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Abstract
Echinococcus granulosus, the etiological agent of human cystic echinococcosis (formerly known as hydatid disease), rep-
resents a serious worldwide public health problem with limited treatment options. The essential role played by the neuro-
muscular system in parasite survival and the relevance of serotonin (5-HT) in parasite movement and development make 
the serotonergic system an attractive source of drug targets. In this study, we cloned and sequenced a cDNA coding for the 
serotonin transporter from E. granulosus (EgSERT). Bioinformatic analyses suggest that EgSERT has twelve transmembrane 
domains with highly conserved ligand and ionic binding sites but a less conserved allosteric site compared with the human 
orthologue (HsSERT). Modeling studies also suggest a good degree of conservation of the overall structure compared with 
HsSERT. Functional and pharmacological studies performed on the cloned EgSERT confirm that this protein is indeed a 
serotonin transporter. EgSERT is specific for 5-HT and does not transport other neurotransmitters. Typical monoamine 
transport inhibitors also displayed inhibitory activities towards EgSERT, but with lower affinity than for the human SERT 
(HsSERT), suggesting a high divergence of the cestode transporter compared with HsSERT. In situ hybridization studies 
performed in the larval protoscolex stage suggest that EgSERT is located in discrete regions that are compatible with the 
major ganglia of the serotonergic nervous system. The pharmacological properties, the amino acidic substitutions at impor-
tant functional regions compared with the HsSERT, and the putative role of EgSERT in the nervous system suggest that it 
could be an important target for pharmacological intervention. 
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Introduction

Echinococcus granulosus is the etiological agent of human 
cystic echinococcosis (CE), a zoonotic disease of major 
medical importance. CE is among the 17 neglected tropical 
diseases (NTDs) prioritized by the World Health Organiza-
tion (World Health 2012). This zoonotic disease is widely 
distributed throughout the world and represent a serious 
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public health problem (Budke et al. 2009). Several species 
of the genus Echinococcus cause parasitic diseases in wild-
life, domestic animals, and humans worldwide. The spe-
cies belonging to the E. granulosus s. l. complex includes 
(besides others) E. granulosus sensu stricto and E. canaden-
sis. The adult stage resides in the small intestine of the defin-
itive host, and gravid proglottids release eggs that are passed 
in the feces and are infectious. After ingestion by an interme-
diate host, eggs hatch in the small intestine and release onco-
spheres that penetrate the intestine and migrate through the 
circulatory system. This latter larval stage migrates towards 
different organs, especially the liver and lungs, where the 
oncosphere develops into a hydatid cyst which enlarges and 
produces protoscoleces and daughter cysts. If ingested by 
humans, this can cause human CE (formerly hydatidosis) 
(Vuitton et al. 2020). The definitive host becomes infected 
by ingesting the cyst-containing organs of the infected inter-
mediate host. After ingestion, the protoscoleces evaginate, 
attach to the intestinal mucosa, and develop into adult stages.

The anti-parasitic treatment against diseases caused by 
several platyhelminth species is currently based on the use 
of a limited number of approved anthelmintic drugs, such as 
albendazole (ABZ) for CE and praziquantel (PZQ) for adult 
stages (Budke et al. 2009; Garcia 2018). However, these 
compounds are not well tolerated by some patients (Horton 
1997; Kyung et al. 2011; Lee et al. 2011), and it was shown 
that ABZ is ineffective in ~ 40% of CE cases (Gottstein et al. 
2015; Hemphill et al. 2014). Given the limited availabil-
ity of safe and efficacious anthelmintic drugs approved for 
treatment, the identification of new potential drug targets 
and novel anthelmintic drug candidates is urgently needed. 
The essential role played by the neuromuscular system in 
parasite survival makes it an attractive source of drug targets 
(McVeigh and Maule 2019). However, the understanding 
of the nervous system and the neuroactive substances of 
parasitic flatworms is a neglected area of research. Several 
neuroactive molecules have been described in flatworms, 
one of which is serotonin (5-hydroxytryptamine: 5-HT), a 
well-known neurotransmitter and hormone, which is present 
at high levels in the mammalian blood. It was observed that 
exogenous application of 5-HT onto larval or adult stages 
of the parasitic platyhelminths Schistosoma mansoni in cul-
ture causes a marked increase in their motility (Boyle et al. 
2000; Hillman and Senft 1973; Pax et al. 1996). The same 
effect was observed also in cestodes including E. granulo-
sus (Camicia et al. 2018, 2013) and Mesocestoides vogae 
(Syn. Mesocestoides corti) (Camicia et al. 2018, 2013). It 
was hypothesized that the hypermotility phenotype observed 
after serotonin addition can be attributed to an increase in 
the frequency of muscle contraction (Day et al. 1994; Pax 
et al. 1996) and, also, to an increase in carbohydrate metabo-
lism (Mansour 1984; Pax et al. 1996; Rahman et al. 1985), 
which makes more energy available for movement. The fact 

that the effects on motility are seen in intact animals that are 
not permeabilized suggests that 5-HT could be either acting 
through surface receptors and/or is taken up via a specific 
transporter and acting directly on receptors localized in the 
musculature or nerves that innervate them. Biochemical 
evidence obtained from studies performed in the cestode 
Hymenolepis diminuta suggests the existence of a sodium-
dependent high-affinity serotonin transporter (Osloobi 
and Webb 1999). Their autoradiographic study suggests a 
sodium-dependent high-affinity serotonin transport system 
which is localized primarily in the serotonergic-like neurons 
of H. diminuta, also suggesting a possible recycling of neu-
ronally released serotonin (Osloobi and Webb 1999).

The plasma membrane serotonin transporters (SERTs) 
are evolutionarily highly conserved transmembrane pro-
teins which were first identified in the mammalian central 
nervous system (CNS), where they mediate reuptake of 
the monoamine across the presynaptic membrane. This 
protein is involved in the inactivation of the signal trig-
gered by the binding of 5-HT to their cognate receptors by 
quickly removing it from the synaptic cleft. SERTs have 
been reported in the CNS of organisms from diverse spe-
cies and also non-neuronal tissues that store 5-HT (Dem-
chyshyn et al. 1994; Hoffman et al. 1998; Ranganathan 
et  al. 2001). According to the transport classification 
database (TCDB), the serotonin transporters belong to the 
neurotransmitter:sodium symporter (NSS) family or the 
SLC6 family of solute carriers. Members of the NSS fam-
ily catalyze uptake of a variety of neurotransmitters, amino 
acids, osmolytes, and related nitrogenous substances by 
a solute: Na+ symport mechanism (Rudnick et al. 2014). 
Some members of the NSS have a critical role in neuro-
transmission and are targets for psychostimulants, antide-
pressants, and other drugs. Structural information about 
serotonin transporters came first from the crystal structure 
of the bacterial homologue LeuT (Zhou et al. 2007), and 
several years later, the crystal structure of the mammalian 
homologue was also reported (Coleman et al. 2016). This 
type of transporter is characterized by a central orthosteric 
site (Coleman et al. 2016), an allosteric site (Aggarwal 
et al. 2021, 2019; Coleman et al. 2016; Kortagere et al. 
2013; Navratna and Gouaux 2019; Plenge et al. 2012, 
2021; Shi et al. 2008), and by highly conserved ionic sites 
(Coleman et al. 2016). The binding of neurotransmitter to 
the outward-open transporter triggers a series of confor-
mational changes, in which the transporter isomerizes to 
an inward-open conformation and, subsequently, releases 
the neurotransmitter into the presynaptic neuron (reviewed 
in (Navratna and Gouaux 2019)). When SERT adopts an 
outward-open conformation, the protein exposes a cone-
shaped extracellular vestibule to the aqueous solution, 
which contains residues that form the extracellular gate. 
When the extracellular gate is open, the intracellular gate 
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is closed, thus precluding direct access from the central 
ligand binding site to the intracellular solution (Coleman 
et al. 2016; Rudnick and Sandtner 2019). The transloca-
tion of serotonin involves the co-transport of sodium ions. 
In platyhelminths, the serotonin transporter homologue 
SmSERT, from the trematode species Schistosoma man-
soni, was characterized in two separate studies, including 
one from our group, by cloning, sequencing, phylogeny, 
multiple sequence analyses, functional characterization, 
and transcriptomic studies (Fontana et al. 2009; Larsen 
et al. 2011; Patocka and Ribeiro 2007). In these studies, 
it was found that the recombinant schistosome transporter 
(SmSERT) mediates specific and saturable 5-HT transport. 
The heterologously expressed protein was inhibited by 
classic SERT blockers, and the same drugs also inhibited 
5-HT uptake by intact schistosomula in culture, suggest-
ing that SmSERT may be responsible for this transport. 
Efflux experiments reveal notably higher substrate selec-
tivity for serotonin compared with their mammalian coun-
terparts as only the endogenous substrate serotonin, but 
not exogenous substrates like amphetamine and MDMA, 
are transported by SmSERT (Fontana et al. 2009). In a 
later study (Ribeiro and Patocka 2013), confocal immu-
nofluorescence studies using antibodies against SmSERT 
showed that this transporter is expressed predominantly in 
the nervous system both in adult worms and larvae (schis-
tosomula). Co-localization experiments showed that the 
pattern of SmSERT expression was coincident with that 
of serotonin itself, suggesting that SmSERT is present in 
serotonergic neurons. S. mansoni schistosomula treated 
with SmSERT inhibitors or SmSERT-specific short-inter-
fering RNAs (siRNAs) produced a strongly hyperactive 
phenotype. The siRNA effect correlated with a decrease 
in expression of the SmSERT when tested by real-time 
qPCR (Ribeiro and Patocka 2013). Later, a study from 
our group characterized a novel dopamine/norepinephrine 
transporter (SmDAT) gene transcript from the same para-
site (Larsen et al. 2011). The study noted that the ampheta-
mine was a much less potent efflux elicitor against SmDAT 
compared to the human DAT, a finding that could aid in 
the search for novel anti-schistosomal pharmacotherapy, 
highlighting the importance of characterizing neurotrans-
mitter systems from these parasites. In a recent work from 
Herz and Brehm (Herz and Brehm 2021), the serotonin 
transporter orthologue from Echinococcus multilocularis 
was cloned and sequenced, and its role in development and 
utility as potential drug target was highlighted. However, 
no functional or pharmacological studies was performed in 
this study. In the present work, we have cloned, sequenced, 
bioinformatically analyzed, and functionally character-
ized the E. granulosus serotonin reuptake transporter. Its 
predicted structure, molecular evolution, and localization 
are also described. The pharmacological properties of 

this transporter and its role in the nervous system suggest 
that it could be an important target for pharmacological 
intervention.

Material and methods

Ethics statement

Experiments involving the use of experimental animals were 
carried out according to protocols approved by the Comité 
Institucional para el Cuidado y Uso de Animales de Labora-
torio (CICUAL), Facultad de Medicina, Universidad de Bue-
nos Aires, Argentina (protocol “Farmacología, localización 
y función de receptores acoplados a proteínas G (GPCRs) 
y de canales de calcio de Echinococcus granulosus y otros 
parásitos cestodes como posibles blancos de drogas antipara-
sitarias” CD N° 2542/2019). Cyst puncture was performed 
following the approved protocol by the same institution (pro-
tocol “Punción de quistes hidatídicos de infecciones natu-
rales” CD N° 3723/2014).

Parasite material

E. granulosus s.s. protoscoleces were obtained under ster-
ile conditions by needle aspiration of hepatic hydatid cysts 
of ovine origin, provided by abattoirs from Buenos Aires, 
Córdoba, and Santa Fe provinces, Argentina. The livers used 
for parasite extraction were from animals that were not spe-
cifically used for this study, and all the material obtained 
was processed as part of the normal work of the abattoir. 
Samples from animals at the abattoir were collected under 
consent from local authorities. Protoscolex viability was 
assessed using the eosin exclusion test after three washes 
with phosphate buffered saline (PBS, 2.7 mM KCl, 1.2 mM 
KH2PO4, 138 mM NaCl, 8.1 mM Na2HPO4, pH 7.4), with 
50 μg/ml of gentamicin to remove cyst wall debris, and only 
protoscoleces showing more than 95% viability were used. A 
major portion of the protoscoleces was used for cDNA syn-
thesis and in situ hybridization; the remaining protoscoleces 
were used for species/genotype determination by sequencing 
a fragment of the mitochondrial cytochrome c oxidase subu-
nit 1 (CO1), as previously described (Cucher et al. 2011). 
The resulting species and genotype of all protoscoleces used 
in this work were from E. granulosus G1 (sheep) genotype.

Bioinformatic analysis

The selection of the sequence for cloning of E. granulosus 
serotonin transporter (EgSERT) was based on bioinformatic 
analysis done by our group previously to this work (Cami-
cia et al. 2013). Transmembrane segments were predicted 
using the topology prediction server HMMTOP (http://​www.​
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enzim.​hu/​hmmtop/​index.​php), and bidimensional models of 
receptors were generated using Protter (http://​www.​enzim.​
hu/​hmmtop/​index.​php). Analyses of critical residues for ser-
otonin transporter binding and phylogenetic characterization 
were performed using vertebrate and invertebrate sequences 
from the neurotransmitter:sodium symporter (NSS) family 
(TC number 2.A.22) since high scores (very low E-values) 
for this family were found in the conserved domain database 
(https://​www.​ncbi.​nlm.​nih.​gov/​Struc​ture/​cdd/​wrpsb.​cgi). 
The sequences were aligned using ClustalW program from 
the Expasy proteomic package (https://​embnet.​vital-​it.​ch/​
softw​are/​Clust​alW.​html). For the search of best hits, BLAST 
searches were performed in WormBase ParaSite (https://​
paras​ite.​wormb​ase.​org/​index.​html), and only sequences 
with at least 70% of amino acid identity were chosen for 
the alignment. Only some gene models were chosen for the 
alignment, which also gave the best alignments by visual 
inspection in multiple sequence alignments. All sequences 
used for the alignment are listed in Supplementary Table 2.

A phylogenetic tree was built according to the neigh-
bor-joining method using the best tree mode available in 
phylogeny (https://​www.​phylo​geny.​fr/) and was verified 
by bootstrap analysis with 500 replicates. All sequences 
used for construction of the phylogenetic tree are listed 
in Supplementary Table 2. With the exception of the ces-
tode sequences, the rest of the sequences used for multiple 
sequence alignments and phylogenetic groupings were from 
functionally tested transporters.

Homology modeling

For molecular modeling studies, protein domains of the E. 
granulosus serotonin transporter (EgSERT) studied in this 
work were screened against PFAM databases using Pfam-
Scan (Finn et al. 2006). Protein structure model was per-
formed using PHYRE2 (Kelley et al. 2015) and SWISS-
MODEL (Arnold et al. 2006; Benkert et al. 2008; Biasini 
et al. 2014). The available human serotonin transporter 
(HsSERT) crystal structure (PDB IDs: 5i71) was used 
as template for modeling. The molecular visualization of 
models and figures generated in this work was performed 
using the software PyMOL version 2.0.4 (https://​pymol.​
org). The structure model obtained was validated calculat-
ing several parameters such as ERRAT (Colovos and Yeates 
1993) (https://​servi​cesn.​mbi.​ucla.​edu/​ERRAT/), QMEN and 
Ramachandran plots that were calculated using Structure 
Assessment Tool of SWISS-MODEL (https://​swiss​model.​
expasy.​org/​assess), and RMSD and TM-align (Zhang and 
Skolnick 2005) (https://​zhang​lab.​ccmb.​med.​umich.​edu/​TM-​
align/) which were used to compare the structure models 
to human SERT (HsSERT). Finally, structural comparisons 

were performed to identify relevant and conserved residues 
in the ligand and ion binding sites.

Levels of EgSERT expression

The transcriptional expression levels (in RPKM or reads per 
kilobase per million reads) for the serotonin transporter gene 
model EG_05393 in oncosphere, protoscolex, cyst, and adult 
stages from E. granulosus s.s. (G1 genotype) were from 
Zheng et al. (2013).

RNA extraction and cDNA synthesis

Total RNA from E. granulosus (G1) was extracted from pro-
toscoleces that were crushed under liquid nitrogen and pro-
cessed using Trizol reagent (Invitrogen). The RNA obtained 
was treated with RNAse-Free DNAse (Fermentas), ethanol 
precipitated, and reverse transcribed using SuperScript™ III 
reverse transcriptase (RT) (Invitrogen) and oligodT primer.

Amplification and cloning of a cDNA coding 
for the serotonin transporter

The gene model EgrG_000391300 from E. granulosus, 
coding for the serotonin transporter, was first identified in 
Camicia et al. (2013) by using reciprocal BLAST searches. 
The gene model was retrieved from the WormBase ParaSite 
database and used for primer design. The primers used for 
the amplification of the cDNA coding for the EgSERT were 
egsertf 5′-ACA​GCT​AGC​ATG​CAA​CAA​ATA​ACC​ATCG-3′ 
and egsertr 5′-ATA​GCT​AGC​CTA​TCC​CTC​GTC​TCC​TTC-3. 
The cycling parameters were 94 °C for 3′ (initial denaturali-
zation); then 94 °C for 45′′, 45 °C for 45′′, and 72 °C for 2′ 
(repeated 5 times); then 94 °C for 45′′, 55 °C for 45′′, and 
72 °C for 2′ (repeated 30 times); and finally, 72 °C for 10′ 
(final extension). PCR reactions were performed using the 
High-Fidelity Polymerase (cat #K0192, Thermo Scientific) 
and the cDNA synthesized in the previous section as a tem-
plate. Amplification products were visualized by agarose gel 
electrophoresis and GelRed staining, and the bands of inter-
est were extracted from the gel using the QIAquick® Gel 
Extraction Kit (Qiagen), used for a non-templated adenine 
adding or A-tailing procedure employing a nonproofreading 
DNA polymerase (Pegasus, Embiotec), and finally cloned 
into the TOPO TA Vector (Invitrogen). The recombinant 
plasmids were used for Escherichia coli (DH5α) transforma-
tion, and the transformed bacteria were grown in LB with 
ampicillin and kanamycin. The selected colonies were then 
used for plasmid purification using the GeneJET Plasmid 
Miniprep Kit (Fermentas) and sequencing using an Applied 
Biosystems Big Dye terminator kit (Applied Biosystems) on 
an ABI 377 automated DNA sequencer.
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Each clone was sequenced twelve times with forward and 
reverse primers (six for each one) in order to avoid error in 
the sequence obtained. The sequence obtained is identical to 
the sequence deposited in database (https://​www.​ncbi.​nlm.​
nih.​gov/​genba​nk/) under the accession code XP_024350969.

Finally, the full-length EgSERT was subcloned into 
pcDNA3.1( +)-N-eGFP (GenScript, NJ, USA) for N-termi-
nal tagging with GFP and expression in mammalian cells.

Whole mount in situ hybridization (WISH) 
and co‑localization studies

Protoscoleces were first activated by treating them with pep-
sin under acidic conditions and subsequently with sodium 
taurocholate as previously described (Ritler et al. 2017). 
Then, parasite material was fixed and permeabilized as 
described elsewhere (Koziol et al. 2013).

We generated probes for EgSERT (XP_024350969) by 
reverse transcription-PCR (RT-PCR) using the Q5® High-
Fidelity DNA Polymerase (cat #M0491S, New England 
Biolabs) and the cDNA synthesized in the previous section 
as a template. The primers used for RT-PCR were egsertf4 
5′-ACA​GCT​AGC​ATG​GGC​GGA​CTG​CCA​CTG​TTC​-3′ and 
egsertr2 5′-ATA​GCT​AGC​CTA​ATC​TCC​TTC​GGA​CTG​TGT​
ATC-3′. The amplicon (a 1680-bp fragment of the coding 
region of the transcript) was cloned into the pGEM-T vector 
(Promega, USA), the orientation of the insert was confirmed 
by Sanger sequencing, and subsequently used for in vitro 
transcription of digoxigenin-labeled antisense and sense 
probes, essentially as previously described (Koziol et al. 
2014). The protocol for WMISH was performed as previ-
ously described for E. multilocularis (Koziol et al. 2014). 
Negative controls with sense probes did not result in any 
signal. All samples were analyzed using a ZEISS Axio 
Observer Z1, LSM 800 confocal microscope (Institut Pas-
teur de Montevideo). For co-localizations studies, the proto-
col of Koziol (Koziol et al. 2013) was followed after in situ 
procedure, using a FMRFamide rabbit polyclonal antibody 
(Immunostar, catalog number # 20,291, diluted 1:100).

Chemicals, cell culture media, and radiolabeled 
substrates

Non-radiolabeled serotonin and compounds fluoxetine, cital-
opram, desipramine, paroxetine, cocaine, and amphetamine 
were purchased from MilliporeSigma (Billerica, MA, USA).

D-PBS was purchased from Invitrogen Life Technologies 
(Carlsbad, CA, USA). Culture media for cell lines, includ-
ing Dulbecco’s Modified Eagle’s Medium (DMEM) with 
glucose, fetal bovine serum, and penicillin/streptomycin, 
were obtained from Thermo Fisher Scientific (Waltham, 
MA, USA).

Transfection reagent TransIT-LT1 was from Mirus Bio 
LLC (Madison, WI, USA).

Radiolabeled substrates [3H]-dopamine (53.6 Ci/mmol), 
[3H]-serotonin (28.2  Ci/mmol), [3H]-norepinephrine 
(14.9  Ci/mmol), [3H]-glutamic acid (51.1  Ci/mmol), 
[3H]-glycine (48.7 Ci/mmol), and [3H]-GABA (92.1 Ci/
mmol) were purchased from PerkinElmer (Boston, MA, 
USA).

Scintillation fluid (Ecolite) was obtained from Thermo 
Fisher Scientific (Waltham, MA, USA).

Cell culture and DNA transfection

COS-7 cells (ATCC, Manassas, VA) were maintained in 
DMEM containing 10% fetal bovine serum, 100 units/mL 
penicillin, and 100 µg/mL streptomycin in a humidified incu-
bator with 5% CO2 at 37 °C. Subconfluent COS-7 cells were 
transiently transfected with 0.5 µg of plasmid DNA per well 
using TransIT-LT1 transfection reagent (Mirus Bio LLC, 
Madison, WI, USA) and plated at a density of 50,000 cells/
well, and uptake experiments were performed 48 h later. 
Transfection with empty vector pcDNA3.1( +)-N-eGFP was 
used to control for the level of endogenous uptake of radiola-
beled substrate in each experimental condition.

Initial analysis of substrate specificity

For an initial examination of the substrate selectivity of 
the transporter from E. granulosus (which we refer to as 
serotonin transporter, or EgSERT), COS-7 cells were trans-
fected with plasmids containing the following DNAs: human 
dopamine transporter (HsDAT), human serotonin transporter 
(HsSERT), human glycine transporters (subtypes HsGlyT1 
and HsGlyT2), human glutamate transporters (subtypes 
EAAT1, EAAT2, and EAAT3), and human GABA trans-
porters (HsGAT-1 and HsGAT-3), as well as empty vec-
tor pcDNA3.1( +)-N-eGFP for obtaining the background. 
EgSERT was also transfected side by side along with each 
transporter for comparison. Forty-eight h later, cells were 
washed with PBS with 1 mM CaCl2 and 0.1 M MgCl2 
(PBS-CM, for glycine, glutamate, and GABA transporter 
assays) or PBS-CM with the addition of 5 mM RO 41–0960 
(a catechol-O-methyl transferase inhibitor) and 100 mM 
ascorbic acid (PBS-CM-RA), for preventing dopamine and 
serotonin degradation, in their respective transporter assays. 
Uptake assays were initiated by the addition of the appro-
priate radiolabeled substrate (dopamine, serotonin, glycine, 
glutamate, or GABA) at 50 nM (final concentration), diluted 
in PBS-CM or PBS-CM-RA buffers as appropriate. After 
10 min incubation at room temperature, uptake was ter-
minated by removal of solution, followed by two washes 
with buffer and lysis with 1% SDS/0.1 M NaOH. Cells were 
placed on a rocker for 20 min then transferred to scintillation 

1333Parasitology Research (2022) 121:1329–1343

https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/


1 3

vials containing 3 mL of scintillation fluid. Radioactivity 
was quantified in a scintillation counter Tri-Carb 2800 TB 
(PerkinElmer, Boston, MA, USA).

Saturation analyses of serotonin uptake

Cells transfected with either HsSERT, EgSERT, or empty 
vector pcDNA3.1( +)-N-eGFP (for the background) 
were washed with PBS-CM-RA, and uptake reactions 
were initiated by the addition of varying concentrations 
(15 nM–10 µM), in triplicate, of a mixture of non-radiola-
beled and radiolabeled serotonin (97.5:2.5%). After 10 min, 
uptake reactions were terminated, and radioactivity was 
counted as above.

Dose–response assays

Inhibitors were screened for activity against HsSERT and 
EgSERT. COS-7 cells transfected with HsSERT or EgSERT 
(or empty vector for obtaining the background) were washed 
with PBS-CM-RA and incubated for 10 min at room tem-
perature with various concentrations of the fluoxetine, cit-
alopram, desipramine, paroxetine, amphetamine, or cocaine 
(0.1–200 µM). Uptake reactions were initiated by the addi-
tion of 50-nM radiolabeled serotonin. After 10 min, uptake 
was terminated, and radioactivity was counted as above.

Data and statistical analysis

For the assays in this study, the nonspecific transport (back-
ground) obtained from cells transfected with empty vec-
tor was subtracted from the total. The signal-to-noise ratio 
observed across the assays was between 1 and 3%. Previous 
characterization of HsSERT and current characterization 
of EgSERT have demonstrated that the uptake rate meas-
ured under these conditions was linear for the time period 
(10 min) of the assay (not shown). All data analysis was per-
formed using GraphPad Prism version 8.4.3 for Windows.

Initial substrate selectivity

Statistical significance was assessed using t-test comparing 
empty vector–transfected cells with transporter-transfected 
cells. Values were significantly different when p < 0.05.

Calculations of the kinetic parameters of transport

Nonspecific uptake (from COS-7 cells transfected with 
empty vector pcDNA3.1( +)-N-eGFP) was subtracted, and 
the data were analyzed assuming Michaelis–Menten kinet-
ics. Values of the maximum efficiency of transport by the 
transporters (Vmax) and the affinity for the substrate (Km) 
were determined from at least three independent assays. 

Statistical analysis on the values of Vmax and Km, obtained 
in each experiment, was performed using Student’s t-test 
for paired data. Values were significantly different when 
p < 0.05.

Calculations of IC50

Dose–response curves were generated considering IC50 
as the concentration of compound resulting in 50% of 
the maximum observed inhibition. Data were fitted to a 
dose–response curve by nonlinear regression analysis and 
normalized to the percentage of control (vehicle) for better 
visualization and comparison among compounds. IC50 val-
ues are given as means ± SEM of four independent assays 
for the effects of each inhibitor on each of the transporters.

Results

Bioinformatic analysis

In a previous work (Camicia et al. 2013), we have identified 
a gene called EgrG_000391300 from the GeneDB database 
(https://​www.​genedb.​org/#/​speci​es/​Egran​ulosus) by recipro-
cal BLAST searches. The sequence finally obtained by clon-
ing and sequencing is identical to that found in the database 
(GenBank accession number XP_024350969.1, (Zheng et al. 
2013)). The gene has fourteen exons and thirteen introns 
according to the information retrieved from the WormBase 
ParaSite database (Home 2020).

The nucleotide sequence has 2001 base pairs and encodes 
a 666 amino acids long protein with an amino acid iden-
tity of 48.94% with HsSERT (UniProt code, P31645.1), its 
human orthologue (Coleman et al. 2016). The bioinformat-
ics analyses suggest twelve transmembrane segments with 
intracellular amino terminal and carboxyterminal ends (Sup-
plementary Fig. S1), which are characteristic of eukaryotic 
members of the neurotransmitter:sodium symporter family 
(NSS). The theoretical isoelectric point (pI) was of 7.99, 
and the predicted molecular weight was of 74.9 kDa. The 
amino acid sequence obtained here seems to be almost 
identical to its orthologue from E. multilocularis (Herz and 
Brehm 2021), but some residue substitutions were observed 
between both sequences. The E. granulosus sequence is 
26 amino acids longer at the amino terminal end than the 
E. multilocularis version. The best orthologue from E. 
canadensis is the gene EcG7_01618 with 98.6% of identity 
with the E. granulosus version characterized here. BLAST 
searches have identified other hypothetical orthologues 
of EgSERT in other cestode species like H. microstoma, 
M. vogae, and T. solium, and these sequences were named 
HmSERT, MvSERT, and TsSERT, respectively.
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The multiple sequence alignment of the sequence 
obtained here with other neurotransmitter transporters from 
invertebrate and human species shows similarities at key res-
idues with serotonin transporters but also in some instances 
with dopamine or noradrenaline transporters (Supplemen-
tary Fig. S1).

We next performed phylogenetic studies to analyze the 
identity of the sequence obtained. We studied the phyloge-
netic position of the EgSERT in a phylogenetic tree com-
posed with different members of the neurotransmitter:sodium 
symporter (NSS) family (TC N° 2.A.22) or the SLC6 family. 
The phylogenetic tree shows that serotonin transporters form 
a group of transporters made of vertebrate and invertebrate 
subgroups that are well separated from dopamine or norepi-
nephrine transporters (Fig. 1). Figure 1 clearly shows that 
the sequence analyzed here from E. granulosus (EgSERT) 
grouped inside the invertebrate group of serotonin transport-
ers, with the serotonin transporter from the platyhelminth 
species M. vogae, T. solium, H. microstoma, and S. mansoni 

Fig. 1   Phylogenetic tree of bacterial, invertebrate, and vertebrate 
members of the neurotransmitter:sodium symporter (NSS) family 
of transporters. Protein sequences were aligned with ClustalW, and 
a rooted neighbor-joining best tree was constructed from the mul-
tisequence alignment. Included in the alignment are the serotonin 
transporter from E. granulosus (EgSERT, labeled in red) character-
ized here and representative examples of the major classes of the 
neurotransmitter:sodium symporter (NSS) family of transporters in 
vertebrate (labeled with the prefix v in the groupings at the right) and 
invertebrate representatives (labeled with the prefix i in the group-
ings at the right), including the cation-amino acid transporter/channel 
from M. sexta (MsCAATCH1); the invertebrate neutral amino acid 
transporter from M. sexta (MsKAAT1); the sodium-dependent nutri-
ent amino acid transporter 1 from D. melanogaster (DmNAAT1); 
the cation-dependent nutrient amino acid transporter from A. aegypti 
(AeAAT1); the sodium-dependent acetylcholine transporter from 
C. elegans (CeAchT); the sodium- and chloride-dependent betaine/
GABA transporters from M. musculus, R. norvegicus, and H. sapi-
ens (MmBGT, RnBGT, and HsBGT1); the sodium- and chloride-
dependent glycine transporters 1 and 2 from H. sapiens (HsGlyT1 
and HsGlyT2); the sodium- and chloride-dependent creatine trans-
porters from M. musculus, H. sapiens, and R. norvegicus (MmCRT, 
HsCRT, and RnCRT); the sodium- and chloride-dependent GABA 
transporter 1 from the vertebrate species R. norvegicus and H. sapi-
ens (RnGAT1 and HsGAT1); the sodium- and chloride-dependent 
GAT transporters from the invertebrate species C. elegans and M. 
sexta (CeGAT1 and MsGAT); the sodium- and chloride-dependent 
GABA transporter 2 from the vertebrate species M. musculus, R. 
norvegicus, and H. sapiens (MmGAT2, RnGAT2, and HsGAT2); the 
sodium- and chloride-dependent GABA transporter 3 from the verte-
brate species M. musculus, R. norvegicus, and H. sapiens (MmGAT3, 
RnGAT3, and HsGAT3); the high-affinity octopamine transporters 
from T. ni and P. rapae (TnOAT and PrOAT); the sodium-dependent 
dopamine transporters from C. elegans, S. mansoni, D. melanogaster, 
B. mori, E. noyesi, D. rerio, H. sapiens, and R. norvegicus (CeDAT, 
SmDAT, DmDAT, BmDAT, EnDAT, DrDAT); the sodium- and 
chloride-dependent taurine transporters from M. musculus, R. nor-
vegicus, H. sapiens, M. galloprovincialis, Crassostrea gigas, and 
F. hepatica (MmTauT, RnTauT, HsTauT, MgTauT, CgTauT, and 
FhTauT); the sodium- and chloride-dependent serotonin transport-
ers from H. sapiens, M. musculus, O. beta, D. melanogaster, S. man-
soni, M. sexta, C. elegans, H. microstoma, M. vogae, and T. solium 
(HsSERT, MmSERT, ObSERT, DmSERT, SmSERT, MsSERT, 
CeSERT, HmSERT, MvSERT, and TsSERT, labeled in blue); and the 
sodium-dependent noradrenaline transporters from L. catesbeianus, 
H. sapiens, and R. norvegicus (LcNAT, HsNET, RnNET). Prokary-
otic representatives of the family were also included (labeled with 
the prefix b in the groupings at the right), including the TnaT trans-
porter from S. thermophilum (StTnaT), the leucine transporter from 
A. aeolicus (AeLeuT), and the tyrosine transporter from F. nuclea-
tum (FnTyt1). Serotonin transporters are shown in blue. Sequences 
were all obtained from the general database  available at the National 
Center for Biotechnology Information (NCBI) site, the UniProt data-
base (https://​www.​unipr​ot.​org/​prote​omes/), and the WormBase Para-
site (). The numbers in red at branch points are bootstrap values. The 
length of the branches is proportional to the genetic distance between 
sequences (see scale bar)

▸
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(Fontana et al. 2009) being the closest orthologues. More 
distant invertebrate orthologues of SERT are the serotonin 
transporter from the insect species M. sexta and D. mela-
nogaster and the transporter from the model nematode, C. 
elegans. The vertebrate sequences seem to form a separate 
subgroup of serotonin transporters (Fig. 1).

Homology modeling of EgSERT

Homology modeling was performed to determine impor-
tant structural features of EgSERT, and the X-ray structure 
of the human serotonin transporter complexed with (S)-
citalopram at the central site was used as a template for 
this task (PDB: 5I71). Ramachandran plots for this model 
showed that 93.75% of residues were in favored regions, 
while 99.75% of residues were in allowed regions, and only 
1.25% of residues were in outlier regions (Supplementary 
Fig. S2). In addition, an ERRAT value of 92.6829 and 
QMEN value closed to − 4.0 were calculated for the homol-
ogy structure model, indicating a good quality. RMSD value 
was 0.23, while TM-align value was 0.99372 suggesting the 
same fold for EgSERT with respect to HsSERT and a good 

superposition between these serotonin transporters (Supple-
mentary Table 1). Figure 2A shows the cestode (pink) and 
human (blue) receptors overlapped suggesting a high level 
of similarity at the structural level. The structural studies 
also suggest, as it was shown for the mammalian version 
of the transporter, the existence of a central binding and an 
allosteric site located halfway across the membrane (Fig. 2B 
and C). Regarding the central binding site, the models sug-
gest that residues phenylalanine at position 80 and aspartate 
at position 83 in the E. granulosus model could perform 
similar binding functions to tyrosine 95 and aspartate 98 in 
the mammalian version and could interact with the tertiary 
amine of the citalopram molecule (Fig. 2B). The serine 336 
in the mammalian receptor could perform a similar function 
to serine 340 in the invertebrate receptor which is also proxi-
mal to the tertiary amine of the citalopram (Fig. 2B). The 
functions performed by residues isoleucine in 172 and tyros-
ine 176 in the mammalian orthologue could be performed 
by threonine 157 and tyrosine 161, respectively, in the 
invertebrate receptor, which seems to be oriented towards 
the 4-fluorophenyl group of the drug (Fig. 2B). The posi-
tions and orientations of the residues phenylalanine 335 and 

Fig. 2   Architecture of the Echinococcus granulosus serotonin trans-
porter (EgSERT) compared to the human serotonin transporter 
(HsSERT). A Superposition of the crystallized HsSERT structure 
(PDB ID: 5I73; blue) and the EgSERT structure homology model 
(pink) viewed parallel to the membrane. Both structures are shown as 
cartoons. The (S)-citalopram molecules at the central and allosteric 
sites are shown as sticks in yellow and green, respectively. Sodium 
ions are shown as spheres in orange. B and C Interactions of (S)-
citalopram (yellow) at the central binding site of B HsSERT and C 

EgSERT. D and E Interactions of (S)-citalopram (green) at the allos-
teric site of D HsSERT and E EgSERT. In these last panels, a few 
atoms of (S)-citalopram at the central site (yellow) are visible below 
the (S)-citalopram molecule bound to the allosteric site (green). Resi-
dues in close proximity to (S)-citalopram molecules at the central and 
allosteric sites are shown as sticks. Note the substitutions of some 
residues involved in the interactions of (S)-citalopram at the central 
and allosteric sites in EgSERT (labeled in bold red) with respect to 
residues in HsSERT (labeled in bold black)
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phenylalanine 341 seem to be identical to the phenylalanine 
residues 339 and 345 in the cestode transporter. However, 
the threonine residue at position 497 and the valine residue 
at position 501 seem to be replaced by the residues alanine 
499 and isoleucine at positions 503 of the cestode sequence 
(Fig. 2B). The four later residues mentioned seem to interact 
with the center of the citalopram molecule (Fig. 2B). The 
ionic binding sites seem to be completely conserved (Sup-
plementary Fig. S3). The modeling studies have shown that 
the orientations and positions of the residues conforming 
the sodium binding sites 1 and 2 and the chloride binding 
site are absolutely conserved (Fig. 2C and Supplementary 
Fig. S3). Regarding the allosteric site, we observed a lower 
level of conservation of residues that could be involved in 
allosteric function (Fig. 2D and E). Of the seven residues 
previously described (Fig. 2D), only two were conserved 
(Fig. 2E). For example, arginine at position 104 and glu-
tamine 332 seem to be conserved at positions 89 and 336, 
respectively, in the cestode receptor. The rest of the residues, 
for example, aspartate at 328, alanine at 331, glutamate at 
494, phenylalanine at 556, and finally, proline 561, seems 
to be replaced by alanine at 332, serine at 335, threonine at 
496, glutamine 558, and arginine at 563, respectively, in the 
cestode receptor (Fig. 2E).

Transcriptomic analysis of EgSERT in several larval 
stages

We analyzed the transcript levels for EgSERT on each par-
asite stage based on the transcriptomic and genomic data 
from Zheng (Zheng et al. 2013). The graphical representa-
tion of the data (Fig. 3) shows the highest levels of mRNA 
for EgSERT at the protoscolex stage. The next stage is the 
cyst stage, which resulted in an intermediate level between 
protoscolex and adult stages. The latter stage has the lowest 
detectable levels of transcript for the transporter. Finally, 
the oncosphere stage has no detectable levels of transcript 
for EgSERT.

Pharmacological assays

We first investigated the substrate specificity of the E. 
granulosus transporter, by examining the transport of sev-
eral neurotransmitter substrates by their respective human 
transporters, side by side with the parasite transporter. For 
these assays, we performed dopamine uptake (mediated by 
HsDAT), serotonin uptake (mediated by HsSERT), glycine 
uptake (mediated by HsGlyT1 and HsGlyT2), glutamate 
uptake (mediated by EAAT1, EAAT2, and EAAT3), and 
GABA uptake (mediated by HsGAT-1 and HsGAT-3) in 
transfected COS-7 cells. Figure 4 suggests that EgSERT is 
a serotonin transporter (as indicated by significantly higher 
accumulation of radiolabeled serotonin compared with 

Fig. 3   Transcriptomic levels of EgSERT in several life cycle stages. 
Transcript levels of EgSERT transcript (from Zheng et  al. (2013)) 
measured in FPKM (fragments per kilobase of transcript per million 
mapped reads) in oncosphere, protoscolex, cyst, and adult stages from 
E. granulosus 

Fig. 4   Functional characterization: substrate specificity of EgSERT. 
COS-7 cells plated in 24-well plates were transfected with several 
transporters and pcDNA3.1( +)-N-eGFP (empty vector for obtaining 
background) and EgSERT and examined for their respective neuro-
transmitter transport. Graph is representative of at least four inde-
pendent experiments performed for each neurotransmitter uptake. 
Positive controls for other neurotransmitter transporters including 
glutamate, dopamine, glycine, and GABA transporters are shown in 
Supplementary Fig. S4
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background) (**p = 0.002, t-test, not shown) and that this 
transporter does not transport dopamine, glutamate, GABA, 
or glycine (as indicated by no difference in accumulation 
of respective radiolabeled compounds compared with back-
ground). Since we did not observe dopamine uptake medi-
ated by EgSERT, we can also eliminate the possibility that 
it transports noradrenaline, as dopamine is efficiently taken 
up by all known noradrenaline transporters (NETs (Buck 
and Amara 1994)). Positive controls for other neurotrans-
mitter transporters demonstrated significant accumulation of 
their respective substrates (Supplementary Fig. S4). Taken 
together, this confirms that this transporter takes up seroto-
nin. From this point, we designated this transporter EgSERT 
(for E. granulosus serotonin transporter).

Then, we proceeded to characterize the kinetic proper-
ties of this transporter, in comparison with the human sero-
tonin transporter (HsSERT). Figure 5 shows that the Vmax 
and Km values for HsSERT were 1800 ± 65 fmol/min/well 
and 1.5 ± 0.5 μM, respectively, whereas for EgSERT, we 
obtained Vmax and Km values of 615 ± 33 fmol/min/well 
and 2.2 ± 0.8 μM, respectively. These data indicate that 
Vmax of EgSERT is lower than that of the human SERT 
(***p < 0.001, t-test), meaning that the parasite transporter 

is not as efficient or not expressed at similar levels. However, 
the Km values are similar, suggesting no significant change 
for the apparent affinity for serotonin, when compared to the 
human orthologue.

We were then interested in evaluating how typical mono-
amine transport inhibitors behave in EgSERT-mediated 
serotonin uptake assays. Dose–response assays (Fig. 6) 
demonstrated that fluoxetine, a selective serotonin reuptake 
inhibitor (SSRI), displayed an IC50 for HsSERT of ~ 37 nM, 
with tenfold less affinity for EgSERT. Citalopram (also a 
SSRI) displayed an IC50 for HsSERT of ~ 4 nM, with 90-fold 
less affinity for EgSERT. Desipramine, a tricyclic antide-
pressant (TCA) selective norepinephrine reuptake inhibitor 
(SNRI), which is also a weak HsSERT inhibitor and has 
α1-blocking, antihistamine, and anticholinergic effects, 
had an IC50 for HsSERT of ~ 200 nM, with sevenfold lower 
affinity for EgSERT. Paroxetine, a SSRI with an IC50 for 
HsSERT of ~ 4 nM, showed 30-fold less affinity for EgSERT. 
Cocaine, a non-selective inhibitor of DAT, SERT, and NET, 
had an IC50 for HsSERT of ~ 1 µM, with ~ tenfold less affinity 
for EgSERT. Amphetamine, an inhibitor of DAT and NET 
and a weak inhibitor SERT, displayed an IC50 for HsSERT 
of ~ 47 µM and a threefold less affinity for EgSERT.

Whole mount in situ hybridization localization 
(WMISH) of the messenger for EgSERT 
in protoscoleces

We next studied the localization of the mRNA coding for the 
putative transporter EgSERT in protoscoleces of E. granu-
losus by WMISH (Fig. 7). The localization of E. granulo-
sus EgSERT-positive cells is coincident with the location 
of each ganglion observed during descriptions of the sero-
tonergic system in protoscoleces (Fig. 7B and D) (Cami-
cia et al. 2013; Koziol et al. 2013). The EgSERT-positive 
cells were positioned in regions that could correspond to 
the lateral ganglion, the posterior lateral ganglion, the lateral 
nerve cords, and the medial nerve cords (Fig. 7D). In this 
report, the rostellar ganglia and the ganglia from the anterior 
ring were not observed. We do not observe positive cells 
for EgSERT using a sense probe for the same region of the 
transporter, suggesting that the signal obtained is specific 
(Fig. 7F).

To explore further the potential role of this transporter in 
the nervous system, co-localization studies were performed 
using an antibody against the neuropeptide FMRFamide, 
a well-studied neurotransmitter. The co-localization stud-
ies using confocal scanning laser microscope show a com-
plementary pattern of staining in which the FMRFamide 
staining appears to represent axons of neuronal cells and 
the EgSERT-positive cells seem to be the somas of close 
neuronal cells (Fig. 7H and J). As in the previous images, no 

Fig. 5   Kinetic parameters of EgSERT, compared to HsSERT. This 
graph is representative of an average of four independent experi-
ments. Data were fitted to the Michaelis–Menten equation using 
nonlinear regression. The Vmax and Km values were determined 
to be 1800 ± 65 fmol/min/well and 1.5 ± 0.5  μM, respectively, for 
HsSERT, whereas for EgSERT, they were 615 ± 33 fmol/min/well 
and 2.2 ± 0.8  μM, respectively. Vmax of EgSERT is lower than that 
of HsSERT (***p < 0.001, t-test), and no statistical significance was 
found in Km values using t-test
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signal for EgSERT was observed for protoscoleces obtained 
with the sense probe (Fig. 7L).

Discussion

This work presents for the first time a comprehensive study 
of a neurotransmitter transporter performed in a cestode 
parasite. The multiple sequence alignment, phylogeny, mod-
eling, and functional studies presented here strongly sug-
gest that the transporter identified here is indeed a serotonin 
transporter which belongs to the neurotransmitter:sodium 
symporter (NSS) family (TC N° 2.A.22) (Saier et al. 2014). 
The phylogenetic analysis grouped this transporter with 
other serotonin transporters from invertebrates. The predic-
tion of additional orthologues for this transporter in other 
cestode species (i.e., EmSERT, HmSERT, MvSERT, and 
TsSERT), which are also grouped with EgSERT as inverte-
brate serotonin transporters in phylogenetic analyses, sug-
gests that the function played by this transporter could be 
highly conserved in cestodes, probably playing an essential 
function in the parasite physiology.

The comparative pharmacology data suggest that 
EgSERT has lower affinity for all inhibitors examined, with 
the biggest difference being in the activity of citalopram, 
with a 90-fold decrease in the potency of the compound 
towards inhibition of serotonin uptake. This difference is 
lower than the affinity difference of the S. mansoni ortho-
logue, SmSERT, compared with the affinity of HsSERT, 
that showed an eightfold decrease in affinity (Fontana et al. 
2009). Another important difference was paroxetine, with 
a 30-fold decrease in the affinity of EgSERT compared 
with HsSERT. This difference was one order of magnitude 
lower when SmSERT is compared to HsSERT that was 
4.5-fold lower (Fontana et al. 2009). The results obtained 
with citalopram and paroxetine suggest that EgSERT could 
have a higher degree of pharmacological divergence with 
the HsSERT than the SmSERT, compared with the mam-
malian transporter. This high difference in citalopram sen-
sitivity between HsSERT and EgSERT could be attributed 
to some differences observed between both transporters 
in the citalopram binding site. One remarkable difference 
observed between both sequences was the replacement of 
tyrosine by phenylalanine at position 95 (position 80 in 

Fig. 6   Dose–response curves of several typical inhibitors mediated 
by HsSERT and EgSERT. IC50 values are indicated in the tables for 
both transporters. Graphs are representative of at least four independ-

ent experiments performed for each compound. The data was fitted 
using nonlinear regression, and results are normalized to control lev-
els (vehicle, no inhibitor) in each group
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EgSERT). In a previous work by Andersen and coworkers 
(Andersen et al. 2010), it was found that the substitution of 
Y95F induces only a modest loss of potency (fourfold), but 
removal of the aromatic moiety has pronounced a nega-
tive effect on Ki suggesting that the aromatic moiety of 
Tyr-95, rather than the hydroxyl group, is important for 
citalopram inhibition. Another important difference was 
the replacement of the isoleucine in position 172 (position 
157 in EgSERT) by threonine. This residue was reported 
as particularly relevant in citalopram binding (Andersen 
et al. 2010). The same authors reported that replacement 

of isoleucine by methionine decreased Ki of citalopram by 
almost three orders of magnitude (Andersen et al. 2010). 
They hypothesized that the hydrophobic side chain of 
isoleucine 172 mediates a direct hydrophobic interaction 
between HsSERT and citalopram. This hypothesis could 
be extended to EgSERT to explain why the change of iso-
leucine by threonine in position 157 of EgSERT (which 
seems to perform a similar function to isoleucine 172 of 
HsSERT providing a more polar side chain) results in a 
lower affinity of citalopram to the cestode transporter com-
pared to the human orthologue.

Fig. 7   EgSERT transporter localization in worm tissues of Echino-
coccus granulosus by confocal scanning laser microscopy, immuno-
histochemistry, and in  situ hybridization techniques. A to F Locali-
zation of EgSERT by in  situ hybridization. A Phase contrast of the 
invaginated protoscolex shown in B. B Invaginated protoscolex 
stained with an antisense probe complementary to EgSERT (green). 
C Phase contrast of the evaginated protoscolex shown in D. D Evagi-
nated protoscolex stained with the same probe as in B (green). E 
Phase contrast of the evaginated protoscolex shown in F. F Evagi-
nated protoscolex stained with the sense probe for EgSERT (negative 
control). G to L Co-localization of the messenger coding for EgSERT 
and the FMRFamide neuropeptide protein by in  situ hybridization 
(in green) and immunohistochemistry (in red). G Phase contrast of 
the invaginated protoscolex shown in H. H Co-localization of the 
mRNA coding for EgSERT (green) and the FMRFamide protein (red) 

in the invaginated protoscolex. I Phase contrast of the evaginated 
protoscolex shown in J. J Co-localization of the mRNA coding for 
EgSERT (green) and the FMRFamide protein (red) in the evaginated 
protoscolex. K Phase contrast of the evaginated protoscolex shown in 
L. L Evaginated protoscolex stained with the sense probe for egsert 
(negative control) showing only the staining for the FMRFamide pro-
tein (red). Thin arrows show serotonergic ganglia and thick arrows 
show FMRFamide staining. For the phase contrast images, the tegu-
ment (te), body (bo), and scolex (sc) regions with sucker (su) and the 
rostellum (ro) were marked. For the fluorescent image in panel D, the 
lateral ganglia (lg), posterior lateral ganglia (plg), and lateral nerve 
cord–associated ganglia (lnc) were marked. For the fluorescent image 
in panel J, the cerebral ganglia (cg) and the lateral nerve cord (lnc) 
were marked. Scale bar 20 µM
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Paroxetine, the highest-affinity and one of the most selec-
tive SERT inhibitors known, displayed also an extremely 
reduced affinity by EgSERT compared with the human 
counterpart (Davis et al. 2016). The low affinity observed 
by this inhibitor could be attributed at least in part to the 
presence of the polar threonine (position 157 of EgSERT) 
in a critical position (homologous to 172 in HsSERT) that 
usually is reserved for non-polar and aliphatic side chain 
(Davis et al. 2016). The non-polar benzodioxol group could 
have some degree of repulsion with the polar hydroxyl group 
of threonine (Davis et al. 2016). Other important residues 
are threonine at position 497 (499 of EgSERT) and valine 
at position 501 (503 of EgSERT). The substitution of any 
of these residues was shown to affect paroxetine binding 
(Davis et al. 2016), specifically at the fluorophenyl region 
of the inhibitor. Regarding the allosteric site, we observed 
a low degree of conservation of most of residues involved 
in allosteric function, and we speculate if the cestode trans-
porter could or could not display allosteric behavior like the 
human orthologue does. The high degree of protein diver-
gence compared with the mammalian counterpart could also 
imply a pharmacological divergence, a topic which deserves 
further investigations.

In previous works of our group (Camicia et al. 2013), 
it was observed that citalopram at high concentrations 
(100 µM) has strong inhibitory effect in motility and devel-
opment of protoscoleces of E. granulosus (Camicia et al. 
2013; Herz and Brehm 2021). This observed effect in motil-
ity could be attributed to the inhibition of the EgSERT given 
that we can see an almost complete inhibition of serotonin 
transport at around 1 µM of citalopram (IC50 of 350 nM, 
Fig. 7). At 100 µM citalopram, the high 5-HT concentration 
in the synaptic cleft resulting from the complete EgSERT 
inhibition could lead to serotonin receptor overstimula-
tion. This could cause the inhibition in motility by recep-
tor desensitization or worm paralysis by neuromuscular 
overstimulation.

The citalopram effects on worm motility and development 
at high concentrations are also in line with studies performed 
with the trematode S. mansoni in which exogenously added 
citalopram (50 µM) had a detrimental effect on miracidial 
transformation rates (Taft et al. 2010).

Previous studies from Herz and Brehm (2021) have 
shown that exogenous serotonin induces metacestode 
vesicle formation and cell proliferation from primary 
cells of E. multilocularis metacestodes in a dose-depend-
ent manner. The same authors have shown that paroxetine 
(100  µM), a well-known serotonin reuptake inhibitor, 
caused significant metacestode vesicle damage and cell 
viability reduction of primary cell culture. It is intriguing 
to hypothesize that paroxetine could inhibit EmSERT at 
this concentration given that according to our results its 
closest orthologue, EgSERT, has an IC50 around 120 nM 

for paroxetine. These results strongly suggest that seroto-
nin transport is crucial for the integrity of E. multilocu-
laris metacestode vesicles and the viability of primary 
cells. Extrapolating these results to E. granulosus, we 
suggest that EgSERT inhibition could be directly valid 
for treatment of CE. In fact, we think that it could be of 
great interest to explore the effects of SSRIs studied here 
(and not only paroxetine) in the development of the meta-
cestode from Echinococcus spp. species. Moreover, we 
expect that the effects on development could be correlated 
with the effect of SSRIs on transporter inhibition: a more 
potent transporter inhibition will cause stronger effects on 
development. These latter experiments could unveil the 
role of serotonin as a morphogen and the role of EgSERT 
as a key player in their non-neuronal and developmental 
effects. Taken together, these studies suggest that clinically 
used SERT inhibitors including SSRIs and TCAs target 
the parasite EgSERT and could therefore have therapeutic 
relevance for treating human CE.

Transcriptomic analysis showed that this transporter pro-
tein is highly expressed in the protoscolex larval stage but 
also in other stages from this parasite. We notice some simi-
larities but also some differences between transcript levels 
of EgSERT and EmSERT. As it can be seen for EgSERT, 
the protoscolex is also the stage of E. multilocularis with 
higher expression of EmSERT (Herz and Brehm 2021). 
However, the metacestode stage has similar expression lev-
els of EmSERT compared with the adult stage of E. mul-
tilocularis. This is a clear difference with E. granulosus, 
in which we can see a comparatively higher expression of 
EgSERT in the metacestode stage over the adult stage. The 
reason for such differences is unknown. Transport function 
could be important during the early setting of the larvae in 
the intestine of the definitive host. We hypothesize that the 
protoscolex larval stage needs the host’s serotonin as a signal 
to move and navigate towards the Lieberkühn’s criptae to 
finally locate and firmly establish in the intestine of the final 
host. However, high levels of expression can also be seen in 
the metacestode and adult stages. The levels of transcript 
expression on these stages suggests that EgSERT could also 
be a target for CE and/or for definitive host treatment.

The localization of the messenger RNA coding for 
EgSERT suggests a major role of this transporter in the 
nervous system of the parasite. A similar pattern of staining 
was reported in Herz (Herz and Brehm 2021) working with 
E. multilocularis, in which discrete staining was observed 
in several of the major ganglia described in the serotoner-
gic system. In S. mansoni, immunolocalization studies per-
formed in the larval schistosomula stage showed a pattern 
of varicose immunoreactive fibers, forming what appeared 
to be concentric rings around the body of the parasite and 
located just below the surface (Patocka and Ribeiro 2013). 
In cestodes, it would be of interest to analyze the pattern of 
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EgSERT localization compared with serotonin localization 
in the protoscolex stage in whole mount studies.

One unresolved question is related to the fact that it is not 
known if the effects of serotonin on motility and develop-
ment are mediated directly by receptors located on the sur-
face of the worm or by internal receptors sensing serotonin 
transported from the surface by transporters located in the 
surface tegument (Patocka and Ribeiro 2013). The strong 
signals of EgSERT observed in internal ganglia suggest 
that EgERT is not superficial and its role is more related to 
neuronal function; however, more experiments like surface 
biotinylation, tegument proteomic analyses, or immunolo-
calization of non-permeabilized worms should be performed 
to answer this very interesting open question. Alternatively, 
the discovery and localization of new receptors from ces-
todes can provide another clue to answer this question.

Overall, the findings described here suggest that EgSERT 
transporter is a serotonin transporter with a major role in 
motor control and development and also an interesting 
potential target for drug therapy against CE.
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