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Abstract

“The best way to predict the future is to create it.” When we look at drugs that are used to control
parasites, we see that new knowledge has been created (discovered) about their modes of action.
This knowledge will allow us to predict combinations of drugs which can be used together
rationally to increase the spectrum of action and to slow the development of anthelmintic
resistance. In this paper we comment on some recent observations of ours on the modes of action
of emodepside, diethylcarbamazine and tribendimidine. Emodepside increases the activation of a
SLO-1 K* current inhibiting movement, and diethylcarbamazine has a synergistic effect on the
effect of emodepside on the SLO-1 K™ current, increasing the size of the response. The
combination may be considered for further testing for therapeutic use. Tribendimidine is a
selective cholinergic nematode B-subtype nAChR agonist, producing muscle depolarization and
contraction. It has different subtype selectivity to levamisole and may be effective in the presence
of some types of levamisole resistance. The new information about the modes of action may aid
the design of rational drug combinations designed to slow the development of resistance or
increase the spectrum of action.
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1. INTRODUCTION

“The best way to predict the future is to create it.” This quote is usually ascribed to Abraham
Lincoln and leads to some interesting thoughts when applied to different research fields
including our own field of study, that is, anthelmintics. What are we creating and what can
we see for the future for anti-parasitic drugs? We are creating new techniques for the
screening of anthelmintic drugs, we are creating new methods for studying the modes of
actions of anthelmintics and we are creating new ways for detecting anthelmintic resistance
(Gilleard and Beech, 2007; Lanusse et al., 2014). We are also creating better awareness of
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the ‘Neglected Tropical Diseases’ (Hotez et al., 2008) of humans which include ascariasis,
hookworm and trichuriasis and better awareness of the link between human and animal
medicine, the ‘One Health’ concept. Our western economic system has also produced a
more favorable economic environment for the development of animal anthelmintics, than
anthelmintics for humans. Currently, we limit the damage done by nematode parasites of
animals with pasture management, and improved targeted metaphylactic and therapeutic use
of anthelmintics; for humans, clean water and sanitation are limiting factors (like clean
pasture for animals) while mass drug administration (MDA) has similarities to the regular
metaphylactic use of anthelmintics for animals. VVaccinations against parasites for both
humans and animals are very desirable but so far they have limited efficacy.

The advances and creations listed above lead to a number of logical predictions for the
future use and development of anthelmintics. We are confident that the development and
better understanding of anthelmintic properties will continue, at a steady but modest pace,
driven by economic, human and animal needs. We think that the economic pressures
associated with animal medicine will remain greater than for human medicine and focused
on the development of novel ‘resistance-busting’ anthelmintics. Success in research can be
limited by funding as was said by the father of modern drug development, Paul Ehrlich Fig.
1 (1854-1915), who recognized success required the four Gs: Gluck, Geduld, Geshcick und
Geld (luck, patience, skill and money, (PERUTZ, 1988). The ‘money’ for animal
anthelmintics comes from the market for anti-parasitic drugs and chemicals for small
animals and livestock which was estimated at $11 billion (Evans and Chapple, 2002). This
contrasts with the market for human anthelmintics which is only $0.5 billion despite some 2
billion humans being infected in developing countries, around 25 cents per person annually!
Given that the out of pocket costs of new human drugs may be $403 million (at year 2000
valuations (DiMasi et al., 2003) or more, we can see that the commercial development of
human anthelmintic drugs is not favorable. It seems more likely that the economics of
animal health will drive the development and advance of the knowledge base of animal
anthelmintics and that these developments will be applied and adapted for human use
(ivermectin and perhaps emodepside) unless private charities, governments and foundations
overcome the financial limitations. In addition to the gradual development of resistance-
busting anthelmintics we see: developments in our understanding of the modes of action of
anthelmintics; we see more logical combinations of anthelmintics to slow down or counter
the development of resistance and; also new methods for detecting anthelmintic resistance.

Our lab has focused on understanding of the modes of action of anthelmintics and in this
paper we illustrate some of our recent observations and developments in our understanding
of the actions of emodepside, diethylcarbamazine and tribendimidine. The mode of action of
these anthelmintics involves effects on membrane ion-channels and has required us to use
electrophysiological techniques for their study (Martin et al., 1996b). We think that better
knowledge of the mode of action of these compounds will allow rational combination with
other anthelmintics to increase potency, spectra and allow a slowing of the speed of
development of resistance in animal and human parasites. This paper is based on a lecture
given to the World Association for the Advancement of Veterinary Parasitology (WAAVP)
in Liverpool, 2015 and covers: 1) emodepside, an anthelmintic used for small animals,
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which has the potential for being used for human use to control filarial parasites; 2)
diethylcarbamazine, a long serving anthelmintic still used for the control of filariasis in
humans and; 3) tribendimidine, a recent anthelmintic developed by China for human use.

2. Emodepside

Emodepside is a cyclooctadepsipeptide developed by Bayer, Fig. 2, which is related to its
parent compound, PF1022A (Martin et al., 1996a) which has broad-spectrum anthelmintic
activity. Emodepside has an inhibitory effect on locomotion that allowed (Guest et al., 2007)
to use a C. elegans mutagenesis screen to find that slo-1 (a Ca2*-dependent K+ channel)
mutant alleles were resistant to the inhibitory effects of emodepside. (Crisford et al., 2011)
also described transgenic experiments in which C. elegans SLO-1a channels were swapped
for KCNMAL, the human orthologue of SLO-1 channels. These studies found that the
sensitivity to emodepside in the rescues depended upon the origin of the SLO-1 channel: the
human KCNMAL1 channel was 10-100 times less sensitive to emodepside than the rescues
expressing C. elegans SLO-1a channel. These experiments suggested that SLO-1 Ca2*-
dependent K* channels of nematodes are a major part of the target site of emodepside.
Expression of C. elegans SLO-1a channels in Xenopus oocytes have revealed that
emodepside can directly open these channels (Kulke et al., 2014) and that emodepside action
on this splice variant of the channel does not require the presence of additional receptors like
the latrophilin receptors for an emodepside effect (Willson et al., 2004). It does not however,
rule out a contribution of latrophilin receptors to the overall mode of action of emodepside
in parasites as indicated by the interaction of Lat-1 and emodepside (Saeger et al., 2001).

SLO-1 K* channels have large (=200 pS) single-channel conductances and are also known
as ‘big’ potassium (BK) channels. These channels serve to clamp the membrane potential
near the potassium reversal potential and inhibit electrical excitability. The SLO-1 K*
channel, has a different function to the high conductance Ca2*-dependent CI~ channel
(Thorn and Martin, 1987) which is associated with the transport of carboxylic acids from
anaerobic metabolism of glucose (Valkanov and Martin, 1995). Subunits homologous to the
vertebrate SLO-1 K* channels are found in C. elegans and Ascaris suum (Buxton, 2011).
The SLO-1 K* channels are composed of 4 a-subunits; a-subunits have seven (S0—S6)
transmembrane regions, a P-loop between S5 and S6, a large intracellular domain (S7-S-10)
and a well conserved ‘calcium bow!’ between domains S9 and S10, Fig. 2. In addition, the
regulator of the K* channel conductance (RCK) domains (S7, S8) contains high and low
affinity calcium binding sites. The SLO-1 a-subunits show alternative splicing, producing
channels with different calcium sensitivities; in C. elegans there are up to 15 splice variants
(including SLO-1a, SLO-1b and SLO-1c (Kulke et al., 2014; Wang et al., 2001)). Each a-
subunit of the channel has at least two high affinity calcium binding sites and one low
affinity calcium/magnesium binding site. The channel also combines with secondary,
regulatory [-subunits in vertebrates (Knaus et al., 1994) but these subunits have not yet been
identified in C. elegans. However, Drosophila, which also lacks B subunits, has Slob
proteins, which appear to carry out similar functions to the vertebrate 3-subunits and these
may be present in nematodes (Claridge-Chang et al., 2001).
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The suggested function of the SLO-1 K* channels is that they adjust the resting membrane
potential of electrically excitable cells and adjust the level of excitability, up or down, and so
affect the response to other inputs. The opening of the SLO-1 K* channel, Fig. 2, is
regulated by at least ten factors including: 1) membrane potential; 2) calcium; 3)
magnesium; 4) NO; 5) CO; 6) arachidonic acid; 7) prostaglandins; 8) phosphorylation by
cAMP-dependent protein kinase A; 9) phosphorylation by diacylgycerol/Ca2*-dependent
protein kinase C; and 10) phosphorylation by cGMP-dependent protein kinase G (Salkoff et
al., 2006). The kinases allow SLO-1 to be coupled to multiple and quite diverse signaling
cascades permitting different ways of adjusting the excitability of the cells. The different
nematode neuropeptides could affect CAMP and cGMP levels (e.g. AF1, AP2, and PF1 &
PF2) could then affect SLO-1 channels (Muhlfeld et al., 2009; Verma et al., 2007, 2009). A
selective agonist for the PF1 and/or a selective antagonist of the AF1 receptor would
activate a SLO-1 K*-like current and increase the efficacy of emodepside. The
neuropeptides AF1, AF10 and PF2 also bind with low affinity to the latrophilin-like
receptor, HC110-R of Haemonchus contortus, suggesting that emodepside could also have
an indirect mode of action on SLO-1 K* channels through these latrophilin-like receptors
(Fig.2) that are neuropeptide receptors (Muhlfeld et al., 2009).

We found (Buxton et al., 2011) that Asu-slo-1 is an evolutionarily conserved homologue of
the slo-1 genes, expressed in adult A. suum body muscle flaps. Using a two-micro-electrode
current-clamp and voltage-clamp technique, Fig 3 A, we found in the nematode parasite A.
suum, that emodepside activates SLO-1-like K* channels to produce hyperpolarization under
current-clamp, Fig. 3 B1, and an outward current when under voltage-clamp, Fig. 3 B2. We
also found that emodepside increased voltage-activated K* currents, Fig. 3C D, in a time
dependent manner. Emodepside, Fig. 3C, unlike PF1 did not decrease calcium currents and
so emodepside does not work by releasing PF1 as has been hypothesized. We found that the
effects of emodepside on the voltage-activated K* channels is Ca2*-dependent and were
inhibited by 5 mM 4-aminopyridine, Fig. 4A. The membrane hyperpolarization and increase
in voltage-activated K* current produced by emodepside, Fig. 3B, are very slow in onset and
increase over a period of more than 10 minutes (Buxton et al. 2011); the slow onset effect of
emodepside might be due to its very lipophilic nature and a membrane partitioning effect. It
may also be because the effects of emodepside are indirect and produced by activation of a
slow signaling cascade. Figs. 4 B & C shows that the effects of emodepside are potentiated
by sodium nitroprusside (a NO donor), antagonized by iNOS inhibitors (NNLA), and
inhibited by 1 uM staurosporine, an inhibitor of protein kinase (Buxton et al., 2011).
Interestingly, these signaling molecules are known as activators of SLO-1 in other cells
(Bolotina et al., 1994b; Holden-Dye et al., 2007; Mistry and Garland, 1998; Wang et al.,
1999) and therefore encourage the view that emodepside could act through either or both of
these signaling cascades and the signaling cascades may be in series or parallel, Fig 2C. A
number of studies on the mammalian orthologues of SLO-1 show that they are directly and
alternately regulated by complex, multiple signaling cascades, involving NO and
diacylglyerol or PKC activation (Ghatta et al., 2006; Salkoff et al., 2006). It is pointed out
that NO signaling pathways in mammals may not be conserved in all species of nematode.

Vet Parasitol. Author manuscript; available in PMC 2016 August 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martin et al.

Page 5

Thus emodepside appears to selectively activate the SLO-1 K* current that is present in
nematodes but has less effect on the SLO-1 K* currents of vertebrates. This can explain the
selective toxicity of the drug. The existence and mechanisms of resistance to emodepside in
nematode parasites remain to be studied but could involve several different mechanisms
including changes in the splice forms of the SLO-1 K* channel or its regulation by different
signaling cascades. However, such resistance, depending on the specific mechanism, might
be countered (Verma et al., 2007, 2009) by a selective agonist for the FMRFamide PF1
receptor and/or a selective antagonist of the FMRFamide AF1 receptor which would activate
a SLO-1 K*-like current and increase the efficacy of emodepside. An increased knowledge
of the physiology of target site of emodepside provides a new way of designing drug
combinations. The complex nature of SLO-1 K* regulation suggests that if there were
resistance to emodepside it would be complex in nature and therefore likely to be polygenic
involving multiple mechanisms.

3. Diethylcarbamazine

Diethylcarbamazine, Fig 5A, is an antifilarial drug that has been used since 1947 against
lymphatic filariasis and loiasis. It is still an important and effective antifilarial drug but its
mode of action is not fully described. Diethylcarbamazine has been suggested to have an
indirect, host mediated mode of action: it appears to alter host arachidonic acid, nitric oxide
metabolic pathways and inhibits NF-xB, which together in an unknown way leads to
immobilization and sequestration of the microfilariae (Maizels and Denham, 1992; Peixoto
and Silva, 2014). Diethylcarbamazine activity against B. malayi microfilariae is abolished in
inducible nitric oxide synthase knockout mice (iNOS™-), suggesting that
diethylcarbamazine activity is dependent on host inducible nitric oxide synthase (iNOS) and
nitric oxide (McGarry et al., 2005).

We were interested to determine how diethylcarbamazine would affect calcium-dependent
SLO-1 K* currents in isolated A. suum muscle flap preparations, and how
diethylcarbamazine interacts with emodepside. The interest was prompted by observations
in vertebrates (Bolotina et al., 1994a) which show that nitric oxide activates SLO-1 K*
channels and observations on A. suum indicating the presence of nitric oxide synthase and of
SLO-1 K* channels which show positive modulation by a nitric oxide pathway (Buxton et
al., 2011). We hypothesized that diethylcarbamazine, with effects on arachidonic acid and
nitric oxide pathways, would increase activation of SLO-1 K* currents in A. suum muscle
and potentiate effects of emodepside on membrane potential (Buxton et al., 2014a). We
conducted current-clamp and voltage-clamp electrophysiological experiments, using A.
suum body muscle in the presence of sufficient calcium to allow activation of the SLO-1 K*
currents. We found that indeed diethylcarbamazine, by itself, can increase activation of
SLO-1 K* currents and potentiate the hyperpolarizing effects of emodepside. This to us was
very interesting since it showed that diethylcarbamazine has a direct effect on the nematode
parasite and its effects are not exclusively mediated via the host as has been suggest by
earlier experiments. It seems likely that the effects of diethylcarbamazine may involve
effects on NO or arachidonic acid metabolites both in the host and in the parasite. Although
the mechanism of action of diethylcarbamazine remains to be further defined, the synergistic
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effect of emodepside and diethylcarbamazine suggests that the combination of the two drugs
could be considered for therapeutic use for the treatment of filarial nematode infections.

4. Tribendimidine

Tribendimidine, Fig. 6, is a symmetrical diamidine derivative, of amidantel which was
developed in China for use in humans in the mid-1980s. It is a broad-spectrum anthelmintic
effective against soil-transmitted helminthiasis including hookworm, pinworms,
roundworms, Strongyloides and flatworms (Xiao et al., 2005; Xu et al., 2014) of humans.
Molecular studies (Hu et al., 2009) on C. elegans using null-mutants of the levamisole
receptor subunits strongly suggested that tribendimidine is a cholinergic agonist that is
selective for the same nematode muscle nAChR as levamisole. When we looked at these
studies we found that there are no direct electrophysiological observations in nematode
parasites that had been made to test this hypothesis and we were aware that sometimes
observations on the model Clade V nematode were not always the same in parasitic
nematodes, particularly for the parasites from a different Clade. We were also interested in
trying to explain why tribendimidine is effective against some nematode parasites when
levamisole is not.

We tested the effects of tribendimidine on the electrophysiology, Fig. 6, and contraction of
A. suum muscle (Robertson et al., 2015) and found that tribendimidine produces a dose-
dependent depolarization associated with an increase in the conductance of the muscle
membrane as the nicotinic receptors (nAChRS) open, Fig 6. We found that tribendimidine
was more potent than acetylcholine and had an ECsg of 0.8uM. We also tested the effects of
the nicotinic antagonist mecamylamine, a potent antagonist of muscle nAChRs of parasitic
nematodes and found that 3uM was potent against tribendimidine; the antagonist effects of
mecamylamine confirmed the cholinergic action of tribendimidine on the nAChRs of the
parasite A. suum.

We characterized the pharmacological profile of tribendimidine using our Ascaris muscle
contraction assay systems (Qian et al., 2006; Robertson et al., 2002) with tribendimidine as
the agonist and methyllycaconitine, paraherquamide and derquantel as antagonists to
calculate the potency, pA,, of the antagonists and the subtype of the selectivity of
tribendimidine. We found that tribendimidine was more selective for the B-subytpe
(bephenium preferring) nNAChRs than the L-subtype (levamisole preferring) or the N-
subtype (nicotine preferring). These observations showed the selectivity for the different
groups of nAChRs present on the Ascaris muscle was not the same as levamisole and it was
possible that levamisole-resistant parasites would remain sensitive to tribendimidine. To test
this we used, Oesophagostomum dentatum L3 larval migration inhibition assays with
levamisole-sensitive isolates and levamisole-resistant isolates and tested the effects of
tribendimidine on motility. Levamisole was less effective (p< 0.001, F-test) in inhibiting
migration of levamisole-resistant larvae than the migration of levamisole-sensitive larvae.
We tested the effects of tribendimidine to the limits of its solubility, ~30 pM, and found that
tribendimidine was actually more potent on the levamisole-resistant isolate than on the
levamisole-sensitive isolates (p < 0.001, F-test). The larger effect of tribendimidine on the
levamisole-resistant, than the levamisole-sensitive isolates at lower tribendimidine
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concentrations, supports the view that levamisole and tribendimidine do not activate
identical nAChR receptor subtypes. The higher efficacy of tribendimidine on the levamisole
resistant O. dentatum isolate might indicate a case of negative cross resistance (Miltsch et
al., 2013)

We have been able to express, in Xenopus oocytes a range of different NAChR receptor
subtypes derived from anthelmintic sensitive Oesophagostomum dentatum clones of their
nAChR receptor subunits (Buxton et al., 2014b). Fig. 7 shows a diagram of the subunit
composition of two nAChR subtypes expressed in oocytes, one composed of Ode-
UNC-29:0de-UNC-63:0de-UNC-38, the other composed of Ode-UNC-29:0de-
UNC-63:0de-UNC-38:0de-ACR-8 subunits. The Ode-UNC-29:0de-UNC-63:0de-UNC-38
receptor was more sensitive to tribendimidine and pyrantel but not to levamisole or nicotine.
We can see that the receptor subunit arrangements affect their pharmacology and that not all
cholinergic anthelmintics have the same selectivity.

Our understanding to date is that there are a range of pharmacologically different NAChR
subtypes present in parasitic nematodes and the pharmacology of the receptor subtypes
varies with the subunit composition of the receptor which varies with the tissue and species
of the nematode parasite. There will therefore be cholinergic anthelmintics that act on
different nAChR subtypes and it is therefore possible that there will not always be cross-
resistance between the cholinergic anthelmintics.

5. Discussion

Diethylcarbamazine is used mostly for treatment of filariasis in humans but has effects
against hookworm and ascariasis, intestinal nematode parasites (Meyrowitsch and
Simonsen, 2001). In addition to the treatment of filariasis, diethylcarbamazine, as a single
dose treatment, has modest effects on intestinal nematode parasite infections including
ascariasis and trichuriasis but is more effective when combined with ivermectin or
albendazole (Belizario et al., 2003). We have seen in our experiments that emodepside
increases a Slo-1 K* current in the parasite and that diethylcarbamazine can potentiate the
effect of emodepside. Both of these compounds have been used separately as single
anthelmintics but we do not have data on their therapeutic effect when used in combination.
This information is desirable to obtain and if therapeutic combination of emodepside and
diethylcarbamazine is safe and more potent than either compound in isolation, such
synergism could slow the development of resistance and extend the spectrum of action of
the therapy.

Levamisole and tribendimidine have different selectivities for nAChR subtypes. In Ascaris
tribendimidine is more selective for the B-subtype rather than the L-subtype of nAChR.
Tribendimidine is more potent on expressed O. dentatum receptor subtypes composed of
Ode-UNC-29:0de-UNC-63:0de-UNC-38 subunits, than on subtypes composed of Ode-
UNC-29:0de-UNC-63:0de-UNC-38:0de-ACR-8 subunits (Buxton et al., 2014b). The
difference in selectivity suggests that tribendimidine has the potential to be effective against
nematode parasites that are not sensitive to levamisole, including those parasites that have
developed resistance.. A careful combination of different cholinergic anthelmintics has the
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potential to extend the spectrum of action of the drug treatment. Tribendimidine has an
interesting and promising pharmacology and has the potential for single-dose MDA with its
broad-spectrum of action. Although tribendimidine appears safe and has broad-spectrum
activity, a large-scale clinical study is advocated to further verify human safety.

6. Conclusion

We have been excited by our discovery of further details of the modes of action of the
different anthelmintics that we work on and believe that the information will be useful for
defining mechanisms of resistance to the anthelmintic drugs that we have studied. We also
think that the improved understanding of their mechanisms of action will lead to better use
of these compounds and logical design of synergistic combinations. We do not look back,
but forward, to the future.
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Fig. 1.
Paul Erlich in his Frankfurt office, circa 1900, the father of modern chemotherapy, who

worked on trypanosome diseases and popularized the concept of the ‘magic bullet’
(magische Kugel, the perfect therapeutic agent).
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Fig. 2.
Summary diagrams of emodepside structure, Slo-1 subunit and a model of the mode action

of emodepside on nematode body muscle. A: Emodepside. B: Line diagram of structure of
one SLO-1 subunit; each SLO-1 K* channel is made up of 4 of these subunits. C. Putative
mode of action of emodepside on SLO-1 K* channels in the muscle: act directly (1) or
indirectly by stimulating latrophilin-like receptors (2) and signaling cascades that may
involve NO, protein Kinase C and/or calcium. It is unlikely that emodepside acts at the
extracellular surface of the SLO-1 K* channel because of the slow time course of its action.
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It is very lipophilic and could act in the lipid membrane phase on the SLO-1 K* channel or
move into the cytoplasm and act intracellularly. A SLO-1 K* channel (C) is shown
composed of 4 subunits along with the ‘RCK” cytoplasmic regulatory region of the channel.
(Martin et al., 2012)
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Fig. 3.
Electrophysiological techniques (two micropipette current-clamp and voltage-clamps) for

recording from Ascaris suum. A: A. suum muscle bag showing the current (I) and voltage
(V) micropipettes in the bag, and the perfusion needle (P). B1: Representative current-clamp
trace showing the slow hyperpolarizing membrane potential during and after 10 min
application of 1 uM emodepside. B2: Outward current response to 1 uM emodepside at
higher time resolution. Holding potential =35 mV. Notice that emodepside produces a
gradually increasing current after a delay of some 30 seconds. The response does not plateau
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in the time period of this recording. C: Voltage-clamp traces of control K* current and the
time-dependent effects of 1 M emodepside on the K* currents, all to a step potential of 0
mV from a holding potential of —35 mV. D: Bar chart (mean + S.E.) of 1 uM emodepside
effect on steady state (Lk) currents. Comparison was made between the control 0 mV step
current at 30 — 40 ms and the corresponding current increased by emodepside at 10, 20 and
30 min. Emodepside increased Lk currents at 10 min (p < 0.01, n = 4, paired t-test), 20 min
(p <0.01, n =4, paired t-test) and 30 min (p < 0.05, n = 4, paired t-test). (Martin et al.,
2012)
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Fig. 4.
> Effect of 1 uM emodepside on membrane potential. A: Comparison was made between
= membrane potential before and during emodepside application. 1 UM emodepside caused a
g significant membrane hyperpolarization (p < 0.001, n = 10, paired t-test) which was reduced
= in the presence of 5 mM 4-aminopyridine (p < 0.01, n = 8, unpaired t-test). 10 uM
% emodepside caused an increased hyperpolarization in comparison to 1 pM emodepside (p <
5 0.05, unpaired t-test). B Bar chart (mean = s.e) of NO influence on emodepside-induced
S hyperpolarization. In the presence of 1 mM SNP, 1 pM emodepside caused an increased
= hyperpolarization (p < 0.01, n = 4, paired t-test). 100 pM NNLA decreased the
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hyperpolarization caused by 1 uM emodepside (p < 0.01, unpaired t-test). C: Bar chart
(mean = s.e) of effect of protein kinase modulators on emodepside-induced
hyperpolarization. 10 pM PMA had no significant effects on the hyperpolarization caused by
1 uM emodepside. However, 1 UM staurosporine decreased the hyperpolarization caused by
1 uM emodepside (p < 0.05, unpaired t-test). (Martin et al., 2012)
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(\N N7 CH: diethylcarbamazine
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diethylcarbamazine emodepside combination

DEC potentiates emodepside

The combined effect of emodepside and diethylcarbamazine is greater than the effect of
emodepside alone on A. suum membrane potential. A: Chemical structure of
diethylcarbamazine. B: Representative current-clamp traces showing the membrane
potential before, during 1 uM emodepside application (top trace) and during application of 1
UM emodepside plus 100 uM diethylcarbamazine (lower trace). The time delay between the
end of the application of 100 pM diethylcarbamazine and 1 uM emodepside plus 100 uM
diethylcarbamazine was 10 minutes. The change in membrane potential between the
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beginning of the 100 uM diethylcarbamazine and application of 1 uM emodepside plus 100
UM diethylcarbamazine was a hyperpolarization of 1.5 mV. C: Bar chart (mean % i.e.) of
diethylcarbamazine effect on emodepside-induced hyperpolarization. 100 uM
diethylcarbamazine increased the hyperpolarization caused by 1 pM emodepside (p < 0.01, n
=5, unpaired t-test (Buxton et al., 2014a).
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Fig. 6.

A: Chemical structure of tribendimidine. B: Diagram of the two-micropipette current-clamp
technique used to record the membrane potential (v) and to inject 40 nA hyperpolarizing 500
ms current pulses (i) at 0.3 Hz. p is the microperfusion pipette used to apply and wash off
the drugs. C: Application of 3 pM acetylcholine and then 0.1, 1 and 10 pM tribendimidine to
the same preparation. 1 uM tribendimidine produces a bigger depolarization response
(upward movement) and conductance increase (reduction in the voltage responses to current
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injection, producing a narrowing of the width of the trace) than 3 UM acetylcholine
(Robertson et al., 2015).
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Figure 4. Tribendimidine as an agonist of Ode-(29 — 8 — 38 — 63) and Ode-(29-63-38)

receptors expressed in oocytes, currents recorded under voltage-clamp at —60 mV (Buxton et
al., 2014b) A: Tribendimidine and pyrantel at 100 pM is more potent than levamisole on the
Ode(29 - 38 — 63) receptor. B: Levamisole at 100 pM is more potent than acetylcholine
tribendimidine, pyrantel and nicotine on the expressed Ode(29 — 8 — 38 — 63) receptor. Note
that derquantel produces competitive antagonism of the effects of levamisole but a non-
competitive antagonism of pyrantel, suggesting that the mode of action of levamisole and
pyrantel are not identical.
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