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ABSTRACT 

Monepantel is the first drug of a new family of anthelmintics, the amino acetonitrile 

derivatives (AAD), presently used to treat ruminants infected with gastrointestinal 

nematodes such as Haemonchus contortus. Monepantel shows an excellent tolerability 

in mammals and is active against multidrug-resistant parasites, indicating that its 

molecular target is (i) absent or inaccessible in the host and (ii) different from those of 

the classical anthelmintics. Genetic approaches with mutant nematodes have suggested 

acetylcholine receptors of the DEG-3 subfamily as the targets of AADs, an enigmatic 

clade of ligand-gated ion channels that is specific to nematodes and does not occur in 

mammals. Here we demonstrate direct interaction of monepantel, its major active 

metabolite monepantel sulfone, and other AADs with potential targets of the DEG-3 

subfamily of acetylcholine receptors. Haemonchus contortus DEG-3/DES-2 receptors 

were functionally expressed in Xenopus oocytes and found to be preferentially activated 

by choline, to permeate monovalent cations, and to a smaller extent, calcium ions. 

While monepantel and monepantel sulfone did not activate the channels by themselves, 

they substantially enhanced the late currents after activation of the channels with 

choline, indicating that these AADs are type II positive allosteric modulators of H. 

contortus DEG-3/DES-2 channels. Interestingly, the inactive, R-enantiomer of 

monepantel inhibited the late currents after stimulation of H. contortus DEG-3/DES-2 

receptors with choline. In summary, we present the first direct evidence for interaction 

of AADs with DEG-3 type acetylcholine receptors and discuss these findings in the 

context of anthelmintic action of AADs. 
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INTRODUCTION 

The nematode Haemonchus contortus is a gastrointestinal parasite of ruminants 

that causes substantial economic losses to sheep and cattle production worldwide. Adult 

worms live in the mucosa of the abomasum (the final stomach compartment of 

ruminants) where they feed on blood. Eggs are shed by the thousands with the feces. 

High worm burdens can lead to severe anemia and even death of the infected animal. In 

the absence of vaccines against gastrointestinal nematodes, the control of infection 

relies mainly on treatment with anthelmintics. However, successful control is 

jeopardized by the increasing occurrence and spread of drug resistant nematodes 

(Traversa et al., 2007; Waghorn et al., 2006; Kaplan, 2004; Love et al., 2003; Coles, 

1998). Until recently, only three major classes of anthelmintics have been available: the 

benzimidazoles (e.g. thiabendazole), imidazothiazoles (e.g. levamisole), and 

macrocyclic lactones (e.g. ivermectin). Reports of multidrug-resistant H. contortus 

withstanding all these anthelmintics (Sutherland et al., 2008; Wrigley et al., 2006; Yue 

et al., 2003) were particularly alarming. On some properties this culminated in the 

termination of sheep farming (Blake and Coles, 2007; Sargison et al., 2005). 

Monepantel (ZOLVIX®) is the first new anthelmintic to be introduced for livestock for 

more than 27 years (Kaminsky et al., 2008a, b). Monepantel belongs to a new class of 

anthelmintics, the amino-acetonitrile derivatives (AAD; Ducray et al., 2008). 

Monepantel is able to control infections of nematode isolates resistant to all the classical 

anthelmintics (Kaminsky et al., 2008b), indicating that the AADs have a different mode 

of action. 

While benzimidazoles bind to ß-tubulin and inhibit the formation of microtubuli, 

the majority of anthelmintics affect ion channel function of the neuromuscular synapse 
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(Holden-Dye and Walker, 2007). Piperazine acts as a weak GABA-mimetic, 

levamisole, pyrantel and morantel are nicotinic acetylcholine receptor agonists, 

paraherquamide is a competitive antagonist of these channels, macrocyclic lactones are 

positive allosteric modulators of glutamate-gated chloride channels, and emodepside 

acts on a post-synaptic calcium-activated potassium channel and on pre-synaptic 

latrophilins. Interference with synaptic signal transduction at the neuromuscular 

junction paralyzes gastrointestinal nematodes, and they are either killed or expelled by 

the intestine's peristalsis. In this context, the molecular mechanism of anthelmintic 

action of monepantel is of high interest. A molecular genetic approach with the 

nematode Caenorhabditis elegans indicated that the AADs, too, acted via ligand-gated 

ion channels: in mutagenized worms subjected to sublethal doses of AAD, loss of 

sensitivity was mapped to a gene encoding a putative nicotinic acetylcholine receptor 

(nAChR) alpha subunit, ACR-23 (Kaminsky, 2008a). Related genes were found to be 

involved in H. contortus, where loss-of-sensitivity mutants carried a panel of nonsense 

mutations and mis-splicing mutations in the two nAChR genes Hco-des-2 and Hco-

mptl-1 (Rufener et al., 2009). 

All these subunits – C. elegans ACR-23, Hco-MPTL-1, and Hco-DES-2 – are 

members of the DEG-3 subfamily of nAChR subunits, a clade that only occurs in 

nematodes. Very little is known about this subfamily. The founding member C. elegans 

DEG-3 was described to form, when co-expressed with DES-2 in Xenopus laevis 

oocytes, an ion channel gated by choline rather than acetylcholine (Treinin et al., 1998). 

These DEG-3/DES-2 channels are partially permeable to Ca2+ and in C. elegans, they 

are probably involved in chemosensation in sensory neuronal endings (Yassin et al., 

2001). The ER-resident chaperonin RIC-3 not only enhanced DEG-3/DES-2 expression 
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(Halevi et al., 2002), it also influenced the functional properties of the DEG-3/DES-2 

channel, an effect which was mimicked by an increase in the DEG-3:DES-2 ratio used 

during expression (Ben-Ami et al., 2005). A high DEG-3:DES-2 ratio favoured fast and 

near complete desensitization whereas a low DEG-3:DES-2 ratio led to slower and 

incomplete desensitization. To our knowledge there are no functional data on other 

members of the DEG-3 subfamily. Since nAChR function as homo- or heteromeric 

pentamers, the heterologous expression of novel channels, whose subunit composition 

and stochiometry is unknown, is notoriously difficult. 

The finding that loss-of-sensitivity mutants of C. elegans and H. contortus 

carried nonsense mutations in nAChR subunits of the DEG-3 subfamily is consistent 

with the hypothesis that the AADs somehow activate these channels. However, there 

has so far been no direct evidence for action of AADs on DEG-3 type AchR channels. 

Here we functionally express H. contortus nAChR channels of the DEG-3 subfamily in 

Xenopus oocytes, with particular reference to the mode of action of monepantel (AAD-

1566) and its major active metabolite monepantel sulfone (AAD-4670; Karadzovska et 

al., 2009). We show that the channel formed by Hco-DEG-3 and Hco-DES-2 is 

allosterically potentiated by monepantel and monepantel sulfone. 

 

Material and Methods 

Cloning of nicotinic acetylcholine receptor subunits from Haemonchus 

contortus. H. contortus RNA extraction, cDNA synthesis, PCR amplification of target 

genes and rapid amplification of cDNA ends by PCR (RACE-PCR) was performed as 

described (Rufener et al., 2009). Briefly, total RNA was extracted from a pool of about 

50 adult nematodes and 1 µg of total RNA (DNase treated) was reverse transcribed to 
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cDNA using a (dT)30 primer and SuperScript II Reverse Transcriptase (Invitrogen). The 

gene-specific PCRs were performed using the Expand High Fidelity PCR system 

(Roche). The following primers were used to amplify full-length coding sequences. For 

Hco-mptl-1: Hc-mon-1_5’_frw3 (gagggcaacaatttccttca) and Hc-mon-1_3’end_rev1 

(tgactagagagggcgatcttg). For Hco-des-2: NheI_des-2_frw1 (ggcggctagccgctcctcccctac 

ctacta) and XhoI_des-2_rev1 (ggcgctcgagcatatcactgatttttccatcgtt). For Hco-deg-3: 

NheI_deg-3_frw1 (ggcggctagcatgcgactacatgaaacctcg) and NotI_deg-3_rev1 

(ggcggcggccgcttagaagaatgcctcgtctgg). For Hco-ric-3, a rapid amplification of cDNA 

ends by PCR (RACE-PCR) was performed using internal reverse primers Hco-ric-

3_rev1 (acctcatttgcaccttctgc) and Hco-ric-3_rev3 (tcttgctcattgcctcttca) combined with 

splice leader sequence 1 (ggtttaattacccaagtttgag) to obtain the 5’ UTR, respectively 

internal forward primers Hco-ric-3_frw1 (ggtttggttgtgggtgtgat) and Hco-ric-3_frw2 

(tccaatgctgatgagcctact) combined with a poly-dT primer for the 3’ UTR of the 

transcript. The gene-specific primers were designed using the Primer3 software 

(http://frodo.wi.mit.edu/). The full-length Hco-ric-3 coding sequence was amplified 

using primers NheI_ric3_frw1 (ggcggctagcatgcctgttcacgggcga) and XhoI_ric3_rev1 

(gaccacttccacgctttcatctcgagcgcc). The amplicons were analyzed on 1% agarose gels, 

excised, gel-purified using the Wizard® SV PCR Clean-Up kit (Promega), and cloned 

into pCR®II-TOPO® (Invitrogen) or pGEM-T easy (Promega; only for Hco-mptl-1). 

Plasmid DNA was purified using the QIAprep Spin Miniprep Kit (Qiagen) and 

sequenced using the standard M13 forward and reverse or T7 and SP6 primers at 

Microsynth (www.microsynth.ch). At least three clones of each construct were analysed 

and aligned in order to find a 'consensus-like' clone. The selected inserts were then 

subcloned into pcDNA3.1(+) (Invitrogen) via the restriction sites inserted in the 
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primers, respectively via NotI and SpeI for Hco-mptl-1. Plasmid DNA was purified with 

an EndoFree®Plasmid Purification Kit (Qiagen). The H. contortus genes were named 

following the suggestions by Beech et al. (2010). 

Expression of Haemonchus contortus DEG-3/DES-2 receptors in Xenopus 

oocytes. Capped cRNAs were synthesized (Ambion) from the linearized vectors 

containing the different subunits. A poly-A tail of about 400 residues was added to each 

transcript using yeast poly-A polymerase (USB). The concentration of the cRNA was 

quantified on a formaldehyde agarose gel using Radiant Red stain (Biorad) for 

visualization of the RNA with known concentrations of RNA ladder (Invitrogen) as 

standard on the same gel. The cRNAs were dissolved in water and stored at –80°C. 

Isolation of oocytes from the frogs, culturing of the oocytes, injection of cRNA and 

defolliculation was performed as described by Sigel (1987). Oocytes were injected with 

50 nl RNA solution, RNA coding for Hco-DEG-3 and Hco-DES-2 at a ratio of 25 

nM:100 nM. In case of the GABAA receptor, combinations of α1, β2 and γ2 subunits 

were expressed at a ratio of 10 nM:10 nM:50 nM (Boileau et al., 2002). The injected 

oocytes were incubated in modified Barth's solution at 18°C for about 72 h for the 

detailed characterization of the functional receptors. 

Two-electrode voltage-clamp measurements. Unless indicated otherwise, 

measurements were done in medium containing 90 mM NaCl, 1 mM MgCl2, 1 mM 

KCl, 1 mM CaCl2 and 5 mM HEPES pH 7.4 at a holding potential of –80 mV. Currents 

were measured using a custom-made two-electrode voltage clamp amplifier in 

combination with a XY-recorder (90% response time 0.1s) or digitized at 100 Hz using 

a MacLab/200 (AD Instruments). The amplifier was characterized by a linear response 

up to 20 μA. Agonist was applied in absence or presence of modulatory compounds for 
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20 sec. The modulatory compounds were prepared as a 10 mM stock solution in 

dimethylsulfoxide (DMSO) and were dissolved in external solution resulting in a 

maximal final DMSO concentration of 0.1%. The perfusion solution (6 ml/min) was 

applied through a glass capillary with an inner diameter of 1.35 mm, the mouth of 

which was placed about 0.4 mm from the surface of the oocyte enabling 70% solution 

change in 0.5 sec (Baur and Sigel, 2007). Concentration response curves for choline 

were fitted with the equation I(c)=Imax/(1+(EC50/c)n), where c is the concentration of 

choline, EC50 the concentration of choline eliciting half maximal current amplitude, Imax 

is the maximal current amplitude, I the current amplitude and n the Hill coefficient.  

 Relative current potentiation by AAD derivatives was determined as (I1 μM AAD + 

1 mM choline / I1 mM choline – 1) * 100%. Data are given as mean ± SEM. The perfusion 

system was cleaned between two experiments by washing with 100% DMSO after 

application of AAD derivatives to avoid contamination. 

 

RESULTS 

Cloning of H. contortus predicted nAChR subunits and Hco-RIC-3. In 

search of a monepantel-sensitive channel from Haemonchus contortus, we aimed to 

functionally express in Xenopus laevis oocytes predicted nAChR subunits of the DEG-3 

subfamily such as Hco-mptl-1 and Hco-des-2 (which had been implicated in AAD 

susceptibility), and Hco-deg-3 (which is on the same operon as Hco-des-2). We also 

identified a H. contortus homologue of RIC-3 (resistant to inhibitors of cholinesterase) 

an ER-resident chaperone which was shown to enhance the expression of functional 

acetylcholine receptors at the cell surface in C. elegans (Halevi et al., 2002). A tblastn 

search (Altschul et al., 1990) with RIC-3 as the query against the (incomplete) H. 
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contortus genome database (www.sanger.ac.uk/Projects/H_contortus) returned as the 

best hit supercontig_0059267, containing coding sequences for a H. contortus RIC-3 

homologous protein named Hco-RIC-3. Gene-specific primers were designed to obtain 

the complete open reading frame via RACE-PCR. The predicted protein Hco-RIC-3 

consists of 365 amino acids with 65% similarity (Needleman-Wunsch global alignment) 

to C. elegans RIC-3 and carries the hallmarks of RIC-3 type chaperones: two 

transmembrane domains (as predicted by Phobius; Käll et al., 2004) followed by two 

coiled-coil domains (as predicted by COILS; Lupas et al., 1991), and a high proportion 

of charged amino acids: 66 negative (aspartate or glutamate) and 64 positive (arginine 

or lysine; Supplementary Figure S1). The full-length coding sequences of all genes 

were cloned into E. coli expression plasmids. 

Functional expression in Xenopus oocytes – pilot experiments. The cloned H. 

contortus genes were transcribed in vitro, 5' capped, 3' polyadenylated, purified, and 

injected into Xenopus laevis oocytes. After 72 h, currents were elicited by addition of 

acetylcholine or choline. Injection of Hco-mptl-1, with or without Hco-ric-3, produced 

no detectable currents. Injection of Hco-deg-3 or Hco-des-2 alone resulted in very small 

currents, which were not enhanced by co-injection of Hco-ric-3 (Table 1). Stronger 

currents were obtained from the combined expression of Hco-deg-3 and Hco-des-2, 

injected at a ratio of 1:1 (200 nM each). Bias of the channel towards Hco-DES-2 by 

decreasing the ratio of Hco-deg-3 to Hco-des-2 to 1:4 (25:100 nM) promoted the late, 

non-desensitising phase of the current (which turned out to be the pharmacologically 

more interesting; see below). This combination resulted in a peak current amplitude of 

161 ± 101 nA (n = 24) and residual current after 20 sec of agonist application (1 mM 

choline) of 18 ± 9 nA (n = 24). Co-expression with Hco-ric-3 decreased the initial rapid 
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transient current and increased the late current phase about two-fold (Table 1). Co-

injection of Hco-mptl-1, with or without Hco-ric-3, did not significantly affect the 

current amplitudes or desensitization properties of Hco-DEG-3/Hco-DES-2 channels 

(not shown). 

Choline is the preferred agonist of H. contortus DEG-3/DES-2 channels. 

Choline proved to be a much more potent agonist of the H. contortus DEG-3/DES-2 

channels than acetylcholine. 10 mM acetylcholine elicited only 15.7 ± 3.6% (n = 4) of 

the current amplitude elicited by 1 mM choline (Figure 1), even though choline at 1 mM 

elicited only a small percentage of the maximal current (Figure 2B). An individual 

concentration response curves with choline as agonist obtained from oocytes expressing 

Hco-DEG-3/Hco-DES-2 channels are shown in Figure 2A. Each curve was fitted to the 

equation given under Methods and normalized to the fitted maximal current amplitude. 

The averaged curve for choline (Figure 2B) was characterized by an EC50 of 9.9 ± 2.5 

mM choline and a Hill coefficient of 1.34 ± 0.13 (n = 4), indicating the presence of 

more than one agonist binding site per receptor. These values were obtained from peak 

current amplitudes. At concentrations >0.5 mM choline, desensitization was very fast. 

The decaying current traces were therefore back-extrapolated to half-maximal rise-time 

of the current trace to obtain corrected current amplitudes. Neither EC50 nor the Hill 

coefficient resulting from the corrected concentration response curves was significantly 

different from the values obtained directly (not shown). Figure 2B also shows a 

concentration response curve for acetylcholine standardized to the maximal current 

amplitude achieved in the same oocytes with choline. 

Ion selectivity of H. contortus DEG-3/DES-2 channels. The currents elicited 

by addition of 1 mM choline to Hco-DEG-3/Hco-DES-2 expressing oocytes were 
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recorded in standard medium (1 mM CaCl2), low calcium medium (standard medium 

without CaCl2 plus 0.1 mM K-EGTA), and high calcium medium (standard medium 

supplemented with 8 mM CaCl2). The amplitude of the rapid transient current and the 

rate of desensitization were strongly dependent on the Ca2+ concentration (Figure 3). At 

low [Ca2+], peaks were 28 ± 32% (n = 4) larger and the rate of desensitization was 

slower than compared to standard medium. At high [Ca2+], peaks were 60 ± 7% (n = 4) 

smaller and the rate of desensitization was faster. The lower peak amplitude observed at 

higher [Ca2+] could not be explained by an artefact caused by very rapid desensitization, 

as exponential back-extrapolation (not shown) indicated a real decrease in current 

amplitude. 

Instantaneous I-V curves were recorded from the H. contortus DEG-3/DES-2 

channels after the initial fast phase of desensitization. The reversal potential of the 

current elicited by 1 mM choline was -4 ± 2 mV (n = 4) in low calcium medium, -7 ± 2 

mV (n = 4) in standard medium, and -24 ± 1 mV (n = 4) in high calcium medium. The 

reversal potential for chloride ions was determined as -30 ± 3 mV (n = 3), monitoring 

current through recombinant α5β2γ2 GABAA receptor channels. Thus, in the presence of 

high [Ca2+] the reversal potential of H. contortus DEG-3/DES-2 channels approached 

that of Cl-. Similar observations had been made for C. elegans DEG-3/DES-2 channels, 

where intracellular sequestration of Ca2+ with a chelating agent prevented the shift in 

the reversal potential (Yassin et al., 2001). Presumably, the DEG-3/DES-2 channel is 

slightly permeable to calcium ions which in turn activate the Ca2+-dependent Cl- 

channel endogenous to Xenopus oocytes (Barish, 1983). 

Modulation of H. contortus DEG-3/DES-2 channels by monepantel. Amino-

acetonitrile derivatives alone, added at 30 μM to Hco-DEG-3/Hco-DES-2 expressing 
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oocytes, failed to elicit any current by themselves (not shown). Monepantel sulfone 

(AD-4670) was tested at 0.1 μM, 0.3 μM, 1 μM, 3 μM, 10 μM and 30 μM. In all cases 

less than 4 nA current were elited (n = 3). However, the AADs potentiated the currents 

elicited by choline. Figure 4A shows current traces of a concentration-response curve 

with monepantel sulfone (AD-4670) at 1 mM choline. 1 mM choline alone elicited 100-

190 nA. While slightly decreasing the amplitude of the initial rapid transient current, 

monepantel sulfone strongly enhanced the subsequent, non-desensitizing current. 

Averaged concentration response curves of this late current (steady-state current, 

determined 20 sec after addition of choline) after normalization of the individual curves 

to the current amplitude measured at 10 μM monepantel sulfone, were characterized by 

an EC50 of 3.6 ± 2.9 μM (n = 5) monepantel sulfone and a maximal potentiation of 

about 540% (Figure 4B). Monepantel at 10 μM had a smaller maximal effect on the late 

current response of about 130% (n = 4). Co-injection of Hco-mptl-1 cRNA, with or 

without Hco-ric-3, did not significantly affect the modulation of H. contortus DEG-

3/DES-2 channels by monepantel (not shown). Interestingly, the optical R-enantiomer 

of monepantel (AAD-2224) which fails to immobilize nematodes, was not simply 

inactive but oppositely affected H. contortus DEG-3/DES-2 channels with a significant 

inhibition of the current response to about 25% (n = 5) when applied at 10 μM (Figure 

4C). The IC50 of AAD-2224 was similar to the EC50 of monepantel sulfone (AD-4670). 

 The AAD-mediated potentiation of the current was measured at a concentration 

of 1 mM choline, which elicits only a small fraction of the maximal current amplitude 

(Figure 2B). We recorded choline concentration response curves in the presence of 10 

μM monepantel sulfone (AD-4670). To allow comparison with the curve obtained in 

the absence of drug, the experiment was preceded by an application of 1 mM choline 
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alone. All current amplitudes were normalized to the current amplitude elicited by 1 

mM choline. The averaged curves for the peak current amplitudes in the absence or 

presence of 10 μM monepantel sulfone (AD-4670) were characterized by an EC50 of 

11.9 ± 2.5 mM and 9.9 ± 2.5 mM choline, respectively, and the same Hill coefficient of 

1.3 ± 0.1 (Figure 5A). While the residual current amplitude, determined 20 sec after 

addition of the agonist (steady-state current), did not saturate within the range of choline 

concentrations tested, the response was strongly potentiated by monepantel sulfone (10 

µM) over the entire choline concentration range (Figure 5B). Monepantel sulfone (AD-

4670) even activated Hco-DEG-3/Hco-DES-2 channels after extensive desensitization: 

10 μM was applied in combination with 1 mM choline after exposure for 30 sec to the 

same concentration of choline (Figure 5C). Activation of the current was clearly seen 

but characterized by a slow onset. In three experiments, the mean potentiation at the end 

of drug application was 361 ± 46%. 
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Testing of further amino-acetonitrile derivatives. A panel of selected amino-

acetonitrile derivatives was tested for their modulatory effects on H. contortus DEG-

3/DES-2 channels. Each compound was applied at 1 and 10 µM. The eleven different 

AADs were highly active in vitro against H. contortus (Kaminsky et al., 2008b) and all 

of them affected the currents mediated by 1 mM choline, while nitenpyram, a 

neonicotinoid that activates insect nAChR's, had no effect on the Haemonchus channel 

(Figure 6). However, the tested AADs did not exhibit consistent activity: compounds 2-

7 inhibited the late current and compounds 8-12 potentiated it (Figure 6). Note that 

these AADs were applied as racemic mixtures since we do not have them as pure 

enantiomers. 

AAD derivatives have a minor effect on recombinant α1β2γ2 GABAA 

receptors. To test whether AADs have an effect on other channels of the Cys-loop 

family we used oocytes expressing recombinant human α1β2γ2 GABAA receptors. 1 μM 

monepantel had no effect on the current response with -2 ± 3% (n = 3), while 10 μM 

resulted in allosteric potentiation amounting to 30 ± 10% (n = 3). 10 μM of the inactive 

enantiomer of monepantel, AAD-2224, did not significantly affect the current responses 

with 2 ± 7% (n = 3). 10 μM of monepantel sulfone had a small effect on EC50 responses 

to GABA with relative currents amounting to of -6 ± 1% (n = 3). 

 

DISCUSSION 

The DEG-3 subfamily is a clade of predicted acetylcholine receptors that only 

occurs in nematodes. The proteins carry the hallmarks of nicotinic AchR alpha-subunits 

such as the cysteine-cysteine pair in the N-terminal extracellular domain which is 

essential for agonist binding. However, the physiological role of these receptors remains 
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to be elucidated. So far, the only member of the subfamily whose function was 

addressed experimentally has been the DEG-3/DES-2 channel of C. elegans. Fusion of 

GFP or LacZ to either subunit localized the channel to the M1 head muscles, inner 

labial-2 (IL-2) neurons, flap (FLP) neurons, posterior ventral D (PVD) neurons, and 

posterior ventral C (PVC) neurons (Treinin et al., 1998). The DEG-3/DES-2 channel 

was suggested to play a role in chemosensation to the agonist, which turned out to be 

choline rather than acetylcholine (Yassin et al., 2001). The H. contortus DEG-3/DES-2 

receptors, too, are activated only inefficiently by acetylcholine but strongly by high 

concentrations of choline (Figure 1). The elicited current is characterized by a rapid 

transient peak and a relatively small residual phase after desensitization (Figure 2). The 

action of Ca2+ is complex. Increases in [Ca2+] strongly decrease peak current amplitudes 

(Figure 3) as well as currents determined after exposure for 20 sec to agonist (late 

currents). Ca2+ ions also seem to penetrate the channel to a small extent as indicated by 

the shift of the reversal potential from near zero towards the equilibrium potential of Cl- 

ions. Ca2+ ions are known to activate a Ca2+-dependent Cl- channel endogenous to 

Xenopus oocytes (Barish, 1983). Thus the H. contortus DEG-3 and DES-2 proteins are 

highly similar to the C. elegans orthologues DEG-3 and DES-2, respectively, and the  

H. contortus DEG-3/DES-2 receptor channel expressed in Xenopus oocytes exhibits 

similar electrophysiological properties to the C. elegans DEG-3/DES-2 receptor 

channel. However, H. contortus loss-of-sensitivity mutants to monepantel carried 

mutations in Hco-des-2 (Kaminsky et al., 2008a; Rufener et al., 2009), but a C. elegans 

deg-3(u662) des-2(u695) double mutant was as sensitive to AADs as the corresponding 

wild-type (Kaminsky et al., 2008a). Furthermore, monepantel against H. contortus 

causes paralysis of the body musculature, leaving the head and tail regions motile, but 
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the C. elegans deg-3/des-2 genes are expressed exactly in the head and the tail (Treinin 

et al., 1998). In summary, while the physiology of C. elegans and H. contortus DEG-

3/DES-2 receptor channels may be similar, their pharmacology is not. The Xenopus 

expression system might be helpful to resolve this discrepancy. Of particular interest 

would be the functional analysis of mixed receptors consisting of C. elegans and H. 

contortus subunits, or even C. elegans - H. contortus chimeric subunits. 

 So far, direct evidence for interaction of AAD with receptor channels of the 

DEG-3 subfamily has been missing. Here we demonstrate that monepantel sulfone 

(AD-4670), the major metabolite of monepantel in sheep (Karadzovska et al., 2009), 

potentiates the choline-activated currents mediated by H. contortus DEG-3/DES-2 

receptors in a concentration-dependent way (Figure 4) without opening the channels by 

itself. Thus, it acts as a positive allosteric modulator with a threshold of about 0.3 μM 

and an EC50 of about 4 μM. Allosteric modulators of the nicotinic acetylcholine 

receptor have been classified into type I and type II modulators (Bertrand and 

GopalaKrishnan, 2007). Type I modulators predominantly affect peak current 

amplitudes and type II modulators predominantly affect the time course of agonist-

induced currents. The fact that it potentiates late currents and activates the desensitized 

channel (Figure 5) clearly classifies monepantel sulfone (AD-4670) as a type II positive 

allosteric modulator. Since the H. contortus DEG-3/DES-2 channel has some Ca2+ 

permeability, monepantel could, by promoting late current amplitudes of the channel, 

cause an increase of cytosolic [Ca2+] upon prolonged exposure to choline. 

Monepantel (AAD-1566) and AAD-2224 are optical enantiomers, S and R 

respectively (Ducray et al. 2008), the former being almost 1000-fold more active 

against H. contortus than the latter. Interestingly, the two enantiomers affect H. 
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contortus DEG-3/DES-2 channel function in opposite directions: while monepantel 

potentiates late currents, AAD-2224 inhibits them (Figure 4C). This property is highly 

unusual as generally one of the isomers of a chiral drug is inactive. The only similar 

case known to us is the dihydropyridine Sandoz 202-791, the isomer (+)-(S)-202-791 

potentiating L-type Ca2+ currents, the other isomer (-)-(R)-202-791 inhibiting them 

(Reuter et al., 1988). 

Two observations argue against H. contortus DEG-3/DES-2 receptor channels 

being the primary target of AAD anthelmintic action. First, H. contortus mutants 

selected for reduced susceptibility to AAD carried mutations not only in Hco-des-2 but 

also in Hco-mptl-1 (Rufener et al., 2009), but we found no evidence for an 

incorporation of Hco-MPTL-1 into Hco-DEG-3/Hco-DES-2 receptors. Second, the 

AADs exhibited in vitro activity against H. contortus at 0.01 ppm or lower (<30 nM), 

whereas the threshold of action on Hco-DEG-3/Hco-DES-2 receptors was about 300 

nM. Nevertheless, the DEG-3/DES-2 channels may be of pharmacological interest as 

broad-spectrum anthelmintic drug targets. All nematodes analysed so far possess DEG-

3 and DES-2 orthologues, including the human pathogenic ones such as filarial 

nematodes which lack MPTL-1 orthologues (Williamson et al., 2007). There are several 

possible reasons for the apparent lack of function of Hco-MPTL-1 in Xenopus oocytes. 

Not having antibodies against Hco-MPTL-1, we cannot test whether the injected Hco-

mptl-1 mRNA was properly translated; and even if, the resulting protein could be mis-

folded or mis-localized in oocytes. Expression of Hco-MPTL-1 receptor channels might 

require a chaperone other than Hco-RIC-3. Furthermore, Hco-MPTL-1 might co-

asssemble with other members of the large family of H. contortus putative AChRs to 

produce a functional receptor channel. Lastly, we cannot exclude the possibility that a 
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Hco-MPTL-1 receptor channel actually was expressed in a functional form, but that it 

requires a different agonist. Besides acetylcholine and choline, we have tested γ-

aminobutyric acid, glutamate, glycine, kainic acid, urea, ethanolamine and serotonin on 

Hco-deg-3 / Hco-des-2 / Hco-mptl-1 injected oocytes – to no avail. 

 In humans, nicotinic acetylcholine receptors are implicated in Alzheimer's 

disease, mild cognitive impairment, schizophrenia and attention deficit hyperactivity 

disorders. It would be interesting to see if some of the AADs penetrate the blood-brain 

barrier and modulate human brain nicotinic acetylcholine receptors. The fact that 

mammals tolerate high doses of monepantel and monepantel sulfone indicates that these 

compounds either do not penetrate the blood-brain barrier, or do not affect mammalian 

brain nicotinic acetylcholine receptors. In case the compounds reached the brain, our 

data indicate that the major inhibitory neurotransmitter receptor, the GABAA receptor, 

would remain unaffected. As monepantel is rapidly converted to the sulfone in vivo 

(Karadzovska et al., 2009), the fact that 10 μM monepantel slightly affected GABAA 

receptors is probably of little significance. 

In conclusion, we provide the first direct evidence of interaction of AADs with 

their presumed targets, (acetyl)choline receptors of the nematode-specific DEG-3 

subfamily. How the allosteric activation of H. contortus DEG-3/DES-2 channels by 

monepantel and monepantel sulfone contributes to the observed immobilization and 

killing of the parasites, and which role Hco-MPTL-1 plays therein, remains to be 

elucidated. 
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Legends for Figures  

 

Fig. 1. Choline is the preferred agonist of H. contortus DEG-3/DES-2 channels. Hco-

DEG-3/Hco-DES-2 channels were expressed in Xenopus oocytes. Three days after 

injection with RNA, currents were evoked with 10 mM acetylcholine and subsequently 

in the same oocyte with 1 mM choline. The membrane potential was held at –80 mV. 

 

Fig. 2. Choline and acetylcholine concentration dependence. A) Current traces from a 

choline concentration response curve obtained from a Xenopus oocyte expressing Hco-

DEG-3/Hco-DES-2 receptors. The bars indicate the time period of choline perfusion. 

Choline concentrations are indicated above the bars. B) Averaged choline and 

acetylcholine concentration response curves. Individual curves for choline were first 

normalized to the observed maximal current amplitude and subsequently averaged. 

Mean ± SD of experiments carried out with 3-4 oocytes from two batches are shown. 

Individual curves for acetylcholine were first normalized to the observed maximal 

current amplitude with choline in the same oocyte and subsequently averaged. Mean ± 

SD of experiments carried out with 3 oocytes are shown. 

 

Fig. 3. Calcium ion concentration depedence of currents mediated by H. contortus 

DEG-3/DES-2 channels. Hco-DEG-3/Hco-DES-2 channels were exposed to 1 mM 

choline either in low calcium medium (standard medium with 1 mM CaCl2 replaced by 

0.1 mM K-EGTA, labelled 0.1 mM K-EGTA), standard medium (labelled 1 mM Ca2+),  

and high calcium medium (standard medium supplemented with additional 8 mM 

CaCl2, labelled 9 mM Ca2+). 
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Fig. 4. AAD derivatives are channel modulators. A) Current traces from a cumulative 

concentration dependence of the potentiation by monepantel sulfone (AD-4670) of 

currents elicited by 1 mM choline obtained from a Xenopus oocyte expressing Hco-

DEG-3/Hco-DES-2 receptors. The bars indicate the time period of choline or combined 

choline/monepantel sulfone (AD-4670) perfusion. Monepantel sulfone concentrations 

are indicated above the bars. B) Averaged monepantel sulfone (AD-4670) concentration 

response curve. Individual curves were first normalized to the observed maximal 

current potentiation and subsequently averaged. Mean ± SD of experiments carried out 

with 3-4 oocytes from two batches are shown. C) Averaged AAD-2224 and monepantel 

(AD-1566) concentration response curve. 

 

Fig. 5. Monepantel sulfone (AD-4670) increases the late but not the peak current 

amplitude. Choline concentration response curves in the absence (open circles) and 

presence (closed circles) of 10 μM monepantel sulfone. Each experiment was preceded 

by an application of 1 mM choline in the absence of the modulatory compound. All 

current amplitudes were normalized to the current amplitude elicited by 1 mM choline 

that was assumed 100 %. A) peak current amplitudes, B) residual current after exposure 

of 20 sec to the agonist, C) Effect of monepantel sulfone (AD-4670) on the desensitized 

current component. 10 μM monepantel sulfone (AD-4670) was applied in combination 

with 1 mM choline after exposure for 30 s to the same concentration of choline. 

 

Fig. 6. Screening of different AAD derivatives and nitenpyram for modulation of the 

late current after exposure for 20 sec to the agonist. A) Chemical structure of the tested 
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compounds. Extent of modulation by 1 μM (B) and 10 μM (C) of the compounds in the 

presence of 1 mM choline. 
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Tables 

 

Table 1 

 

Hco-RIC-3 affects functional expression of H. contortus DEG-3/DES-2 channels 

 

Peak current amplitudes were determined using 1 mM choline, 3 days after injection of 

Xenopus oocytes with the mentioned amounts of RNA. The number in bracket in 

column 2 and 3 is the number of oocytes. 

 

  

Receptor (fmol injected/oocyte) Peak current 
(nA) 

Tail current after 20 s 
(nA) 

DEG-3 (1.25) < 5 - 

DEG-3 (1.25)/RIC-3 (5) < 5 - 

DES-2 (5) < 5 - 

DES-2 (1.25)/RIC-3 (5) < 5 - 

DEG-3 (1.25)/DES-2 (5) 161 ± 101 (24) 18 ± 9 (24) 

DEG-3 (1.25)/DES-2 (5)/RIC-3 (5) 43 ± 37 (14) 34 ± 23 (14) 
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