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Abstract
Cys-loop receptors integrate a large family of pentameric ligand-gated ion channels that mediate fast ionotropic responses 
in vertebrates and invertebrates. Their vital role in converting neurotransmitter recognition into an electrical impulse makes 
these receptors essential for a great variety of physiological processes. In vertebrates, the Cys-loop receptor family includes 
the cation-selective channels, nicotinic acetylcholine and 5-hydroxytryptamine type 3 receptors, and the anion-selective 
channels, GABAA and glycine receptors, whereas in invertebrates, the repertoire is significantly larger. The free-living nema-
tode Caenorhabditis elegans has the largest known Cys-loop receptor family as well as unique receptors that are absent in 
vertebrates and constitute attractive targets for anthelmintic drugs. Given the large number and variety of Cys-loop receptor 
subunits and the multiple possible ways of subunit assembly, C. elegans offers a large diversity of receptors although only 
a limited number of them have been characterized to date. C. elegans has emerged as a powerful model for the study of 
the nervous system and human diseases as well as a model for antiparasitic drug discovery. This nematode has also shown 
promise in the pharmaceutical industry search for new therapeutic compounds. C. elegans is therefore a powerful model 
organism to explore the biology and pharmacology of Cys-loop receptors and their potential as targets for novel therapeutic 
interventions. In this review, we provide a comprehensive overview of what is known about the function of C. elegans Cys-
loop receptors from an electrophysiological perspective.

Keywords  Pentameric ligand-gated ion channels · Cys-loop receptor · Nematode · Caenorhabditis elegans · 
Electrophysiology · Patch-clamp

Introduction

Cys-loop receptors integrate a wide family of pentameric 
ligand-gated ion channels (pLGIC) that mediate fast iono-
tropic responses in vertebrates and invertebrates. Their vital 
role in converting chemical recognition into an electrical 
impulse makes these receptors essential for physiological 
processes, including movement, memory, cognition, and 
plasticity. In addition to their functions as neurotransmitter-
gated ion channels, Cys-loop receptors trigger and modulate 

different cell signalling pathways. They are present in the 
central and peripheric nervous systems, and in many types of 
non-neuronal cells, they are associated to a broad spectrum 
of disorders and are pharmacological targets for clinically 
relevant drugs (Lynagh and Pless 2014).

They were named as Cys-loop receptors because all subu-
nits contain a conserved pair of disulfide-bonded cysteines 
separated by 13 residues. The discovery of orthologs in 
prokaryotes, which lack the double cysteines, has extended 
the Cys-loop family to the superfamily of pLGIC. Subunits 
of pLGICs are encoded by a gene family, derived from an 
ancestral gene shared with the prokaryotes (Tasneem et al. 
2005). In mammals, the Cys-loop family consists of about 
45 genes. This family has significantly expanded in nema-
todes (Jones and Sattelle 2008; Dent 2010; Beech and Neveu 
2015). Different evolutionary and phylogenetic analyses for 
pLGIC and Cys-loop receptor families have been reported 
(Jones and Sattelle 2004, 2008; Tasneem et al. 2005; Morud 
et al. 2021; Jaiteh et al. 2016; Ortells 2016).
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In vertebrates, the Cys-loop receptor family includes 
the cation-selective channels, nicotinic acetylcholine 
(nAChR) and 5-hydroxytryptamine type 3 receptors 
(5-HT3), and the anion-selective channels, glycine and 
gamma-aminobutyric acid type A (GABAA) receptors. In 
invertebrates, the repertoire is larger since in addition to 
different cation-permeable nAChRs and anion-permeable 
GABA receptors there are glutamate-gated anion chan-
nels (Jones and Sattelle 2008). Moreover, the free-living 
nematode Caenorhabditis elegans and other nematodes 
contain Cys-loop receptors not identified in vertebrates, 
including anionic channels gated by acetylcholine (ACh) 
or biogenic amines, serotonin, tyramine, and dopamine, 
as well as cationic channels activated by betaine (Ring-
stad et al. 2009; Beech and Neveu 2015). The functional 
and pharmacological properties of most of these nematode 
receptors remain largely unknown.

Cys-loop receptor subunits can arrange to form homo-
meric or heteromeric receptors, leading to a broad variety 
of receptor subtypes with different functional and pharma-
cological properties, localization, and physiological roles. 
The identification of novel pentameric arrangements, the 
determination of their functional properties and stoichio-
metries, and the discovery of selective ligands are all sub-
jects of great interest.

Numerous physiological processes mediated by Cys-
loop receptors rely on the rapid conversion of neurotrans-
mitter binding into an electrical signal at the cell mem-
brane. In vertebrates, nAChRs are involved in muscle 
contraction and in autonomic and central nervous system 
functions, including memory, attention, and cognition; 
5-HT3 receptors regulate gut motility, secretion, emetic 
reflux, and visceral perception and play a modulatory 
role in synaptic signaling in brain; GABAA and glycine 
receptors constitute the primary inhibitory receptors in 
brain and spinal and brain cord, respectively (Changeux 
and Taly 2008; Gibbs and Chakrapani 2021; Lynagh and 
Pless 2014; Sigel and Steinmann 2012). In invertebrates, 
Cys-loop receptors also mediate key physiological pro-
cesses, including movement, feeding, olfaction, and learn-
ing. Because of this, they are relevant as major targets of 
insecticides and anthelmintics.

The widely studied model organism, C. elegans, pos-
sesses one of the greatest Cys-loop receptor families in a 
single organism as well as unique receptors only present 
in nematodes. The large number of subunits and the mul-
tiple possible ways of subunit assembly give rise to a large 
diversity of receptors. However, only a low proportion of 
these receptors has been identified and characterized. In 
this review, we provide a comprehensive overview of what 
is known about the molecular function of C. elegans Cys-
loop receptors from an electrophysiological perspective.

Cys‑loop receptors: general structure 
and activation

High-resolution 3D structures for several pLGICs have 
been solved (Hibbs and Gouaux 2011; Morales-Perez et al. 
2016; Gharpure et al. 2019; Noviello et al. 2021). All mod-
els show that the five subunits are arranged pseudo-sym-
metrically around a central axis forming a receptor with 
defined structural modules: (i) the N-terminal extracellular 
domain (ECD), which carries the orthosteric binding sites; 
(ii) the transmembrane domain (TMD), composed of four 
α-helices from each subunit (M1-M4), which forms the ion 
pore; and (iii) the large intracellular domain (ICD), whose 
structure has been partially resolved (Fig. 1a). Between the 
ECD and the TMD, there is a structural transition zone, 
named as coupling region, essential for the functional 
link between agonist binding and channel opening (Bou-
zat et al. 2004). The ICD, comprising the region between 
M3 and M4, is the most variable region among Cys-loop 
receptors and plays a critical role in conductance, modu-
lation, and interactions with intracellular proteins for 
anchoring and downstream signaling pathways (Bouzat 
and Sine 2018; Chrestia et al. 2023).

Receptors can be found in three main classes of confor-
mational states: closed, open, and desensitized (Fig. 1b). 
In the absence of agonists, the receptor is found mainly in 
a closed resting state. Neurotransmitters and orthosteric 
ligands bind to an ECD cavity at the interface of two adja-
cent subunits, resulting in the closure of a binding domain 
loop (loop C) around the agonist. This event triggers struc-
tural rearrangements at the ECD–TMD interface (coupling 
region) and ultimately the opening of the channel gate 
allowing ions, cations, or anions to flow through the chan-
nel (Hibbs and Gouaux 2011; Noviello et al. 2021). This 
chemoelectrical signaling mechanism underlies most rapid 
synaptic transmission in the nervous systems. Prolonged 
exposure to the agonist or high agonist concentrations 
leads to a desensitized state, which is a more stable non-
conducting state.

C. elegans and Cys‑loop receptors

C. elegans is a free-living, non-parasitic nematode that was 
introduced by Sydney Brenner to study biological processes 
(Brenner 1974). It has several advantages as a model organ-
ism, and it is a powerful tool for the pharmaceutical indus-
try: It is a small (about 1 mm) and transparent roundworm 
very easy to manipulate and grow in the laboratory; it has 
two sexual forms, self-fertilizing hermaphrodites and males, 
and it can produce hundreds of offspring; it has a short life 
cycle of ~ 3 days from egg to adult worm with four larval 
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stages (L1–L4) and a life span between 2 and 3 weeks, which 
facilitate the study of physiological and pathological pro-
cesses; it can adopt a dauer state that allows the worms to 
survive harsh environments and live for months, and also 
allows freezing the worms at – 80 °C; it is very suitable for 
high-throughput drug screening; and it can be used to dissect 
the in vivo action of drugs, even if they modulate several 
targets. Also, the worm has a simple nervous system, the 
wiring diagram and cell lineage of the entire organism have 
been determined, it has a well-annotated genome, it allows 
to pursue both forward and reverse genetics, and it is a valu-
able resource for genetics, genomics, and systems biology 
(Sulston and Horvitz 1977; Kaletta and Hengartner 2006; 
Corsi et al. 2015).

A great percentage of the worm genes have a human 
ortholog, and the majority of human disease genes and 
human pathways are present in C. elegans (Culetto and Sat-
telle 2000; Kaletta and Hengartner 2006; Shaye and Green-
wald 2011; Kim et al. 2018). Hence, C. elegans has many 
excellent advantages as an in vivo model for human diseases, 
such as neurodegenerative diseases (Alexander et al. 2014). 
In particular, human neurotransmission, receptors, and ion 
channels, including many Cys-loop receptors, are conserved 
in C. elegans. C. elegans is also widely used as a parasitic 
nematode model for anthelmintic drug discovery (Holden-
Dye and Walker 2014; Burns et al. 2015; Sepúlveda-Crespo 
et al. 2020; Choudhary et al. 2022). It is a very effective and 

cost-efficient nematode model that overcomes the disadvan-
tages of working with parasitic worms. It shares physiologi-
cal and pharmacological features with parasitic nematodes, 
and it similarly responds to anthelmintic drugs (Holden-Dye 
and Walker 2007; Beech and Neveu 2015). Nematode Cys-
loop receptors constitute important targets for antiparasitic 
drugs.

C. elegans possesses the largest known Cys-loop receptor 
family, with more than 102 LGIC subunit-encoding genes, 
that include 61 genes for nAChR subunits, 7 genes for 
GABAA subunits, 8 genes for aminergic receptor subunits, 6 
genes for glutamate-activated chloride channel subunits, 12 
genes for anionic nAChR subunits, and 8 genes comprising 
a diverse subgroup (Jones and Sattelle 2008; Hobert 2013; 
Hardege et al. 2023).

Functional characterization has been performed on just 
over 50% of the genes within the Cys-loop pLGIC super-
family of C. elegans (Lees et al. 2012; Hardege et al. 2023). 
Thus, C. elegans offers a considerable diversity of receptors, 
many of which remain uncharacterized. The identification 
of Cys-loop receptors in C. elegans has been achieved by 
genetic techniques or by the prediction of subunit genes in 
genome data. Confirmation of the composition and proper-
ties of specific receptors has been facilitated by expression 
of subunits, ex vivo, mainly in Xenopus laevis oocytes or in 
mammalian cells (Lewis et al. 1980; Touroutine et al. 2005; 
Boulin et al. 2008; Degani-Katzav et al. 2016; Castro et al. 
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Fig. 1   Cys-loop receptors: structure and activation. a Structural fea-
ture of a Cys-loop receptor. The model corresponds to the structure 
of the homopentameric GluClα from C. elegans (Protein Data Bank 
(PDB) 3RIF) in complex with the agonist glutamate and the allosteric 
agonist and modulator ivermectin (IVM) (Hibbs and Gouaux 2011). 
ECD, TMD, and ICD correspond to extracellular, transmembrane, 
and intracellular domains. Glu binds at interfaces between subunits 

in the ECD and IVM binds in the upper part of the TMD. For opti-
mization of the receptor construct for crystallization, part of the ICD 
(Lys345-Lys402) was replaced with an Ala-Gly-Thr tripeptide. b 
Minimal model of Cys-loop activation mechanism. Cys-loop recep-
tors can be found in three classes of conformational states: Closed 
(C), open (O), and desensitized (D)
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2020). There are limitations to the information obtained 
from heterologous systems since the expression may not 
include the native combination of subunits or the total acces-
sory proteins required for assembly and formation of the 
mature receptors. Thus, electrophysiological studies from 
C. elegans preparations are relevant to decipher the channel 
properties of native receptors.

Patch-clamp recordings have been carried out on differ-
ent worm preparations. One of these preparations consists 
of a dissection technique of adult worms that expose ven-
tral muscles for electrophysiological recordings (Richmond 
and Jorgensen 1999). Another preparation consists of pri-
mary cultures of neurons and muscle cells (Christensen 
et al. 2002; Yuan et al. 2003; Rayes et al. 2007; Hernando 
and Bouzat 2014; Turani et al. 2018). In this preparation, 
embryonic cells, which are obtained from eggs, differenti-
ate in vitro to neurons and muscle cells corresponding to 
the larva 1 developmental stage (Christensen et al. 2002). 
This culture represents an invaluable system for exploring 
molecular function and pharmacology of native receptors 
(Fig. 2) (Christensen et al. 2002; Yuan et al. 2003; Rayes 
et al. 2007; Hernando and Bouzat 2014; Turani et al. 2018). 
Cultures of cells corresponding to other larval stages have 
also been implemented for single-channel recordings (Zhang 
et al. 2011; Turani et al. 2018). Comparison of the proper-
ties of activation and drug modulation of a specific recep-
tor between preparations from wild-type and mutant strains 
lacking a specific subunit has helped to decipher the recep-
tor composition and the contribution of each subunit to its 
pharmacology and function (Richmond and Jorgensen 1999; 
Rayes et al. 2007; Hernando et al. 2012).

Nicotinic acetylcholine receptors (nAChRs)

C. elegans has an extensive and diverse nAChR subunit 
family, composed of at least 29 protein subunits, which 
represents the most substantial number of nAChR subunits 
reported for any organism (Jones and Sattelle 2004; Brown 
et al. 2006; Rand 2007; Treinin and Jin 2021). Why such a 
simple organism requires so many nAChR subunits remains 
intriguing.

The nAChR subunit main groups are designated based on 
the initial characterized subunit within each group. These 
include the DEG-3 group (comprising 8 members and 
linked to the degeneration of specific neurons), ACR-16 
group (with 11 members and related to acetylcholine recep-
tor function), UNC-29 group (with 3 members and associ-
ated with uncoordinated worm phenotype), UNC-38 group 
(comprising 4 members), and ACR-8 group (with 3 mem-
bers) (Mongan et al. 1998; Jones et al. 2007; Hansen et al. 
2022). nAChR subunits are classified as α-type, which con-
tain a disulfide bridge involved in the binding of agonists, 
and non-α, which lack this motif. Receptors can be either 
heteromeric, composed of α and non-α subunits, or homo-
meric, composed of five identical α-type subunits. nAChRs 
are present in body wall and pharyngeal muscle and motor 
and sensory neurons and are involved in locomotion, feed-
ing, and a variety of worm behaviors (Treinin and Jin 2021). 
Despite their key roles, the way that the different subunits 
co-assemble into pentameric arrangements and the biophysi-
cal properties of the majority of C. elegans nAChRs remains 
largely unknown. Only a few nAChRs have been character-
ized, particularly those involved in locomotion.

Cell-attached

Gravid hermaphrodite 
        adult worms

Eggs

Embryonic cells

Whole-cell

After 24 hs 
 in culture

UNC-49
N-A

ChR
L-A

ChR

MOD-1

ACR-23
GluC

lR

L1 muscle cell

5 pA 5 ms

1 s20 pA

L-AChR

L-AChR

Fig. 2   Scheme for electrophysiological recordings from L1 muscle 
cells. This in vitro culture technique allows to perform electrophysi-
ological recordings from L1 muscle or neuronal cells. Gravid herma-
frodyte adult worms are exposed to an alkaline hypochlorite solution 
and the released eggs are treated with chitinase. The embryonic cells 
are then isolated and cultured. Complete differentiation to the vari-
ous cell types that comprise the newly hatched L1 larva are observed 

within 24  h (Christensen et  al. 2002; Rayes et  al. 2007; Hernando 
et  al. 2012; 2014; Turani et  al. 2018).These cells can be used for 
single-channel and macroscopic current recordings within at least 
one week. The whole-cell and single-channel currents correspond 
to L-AChRs from L1 muscle cells activated by 500 µM and 100 µM 
ACh, respectively. Created with BioRender.com
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C. elegans muscle nAChRs

As in mammals, body wall muscle receives excitatory cho-
linergic innervation that activates nAChRs important for 
muscle contraction and movement. However, it also receives 
inhibitory, GABAergic, transmission through muscle 
GABAA receptors. A coordinated and fine balance between 
excitatory and inhibitory inputs onto body wall muscle ena-
bles the typical sinusoidal locomotion of C. elegans (Rich-
mond and Jorgensen 1999). Thus, sustained activation of 
muscle nAChRs produces spastic paralysis and sustained 
activation of GABAA receptors produces flaccid paralysis. 
By means of these two opposite mechanisms, several drugs 
exert their anthelmintic effects.

C. elegans has two distinct types of muscle nAChRs that 
play a crucial role in movement, and these have received 
the most comprehensive examination: the levamisole-sen-
sitive nAChR, L-AChR, and the nicotine-sensitive nAChR, 
N-AChR, which is levamisole-insensitive and nicotine-sensi-
tive (Fig. 3a and b) (Richmond and Jorgensen 1999; Culetto 
et al. 2004; Touroutine et al. 2005).

Levamisole‑sensitive nAChR (L‑AChR)

L-AChR is the main nAChR involved in worm locomo-
tion. Movement is profoundly impaired and uncoordinated 
in worms lacking L-AChRs. The presence of L-AChR in 
parasitic nematodes is particularly important since it is the 
target of anthelmintic drugs, such as levamisole, morantel, 
pyrantel, and bephenium, used to control human and animal 
worms’ infections. By acting as potent agonists of nema-
tode L-AChRs, without being rapidly degraded, these drugs 
produce body wall muscle hypercontraction, paralysis, and 
ultimately death of nematodes. These anthelmintic drugs 
are highly selective for nematode nAChRs and are very low-
efficacy agonists of vertebrate nAChRs (Martin et al. 1997; 
Rayes et al. 2004; Bartos et al. 2006; Turani et al. 2018).

The discovery of strains resistant to levamisole has allowed 
the identification of subunits that compose the L-AChR (Rich-
mond and Jorgensen 1999). The systematic analysis of C. ele-
gans levamisole-resistant mutant strains has shown that the 
α-type subunits, UNC-63, UNC-38, and LEV-8 subunits and 
the non-α type, UNC-29 and LEV-1, are main components of 
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Fig. 3   Subunit composition and function of Cys-loop receptors in 
muscle cells. a L-AChR is composed of five different subunit but the 
disposition in the pentameric arrangement remains unknown. Macro-
scopic currents elicited by ACh (pipette potential -70 mV) and single-
channel recordings elicited by ACh and the anthelmintic drugs levam-
isole and bephenium are shown (pipette potential, 100 mV). Channels 
are shown as upward deflections. Recordings were obtained from L1 
muscle cells (Hernando et al. 2012). b N-AChR is a homopentameric 
receptor composed by ACR-16 subunits. Macroscopic currents elic-
ited by ACh (pipette potential -70 mV) from L1 muscle cells obtained 
from a strain lacking the L-AChR receptor (unc29(e1072) revealed 
very small currents corresponding to N-AChR receptors (Hernando 
et  al. 2012). c UNC-49 constitutes a GABAA-type receptor that is 

composed by UNC-B and UNC-49 C subunits. The stoichiometry 
remains unknown. Typical macroscopic currents elicited by GABA 
(pipette potential -70 mV) and single-channel recordings elicited by 
GABA, muscimol, and piperazine (PZE) (pipette potential 100 mV) 
obtained from L1 muscle cells are shown (Hernando and Bouzat 
2014). d GluCl is a glutamate-gated chloride channel that is the main 
target of ivermectin. There are different GluCl subunits. Heteromeric 
GluClα1/β are expressed in mammalian cells, and typical currents 
elicited by glutamate are shown (pipette potential -60  mV) (Cas-
tro et  al. 2020). e MOD-1 is a serotonin-activated chloride channel. 
It forms homomeric receptors in heterologous expression systems. 
Typical macroscopic responses to 5-HT are shown (pipette potential 
-50 mV) (Rodriguez Araujo et al. 2022)
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the adult L-AChR (Table 1) (Fleming et al. 1997; Culetto et al. 
2004; Towers et al. 2005; Almedom et al. 2009). Boulin et al. 
(2008) reconstituted functional L-AChRs in X. laevis oocytes 
by co-expressing the five different L-AChR subunits together 
with three ancillary proteins. Macroscopic currents elicited by 
ACh of the reconstituted L-AChR receptor revealed that it is 
a cationic channel with high calcium permeability and that it 
shows very slow desensitization since currents do not decay 
during the ACh pulse (Boulin et al. 2008). Levamisole shows 
higher potency but reduced efficacy with respect to ACh, and 
nicotine does not activate the receptor but instead acts as an 
allosteric inhibitor (Table 1).

Single-channel recordings from C. elegans muscle cells 
corresponding to the L1 stage has provided detailed molecu-
lar information about the functional properties of the native 
single L-AChR channel. Single channels activated by ACh 
are readily detected in cell-attached patches from L1 muscle 
cells. Channel activity appears mainly as isolated brief open-
ings of about 0.2–0.5 ms or in short bursts formed by two or 
three successive opening events (Fig. 3a). Channel events 
show a single conductance of about 30–35 pS (Rayes et al. 
2007; Hernando et al. 2012). In contrast to vertebrate mus-
cle nAChRs (Bouzat and Sine 2018), clusters corresponding 
to activation episodes of a single receptor are not detected 
at a broad ACh concentration range. In vertebrate muscle 
nAChRs, clusters include openings and closings of a single 
receptor and are separated by long closed periods in which 
the receptor is in the desensitized state (Bouzat and Mukhta-
simova 2018). Thus, the lack of these prolonged closed peri-
ods is in accordance with the slow desensitization observed 
from macroscopic currents of L-AChRs. Single-channel 
currents in L1 muscle cells are also elicited by levamisole, 
pyrantel, morantel, and bephenium at the submicromolar 
range (Fig. 3a), thus confirming the actions of these anthel-
mintic drugs as potent agonists of L-AChRs (Rayes et al. 
2007; Hernando et al. 2012; Turani et al. 2018).

Single-channel recordings from C. elegans L1 muscle 
cells derived from mutant strains lacking different nAChR 
subunits have allowed the identification of the native 
L-AChR subunit composition and the contribution of each 
subunit to channel function. No channel activity is detected 
in muscle cells derived from null mutants lacking the α-type 
subunits, UNC-38 and UNC-63, and the non-α type subunit, 
UNC-29. Thus, all three subunits are essential and assemble 
together in the pentameric arrangement. All these mutant 
worms show important uncoordinated behavior and levam-
isole-resistance. Recordings from a mutant strain carrying a 
mutation in the M4 segment of LEV-1 show a main popula-
tion of lower amplitude channels and different activation pat-
tern with respect to the wild-type (about 26 pS) (Rayes et al. 
2007). The analysis revealed that LEV-1, a non-α subunit, is 
present in the native receptor; however, it can be replaced by 
other not yet identified subunit, leading to L-AChR channels 

with lower conductance and lower levamisole sensitivity 
than the wild-type L-AChR. Single-channel currents from 
a null mutant lacking LEV-8, an α-type subunit, show a dif-
ferent activation pattern compared to the wild-type. Channel 
activity of L-AChR lacking LEV-8 decreases significantly 
with time, indicating that this subunit plays an important role 
as a determinant of desensitization. Moreover, macroscopic 
current recordings show increased rate and extent of desen-
sitization of the L-AChR lacking LEV-8. The recordings 
reveal that LEV-8 is not essential for functional receptors, 
but it is preferentially incorporated in the native L-AChR. 
In its absence, it can be replaced by another subunit. Thus, 
single-channel recordings indicate that L1 muscle expresses 
a main L-AChR type composed of five different subunits: 
UNC-38, UNC-63, UNC-29, LEV-1, and LEV-8. The dis-
position of these five subunits in a pentameric arrangement 
is still not known (Hernando et al. 2012).

L-AChR channel activity is also elicited by the anthel-
mintic bephenium (Turani et al. 2018) (Fig. 3a). The record-
ings from L1 muscle cells show that this anthelmintic drug 
is less potent than levamisole and ACh and that it also acts 
as an open-channel blocker at higher concentrations. Bephe-
nium also activates mammalian muscle nAChRs, producing 
opening events that are briefer than those activated by ACh 
and that do not appear in activation episodes at a range of 
concentrations as shown for full agonists. The results indi-
cate that bephenium is a very weak agonist of mammalian 
nAChRs as shown for other anthelmintics such as pyrantel 
and levamisole (Turani et al. 2018).

Single-channel currents elicited by levamisole have been 
also recorded from adult muscle preparations using a mutant 
worm strain that inhibits L-AChR aggregation at the neu-
romuscular junction (Qian et al. 2008). Channel activity of 
adult L-AChRs is similar to that described in L1 muscle 
cells. The lack of the LEV-8 subunit produces prolonged 
dwell times in the closed state without altering channel con-
ductance and open durations, as described for L1 muscle 
cells. The lack of LEV-1 is accompanied by a reduction in 
the single-channel conductance and in the number of active 
channels (Qian et al. 2008). Thus, the biophysical proper-
ties of the L-AChR and the subunit contributions to channel 
function are similar at L1 and adult stages.

Anthelmintic treatment is crucial to control nematode 
infections affecting human, animal, and plant health. Since 
control is threatened by the emergence of drug resistant 
nematodes, there is a need to develop novel compounds. 
In this context, C. elegans represents a valuable organism 
for identifying pharmacological targets and compounds 
with anthelmintic activity. Plants provide a variety of phy-
tochemicals, some of which show potential anthelmintic 
activity. Among these compounds, the plant terpenoids 
thymol, carvacrol, and eugenol induce rapid paralysis of 
worms. An in vivo screening of C. elegans strains carrying 
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mutations in different receptors involved in worm locomo-
tion revealed that two Cys-loop receptors—L-AChR and 
GABAA (UNC-49) receptor—are involved in the paralyz-
ing effects of these terpenoids (Hernando et al. 2019). Ter-
penoids decrease macroscopic responses of L-AChRs and, 
at the single-channel level, reduce the frequency of opening 
events without affecting channel properties, thus stabilizing 
the receptor in a closed conformation. The observations are 
compatible with their actions as negative allosteric modula-
tors (Hernando et al. 2019). Thus, terpenoids exert anthel-
mintic effects through the L-AChR by acting at a different 
site and by a different mechanism to the classical anthelmin-
tic levamisole, which acts as an orthosteric agonist. Given 
the ever-increasing resistance of parasites to classical anthel-
mintic drugs, the use of terpenoids as a potential alternative 
or complementary anthelmintic strategy is worth exploring. 
This strategy could offer significant benefits in combating 
parasitic infections, particularly by reducing the infection 
burdens of soil-transmitted helminths.

C. elegans is used as a model of human diseases. Muta-
tions in human muscle nAChR lead to congenital myasthenic 
syndromes (CMSs), due to reduced expression or kinetic 
changes. CMSs originated from changes in kinetics are 
classified in slow-channel CMSs, which show prolonged 
ACh-mediated postsynaptic responses and enhanced open 
probability of the muscle nAChR channel, and fast-channel 
CMSs, which show decreased responses and impaired open-
ing and reduced open durations of muscle nAChRs (Engel 
et al. 2015). Interestingly, a C. elegans mutant strain car-
rying the UNC63-C151Y mutation that disrupts the Cys-
loop motif of the essential UNC-63 subunit of L-AChRs 
has deficient muscle function reflected by impaired swim-
ming. Single-channel recordings from L1 muscle cells from 
the mutant strain show a 100-fold reduced frequency of 
opening events and briefer channel openings of L-AChRs 
compared to wild-type worms. The changes in L-AChR 
kinetics recapitulate the kinetic changes found in patients 
with fast-channel congenital myasthenic syndromes (Jones 
et al. 2011). Thus, one the one hand, functional roles of key 
motifs, such as the Cys-loop, are conserved between human 
and C. elegans nAChRs, and on the other, C. elegans carry-
ing mutations in nAChRs may offer a useful model to assist 
in the development of therapies for syndromes produced by 
altered function of human nAChRs.

Table 1 summarizes information on the expression and 
pharmacology of L-AChR and includes the comparison with 
human nAChRs.

Nicotine‑sensitive AChR (N‑AChR)

The N-AChR is a homomeric receptor composed of five 
ACR-16 subunits that expresses in body wall muscle of C. 
elegans and some parasitic nematode species (Raymond 

et al. 2000; Noonan and Beech 2022) (Fig. 3b, Table 1). 
Although loss-of-function mutation of ACR-16 greatly 
reduces ACh-dependent and evoked excitatory-muscle cur-
rents, the mutant animals do not show significant locomotion 
defects (Touroutine et al. 2005).

ACR-16 is the C. elegans nAChR with highest homology 
to the human α7 nAChR, a homomeric human receptor that 
is involved in cognition, attention, memory, and inflamma-
tion (Bouzat and Sine 2018) (Table 1). ACR-16 forms func-
tional homomeric receptors in X. laevis oocytes (Ballivet et al. 
1996; Raymond et al. 2000). As for human α7 nAChR, robust 
responses require the co-expression of RIC-3 ancillary protein 
to enhance expression in oocytes (Halevi 2002; Treinin and 
Jin 2021). Oocytes expressing either ACR-16 or α7 nAChR 
exhibit inward currents in response to ACh or nicotine. In both 
cases, nicotine is more potent than ACh, but whereas nicotine 
is a full agonist of α7, it is a partial agonist of ACR-16. Both 
receptors desensitize rapidly in the presence of ACh and nico-
tine (Bennett et al. 2012; Raymond et al. 2000). Although the 
pharmacology of ACR-16 is similar to that of α7 nAChR, its 
calcium permeability is lower (Ballivet et al. 1996; Bouzat and 
Sine 2018). Another pharmacological difference is that ACR-
16 is relatively insensitive to methyllycaconitine and the snake 
toxin α-bungarotoxin, which are both potent antagonists of α7 
nAChRs (Raymond et al. 2000; Bennett et al. 2012).

Whole-cell voltage-clamp recordings in adult C. elegans 
body wall muscle show significant inward currents evoked 
by pressure-applied nicotine (Almedom et al. 2009). In con-
trast, in L1 muscle cells, the contribution of N-AChR to the 
total ACh-elicited macroscopic current is insignificant; it 
mainly arises from the activation of L-AChRs. Macroscopic 
currents elicited by ACh from N-AChRs are detected in a 
very low percentage of cells and are significantly smaller 
than L-AChR currents (Fig. 3b). In addition to the reduced 
amplitude, N-AChR currents decay 40-fold faster and show 
insignificant steady-state currents, revealing more rapid and 
important desensitization than L-AChRs (Hernando et al. 
2012). At the single-channel level, no channel activity elic-
ited by nicotine has been detected from L1 muscle cells 
lacking L-AChRs (Rayes et al. 2007). The lack of detec-
tion of single N-AChR channels may be due to a very low 
channel conductance, very fast and stable desensitization, 
or very low expression at the L1 stage. Thus, the characteri-
zation of C. elegans single-ACR-16 channels is a pending 
issue.

Table 1 summarizes Information on the expression and 
pharmacology of N-AChR and includes the comparison with 
human nAChRs.

ACR‑23

C. elegans ACR-23 (acetylcholine receptor) is a nAChR 
cationic channel that expresses in body wall muscles and 
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in mechanosensory neurons and maintains basal levels of 
locomotion. ACR-23 may have an extra-synaptic location in 
C. elegans body wall muscles; therefore, its function could 
be to increase muscle excitability by slightly depolarizing 
the cells (Treinin and Jin 2021).

In heterologous expression in oocytes, ACR-23 functions 
as a homomeric non-selective cationic channel (Table 1). 
The interesting aspect of this receptor is that it is activated 
by betaine, which may be its endogenous neurotransmit-
ter (Peden et al. 2013). Betaine is an amino acid derivative 
found in diverse organisms, from bacteria to plants and ani-
mals, with well-established functions as a methyl donor and 
osmolyte in all cells. Betaine has been shown to be synthe-
sized in the nervous system of C. elegans, where it functions 
in the control of different behavioral states (Hardege et al. 
2022). The endogenous ligand and biological function of 
ACR-23 remain to be established. Whereas some reports 
indicate that betaine is the only ligand that elicits ACR-23 
currents (Peden et al. 2013), other studies postulate that 
choline, betaine, and the anthelmintic monepantel activate 
this receptor (Rufener et al. 2013). ACR-23 and its homo-
logues in parasites are targets for the antiparasitic monep-
antel, which induces nematode paralysis (Peden et al. 2013; 
Rufener et al. 2013).

Table 1 summarizes information on the expression and 
pharmacology of ACR-23.

Neuronal nAChRs

There is a surprisingly large number of neuronal nAChR 
subunits, but just a few nAChRs have been characterized. 
There is still very limited information on how the subunits 
assemble and on the biophysical properties of the resulting 
receptors (See Treinin and Jin (2021) for a recent review). 
The characterization of the activation and pharmacological 
properties of these receptors has been mainly achieved by 
expressing subunits in heterologous systems, which, in turn, 
may differ from native receptors.

ACR-20 belongs to the same subunit group of ACR-23. 
It forms homomeric receptors in X. laevis oocytes (Table 1). 
Currents are elicited by betaine and choline, being betaine 
more potent than choline. Monepantel acts as a superagonist 
when applied to oocytes expressing ACR-20 as it elicits 
larger currents than saturating concentrations of choline or 
betaine (Baur et al. 2015).

The ACR-2 is a non-α subunit, present in cholinergic 
motor neurons (Jospin et al. 2009). Reconstitution of a func-
tional ACh-activated ACR-2 containing channel in X. laevis 
requires expression of ACR-2, ACR-12, UNC-63, UNC-38, 
and ACR-3 subunits together with three auxiliary proteins 
(Jospin et al. 2009) (Table 1). The resulting receptor shows 
distinct pharmacology to that of the L-AChR although it 
shares two subunits.

DEG3/DES2 subunits form a neuronal nAChR expressed 
in sensory neurons (Table 1). The two subunits belong to the 
DEG-3 group that is nematode specific and includes also 
ACR-20 and ACR-23. In contrast to ACR-20 and ACR-23 
that form homomeric receptors (Baur et al. 2015), DEG-3 
cannot form a functional channel on its own (Treinin and 
Chalfie 1995). However, co-expression with DES-2 in 
oocytes, but not expression of each alone, leads to ACh-
activated currents (Treinin et al. 1998; Yassin et al. 2001). 
The macroscopic current analysis shows that this receptor is 
highly permeable to calcium, and it is activated by betaine. 
ACh has relatively low affinity, and choline is more potent 
and efficacious than ACh (Yassin et al. 2001).

Table 1 summarizes information on the expression and 
pharmacology of the above mentioned nAChRs and includes 
the comparison with human nAChRs.

ACh‑gated chloride channels

The large diversity of nAChRs in C. elegans with respect 
to vertebrates, in which nAChRs are permeable only to 
cations, is revealed by the existence of chloride-permeable 
nAChRs. This type of receptors includes, in turn, a broad 
variety of subtypes. To date, two different groups have 
been identified: the ACC (for ACh-gated chloride channel), 
comprising 8 different subunits (ACC-1 to 4 and LGC-46 to 
LGC-49) and the new LGC-57 group comprising 4 subunits 
(LGC-57, LGC-58, LGC-40, and LGC-39) (Hardege et al. 
2023).

Thus, ACh in C. elegans contributes to both inhibitory and 
excitatory events in many neurons. ACC-1 and ACC-2 form 
homomeric channels when expressed in oocytes enabling 
detailed characterization. Both are activated by ACh in 
the micromolar range and chloride permeable. ACC-3 and 
ACC-4 do not form homomers, and co-expression studies 
provide support for interactions between these two subunits 
and ACC-1 or ACC-2 (Putrenko et al. 2005; Treinin and 
Jin 2021). Upon expression in oocytes, it was recently 
found that another subunit of the same group, LGC-49, 
forms a homomeric ACh-gated channel but does not show 
significant activation by choline (Hardege et al. 2023). The 
new identified ACh-gated chloride channel group, LGC-57, 
includes receptors with diverse ligand-binding properties. 
For LGC-40, LGC-57, and LGC-58, the primary ligand 
appears to be choline rather than ACh. LGC-39 is activated 
by both cholinergic and aminergic ligands and represents 
the first evidence of a truly polymodal channel (Hardege 
et al. 2023).

Overall, given the extensive family of nAChR subunits, 
the possibility of multiple subunit combinations, and the 
functional diversity of nAChRs, C. elegans provides an 
extremely rich system for understanding the cholinergic 
system and receptor function.
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GABA‑activated ion channels

GABA is an inhibitory neurotransmitter of vertebrate and 
invertebrate nervous systems. It is not the only inhibitory 
neurotransmitter in the Nematoda phylum since ACh-, 
monoamines-, and glutamate also activate chloride channels 
(Dent 2010; Hobert 2013; Putrenko et al. 2005).

The C. elegans genome contains at least seven predicted 
ionotropic GABA receptors (Hobert 2013). This rich reper-
toire of GABA receptors includes LGC receptors (ligand-
gated ion channel: LGC-35, LGC-36, LGC-37, and LGC-
38), EXP-1 (expulsion defective (defecation)), GAB-1 
(GABA receptor subunit), and UNC-49 (uncoordinated). 
The abundance of GABA subunits leads to the formation 
of a broad range of receptor subtypes that vary significantly 
in terms of their functionality and pharmacology (Sigel and 
Steinmann 2012).

The UNC-49 receptor is present at the neuromuscular 
junction of nematodes and is unique to the phylum. It medi-
ates the inhibition that leads to muscle relaxation allow-
ing, in coordination with the muscle contraction elicited by 
L-AChR, the typical sinusoidal movement. The C. elegans 
muscle GABA receptor is encoded by the unc-49 gene, 
which is translated into three subunits: UNC-49A, UNC-
49B, and UNC-49C. In adult C. elegans, the GABA receptor 
has been shown to be composed of UNC-49B and C subu-
nits (Bamber et al. 2005) (Fig. 3c) (Table 1). The UNC-49B 
subunit confers synaptic localization and allows channel 
activation, whereas UNC-49C is a non-essential modula-
tory subunit that co-assembles with UNC-49B. The unc-49 
null mutant exhibits the ‘‘shrinker’’ phenotype, owing to 
hypercontraction of the body wall muscles on both sides of 
the body. Worms become resistant to muscimol, which is a 
full agonist of vertebrate GABAA receptors. In wild-type 
worms, this drug relaxes all body wall muscles and causes 
lengthening of adult worms (Mclntire et al. 1993; Petzold 
et al. 2011).

Piperazine (PZE) is a GABA agonist of nematode 
GABAA receptors. It is an anthelmintic commercialized by 
nearly 70 years to treat Ascaris lumbricoides and Entero-
bius vermicularis infections in humans. Its mode of action 
has been studied in Ascaris suum and C. elegans, where its 
GABA-mimetic action causes a flaccid, reversible paralysis 
of body wall muscle of nematodes in the adult stage. C. 
elegans L1 stage is less sensitive to PZE than the adult stage 
because GABA receptors are not present in dorsal muscle 
and are only present in ventral muscle (Martin 1985; Her-
nando and Bouzat 2014). Muscimol is a full and potent 
agonist of C. elegans UNC-49 receptors, whereas it is less 
potent than GABA for A. suum and Haemonchus contortus 
receptors (Holden-Dye et al. 1989; Siddiqui et al. 2010). 
PZE has been shown to act as a low-efficacy agonist of 
GABA receptors of the parasitic nematodes A. suum (Martin 

1985) and H. contortus (Brown et al. 2012) and C. elegans 
(Hernando and Bouzat 2014).

In L1 muscle cells, macroscopic currents elicited by 
GABA show rapid onset as well as rapid and full decay 
under the sustained pulse of agonist, indicating full desen-
sitization (Hernando and Bouzat 2014). Single-channel cur-
rents of GABA receptors from L1 muscle cells show that 
GABA, muscimol, and PZE activate UNC-49 receptors 
(Fig. 3c). The proportion of patches that show detectable 
single-channel activity is very low at all agonist concen-
trations (< 15%). Single-channel openings exhibit brief 
open durations and amplitudes of about 2.5–3 pA (100 mV 
pipette potential). C. elegans UNC-49 channel activity was 
also reported in HEK cells transfected with UNC-49B and 
C cDNA subunits (Bamber et al. 1999). The estimated con-
ductance was 37 pS for UNC-49B homomers and about 
30 pS or UNC-49B/C heteromers. The comparison of the 
desensitization rate of macroscopic currents and the single-
channel conductance determined in L1 cells with results 
from heterologously expressed UNC-49 receptors (Bamber 
et al. 1999) suggests that in L1 muscle cells the receptors 
may be UNC49B/C heteromers.

Terpenoids produce a rapid paralysis of C. elegans act-
ing through L-AChR and UNC-49 GABA receptor at the 
neuromuscular junction. As described for L-AChRs, whole-
cell recordings from L1 cells demonstrate that terpenoids 
decrease macroscopic responses of UNC-49 receptors to 
GABA, acting as inhibitors (Hernando et al. 2019). Medicinal 
plants provide an alternative source of potential anthelmintic 
compounds, and UNC-49 becomes an attractive target to test 
new compounds and formulations. UNC-49 is distinct to ver-
tebrate GABA receptors, and it shows an interesting pharma-
cological profile, which emphasizes its use as an anthelmintic 
target (S. Choudhary et al. 2022; Cochrane et al. 2022). Thus, 
the molecular and pharmacological characterization of these 
nematode receptors will have important implications for the 
development of novel anthelmintic drugs as well as for our 
understanding of GABA receptor pharmacology.

Table 1 summarizes information on the expression and 
pharmacology of C. elegans UNC-49 receptors and the com-
parison with human receptors.

Glutamate‑activated chloride channels (GluCl)

As other invertebrates, C. elegans contains a unique type 
of glutamate-gated chloride channels (GluCl) (Cully et al. 
1994; Jones and Sattelle 2008). GluCls are of considerable 
medical and economical importance because they are targets 
of macrocyclic lactones, such as ivermectin (IVM), which 
are the most widely used antiparasitic drugs (Chen and Kubo 
2018). IVM is used in veterinary for gastrointestinal round-
worms, lungworms, grubs, and sucking lice and mange mites 
and in humans for treating filarial diseases (Campbell 2012).
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There are at least six C. elegans genes encoding GluCl 
subunits: avr-14 (GluClα3 subunit), avr-15 (GluClα2), glc-
1 (GluClα1), glc-2 (GluClβ), glc-3 (GluClα4), and glc-4 
(Cully et al. 1994, 1996; J. A. Dent et al. 2000; Horoszok 
et al. 2001; Vassilatis et al. 1997). Of these, all except glc-
2 encode α-type GluCls; glc-2 is the lone β-type (Degani-
Katzav et al. 2016). The parasitic nematode H. contortus has 
two other glc genes that are not present in C. elegans, glc-5, 
and glc-6 (Glendinning et al. 2011). Throughout the phylum 
Nematoda, the GluCl subunits that exhibit the highest degree 
of conservation are AVR-14, GLC-2, GLC3, and GLC-4 
(Lamassiaude et al. 2022). Except for GLC-4, all GluCl 
subunits can form functional homomeric receptors when 
expressed in X. laevis oocytes. Although GluCl subunits can 
form homomeric or heteromeric receptors in heterologous 
expression systems, the composition of the native receptors 
remains mostly unknown. Physiological functions associated 
with GluCl receptors include pharyngeal pumping, which is 
required for feeding and maintaining hydrostatic pressure, 
and regulation of locomotion, olfactory, and temperature 
responses (Jones and Sattelle 2008).

The homomeric GluClα was the first eukaryotic Cys-loop 
receptor whose X-ray structure was determined (Fig. 1a) 
(Hibbs and Gouaux 2011). The X-ray structure was solved 
in complex with the allosteric agonist IVM, the endogenous 
neurotransmitter L-glutamate, and the open-channel blocker 
picrotoxin. The structure revealed information about the five 
binding sites of IVM, located at subunit interfaces on the 
periphery of the TM domains and proximal to the extracel-
lular side of the membrane, the site for the orthosteric ago-
nist L-glutamate, at subunit interfaces in the ECD, and the 
location of picrotoxin in the ion channel (Hibbs and Gouaux 
2011).

Heterologous expression studies have shown that both 
GluClα1 (GLC-1) and GluClβ (GLC-2) subunits form 
functional homomeric receptors, the first responding to 
IVM and the latter to glutamate (Li et al. 2002; Vassilatis 
et al. 1997). GluClα1/β heteropentamers respond to both 
IVM and glutamate (Dent et al. 1997; Degani-Katzav et al. 
2016) (Table 1). GluClα1/β also forms functional receptors 
when expressed in mammalian cells. Currents elicited by 
rapid application of 3 mM glutamate decay in the presence 
of the agonist due to desensitization, and the magnitude of 
the currents increases linearly with the voltage, indicating 
an ohmic behavior with no significant rectification (Fig. 3d) 
(Castro et al. 2020).

Macroscopic and single-channel recordings of GluCl car-
rying different mutations and expressed in CHO cells show 
that the heteromeric GluClα1/β contains three α subunits 
and two β subunits arranged in an anticlockwise β-α-β-α-α 
manner as viewed from the extracellular side, with two Glu-
binding sites located at the β( +)/α( −) subunit interfaces. 
The α( +)/α( −) interface creates a third Glu-binding site that 

becomes functional upon a conformational change induced 
by a mutation in the IVM-binding pocket (Degani-Katzav 
et al. 2016).

All functional GluCl homomeric receptors are sensitive 
to IVM, except GLC-2. It is noteworthy that the GLC-2 in 
C. elegans can co-assemble with either GLC-1 or AVR-15 
to produce two distinct heteromeric GluCl subtypes that 
are sensitive to IVM and exhibit different pharmacologi-
cal properties. Thus, GLC-2 plays a pivotal role in heter-
omeric GluCl composition (Cully et al. 1994; Vassilatis 
et al. 1997; Lamassiaude et al. 2022). Also, a heteromeric 
GLC-2/GLC-3 GluCl expressed in Xenopus oocytes has 
been recently characterized and shows distinctive pharma-
cological characteristics, emphasizing the potential role of 
heteromeric GluCls in the nematodes’ sensitivity to macro-
cyclic lactones (Lamassiaude et al. 2022).

Expression of GluCl receptors in heterologous systems 
combined with electrophysiological studies provides a pow-
erful tool for discovering new mechanisms of anthelmintic 
action. In this respect, the compound dibenzo[b,e]oxepin-
11(6H)-one (doxepinone) was shown to induce paralysis and 
reduce the swimming and pharyngeal pumping rates of C. 
elegans, indicating a marked anthelmintic activity (Castro 
et al. 2020). The in vivo screening of selected strains carry-
ing mutations in different Cys-loop subunit genes showed 
that a triple mutant strain lacking avr-14, avr-15, and glc-1 
genes of GluCl subunits is resistant to doxepinone effects, 
indicating that GluCl is involved in doxepinone effects. To 
unravel the molecular mechanism, whole-cell currents from 
GluClα1/β expressed in mammalian cells were exposed to 
the compound. Doxepinone does not activate GluCls but 
instead produces a significant decrease of the decay time 
constant and the net charge of glutamate-elicited currents, 
indicating that it allosterically inhibits GluCl. This mecha-
nism is different to that of IVM, indicating that different 
modulations of GluCls can result in anthelmintic effects 
(Castro et al. 2020).

Table 1 summarizes information on the expression and 
pharmacology of different pentameric arrangements of 
GluCl subunits and includes comparison with human Cys-
loop receptors.

Monoamine‑gated Cys‑loop receptors

C. elegans and nematodes possess Cys-loop receptors that 
respond to monoamines, including serotonin, tyramine, 
dopamine, octopamine. Some of the characterized recep-
tors include LGC-55, a tyramine-gated chloride channel; 
LGC-53, a dopamine-gated chloride channel (Pirri et al. 
2009; Ringstad et al. 2009); and the recently deorphanized 
chloride channels that respond to dopamine and tyramine 
when expressed in oocytes, LGC-54, LGC-52, and GGR-3 
(Morud et al. 2021).
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Serotonin activates two different Cys-loop receptors, 
MOD-1, a chloride ion channel (Ranganathan et al. 2000), 
and LGC-50, a recently identified cation channel that is 
required for serotonin-dependent pathogen avoidance learn-
ing and functions in interneurons critical for this process 
(Morud et al. 2021).

MOD-1 expresses in C. elegans neurons and muscles that 
control behaviors, such as locomotion, egg laying, feeding, 
pharyngeal pumping, decision making, and aversive learn-
ing (Churgin et al. 2017). Interestingly, MOD-1 is present 
in vertebrate and plant parasitic nematodes, and it is there-
fore emerging as an attractive anthelmintic target since it is 
not present in vertebrates (Beech et al. 2013; Crisford et al. 
2020).

While MOD-1 and vertebrate 5-HT3 share the ability to 
respond to 5-HT, they differ in their function in that 5-HT3 
is a non-selective cation channel, whereas MOD-1 is a chlo-
ride channel (Dent 2006). As an anionic Cys-loop receptor, 
MOD-1 shows about 30% identity with vertebrate GABA 
and glycine receptors. It is important to note that no specific 
glycine-gated channels have been identified in C. elegans.

MOD-1 can be expressed in oocytes and mammalian cells 
(Ranganathan et al. 2000; Rodriguez Araujo et al. 2022) 
(Table 1). Macroscopic current recordings show that MOD-1 
responses are rapidly elicited by 5-HT, decay in the presence 
of the agonist due to desensitization, and recover rapidly 
from desensitization in the absence of agonist (Fig. 3e). 
Currents are of similar amplitudes at positive and negative 
membrane potentials, indicating no significant rectification 
(Rodriguez Araujo et al. 2022). Concentration–response 
curves from macroscopic currents reveal EC50 for 5-HT of 
about 1 µM, which is in the same order as that of human and 
mouse 5-HT3A receptors (Corradi and Bouzat 2014). How-
ever, MOD-1 responds very differently to 5-HT3A partial 
agonists. In this regard, tryptamine is a significantly more 
efficacious and potent agonist of MOD-1 than of 5-HT3A 
and 2-Me-5HT, which efficaciously activates 5-HT3A recep-
tors, cannot activate MOD-1. Thus, the agonist selectivity 
differs between these two 5-HT-activated Cys-loop recep-
tors. Also, although they share 5-HT as their endogenous 
neurotransmitter, they differ in how it interacts at the binding 
site (Mu et al. 2003). Moreover, studies in oocytes show that 
high concentrations of granisetron and ondansetron, both of 
which are potent antagonists of the 5-HT3A receptors, do not 
affect the action of 5-HT on MOD-1 channels (Ranganathan 
et al. 2000). MOD-1 also differs from 5-HT3 in the fact that 
it is not activated by the allosteric agonist thymol (Rodriguez 
Araujo et al. 2022).

The differential selectivity between vertebrate 5-HT3A 
and MOD-1 can be exploited for the development of 
novel anthelmintic drugs. Regarding this, it was shown 
that tryptamine, which is a very poor agonist of verte-
brate 5-HT3A receptors, reduces worm motility. Hence, 

tryptamine-derived agents may be promising compounds 
for further antiparasitic drug research (Rodriguez Araujo 
et al. 2022).

Macroscopic currents of MOD-1 expressed in mamma-
lian cells or oocytes have allowed the identification of novel 
allosteric inhibitors, such as the metabotropic 5-HT recep-
tor antagonists mianserin and methiothepin as well as the 
UNC-49 agonist piperazine (PZE) (Ranganathan et al. 2000; 
Rodriguez Araujo et al. 2022). Piperazine-derived ligands 
could be explored as anthelmintic drugs, and the inhibition 
of MOD-1 by PZE is a novel mechanism that acts synergi-
cally to its classical anthelmintic action as agonist of GABA 
receptors.

Ion selectivity is of importance since it determines 
whether receptor activation produces an excitatory or inhibi-
tory response. MOD-1 carries the determinants that govern 
anion selectivity in Cys-loop receptors, which are located 
at the pore-forming M2 segment as first described in gly-
cine receptors (Keramidas et al. 2000). In MOD-1, the triple 
mutant in the pore-forming M2 segment (proline insertion, 
Ala to Glu substitution at the central ring, and Thr to Val at 
the hydrophobic ring) converts the selectivity of MOD-1 
from anionic to cationic, resulting in a highly K+-selective 
channel. Moreover, charge reversal at the central ring alone 
(A270E) is sufficient to convert MOD-1 to cation permeable 
(Menard et al. 2005). Thus, the main determinants of ion 
charge selectivity in pLGICs are conserved between verte-
brate and invertebrate receptors.

Table 1 summarizes information on the native expression 
and pharmacology of MOD-1.

Conclusions

The free-living nematode C. elegans has emerged as an 
organism model for the study of the nervous system and 
human diseases as well as a model for antiparasitic drug dis-
covery. It is also an attractive platform in the pharmaceutical 
industry for the search of new therapeutic compounds. Sur-
prisingly, C. elegans has more than 100 different Cys-loop 
receptor subunit genes, more than double the number present 
in the human genome. It has the largest and diverse known 
family of Cys-loop receptors, some of which are only pre-
sent in invertebrates and others are exclusive of nematodes. 
Only a limited number of them have been characterized to 
date, and several remain without a known ligand or function. 
In addition to multiple cationic nAChRs and GABAA-like 
receptors, this family includes anionic channels gated by 
glutamate, ACh, dopamine, and serotonin as well as recep-
tors activated by other ligands not present in vertebrates, 
such as tyramine and betaine. Thus, C. elegans constitutes 
an ideal organism to explore the biology and pharmacol-
ogy of Cys-loop receptors and their potential as targets for 
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novel therapeutic interventions. The understanding of the 
physiological roles and molecular function of this diverse 
receptor family is still in its infancy. Future work will allow 
to identify many new or conserved features of this large and 
diverse family of receptors.
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