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Abstract

Nematode parasites infect humans and domestic animals; treatment and prophylaxis require
anthelmintic drugs because vaccination and sanitation is limited. Emodepside is a more recently
introduced cyclooctadepsipeptide drug that has actions against GI nematodes, lungworm, and
microfilaria. It has a novel mode of action which breaks resistance to the classical anthelmintics
(benzimidazoles, macrocyclic lactones and cholinergic agonists). Here we review studies on its
mode of action which suggest that it acts to inhibit neuronal and muscle activity of nematodes by
increasing the opening of calcium-activated potassium (SLO-1) channels.
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1. Introduction

Parasitic nematode infections place a heavy burden on both humans and animals. It is
estimated that the global prevalence of parasitic nematode infections in humans is over two
billion (de Silva, et al., 2003). These infections are debilitating, produce lost productivity,
mental impairment, and poor growth and contribute to poverty. The incidence of human
helminthiases is higher in warmer, wetter areas where poor sanitation makes the spread of
nematode parasite infections all too easy. In hot dry or very cold climates, the spread of the
helminth infection is much slower even if sanitation is limited, because the free living
intermediate stages do not survive well. In domestic animals, nematode parasites cause
production loss, welfare issues and reduce the food supply. In the absence of effective
vaccines and good sanitation to prevent the spread of these parasitic infections, anthelmintic
drugs are used for both treatment and prophylaxis in humans and animals. Disturbingly,
there are reports of growing resistance to the main groups of anthelmintic drugs in both man
and animals. There is evidence of resistance to the benzimidazoles (albendazole), nicotinic
agonists (levamisole/pyrantel) and macrocyclic lactones (ivermectin) in domestic animals
(Wolstenholme, et al., 2004) and concerns in humans (Geary, et al., 2009). Recently, novel
‘resistance-busting’ anthelmintics (emodepside, a cyclooctadepsipeptide; monepantel, an
amino-acetonitrile derivative, and derquantel, a paraherquamide derivative) have been
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developed. The need for these new anthelmintics and ways to combat resistance to the
currently available anthelmintics is urgent. Here we review recent information on the mode
of action of emodepside with the intention that this information will facilitate understanding
and development of the drug, and perhaps development of additional compounds.

2. Spectrum of action

Sasaki et al. (1992) described the isolation of the cyclooctadepsipeptide PF1022A from
cultured Mycelia sterilia, a fungus found on leaves of a flowering shrub (Camellia japonica).
Emodepside (Figure 1A) is a semisynthetic analogue of PF1022A that is produced by adding
two morpholine rings to the para-position of the two D-phenyllactic acids (Harder et al.,
2005) in order to enhance pharmacokinetic properties. Emodepside or PF1022A are
effective against: gastro-intestinal nematodes of mice, rats, chickens, sheep, cattle, horse,
dogs and cats and 7richonella spiralis (Harder et al., 2003, Martin et al., 1996); and pre-
adult stages of the filariae, Acanthocheilonema viteae, Brugia malayi, and Litomosoides
sigmodontis. The effects against the adult stages of filaria are species dependent; there is
little effect of emodepside against adult B. malayi (Harder et al., 2003).

3.1 Different Mode of Action

Emodepside selectively inhibits body muscle contraction of nematodes (Terada 1992,
Willson et al., 2003). Emodepside is effective against nematode isolates that have developed
resistance to drugs from the major classes of anthelmintic (Samson-Himmelstjerna von et
al., 2005), namely: ivermectin (an allosteric modulator of GluCl channels, Pemberton et al.,
2001), levamisole (a nematode selective NAChR agonist, Qian et al., 2006, Qian et al., 2008)
and febantel (a selective ligand for nematode p-tubulin, Miro et al., 2006). Because
emodepside remains effective against resistant isolates, it suggests that emodepside has a
different mode of action.

3.1 Does not act as a GABA agonist or nicotinic antagonist

The earliest studies on the mechanisms of action of the cyclooctadepsipeptides used
PF1022A. PF1022A seemed to exert its anthelmintic action on either nematode nerve or
muscle rather than on its energy metabolism; low concentrations of PF1022A (<1 pM)
inhibited the motility of the nematode parasite, Angiostrongylus cantonensis (Terada, 1992).
Although it was reported (Chen et al., 1996) that PF1022A bound to GABA receptors of
Ascaris suum muscle, suggesting a direct effect on nematode GABA receptors, direct
electrophysiological recording from Ascaris suum muscle found that PF1022A did not act
like GABA, nor did it act as a cholinergic antagonist (Martin et al., 1996). Emodepside does
not produce an increase in the muscle membrane conductance like GABA or piperazine
(Martin, 1982) again showing that these compounds do not act as GABA agonists.

Another possibility (GeBner et al. 1996) was that PF1022A is an ionophore because
PF1022, PF1022-001 (antipode of PF1022A), valinomycin, enniatin A; and beauvericin all
have ionophore activities, and may increase bilayer conductivity to monovalent ions (Na*,
Li*, K* and Cs*). However, only PF1022A not PF1022-001 (the antipode), had a potent
paralytic effect on A. suum, suggesting that the selective anthelmintic effects of PF1022A
was not due to any ion-carrier activity.

3.2 K-dependent hyperpolarization by releasing inhibitory neuropeptides (PF1/PF2)

Willson et al. (2003) tested further effects of emodepside on Ascaris suum muscle
contraction and electrophysiology. They observed that 10 .M emodepside had a slower
inhibitory action on muscle contraction than GABA and produced a slow hyperpolarization
without a detectable change in conductance. The inhibitory neuropeptides, PF1 & PF2, also
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produce a slow inhibition of contraction of A. suum muscle, similar to emodepside
(Fellowes et al., 2000, Willson et al., 2003). PF1 causes a slow, non-reversible,
concentration-dependent membrane hyperpolarization that is significantly blocked by 4-
aminopyridine (Franks et al., 1994, Verma et al., 2009). When Willson et al. (2003) found
that the K channel blocker 4-aminopyridine inhibited the effect of emodepside on membrane
potential they reasoned that emodepside may mimic effects of PF1 & PF2 by stimulating the
release of inhibitory neuropeptides like PF1 or PF2 which then produce a K-dependent
hyperpolarization. Although there is a similarity between effects of PF1 and emodepside
effects on the membrane potential their effects are not identical. PF1 and emodepside both
increase calcium-dependent voltage-activated K currents in A. suum, but the effects on
calcium currents are different: PF1 inhibits voltage-activated Ca2* currents (Verma et al.,
2009); but emodepside has no effect on voltage-activated Ca2* currents (Buxton et al, 2011).
The effects of emodepside are also slower in onset: emodepside inhibits ryanodine-induced
spiking more slowly than PF1, probably because of the lack of emodepside effect on the
voltage-activated Ca2* currents (Buxton et al 2011). Thus although there may be some
similarities in the effects of emodepside and the inhibitory neuropeptides, the evidence
suggests that emodepside does not act by releasing PF1-like neuropeptides.

3.3 Latrophilin receptors

Immunoscreening with an antibody to PF1022A of an H. contortus cDNA library revealed a
G-protein receptor that is latrophilin-like, now designated HC110R, and which has been
expressed in HEK293 cells where it lead to PF1022A-dependent gating of calcium (Saeger
et al., 2001). The homology of HC110R to mammalian latrophilin receptors which trigger
neurotransmitter release, raises the hypothesis that emodepside may act (in part) by
stimulating neurotransmitter release producing inhibition of muscle activity. Muhlfeld
(Muhlfeld et al., 2009) used surface plasmon resonance to show that the neuropeptides AF1,
AF10 and PF2 bind, with low affinities, to HC110-R, implying that these neuropeptides may
be putative natural ligands of the latrophilin-like receptor. They did not observe any high
affinity binding characteristics with PF1.

C. elegans is sensitive to effects of emodepside (Bull et al., 2007). The effects are: inhibition
of movement, inhibition of pharyngeal pumping and inhibition of egg-laying. In 2004,
Willson et al. described effects of emodepside (100 nM) on the C. elegans pharynx with the
effects of emodepside stimulating exocytosis and eliciting pharyngeal paralysis. The
paralysis of the pharynx produced by emodepside depended on the presence of the
lathrophillin (LAT-1) receptor with emodepside resistance appearing in /at-1 null mutants.
Two genes were recognized that encode latrophilin receptors in C. elegans, lat-1 and lat-2.
The role of LAT-1 and LAT-2 in mediating effects of emodepside on feeding and
locomotion were investigated with RNAI and null-mutants (Willson et al., 2004; Bull et al.,
2007; Guest et al., 2007). The pharyngeal system of /a#-1 null-mutants had reduced
emodepside sensitivity, but the sensitivity of locomotion to emodepside was unchanged
(Guest et al., 2007), suggesting that emodepside has both LAT-1 dependent effects on the
pharynx and LAT-independent effects on locomotion.

3.4 SLO-1 as atarget for emodepside in C. elegans

Guest et al. (2007) used a mutagenesis screen of C. elegans and found mutant alleles of s/o-1
that encode a Ca2*-dependent K channel in C. elegans that were resistant to the effects of
emodepside on locomotion. They observed that s/o-1 but not s/o-2 null-mutants were more
resistant to the inhibitory effects of emodepside than /at-1 and /at-2 (latrophilin receptor)
double mutants. Guest et al. (2007) proposed that emodepside either directly or indirectly
activates SLO-1 that is present in body wall muscle and motor neurons to produce its
inhibitory effects in nematodes. Initial s/0-1 pharyngeal expression experiments in s/o-1
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null-mutants, did not detect effects of emodepside on the frequency of pharyngeal pumping.
However, Crisford et al. (2011) subsequently described how ectopic over-expression of
SLO-1ain C. elegans pharyngeal muscle did, in fact, give rise to sensitivity of the
pharyngeal muscle to emodepside. Crisford et al. (2011) also described transgenic
experiments in which the C. elegans SLO-1a channel was swapped for KCNMAL, the
human orthologue. Interestingly, the sensitivity to emodepside in the rescues depended upon
origin of the SLO-1 channel: the human KCNMAL channel was 10-100 time less sensitive
to emodepside than the rescues expressing C. elegans SLO-1a channel. In addition to the
heterologous expression of the human KCNMAL BK channel, expression of the SLO-1 K
channels of the nematode parasites, A. caninumand C. oncophorain the C. elegans slo-1
loss of function mutant, NM1968, found that expression restored emodepside sensitivity
(Welz et al., 2011). Restoration of the full emodepside sensitivity was also found to depend
on the nature of the promoter used: the parasite s/o-Z promoter produced only partial
recovery of sensitivity compared to full recovery produced by the C. elegans slo-1 promoter.
One explanation for this effect of the promoters on emodepside sensitivity suggests that the
parasite promoter is less efficient in C. elegans, another explanation is that the parasite
promoters used for s/o-1 expression might be truncated, thus driving only partial expression
activity. A proposed model for the mode of action of emodepside in C. elegans (Welz et al.,
2011) is that: emodepside acts directly or indirectly to activate the SLO-1 K channel; the
effect on pharyngeal pumping involves latrophilin receptors and SLO-1 on pharyngeal
neurons; and the effect on body wall muscle involves SLO-1 in the muscle but not
latrophilin receptors.

4. Properties of SLO-1 K channels

Two similar, SLO-1 and SLO-2 types of K channel (Lim et al., 1999, Wang et al., 2001,
Jospin et al., 2002) have been identified in C. elegans. Although the proteins of these
channels have some similar motif sequences, the channels are very different in their
regulation by intracellular ions. SLO-2 is regulated by intracellular Na* as well as CI~;
SLO-1 is regulated primarily by intracellular Ca2* (Jospin et al. 2002). We focus here more
on the SLO-1 ion-channels, as it is a putative site of action of emodepside. The SLO-1 K
channels have large (~200 pS) conductances and are sometimes called ‘big’ potassium (BK)
channels, maxi-K channels or SLO family channels. The SLO-1 K channel of vertebrates is
composed of 4 a-subunits; homologous subunits of C. elegansand A. suum are found and
like vertebrate SLO-1 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
bowl’ between domains S9 and S10 (see Figure 1B-D & 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. elegansthere are at least 3 splice variants (SLO-1a,
SLO-1b and SLO-1c; Wang et al., 2001). Each a-subunit of the channel has at least two
high affinity calcium binding sites and one low calcium/magnesium binding sites. The
channel also combines with secondary, regulatory B-subunits (Knaus et al., 1994) in
vertebrates but these subunits have not yet been identified in C. elegans. However,
Drosophila, which also lack p subunits, has Slob proteins, which appear to carry out similar
functions to the vertebrate B-subunits and these may be present in nematodes (Claridge-
Chang et al., 2001).

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. In addition to opening of the channel being regulated
(Figure 1C & D) by membrane potential and calcium, magnesium, NO, CO, arachidonic
acid, prostaglandins and phosphorylation by cAMP-dependent protein kKinase A,
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diacylgycerol/Ca2*-dependent protein kinase C, and cyclic GMP-dependent protein kinase
G can affect channel opening (Salkoff et al., 2006; Ghatta et al., 2006). These 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 effect of different nematode
neuropeptides which can affect CAMP cGMP levels, (e.g. AF1, AP2, PF1 & PF2) could then
affect SLO-1 channels (Verma et al., 2007, Verma et al., 2009).

4.1 SLO-1 as atarget for emodepside in A. suum

Willson et al. (2003) described the muscle relaxation and inhibitor effect of emodepside on
A. suum body muscle and that emodepside produced a Ca2*-dependent hyperpolarization. It
was suggested that emodepside may act at the neuromuscular junction to stimulate release of
an inhibitory neuropeptide similar in action to PF1 or PF2. Voltage-clamp experiments have
now allowed the effect of PF1, increasing the opening of Ca*-dependent voltage-activated
K channels and decreasing the calcium currents present in A. suum muscle to be observed
(Verma et al., 2009). Buxton et al., (2011) found Asc-/at-1 and Asu-slo-1, evolutionarily
conserved homologues of the /az-7 and s/o-1 genes, to be expressed in adult A. suum body
muscle flaps. They showed, using the same voltage-clamp techniques, that emodepside
activates SLO-1-like K channels like PF1 (Figure 3) but unlike PF1, emodepside does not
decrease calcium currents. These voltage-activated K channels were CaZ*-dependent and
inhibited by 5 mM 4-aminopyridine. The membrane hyperpolarization and increase in
voltage-activated K current produced by emodepside (Figure 3) are very slow in onset and
increase over a period of more than 10 minutes (Buxton et al. 2011); the speed of onset is
slower than the onset of the effect of the inhibitory action of PF1. The slow onset effect of
emodepside might be due to the very lipophilic nature of emodepside 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. The effect of emodepside is potentiated
by sodium nitroprusside (a NO donor) and PMA (a protein kinase C activator), antagonized
by iNOS inhibitors (with NNLA) and antagonized by inhibition of protein kinase C
(staurosporine, Buxton et al., 2011). Interestingly, these signaling molecules are known
activators of SLO-1 in other cells (Bolotina et al., 1994, 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 (Figure 1C & D). 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).

Figure 2 shows alignments of C. elegansand A. suum SLO-1 (Genbank accession n°
ACC68842.1). The Asu-SLO-1 sequence encodes a protein of 1117 amino-acids that has
78% identity and 87% similarity to the Cel-SLO-1 sequence. The SLO-1 sequences have
seven transmembrane-spanning domains (SO — S6), a P-loop, four hydrophobic intracellular
segments, (S7 — S10) and a “Ca2* bowl” that typifies a large conductance calcium-sensitive
potassium channels, (Ghatta, et al., 2006; Lim, et al., 1999; Schreiber and Salkoff, 1997;
Wallner, et al., 1996; Wei, et al., 1996).

5. Conclusion

Emodepside is a broad spectrum anthelmintic that has a mode of action different from the
other classical groups of anthelmintic and is not expected to show cross-resistance with
them. It has an inhibitory effect on motility, pharyngeal pumping and egg laying of
nematodes and its mode of action involves increased opening of a SLO-1 K channel. In
rescue experiments done by Crisford et al. (2011), there is evidence of direct action of
emodepside on the SLO-1 K channel. The very slow time-dependent effect (Buxton et al.,
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2011) suggests that the site of action is not an extracellular domain of the SLO-1 K channel.
The slow time course is consistent with a site of action within the membrane or intracellular
domain.
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Figure 1.

Summary diagrams of modepside structure, Slo-1 subunit and a model of the mode action of
emodepside on nematode body muscle. A: Emodepside (Molecular formula CggHggNg014
Molecular weight 1119.4). B: Diagram of transmembrane structure of one Slo-1 subunit;
each Slo-1 K channel is made up of 4 of these subunits. Emodepside may act in part
presynaptically on neurons (C) and in part on body muscle (D). Emodepside may act
directly on SLO-1 K channels in the muscle or neurons (1) or indirectly by stimulating
latrophilin-like receptors and signaling cascades that may involve NO, protein Kinase C and/
or calcium. The release of transmitters may also be affected by the activation of neuronal
SLO-1 K channels. 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. 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 subunit (B) and channel (C & D) is shown composed of
4 subunits along with the ‘RCK’ cytoplasmic regulatory region of the channel.
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SLO-1 A. suumand C. elegans and alignments of deduced amino-acid sequences. Identical
amino-acids between C. elegans and A. suum sequences are shaded in dark blue and distinct
aminoacids sharing similar physico-chemical properties are shaded in light blue. Predicted
signal peptide sequences are shaded in grey. The transmembrane domains (TM) are noted
below the sequences. Comparison of Asu-SLO-1 (Genbank accession n® ACC68842.1) and
Cel-SLO-1 (Genbank accession n° NP_001024259.1) showing the 7 TM domains (SO — S6),
P-loop, S7 — S10 intracellular domains and “Ca2* bowl”. Domain annotation corresponds to

A. suum SLO-1. Figure, modified from Buxton et al., 2011.
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Figure 3.

Electrophysiological techniques (two micropipette current-clamp and voltage-clamps) for
recording from Ascaris suum. (A) A. suum muscle bag showing the current (1) and voltage
(V) micropipettes in the bag, and the perfusion needle (P). (Bi) Representative current-
clamp traces showing the slow hyperpolarizing membrane potential during and after 10 min
application of 1 .M emodepside. Note that the trace does not get thinner because the
membrane resistance does not change detectably. (Bii) 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 in the time period of this recording. (B 111) 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. (C) Bar chart (mean = s.e.) of 1 uM
emodepside effect on steady state (L) 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 L« currents at 10 min (p < 0.01, n = 4, paired t-
tesp), 20 min (p < 0.01, n = 4, paired t-tesf) and 30 min (p < 0.05, n = 4, paired t-tesi).
Figure, modified from Buxton et al. (2011).
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