B, G and H).

Tryptophan hydroxylase transcripts
are down-regulated after miracidium-
to-sporocyst transformation

Using real-time quantitative PCR, we examined
transcript levels for enzymes involved in monoamine
biosynthesis in freshly hatched miracidia, 3–4-day-old in
vitro-derived sporocysts, and adult stages of S. mansoni.
As shown in Fig. 5, sporocysts had significantly lower
steady-state levels of tryptophan hydroxylase (TPH)
transcript when compared to freshly-hatched miracidia
(8.6±8.5% of miracidia level; P=0.0072), while levels of
transcript for the glycolytic enzymeGAPDHwere similar
between miracidia and sporocysts (P=0.92; Fig. 5).
Adults also had reduced levels of TPH transcript, but this
reduction was not statistically significant (P=0.060 when
compared tomiracidia TPH levels). Tyrosine hydroxylase
(TH) levels were significantly reduced in adults
(11.1±3.4% of miracidia level; P=0.016), and also

Fig. 3 Localization of transported [3H]5-HT in S. mansoni
sporocysts using autoradiography. Panel A Low magnification
differential interference contrast (DIC) light micrograph of spo-
rocysts treated with [3H]5-HT alone. The emulsion above spo-
rocysts contains a high concentration of exposed silver grains in
comparison to background. The areas inside the squares are
magnified on panels C and E. Panel B Low magnification DIC
image of sporocysts treated with [3H]5-HT in the presence of
10 lmol l)1 fluoxetine. No signal above background is observed.
The area inside the square is magnified in panel G. Panels C and D
DIC images of sporocysts treated with [3H]5-HT from serial
sections exposed to emulsion (panel C) or stained with toluidine
blue (panel D). In most sporocysts signal was restricted to the apical
gland (arrows). Panels E and F DIC images of sporocysts treated
with [3H]5-HT from serial sections exposed to emulsion (panel E) or
stained with toluidine blue (panel F). On occasion signal could be
found evenly dispersed throughout the sporocysts (asterisk). Panels
G and H DIC images of sporocysts treated with [3H]5-HT in the
presence of 10 lmol l)1 fluoxetine from serial sections exposed to
emulsion (panel G) or stained with toluidine blue (panel H). No
labeling above background is observed, including in the apical
gland (arrow), confirming that the majority of the radioactive signal
in sporocysts treated with [3H]5-HT was due to SERT-like activity.
Scale bars: panels A, B 100 lm; panels C–H 20 lM
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reduced in sporocysts, although this difference was not
statistically significant (24.0±22% of miracidia level;
P=0.067).

Discussion

To date, cDNAs corresponding to SERTs have been
cloned and characterized from several mammalian

species, as well as Drosophila melanogaster (Corey et al.
1994; Demchyshyn et al. 1994) and Caenorhabditis
elegans (Ranganathan et al. 2001), suggesting that these
proteins have been conserved throughout evolution.
Importantly, these ‘‘divergent’’ SERT paralogues share
functional characteristics with those transporters de-
scribed in mammals, in that they utilize ion gradients
to generate energy for substrate translocation (Dem-
chyshyn et al. 1994; Ranganathan et al. 2001), and are
blocked by the same pharmacological agents. They are
typically expressed in neuronal tissues (Demchyshyn
et al. 1994; Ranganathan et al. 2001), where they function
to terminate serotonergic neurotransmission by reup-
take of synaptically released 5-HT. When we assayed
specific SERT-like activity in larval stages of S. mansoni
in vitro, it was clear that S. mansoni sporocysts are
capable of high-affinity 5-HT transport. The properties
of the high-affinity component of the uptake system
described here are similar to that reported for schisto-
somules (Catto and Ottesen 1979) and adult worms
(Wood and Mansour 1986) of S. mansoni, although the
work here provides a much more detailed functional and
autoradiographical analysis of S. mansoni SERT-like
activity.

Functional and pharmacological characteristics
of S. mansoni SERT-like activity in situ are consistent
with SERTs characterized from other organisms

Importantly, sporocyst SERT activity showed remark-
able similarity to SERT proteins from other organisms
studied in heterologous expression systems. Uptake was
highly dependent upon extracellular Na+ in the assay
medium, as demonstrated by a significant inhibition of
uptake even when the Na+ concentration was only
reduced to half that of control (24.8 mmol l)1). In
contrast, uptake was not as sensitive to the presence of
Cl). While saline completely lacking in Cl) significantly
inhibited 5-HT uptake, Cl) at half of the normal
concentration had no significant inhibitory effect. This
is similar to the SERT cloned from D. melanogaster
(dSERT), which appeared to be Cl) facilitated rather
than Cl) dependent (Demchyshyn et al. 1994). Sporo-
cyst 5-HT uptake was also sensitive to a number of
SERT inhibitors, and in certain cases the drugs tested
had affinities similar to those reported for transporters
from other organisms (see Table 1). For example,
S. mansoni Ki values for fluoxetine and desipramine
were within an order of magnitude of those determined
for Drosophila (dSERT) and C. elegans (MOD-5).
Moreover, dopamine and the dopamine uptake inhib-
itor GBR 12,909 were ineffective at inhibiting sporocyst
5-HT uptake, suggesting a substrate specificity consis-
tent with other SERTs characterized to date. Such high
similarity between Ki values is somewhat remarkable
given that our experiments with S. mansoni were
carried out on whole organisms, while those for both
Drosophila and C. elegans were carried out in

Fig. 4 Electron micrograph of an S. mansoni sporocyst showing
the apical (ag) and lateral (lg) gland cells. Based on the size and
distribution of the vesicles, we were able to determine that in cases
where the [3H]5-HT was highly localized (Fig. 3), it was present in
the apical gland (ag). Other structures are denoted as follows: t
tegument; gc germ cells; nm neural mass. Scale bar: 10 lm

Fig. 5 Transcript levels for tryptophan hydroxylase (TPH),
tyrosine hydroxylase (TH) and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) in miracidia, sporocysts, and adults of
S. mansoni. TPH levels, but not GAPDH levels, were significantly
lower in sporocysts when compared to miracidia (P=0.0072), while
TH levels were significantly reduced in adults (P=0.016). While
not statistically significant, TH levels were also reduced in
sporocysts when compared to miracidia (P=0.07), and GAPDH
transcript levels were reduced in adults (P=0.08). n=5 for
miracidia, 4 for sporocysts, and 3 for adults. *P<0.05 as
determined by ANOVA and multiple means comparisons on the
DCt values. Error bars shown represent the standard error of the
mean (SEM)

637



heterologous expression systems. However, in certain
cases sporocyst 5-HT uptake activity demonstrated
possibly novel pharmacological properties. The tricyclic
antidepressants clomipramine and imipramine were
both at least ten times more effective at inhibiting
sporocyst 5-HT uptake in comparison to dSERT
(Table 1). In addition, the non-selective 5-HT receptor
antagonist methiothepin blocked sporocyst 5-HT
uptake with a Ki of 1.6 lmol l)1, even though it is not
considered to be a SERT inhibitor (Granas and
Larhammar 1999), and this sensitivity to methiothepin
may be a unique property of S. mansoni 5-HT trans-
port. Methiothepin induces 5-HT release from mam-
malian neurons (Jacoby et al. 1975; Pettibone and
Pflueger 1984), and this is thought to occur via inhi-
bition of serotonin autoreceptors (Pettibone and
Pflueger 1984). While we have not encountered reports
in the literature in which the effect of methiothepin on
mammalian SERTs has been determined, it is possible
that the SERT-blocking activity of methiothepin may
be at least partially responsible for increased extracel-
lular levels of 5-HT in the mammalian CNS after me-
thiothepin administration (Jacoby et al. 1975; Pettibone
and Pflueger 1984). However, experiments examining
the direct effect of methiothepin on 5-HT uptake in
other organisms would be necessary to confirm this.

S. mansoni serotonin transporters are likely
to be surface exposed

An important difference between sporocyst SERT-like
activity and that described in other organisms is its
likely site of expression. Sporocysts are multicellular
acoelomates lacking a functional gut, and their sole
interface with the host environment is the tegument, a
syncytial structure unique to the parasitic platyhelm-
inths. In sporocysts, this organ is bounded by a single
lipid bilayer that covers the entire surface of the worm,
and functional proteins are known to be expressed in
this membrane (Zhong et al. 1995). Several lines of
evidence presented here suggest that a likely location
for sporocyst SERT-like molecules is this tegumental
surface: (1) SERT-like activity is not detected in
S. mansoni miracidia, a free-swimming life cycle stage
that has yet to form its tegument; (2) SERT-like
activity can be measured directly in sporocysts without
prior manipulation; and (3) according to both scintil-
lation counting and autoradiography, the presence of
fluoxetine during incubation with [3H]5-HT results in
complete abrogation of sporocyst 5-HT uptake, sug-
gesting that the fluoxetine targets are on the outer
surface of the sporocyst. It is known from previous
work that proteins destined for the sporocyst tegu-
mental surface can be preformed and associated with
vesicles within the miracidium, and become surface-
exposed only after these vesicles fuse with the nascent
tegumental membrane during the transformation pro-
cess (Dunn and Yoshino 1988). It is therefore likely

that the ‘‘activation’’ of serotonin uptake activity in
sporocysts does not require the synthesis of new sero-
tonin transporter proteins, but is rather due to the
exposure of functional polypeptides to the external
environment post-transformation. Regardless, the
presence of a neurotransmitter transporter on the sur-
face of a metazoan organism is an excellent example of
co-evolution between host and pathogen, and suggests
that intra-host stages of S. mansoni may depend on
exogenous 5-HT for their successful development, and
therefore transmission. Interestingly, when whole
worms of the rat tapeworm Hymenolepis diminuta were
exposed to to [3H]5-HT in vitro, a tegument-associated
5-HT active transport system like that described here
for S. mansoni was not detected (El-Razek and Webb
1997). It is possible that, among the parasitic flat-
worms, tegumental transport of host 5-HT may be
unique to members of the class Trematoda (like S.
mansoni), a fact that would have important implica-
tions in the evolutionary biology of this important
group of parasites. Following exposure to exogenous
[3H]5-HT, radioactivity derived from the transported
compound was often observed within the body of the
sporocyst, and these data are consistent with the
hypothesis that exogenous 5-HT is able to traverse
both the outer and inner tegumental membranes of the
sporocyst. Although it might be expected that we
would occasionally observe the radiolabeled compound
‘‘in transit’’ in the tegumental cytoplasm, in all slides
examined, exposed silver grains were never observed
within the tegument. However, following incubation in
[3H]5-HT, a series of washes were performed prior to
fixation, and during this time (approximately 5 min)
the radiolabel may have had ample time to traverse the
tegument and enter the body of the sporocyst. More-
over, any radiolabel traversing the tegument at the time
of fixation would be at a much lower concentration
than that observed in the body of the worm, and may
not be detectable under the exposure conditions ap-
plied. Regardless, the transport of 5-HT through both
tegumental membranes implies that there may be
transport molecules present on the inner membrane of
the tegument that mediate the flux of 5-HT into the
worm’s interior. Such a mechanism has been proposed
for the transport of exogenous (e.g., host-derived)
glucose by adult stages of S. mansoni, where two
facilitated diffusion glucose transporters were found to
be differentially expressed on the apical (outer) and
basal (inner) tegumental membranes (Skelly et al. 1994;
Zhong et al. 1995; Skelly and Shoemaker 1996). A
similar model could be proposed to explain the trans-
port of exogenous 5-HT through the apical and basal
tegumental membranes to the inside of the sporocyst.
This problem raises interesting questions as to how
proteins are trafficked to the different tegumental
membranes in schistosomes and other parasitic flat-
worms, and how these proteins are oriented or function
in vivo to allow for selective and ‘‘directional’’ per-
meability to various compounds.
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The sporocyst apical gland concentrates transported
5-HT

In many cases exogenously supplied radiolabel localized
to the apical gland, an organ involved in producing
secretions necessary for the successful penetration of
miracidia into snail tissue (Yoshino et al. 1993). How-
ever, both the apical and lateral gland cells are known to
persist for a number of days after miracidium-to-spo-
rocyst transformation in vitro (Basch and DiConza
1974; Wippersteg et al. 2002) and in vivo (Pan 1980,
1996), and sporocysts are known to secrete polypeptides
and other products into culture medium in vitro (Lodes
and Yoshino 1989). Based on this information, it has
been proposed that these gland cells may play additional
roles during the intramolluscan development of
S. mansoni sporocysts. Firstly, the possibility that the
[3H]5-HT has been enzymatically altered before or after
its arrival in the apical gland cannot be ruled out. At
least one degradative enzyme (a cysteine protease) is
known to be expressed in the sporocyst lateral gland
(Wippersteg et al. 2002), and enzymes capable of
degrading 5-HT could be present in the apical gland.
However, preliminary studies using HPLC with elec-
trochemical detection to examine the fate of transported
5-HT (data not shown) demonstrate that there is a
significant increase in sporocyst 5-HT content after a
15-min 5-HT exposure, and we detect no signs that it is
enzymatically altered during this time frame (i.e., we do
not detect any extra peaks in our chromatograms that
could represent a 5-HT metabolite), but it is still possible
that some 5-HT degradation may occur. We believe that
if a certain portion of the transported 5-HT is not
degraded, this compound could possibly be important
for the manipulation of the snail host microenvironment
and/or the regulation of the physiology of developing
sporocysts. Snails infected with trematodes often exhibit
aberrant metabolism and reproductive behavior (Crews
and Yoshino 1991; Hoek et al. 1997; Jong-Brink et al.
1999), and the role of 5-HT in modulating the motility of
S. mansoni sporocysts has been well-established (Bayne
et al. 1994; Boyle et al. 2000). However, further experi-
ments examining the fate of 5-HT transported by spo-
rocysts, as well as its importance in larval physiological
processes, will be necessary to determine its exact role in
the intramolluscan development of S. mansoni.

Down-regulation of transcripts for a serotonin
biosynthetic enzyme correlate with upregulation
of S. mansoni serotonin transporter activity

Further support for the importance of exogenous 5-HT
in larval physiology is provided by our observation that
the expression of the rate-limiting enzyme for serotonin
biosynthesis, tryptophan hydroxylase, is significantly
down-regulated in sporocysts compared to free-swim-
ming miracidia. The gene for this enzyme was cloned

from adult stages of S. mansoni (Hamdan and Ribeiro
1999), and it was shown that its expression was down-
regulated during the transition from free-living cercariae
to sexually mature adult (Hamdan and Ribeiro 1999).
Coupled with our similar observations that free-living
intramolluscan stages (miracidia) express significantly
higher levels of transcripts for this enzyme than do
parasitic (sporocyst) stages, it is possible that the relative
necessity for the production of endogenous 5-HT
changes throughout S. mansoni development. This is
consistent with the hypothesis that S. mansoni larvae
switch between different metabolic programs depending
on the compounds available in their environment, and
also that 5-HT itself may play an important role in the
intramolluscan development, and therefore transmis-
sion, of this medically important parasite.

Conclusion

Overall these data provide strong evidence for the
presence of SERT-like molecules on the tegumental
surface of S. mansoni sporocysts, and raise a number of
important questions regarding the mechanisms used by
this parasite to acquire and utilize host compounds,
including the neurotransmitter serotonin. Clearly,
addressing these questions will require the cloning and
characterization of genes encoding transporter proteins,
and their subsequent functional characterization (i.e.,
substrate specificity) and localization. To this end, using
homology-based PCR we have recently cloned and
sequenced an S. mansoni cDNA (Accession No.
AY090636) that encodes a predicted polypeptide with
high homology to other members of the Na+/Cl)-
dependent superfamily of neurotransmitter transporters,
although neither its site of expression or substrate
specificity are known. In addition, expressed sequence
tag (EST) databases for Schistosoma spp. are growing at
a relatively rapid rate, and can be routinely screened
using BLAST to detect the presence of other members of
this superfamily. These data will hopefully facilitate the
characterization of transporter proteins from S. man-
soni, a step which will greatly improve our understand-
ing of how helminth parasites acquire and utilize host
nutrients and signaling molecules.
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