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ABSTRACT 

Widespread resistance to chemotherapeutic agents is one of the biggest challenges facing 

human health and the agricultural industry, with resistance to all current anthelmintics now 

recorded. Understanding the development of drug resistance in parasitic nematodes is 

critical to prolonging the efficacy of current anthelmintics, developing markers for 

monitoring drug resistance and is beneficial in the design of new chemotherapeutic agents 

or targets. Multidrug resistance (MDR) is mediated by ATP-binding cassette (ABC) transport 

proteins including the multidrug resistance-associated proteins (MRPs) and P-glycoproteins, 

which confer resistance to structurally and functionally different drugs. This work 

characterizes the role of these proteins in drug resistance in nematodes. 

Using the model nematode Caenorhabditis elegans, ivermectin resistant sublines were 

developed through step-wise exposure to increasing concentrations of ivermectin 

commencing with a non-toxic concentration of 1 ng/ml. Resistant strains displayed a MDR 

phenotype with cross-resistance not only to the related drug moxidectin, but also to other 

unrelated anthelmintics, levamisole, pyrantel and thiabendazole but not to albendazole. 

Resistance was stable after 3 months without ivermect in treatment. 

Resistance to low levels of ivermectin (~6 ng/ml} was associated with increased expression 

of mrp-1, mrp-6 and pgp-1 and decreased glutathione, while higher level resistance {10 

ng/ml) was primarily associated with the increased expression of P-glycoproteins. This 

resistance to ivermectin was reversible by the co-administration of MRP, P-glycoprotein and 

glutathione synthesis inhibitors confirming the involvement of these proteins in resistance. 

To show the relevance of this model, homologues of MRPs were identified in the 

gastrointestinal parasitic nematode of ruminants Haemonchus contortus. Increased 

expression of several MRPs identified in H. contortus was found in ivermectin resistant 

isolates, supporting the relevance of the C. elegans model. 

The interaction of ivermectin with human P-glycoprotein and MRP-1 was also examined. 

lvermectin clearly inhibits the transport of P-glycoprotein substrates and can reverse 

resistance to both daunorubicin and taxol in resistant cells . An interaction with mammalian 

MRP-1 is less clear, with a 10-fold lower affinity. Therefore ivermectin and modulators of P-

glycoprotein have the potential to interfere with the biodisposition and bioavailability of 

viii 



anthelmintics within parasitic hosts as well as parasites. Overall, this work demonstrated 

that low doses of ivermectin can induce resistance in nematodes through the increased 

expression of multidrug resistance transport proteins, adding further complexity of the 

development of drug resistance, and demonstrating the multi-factorial nature of MDR. 
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Chapter one 

INTRODUCTION 



Chapter 1: Introduction 

1.1 Introduction 

Parasitic infections are regarded as the most significant health problem of ruminants in 

many parts of the world (Besier and Love, 2003; Zajac, 2006). Haemonchus contortus 

remains the most economically significant parasitic nematode of small ruminants worldwide 

for a number of reasons (Zajac, 2006). They are prolific and blood-feeding therefore 

parasitism by large numbers of worms cause severe anaemia, and unlike the other parasitic 

nematodes of economic significance, chronic infection can be difficult to identify as 

diarrhoea is not associated with this disease (Zajac, 2006). Treatment is heavily reliant upon 

chemotherapy; however widespread drug resistance threatens its future success. Given 

relatively little is known regarding mechanisms of drug resistance in H. contortus the aim 

was to further understand the development of drug resistance. 

1.2 H. contortus 

H. contortus is a member of the class Secernentea, subclass Rhabditia, order Strongylida, 

superfamily Trichostrongyloidea, and family Trichostrongylidae. It is a gastrointerstinal 

haematophagous nematode of ruminants (sheep, cattle, reindeer, goats) with a direct 

lifecycle involving both parasitic and free-living life stages separated by moults (Figure 1.1). 

The first instar larvae (L1) hatch from eggs released onto the pasture. Both L1 and second 

instar larvae (L2) are free-living, and feed on bacteria in the faeces. The L2 larvae undergo an 

incomplete moult to become the non-feeding, infective third stage larvae (L3). When 

released from faecal pellets during favorable environmental conditions, they show negative 

geotaxis, climbing grass stalks and placing themselves in a position likely to be consumed by 

the ruminant host. The host ingests the L3 larvae and they pass through the rumen and 

exsheath, and then pass to the omasum where they burrow into the abomasal mucosa. They 

then moult to the fourth-stage (L4) and relocate to the paramucosal lumen and begin to 

feed on host blood. Head movements lacerate the mucosa with the dorsal tooth (lancet) 

until a capillary is pierced and blood leaks from the feeding sites. Larvae undergo another 

moult to adulthood, after which mating and egg production occurs. Adult females lay 

between five to ten thousand eggs per day that pass out of the host through the faeces 

which contaminate pastures (Lee, 2002). 

Clinical haemonchosis is characterized by the effects of bloodless: haemorrhagic anaemia, 

emaciation, oedema (bottle-jaw; a fluid swelling beneath the jaw) and with severe disease, 
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Omm 

l3-exsheathed l4 

lng~~t~d by ruminant 

Figure 1.1: Lifecycle of Haemonchus contortus. When conditions are favorable, first instar 

larvae (Ll) hatch from eggs in the faeces and feed on bacteria, then moult to become second 

instar larvae (L2). L2 larvae undergo an incomplete moult to third instar larvae (L3L which 

are non-feeding and infective to hosts. After ingestion, they moult a third time to become an 

immature adult (L4L and in the abomasum they mature into adult worms and mate. Eggs are 

released into the faeces 21-28 days post ingestion of larvae. 
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death. In acute haemonchosis, signs of anaemia may be apparent; mucosal membranes 

around gums and eyes appear whitish, and sheep display extreme weakness and listlessness. 

When large numbers of larvae are ingested over a period of days, anaemia can cause death 

before erythropoiesis can commence. In chronic infections, where the rate of infection has 

been slower, both anaemia and hypoalbuminaemia result from the loss of whole blood cells 

and the exhaustion of erythropoietic reserves. Mortality from haemonchosis is highest in 

young animals, while adults generally suffer relatively low mortality rates courtesy of 

acquired immunity (Barger, 1993). 

1.3 Control of H. contortus 

Currently, control of intestinal parasites of both humans and livestock is heavily reliant on 

chemotherapy to ease symptoms and reduce transmission . There are a number of drug 

classes available, with different modes of action. Within each class are compounds which 

share similar structures and/or cellular targets. The most widely used classes are the 

macrocyclic lactones, benzimidazoles and imidazothiazoles. The other anthelmintic classes 

are summarized in Table 1.1. 

Table 1.1: Anthelmintics for the treatment of parasitic worms. 

Class Compounds Mode of action Target parasite 

Tetrahydropyrimidines Pyrantel, morantel Nicotinic agonist (Martin and Nematodes, 
Robertson, 2007} cestodes 

Organophosphates Dichlorvous, Inhibit acetyl cholinesterase Nematodes, 
napthalophos (Martin, 1997) arthropods 

Salicynailides Closantel Inhibits oxidative phosphorylation Nematodes 
(Pax and Bennett, 1989} 

Oxinodole alkaloids Paraherquamide Nicotinic antagonist (Zinser et a/., Nematodes 
2002) 

Cyclooctadepsipeptides Emodepside, PF1022A Binds to calcium activated Nematodes 
potassium channel SL0-1 (Guest et 
a/., 2007) 

Pyrazinaisoquinoline Praziquantel Increases CaL+ permeability (Martin Cestodes, 
eta/., 1997) trematodes 

Amino-acetonitrile Monepantel Target nAChRs (Kaminsky et a/., Nematodes 
derivatives 2008; Ducray eta/., 2008) 

Table adapted from (Martin, 1997; Sangster and Dobson, 2002; McKellar and Jackson, 2004; 
Getachew eta/., 2007). 

1.3.1 Macrocyclic lactones 

The macrocyclic lactones are comprised of the avermectins and the milbemycins, derived 

from Streptomyces species. Natural product macrocyclic lactones include abamectin, 
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doramectin and milbemycin D and newer semi-synthetic derivatives include eprinomectin, 

ivermectin, selamectin and moxidectin. Macrocyclic lactones are potent nematocides, 

insecticides and acaracides and are believed to elicit their effect by irreversibly opening 

glutamate gated chloride channels (Arena et a/., 1992; Wolstenholme and Rogers, 2005). 

These effects block pharyngeal pumping (Geary et a/., 1993; Paiement et a/., 1999), and at 

higher concentrations cause a flaccid paralysis of somatic musculature (Geary et a/., 1993) 

arguably due to an interaction with nematode and mammalian gamma-amino butyric acid 

(GABA) channels (Bloomquist, 1993; Dent eta/., 1997; Dent eta/., 2000; Feng eta/., 2002). 

1.3.2 Benzimidazoles 

Benzimidazoles were the first broad-spectrum anthelmintics, active against a range of 

nematodes, protozoa, trematodes and cestodes and most importantly with low toxicity to 

hosts (Conder, 2002). The benzimidazoles which include thiabendazole (Brown eta/., 1961) 

and albendazole are all synthetic compounds with a number of biological activities centered 

on their effects on tubulin polymerization. They bind with high affinity and in a pseudo 

irreversible fashion to the microtubule subunit protein tubulin, specifically the ~-tubulin 

subunit (Borgers and De Nollin, 1975; Lacey, 1988; Lubega and Prichard, 1990). Tubulin 

polymerization is inhibited resulting in degenerative changes to the ultrastructure of 

microtubule bundles (Friedman and Platzer, 1978). These dynamic, ubiquitous cellular 

organelles serve a variety of cellular functions from mitosis and motility to transport. Not 

surprisingly, other side effects of benzimidazole treatment include alterations in mitosis, 

nutrient absorption, intracellular transport, secretion and motility due to the effects on 

microtubules. 

1.3.3 lmidazothiazoles 

The surface of nematode musculature contains nicotinic acetylcholine (ACh) receptors 

(nAChRs) that can be opened by the nicotinic anthelmintics. lmidazothiazoles including 

levamisole, tetramisole and butamisole were introduced in the 1970s. They penetrate the 

nematode cuticle and act as agonists of the post-synaptic nAChRs on nematode somatic 

muscle (Martin et a/., 1996; Martin et a/., 2005). lmidazothiazoles, unlike the natural 

transmitter ACh are not degraded by acetylcholinesterase, which regulates Ach levels, 

therefore lead to a continual depolarisation of muscle cells and resulting in spastic paralysis 
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of the worm which may then be expelled from the host (Aceves et a/., 1970; Aubry et a/., 

1970). 

1.4 Resistance to chemotherapy 

An inevitable consequence of chemotherapy is the development of drug resistance. 

Resistance to anthelmintics occurred rapidly, as highlighted in Figure 1.2. The first widely 

administered anthelmintic phenothiazine was introduced onto the market in the 1940s 

(Mitchell, 2006) and resistant populations were reported by 1957 (Drudge eta/., 1957). In 

1961, thiabendazole was released (Brown et a/., 1961), and by 1964 resistance to this 

compound had been reported (Drudge et a/., 1964; Conway, 1964). Similar trends occurred 

with the release of levamisole in 1968, ivermectin in 1981 and moxidectin in 1991. 

Resistance to each one was reported in 1979 (Sangster et a/., 1979), 1988 (van Wyk and 

Malan, 1988) and 1995 (Leath wick, 1995; Watson eta/., 1996) respectively. 

Resistance can be difficult to detect, and is complex to describe. It can be defined a heritable 

decline in the efficacy of an anthelmintic against a population of parasites that is generally 

susceptible to that drug (Prichard et a/., 1980; Sangster and Gill, 1999). Or it can be an 

increase in the proportion of worms in a population carrying a gene linked with resistance 

(Sangster and Dobson, 2002). Resistance may also be defined in terms of the reduction in 

the time a drug treatment exerts its affect, with resistant populations requiring more 

frequent treatments than previously administered. These varied manifestations of resistance 

complicate its detection. 

To date, the most accurate method of determining resistance is a post mortem analysis of 

treated and untreated animals to determine the precise species and life stage of worms. 

However this methodology is not practical, and in its place, a pre-treatment faecal egg count 

is compared with the egg count following drug treatment to determine the reduction in 

parasite burden. Drug efficacy of< 95% is scored resistant (Beveridge eta/., 1990; McKenna, 

1994). However the testing procedures themselves have been shown to vary considerably 

and could be underestimating the prevalence of anthelmintic resistance (Miller eta/., 2006). 

While these methods are useful for testing before clinical resistance develops, often by the 

time tests are performed a majority of the worm population is already resistant (Martin et 

a/., 1989). What is required are rapid, specific molecular tests to identify resistance early. 
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1940 1961 1970 1981 1991 
Phenothiazine Benzimidazoles I m idoth iazoles- Avermectin- Avermectin-

(Thiabendazole) tetra hyd ropyri midi nes milbemycins milbemycins 

(Levamisole) (Ivermectin) (Moxidectin) 

' ' ' ' 1957 1964 1979 988 1995 
(Drt.dge eta!., 1957) (Conway, 1964; (Sangster eta!. , 1979) (VanWyk and tvlalan, 1988) (Watson eta/., 1996; 

DrujgE: eta/., 1964) Leathwick, 1995) 

Figure 1.2: The development of resistance to anthelmintics. The year anthelmintic 

compounds were released onto the market (b lack) and first incidence of resistant 

populat ions (red) is indicated, highlighting the rapid development of resistance to these 

compounds. 
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The development of such technologies relies on an exhaustive understanding of the 

molecular basses of resistance. 

1.5 Mechanisms of cellular resistance 

Mechanisms of drug resistance have been extensively studied in cancer, where it is clear that 

cellular resistance is both inherent and acquired (Gottesman, 2002). The mechanisms 

underlying resistance are complex and include decreased drug at the target caused either by 

decreased uptake or increased export of drugs, increased detoxification of drugs through the 

glutathione-thioredoxin systems, and mutation of the target to change the effect of the drug 

(Kim et a/., 1997; Huang et a/., 1997; Hazlehurst et a/., 1999). Nematode populations may 

also adopt one or multiple approaches to achieve resistance, which have been detailed in a 

number of reviews (Prichard, 2001; Wolstenholme et a/., 2004; Prichard and Roulet, 2007). 

In parasites, including some nematodes, similar mechanisms to those in cancer cells have 

been identified in resistant populations. 

1.5.1 Genetic changes in the drug target 

Resistance can arise by alteration of drug's cellular target and a number of examples of this 

have been shown to occur in parasites. Parasite populations are genetically heterogeneous 

(Blouin et a/., 1995) and the genetic selection of H. contortus following anthelmintic 

treatment has been frequently reported (reviewed by Prichard, 2001)[51] . In H. contortus, 

benzimidazole resistance has been associated with single nucleotide polymorphisms (SNPs) 

in the target molecule P-tubulin isotype 1 (Kwa eta/., 1993b). The mutations required for 

resistance are F200Y (Kwa et a/., 1994), F167Y (Prichard, 2001) and recently another 

mutation E198A was identified (Ghisi et a/., 2007). A summary of the SNPs identified in 

benzimidazole-resistant nematode populations is shown in Table 1.2. Of these, codon 200 of 

~-tubulin isotype 1 is most often associated with resistance to benzimidazoles with the 

mutations at 167 and 198 occurring in populations with the sensitive codon, TIC at position 

200. (Von Samson-Himmelstjerna et a/., 2007). There have been a few studies correlating 

SNP frequency with resistance in a variety of parasites. However, the frequency of the 

resistant codon at position 200 varies considerably from each study (Silvestre and Cabaret, 

2002; Pape et a/., 2003; Walsh et a/., 2007; Von Samson-Himmelstjerna et a/., 2007). This 

suggests while SNPs are important in conferring resistance to this drug class, they may not 

the only means of resistance in parasite populations. 
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Table 1.2: SNPs identified in benzimidazole-resistant nematodes. 

Gene Parasites References 

B tubulin isotype 1 F200Y H. contortus, C. elegans, T. (Kwa eta/., 1994; Kwa et 
circumcincta, T. colubriformis, al, 1995;Grantand 
C. onchophora, 0. ostertagi, Mascord, 1996; Silvestre 
Cyc/icocyclus nassatus and Humbert, 2002; 

Winterrowd eta/., 2003; 
Pape eta/. , 1999) 

F167Y H. contortus, T. circumcincta, (Prichard, 2001; Silvestre 
F167H Cyanthostomin catinatum and Cabaret, 2002; Clark 

eta!., 2005) 
E198A H. contortus (Ghisi eta/., 2007) 

B tubulin isotype 2 Absence H. contortus (Kwa eta/., 1993b; Kwa 
eta/., 1993a) 

Table adapted from von Samson-Himmelstjerna eta/. {2007). 

For macrocyclic lactones, there has also been an association of target alteration with 

resistance. Mutations in the extracellular domain of the target glutamate-gated chloride 

channel (GiuCI) of H. contortus and of a closely related nematode Cooperia onchophora have 

been identified (Njue eta/., 2004) . In the non-parasitic, free-living nematode Caenorhabditis 

elegans, ivermectin activates GluCI channels with an a-type subunit. Mutations in several of 

these subunits have been shown to confer resistance to ivermectin (Dent et a/., 1997; Dent 

et a/., 2000). Table 1.3 summarizes the changes identified in ivermectin resistance in C. 

elegans. For high-level resistance in C. elegans mutations are required in at least three 

subunits of the GluCI channel. Investigation of the role of other channel subunits has not yet 

been reported. 

Table 1.3: Effect of GluCI subunits on ivermectin resistance. 

Functional null-mutant 
avr-14 avr-15 g/c-1 Resistance 

X No 
X No 

X No 

X X X High-level 
X X Modest 
X X No 

X X No 
Table adapted from Dent eta/. (2000). 

There is also evidence for resistance to levamisole via changes in the subunits and 

configurations of the nAChR in Ascaris suum (Martin eta/., 2004) while the absence of this 

receptor in C. elegans contributed to resistance (Richmond and Jorgensen, 1999). 
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1.5.2 Drug metabolism 

While genetic selection contributes to anthelmintic resistance, other mechanisms may also 

potentially contribute. All eukaryotic cells have a number of cellular detoxification pathways 

which function to convert harmful xenobiotics to less toxic compounds. Drugs are 

metabolized to less active forms or in the case of prodrugs; these mechanisms may prevent 

their biotransformation. In vertebrates, metabolism and detoxification of xenobiotics 

comprises of three main phases (Ishikawa, 1992). In phase I, toxins are oxidized, reduced or 

hydrolyzed to introduce or expose functional groups of the appropriate reactivity by 

cytochrome P450 or mixed-function oxidases. In phase II, the activated derivative is 

conjugated with glutathione (GSHL glucuronic acid or glucose, often mediated by the 

glutathione-5-transferase enzymes (GSTs). In phase Ill metabolized toxins are eliminated 

from the cell by the glutathione conjugate (GS-X) pump. Glutathione's conjugation with a 

compound in the cell, whether spontaneous or facilitated by GST, renders the compound 

less toxic against cellular targets and more hydrophilic. 

The tripeptide glutathione (y-glutamyl-cysteine-glycine) is the ubiquitous non-protein thiol in 

most eukaryotic and prokaryotic cells. Reduced glutathione is a tri-peptide required for the 

maintenance of a number of homeostatic biochemical processes, playing a central role in the 

maintenance of the thiol redox status of the cell, protection against oxidative damage, 

detoxification of endogenous and exogenous reactive metals and electrophiles, storage and 

transport of cysteine as well as for protein and DNA synthesis, cell cycle regulation and cell 

differentiation (Meister and Anderson, 1983; Meister, 1984; Deleve and Kaplowitz, 1990; 

Hammond et a/., 2001). Levels are controlled both intra- and extracellularly, maintaining a 

balance between glutathione synthesis by rate-limiting enzymes such as y-glutamyl cysteine 

synthetase (yGCS) in the y-glutamyl cycle (Orlowski and Meister, 1970), its regeneration 

from glutathione disulfide (GSSG) and utilization. In many drug resistant cancers, increased 

glutathione and over-expression of many glutathione related enzymes has been shown, 

although in many cases their role in drug resistance is unclear (Tew, 1994). 

There is evidence for increased drug metabolism as a mechanism for drug resistance in 

parasites. In the kinetoplastids Leishmania spp. and Trypanosoma spp., trypanothione (TSH), 

the functional orthologue of glutathione (Fairlamb and Cerami, 1992) is increased in a 

number of resistant Leishmania species (Haimeur et a/., 2000; Legare et a/., 1997; 
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Mukhopadhyay et a/., 1996) and in some strains an increase in trypanothione alone is 

sufficient to confer resistance (Grondin et a/. , 1997). In L. tarentolae resistant to arsenite, 

buthionine sulfoxamine (BSO), an inhibitor of glutathione synthesis by inhibiting yGCS can 

partially revert the resistance phenotype (Grondin et a/., 1997). Unlike Leishmania, the 

trypanothione levels in Trypanosoma spp. are usually 20-fold greater (Grondin et a/., 1997; 

Shahi et a/., 2002). Over-expression of ygcs, ornithine decarboxylase (ode) and a multidrug 

resistance associated protein mrp-A only marginally increase melarsoprol resistance in 

Trypanosoma spp. (Shahi eta/., 2002). 

There have been only a few studies investigating the role of glutathione and its related 

systems in drug resistance in H. contortus. Cambendazole-resistant H. contortus were 

reported to have increased GST activity relative to susceptible isolates (Kawalek eta/., 1984). 

Kerboeuf and Ayacardi (1999) investigated the influence of glutathione on drug resistance 

more directly. The co-administration of BSO increased sensitivity of resistant worm eggs to 

thiabendazole, implicating a possible role for glutathione in resistance to the 

benzimidazoles. 

There may also be contribution to drug detoxification and resistance by the thioredoxin 

system. Thioredoxin is a small protein with di-thiol reducing activity with links to the 

glutathione system. Thioredoxins are small thiol-reducing proteins with many important 

cellular roles, including the maintenance of antioxidant balance (Arner and Holmgren, 2000). 

Recently, increased expression of a number of thioredoxins in ivermectin-selected H. 

contortus adults was reported suggesting a role for the thioredoxin system in establishing 

drug resistance (Sotirchos eta/., 2008). 

Cytochrome P450 enzymes are also important components of cellular detoxification in many 

organisms. They oxidize a variety of molecules including steroids, fatty acids and drugs 

(Guengerich, 1991). Kotze (1997) identified cytochrome P450 monooxygenase activity in H. 

contortus. There has been one report implicating the cytochrome P450 system in 

anthelmintic metabolism. Alvinerie et a/., (2001) observed moxidectin metabolites in 

homogenates of resistant H. contortus larvae, possibly mediated by the cytochrome P450 

system. However, an analysis of macrocyclic lactone-resistant and susceptible H. contortus 

adults by Kotze (2000) found no difference in their oxidative activities, suggesting this 

system may not be involved in resistance to this class of anthelmintics. 
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1.5.3 ABC transport proteins 

Decreased import of drug or increased export results in the reduced intracellular 

concentration of the drug, preventing it from accessing its target resulting in a non-toxic 

dose and resistance. Early studies in cancer cells showed that both inherent and acquired 

resistance to a variety of drugs, termed multidrug resistance (MDR), was mediated by the 

expression of a membrane protein, P-glycoprotein (Juliano and Ling, 1976; Ambudkar eta/., 

1999). MDR results in cellular resistance to a broad range of natural product drugs with little 

structural or functional similarity (Higgins, 1992; Ambudkar eta/., 1999; Borst eta/., 1999). 

P-glycoprotein is a member of the AlP-binding cassette (ABC) transporter superfamily which 

is comprised of integral membrane proteins that actively transport a variety of compounds 

including phospholipids, ions, peptides, steroids, polysaccharides, amino acids, organic 

anions, bile acids, drugs and other xenobiotics across cellular membranes coupled to the 

binding and/or hydrolysis of ATP (Higgins, 1992; Klein eta/., 1999). These proteins are found 

in all organisms from bacteria to man (Higgins, 1992). The minimal ABC transporter unit 

contains one nucleotide binding domain and several transmembrane domains (half 

transporter), although for activity a minimum of two nucleotide binding domains are 

required (Figure 1.3). The nucleotide binding domains, responsible for the binding and/or 

hydrolysis of ATP, contain three highly conserved regions: the Walker A and B motifs, found 

in most AlP-dependant transporters (Walker et a/., 1982) and the C motif {signature 

sequence of ABC transporters; Hyde eta/. 1990)[101]. 

P-glycoprotein is a 170 kDa, energy-dependant integral membrane ABC transport protein 

(Juliano and Ling, 1976). It is composed of two homologous halves, each with six 

transmembrane domains and an AlP-binding domain. The direct binding of drugs to P-

glycoprotein has been demonstrated, although the precise mechanism of transport is still 

debated (Larsen et a/., 2000). P-glycoprotein has a broad substrate specificity for lipophilic 

compounds (Shapiro and Ling, 1995; Ambudkar et a/., 1999). In humans, P-glycoprotein is 

normally expressed in selective tissues including the liver, kidney, gastrointestinal tract, stem 

cells and the blood-brain-barrier (BBB; Thiebaut eta/., 1989). 

However, MDR cell lines were isolated with no expression of P-glycoprotein, and it was 

recognised that P-glycoprotein was not the only MDR mechanism in tumour cells. 

Differential eDNA screening revealed eDNA clones of a novel ABC transport protein 
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Figure 1.3: Schematic of the structure of ABC transport proteins in H. sapiens. The basic 

structure, indicating the position and number of transmembrane domains (TMD} and 

nucleotide binding domains (NBDs} of (A} P-glycoprotein, MRP-4, MRP-5, MRP8 and ABCC12; 

(B) MRP-1, MRP-2, MRP-6 and MRP-7 and (C) ABCG transport proteins. The structural 

differences between transport proteins are highlighted. 
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(Cole et a/., 1992; Cole et a/., 1994). This transport protein, MRP-1 became the founding 

member of a large subfamily of transport proteins, the multidrug resistance-associated 

protein family, now known to contain many more members (Table 1.4). Gene transfer 

experiments confirmed that MRP-1 was capable of conferring resistance to a similar, 

although not an identical range of drugs as P-glycoprotein (Cole et a/., 1994; Grant et a/., 

1994). MRP-1 is an integral membrane, AlP-binding, N-glycosylated phosphoprotein with an 

apparent molecular mass of 190 kDa (Loe eta/., 1996). In mammals, MRP-1 has a uniform 

expression pattern and is found in most cell types (Fiens et a/., 1996) and a substantial 

fraction of the total cellular MRP-1 pool is localized in intracellular vesicles as well as the 

plasma membrane (Fiens eta/., 1996). Therefore MRP-1 may play a role in both drug export 

and intracellular drug sequestration (Van Luyn eta/., 1998). MRP-1 plays an important role in 

normal cellular processes including but not limited to inflammation, cell-cycle control and 

oxidative stress (Fiens eta/., 1996; Borst and Elferink, 2002). 

Functional characterization of MRP-1 revealed that the preferred substrates are organic 

anions including drugs conjugated to glutathione, glucuronate or sulfate in contrast to P-

glycoprotein which prefers uncharged or positively charged hydrophobic compounds 

(Homolya et a/., 2003). Further studies revealed MRP-1 is a glutathione S-conjugate pump 

involved in cellular detoxification (Muller et a/., 1994; Jedlitschky et a/., 1996). The 

interaction between oxidative stress and the MRP subfamily is complex (Figure 1.4). 

Glutathione has been shown to interact with MRP-1 in a number of ways. Glutathione itself 

has been shown to be directly transported by MRP-1 (Mao et a/., 2000). Secondly, some 

drugs require glutathione in a co-transport mechanism. Transport of vincristine, vinblastine 

and etoposide is enhanced by the presence of glutathione, although these compounds are 

not known to be conjugated to glutathione in vivo (Loe eta/., 1996). Thirdly, glutathione has 

also been shown to stimulate the transport of compounds, but is not transported itself 

(Zaman eta/., 1995; Loe eta/., 1996). Finally glutathione transport can be enhanced by other 

compounds such as verapamil (Cullen eta/., 2001) and doxorubicin (Schneider et al1995). 

In addition to P-glycoprotein and MRPs, several other ABC transport proteins have been 

identified, with links to drug resistance. In mammalian cells, 12 transporters have been now 

associated with drug resistance (Bracht eta/., 2007). Some are described in Table 1.4, such 

as the breast cancer resistance protein (BCRP /MXR/ ABCG2) and ABCB11 (sister of P-
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Table 1.4: The ABC transport proteins of humans. 

ABCB 

ABCC 

ABCG 

ABCCl (MRP-1) 

ABCC2 (MRP-2; cMOAT) 

ABCC3 (MRP-3, MOAT-0, 
cMOAT-2) 
ABCC4 (MRP-4, MOAT-B) 

ABCC6 (MRP-6) 

ABCClO (MRP-7) 

ABCCll (MRP-8) 

ABCG2 (BCRP, MXR) 

kidney, GIT, adult stem cells, 
ical membranes 

Ubiquitous, basolateral membranes 
and endosomes 
Apical membranes in the liver, GIT, 
kidney 

Liver, bile ducts, gut, adrenal cortex 

Multiple tissues 

Kidney, liver 

Multiple tissues 

Breast, lung, colon, prostate, ovary and 

Placenta, breast, liver, endothelium 

transporter 

Organic anion transporter, 
unconjugated bile acids 

Bile acids, glucuronate, 
sulohate and GSH con' · ·--.. --4

'
5 

Cyclic nucleotide transporter & 
organic anions11 

Selective lipophilic anion 
transoorter 10 

Cyclic nucleotide transporte 
11,12 

Transports prazosin 

Multiple lipophilic drugs 

Organic anions, GSH/GSSG/glucuronate/sulfate-
coniugates. GSH 
Similar profile to MRPl in addition to cisplatin 

Clinical relevance to resistance lim 

No correlation with clinical drug resistance, however over-
ression in vitro creates resistance to PMEA8

'
9 

Transfected cells resistant to etoposide, doxorubicin and 
daunorubicin 
Transfected cells resistant to paclitaxel, vinblastine, 
vincristine 10 

Over-expression results 
nucleotide/nucleoside anal 

in resistance 
PMEA and 5-fluorouracil 

sistance to mitoxanthone, 
cins 

Table adapted from review by (Szakacs et a/., 2006) and (Borst and Elferink, 2002). BBB: blood-brain-barrier; GIT: gastrointestinal tract; GSH: glutathione; 
GSSG: glutathione disulfide; GS-X: glutathione conjugate; PMEA: 9-(2-phosphonylmethoxyethyl)adenine. 1(Young et a/., 2001); 2(Childs et a/., 1998); 
3(Liedert eta/., 2003); 4(Scheffer eta/., 2002); 5(Belinsky eta/., 2005); 6(Kool eta/., 1997) 7(Borst eta/., 2007); 8(Schuetz eta/., 1999) 9(Chen eta/., 2002b) 
10(Kruh eta/., 2007); 11(Bera eta/., 2001); 12(Yabuuchi eta/., 2001). 
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Figure 1.4: Thiol and MRP transport systems. Glutathione is a major cellular thiol which 

detoxifies xenobiotics and maintains the redox status of cells. A similar cycle, the thioredoxin 

cycle, also maintains cellular redox potential. ATP: adenosine tri-phosphate, Cys: cysteine, 

yGCS: y-glutamyl cysteine synthetase Glu: glutamate, Gly: glycine, GS: glutathione 

synthetase, GSH : reduced glutathione, GSSG: glutathione disulfide. GPx: glutathione 

peroxidase, GR: glutathione reductase, GST: glutathione S-transferase, yGT: y-glutamyl 

transpeptidase, MRP: multidrug resistance associated protein, P-gp: P-glycoprotein, ROS: 

reactive oxygen species, Trx: thioredoxin. Figure adapted from (Bracht eta/., 2007). 
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glycoprotein) both of which have been implicated in drug resistance (Childs et a/., 1995; 

Gerloff eta/., 1998; Koshiba eta/., 2008). 

1.6 ABC transport proteins in parasites: the potential for MDR 

Multidrug resistance is now recognised in many organisms. Recently, it has been suggested 

the development of MDR is inevitable where chemotherapy prevails (Sheps and Ling, 2007). 

This is evidenced by the MDR in cancers associated with the use of chemotherapeutics. 

Following the widespread use of antibiotics, MDR bacteria are now prevalent (Lubelski eta/., 

2007). In parasites such as H. contortus, MDR parasites have also emerged (Yadav et a/., 

1995; Waruiru eta/., 1998). Sheps and Ling (2007) suggest from the experiences in bacteria 

and human cancers, that for the acquisition of MDR, cells do not evolve specific responses 

but mobilize their pre-existing, broad defense mechanisms such as ABC transport proteins. 

For a number of parasitic organisms, ABC transport proteins emerge to play a role in 

resistance to chemotherapeutics used in their control, and show potential to confer cross-

resistance to other compounds. ABC transport proteins have been identified in a number of 

parasites, both protozoan and metazoan. A summary of the ABC transport protein identified 

in protozoan parasites is given in Table 1.5 along with their roles in drug resistance. For some 

parasites, which include Toxoplasma gondii, drug resistance has not been reported, however 

the rise of resistance in other closely related protozoan parasites has encouraged the 

examination of the ABC transport protein repertoire in this parasite. Overall, in parasites, the 

role of ABC transport proteins and their function in drug resistance is poorly characterized. 

For many, the full repertoire has not been fully identified. However, where drug resistance is 

emerging in a number of both protozoan and metazoan parasites, ABC transport proteins 

have been described, and in a number of cases there is evidence for their association with 

resistance. 

1.6.1 ABC transport proteins in protozoan parasites 

In Leishmania and Trypanosoma spp., the involvement of ABC transport proteins in 

resistance is well documented. In Leishmania spp., transfection with an MRP-1 homologue, 

mrpA results in 2- to 10-fold resistance to arsenical drugs and trivalent antimonial drugs in 

different strains. The variation in resistance is directly related to innate variation in TSH 

levels in different strains (Fairlamb and Cerami, 1992). 
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Table 1.5: P-glycoproteins and MRPs in protozoan parasites. 
Parasite ABC subfamily Gene/EST Homologue Resistance 

Leishmania spp. P-glycoprotein MDRl VLB,DNM,PRM,DOX, ADR 
MDR2 5-fluorouracil 

MRP MRPA ARS, SBV, TSH-X 
PGPB ND 
PGPE ND 
PGPC ND 
PGPD ND 

Trypanosoma P-glycoprotein ABC2 LdMDRl ND 

spp. Tcpgp2 ND 
Tcpfpl ND 

MRP MRPA LtMRPA MEL 
MRPE LtMRPE SUR, MEL 
PGPlfl ND 

PGP2 ND 

Plasmodium P-glycoprotein MDRl/Pghl TgABC.B2 CQ. MEF, ART 

spp. 
MRP GCN20 ChABCtransporter-like protein ND 

MRPl CeMRPl ND 
MRP2 PjMRPl ND 

C. parvum P-glycoprotein CpABC3 MDRl ND 
cgdl 1350 MDRl ND 

MRP ABCl ND 
ABC2 ND 
cgd7_4510 CpABCl ND 
cgd7 4520 CpABCl ND 

T. vagina/is P-glycoprotein PGPl' ND 

MRP ? 

T. gondii P-glycoprotein TgABC.Bl PfMDRl ND 
TgABC.B2 PfMDRl ND 

MRP TgABC.Cl CpABC2 ND 
TgABC.C2 - ND 

MRP ? 

E. histolytica P-glycoprotein PGPl ND 
PGP2 ND 
PGP5 ND 
PGP6 ND 

MRP ABC! ND 

MRP: multidrug resistance-associated protein; ADR: adriamycin; ARS: arsenic; ART: artemisinin; CQ: 
chloroquine; DNM: daunomycin; DOX: doxorubicin; MEF: mefloquine; MEL: melarsoprol; ND: not determined; 
PRM: puromycin; SBV: antimony; SUR: suramin; VLB: vinblastine. ·Prediction; t.truncated. 
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The co-transfection of pgpA with gcsl and odcl, the rate-limiting precursor genes to 

trypanothione synthesis produced highly resistant parasites, compared with transfection of 

each gene alone (Grondin et a/., 1997; Haimeur et a/., 1999). In Trypanosoma, over-

expression of the MRP-1 homologue TbmrpA resulted in a 10-fold decrease in the sensitivity 

to melarsoprol, which was sufficient to mediate melarsoprol resistance (Shahi eta/., 2002). A 

second homolog of MRP-1, TbmrpE was also identified. Over-expression of TbmrpE induced 

a 3-fold increase in resistance to the diamidine suramin yet not to pentamidin, and also 

marginal resistance to melarsoprol (Shahi eta/., 2002). 

A homologue of mammalian P-glycoprotein, mdr1 in Leishmania spp. has also been 

identified. While it has not been associated with resistance to arsenical or antimonial 

compounds used to control this parasite, expression was associated with resistance to 

known substrates of P-glycoprotein, including puromycin, adriamycin, doxorubicin, 

daunomycin and vinblastine in parasites selected for resistance to vinblastine and 

daunorubicin (Henderson et a/., 1992; Hendrickson et a/., 1993). There have also been P-

glycoprotein homologues identified in Trypanosoma, however these have not been 

associated with any resistance phenotype. 

In Plasmodium falciparum, the causative agent of malaria, two P-glycoprotein genes have 

been identified. Pfmdrl was linked with resistance to a number of antimalarials including 

mefloquine and artemisinin derivatives (Reed eta/., 2000; Sidhu eta/., 2005; Duraisingh and 

Refour, 2005). Changes in gene copy number influence resistance to mefloquine and the 

artemisinin compounds. Selection for mefloquine resistance was linked to the over-

expression of Pfmdrl and cross-resistance to halofantrine and quinine (Sidhu et a/., 2006). 

SNPs in Pfmdrl have also been associated with altered sensitivity to arylaminoalcohols 

including lumefantrine. Pfmdr2 is a single nucleotide domain transporter. Early experiments 

demonstrated Pfmdr2 transcripts were increased in chloroquine resistant compared with 

sensitive parasites (Cowman eta/., 1994). However, Rubio and Cowman (1994) reported no 

difference in expression at the protein level. 

Cryptosporidium parvum is the causative agent of cryptosporidiosis, characterized by self-

limiting diahorrea in the immunocompromised (Griffiths, 1998). Currently there are no 

effective treatments and C. parvum displays intrinsic resistance to drugs used to combat 

other protozoan parasites (Chen et a/., 2002a). One hypothesis regarding the intrinsic 
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resistance suggests the involvement of drug transporters including ABC transport proteins. 

Two MRP-homologues, CpABC1 and CpABC2 have been examined from C. parvum (Chan and 

Fong, 2005). Considering there is sequence homology with other MRPs, there is speculation 

that CpABCl and CpABC2 are also organic anion transporters which may function in drug 

resistance, particularly given their localization at the apical end of sporozoites (Zapata eta/., 

2002). CpABC3 appears to be a homologue of P-glycoprotein based on sequence homology 

(Zapata eta/., 2002). Benitez eta/. (2007) found, little effect was observed on the regulation 

of Cpabc1 or Cpabc3 mRNA in drug treated parasites. Of the remaining 13 ABC proteins in C. 

parvum, 3 ESTs share a high level of homology with the NBDs of ABC transport proteins 

(Benitez et a/., 2007). Treatment with paromomycin (an antiamoebic) caused a 5- to 8-fold 

increase in mRNA expression of the EST sequence number 1350 and a 3-fold up-regulation in 

sequence number 4510. Cyclosporin-A also increased expression of 1350 (5-fold) and 4510 

(2.6-fold). These increases suggest a role for these proteins in response to drug. 

1.6.2 ABC transport proteins in metazoan parasites 

A list of the known ABC transport protein homologues identified in a number of metazoan 

parasites is given in Table 1.6. Compared with the protozoans, far less is known about the 

contribution ABC transport proteins play in anthelmintic resistance. In addition to the P-

glycoprotein and MRPs, half transporters also exist. In Onchocerca volvulus, a P-

glycoprotein-like-protein (PLP) showed reduced allelic variation in populations of 0 . volvulus 

treated with ivermectin (Ardelli and Prichard, 2007). Specifically, ivermectin treatment 

appears to select for specific alleles of PLP in parasite populations which could be used to 

monitor the development of resistance in parasite populations (Bourguinat eta/., 2008). 

Praziquantel, a pyrazinaisoquinoline was widely distributed for the treatment of 

schistosomiasis, a disease caused by the trematode Schistosoma mansoni. Resistance to 

praziquantel has emerged (Ismail et a/., 1996; William et a/., 2001). There have been two 

ABC transport protein homologues identified in 5. mansoni, SMDR1 and SMDR2. SMDR1 has 

no known homologues, while SMDR2 is homologous to P-glycoprotein. The role of ABC 

transport proteins in drug excretion was investigated using fluorescent dyes which are 

known substrates of mammalian ABC transport proteins. Accumulation of a mammalian P-

glycoprotein substrate resorufin was increased by P-glycoprotein inhibitors cyclosporin A 

and verapamil (Sato et a/., 2002), demonstrating functional P-glycoproteins are possibly 
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involved in the excretion of drugs. Bosch eta/. (1994) examined the expression of SMDR2 in 

resistant parasites using southern and northern blotting and found no increase in gene copy 

number or mRNA expression in resistant parasites. 

Table 1.6: P-glycoprotein and MRPs in metazoan parasites. 

Parasite ABC subfamily Gene/EST Homologue Resistance 

F. hepatica P-glycoprotein Fhmdr1 t1 SMDR2 ND 
MRP FhMRP•2 MRP1•2 ND 

S. mansoni P-glycoprotein SMDR13A Cehaf-6 ND 
SMDR2 RnMDR1A No 

MRP SMRP•4 

0. volvulus P-glycoprotein ABC-1 ND 
ABC-3 ND 
MDR-1 ND 
PGP-1 IVM5

'
6 

MRP ? 
H. contortus P-glycoprotein PGPA IVM7'8 

PGPB IVM7 

PGPC IVM7'8 

PGPD IVM8 

PGPE IVM7'8 

PGPF No7,s 

MRP ? 
IVM: ivermectin; MRP: multidrug resistance-associated protein; ND: not determined; t sequence not 

complete; • Prediction, sequence not yet identified; • prediction, western blot. 1(Reed et a/. , 1998); 
2(Kumkate et a/., 2008); 3(Bosch et a/., 1994); 4{Sato et a/., 2004); 5 (Ardelli and Prichard, 2007); 6 

(Bourguinat eta/., 2008); 7(Prichard and Roulet, 2005); 8 (Roulet and Prichard, 2006). 

Although no sequence data has been identified so far, there is also experimental evidence 

for M RP homologues in 5. mansoni. Sato et a/. {2004) demonstrated the excretion of the 

fluorescent substrate fluo-3 acetyloxymethyl ester which is reported to be a substrate of 

mammalian MRP-1, was energy dependant and modulators of MRPs including indomethacin, 

probenecid and sulfinpyrazone reduced excretion, though not as markedly as for the P-

glycoprotein substrate resorufin. Little research has extended from these initial 

investigations on the localization, and transport capabilities of ABC transport proteins in this 

parasite. 

The liver flukes Fasciola hepatica and F. gigantica are the causative agents of fasciolosis. 

Recently, reduced efficacy to the anti-trematodal agent, triclabendazole has begun to 

emerge (Brennan eta/., 2007). In a similar approach to 5. mansoni, the role of ABC transport 

proteins in drug efflux has been assessed using a fluorescent substrate of mammalian ABC 
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transport proteins, Rhodamine 123. Co-administration of cyclosporin A in drug sensitive 

parasites caused an increase in Rhodamine 123 accumulation in adult fluke cells, highlighting 

their possible role in drug efflux (Kumkate et a/., 2008). Partial sequence of a P-glycoprotein 

homologue, similar to SMDR2, Fhmdr1 has been identified (Reed eta/., 1998). Recently, in 

addition to MDR1, an MRP1 orthologue was also identified by western blotting in adult F. 

gigantic (Kumkate et a/., 2008). Further support of a link between ABC transport proteins 

and drug resistance in flukes was provided when flukes treated with triclabendazole, 

increased MRP-1 expression (Kumkate eta/., 2008). 

In the parasitic nematode of ruminants H. contortus, increased P-glycoprotein expression 

has been associated with resistance to the macrocyclic lactones (Biackhall eta/., 1998; Xu et 

a/., 1998; Sangster et a/., 1999; Le Jambre et a/., 1999). So far, there have been six P-

glycoprotein homologues identified in H. contortus (PgpA-F; Prichard and Roulet, 2007)[53]. 

It was reported earlier by the same authors that ivermectin exposure in vivo induced the 

over-expression of PgpA, PgpC, PgpD and PgpE, although no further information was given 

(Roulet and Prichard, 2006). Earlier studies also showed increased expression of P-

glycoprotein mRNA in the pharynx of macrocyclic lactone-selected strains of H. contortus in 

contrast to unselected worms, although any correlation between the level of expression and 

resistance was weak (Smith and Prichard, 2002). 

The suspected involvement of P-glycoprotein in macrocyclic lactone resistance in H. 

contortus sparked research into the effects of known modulators of mammalian P-

glycoprotein activity on the efficacy of anthelmintics. In 1999, Molento and Prichard (1999) 

investigated the effect of verapamil and a derivative (CL 347,099) on macrocyclic lactone-

resistant strains of H. contortus in jirds (Meriones unguiculatus). Co-administration of either 

verapamil or CL 347,099 with ivermectin or moxidectin displayed increased efficacy by 

significantly decreased total worm counts. The study suggested a potential involvement of 

ABC transport proteins in macrocyclic lactone resistance. However the point was raised that 

in an infection model it is not explicit whether the inhibitory effect of the modulator only 

attributed to inactivation of parasite ABC transport proteins or modulation of resistance was 

due to inhibitions of jird ABC transport proteins by improving the bioavailability of these 

drugs. Molento et a/. (2004) addressed the possible involvement of the effect of host ABC 

transporter inhibition of the bioavailability of macrocyclic lactones in sheep. When co-

22 



Chapter 1: Introduction 

administered with ivermectin or moxidectin, verapamil significantly increased the plasma 

concentration of ivermectin, but not moxidectin. This has the therapeutic benefit of 

increasing the concentration of ivermectin available to the parasite. 

There have been a few investigations on the interaction of parasite ABC transport proteins 

and modulators of mammalian homologues directly. Transport of a P-glycoprotein substrate, 

Rhodamine 123 was demonstrated in eggs of H. contortus (Kerboeuf eta/., 1999). There was 

a significant, dose-dependent increase in the Rhodamine 123 accumulation in drug-resistant 

isolates compared to drug-susceptible eggs. Verapamil, an inhibitor of both P-glycoprotein 

and MRPs in mammals increased Rhodamine 123 accumulation in resistant isolates. 

To date there has not been any characterization or functional analyses performed to relate 

MRPs to resistance in H. contortus. However MRPs have been identified. Lespine et a/. 

(2008) noted the annotation of three ESTs on the H. contortus database, Nembase2 which 

show similarity to C. elegans MRP-1 and MRP-5 sequences. It would be of considerable 

interest to pursue further insights into the MRP subfamily in H. contortus for a number of 

reasons. Firstly, the functional studies using inhibitors such as verapamil would most likely 

not target P-glycoprotein homologues specifically, as verapamil also inhibits mammalian 

MRP homologues. Therefore MRP involvement in transport or resistance assessed this way 

could potentially be hidden. Secondly, in other parasites, MRP homologues primarily appear 

to be involved with drug resistance rather than P-glycoprotein homologues. 

1. 7 Caenorhabditis elegans 

C. e/egans emerges arguably as one of the most popular and well characterized model 

organisms. C. elegans is a small, free-living, bacteriovourous nematode living in the soil 

interstitial. Over the last 40 years, C. elegans research as the model metazoan has added a 

wealth of knowledge to many areas as diverse as developmental biology, drug screening and 

aging studies to neurobiology. Sulston et a/. (1983) traced the lineage of each cell in the 

adult hermaphrodite from differentiation to death and by 1986, White eta/. had produced a 

complete map of the nervous system reconstructed from serial section electron micrographs 

providing insight into the areas of development, neurobiology and genetics of higher 

organisms. In 1998 C. elegans became the first multi-cellular organism to be genomically 

sequenced (C. elegans Sequencing Consortium, 1998) and following rapidly the footsteps of 

the genome sequence, a range of techniques are now available, including RNA interference 
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(RNAi}, transgenics, knockout studies, microarray and proteomics to investigate gene and 

protein function (Corsi, 2006}. 

To investigate the development of drug resistance, C. e/egans was an ideal choice for a 

model nematode given its short lifecycle, easy cultivation of large brood size, small number 

of cells, simple anatomy and transparency. The lifecycle (Figure 1.5} is approximately 3 days 

at 20 °C, with a normal life-span of about 2 weeks under optimal conditions. There are two 

sexes, hermaphrodites and males. The adult hermaphrodite is structurally a female and can 

reproduce by self-fertilization. A fertilized egg develops rapidly at 25°( with embryogenesis 

completed in 14 h, followed by hatching of the first instar larvae {L1} and development 

through four larval stages to the adult in 36 h. If conditions become unsuitable for successful 

reproduction such as limited food supply, development may be arrested at the second moult 

with the L3 larvae becoming a dauer larva. Dauer larvae differ structurally from other stages 

of the life cycle. They do not feed and can survive for much longer than the normal 2-week 

life of the adult worm. 

1.7.1 A model nematode 

How good a model the free-living nematode C. elegans is to parasitic nematodes such as H. 

contortus can be defined in a number of ways, including how closely related the two 

organisms are. Despite being a nematode itself, there have been concerns over the 

appropriateness of C. elegans as a model of parasitic nematodes. Typically, parasites were 

classified as separate groups often at the ordinal level and it was assumed they arose from 

free-living nematodes to parasites (Burglin et a/., 1998). In recent years, molecular 

phylogenetics has been able to define molecular relationships of C. e/egans and major 

parasite groups and has accelerated our understanding of the relative position of nematodes 

within the metazoan animals (Burglin et a/., 1998). From 185 rRNA, nematodes have been 

classed into 5 clades (Figure 1.6), which strongly agree with morphological and 

developmental traits (Biaxter et a/., 1998; Blaxter, 1998; Dorris et a/., 1999). C. elegans is 

placed within clade 5, the paraphyletic taxon, Rhabditia . The Strongylidia which include the 

vertebrate parasitic order are also robustly placed within the Rhabiditia. 

Many agree C. elegans is a good model for parasitic nematodes, particularly where putative 

homologues exist (Britton and Murray, 2006). Given the relative difficulty in passaging 
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Figure 1.5: The life cycle of C. elegans at 25 °C. Adult hermaphrodite worms fertilize eggs 

which undergo 5 h embryogenesis before being laid, where embryogenesis continues a 

further 9 h. First instar larvae (Ll) hatch and feed on bacteria and progress through L2, L3, L4 

to adult through successive moults. Adult hermaphrodite worms can fertilize eggs by mating 

with males or self fertilization to produce eggs which continue the cycle. When food is 

limited, worms may undergo an alternative lifecycle. Worms become arrested at the second 

moult and enter the dauer stage rather than L3 larvae. Dauer larvae are non-feeding, and 

when conditions become favourable can moult into L4 larvae to continue the life cycle. 
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Taxonomic group Trophic ecology Examples 

Strongylida 

Clade V 
Rhabditida 

Diplogasterida 

Strongyloides 

Clade IV 
Tylenchida 

Aphelench ida 

Cephalobina 

Ascaridida 

Clade Ill 
Rhigonematida 

Spirurida 

Oxyurid a 

Clade II Triplonchida 

Enoplida 

Monochida 
Clade I Mermithida 

Dorylaimida 

Trichocephalida 

li D 

Ancylostoma spp., Necator Vertebrate parasite 

spp., H. contortus, Dictyocaulus D Invertebrate parasite 
spp., Nippostrongylus 

C. elegans, C. briggsae, 
Dolichorhabditis 

Pristonchus pacificus 

5. stercora/is II Algivore-omnivore 

Meloidogyne spp., Globodera II Fungivore 
spp. 

Panagrellus spp. 

Ascaris spp., Toxocaris spp., 

Parascaris spp. 

Wuchereria spp., Brugia spp., 
Onchocerca spp., 
Acanthocheilonema spp. 

Enterobius spp. 

Trichodorus spp. 

Enoplus spp. 

Mermis spp. 

Xiphinema spp. 

Trichinella spp., Trichuris spp. 

Figure 1.6: Phylogeny of nematodes. From molecular phylogenetics, nematodes have been 

placed into five clades (Burglin et a/., 1998; Blaxter et a/., 1998). The taxonomic groups are 

shown with annotation of lifestyle, genome project and example species. C. elegans is a 

member of the Rhabditida, which is placed in clade 5, along with the Strongylida, which 

contain the economically significant parasites including H. contortus. Figure adapted from 

Blaxter {1998). 
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parasitic nematodes, the limited success of transgenics and RNAi, and the absence of, or the 

poorly annotated genomes, C. elegans is a good alternative (Davis et a/., 1999; Jackstadt et 

a/., 1999; Zawadzki et a/., 2006). However it is generally agreed that the application of C. 

elegans as a model for parasitic nematodes should be evaluated on a case by case basis and 

not without careful consideration of the differences in basic biology and development that 

inevitably exist between free-living and parasitic organisms (Geary et a/., 1999; Geary and 

Thompson, 2001; Britton and Murray, 2006). 

So how good a model is C. elegans to investigate mechanisms of resistance to anthelmintics? 

Already it has been of enormous use for determining the specific mechanism of action of 

many anthelmintics including benzimidazoles (Simpkin and Coles, 1981), macrocycl ic 

lactones (Cully eta/., 1994), imidazothiazoles, emodepside (Bull eta/., 2007), AADs (Ducray 

et a/., 2008) and characterization of their target sites. For instance, the avermectins were 

shown to activate GluCis in C. elegans (Arena eta/., 1992; Cully eta/., 1994) which were later 

identified and demonstrated in H. contortus (Forrester et a/., 2003). Specifically, many 

studies investigating the drug-target interaction still ultilize C. elegans. For instance, C. 

e/egans has been used to examine the expression of an HcGiuCI-GFP construct and 

confirmed its localization to pharyngeal neurons, the proposed site of action (Liu et a/., 

2004). More recently, RNAi of GluCI subunits in C. e/egans demonstrated their involvement 

in locomotion, which could also be rescued by supplementation with homologous H. 

contortus subunits (Cook et a/., 2006) . In these analyses, C. elegans has not only provided 

further insight into anthelmintic action, but in the process provided further evidence of the 

functional similarity between C. elegans and H. contortus homologues and the relevance of 

C. elegans as a model. 

Yet it is not a perfect system and C. elegans as a model for parasitic nematodes has a 

number of obvious limitations. While some anthelmintics act with the same efficacy against 

C. elegans and H. contortus such as ivermectin (Dent et a/. , 2000), some have significantly 

less potency against C. elegans, includ ing pyrantel (Simpkin and Coles, 1981) and some 

against H. contortus, including thiabendazole (Fasiuddin and Campbell, 2000). Therefore, 

C. e/egans is often deemed unsuitable for the identification of new anthelmintics with 

unknown modes of action (Geary eta/., 1999). 
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Overall, C. elegans can be a good model for studying mechanisms of resistance to current 

anthelmintics which are not parasite-specific, but universal. ABC transport proteins are 

found in all organisms, and are involved in xenobiotic detoxification. C. elegans contains 

approximately 60 ABC proteins, which include 15 P-glycoproteins and 8 MRPs, which have 

already been implicated in mediating sensitivity to a number of compounds (Broeks et a/. , 

1995; Broeks et a/., 1996). Overall, C. elegans provided a relevant model to study the 

development of acquired drug resistance to ivermectin and the role of ABC transport 

proteins in this resistance. 

1.8 Thesis objectives 

Understanding the development of drug resistance in parasitic nematodes is critical to 

prolonging the efficacy of current anthelmintics, developing markers for monitoring drug 

resistance and beneficial in the design of new chemotherapeutic agents or targets. While 

there is some knowledge of resistance mechanisms in parasites such as H. contortus, it is not 

exhaustive and there is little correlation between the level of resistance and the identified 

mechanisms. While increased P-glycoprotein expression has been associated with resistance 

to macrocyclic lactones in H. contortus, no information is currently available on the 

contribution of the more ubiquitously expressed MRP subfamily. Unfortunately, both of 

these ABC transporters are capable of conferring multidrug resistance (MDR). 

In cancers, the over-expression of ABC transport proteins can be induced following drug 

t reatment. In H. contortus, early changes in the cellular detoxification mechanisms involving 

ABC transport proteins and associated redox genes that divide susceptible from resistant 

organisms and allowing resistant populations to survive drug treatment, have not been fully 

addressed. Therefore, this study addresses the initial responses in MDR-associated genes to 

treatment with ivermectin. It has been suggested that ivermectin interacts strongly with 

mammalian P-glycoproteins (Schinkel et a/., 1994; Pouliot eta/., 1997; Lespine et a/., 2007) 

and with several mammalian MRPs (Lespine et a/., 2006). However, the degree and 

significance of these interactions have been of some debate (Brayden and Griffin, 2008). The 

role of the MRPs has not been investigated in organisms of relevance to ivermectin 

treatment. This study therefore investigates the development of resistance in the model 

nematode C. e/egans. A range of ivermectin-resistant strains of the Bristol N2 laboratory 

strain of C. elegans were developed through step-wise exposure to increasing non-cytotoxic 
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doses of ivermectin. These were then compared to the unselected Bristol N2 strain for 

changes which occurred during the development of resistance to provide insight into 

potential mechanisms of acquired resistance in parasitic nematodes. Characterisation of 

resistance to toxicants in C. elegans using conventional larval development or movement 

assays is time consuming, subjective and not amenable to large multiple toxicant screens 

(Rand and Johnson, 1995; Burglin et a/., 1998; Anderson et a/., 2004). Therefore a novel 

method for determining worm viability following toxicant exposure will be addressed for use 

with free-living larvae of nematodes in vitro. 

To complement the study in C. elegans, investigation of the MRP subfamily in drug 

resistance in the parasite, H. contortus was also carried out to examine the changes in these 

genes in response to macrocyclic lactone treatment. Finally, the interaction between 

anthelmintics and mammalian P-glycoprotein and MRP-1 was investigated, to gain further 

insight into the role these transport proteins may play not only in mediating resistance in the 

parasite, but also in drug distribution and availability in the host. 
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Chapter 2: Materials and methods 

For convenience the chemical, biological and miscellaneous reagents listed below are 

grouped with the names of supplies and catalogue numbers. 

2.1 Reagents 

2.1.1 Chemicals 

Ajax Chemicals Ltd, Sydney, NSW, Australia (AUS): sodium arsenate hydrated [1076], 

sulphosalicylic acid [03247]; Amresco, Solon, Ohio, United States of America (USA): 

ampicillin sodium salt [0339]; Asia Pacific Chemicals Ltd, Seven Hills, NSW, AUS: calcium 

chloride dehydrate [127-500G], glycerol [242]; Astral Scientific Pty Ltd, Caringbah, NSW, 

AUS: isopropyi-~-D-thiogalactopyranoside (IPTG) [AST0487]; BDH Laboratory Supplies, 

Poole, England (ENG): magnesium sulfate heptahydrate [291175x], sodium acetate [10236], 

EDTA [10093]; Biotium Inc, Hayward, CA, USA: Gelred [41003]; Fort Dodge, KS, USA: 

moxidectin [a gift]; Invitrogen Life Technologies, Carlsbad, CA, USA: BODIPY FL ivermectin 

[B-13510]; Mallinckrodt Australia, Clayton, VIC, AUS: 1-butanol [9054], methyl alcohol 

[9093], n-propanol [9095 ]; Merck Pty Ltd, Kilsyth, VIC, AUS: formaldehyde solution (40%) 

[10113.4A], sodium dihydrogen orthophosphate monohydrate [10245.4R], Merck Sharpe 

Dohme, South Granville, NSW, AUS: MK571 [a gift]; Scharlau Chemie, Barcelona, Spain: 

ethanol absolute [ET0016]; Sara Lee Household and Body care, Clayton South, VIC, AUS: 

White King hospital grade concentrated bleach (sodium hypochlorite 63.0 g/1) -purchased 

fresh every three months; Sigma, St Louis, MO, USA: albendazole [A4673], DL-buthionine-

[S,R]-sulfoxamine [B-2640], calcein-AM [17783], carbenicillin disodium salt [C3416], 

chloroform [C-2432], cholesterol 5g [C-3045]., daunorubicin hydrochloride [30450] dimethyl 

sulfoxide 99.5% [05879], formamide [F-7503], glutathione (reduced form) [G4251], HEPES 

[H4034],ivermectin (Primarily lvermectin B1A) [18898], MOPS [M3183], ~-nicotinamide 

adenine dinucleotide phosphate reduced form tetrasodium (~-NADPH) [N1630], penicillin-

streptomycin solution [P0781], potassium phosphate monobasic ACS 99% [P0662], 

praziquantel [P4668], 2-propanol [24137], pyrantel tartrate salt [P7674], Rhodamine 123 

[R8004], sodium acetate [S-2889], sodium hydroxide [221465], sodium phosphate 

monobasic monohydrate 98-102% [59638], tetracycline hydrochloride [T7660], tetramisole 

hydrochloride [L9756], thiabendazole [T5535], thiazolyl blue tetrazolium bromide (MTI) 98% 

[M2128], , triethanolamine hydrochloride [T9534], (±)-verapamil hydrochloride [V-4629]. All 

chemicals used throughout this study were of analytical grade unless otherwise stated. 
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2.1.2 Biological reagents 

ABgene House, Surrey, UK: Absolute QPCR SYBR green low ROX Mix [AB-1323/b]; Amresco, 

Solon, OH, USA: Agarose I [0710-500G]; BD Biosciences - Clontech, Mountain View, CA, 

USA: Advantage 2 Polymerase Mix [639206]; Marathon eDNA Amplification Kit [89871]; BD, 

Sparks, MD, USA: Bacto Agar [214010]; Dynal Biotech, Oslo, Norway: Dynabeads mRNA 

DIRECT Kit [610.11]; Fisher Biotec Australia, Wembley, WA, AUS: Taq DNA polymerase 250 

[TAQ-1], 25 mM Magnesium chloride [MC-1], Taq DNA Polymerase lOx Reaction Buffer 

[TQRB-1], 2 mM dNTP mix [DN-2M]; Invitrogen Life Technologies: DNase I Amplification 

Grade Kit lOOu [18068-015], fetal bovine serum [10099-141], Platinum Taq DNA Polymerase 

[10966-026], RPMI Medium 1640 with L-glutamine [A10491-01], TRizol Reagent [15596-

018]; New England Biolabs Inc. Ipswich, MA, USA: 100 bp DNA ladder [N3231L], 1 kb ladder 

[N3232S], Hindi// [R0104S]; Novartis Pharmaceuticals Australia, North Ryde, NSW AUS: 

PSC833 [a gift] Oxoid, Hampshire, ENG: Bacteriological peptone 500g [LP0037], Luria broth 

base (Millers) [CM0996]; Promega, Madison, WI, USA: Sacl [R6061], EcoR/ [R6011], BamH/ 

[R6021], MULTI-CORE Buffer Pack [R9991], Blue/Orange Loading Dye, 6X [G1881], X-gal 

[V3941]; Qiagen, Valencia, CA, USA: QIAquick gel extraction kit 250, Omniscript RT Kit 

[205111], QIAprep Spin Miniprep Kit 250 [27106]; Sigma: glutathione reductase [G3664]. 

2.1.3 Miscellaneous 

Axygen Scientific, Union City CA, USA: PCR microplate [PCR-96M2-HS-C]; Sealing film [UC-

500]; Becton Dickinson, Sydney, NSW, AUS: Falcon flow cytometry tubes; Baxter Healthcare 

Pty Ltd, Old Toongabbie, NSW, AUS: Baxter water for irrigation [AHF7114]; Biorad, 

Hercules, CA, USA: Experion RNA Std Sens Chips [700-7153], Experion RNA Std Sens 

Reagents and Supplies for 10 Chips [700-7257]; Greiner bio-one GmbH, Frickenhausen, 

Germany: Cell star pp-test tubes 15 ml [188 271]; Nunc, Kamstrupvej, Denmark: Nunclon™ 

~ Surface 96 well microtitre plate [167008]; Sigma, St Louis, MO, USA: Glass beads 425-600 

micron [G8772]; Sigma-Genosys, Castle Hill, NSW, AUS: oligonucleotide primers; Terumo, 

Somerset, NJ, USA : lml syringe without needle; 18G needles; Sarstedt Inc. Newton, NC, 

USA: Disposable cell scraper 39cm [83.1831]; Spectrun, Laguna Hills, CA, USA: 0.2 ~M 

Mediakap hollow fibre tip media filter; Techno-plas Pty Ltd. St Mary's, SA, AUS: 90 mm petri 

dish, 90 x 14 mm full plate [S9014UV20], 55 mm petri dish, 55 x 14 mm full plate 

[S5514UV10]. 
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2.1.4 Bacterial strains 

E.co/i DHS-a, Genotype F[~80/acZ~M15] supE44 ~/acU169 hsdR17 recA1 endA1 gryA96 thi-1 

re/A1: a recombinant-deficient suppressing strain used throughout this study for the general 

propagation of recombinant plasmids; E. coli HT115, Genotype: F, mcrA, mcrB, IN(rrnD-

rrnE)1, rnc14::Tn10(DE3 lysogen : lavUVS promoter -T7 polymerase) (IPTG-inducible T7 

polymerase) (RNAse Ill minus); E. coli OPSO, uracil auxotroph of E. coli (Gift from Dr C. Behm 

ANU,ACT, AUS). 

2.1.5 Caenorhabditis elegans strains 

Australian National University, Canberra, ACT, AUS: Bristol N2 (Gift from Dr C. Behm ANU, 

ACT, AUS). 

2.1.6 Haemonchus contortus strains 

University of Sydney, NSW, AUS: HAECO McMaster1931; Institute of Parasitology, McGill 

University, Montreal, Canada: HAECO Wallangra1985, HAECO Wallangra2003, PF23, IVF23, 

MOF23 (Gift from Dr R. Prichard). 

2.1.7 Mammalian cell lines 

The human T-celllymphoblastic leukaemia cell line, CCRF-CEM (CEM; Foley eta/., 1965) and 

the drug resistant CEM-VLB100 subline selected for resistance to vinblastine (Beck et a/., 

1979) were obtained from Dr William Beck, University of Illinois, USA. The drug resistant 

CEM-E1000 subline selected for resistance to epirubicin was developed by L. Belov (Davey et 

a/., 1995). 

2.1.8 Cloning vectors 

L4440 (pPD129.36) cloning vector contains two convergent T7 polymerase promoters in 

opposite orientations separated by a multiple cloning site, a gift from Dr C. Behm (Timmons 

and Fire, 1998); Promega: pGEM-T Easy Vector System 1 [A1360]. 

2.1.9 Solutions 

Alkaline hypochlorite solution: 1.6 M NaOH, 60% bleach 

Formaldehyde agarose gel buffer (lOX): 200 mM MOPS, 50 mM sodium acetate, 10 mM 

EDTA, pH to 7.0 with NaOH 
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Formaldehyde agarose gel: 1.2% agarose, 10 mllOX formaldehyde agarose gel buffer 

Formaldehyde agarose gel running buffer (lX): 100 ml lOx FA gel buffer, 20 ml 40 % 

formaldehyde, 880 mM Baxter water 

Flow cytometry phosphate buffered saline (lOX): NaCI (80 g/1), KCI (2 g/1), NaH2P04 (14.4 

g/1), KH2P04 (2.4 g/1), pH 7.2 

Glutathione assay solutions: Stock solutions of DTNB, ~-NADH and glutathione reductase 

were prepared in 125mM phosphate buffer, pH 7.5 

Luria Broth Media (LB media): 2.5% Iuria broth base, water to 11 

Luria Broth Plates (LB Plates): 2.5% Iuria broth base, 0.25% agar, 0.24% MgS04 

M9 buffer: 1 M KH2P04; 40 mM Na2HP04; 80 mM NaCI; 1 mM MgS04 

Nematode Growth Medium (NGM): 0.3% NaCI, 1.2% agar, 0.25% peptone, 0.1% cholesterol 

in 5% EtOH, 0.1% 1M CaCb, 0.1% 1M MgS04, 2.5% 1M KH2P04 

Phosphate buffer: 125 mM pH 7.5: 20 mM NaH2P04.2H20, 105 mM Na2HP04, 3 mM EDTA, 

pH 7.5 

Phosphate buffered saline (PBS), pH 7.2: NaH2P04.H20 (4.38 g/1), NaH2P04 (10.3 g/1), NaCI 

(8.76 g/1), pH 7.2 

RNA loading buffer (SX): 16 lll saturated aqueous bromophenol blue solution, 80 lll 500 mM 

EDTA pH, 8.0, 720 lll 40 % formaldehyde, 2 ml glycerol, 3 ml formamide, 4 ml lOx FA gel 

buffer, water to 10 ml 

RNAi plates: NGM plates, 0.1% 25mM carbenicillin, 0.1% 1M IPTG 

SOB media: 0.05% NaCI, 2% tryptone, 0.5% yeast extract; 1.25 mM KCI, pH 7 

SOC media: SOB with 20 mM glucose, 10 mM MgCb, 10 mM MgS04 

TAE buffer (lX): 40 mM tris, 18 mM glacial acetic acid, 1 mM EDTA pH 8.0 

Transformation buffer I (TFBI): 30 mM KOAc; 50 mM MnCb.4H20; KCI; CaCb; 15 % glycerol; 

pH 5.8 

Transformation buffer II (TFBII): 10 mM MOPS pH 7; 75mM CaCb; 10 mM KCI; 15 %glycerol 

2.2 RNA methods 

2.2.1. Dynal bead mRNA extraction 

For the random amplification eDNA ends (RACE) PCR, worms were lysed by grinding in liquid 

nitrogen with a mortar and pestle. Poly (A)+ RNA was purified from total RNA using the 

Dynal Beads mRNA direct kit, according to the manufacturer's instructions. 
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2.2.2 TRizol RNA extraction 

Worms were washed in M9 buffer and centrifuged at 1400 rpm for 3 min at room 

temperature. TRizol Reagent (1 ml) was added to worm pellets and total RNA extracted 

according to the manufacturer's instructions. 

2.2.3 Estimating the concentration of nucleic acids 

For the estimation of DNA/RNA concentration, 1 111 of sample was analysed 

spectrophotometrically against the diluent blank with the Nanodrop ND-1000 (NanoDrop 

Technologies, Montchanin, DE, USA) spectrophotometer, at 260 nm for DNA and RNA. 

Template quality was also assessed from the 260/280 and 260/230 ratios, accepting samples 

with ratios between 1.6- 2.0. 

2.2.4 Determination of RNA quality 

RNA samples were mixed with 5X RNA loading buffer and separated on a 1.2 % 

formaldehyde (FA) agarose gel. Gel Red was added to the gel prior to casting for visualisation 

of samples with UV light following electrophoresis. A secondary analysis of RNA quality was 

also performed using the BioRad Experion system. RNA samples were prepared (section 

2.5.1-2) and 1 111 analysed using Std Sens RNA chips, according to the manufacturer's 

instructions. 

2.2.5 DNase I treatment 

RNA (1 11g) was incubated at room temperature for 15 min with 1 111 lU/Ill DNase I, 1 111 lOX 

DNase I reaction buffer and ddH 20 to 10 111. The DNase I was inactivated by the addition of 1 

111 25 mM EDTA and the reaction heated at 65 °C for 10 min. 

2.2.6 Reverse transcriptase PCR (RT-PCR) using oligo d(T) 

Reverse transcription of RNA was performed with the Qiagen Omniscript Reverse 

Transcriptase Kit . A master mix was prepared for up to 2 j...lg RNA with lOX Buffer RT (2!11), 2 

111 5 mM dNTP mix, 2 Ill 10 11M oligo-d(T) primer (I I I I I I I I I I I I I I I I I I I I I I I I I VN), 1 111 

Omniscript Reverse Transcriptase, template and ddH20 to 20 111. Samples were incubated for 

lh at 37 °C in the Geneworks DNA engine gradient cycler (MJ Research Waltham, MA, USA). 
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2.3 DNA methods 

2.3.1 Conventional PCR 

For the amplification of gene-specific products, a master mix containing 10 X Advantage 2 

PCR Mix buffer (5 ~1), 2 mM dNTPs (5 ~1), sense and antisense primers (1 ~I each) and ddH 20 

to 50 ~I was added to eDNA. Reactions were cycled in a Geneworks DNA engine gradient 

cycler with a heated lid using the following conditions: 94 °( 1 min, 94 °( 40 s, 65 °( 40 s, 72 
0

( 40 s for 35 cycles. 

2.3.2 Touchdown PCR 

For amplifications using degenerate primers, a master mix containing 10 X Advantage 2 PCR 

Mix buffer, 2 mM dNTPs, 0.2 ~M sense and antisense primers and ddH20 to 50 ~I was added 

to eDNA. Reactions were cycled in a Geneworks DNA engine gradient with a heated lid using 

the following conditions: 94 °( 1 min, 94 °( 30 s, 65 °( 3 min, 72 °( 2 min for 4 cycles; 94 °( 

30 s, 60 °( 3 min, 72 °( 2 min for 4 cycles and 94 °( 30 s, 55 °( 3 min, 72 °( 2 min for 29 

cycles. 

2.3.3 Random amplification eDNA ends (RACE) PCR 

For the amplification of full-length cDNAs using a gene-specific primer and marathon eDNA 

kit adapter primer, a master mix containing 10 X Advantage 2 PCR Mix buffer, 2 mM dNTPs, 

gene specific and Marathon Adapter primer 1 {0.2 ~M each) and ddH20 to 50 ~I was added 

to eDNA. Reactions were cycled in a Geneworks DNA engine gradient with a heated lid using 

the following conditions: 94°( 1 min, 94°C 30s, 68°C 4 min for 30 cycles .. 

2.3.4 DNA sequencing 

Plasmid or PCR products {10 ~I) were sequenced at the Australian Genome Research Facility 

(AGRF), Brisbane, QLD, AUS with 0.2 ~M gene specific primer, M13 Forward primer 

(GTITTCCCAGTCACGAC) or M13 Reverse primer (CAGGAAACAGCTATGAC) for pGEM-T easy 

plasm ids. 

2.3.5 DNA sequence analyses 

Protein and DNA similarity searches of public domain databases were performed using 

BLAST {Altschul et al., 1997) accessed through the National Centre for Biotechnology 

Information {NCBI; http://www.ncbi.nlm.nih.gov/blast/Biast.cgi) and Wormbase 
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(http://www.wormbase.org/db/searches/blast blat). Protein and DNA similarity alignments 

were performed using CLUSTAL W (1.83; Thompson et a/., 1994) through the European 

Bioinformatics Institute (EBI; http://www.ebi.ac.uk/Tools/clustalw2/index.html Chenna et 

a/., 2003) using default parameters. 

2.4 GENE cloning 

2.4.1 Nucleic acid electrophoresis 

DNA samples and DNA molecular weight markers were mixed with Promega 1X loading 

buffer, and electrophoresed through 0.8% agarose gels in TAE buffer using a Biorad minisub 

electrophoresis chamber at 90 V for 30-50 min. Gels were visualised using UV light. 

2.4.2 DNA gel extraction 

DNA samples electrophoresed on 0.8% agarose gels (2.4.1) were extracted using the Qiagen 

QIAquick Gel Extraction Kit, according to the manufacturer's instructions. The final eluate 

was then stored at -20°C. 

2.4.3 Restriction digestions 

Single restriction digestion reactions were made for both insert and vector preparations. 

Quantities were based on DNA absorbance estimations, using 2-3 1-1g template DNA. The 

required volume of insert/vector (y 1-1L) was added to a reaction mix containing SU enzyme, 

lX BSA, 1X enzyme buffer and ddH20 to a volume of 25 1-1L Samples were incubated in a 

37°( water bath for 2h, then EtOH precipitated and stored at -20°C. 

2.4.4 Ethanol precipitation of nucleic acids 

0.1 volumes of 3M sodium acetate pH 5.2 and 2.5 volumes of ethanol (EtOH) were added to 

nucleic acid solutions, mixed by inversion and incubated for 30 min on ice. Samples were 

centrifuged 13, 000 g for 45 min at 4°C and the supernatant removed . The pellet was 

washed with 70% EtOH and centrifuged 13, 000 g for 5 min at 4°C. Pellets were air dried and 

resuspended in a suitable volume of ddH 20. 

2.4.5 Ligation reactions 

For the ligation of insert and vector (pGEM-T easy or pl4440), insert was added to vector to 

obtain a 3:1 vector to insert molar ratio. T4 DNA ligase (3U) and lX T4 buffer from the pGEM-

37 



Chapter 2: Materials and methods 

T easy Vector System 1 Kit was added in a final volume with ddH 20 of 25 ~1. The reaction 

was incubated at 4°C overnight. 

2.4.6 Preparation of competent cells 

LB media (100 ml) was inoculated with 1 ml overnight culture of DH5a/HT115 and incubated 

at 37 °C at 200 rpm till the OD550 reached 0.5. Cultures were centrifuged at 3300 rpm for 10 

min at 4°C. The pellet was resuspended in 20 ml TFBI. Samples remained on ice for 10 min 

then centrifuged at 900 g for 10 min at 4 °C. The pellet was resuspended in 2 ml TFBII. 

Aliquots (90 ~I) were placed into pre-cooled microfuge tubes and stored at -80 °C. 

2.4. 7 Transformation of competent cells 

For the transformation of competent cells, 10 !J.I DNA ligation mixture was added to 90 !J.I of 

competent DHSa or HT115 cell lines. The solution was gently mixed by inversion 4-6 times, 

and incubated on ice for 20 min. Solutions were then heat shocked for 90 s at 42 °C and 

returned to ice for 1 min. SOC media (900 !J.I) media was added and the mixtures incubated 

at 37 °C in a shaking incubator at 200 rpm for 1 hr. Appropriate aliquots were then added to 

LB spread plates (with ampicillin to 100 !J.g/ml, 0.5 mM IPTG, 80 ~I X-Gal) and incubated 

overnight at 37 °C. 

2.4.8 Colony PCR 

Transformed bacterial colonies were screened for insert by colony PCR with gene specific 

primers. Single colonies were pricked with a sterile toothpick and dipped into a master mix 

containing lOX reaction buffer (5 !J.I}, 25 mM MgCb (3 !J.I), 2 mM dNTPs (4 !J.I), Fisher Biotech 

Taq polymerase (0.2 !J.I), sense and antisense primers (1 !J.I each) and water to 50 !J.I. 

Reactions were cycled in a Geneworks DNA engine gradient with a heated lid using the 

following conditions: 94 °( 1 min, 94 °C 30 s, 55 °C 1 min, 72 °C 3 min for 26 cycles. 

2.4.9 Plasmid preparations 

Single plate colonies were inoculated into 4 ml LB media with ampicillin (100 ~J.g/ml) and the 

cultures incubated overnight at 37 °C, 200 rpm. Plasmid preparations were performed using 

the Qiagen Miniprep Kit. Samples were processed according to the manufacturer's 

instructions and the final eluate of 20 !J.I stored at -20°C. 
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2.4.10 Glycerol stocks 

LB media (4 ml) with ampicillin (100 J..tg/ml) was inoculated with a single transformed 

bacterial colony and grown overnight at 37 °C, 200 rpm. Culture (2 ml) and glycerol (1 ml) 

were combined and transferred to a cryotube and frozen in liquid nitrogen for 30 s until 

bubbling ceased, then stored at -80 °C. 

2.5 Real-time PCR 

2.5.1 Real-time PCR reaction conditions 

PCR master mixes were optimised for 13 J..tl reaction volumes using the Abgene ABsolute 

QPCR SYBR Green Low ROX Mix. A master mix containing 2X SYBR mix (7.5 J..tl), 10 J.!M sense 

and antisense primer (0.25 J..tl each) was added to eDNA (5 J..tl). Reactions were assayed in the 

Applied Biosystems 7500 Real Time PCR System (Applied Biosystems, Foster City, CA, USA) 

using the following hot-start PCR cycling conditions: 95 °C 15 min, 94 °C 40 s, 65 °C 40 s, 72 

°C 40 s, for 45 cycles. Data were collected at the 72 °C extension step and a dissociation step 

was performed at the end of the PCR using default parameters for melt curve analysis of the 

products. 

2.5.2 Primer Efficiency Analysis (verification of ~~Cr method by Livak and Schmittgen 
(2001) 

Products for each primer set were amplified from Bristol N2 eDNA and cloned into the 

pGEM-T easy vector system and positive clones sequenced (2.9.5) . Plasmid preparations 

were adjusted to 100 ng plasmid/5 J..tl and 10-fold serially diluted to 0.001 ng/5 J..tl. Each 5-

point standard curve and negative control was run as described in section 2.5.1, each plate 

also containing a 5-point standard curve of the calibrator gene, act-4 for direct comparison. 

Primer sets qualified if the absolute slope of the line generated by L\Cr versus log template 

concentration was less than 0.1. 

2.5.3 Analysis of real time PCR data using the MCr method 

Real time PCR data were analysed according the method of Livak and Schmittgen (2001). The 

cycle threshold (Cr) values for triplicate samples were averaged. In each of the eDNA 

samples, the Cr for the calibrator gene act-4 was subtracted from the Cr for the target genes 

to give the ~Cr value. The ~Cr for the control eDNA sample was subtracted from the ~Cr for 

the treated samples to give the ~~Cr value. To express the target gene in the treated sample 
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as a ratio of the control sample, the following equation was applied to the data: ratio of 

control = 2-Mct. 

2.5.4 Primer Efficiency Analysis: Pfaffl (2001) method 

For the analysis of H. contortus MRPs (Chapter 7), primer sets differed in their relative 

efficiencies, and did not meet the crieria set by Livak and Schmittgen (2001) the individual 

reaction efficiencies (E) were determined by the method of Pfaffl (2001). Firstly, mean Cr 

values were regressed against the template quantity (log) and the reaction efficiencies for all 

amplicons calculated according to the formula [E=(10-l/slope)-1]. Fold changes were 

calculated using the following equation (Pfaffl, 2001): 

Fold change = ( ) 
~Cr Target (control- sample) 

Etarget 

(E ) 
~Cr Reference (control- sample) 

reference 

2.6 Enzyme assays 

2.6.1 Total intracellular glutathione/glutathione disulfide 

Worms ("'5000) were collected in 300 J.!l ddH 20 in a microfuge tube and lysed by grinding in 

liquid nitrogen with a mortar and pestle. Samples (225 J.!l) were transferred to new 

microfuge tubes and 25 J.!L 30 % sulphosalicylic acid (SSA) was added and vortexed. Samples 

were incubated on ice for 15 min to allow protein precipitation, then centrifuged at 12,000 g 

for 4 min at 4 °C. The supernatant (200 J.!l) was transferred to a fresh tube on ice. Reactions 

were performed in triplicate. To the wells of a 96-well microtitre plate at 30 °(, lysate or 

standard (20 J.!l), triethanolamine buffer (20 J.!l), 1 mM P-NADPH {120 J.!l) and 6 mM DTNB 

(20 J.!l) were added in order and equilibrated at 30 °( for 2 min. Glutathione reductase (10 

~I) was added to start the reaction, which was read at 412 nm for 3 min in a microtitre plate 

reader (BioTek PowerWave Microplate Spectrophotometer, BioTek Instruments, Winooski, 

VER, USA). The initial velocity readings were used to calculate the concentration of 

glutathione relative to the standards using the following formula: 

GSH jlg/ml =(reaction rate of sample I reaction rate of 15 J.!g/ml GSH standard) 
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An overnight culture of E. coli OP50 in LB media (70 ~-tl) was spread onto NGM plates and 

incubated at 37°C overnight. A triangle of agar was cut from a plate of worms a using a 

sterile scalpel blade and placed top-side down onto the fresh NGM plate. Worms were 

incubated at 20°C for up to 1 week, after which the process was repeated. 

2. 7.2 Harvesting C. elegans cultures 

NGM plates were flooded with 5 ml M9 buffer and worms were dislodged from the agar 

surface by gentle agitation with a cell scraper. The worm suspension was transferred to a 15 

ml falcon tube, filled with 15 ml M9 buffer and centrifuged at 900 g for 3 min at room 

temperature. The pellet was resuspended in M9 buffer, and the washing process was 

repeated a further five times, with the final pellet resuspended in 2 ml M9 buffer. 

2.7.3 Worm glycerol stocks 

NGM plates (2-3) with starved L1-L2 animals was washed with 5 ml M9 buffer and 

centrifuged at 900 g to pellet worms. Worm pellets were resuspended in 1 ml M9 + 30% 

glycerol and mixed . The solution was transferred to cryovials stored at -80 °C. To recover C. 

elegans vials were allowed to thaw at room temperature and the contents were then poured 

onto an NGM plate seeded with OP50 E. coli. 

2. 7.4 Obtaining synchronous C. elegans cultures 

A plate of eggs was harvested as described in section 2. 7 .2. Fresh alkaline hypochlorite 

solution (2 ml) was added to the worm suspension and the mixture agitated for 90 seconds. 

The 15 ml falcon tube was filled with M9 buffer and centrifuged at 900 g for 3 min. The 

supernatant was removed and the worms washed a further six times with M9 buffer till the 

bleach odour was eliminated. Following the final centrifugation, the supernatant was 

removed and penicillin/streptomycin solution (80 Ill) and M9 buffer was added (8 ml). Tubes 

were placed horizontally on a shaker and left overnight. Eggs hatchedand arrested 

development at the L1 stage. 
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2. 7 .5.1 RNAi controls 
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To evaluate RNAi effectiveness and efficiency, appropriate controls must be performed . Two 

negative controls for the RNAi feeding method were used. The first, E. coli HT115 (DES) with 

the empty pl4440 vector was used to observe effects caused by the presence of the plasmid 

itself. The second negative control was the pl4440 plasmid containing an Arabidopsis 

thaliana chlorophyll binding protein gene (LHCB4.3; pcb19) to observe effects of expressing 

random dsRNA which are not predicted to target any worm mRNA transcripts. Figure 2.1 

shows a BLASTN analysis of the pcb19 insert, which demonstrates no similarity to any C. 

e/egans genes. The pcb19 pl4440 construct was a gift from Dr Carolyn Behm, ANU, 

Canberra, ACT, AUS. A positive control for RNAi was also incorporated for conformation of 

successful dsRNA delivery. The C. elegans ATP synthase B homolog family member (asb-1) 

has a known phenotype of embryonic lethal (emb; (Kawasaki eta/., 2007)). This was cloned 

into the pl4440 vector. The asb-1 positive RNAi construct shows 36 %specificity for the asb-

1 gene (F35G12.10) using an online program, E-RNAi Design of RNAi constructs 

(http:Uwww.dkfz.de/signaling2/e-rnai/; which is useful in determining the specificity and 

off-target effects of dsRNAs (Reynolds et a/., 2004). The result indicates there are two 

secondary targets, F02E8.1.1 and F02E8.1.2 (both asb-2, the ATP Synthase B homolog) with a 

very low specificity, only 0.79% each. Overall, the efficiency of the 400 bp probe is 27% with 

102/380 possible siRNAs efficiently targeting the correct sequence. 

The asb-1 control probe was amplified from Bristol N2 eDNA (2.3.1) with primers flanked 

with Hindlll restriction sites for cloning into the feeding vector pl4440 (asb-1 sense: TAA GCT 

TGC GCG TGG AGC TGC AAC AGG ACA TGC; asb-1 antisense:TAA GCT TGG AAT CCT TGA GAG 

AAG TIG GCA TGC C). Amplicons were gel purified, restriction digested, ligated into the 

L4440 vector and transformed into the RNase-111 deficient E. coli strain HT115 (DE3) as 

described in sections 2.4.2-5 and 2.4. 7. Transform ants were screened using PCR (2.4.8) with 

the gene-specific primers and positive clones sequenced for correct insert identification 

(2.3.5). 
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Chapter 2: Materials and methods 

2. 7 .5.2 RNAi 

Overnight cultures of RNAi constructs in LB/ampicillin {100 ~g/ml)/tetracycline {50 ~g/ml) 

were diluted 100-fold in 2 ml fresh LB media and incubated at 37 °( until 00600 was 0.4-0.8 

{2.5 hours). IPTG was added to a final concentration of 0.4 mM and incubated for a further 1 

h to induce dsRNA production. The cultures were then supplemented with 0.4 mM IPTG and 

aliquots {100 ~I) were spread on RNAi plates, leaving a region on one side with no bacteria. 

Plates were left to dry overnight. 

L1-stage C. e/egans suspensions {10 ~I containing 100 worms) were transferred to the 

bacteria-free region of the feeder plates and were incubated at 20 °( overnight. The 

bacteria-free region of agar was cut away and plates incubated a further 24 h. Two to three 

pre-gravid adult worms were picked onto freshly prepared RNAi plates and incubated at 20 

°C overnight. At 24 and 48 h the number of larvae and worms were counted and phenotypes 

scored. Worms were harvested as described in section 2.7.2 and stored at -20 °( for qRT-

PCH conformation of target mRNA knockdown. 

2.7.6 MTT assay 

A synchronised L1-stage worm suspension was added to a 96-well microtitre plate in 40 ~L 

M9 buffer. MTI {50 1-11 of 10 mg/ml dissolved in PBS and filter sterilized) was added to all 

wells, including worm-free controls. The plates were incubated at 20 °( for 3 hours, then 

centrifuged to pellet worms at 2000 rpm for 10 min and the supernatant aspirated. 

Forma zan production was determined 1 h after the addition of 100 ~L DMSO by reading in a 

microtitre plate reader at 575 nm. 

2. 7. 7 Worm cytotoxicity assay 

All assays were performed in replicates of 4 wells in a final volume of 50 ~1. For each well, 10 

~I synchronous L1-stage larvae {500 worms) were added to a 96-well microtitre plate, 

followed by the addition of drug in a final volume of 50 ~1. Worms were incubated for 72 h at 

20 °( after which viability was tested using the MTI assay {2. 7 .6). Worm viability was 

calculated as a percentage of control absorbance values: 

Worm viability {% control) = 
Mean A575 of quadruplicate wells 

Mean A575 of control wells 
X 100 
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The 50 % inhibitory concentration (IC50) was defined as the concentration which produced a 

50 % decrease in cell viability. Fold resistance of worms was determined by the following 

equation: 

IC50 of resistant worms 
Fold resistance = 

ICso of control worms 

2.7.8 Response to drug treatment 

A plate of C. elegans worms were cultured on NGM plates as described in 2.7.1, with or 

without the presence of ivermectin as indicated. After 3 days, worms were harvested as 

described in section 2.7.2 and the final suspension poured onto freshly prepared NGM 

plates, with and without ivermectin (6 ng/ml for Bristol N2; 10 ng/ml for IVR6 worms) and 

cultured for 24 hat 20 °C. Worms were harvested as before and stored for qRT-PCR analysis. 

2.7.9 Worm velocity 

Velocity of adult hermaphrodite worms (J.Lm per sec) was calculated using SimplePCI Motion 

Tracking and Analysis software (SimplePCI, Sydney, NSW, AUS). All assays were performed 

at ambient temperature. Worms were transferred to NGM plates coated with f. coli OPSO 

and incubated at ambient temperature for 30 min to overcome the touch effect. Movement 

was measured for 1 min for each worm, with 10 worms per strain measured in three 

independent experiments. 

2.8 Mammalian cell culture methods 

2.8.1 Mammalian cell culture 

The cell lines were cultured in RPM I 1640 (with L-glutamine) supplemented with 10% foetal 

bovine serum, 20 mM HEPES and NAHC03. The media was adjusted to pH 7.3 with 

concentrated NaOH, and filtered under positive pressure with a 0.2 J.LM hollow fibre tip 

filter. All cells were maintained in a humidified atmosphere with 5 % C02 at 37 °C. All cells 

were routinely checked and were Mycoplasma free. 

2.8.2 MIT cytotoxicity assay 

Resistance of the cell lines to drugs was tested using the MTI cytotoxicity assay (Marks eta/., 

1992). Exponentially growing cells were plated into flat bottomed 96-well microtitre plates 

at a density of 5.0 x 104 cells/well. Cells were treated in triplicate with 2-fold serial dilutions 
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of the drugs in a final volume of 100 J.d. Drug-free controls were included in each assay. 

Plates were incubated for 4 days at 37 °C in a humidified atmosphere with 5 % C02. MTI (20 

111 of 2.5 mg/ml in PBS) was then added to each of the wells and the cells incubated for a 

further 2 h. Plates were then centrifuged at 800 g for 5 min, the culture medium aspirated, 

and the formazan product dissolved in 100 ~I DMSO. The plates were then mixed for 15 min, 

and the absorbance of the wells measured at 570 nm using a microtitre plate reader. Cell 

viability and fold resistance was calculated as a percentage of control absorbance values, as 

described in section 2.7.7. 

For some assays, cells were exposed to drug in the absence or presence of modulators for 2 

h. Following the incubation, cells were resuspended in cell culture medium and plated in 

triplicate at a density of 5.0 x 104 cells/well, in a final volume of 200 ~1. Drug-free controls 

were included in each assay. Plates were then incubated for 4 days at 37°C in a humidified 

atmosphere with 5 % C02 and the MTI cytotoxicity assay performed as above. 

2.8.3 Flow cytometry 

Modulation of Rhodamine 123, daunorubicin, calcein and BODIPY-ivermectin was examined 

by incubating cells in the presence and absence of modulating agents during a 1 h 

accumulation experiment. Exponentially growing cells were aliquoted (1 ml) in duplicate into 

Falcon flow cytometry tubes at a density of 5.0 x 105 cells/ml, and were pre-incubated with 

the modulator (10 ~M verapamil or 50 ~M MK571) for 5 min at 37°C with 5% C02 before the 

addition of the fluorescent substrate (1 ~M). After 1 hour at 37 °C with 5 % C02, cells were 

centrifuged (800 g for 5 min), washed once with ice-cold flow cytometry phosphate buffered 

saline and resuspended in 500 ~I of flow cytometry phosphate buffered saline on ice and 

analysed in a Becton Dickinson FACScalibur flow cytometer (BD Biosciences). Green 

fluorescence was monitored using a 518/30 nm band pass filter to collect Rhodamine 123 

and BODIPY-ivermectin accumulation. Red fluorescence was monitored using a 585/42 nm 

band pass filter to collect daunorubicin and calcein accumulation. Events (10,000) were 

collected and data analysed using CeiiQuest software (BD Biosciences). Results were 

expressed as a percentage of cell-associated drug in the parental CEM cells. 
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2.9 Statistical analyses 

2.9.1 Student's T-test 

All experiments were repeated at least twice, and statistical analysis performed using 

Student's T-test. 
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Chapte r 3: MIT assay 

In mammalian cell culture systems, the evaluation of cellular viability in vitro has been 

simplified by the use of biochemical tetrazolium-based dye reduction colorimetric assays, 

such as MTI (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide). The MTI assay 

involves the metabolic reduction of the tetrazolium dye, a pale yellow water-soluble 

quaternary ammonium compound, by cellular dehydrogenases of viable immobilised or 

suspended cells (Mosmann, 1983}. The production of the dark blue water-insoluble 

formazan crystals by viable mammalian cells is directly proportional to the cell number over 

a wide range (Mosmann, 1983). Formazan crystals can be either observed microscopically in 

the cell cytoplasm or extracted and dissolved with organic solvents such as dimethyl-

sulfoxide (DMSO) or isopropanol, allowing fast spectrophotometric quantification (Dias et 

a/., 1999). Modifications of the MTI assay have been successfully applied not only to 

mammalian cells but also to other organisms including protozoans, Tetrahymena pyriformis 

(Dias eta/., 1999), Theileria annulata (Saravanan eta/., 2003), Leishmania spp. (Berget a/., 

1994), T. cruzi (Muelas-Serrano eta/., 2000) and also filarial nematodes such as Onchocerca 

spp., Brugia pahangi, Dipetalonema vitear, Acanthocheilonema viteae~ Setaria digitata and 

Litomosoides carinii for the assessment of the viability of these organisms cultured with 

toxicants (Comley eta/., 1989a; Comley eta/., 1989b; Mukherjee eta/., 1997; Mukherjee et 

a/., 1998; Nyasse eta/., 2006; Nisha eta/., 2007) . 

The free-living nematode Caenorhabditis elegans, being a key model organism of 

eukaryotes, has important applications in numerous fields of study, including the 

understanding of mechanisms in embryonic and developmental regulation (Goldstein eta/., 

2006), aging and longevity (Fujii eta/., 2005) and metabolic mechanisms in the development 

of degenerative diseases such as Parkinson's disease (Ved eta/., 2005). Since the pioneering 

work of Simpkin and Coles (1981) demonstrating C. e/egans was a useful model for detecting 

novel anthelmintics, this nematode has been valuable in basic research on anthelmintic 

pharmacology of human and agricultural parasites (Dengg and van Meel, 2004). Its rapid life 

cycle and easy maintenance makes this organism a very useful tool for such applications. 

Many studies using C. elegans require measurement of surviving and/or reproducing worms. 

Currently, a number of techniques are available for measuring C. elegans viability after 

treatment, such as larval development assays (LDAs; reproduction responses), or by the 

assessment of motility and behaviour responses (Rand and Johnson, 1995; Burglin et a/., 

1998; Anderson et a/., 2004). These techniques are time consuming, and often reliant on a 
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subjective scoring system. A quantitative biochemical method for determining worm viability 

and reproduction would be a useful analytical tool for the rapid analysis of drug, toxicant or 

other treatment causing damage to worms. This chapter describes the optimization of an 

MIT assay for the faster quantitative assessment of whole C. e/egans for a number of 

applications, including viability following exposure to cytotoxic compounds. 

3.1 Optimisation of the MTI assay 

3.1.1 MTI concentration 

Several MIT concentrations were assessed to define the optimal MIT concentration for the 

detection of the formazan crystals produced by C. elegans and H. contortus larvae. Worms 

were incubated in concentrations from 1.25 mg/ml to 5 mg/ml for 3 h, and then developed 

with DMSO. First instar larvae (Ll) of C. elegans formed formazan in 3 h, and there was a 

significant increase in the amount of formazan detected in worms incubated in 5 mg/ml MIT 

compared with 1.25 mg/ml and 2.5 mg/ml (Figure 3.1A; P<O.OS) . There was no significant 

difference in the A575 with the varied MIT concentrations for H. contortus, however 5 mg/ml 

produced higher absorbencies although these were significantly less than C. elegans worms 

at 5 mg/ml (P<0.0001; Figure 3.1B). The MIT concentration for formazan detection was 

selected for worms incubated in a f ina l concentration of 5 mg/ml MIT. 

3.1.2 Time of MTT and DMSO incubation 

For both C. elegans and H. contortus, fou r MIT incubation times were tested for worms 

incubated in 5 mg/ml MIT for 0.5-3 h. In C. e/egans, formazan production increased with 

time, with a statistically significant increase in the signal detection between 2 and 3 h 

incubations (Figure 3.2A; P<O.OS). For H. contortus, there was a statistically significant 

increase in formazan production between 0.5 and 3 h (Figure 3.2B; P<O.OS). The production 

of formazan was also monitored microscopically in C. elegans. Figure 3.3 shows the location 

of formazan production in Ll larvae from 0.5-3 h. Initially, formazan production appears in 

the epithelial cells of the pharynx from the buccal cavity to the isthmus by 0.5 h (Figure 

3.3B). By 1 h formazan production has appeared more diffuse throughout the tissues in the 

buccal region and has spread to the metacarpus (Figure 3.3C) . At 3 h incubation there are 

dark, dense purple granules in the head through to the metacarpus and formazan crystals 

apparent throughout tissues in the rest of the body of the worm (Figure 3.30). The time of 
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Figure 3.1: Formazan production with increasing concentrations of MTT. C. elegans (A) and 

H. contortus {B) Lllarvae (500 in 50 ~I) were aliquoted to microtitre plate wells and 50 ~I of 

2.5, 5, and 10 mg/ml MTI was added to the wells in quadruplicate. Plates were incubated for 

3 h at 20 °C, and then centrifuged at 800 g for 10 min and the supernatant aspirated. DMSO 

(100 ~I) was added and the plates incubated for a further 1 h. The A575 was determined in a 

microtitre plate reader. The bars show the mean and error bars show standard deviation of 

three independent assays. * Indicates P<0.05. 
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Figure 3.2: Formazan production over time. C. elegans (A) and H. contortus (B) L1 larvae 

(500 in 50 Ill) were aliquoted to microtitre plate wells and 50 111 MTI (10 mg/ml) was added 

to the wells in quadruplicate. Plates were incubated for 0, 30, 60 and 180 min at 20 °C then 

centrifuged and the supernatant aspirated. DMSO was added (100 Ill) and the plates 

incubated for a further 1 h and the A575 determined in a microtitre plate reader. The bars 

show the mean and error bars show standard deviation of three independent assays. 

* Indicates P<0.05. 
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A B 

50 11m 
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Figure 3.3: Microscopic observation of formazan production in Ll larvae of C. elegans. L1 

larvae in 50 111 M9 buffer were incubated with 50 111 MTT (10 mg/ml) in microfuge tubes. 

Larvae were incubated for 0 (AL 0.5 (BL 1 (C) and 3 h (D) at 20 °(, then centrifuged (1400 

rpm) and the supernatant aspirated. Worms were resuspended in 10 111 M9 buffer and 

examined by light microscopy under SOX or 100X magnifications, as indicated. 

53 



Chapter 3: MTT assay 

DMSO development was also optimised. As before, 500 L1 larvae were incubated with 5 

mg/ml MTI for 3 h, and then centrifuged at 800 g for 10 min and the supernatant aspirated. 

DMSO {100 Ill) was added and the As7s was determined using three time points, 15, 30 and 

60 min. The optimal signal was obtained with 1 h DMSO development for both C. elegans 

and H. contortus, with significant increases in A575 between 15 min development and 30 min, 

and 15 min and 60 min (Figure 3.4A; both P<0.01) for C. e/egans and 15 min and 60 min, 30 

min and 60 min for H. contortus (Figure 3.4B; both P<0.05). 

3.1.3 Number of Lllarvae 

The conditions as above were used to determine the relationship between worm number 

and formazan production in both C. elegans and H. contortus. Serial two-fold dilutions {1600-

0; in quadruplicate) of C. elegans L1's in 50 111 were incubated with an equal volume of 10 

mg/ml MTI for 3 h. Figure 3.5A shows the absorbance is linearly correlated with worm 

number, with a Pearson's correlation coefficient of 0.98 (P=0.0001). The linearity extends 

over the range of worm concentrations tested, from 0 to 1600 worms. For H. contortus, 

Figure 3.58 shows the production of formazan by L1 larvae was also linear over the range 

tested (Pearson's correlation coefficient of 0.99 (P<0.0001), but significantly lower than the 

uptake in C. elegans for all worm dilutions (P<0.05). 

3.2 Application of the MTI assay to evaluate the viability of C. elegans following 

toxicant exposure 

3.2.1 Exposure to ivermectin 

To investigate the viability of C. elegans cultured with ivermectin, synchronous Ll larvae 

were prepared in 96-well microtitre plates (section 2.7.4) from Bristol N2 and an ivermectin-

resistant strain (IVR10) developed from the N2 strain cultured and on 10 ng/ml ivermectin 

{described in Chapter 4). lvermectin was added (as described in section 2.7.7) and worms 

cultured for 48 and 72 h, the maximal time the negative control L1-larvae could not survive 

without E. coli. Worm viability was then determined using the MTI assay {section 2.7.6). 

Figure 3.6 shows that the ivermectin resistant strain of C. elegans is more resistant to 

ivermectin than the wild-type Bristol N2 strain at both 48 and 72 h time points with IC50 

concentrations of 9.9 and >50 ng/ml ivermectin for 48 h incubation and 1.6 and 32 ng/ml for 
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Figure 3.4: Effect of time of DMSO incubation on the production of formazan. C. elegans (A) 

and H. contortus (B) L1 larvae (500 in 50 I-ll) and 50 1-11 MTI (10 mg/ml) was added to the 

wells of a microtitre plate in quadruplicate. Plates were incubated for 3 h at 20 °C, then 

centrifuged and the supernatant aspirated. DMSO (100 I-ll) was added and the plates 

incubated for a further 15, 30 and 60 min then the A575 determined in a microtitre plate 

reader. The bars show the mean and error bars show the standard deviation of three 

independent assays. *** Indicates PS0.001; ** indicates P<0.01; * indicates P<O.OS. 
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Figure 3.5: Linearity of formazan production in Ll larvae of C. elegans and H. contortus. 

First instar (L1-stage} of C. elegans (A} and H. contortus (B) were serially 2-fold diluted, and 

MTI added to a final concentration of 5 mg/ml. Plates were incubated at 20°C for 3 h and 

centrifuged at 800 g and the supernatant aspirated. Formazan production was determined 1 

h after the addition of 100 !JI DMSO. Points are the mean and the error bars show the 

standard deviation of four replicates from two independent assays. The straight line plotted 

is the best-fit line calculated using all points. 
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Figure 3.6: Effect of ivermectin exposure on viability of C. elegans. Ll-stage C. elegans in 

M9 buffer were incubated with serial 2-fold dilutions of ivermectin. Viability was determined 

by the MTT assay after 48 h and 72 h incubation for the Bristol N2 (open) and IVRlO (solid) 

strains. Points show the mean and error bars show standard deviation of triplicate wells and 

is representative of at least three independent experiments. 
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72 h incubation for the Bristol N2 and IVR10 strains respectively. These IC50 values are 

consistent with their ability to grow at these concentrations of ivermectin. 

3.2.2 Exposure to short chain alcohols 

Recently toxicity of short chain alcohols to C. elegans was evaluated using several different 

endpoint assays (Thompson and de Pomerai, 2005}. To validate the MTI assay, the effects of 

these short chain alcohols on C. elegans viability were investigated. Worms were cultured 

with 0-10% methanol, ethanol, n-propanol or 1-butanol and incubated overnight. Figure 3. 7 

shows the viability of Bristol N2 C. elegans following overnight exposure to these short chain 

alcohols. The IC50 concentrations were 7.5%, 3.9%, 6.2% and 3.4% for methanol, ethanol, n-

propanol and 1-butanol respectively. 

3.3 Application of the MTT assay to evaluate the viability of H. contortus following 

toxicant exposure 

To investigate the viability of H. contortus free-living larvae cultured with toxicants, L11arvae 

were cultured in M9 buffer in 96-well microtitre plates and serial dilutions of two 

anthelmintics, pyrantel and ivermectin were added and the worms cultured for a further 72 

h at 20 °C, and then worm viability assessed using the MTI assay. Figure 3.8 shows the 

viability of H. contortus L1 larvae following exposure to pyrantel and ivermectin, with IC50 

concentrations of 144.1 ~g/ml for pyrantel and 4.4 ng/ml for ivermectin . 

3.4 Discussion 

In the present study, the use of the MTI assay (Marks eta/., 1992} was extended to L1 stages 

of both the free-living nematode C. e/egans and the parasitic nematode H. contortus. This 

provides rapid analysis for cytotoxicity testing and allows simple analysis of multiple samples 

and drugs. While C. elegans provides a useful tool for many analyses, a major impediment to 

its use in toxicological testing is the time consuming assays of viability. Whilst the vital 

staining of some filarial nematodes has been described previously (Comley et a/., 1989a; 

Comley eta/., 1989b}, limited knowledge is available in the application of this method to C. 

e/egans. Conventional toxicological assay techniques designed for C. e/egans are arduous 

and involve manually counting surviving worms or describing the level of motility following 

drug treatment (Anderson eta/., 2001; Boyd eta/., 2003}. These techniques are slow, labour-
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Figure 3. 7: Viability of C. elegans following exposure to methanol, ethanol, 1-butanol or n-

propanol. Worms were cultured in 96-well microtitre plates with 0-10% (v/v) of ethanol and 

methanol (A), n-propanol and 1-butanol (B) for 24 h. Viability of the worms was assessed 

using the MTI assay. Points are the mean and the error bars show standard deviation of 4 

replicate wells, and is representative of at least three independent experiments. 
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Figure 3.8: Toxicity of pyrantel and ivermectin to H. contortus Ll larvae. Ll-stage H. 

contortus in M9 buffer were incubated with serial 2-fold dilutions of pyrantel (A) or 

ivermectin (B). Viabilit y was determined by the MTI assay after 72 h incubation at 20 °C. 

Points are the mean and error bars show standard deviation of trip licate wells. 
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intensive and somewhat impractical to assay many compounds and/or multiple drug 

concentrations. Colorimetric, fluorometric and luminescence-based assays provide a faster 

end-point method for determining not only viability but also proliferation measurements 

and have been widely used in mammalian systems. The metabolism of MTI as a quantitative 

measure of living cells has been well validated (Mosmann, 1983). The MTI assay was 

optimised for use with C. elegans due to this organism's simplicity in culturing synchronous 

life-stages of the worm. These life-stages have previously been shown to have consistent cell 

numbers, ranging from 558 in L1 larvae to 959 cells in adult hermaphrodites (Hope, 1999). 

This reproducibility makes this nematode an ideal candidate for use with the MTI assay. 

A further advantage of the application of this assay to C. elegans is the speed at which 

samples can be processed. The optimised MTI assay is a useful quantitative tool for the 

rapid determination of drug efficacy in C. elegans. Metabolically active larvae are able to 

take up and reduce MTI dye to produce formazan, while dead worms do not. Formazan 

detection is dependent on the concentration and time of MTI incubation, and that formazan 

production is linearly correlated to the number of worms in the sample (Figure 3.5). For the 

use with both C. elegans and H. contortus, 5 mg/ml MTI for 3 h gave reproducible and 

reliable determinations. Recently SYTOX green was used for the rapid assessment of C. 

e/egans viability (Gill eta/., 2003}. This assay is dependent of membrane integrity since the 

dye is not able to penetrate uncompromised cell membranes. While efficiently assessing 

viability, this assay is technically more unreliable as each worm needs to be scanned for 

fluorescence. The MTI assay, since it solubilises the dye, overcomes potential problems of 

uneven scanning of wells . It also overcomes the more expensive requirement for a 

fluorescence detector and the COPAS BIOSORT worm sorter. 

In addition to the application of this assay as a means to quantitate in vitro anthelmintic and 

other toxicant effects on worm viability, there are many other potential applications of this 

assay. In 0. volvulus the MTI assay was utilised to optimise cryopreservation techniques 

(Comley eta/., 1989a}. The application of the MTI assay in C. elegans may extend not only to 

anthelmintic studies, but have application in the fields of longevity studies, reproduction and 

embryonic development. The assay may also be applied to L1-stage of the closely related 

parasitic nematode H. contortus. It is interesting to note that uptake of MTI was not 

observed in the infective (sheathed) L3 stage larvae of H. contortus (not shown). This 

inability to take up MTI is likely due to the protective sheath of the L3 larvae, preventing the 
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diffusion of MTT into the worm in H. contortus but not in C. elegans. In support, Hordgen et 

a/, (2006) reported formazan production in exsheathed H. contortus L3 larvae in a similar 

MTI method. This also suggests that MTI is taken up by diffusion rather than by feeding. If 

MTI was ingested, H. contortus L3 larvae would also take up MTI. This is supported by the 

microscopic appearance of the stained C. elegans showing an even distribution of the dye 

throughout the body (Figure 3.3). The success with L1 but not sheathed L3 larvae of H. 

contortus reflects the limited success of RNAi in L1, but not L3 H. contortus (Geldhof et a/., 

2006}. 

The assay was used to determine the toxicity of the anthelmintic ivermectin and short chain 

alcohols to C. elegans. The ivermectin cytotoxicity results reflect each strain's ability to grow 

on those concentrations of ivermectin, with longer exposure to ivermectin at 72 h killing a 

greater percentage of worms than 48 h exposure as expected. The ability of this assay to 

detect anthelmintics is dependent on nematode viability after 72 h incubation in the 

presence of drug, as this is the maximal time that the control untreated C. e/egans are 

viable. Interestingly, ivermectin paralyses pharyngeal pumping, starving the worms and 

causing death (Avery and Horvitz, 1990). As these nematodes are not fed during drug 

treatment, it is unlikely that lack of food is the cause of death. However, this assay clearly 

detects the difference between the sensitive C. elegans, and drug resistant worms, 

suggesting that ivermectin has other toxic effects on C. elegans. Many important 

anthelmintics are neurotoxins, and detection will be dependent on the effect of the drug on 

cell viability. However, it is likely that most drugs would have an effect on viability in this 

time, and so be detected in this screening assay. The nature of compounds selected for use 

in the MTI assay should consider their potential for inherent metabolism. There is a 

possibility for false positive results if the compound being evaluated is metabolised in vivo. 

Marshall et a/. (1995) suggested compounds with intrinsic reductive activity could donate 

electrons to MTI and produce formazan in the absence of cellular dehydrogenases. This was 

also demonstrated by Bruggisser et a/. (2002), who showed formazan production by plant 

extracts, phytoestrogens and antioxidants in the absence of living cells. 

The results on the cytotoxicity of short chain alcohols demonstrated the different results 

obtained from viability assays. Previously, feeding inhibition, gravid scoring and induction of 

hsp16-1 ::/acZ reporter activity in the transgenic PC161 strain was compared to score effects 

of alcohol on worm viability. All provided different orders of toxicity for the alcohols. 
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Similar to the MTI assay, most assays found that ethanol was more toxic than methanol 

(Figure 3.7). However, the reporter assay showed higher toxicity for methanol than ethanol. 

The lethality assay provided IC50 concentrations of 9.5-10.8% for ethanol, 12% for methanol, 

iso-butanol 2.6% and 6.6% for iso-propanol after consideration of all effects measured 

(Thompson and de Pomerai, 2005). The MTI IC50 values for the Bristol N2 strain do not 

significantly differ from the PC161 strain results, with the following order of toxicity: 1-

butanol > ethanol > n-propanol > methanol. The IC50 values of methanol, ethanol, n-

propanol or 1-butanol are 7.5%, 3.9%, 6.2% & 3.4% respectively. The previous study also 

highlighted inconsistencies between scoring different measurements of growth and feeding, 

and proposed the use of hsp16-1::/acZ reporter activity as a rapid alternative to other assays. 

However the reporter assay also described by (Guven et a/., 1999; Dengg and van Meel, 

2004) looks at the induction response to toxicant treatment and still requires treated worms 

to be frozen before processing for microscopic analysis of colour production. Furthermore, 

the assay requires the use of a transgenic strain of C. elegans such as PC72 (Guven et a/., 

1999; Dengg and van Meel, 2004) or PC161 (Thompson and de Pomerai, 2005). The IC50 

values reported from the hsp16-1::/acZ reporter assay for iso-butanol and iso-propanol were 

6% and 8% respectively, much higher than obtained for the lethality assay results of 2.6% 

and 6.6% respectively. The MTI viability results more closely mirror the result of the lethality 

assay with values of 3.4% and 6.2% for 1-butanol and iso-propanol respectively. 

The MTI assay was also useful for determining the viability of the free-living L1 larvae of H. 

contortus following toxicant exposure. Despite the reduced production of formazan in H. 

contortus larvae relative to C. elegans, the MTI assay was useful for the determination of 

larvae viability in a drug cytotoxicity assay. It is apparent from these assays that C. elegans 

and H. contortus have tolerance in the same order of magnitude to ivermectin, with the IC50 

for Bristol N2 C. e/egans 1.6 ng/ml and for McMaster H. contortus 4.4 ng/ml, further 

highlighting the usefulness of C. elegans as a model nematode. 

Overall the MTI assay provides a simple method for viability testing in drug screening assays 

for C. e/egans and is also useful for L1 stage H. contortus. 
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Chapter 4: lvermectin resistance in nematodes 

A major problem facing the agricultural industry and human health worldwide is the battle 

against parasites and the development of resistance to the broad range of 

chemotherapeutic agents relied upon to control them. The macrocyclic lactone, ivermectin 

is widely used for the treatment of endo- and ecto-parasites including insects, arthropods 

and nematodes such as 0. volvulous, H. contortus, Trichostrongylus colubriformis and 

Cooperia onchophora and Dirofilaria imitis (Geary, 2005). lvermectin acts by irreversibly 

activating glutamate-gated chloride channels, a unique receptor found in invertebrates, 

causing an increase in chloride permeability. This results in paralysis of nematode 

pharyngeal muscle and inhibition of pharyngeal pumping (Cully et a/., 1994). However 

ivermectin resistance is now widely reported in a number of these parasites. 

Studies have identified several potential mechanisms involved in resistance including the 

expression of the multidrug transport protein, P-glycoprotein (Biackhall et a/., 1998; Xu et 

a/., 1998; Le Jambre eta/., 1999; Sangster eta/., 1999). However the precise link between P-

glycoprotein over-expression and ivermectin resistance has not yet been fully elucidated. 

Furthermore, the role of the closely related MRP subfamily in ivermectin resistance is 

unknown. Together, these transport proteins provide a first line of defence for most 

organisms against toxicant exposure by decreasing intracellular toxicant accumulation. This 

chapter aims to study the development of ivermectin resistance using the model non-

parasitic nematode, C. e/egans. In contrast to other studies using C. e/egans, nematodes 

were not mutagenised and subsequently selected for ivermectin resistance (Dent et a/., 

2000), or treated for short time periods (1 h) with high concentrations of ivermectin (Novak 

and Vanek, 1992). C. elegans were treated with low, non-cytotoxic concentrations of 

ivermectin with the concentration increased only when the worms were able to survive at 

higher concentrations. This in vivo approach allowed the investigation of the cellular 

responses to the drug in C. elegans leading to the development of resistance. 

4.1 Development of a model of ivermectin resistance in C. elegans 

To develop ivermectin resistant C. e/egans, worms were treated with the drug. Initially 

worms survived on NGM plates containing 1 ng/ml, but did not survive at 2 ng/ml 

ivermectin. However, after only one cycle of replication at 1 ng/ml ivermectin, worms were 

able to survive at the higher concentration of 2 ng/ml. Worms were maintained weekly on 

fresh media containing ivermectin and when replication and growth rate were normal, 
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worms were transferred to a higher concentration of ivermectin. At each cycle, worms were 

tested for growth at higher concentrations of ivermectin . Figure 4.1 shows the time course 

of development of ivermectin resistance. C. elegans required 15 weeks at 2 ng/ml before 

they were able to grow at 4 ng/ml, but not at 6 ng/ml. As seen in Figure 4.1, after only 4 

weeks at the former concentration worms were able to grow at 6 ng/ml; producing the IVR6 

strain. The IVR6 were capable of normal growth on 6 ng/ml after 18 weeks. For survival on 

higher concentrations, IVR6 required nearly 30 weeks culture on 6 ng/ml ivermectin before 

survival was observed on plates containing 7, 8 and 10 ng/ml. However, these worms at this 

time were unable to grow at 15 ng/ml. Growth at 10 ng/ml produced the IVR10 strain, the 

maximum concentration used. 

4.2 Characterisation of resistance to ivermectin 

The resistance profiles to ivermectin in the IVR6 and IVR10 worms were determined using 

the MTI assay in liquid M9 media after 72 h drug treatment (section 2.7.7). Fold resistance 

was determined by dividing the IC50 of IVR worms by the IC50 of Bristol N2 worms. Figure 

4.2A shows the IVR6 C. elegans were 4.5-fold resistant to ivermectin (IC50 7.9 ± 0.5 ng/ml; P < 

0.05; n=5) compared to the parental C. elegans N2 strain (IC50 1.7 ± 0.1 ng/ml; n=5). The 

IVR10 worms were 19-fold resistant {IC50 32.0 ± 0.1 ng/ml; P< 0.05; n=5). 

To determine the stability of resistance to ivermectin, IVR6 and IVR10 worms were cultured 

for 12 weeks on NGM plates without ivermectin and their relative resistance determined 

again . IVR6 and IVR10 maintained their resistance to ivermectin with IC50 of 7.6 ± 0.2 ng/ml 

and 32.0 ± 0.6 ng/ml respectively (Figure 4.2B). This shows that the resistance developed to 

ivermectin was stable even after 3 months without the drug. 

4.3 Effect of resistance on worm morphology and phenotype 

Since previous reports of ivermectin resistance in C. elegans suggest that resistance is 

accompanied by worm deformity (Novak and Vanek, 1992), both morphology, growth and 

motility was used to score the effects of ivermectin on the resistant strains. IVR6 and IVR10 

were morphologically indistinct from the Bristol N2 strain. Unlike the study by (Novak and 

Vanek, 1992), worms did not appear paralysed and could burrow through the agar in a 

similar fashion to the Bristol N2 worms. The growth of the resistant sublines is shown 

alongside the Bristol N2 in Figure 4.3. There was no significant difference in the mean 
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Figure 4.1: Development of ivermectin resistant C. elegans following step-wise exposure to 

ivermectin. At week 0, Bristol N2 worms were transferred to NGM plates containing 1 ng/ml 

ivermectin. At week 1, worms were transferred to NGM plates containing 2 ng/ml 

ivermectin. Cultivation and transfer is described in section 4.1. When worms survived and 

reproduced, they were transferred to higher concentrations of ivermectin as indicated. Time 

points where worms did not survive transfer to higher concentrations is indicated by a cross. 
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Figure 4.2: Viability of C. elegans following ivermectin treatment. Ll-stage C. elegans in M9 

buffer were incubated in serial two-fold dilutions of ivermectin (A). Viability was determined 

using the MTI assay following 72 h incubation for Bristol N2 (solid), IVR6 (triangle) and IVR10 

(square). Following culture for 12 weeks without ivermectin, viability was again determined 

using the MTI assay (B). Points show the mean and error bars show standard deviation of 

triplicate wells. 
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Figure 4.3: Growth of Bristol N2 and ivermectin resistant C. elegans. Egg production (A) was 

determined using two worms transferred to NGM only (Bristol N2, circleL NGM + 6ng/ml 

ivermectin {IVR6, triangle) or NGM + 10 ng/ml ivermectin {IVRlO, square) and larval 

development (B) was determined from the eggs. Bars and points show the mean and error 

bars show standard deviation of three independent experiments. 
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number of larvae or eggs produced by ivermectin resistant or sensitive C. elegans. Worm 

motility was assessed using motion tracking software to demonstrate differences in the 

resistant strains. Worms were transferred to NGM plates (with 0 ng/ml, 6 ng/ml or 10 ng/ml 

ivermectin for Bristol N2, IVR6 and IVR10 respectively) and motility assessed as described in 

section 2.7.9. Figure 4.4 confirms that although there appeared to be a slight decrease in 

worm mobility, there was no significant difference in the mean worm velocity of IVR6 or 

IVR10 worms compared to the Bristol N2 strain, showing that the paralytic effects of 

ivermectin were not exhibited by the resistant worms. 

4.4 Cross-resistance to other anthelmintics 

Resistance to other anthelmintics was investigated to determine if the ivermectin resistant 

worms showed cross-resistance to other structurally and functionally unrelated 

anthelmintics. Synchronised L1 larvae of Bristol N2, IVR6 and IVR10 were prepared (section 

2.7.4) and cytotoxicity assays performed (section 2.7.7). Figure 4.5 summarises the fold-

resistance to these drugs. 

IVR6 worms showed low cross-resistance to moxidectin (1.5-fold; P<0.05; n=3), levamisole 

(7.4-fold; P<0.05; n=3) and thiabendazole {8.1-fold; P<0.05; n=3) but not to pyrantel. The 

IVR10 worms were highly cross-resistant, being 35-fold resistant to moxidectin (P<0.05; 

n=3), 5.2-fold resistant to levamisole (P<0.05; n=3} and 14.6-fold resistant to thiabendazole 

(P<0.05; n=3). They were also 4.9-fold resistant to pyrantel (P<0.05; n=3}. Both ivermectin 

resistant sublines were sensitive to albendazole. 

4.5 Reversing resistance to ivermectin 

4.5.1 Inhibition of ABC transport protein activity 

Cross-resistance to other anthelmintics suggests the involvement of multidrug transport 

proteins in the resistance. To investigate this, the effect of drugs known to block drug 

transport in mammalian homologues was examined. Non-cytotoxic concentrations of these 

compounds were determined in the Bristol N2 worms (Table 4.1). All concentrations 

produced viabilities >50% control, and 10 1-1M verapamil, 5 1-1M PSC833, 50 1-1M MK571 and 

10 1-1M BSO were chosen for use in combination with drug in cytotoxicity assays. The effects 
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0..__.. ___ -L.-_ 

Bristol N2 IVR6 IVR10 

Figure 4.4: Mean worm velocity of Bristol N2 and ivermectin resistant C. elegans. Ten 

worms were transferred to NGM only (Bristol N2), NGM + 6ng/ml ivermectin (IVR6) or NGM 

+ 10 ng/ml ivermectin (IVR10) and their velocity captured using SimplePCI Motion Tracking 

and Analysis software as described in section 2.7.9. Each bar shows the mean and error bars 

show standard deviation of three independent experiments. 
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Figure 4.5: Fold resistance to anthelmintics in IVR worms. L1 stage C. e/egans in M9 buffer 

were incubated in 2-fold serial dilutions of moxidectin (from 80 ng/ml), levamisole (from 160 

mM), albendazole (from 5 ~M), thiabendazole (from 100 mM) or pyrantel (from 10 mg/ml) 

and their fold resistance determined in IVR6 (solid) and IVR10 (hatched) relative to the 

Bristol N2 strain (1; broken line) by dividing the IC50 of the IVR worms by the IC50 of Bristol 

N2 worms. Bars show the mean and error bars show standard deviation of three 

independent experiments. * Indicates P~O.OS. 
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Table 4.1: Effect of inhibitors of drug transport on Bristol N2 viability. 

Inhibitor Concentration (llM) Viability(% control) 
Verapamil (VER) 5 81±4 

10 83±1 
20 72±6 
40 72±5 

PSC 833 1 83±7 
5 71±1 

MK571 25 79±3 
so 74±5 
100 68±1 
200 66±1 

Buthionine 5 94±4 
sulfoxamine (BSO) 20 80±5 

10 80±4 
40 76±3 

* L1 stage Bristol N2 in M9 buffer were incubated in serial dilutions of inhibitor for 72 h and 
their viability determined using the MTI assay (sections 2.7.6-7). Results are the mean and 
standard deviation of three independent experiments. 

of the inhibitors are summarised in Figure 4.6. Verapamil, an inhibitor of ABC transport 

proteins, completely restored sensitivity to the resistant C. e/egans, even in the highly 

resistant IVR10 sublines. The P-glycoprotein-specific inhibitor PSC833 (valspodar) also 

reversed the resistance in both IVR6 and IVR10 worms. However, the MRP-specific 

inhibitors MK571 and BSO, also reversed resistance. These results suggest that the ABC 

transport proteins are involved in the development of ivermectin resistance in C. elegans, 

and resistance is associated with both P-glycoprotein and the MRP proteins. 

4.5.2 Knockdown of multidrug resistance-associated proteins using RNA interference 

RNAi is a widely utilized reverse-genetics tool to determine and validate the function of gene 

products. Double stranded RNA is used to specifically target endogenous mRNA transcripts 

for breakdown (Fire et a/., 1998). Specifically, in ivermectin-resistant C. elegans, it presents 

an opportunity to investigate the involvement of specifically targeted genes, as opposed to 

the modulators of ABC transport proteins which target multiple proteins. Two of the six 

HsMRP-1 homologues in C. elegans, mrp-1 and mrp-6 were chosen for analysis by RNAi in 

the sublines. 
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Figure 4.6: Reversal of ivermectin resistance. L1-stage C. elegans in M9 buffer were 

incubated in serial dilutions of ivermectin {IVM) with and without 10 11M verapamil 

(VER), 10 11M buthionine sulfoxamine (BSO), 50 11M MK571 and 5 11M PSC833. Bars 

show the mean and error bars show standard deviation of three independent 

experiments. * Indicates p::;o.os. 
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4.5.2.1 Design of probes to knockdown to MRPs: mrp-1 and mrp-6 

As variability in the efficiency of probes to decrease mRNA is reported (Cottrell and Doering, 

2003), two probes were designed manually from mrp-1 and mrp-6 mRNA sequences and 

evaluated using the online E-RNAi tool as described for the RNAi controls in section 2.7.5.1. 

Table 4.2 shows the specificity of the RNAi probes determined by the E-RNAi suite, and 

highlights the uniqueness of these probes for genes that are members of a multi-gene 

family. Both mrp1a and mrp1b target the majority of mrp-1 splice variants. Probe mrp1a was 

theoretically calculated to have an overall efficiency of 37 %, with 161/437 possible siRNAs 

predicted to be highly efficient silencers and mrp1b was 39% efficient with 201/513 possible 

siRNAs predicted to be highly efficient silencers. The mrp-6 probes both target the single 

mrp-6 transcript F20B6.3 with 100% gene-specificity. Probe mrp6a has an efficiency of 41 % 

with 175/429 possible siRNAs efficient silencers and mrp6b has an efficiency of 28 % with 

117/420 possible siRNAs efficient silencers. Table 4.3 shows the primers flanked with 

restriction sites for amplification of the probes as described in section 2. 7 .5.1 for RNAi by 

feeding. 

Table 4.2: Specificity of RNAi probes determined using E-RNAi. 

Probe Length [bp] Target mRNA Gene-specificity 
accession (%) 

mrp1a 457 F57C12.5a 100.00 
F57C12.5d.1 62.24 
F57C12.5d.2 55.38 
F57C12.5d.3 64.53 
F57C12.5d.4 100.00 
F57C12.5c 64.53 
F57C12.5b 64.30 
F57C12.4 0.23 

mrp1b 533 F57C12.5d.1 0 
F57C12.5d.2 0 
F57C12.5d.3 100.00 
F57C12.5d.4 100.00 
F57C12.5c 100.00 
F57C12.5b 100.00 
F57C12.4 100.00 

mrp6a 449 F2086.3 100.00 
mrp6b 440 F2086.3 100.00 

* Probe specificity determined using ERNAi (http://www.dkfz.de/signaling2/e-rnai/). 
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Table 4.3: Primers for the amplification of MRP RNAi probes from eDNA. 

*Primer Tm (°C) GSR Sequence 5' ~ 3' 
mrpla-S 73.5 ctcccaatggcattcttcg 
mrpla-A 73.1 t gcagctccggcg 
mrplb-S 77.2 tgagctcgttcgtga a ctggtgtgtgg 
m b-A 74.8 
mrp6a-S 71.9 tagagctcgcggatgctgacatctac 
m 6a-A 69.7 ccgatttcctcga etc 
mrp6b-S 74.3 cgccgcgtacaacatgg 
mrp6b-A 72.6 agttcggccgacgac 

* S: sense primer; A: antisense primer, GSR: gene specific region. Yellow regions show 
Sacl restriction site, blue regions show Hindlll restriction site. 

4.5.2.2 Knockdown of mrp-1 and mrp-6 

The relative efficiency of the mrp-1 and mrp-6 probes was determined in the drug resistant 

sublines compared to the parental Bristol N2 C. elegans. A representative RNAi experiment is 

shown in Figure 4.7. All probes, except mrp-1b in IVR10 worms, efficiently reduced the 

mRNA level in all worms (Figure 4.7C). While the mrp1a probe reduced mrp-1 expression 

(93-96 %), the second mrp-1 probe, mrp1b reduced the mrp-1 mRNA only 44% in the IVR10 

worms, demonstrating the variability in efficiency of different probes for the one target. 

Knockdown of both mrp-1 and mrp-6 in Bristol N2 and IVR6 shows variation in the total 

number of larvae, however there is no statistically significant changes compared with vector 

only treated worms (pl4440; Figure 4.7A and B). However, in IVR10 (Figure 4.7C), knockdown 

of mrp-1 with probe mrp1b results in the production of significantly more larvae, and 

knockdown of mrp-6 with probe mrp6a results in a significantly reduced production of larvae 

compared with vector only treated worms. The positive control probe asb1 gave reduced 

larvae in all worms; however it was only significantly reduced in the Bristol N2 C. elegans. 

To determine if the knockdown of mrp-1 or mrp-6 decreased drug resistance, the seeder 

worms (FO) were placed on RNAi NGM media for 48 h and then transferred to plates 

containing ivermectin, 6 ng/ml for IVR6 and 10 ng/ml for IVR10. Knockdown was confirmed 

using qRT-PCR of mRNA transcripts of mrp-1 and mrp-6 compared with vector only (pl4440) 

treated worms. Knockdown of mrp-1 and mrp-6 in both IVR6 and IVR10 significantly reduced 

the total number of larvae surviving for 48 h on ivermectin (P<O.OS), compared with vector-

only (pl4440) treated worms (Figure 4.8). In both strains knockdown of mrp-1 resulted in less 
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worms surviving on ivermectin compared to knockdown of mrp-6, suggesting a role for mrp-

1 in drug resistance. 

4.6 Discussion 

Anthelmintic resistance is already a serious problem in nematode parasites of livestock. 

While drug treatment remains the major means of helminth control, there is a need to 

understand the development of resistance to the drugs. lvermectin is a broad spectrum 

anthelmintic with a major impact on veterinary medicine. To characterise the cellular drug 

resistance mechanisms involved in resistance, a model of ivermectin resistance was 

developed in C. elegans through exposure to non-cytotoxic concentrations of ivermectin in a 

step-wise approach and resistance achieved to therapeutically relevant concentrations of 

ivermectin. lvermectin inhibits the glutamate-gated chloride channels, specific to 

invertebrates, and causes paralysis. This work contrasts with previous reports of ivermectin-

resistant C. elegans which were developed by exposure to high concentrations of ivermectin 

in a step-wise manner (Novak and Vanek, 1992). Using this approach, resistant worms were 

not phenotypically similar to the parental strain, with fitness compromises including 

impaired motility, slow growth and paralysis of the tail region. Using low, relevant drug 

concentrations to which the nematode may readily adapt, as in this study, the resistant 

nematodes were phenotypically wild type with no significant change in motility, 

demonstrating that ivermectin resistance may not necessarily be directly associated with 

changes in the drug target, and impaired motility. 

Resistance developed in stages, as reported in cancer cells (Davey eta/., 1995). Low level 

resistance developed rapidly. After only one generation with exposure to a maximal non-

cytotoxic concentration of ivermectin (1 ng/ml), C. e/egans were able to undergo a normal 

cycle of growth at a 2-fold higher concentration. The resistance easily increased to higher 

concentrations (6 ng/ml) after eighteen generations. This reflects the rapid appearance of 

resistance in vivo in the closely related parasitic nematode H. contortus (Coles eta/., 2005). 

However, after this level of resistance was obtained, the C. elegans were unable to grow on 

higher concentrations for about 30 weeks. After this time the worms were able to grow at 10 

ng/ml drug. 
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Figure 4.8: Effect of RNAi of MRPs in IVR sublines on ivermectin resistance. L1 larvae were 

seeded onto bacterial lawns containing the target constructs. Worms were incubated at 20 

°C for 48 h then transferred to fresh plates with bacterial lawns expressing the target 

constructs. The F1 generation were scored for phenotypes and the numbers of surviving 

larvae were counted at 48 h on NGM plates supplemented with 6 ng/ml ivermectin (IVR6) or 

10 ng/ml ivermectin (IVR10). Bars show the mean and error bars show standard deviation of 

triplicate samples. * * Indicates P<0.01, * indicates P<O.OS. Numbers above bars are the 

percentage reduction of mRNA (mrp-1 for mrp1a, mrp1b; mrp-6 for mrp6a, mrp6b) 

compared with pl4440 treated worms, determined using qRT-PCR (section 2.5.1). 
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If ABC transport proteins are involved in resistance it is likely that they would mediate cross-

resistance to other anthelmintics. The IVR6 C. elegans had only low cross-resistance to the 

closely related drug moxidectin. However, the IVR10 C. elegans were highly resistant to 

moxidectin. This suggests that additional resistance mechanisms are activated in the IVR10 

C. elegans. Both were cross resistant to levamisole, but only the IVR10 C. elegans were 

resistant to pyrantel. Few reports of P-glycoprotein-mediated imidazothiazole resistance 

have emerged (Rothwell and Sangster, 1997). Whether the imidazothiazoles are transported 

by the multidrug resistance proteins is not clear. Efferth and Volm (1993) found no effect of 

levamisole on doxorubicin toxicity in doxorubicin resistant cells. However, some 

imidazothiazole drugs have been developed as reversing agents for MDR, suggesting that 

these compounds may interact with the transport proteins (Naito et a/., 1998). 

Alternatively, it has been suggested that these compounds may modify the plasma 

membrane by inhibition of alkaline phosphatase and so modulate the activity of the 

transport proteins (Martins eta/., 2001). 

The ivermectin resistant C. elegans were not resistant to albendazole, yet were to 

thiabendazole. P-glycoprotein mediated resistance has been implicated to benzimidazoles in 

free-living stages of H. contortus, since the P-glycoprotein inhibitor verapamil was capable of 

restoring partial sensitivity to both thiabendazole and albendazole (Beugnet et a/., 1997). 

Although an early report found low resistance to amino phenoxybenzimidazol-2-yl 

carbamate in human cells expressing high levels of P-glycoprotein (Nare et a/., 1994), a 

recent study reported that albendazole is not a substrate for P-glycoprotein (Merino et a/., 

2002), therefore sensitivity to benzimidazoles may be exploited in the treatment of 

ivermectin resistant H. contortus. On the other hand, it has been shown that ivermectin 

treatment may select for benzimidazole-resistance in vivo when the population is genetically 

diverse (Biackhall et a/., 2008; de Lourdes Mottier and Prichard, 2008). Clearly, the 

relationship of the benzimidazoles and the ABC transport proteins is not fully understood. 

Drug transport by P-glycoprotein has been well documented and reversal of resistance by 

compounds such as verapamil and PSC833 confirm the involvement of P-glycoprotein in the 

multidrug resistance phenotype of the ivermectin resistant C. elegans. However, drug 

resistance was also reversed by BSO which inhibits glutathione synthesis and does not affect 

human P-glycoprotein activity, but is specific for MRP-mediated transport. Inhibitor studies 

are problematic in that it is not possible to directly compare the effects of inhibitors on 

80 



Chapter 4: lvermectin resistance in nematodes 

homologous proteins from different species as the effects need not be the same. Even the 

polymorphic forms of P-glycoprotein identified in humans respond differently to drugs and 

inhibitors (Marzolini et a/., 2004). In Leishmania, although ABC transport proteins were 

associated with drug resistance, the resistance is not reversed by any of the known 

mammalian transport inhibitors (Perez-Victoria et a/., 2001). It is possible that in the C. 

e/egans, there is a threshold level of ivermectin that causes death. Inhibition of any one of 

the drug efflux proteins may increase the drug concentration at the target sufficiently to be 

toxic. The inhibition of resistance by all the inhibitors suggests that combination with 

reversal agents may be successful in restoring ivermectin toxicity and so prolong the 

usefulness of this drug in the treatment of resistant disease. These drug resistant C. elegans 

may be useful to identify non-toxic inhibitors for field trials. 

To further examine the role of ABC transport proteins and ivermectin resistance in the IVR 

series, the widely adopted reverse genetics tool RNAi was utilised to determine the effects 

of more specific knockdown of ABC transport proteins. RNAi is revolutionary in that it 

enables the specific knockdown of target mRNAs by endogenous endo- and exo-nucleases. 

Probes can be designed to target the knockdown of multi-gene families or even specific 

genes within a multi-gene family (Zoraghi and Seebeck, 2002). RNAi is also advantageous as 

it can realistically mimic target knockdown as opposed to knock-out which is not often 

observed in drug treatment. A previous report demonstrated for mrp-6, worms were egg-

laying defective (Kamath eta/., 2003). The findings in the current study support the majority 

of previous RNAi screens for MRPs in C. e/egans where no obvious phenotypes were 

reported (Maeda et a/. , 2001; Sonnichsen et a/., 2005). However, there were significant 

changes in larvae production in IVR10 worms. This again demonstrates differences not only 

between IVR10 and Bristol N2 larvae, but also between the IVR sublines themselves. 

Furthermore, this highlights the value in testing more than one RNAi probe for the detection 

of knockdown phenotypes as mrp1a was more efficient than mrp1b in IVR10. It is now 

widely reported that the probability of detecting an RNAi phenotype can be enhanced by the 

use of multiple probes, particularly for large gene products (Wang and Barr, 2005). 

When RNAi-treated IVR worms were cultivated on their respective concentrations of 6 or 10 

ng/ml of ivermectin, dramatic reductions in the number of larvae surviving 48 h was 

observed for both sublines, particularly when mrp-1, a member of the MRP subfamily was 

knocked down. Similar to the ABC transporter inhibitor analysis, it appeared inhibition of just 
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one ABC transporter may be sufficient to restore sensitivity to ivermectin in these sublines. 

However, off-target effects were not addressed in this study. There are approximately 60 

ABC genes in C. elegans, and there is a possibility for off-target effects with RNAi by feeding 

as dsRNA fragments are reduced to small interfering RNAs (21-23-mers; siRNAs). To 

overcome this, future experimentation could be improved by using siRNAs which could 

potentially target genes more specifically. Together, the inhibitor study and RNAi 

demonstrate the involvement of ABC transporters in this model of ivermectin resistance and 

warrant further investigation of these transporters in future resistance studies. With 15 full 

P-glycoprotein transporters, 8 MRPs and numerous other full and half ABC transporters in C. 

elegans further screening of specific genes by RNAi could provide greater insight into the 

specific role each transporter plays in drug resistance. 

Drug resistance is a significant cause of the increase in disease throughout the world. It is 

therefore essential to understand its development and to find new drugs to circumvent 

resistance. The usefulness of C. elegans as a model for parasitic nematodes has been 

questioned (Geary and Thompson, 2001). The drug resistant C. elegans developed provide 

information on the basic biology of resistance to identify new drug targets. They will provide 

a tool to determine any reliable genetic variation that may contribute to ivermectin 

resistance, or examine the involvement of epigenetic changes in resistance. 
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Multidrug resistance (MDR) is an increasing problem evident in parasitic diseases including 

haemonchosis (Yadav eta/., 1995; Waruiru eta/., 1998). In human cancers, MDR is a multi-

factorial process, with over-expression of P-glycoproteins and multidrug resistance-

associated proteins (MRP-1), alterations in glutathione (GSH) metabolism, alterations in the 

amount or activity of target enzymes and resistance to apoptosis all identified in mediating 

this phenomenon (Gottesman, 2002). A major physiological role of these multidrug 

resistance transporters lies in the protection of the cells and tissues against xenobiotics by 

controlling drug exposure and toxicity. 

In H. contortus, increased P-glycoprotein expression has been associated with resistance to 

macrocyclic lactones (Biackhall eta/., 1998; Xu eta/., 1998; Le Jambre eta/., 1999; Sangster 

et a/., 1999). However, a comparison of the levels of P-glycoprotein mRNA alone in the 

pharynx of susceptible and macrocyclic lactone-selected strains of H. contortus did not 

provide convincing evidence of a correlation between the level of P-glycoprotein mRNA and 

macrocyclic lactone selection (Smith and Prichard, 2002). In C. elegans, MRPs and P-

glycoproteins have been shown to convey resistance to heavy metals including arsenate and 

cadmium (Broeks et a/., 1996). In the previous chapter, ABC transport proteins were 

implicated in ivermectin resistance as known modulators of mammalian ABC transport 

proteins and the specific knockdown of two MRP-1 homologues successfully reversed 

resistance. In this chapter, to determine which of the ABC transport proteins may be 

involved in resistance, qRT-PCR was used to identify changes in the expression of genes 

previously identified in mammalian cells to be associated with drug resistance. 

5.1 Analysis of ABC transport proteins in C. elegans 

In C. elegans, there are 8 MRP family members, 14 P-glycoproteins and one psuedogene 

(Zhao et a/., 2007). Protein sequences for each MRP and P-glycoprotein in C. elegans 

obtained from Wormbase were used as templates for BLASTP 2.2.18+ searching at the 

National Centre for Biotechnology Information (NCBI) database 

(http://www.ncbi.nlm.nih.gov/blast/Biast.cgi) using the non-redundant (nr) database. Table 

5.1 summarizes the MRP and P-glycoprotein related members identified in C. e/egans, their 

similarity to H. sapiens and their function if known. Comparative to H. sapiens, there is 

relatively little information on the role of ABC transport proteins in C. elegans. This 

information was used to compile a shortlist of genes to analyse by qRT-PCR in the IVR 
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Table 5.1: Homology of C. elegans full ABC transport proteins. 

PROTEINA FUNCTIONS H. sapiens HOMOLOG8 

MRP1 Dauer formation [1], resistance to heavy metals [2] MRP1 
[NP 001024718] [AAB83979] 63%/45% 
MRP2 Unidentified MRP1 
[NP 508121] [AAB83979] 62%/46% 
MRP3 Unidentified MRP1 
[NP 510616] [AAB83979] 61%/41% 
MRP4 Gut granule formation [3] MRP1 isoform 1 
[NP 509658] [NP 004987] 62%/42% 
MRP5 Unidentified MRP5 
[NP 510478] [BAD92691] 35%/56% 
MRP6 Unidentified MRP4 
[NP 508710] [NP 005836] 55%/36% 
MRP7 Unidentified MRP1 isoform 1 
[NP _507812] [NP _004987] 56%/38% 
MRP8 Unidentified MRP1 isoform 1 variant 
[NP 499598] [BAD92357] 62%/42% 
PGP1 Resistance to heavy metals [2,5] MDR1 
[NP 502413] [NP 000918] 63%/45% 
PGP2 Gut granule formation [4] MDR1 
[ABM92304] [AAI30425] 66%/46% 
PGP3 Resistance to toxins [5] MDR1 
[NP 509901] [AAW82430] 62%/41% 
PGP4 Unidentified MDR1 
[NP 509902] [AAW82430]61%/40% 
PGP5 Resistance to heavy metals & bacterial infection MDR5 
[NP 509810] [6] [BAF75364]56%/36% 
PGP6 mRNA expression induced by exposure to MDR5 
[NP 001041287] cadmium [3] [BAF75364]57%/37% 
PGP7 mRNA expression induced by exposure to MDR5 
[NP 509812] cadmium [3] [BAF75364]56%/37% 
PGP8 mRNA expression induced by exposure to MDR1 
[NP 509811] cadmium [3] [NP _000918] 54%/35% 
PGP9 Unidentified MDR1 
[NP 507487] [AAW82430] 64%/46% 
PGP10 Unidentified MDR5 
[AAC48149] [BAF75364]51%/30% 
PGP11 Unidentified MDR1 
[NP 495674] [NP 000918] 53%/33% 
PGP12 Unidentified MDR1 
[NP 510126] [AAW82430]58%/38% 
PGP13 Unidentified MDR1 
[NP 510127] [AAI30425] 56%/37% 
PGP14 Unidentified MDR1 
[NP 510128] [AAI30425] 57%/39% 
PGP15 Unidentified Potential pseudogene 

A C. elegans protein sequences (Worm base WS190) were used to search the NCBI nr database with 
BLASTP 2.2.18 (http://www.ncbi.nlm.nih.gov/blast/Biast.cgi). 8 Similarity to H. sapiens homologue,% 
similarity I % identity. Numbers in brackets are the Genbank accession number. [1] Yabe et a/., 
(2005), [2] Broeks eta/., {1996), [3] Currie eta/., {2007), [4] Schroeder eta/., (2007), [5] Broeks eta/., 
(1995), [6] Kurz eta/., (2007). 
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sublines. 

Several MRP family members and two P-glycoproteins were chosen for analysis by qRT-PCR. 

Homologues of H. sapiens MRP-1: mrp-1, mrp-2 and mrp-6 were chosen for analysis. Of 

these, mrp-1 in C. elegans has been shown to be expressed in many tissues and has been 

associated with resistance to heavy metals, similar to HsMRP-1 (Fiens eta/., 1996; Broeks et 

a/., 1996; Vernhet eta/., 2001; Yabe eta/., 2005). There has also been an alternative function 

identified for MRP-1 in C. e/egans. Yabe eta/. (2005) demonstrated MRP-1 regulates dauer 

diapause via its export activity, and highlighted the functional similarity to HsMRP-1 as it 

could substitute for CeMRP-1. The homologue of HsMRP-5, mrp-5 was also chosen for 

analysis as this was not expected to act as a drug transporter. HsMRP-5 is a cyclic 

nucleoside/nucleotide transport protein not implicated in resistance in clinical samples 

(Borst eta/., 2007). 

Representatives of the human P-glycoprotein subfamily, pgp-1 and pgp-2 were chosen. Pgp-

1 was initially investigated by Broeks eta/. (1995), who generated strains of C. elegans with 

pgp-1 and pgp-3 knockouts. Deletion of pgp-1 or pgp-3 had no effect on the sensitivity of 

worms to ivermectin. C. e/egans pgp-2 is the homolog of H. contortus PGP-A, which has been 

shown to be up-regulated in response to macrocyclic lactone selection (Prichard and Roulet, 

2005; Roulet and Prichard, 2006; Prichard and Roulet, 2007). 

5.2 Design of a qRT -PCR assay to evaluate the expression of genes associated with MDR 

in C. elegans 

5.2.1 Oligonucleotide design 

Primers for use with SYBR green I technology were designed to produce a single amplicon 

with minimal secondary structure or self dimerisation. Using the NCBI database 

(www.ncbi.nlm.nih.gov), individual C. elegans eDNA sequences were retrieved for each gene 

and used as a template for the design of real-time PCR oligos. Primers (Table 5.2) were 

manually designed to assure maximal efficiency and sensitivity, with amplicon sizes ranging 

from 240-340 bp. All amplicons were designed to bind across exons which further assured 

amplification of eDNA as opposed to gDNA, which would produce significantly larger 

amplicons. 
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Table 5.2: Primers for quantitative real-time PCR. 

GeneA Primer Sequence 5'~ 3' Tm Amplicon (bp) 

act-4 Sense GGTGTGATGGTCGGTATGGGACAGAAG 74.3 274 

[M03F4.2a ] Antisense GAG ACC TIC AAC ACC CCA GCC ATG AC 74 

mrp-1 Sense GGG AGT CAT CAC GTI GTA CTG GC 68.9 241 

[F57C12.5] Antisense CGT GTA TIC TGG ACA GGA GTI TTI TCC 68.7 

mrp-2 Sense GGA TCG GCT GCT CCA TIG TIG 70 365 

[F57C12.4] Antisense CAA TCC GTI GAC TGG GAG AGC 68 

mrp-5 Sense GAC GAT GCC GGA CTC TIC TCC TTI G 73 237 

[F14F4.3] Antisense GGA AAA CCA GAG ACG AGT GCT 67 

mrp-6 Sense GAG CCG GAT TGA TCA GT A GCA TIC 72.9 268 

[F20B6.3] Antisense GGCTGCGCGACACGTGTGAGCTC 79.0 

pgp-1 Sense GAC ATI GGA GAA GCT GTI GCT ATI CAT AGG 70.3 331 

[K08E7.9] Antisense CAG AAT CGA TTI CAC AAA TIC TCG TCG CAA TC 75.7 

pgp-2 Sense GTC GTI GGT GTG GAT AAT GTG AAC CCG GAA G 78 303 

[C34G6.4] Antisense GTC ACC TAA TCC TIC ACG GAC ACG CTC C 75.7 

gstp-1 Sense CCT CAA GCT CAC GTA CTI CGA CAT CCA CG 76.4 245 

[R107.7] Antisense GAG CCC ATI AAG ACG AGC GAG ATG ACG G 77.1 

gcs-1 Sense GAC GAA AGG TAG TCC GTI GAC GTG GGC AG 78.3 251 

[F37B12.2] Antisense GCA TCG CAT TCA CCT GCT CTI CGG CTI G 80.3 
A Worm base access1on numbers for each sequence are md1cated m brackets, T m· Meltmg temperature, bp: 

base pairs. 

Self-complementarity, primer length and melting temperature were verified using the online 

Oligo Calculator on the Sigma Genosys website (https://row.sigma-genosys.eu.com; Sigma-

Aldrich, Castle Hill, NSW, AUS). Each oligo was also analysed for complementarity to C. 

elegans genes using the BLASTN nucleotide-nucleotide feature on the NCBI website. Primers 

that had BLASTN hits to regions in C. elegans other than the target were rejected. 

Each primer set was used to amplify its target from Bristol N2 eDNA (section 2.3.1) and the 

product cloned into the pGEM-T easy vector (sections 2.4.1-5, 2.4.7-8) and sequenced for 

verification (section 2.3.5). Sequenced clones were used to validate the qRT-PCR and as 

positive controls in all subsequent qRT-PCR assays. 

5.2.3 Validation of the qRT-PCR assay 

Relative quantification by real time PCR can be used to measure gene expression by relating 

the PCR signal of the target transcript in a treatment group to that of a sample in an 

untreated group. The comparative Cr method (~~Cr) of relative quantitation data analysis 

allows the estimation of gene expression relative to a reference/calibrator gene (Livak and 

Schmittgen, 2001). Since it uses an arithmetic formula, a validation experiment must be 

87 



Chapter 5: Gene expression in ivermectin resistant C. e/egans 

performed to demonstrate the efficiencies of target and reference genes are approximately 

equal. Primer efficiency analysis was performed as outlined in section 2.5.2. Figure 5.1 shows 

the plot of ~CT versus log template concentration for each amplicon and the slope (m) of 

each line (Figure 5.1C). All primer sets qualified for analysis by this method, with the 

absolute slope of the ~CT versus the log of template concentration for all amplicons being 

less than 0.1. 

5.3 Expression of ABC transport proteins and associated genes in the life stages of 

C. elegans 

The relative mRNA expression was determined at each life stage of C. elegans. Worms were 

synchronised (section 2.5.6.4) and total RNA prepared from eggs, arrested L11arvae hatched 

in M9, L2 (+8h) and L3/L4 (+16h) . RNA was extracted and the relative expression of the ABC 

transport protein genes in addition to gcs-1 , which encodes the heavy subunit of yGCS and 

gstp-1, which encodes a GSTrr homologue was determined by qRT-PCR (section 2.5.1-2). 

Data was normalized using the ~~CT method (section 2.5.3). Figure 5.2 shows the relative 

expression of the genes in the Bristol N2 C. elegans. There is no statistically significant 

variation in expression fo r any gene tested between the life stages (egg to L4), which 

enabled populations of mixed life stages to be analysed for gene expression in subsequent 

invest igations. 

5.4 Expression of ABC transport proteins in ivermectin resistant worms 

The expression of a number of ABC transport protein genes was investigated in t he 

ivermectin resistant sublines developed in Chapter 4 under several conditions. Gene 

expression was assessed in IVR6 and IVR10 cultured with ivermectin, in these worms 

cultured without ivermectin for 3 months and in worms returned to ivermectin for 2 weeks. 

(i) Cultured with ivermectin 

The gene expression of the selected ABC transport proteins in IVR6 and IVR10 under normal 

culture conditions containing ivermectin is shown in Figure 5.3. In the resistant worms pgp-1 

was significantly increased in the IVR6 (6-fold) and IVR10 worms (12-fold) compared to the 

Bristol N2 (both P<0.01). The other P-glycoprotein homologue, pgp-2 was increased slightly 

only in the IVR10 worms (2-fold; P<0.05). The HsMRP-1 homologues mrp-1 and mrp-6 were 
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Figure 5.1: Validation of primers for the ~~Cr method of relative qRT-PCR quantification. 

The flCr of target primers with act-4 was plotted versus log ng of plasmid (A& B). The slope of 

the 5-point standard curves determined from two independent experiments (C) for 

validation of all primers. For the flflCr method of analysis the absolute slope should not 

exceed 0.1 
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Figure 5.2: MDR-associated gene expression in the life stages of Bristol N2 C. elegans. RNA 

(500 ng) was reverse transcribed using oligo d(T). Genes (pgp-1, pgp-2, mrp-1, mrp2, mrp-5, 

mrp6, gcs-1 and gstp-1,) were amplified from eDNA using gene specific primers and 

expression compared to that in eggs (dashed line), L1 (clear), L2 (dotted), L3/L4 (solid). Fold 

changes in gene expression were calculated using the comparative Ct method using the 

formula Tt~t~et. Bars show the mean and error bars show standard deviation of the fold 

change in gene expression relative to eggs in two independent experiments (fold change of 

1; broken line). 
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Figure 5.3: ABC transport protein gene expression in ivermectin resistant C. elegans. RNA 

(1 11g) from IVR6 and IVR10 worms was reverse transcribed using oligo d(T). Genes (pgp-1, 

pgp-2, mrp-1, mrp-2, mrp-5 and mrp-6) were amplified from eDNA using gene specific 

primers in IVR6 and IVR10. Fold changes in gene expression relative to Bristol N2 (1; broken 

line) were calculated using the comparative Ct method using the formula Tt1£1ct. Bars show 

the mean and error bars show standard deviation from two independent experiments. 

* Indicates P<O.OS; ** indicates P~0.01. 
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significantly increased in both sublines (both approximately 3-fold in each subline; P<0.05). 

There was little change in mrp-2 in both IVR6 and IVR10 and a significant decrease in mrp-5 

in IVR10 worms (P<0.05). The increased expression of both P-glycoproteins and MRPs 

supports the suggested involvement of the ABC transport proteins in the multidrug 

resistance phenotype of the drug resistant C. e/egans. 

(ii) Cultured without ivermectin (12 weeks) 

Since the resistant worms maintained their resistance after 3 months without ivermectin 

treatment, the expression of the transport proteins was investigated after this time. 

Following removal from ivermectin, mrp-2, mrp-5 and mrp-6 mRNA expression returned to 

the level in Bristol N2 worms (Figure 5.4). In IVR6, pgp-1 expression decreased relative to the 

profile on ivermectin, however pgp-1 was still significantly up-regulated relative to Bristol N2 

worms {5-fold, P<0.05). Pgp-2 was significantly increased above the Bristol N2 level to 12-

fold (P<0.01). In IVR10 worms there is also a significant decrease in pgp-1 expression on 

removal from drug which was similar to Bristol N2 levels. Pgp-2 expression did not change 

relative to the presence of ivermectin, which was still increased 2-fold relative to Bristol N2 

worms (P<0.05). The most dramatic change in both sublines was mrp-1 expression. In both 

sublines after 3 months without ivermectin, expression increased to 20-fold in IVR6 (P<0.01) 

and 36-fold in IVR10 (P<0.01) relative to the Bristol N2 worms. It therefore appears to be the 

MRP1-homologue involved in multidrug resistance in human cancers, which is maintaining 

the resistance in these worms in the absence of ivermectin. 

(i) Returned to ivermectin (2 weeks) 

The IVR worms cultured without ivermectin for 3 months were returned to NGM 

supplemented with 6 or 10 ng/ml of ivermectin for IVR6 and IVR10 respectively. ABC 

transport gene expression was analysed as before to determine the response to the 

presence of ivermectin in the media. Figure 5.5 shows following the re-introduction of 

ivermectin, IVR6 worms increase pgp-1expression, mrp-2 and mrp-5 expression relative to 

Bristol N2 worms {10-fold, 5-fold, 5-fold respectively; all P<0.01). Both pgp-2 and mrp-1 

expression is decreased relative to the profile of the worms without ivermectin, although 

pgp-2 is still significantly increased relative to Bristol N2 worms (7-fold; P<0.01). In IVR10 

there are fewer changes in gene expression compared to the worms cultured without 

ivermectin. There is still significantly increased mrp-1 expression (24-fold; P<0.01) and an up-
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Figure: 5.4. ABC transport protein gene expression in ivermectin resistant C. elegans 

cultured without ivermectin. RNA (1 J.J.g) from IVR6 and IVR10 worms was reverse 

transcribed using oligo d(T). Genes (pgp-1, pgp-2, mrp-1, mrp-2, mrp-5 and mrp-6) were 

amplified from eDNA using gene specific primers in IVR6 and IVR10 cultured without 

ivermectin for 12 weeks. Fold changes in gene expression relative to Bristol N2 (1; broken 

line) were calculated using the comparative Ct method using the formula T~~ct. Bars show 

the mean and error bars show standard deviation from two independent experiments. 

* Indicates P<O.OS; ** indicates PS0.01. 
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Figure 5.5: ABC transport protein gene expression in ivermectin resistant C. e/egans 

returned to ivermectin. RNA (1 Jlg) from IVR6 and IVR10 worms was reverse transcribed 

using oligo d(T). Genes (pgp-1, pgp-2, mrp-1, mrp-2, mrp-5 and mrp-6) were amplified from 

eDNA using gene specific primers in IVR6 and IVR10 cultured without ivermectin for 12 

weeks then returned to ivermectin for 2 weeks. Fold changes in gene expression relative to 

Bristol N2 (1; broken line) were calculated using the comparative Ct method using the 

formula Tt.t.et. Bars show the mean and error bars show standard deviation from two 

independent experiments. * Indicates P<O.OS; ** indicates P~O.Ol. 
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regulation of mpr-6 to similar levels when cultured with ivermectin previously (5-fold; 

P<0.05). 

5.5 Glutathione metabolism 

The cellular antioxidant glutathione is involved in drug resistance since it may conjugate to 

drugs and cause them t o be less active or to be more easily removed from the cells by MRP-

related transport proteins. The rate limiting enzyme in glutathione synthesis, y-glutamyl 

cysteine synthetase (yGCS) has been reported in H. sapiens to be co-ordinately expressed 

with MRP-1 (Ishikawa eta/., 1996; Liao and Yu, 2005). To investigate the role of glutathione 

in ivermectin resistance, total intracellular glutathione of resistant worms was compared to 

the wild type N2 strain, and the expression of the yGCS and GST homologue determined. 

5.5.1 Total intracellular glutathione levels 

Total intracellular glutathione of resistant worms was determined and compared to the wild 

type N2 strain. Figure 5.6A shows there was a significant reduction in total intracellular 

glutathione in ivermectin-resistant strains, especially the IVR6 (P<0.001), suggesting 

glutathione may be associated with removal of drug from the cells. In resistant worms 

cultured for 3 months without ivermectin, the glutathione level in the worms tended to 

return to wild type N2 basal levels (Figure 5.6). Specifially, in the IVR6 returned to ivermectin 

for two weeks, intracellular glutathione was again decreased (P<0.05) as previously. In IVR10 

there was little change in glutathione levels as ivermectin is removed or replaced in the 

culture media. 

5.5.2 Expression of gcs-1 and gstp-1 

Genes associated with glutathione metabolism have been linked to MRP-1 and drug 

resistance in humans, including yGCS and GSTn (Ishikawa et a/., 1996; Morrow eta/., 1998; 

Paumi et a/., 2001). yGCS is a heterodimer comprised of a catalytic heavy subunit and a 

regulatory light subunit (Hayes and Mclellan, 1999). Gene-specific primers were used 

todetermine the yGCS catalytic heavy subunit orthologue gcs-1, and a glutathione 

transferase that mediates the enzymatic conjugation of glutathione to drugs, the GSTn 

homologue, gstp-1. As shown in Figure 5.7, there was no significant increase in gcs-1 in the 

IVR6 worms but there was a 4- fold increase of gcs-1 in the IVR10 worms (P<0.001). This 

suggests increased glutathione synthesis in the IVR10 worms, which correlates with the 
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Figure 5.6: Intracellular glutathione levels in ivermectin resistant C. elegans. Total 

intracellular glutathione was determined in IVR6 and IVR10 strains cultured with (+ IVM), 12 

weeks without ivermectin (- IVM 12 wk) and two weeks following return to ivermectin (+ 

IVM 2 wk) using a modification of the colorimetric method (section 2.6.1). Bars show the 

mean and error bars show standard deviation of the fold change relative to the Bristol N2 

strain (100 %) from two independent experiments. * Indicates P<O.OS; ** indicates P~O.Ol. 
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Figure 5. 7: Expression of gcs-1 and gstp-1 mRNA in ivermectin resistant C. elegans. The 

expression of gcs-1 and gstp-1 was examined in IVR6 and IVR10 strains cultured on 

ivermectin (open), without ivermectin for 12 weeks (hatched) and then returned to 

ivermectin for 2 weeks (solid). 1 J.!g RNA was reversed transcribed using oligo d(T) and genes 

were amplified from eDNA using gene specific primers in IVR6 and IVR10. Fold changes in 

gene expression relative to Bristol N2 (1; broken line) were calculated using the comparative 

Ct method using the formula Tt.t.et. Bars show the mean and error bars show standard 

deviation from two independent experiments. * Indicates P<O.OS; ** indicates P~0.01. 
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IVR10 worm's total glutathione levels being higher than IVR6 (75 % and 25 % of Bristol N2 

worms respectively; Figure 5.6). Following removal of ivermectin from the media, IVR6 

worms increased gcs-1, correlating with the relative increase in total intracellular 

glutathione and maintained the 3-fold increase following return to ivermectin (P<0.05). 

Conversely, the IVR10 worms down regulated expression of gcs-1 when ivermectin was 

removed from the media to the level seen in Bristol N2 worms, and maintained this 

following the re-introduction of ivermectin. 

In the IVR6 worms, gstp-1 levels were significantly increased in the presence of ivermectin 

(P<0.01), and returned to Bristol N2 levels in its absence (Figure 5.7). However in the IVR10 

worms, there was no change in gstp-1 levels until worms were returned to ivermectin 

following three months without it. The common response to significantly up-regulate gstp-1 

expression in both sublines 2 weeks following the reintroduction of ivermectin to culture 

media suggests gstp-1 is involved in the initial response to ivermectin. 

5.6 Response to ivermectin 

Drugs transported by P-glycoprotein have been shown to regulate its expression (Kantharidis 

et a/., 2000). To investigate responses to ivermectin treatment, the changes in mRNA 

transcription of the ABC transport proteins and the glutathione-related genes, gcs-1 and 

gstp-1 was investigated after 24 h treatment with drug. Bristol N2 and IVR6 worms were 

treated for 24 h with 6 ng/ml and 10 ng/ml ivermectin and were monitored visually for 

ivermectin toxicity at 8 h and 24 h (section 2. 7 .8). At 8 h post transfer, neither the Bristol N 2 

worms with 6 ng/ml ivermectin nor IVR6 with 6 ng/ml or 10 ng/ml ivermectin were 

displaying signs of ivermectin toxicity (paralysis, inhibition of pharyngeal pumping). However 

by 24 h post transfer, the majority of the Bristol N2 worms on 6 ng/ml ivermectin were 

paralyzed while >95% of the IVR6 on 10 ng/ml ivermectin were not paralyzed. The Bristol N2 

cultured without ivermectin and the IVR6 on 6 ng/ml ivermectin displayed no toxicity to 

ivermectin. Worms were harvested at 24 h and eDNA prepared from total RNA for 

quantitative RT-PCR. There were significant increases in the mRNA expression of three ABC 

transport proteins, pgp-1, mrp-2 and mrp-6 (all P<0.05) in worms treated with 6 ng/ml 

ivermectin for 24 h relative to untreated worms (Figure 5.8). Figure 5.9 shows the response 

of IVR6 worms to ivermectin treatment. Unlike the Bristol N2 worms, there was no increase 
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Figure 5.8: Bristol N2 mRNA fold changes in response to 24 h treatment with 6 ng/ml 

ivermectin. RNA (1 11g) was reverse transcribed using oligo d(T). Genes (pgp-1, pgp-2, mrp-1 , 

mrp-2, mrp-5 and mrp-6) were amplified from eDNA using gene specific primers in Bristol N2 

worms cultured on NGM alone and NGM supplemented with 6 ng/ml of ivermectin for 24 h. 

Fold changes in gene expression relative to untreated Bristol N2 (1; broken line) were 

calculated using the comparative Ct method using the formula TL'16ct. Bars show the mean 

and error bars show standard deviation from two independent experiments. * Indicates 

P<O.OS; ** indicates PSO.Ol. 
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Figure 5.9: IVR6 mRNA fold changes in response to 24 h treatment with 10 ng/ml 

ivermectin. 1 Jlg RNA was reverse transcribed using oligo d(T). Genes (pgp-1, pgp-2, mrp-1, 

mrp-2, mrp-5 and mrp-6) were amplified from eDNA using gene specific primers in IVR6 

worms cultured on NGM supplemented with 6 ng/ml or 10 ng/ml of ivermectin for 24 h. Fold 

changes in gene expression relative to IVR6 cultured with 6 ng/ml ivermectin (1; broken line) 

were calculated using the comparative Ct method using the formula T~~ct. Bars show the 

mean and error bars show standard deviation from two independent experiments. * 
Indicates P<O.OS; ** indicates P~0.01. 
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in the expression of any ABC transport proteins or associated genes, instead a statistically 

significant reduction in the mRNA level of mrp-6 (P<O.OS) in IVR6 treated with 10 ng/ml 

ivermectin for 24 h. The profile of IVR6 worms cultured on 6 ng/ml for 24 h was similar to 

that found previously (Figure 5.5). 

5. 7 Discussion 

A critical consideration for qRT-PCR assays is the appropriate choice of reference gene for 

data normalization. An important criterion is that it should not vary in expression throughout 

the samples across all experimental regimens. Housekeeping genes such as actin, ~r 

microglobulin and glyceraldehyde phosphate dehydrogenase (GAPDH) are the most 

common source of endogenous reference genes for qRT-PCR applications. Act-4 which 

encodes an isoform of actin was chosen as the endogenous control for the qRT-PCR analysis. 

While there is now emerging debate on the appropriateness of actin as a reference gene for 

quantitative studies, it has long been the housekeeping gene of choice for many C. elegans 

real time PCR applications (Wang et a/., 2006; Towers et a/., 2006). A recent report by 

Hoogewijs et a/. (2008) performed an analysis of C. elegans reference genes using a 

technique developed by Vandesompele eta/. (2002) which examines the geometric mean of 

multiple stably expressed reference genes. In their analysis, one actin isoform, act-1 

[T04C12.6] was not stably expressed, although they did not analyse other isoforms of actin 

like act-4. In the current study, act-4 was utilized as the internal control in addition to 

stringent sample preparation. Samples to be co-analysed were systematically extracted and 

reverse transcribed to eDNA at the same time to reduce variations inevitably created during 

sample preparation. 

The relative quantitation of genes using the llllCt method assumes each primer set produces 

relatively equal reaction efficiencies, and so requires a number of criteria to be met. For the 

validation experiments, serial ten-fold dilutions of plasmid DNA as opposed to eDNA were 

used. The use of plasmid DNA has both advantages and disadvantages. The absolute copy 

number of each transcript can be calculated with the knowledge of total plasmid size and 

sample concentration. However the additional benefit was the ability to produce large 

quantities of plasmid DNA, which could then be included as positive controls in each real 

time PCR analysis. For this reason, plasmid DNA was used for optimisation. 
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Drug transport proteins play a significant role in drug resistance in a variety of diseases. 

Increased expression is usually associated with natural product drugs and clearly ivermectin 

has induced increased expression of several ABC transport protein genes in the ivermectin 

resistant worms. In worms maintained on ivermectin there was a significant increase in pgp-

1, a homologue of the human P-glycoprotein (Lincke et a/., 1992) in both IVR sublines. 

Previously in H. contortus, increased P-glycoprotein expression has been associated with 

resistance to macrocyclic lactones (Biackhall et a/., 1998; Xu et a/., 1998; Le Jambre et a/., 

1999; Sangster et a/., 1999), as we found here for C. e/egans. This model suggests that a P-

glycoprotein has a major role in development of ivermectin resistance, indicative not only by 

reversal with P-glycoprotein modulators shown in Chapter 4, but also by the significant up-

regulation of specific genes such as pgp-1. Only two of the fifteen homologues in C. e/egans 

were studied and, there is previous evidence for possible contribution by other homologues 

as well. Early studies by Broeks eta/. (1995) generated C. elegans strains with pgp-1 and pgp-

3 knockouts. Deletion of pgp-1 or pgp-3 had no effect on the sensitivity of worms to 

ivermectin, however deletion of pgp-3 did increase sensitivity of worms to chloroquine and 

colchicine. Furthermore, over-expression of either gene in a wild type background did not 

increase resistance to any of the compounds tested, including ivermectin . Results here 

suggest pgp-lwas induced by ivermectin treatment and was up-regulated in the IVR6 and 

IVR10 worms. Analysis of a second P-glycoprotein homologue, pgp-2 was also investigated 

here. In C. elegans, PGP-2 has been shown to play a role in lipid storage within the intestine 

(Nunes et a/., 2005; Schroeder et a/., 2007) and has not previously been implicated in drug 

resistance. In this model, there was a negative correlation between up-regulation of pgp-2 

expression and ivermectin. When ivermectin was removed from culture media, both IVR6 

and IVR10 worms up-regulated pgp-2 expression. 

It is possible that resistance to ivermectin mediated by ABC transport proteins requires a 

combination of transport proteins and not just P-glycoproteins. A requirement for mutations 

in multiple genes to confer resistance to ivermectin has been shown by Dent eta/. (2000) in 

the target of the drug, the glutamate-gated chloride channel. In this model of ivermectin 

resistance increases in several ABC transport genes were associated with the development 

of resistance, demonstrating resistance is multi-factorial. MRPs play an important role in the 

absorption, distribution and elimination of various drugs in the body as in other organisms. 

MRP1 is clearly associated with MDR in human cancers, but the involvement of other 
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transport proteins such as MRP6 has not been established. In humans there has been a 

report that ivermectin interacts with MRP-1, MRP-2 and MRP-3 (Lespine et a/., 2006), 

although this has been debated by others (Brayden and Griffin, 2008). Because HsMRP-1 has 

been shown to functionally replace CeMRP-1 in regulating dauer diapause, which requires 

functional MRP-1 transport capabilities, it is probable ivermectin will interact with it too 

(Yabe et a/., 2005). Previously in C. e/egans, there has only been one report linking MRP-1 

with drug resistance and this showed it caused resistance to heavy metal ions cadmium and 

arsenite (Broeks eta/., 1996). 

In this model, the change in the cellular glutathione of the drug resistant worms in addition 

to BSO reversing resistance in both sublines in Chapter 4 supports the suggestion that the 

MRP family is involved in resistance as these proteins require glutathione for drug efflux 

(Davey et a/., 1995). Glutathione is a tripeptide involved in maintaining cellular redox 

homeostasis, detoxifying xenobiotics in phase II of cellular detoxification by conjugation to 

drugs spontaneously or through the action of glutathione 5-transferases (GSTs). These 

detoxified drug-conjugates are then eliminated from the cell or sequestered by MRP-1-

mediated transport. In humans, MRP-1 and yGCS are co-induced in response to drug 

treatment, confirming the importance of glutathione production to MRP-1 activity (Ishikawa 

et a/., 1996). In C. elegans, gcs-1 is essential for glutathione synthesis and has been linked 

with increased resistance to arsenic-induced oxidative stress (Liao and Yu, 2005). Liao and Yu 

(2005) demonstrated increased glutathione synthesis via regulation of gcs-1 was sufficient to 

provide protection against low level arsenic toxicity in worms. Similarly, in other parasites 

gcs-1 has been linked with resistance to arsenite; increased gcs-1 was co-induced in 

arsenite-resistant Leishmania (Grondin eta/., 1997). 

In the current study, gcs-1 was increased in the IVR10 worms, which were able to maintain 

higher glutathione levels than IVR6 worms which did not have increased gcs-1. When IVR6 

worms were removed from ivermectin for 3 months, gcs-1 and glutathione levels increased, 

returning to similar levels as in the Bristol N2 worms. IVR6 worms could have low 

glutathione levels if ivermectin efflux was heavily reliant upon efflux via the MRP subfamily 

at low ivermectin concentrations. As such, gcs-1 is not effectively maintaining the 

intracellular glutathione level, but was restored in the absence of ivermectin. In IVR10 

worms gcs-1 expression decreased, possibly because glutathione levels remained more 

stable than IVR6 worms. Conversely at higher ivermectin concentrations, IVR10 may not be 
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as dependant on the MRPs for ivermectin efflux. Induction of higher P-glycoprotein over-

expression may be lowering the requirement for glutathione synthesis, and therefore higher 

glutathione levels are observed even in the presence of ivermectin. Together, these results 

suggest ivermectin could be effluxed from cells in the resistant C. elegans together with 

glutathione, via the MRP subfamily. 

The expression of another glutathione-related enzyme, glutathione S-transferase n (GSTn) 

was also examined in the C. e/egans sublines. Although there are 48 GSTs in C. elegans, 

disruption of just one is sufficient to induce sensitivity to oxidative stress (Leiers eta/., 2003; 

Lindblom and Dodd, 2006). Elevated GST1t levels have been observed in drug resistant 

human cancers and cell lines and associated with resistance to insecticides such as the 

organophosphorous compounds in the housefly Musca domestica (Batist eta/., 1986; Liu et 

a/., 2001; Wei eta/., 2001). Interestingly, GST1t often has only a weak affinity for the majority 

of anticancer agents even though increased expression was correlated with drug resistance. 

Batist et a/. (1986) demonstrated increased expression of GST1t in MCF7 cells resistant to 

adriamycin, although adriamycin-GSH conjugates do not form under physiological 

conditions. Similarly here, an orthologue of GSTn, gstp-1 was increased in IVR6 although it is 

unlikely glutathione can be conjugated to ivermectin . A recent review by Tew (2007) put 

forward a new suggestion for GST1t over-expression in drug resistance, that it may be a 

consequence of its ability to regulate protein kinase dependant proliferation pathways by 

transcription factor 5-glutathionylation, leading to changes in gene expression . The 

significant changes in glutathione and the regulatory proteins suggest that these C. elegans 

may be useful in determining this relationship. 

In the absence of drug selection, the C. elegans retain their resistance as shown in Chapter 4. 

This has serious implications for the treatment of nematode infections. Interestingly 

however, the expression profile of the transport genes changes. The resistance appears to 

be maintained by increased expression of MRP-1 since the expression of the other ABC 

transport proteins and the cellular glutathione levels return to the profile in the wild type C. 

elegans. MRP-1 is widely expressed in C. elegans and the nematode protein is functionally 

equivalent to the human MRP1 (Yabe et a/., 2005). Human MRP1 is able to transport 

xenobiotic and endogenous lipophilic substances, with glutathione or conjugated to 

glutathione, glucuronate or sulphate to cause multidrug resistance (Keppler et a/., 1999). 

The wide expression of MRP-1, compared to P-glycoprotein which is expressed in the 
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intestine and the membrane of the anterior region of the pharynx of C. elegans (Broeks et 

a/., 1995), may make it a more suitable mechanism to maintain resistance in the absence of 

drug exposure. On drug exposure, the expression profile again becomes more similar to that 

in the resistant C. e/egans, particularly for the IVR6. The IVR10 maintain high mrp-1 

expression, although it decreased relative to the worms not on drug. 

Finally, following the demonstration ABC transport proteins can be involved in mediating 

and maintaining resistance to ivermectin, the response to ivermectin treatment was 

investigated. C. elegans, like other organisms possess detoxification mechanisms to protect 

themselves from toxins in their environment which include glutathione and the ABC 

transport proteins (Lindblom and Dodd, 2006). Following treatment with ivermectin, Bristol 

N2 and IVR6 worms had varied responses, but again changes in the gene expression of ABC 

transport proteins occurred. Bristol N2 worms treated with 6 ng/ml ivermectin increased 

their expression of three ABC transport proteins, pgp-1, mrp-2 and mrp-5. The increased 

expression of pgp-1 appears to be a consistent response to the presence of ivermectin, as it 

was also up-regulated in IVR6 worms cultured in the presence of the drug. Pgp-1 also 

increased in response to the return of C. elegans to ivermectin following 3 months without 

drug. The increase in mrp-2 and mrp-5 was not common to the profiles in IVR6 or IVR10, but 

reinforces the observation that in response to drug treatment, worms up-regulate a 

combination of P-glycoproteins and MRPs. In contrast, the IVR6 worms already had up-

regulated expression of pgp-1, mrp-1 and mrp-6 and treatment with 10 ng/ml ivermectin did 

not induce further up-regulation of any of the genes, rather down-regulating the expression 

of mrp-6. It may be that 6 ng/ml ivermectin saturates the transport capabilities in IVR6 

worms and treatment with 10 ng/ml requires further changes, seen in IVR10 worms such as 

the further up-regulation of P-glycoproteins. During development of IVR10, this change took 

considerable time on ivermectin to be achieved. Induction of the ABC transport proteins in 

response to drug treatment, is common in human cells and is being discovered more widely 

in parasites such as C. parvum (Benitez eta/., 2007) and in sea lice (Lepeophtheirus salmonis; 

Tribble eta/., 2007). Similar to these findings, moxidectin-selected and sensitive H. contortus 

treated with ivermectin up-regulated expression of numerous P-glycoprotein homologues 

including Pgp-A, Pgp-B, Pgp-C and Pgp-E (Prichard and Roulet, 2005). Similarly in C. e/egans, 

it appears that there is an increased expression of many ABC transport proteins in response 

to ivermectin treatment of C. elegans, leading to drug resistance. 
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In summary, moderate and high-level ivermectin resistance can be multi-factorial involving 

the up-regulation of cellular defence systems which include the ABC transport proteins and 

redox systems such as glutathione, which can be induced following a single treatment of 

drug. Screening parasite populations for the up-regulation of these multi-gene families could 

be beneficial to monitor the early onset of drug resistance. Identification of the genes 

associated with resistance will aid in the design of nematode-specific ABC transport protein 

inhibitors which may be useful for the prevention or reversal of resistance. 
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Chapter 6: Interaction of anthelmintics with P-glycoprotein and MRP-1 

The control of H. contortus infection relies primarily on chemotherapy. It has been shown 

that treatment with ivermectin may induce the up-regulation of ABC transport proteins 

(Roulet and Prichard, 2006). These proteins not only affect the drug distribution in the 

parasite, but drug interaction with the transport proteins in the host also affects drug 

availability. It has been shown that the macrocyclic lactone ivermectin interacts with P-

glycoprotein (Pouliot et a/., 1997; Lespine et a/., 2006; Lespine et a/., 2007), but there are 

conflicting reports on the interaction of ivermectin with members of the MRP subfamily 

(Lespine et a/., 2006; Brayden and Griffin, 2008). There have been a few reports of other 

classes of anthelmintics also interacting with P-glycoprotein including benzimidazoles (Nare 

et a/., 1994), tetrohydropyrimidines (Dupuy et a/., 2006) and imidothiazoles (Naito et a/., 

1998). However there is little information on these interactions. 

In this chapter, I have used the well characterised lymphoblastic leukaemia cell line (CCRF-

CEM; Foley eta/., 1965) and two MDR lines derived from the CEM cells, the CEM-VLB100 and 

CEM-E1000 cells have been used to examine the potential interaction between 

anthelmintics and human P-glycoprotein and MRP-1 proteins. Despite the over-expression of 

different ABC transport proteins, both sublines have a similar high-level resistance to 

daunorubicin (Davey et a/., 1995; Davey et a/., 1996), which is useful to exploit when 

screening for modulators of MDR. 

Briefly, the CEM-E1000s were derived by treatment of CEM cells with increasing doses of 

epirubicin, up to 1000 ng/ml (Davey eta/., 1995). They have been well characterised with an 

over-expression of MRP-1 and no detectable expression of P-glycoprotein (Davey et a/., 

1996). The CEM-VLB100 cell line was derived by treatment with 100 ng/ml vinblastine (Beck 

et a/., 1979) and have been shown to over-express P-glycoprotein, with background 

expression of MRP-1, similar to the parental CEM cells. 

Since these sublines over-express P-glycoprotein and MRP-1 in the same cell type, it allows 

for the direct comparison of the effect of these transport proteins on drug resistance and 

drug transport. These cells have similar levels of glutathione (Grech eta/., 1998) and similar 

resistance profiles to non-MDR drugs which suggests they have few other cellular changes 

contributing to resistance (M. Davey, personal communication). Therefore they have been 
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used to look at the int eraction of ivermectin and other anthelm intics wit h t hese transport 

proteins. 

6.1 Upt ake of ivermectin by cells 

Previously, ivermectin has been reported to be both a substrate transported by P-

glycoprotein (Pouliot et a/., 1997; Brayden and Griffin, 2008) and potent inhibitor of P-

glycoprotein-mediated transport (Didier and Loor, 1996; Pouliot eta/., 1997; Korystov eta/., 

2004; Griffin et a/., 2005; Lespine et a/., 2007). The interaction between members of the 

MRP subfamily has been less extensively studied, though there have been reports ivermectin 

interacts with MRP-1, MRP-2 and MRP-3 although with a markedly lower affinity than with 

P-glycoprotein (Lespine eta/., 2006; Brayden and Griffin, 2008) . 

The ability of ivermectin to interact with P-glycoprotein and MRP-1 was assessed by 

investigating accumu lation of a commercially available BODIPY-tagged fluorescent derivative 

of ivermect in over 2 h. Figure 6.1 shows that over 2 h, CEM cells continually increased the 

uptake of BODIPY-ivermectin. Similarly, CEM-E1000 cells also steadily increased ivermectin 

accumulation over t ime. Th is is contrasted with the CEM-VLB100 cells wh ich showed 

sign ificantly reduced BODIPY-ivermectin accumulation at 30 min (P<0.05) and maintained 

signifi cantly reduced intracellular accumulation through to 120 min (all P<0.05). 

6.2 Resistance to ivermectin 

The relative resistance of the sub lines to ivermectin was determined. There was an 

expectat ion that the CEM-VLB100 cells wh ich over-express P-glycoprotein in their plasma 

membrane and can significantly reduce intracellular accumu lation of BODIPY-ivermectin 

over 2 h would be resistant relative to cells wh ich do not over-express P-glycoprotein (CEM). 

Initially, sensitivity was determined following continuous exposure to ivermectin for 4 days. 

Figure 6.2A shows that with continuous exposure to ivermectin neither subline was 

significantly resistant to ivermectin (IC50 8.8 ~g/ml, 11.2 ~g/ml and 9.8 ~g/ml for CEM, CEM-

VLB100 and CEM-E1000 respectively) . Therefore, as the CEM-VLB100 cells were shown to 

reduce BODIPY-ivermectin accumulation up to 2 h, the sensitivity of both sublines was 

determined following 2 h exposure to drug. However, in 2 h both CEM-VLB100 and CEM-

E1000 were slightly sensitive to ivermectin relative to the parental CEM cells (IC50 17.9 

~g/ml, 13.7 ~g/ml and 12.5 ~g/ml for CEM, CEM-VLB100 and CEM-E1000 respectively; Figure 
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Figure 6.1: Time course uptake of BODIPY-ivermectin by cells. Cells were incubated with 1 

~M BODIPY-ivermectin and the MFI determined by flow cytometry (section 2.8.3) following 

5, 30, 60, 90 and 120 min in the CEM (closed circle), CEM-VLB100 {open square) and CEM-

E1000 cells (open triangle). Points show the mean and error bars show standard deviation of 

duplicate samples. 
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Figure 6.2: Toxicity of ivermectin in the CEM, CEM-VLB100 and CEM-ElOOO cells. Cells were 

treated with serial dilutions of ivermectin for 4 days (A) and 2 h (B) and cell viability 

determined using the MTI assay (section 2.8.2) for CEM (circle), CEM-VLB100 (square) and 

CEM-E1000 cells (triangle) . Points show the mean and error bars show standard deviation of 

quadruplicate wells. 
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6.2B). 

6.3 Competition with resistance to daunorubicin and taxol 

A unique feature of the CEM series is that the CEM-VLB100 and CEM-E1000 cells are both 

resistant to the anthracycline daunorubicin, but one via P-glycoprotein-mediated efflux, the 

other linked to MRP-1. Therefore they provide a good model for screening compounds 

which interact with P-glycoprotein and MRP-1 and hence modulate resistance to this 

compound. However, their resistance profile to other compounds such as the taxane taxol is 

different. While the CEM-VLB100 cells are highly resistant to taxol, the CEM-E1000 cells are 

only about 2-fold resistant. Figure 6.3A shows that both the CEM-VLB100 and CEM-E1000 

cells are resistant to daunorubicin (IC50 1.9 jlg/ml and 0.85 jlg/ml respectively). With the 

addition of 10 11M verapamil, a well characterised modulator of P-glycoprotein and MRP-1-

mediated transport, there was no effect on the IC50 for daunorubicin in the CEM cells (0.027 

jlg/ml without verapamil, 0.025 11g/ml with 10 11M verapamil), however both MDR sublines 

were sensitised to daunorubicin, especially CEM-E1000 cells (IC50 0.12 jlg/ml and 0.03 jlg/ml 

for CEM-VLB100 and CEM-E1000 respectively) . 

Figure 6.3B shows the effect of verapamil on resistance to taxol. Verapamil has little effect 

on the IC50 for taxol in the CEM cells (12 ng/ml without verapamil, 10 ng/ml with 10 11M 

verapamil) . The CEM-VLB100 cells were resistant to taxol (IC50 4260 ng/ml), while the CEM-

E1000 cells were much less resistant (IC50 24 ng/ml). Verapamil sensitised the CEM-VLB10o 

cells to taxol (IC50 116 ng/ml), but had no effect on the CEM-E1000 cells (IC50 19 ng/ml). 

Figure 6.4 shows the effect of ivermectin on the viability of cells treated with increasing 

concentration of daunorubicin or taxol. In the CEM-VLB100 cells (Figure 6.4A) ivermectin 

successfully restored CEM-Ievel sensitivity to daunorubicin {IC50 0.04 jlg/ml compared to 1.9 

jlg/ml). In the CEM-E1000 cells (Figure 6.4A) ivermectin marginally increased daunorubicin 

sensitivity (IC50 0. 7 11g/ml). The addition of ivermectin to the CEM-E1000 cells had no effect 

on the IC50 for taxol (24 ng/ml). In the CEM-VLB100 cells ivermectin did increase sensitivity to 

taxol, equally as verapamil (IC50 119 ng/ml). 
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Figure 6.3: Effect of verapamil on daunorubicin and taxol resistance. Cells were treated 

with serial dilutions of daunorubicin (A) or taxol (B) with (open) and without 10 l-LM 

verapamil (closed) for 4 days and cell viability determined using the MTI assay (section 

2.8.2) for CEM (circle), CEM-VLB100 (square) and CEM-E1000 cells (triangle). Points show the 

mean and error bars show standard deviation of quadruplicate wells. 
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Figure 6.4: Effect of ivermectin on daunorubicin and taxol resistance. Cells were treated 

with serial dilutions of daunorubicin (A) or taxol (B) with (open) and without (closed) 5 ~M 

ivermectin for 4 days and cell viability determined using the MTI assay (section 2.8.2) for the 

for CEM (circle), CEM-VLB100 (squares) and CEM-E1000 cells. Points show the mean and 

error bars show standa rd deviation of quadruplicate wells. 
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6.4 Effect of ivermectin on the accumulation of P-glycoprotein and MRP-1 fluorescent 
substrates 

Accumulation studies using fluorescent compounds including Rhodamine 123 are common 

for testing the involvement of ABC transport proteins in reducing intracellular drug 

accumulation. They are also useful to indicate possible interactions between compounds 

which can modulate transport of the fluorescent substrates. A number of compounds 

including Rhodamine 123, daunorubicin, calcein-AM and BODIPY-ivermectin were tested for 

their interaction with ivermectin. Reference modulators of ABC transport protein function 

were also included for direct comparison of their modulating capabilities. 

The effect of ivermectin on the accumulation of Rhodamine 123 and daunorubicin was 

investigated. Rhodamine 123 is a lipophilic dye which rapidly penetrates the cell and 

becomes trapped. The presence of ABC transport proteins in the cell membrane provides a 

mechanism for the expulsion of this dye, which results in a lowered intracellular 

accumulation of the fluorescent dye. Rhodamine 123 is widely reported as a high affinity 

substrate for P-glycoprotein and MRP-1 (Davey eta/. , 1996). Daunorubicin is also a lipophillic 

drug to which the CEM-VLB100 and CEM-E1000 cells are both resistant and resistance to 

daunorubicin has been associated with decreased accumulation in both sublines by efflux via 

P-glycoprotein and MRP-1 {Davey eta/., 1996). 

Figure 6.5A shows Rhodamine 123 accumulation was significantly lower in the CEM-VLB100 

cells compared to the CEM-E1000 cells (P<0.001) and to the parental CEM cells (P<0.01). 

The CEM-E1000 cells also had significantly reduced accumulation of Rhodamine 123 

compared to CEM cells (P<O.OS). Co-administration of verapamil or ivermectin and to a 

lesser extent MK571 significantly increased the accumulation of Rhodamine 123 in the CEM-

VLB100 cells (P<0.01, P<0.001, P<0.01 respectively; Figure 6.5A). Similarly in the CEM-E1000 

cells co-administration of verapamit MK571 or ivermectin significantly increased Rhodamine 

123 accumulation (all P<O.OS). 

Figure 6.5B shows the effect of ivermectin and ABC transport protein modulators on the 

accumulation of daunorubicin in CEM, CEM-VLB100 and CEM-E1000 cells. There was 

significantly lower daunorubicin accumulation in both the CEM-VLB100 and CEM-E1000 cells 

compared with the parental CEM cells (P<0.001 and P<0.01 respectively) and significantly 
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Figure 6.5: Effect of ivermectin on Rhodamine 123 and daunorubicin accumulation. CEM, 

CEM-VLB100 and CEM-E1000 cells were incubated for 1 h with 1 ~M Rhodamine 123 (A) or 

daunorubicin (B) alone or with the addition of 10 ~M verapamil, 50 ~M MK571 or 10 ~M 

ivermectin after which cell-associated Rhodamine 123 or daunorubicin was determined by 

flow cytometry as described in section 2.8.3. Results are presented as percentage of the 

control untreated CEM cells. Bars show the mean and error bars show standard deviation of 

duplicate samples. *** Indicates P<0.001, ** P<0.01, * P<O.OS. 
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lower accumulation in the CEM-VLB100 than in the CEM-E1000 cells (P<0.01). Co-

administration of the inhibitor verapamil increased daunorubicin accumulation in the CEM-

VLB100 cells (P<0.01) and in the CEM-E1000 cells, albeit not significantly in the latter. Co-

administration of MK571 successfully increased daunorubicin accumulation in both cell lines 

(P<0.001 and P<O.OS, CEM-VLB100 and CEM-E1000 respectively). lvermectin also increased 

daunorubicin accumulation in both sublines (both P<0.01), although with greater magnitude 

in the CEM-VLB100 cells. 

Calcein acetoxymethyl ester (calcein-AM) is a lipid soluble non-fluorescent dye which 

permeates the plasma membrane of cells and can be transported by both P-glycoprotein 

and MRP-1 (Hollo et a/., 1994; Feller et a/., 1995; Essodaigui et a/., 1998; Eneroth et a/., 

2001). Inside cells, esterases cleave it to liberate the highly fluorescent calcein dye which is 

retained by cells unless actively extruded by MRP-1 alone (Hollo et a/., 1994). Calcein 

accumulation was most significantly reduced in the CEM-E1000 cells (P<0.01; Figure 6.6A) 

but was also significantly reduced in the CEM-VLB100 cells (P<0.01). This is likely as MRP-1 can 

transport not only calcein but the un-cleaved precursor calcein-AM (Essodaigui eta/., 1998). 

In the CEM-VLB100 cells, with the co-administration of verapamil, calcein accumulation 

significantly increased to the level in the CEM cells (P<O.OS) but not in the CEM-E1000 cells. 

lvermectin was equally successful at inhibiting calcein accumulation in the CEM-VLB100 cells 

but had little effect in the CEM-E1000 cells (both P<0.01). Although statistically increasing 

calcein accumulation in the CEM-E1000 cells (P<O.OS), MK571 was not successful at 

increasing accumulation to CEM levels in either subline. 

To observe the transport of ivermectin directly in the cell lines, a commercially available 

BODIPY-tagged ivermectin was used in the flow cytometry assay. Figure 6.68 shows BODIPY-

ivermectin accumulation with and without inhibitors of ABC transport proteins. Only the 

CEM-VLB100 cells had significantly reduced BODIPY-ivermectin accumulation compared with 

CEM cells (P<0.01). In the CEM-VLB100 cells ivermectin and verapamil significantly increased 

BODIPY-ivermectin accumulation (P<O.OS). In the CEM-E1000 cells, although there is no 

significant reduced accumulation in control cells, the co-administration of verapamil 

significantly increased BODIPY-ivermectin accumulation (P<O.OS). 
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Figure 6.6: Effect of ivermectin on calcein and BODIPY-ivermectin accumulation. CEM, 

CEM-VLB100 and CEM-E1000 cells were incubated for 1 h with 1 ~M calcein-AM (A) or 1 ~M 

BODIPY-ivermectin (B) alone (white) or with the addition of 10 ~M verapamil, 50 ~M MK571 

or 10 ~M ivermectin, after which cell-associated calcein or BODIPY-ivermect in was 

determined by flow cytometry as described in section 2.8.3. Results are presented as 

percentage control untreated CEM cells. Bars show the mean and error bars show standard 

deviation of duplicate samples. ** Indicat es P<0.01, * P<O.OS. 
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6.5 The interaction of other anthelmintics with P-glycoprotein and MRP-1 

Other anti-parasitic drugs, including other macrocyclic lactones have been reported to 

interact with P-glycoprotein (Nare et a/., 1994; Naito et a/., 1998; Lespine et a/., 2006; 

Hayeshi et a/., 2006). Therefore, a number of the most commonly used anthelmintics were 

tested for their interaction with P-glycoprotein and MRP-1 in this cell model. Figure 6. 7 

shows the effect of anthelmintics on the accumulation of Rhodamine 123 in CEM, CEM-

VLB100 and CEM-E1000 cells. lvermectin was included as a standard for comparison. As 

before, Rhodamine 123 accumulation was significantly lower in the CEM-VLB100 cells and the 

CEM-E1000 cells compared to the CEM cells (P<0.01 and P<O.OS, respectively). Co-

administration of moxidectin, praziquantel, thiabendazole and levamisole significantly 

increased Rhodamine 123 accumulation in the CEM-VLB100 cells, although they did not reach 

levels achieved with ivermectin (P<0.01; P<0.001; P<O.OS and P<O.OS, respectively). In the 

CEM-E1000cells, co-administration of praziquantel significantly increased Rhodamine 123 

accumulation nearest the levels achieved with ivermectin (P<O.OS). Albendazole and 

pyrantel had no effect on accumulation in either subline. 

The anthelmintics were then tested for their ability to restore sensitivity to daunorubicin in 

the resistant cell lines. Figure 6.8 shows the effect of anthelmintics on the viability of cells 

treated with increasing concentration of daunorubicin. In the CEM-VLB100 cells (Figure 6.8A) 

moxidectin (5 ~-tM) successfully restored CEM-Ievel sensitivity to daunorubicin (IC50 0.08 

j..tg/ml compared to1.9 j..tg/ml respectively). Praziquantel (100 ~-tM) was the only other 

anthelmintic to show partial reversal of daunorubicin resistance (IC50 0.4 j..tg/ml) . In the CEM-

E1000 cells (Figure 6.7B) only praziquantel produced a slight increase in sensitivity to 

daunorubicin (IC50 0.4 1-lg/ml compared to 0.9 j..tg/ml). The relative resistance of a number of 

the anthelmintics was also determined following continuous exposure to the drugs. The 

results are summarised in Table 6.1. Relative to the CEM cells, the CEM-VLB100 and CEM-

E1000 cells were not resistant to any of the compounds tested, infact both sublines tended 

to be slightly sensitive to praziquantel and thiabendazole. 

119 



~ 
N 
0 

150~----------------------------------------------------------~ 

-125 
~ 
Ll.J u 
~ * D Control 

5 100 D lvermectin 
".fj 

~ Moxidectin (U 

3 miil Albendazole E 
::::J 75 *** ~ Thiabendazole u u 
(U lb ~ Levamisole m 

N mliJ Pyrantel 'f""4 
C1) 
s:: 50 00 Praziquantel 
E 
(U 

"C 
0 
~ 
a: 

25 

0 I I I " 

CEM CEM-VlB1oo CEM-ElOOO 
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Figure 6.8: Effect of anthelmintics on daunorubicin resistance. Cells were treated with serial 

dilutions of daunorubicin with and without anthelmintics for 4 days and cell viability 

determined using the MTI assay (section 2.8.2) for the (A) CEM-VLB100 and (B) CEM-E1000 

cells alone (closed square); with 5 ~M moxidectin (open circle); 100 ~M levamisole (closed 

triangle); 10 ~M pyrantel (open triangle); 10 ~M albendazole (closed diamond) and 100 ~M 

praziquantel (open diamond). The CEM IC50 is indicated by a vertical broken line. Points show 

the mean and error bars show standard deviation of quadruplicate wells. 
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Table 6.1: Relative resistance to anthelmintics. 

CEM CEM-VLB1oo CEM-ElOOO 

Moxidectin (1.1M) 14 ± 1.7 17.7 ± 1.7 12.2 ± 1.7 
( 1' 1.2) (~0.9) 

Albendazole (nM) 661 ± 213 437 ± 140 786 ± 334 
(~ 0.7) (1' 1.1) 

Thiabendazole (~M) 965 ± 135 347 ± 9 289 ± 98 
(~ 0.4) (~ 0.3) 

Levamisole (mM) 3.2± 1.1 2.8 ± 2.8 1.7 ± 4.3 
(~ 0.9) (~ 0.5) 

Pyrantel (~M) >100 >100 >100 
Praziquantel (~M) 546 ± 93 291 ± 31 175 ± 47 

(~ 0.5) (~ 0.3) 
Numbers are the IC50 determined from the MTI cytotoxicity assay (section 2.8.2). In brackets 
the fold resistance relative to CEM cells. 

6.6 Discussion 

Despite our extensive knowledge of MDR, to date there are still no potent, specific, safe 

compounds on the market for its treatment. Unfortunately the wide substrate specificity 

provides hindrance for the design of custom inhibitors of transport activity (Ponte-Sucre, 

2007). Of the inhibitors that are currently available for in vitro use, modulation is thought to 

occur in a select number of ways. They may directly interact with the ABC transport protein 

at their substrate binding site, competitively or non-competitively blocking the transport of 

other substrates (Higgins, 2007) or they may prevent ATP binding/hydrolysis (Ambudkar et 

a/., 1999}. There have been a number of studies which indicate ivermectin is both an 

inhibitor of P-glycoprotein transport activity and a substrate (Griffin et a/., 2005; Lespine et 

a/., 2007; Pouliot et a/., 1997; Brayden and Griffin, 2008). The current study provides 

evidence in support of these previous findings, and attempted to investigate the possible 

interaction with MRP-1 in addition to interactions with other anthelmintics. 

Studies on the interactions between anthelmintics and ABC transport proteins have been 

from a variety of mammalian sources, tissues and selection histories. Selection history, 

background ABC transport protein expression and relative resistance are important 

considerations for direct comparisons between the interaction of compounds with P-

glycoprotein and MRPs. The cell lines used in this study provide a good model for direct 

comparison between P-glycoprotein and MRP-1. An advantage of these cell lines is they have 

been derived from the same parental cell. Treatment with two different drugs induced the 
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over-expression of P-glycoprotein (CEM-VLB100) and MRP-1 (CEM-E1000), as described 

previously (Beck et a/., 1979; Davey et a/., 1995; Davey et a/., 1996). Despite this, both cell 

lines have comparable levels of resistance to two anthracyclines; epirubicin and 

daunorubicin, and a similar level of resistance to non-MDR drugs. They provide a tool for 

screening compounds that interact with P-glycoprotein and MRP-1 in cells with few other 

cellular changes (Grech eta/., 1998). 

The potential interaction between ivermectin, P-glycoprotein and MRP-1 was investigated 

initially using BODIPY-tagged ivermectin. CEM and CEM-E1000 cells steadily increased the 

uptake of BODIPY-ivermectin over 2 h while only CEM-VLB100 cells had significantly reduced 

accumulation from 30 min, which was maintained over 2 h. Given the main distinction 

between the CEM-VLB100 and CEM-E1000 cells is the differential expression of P-glycoprotein 

and MRP-1, this supports the proposal that ivermectin interacts with P-glycoprotein, but not 

MRP-1 as suggested recently by Brayden and Griffin (2008). 

As ivermectin interacts with P-glycoprotein, it was likely the CEM-VLB100 cells would be 

resistant to ivermectin relative to the CEM cells. However, neither the CEM-VLB100 nor the 

CEM-E1000 cells were resistant to ivermectin following continuous exposure to the drug. 

Therefore, a shorter 2 h period of drug exposure was tested given the CEM-VLB100 cells could 

maint ai n sign ificantly reduced accumulation of the BODIPY-ivermectin in th is time. However 

as before, neither subline was resistant to ivermectin. This could be possible if the BODIPY 

tag on ivermectin has altered the properties of the compound. It is well known that even 

minor alterations to drugs can affect their ability to be transported by P-glycoprotein and 

MRP-1. Davey et a/. (2002) demonstrated the tris-lipidation of compounds altered their 

transpo rt by both P-glycoprotein and MRP-1. 

Usually~~ transported substances are identified by comparing the IC50 in the wild-type cell and 

a similar cell expressing the transporter, while inhibitors are identified by their ability to 

either potentiate or attenuate the cytotoxicity of another substrate (Xia et a/., 2007). The 

cytotoxicity assays therefore suggest that ivermectin is not transported by P-glycoprotein, 

but acts as a modulator of transport. However, the studies with the BODIPY-ivermectin 

demonstrated decreased drug accumulation, as did earlier studies using 3[H] ivermectin 

(Pouliot et a/., 1997). This suggests that ivermectin is a substrate of P-glycoprotein. The 
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latter conclusion is supported by the increased toxicity of ivermectin in P-glycoprotein 

knock-out mice and collies (Schinkel eta/., 1994; Kwei eta/., 1999; Roulet eta/., 2003). 

MDR drugs enter the cell by passive diffusion and it has been demonstrated that 

competitors/modulators cross the plasma membrane rapidly, and so are not excluded from 

the cell (Eytan et a/., 1996}. In this case, such compounds do not show resistance in a 

cytotoxicity assay. The classic example of this is verapamil wh ich re-crosses the membrane 

so rapidly that it acts as a competitive inhibitor. The CEM-VLB100 cells show no resistance to 

verapamil and there is no difference in the uptake of radio-labelled verapamil compared to 

the CEM cells (M. Davey, personal communication). However BODIPY-verapamil showed 

highly decreased drug accumulation in P-glycoprotein-expressing cells (Rosati et a/., 2004). 

These results are similar to those for ivermectin, and suggest that the fluorescent tag on 

both ivermectin and verapamil slows the transport of this compound sufficiently to 

demonstrate decreased accumulation. 

Alternatively, in mammals toxicity to ivermectin is associated with its ability to bind to 

neurotransmitter receptors, in particular the y-aminobutyric acid-gated (GABA) channels 

found within the brain, not the peripheral nervous system. P-glycoprotein is important in the 

distribution of ivermectin, particularly at the blood-brain barrier (BBB) where it is believed to 

prevent neurotoxicity of ivermectin by maintaining low concentration in the brain (Schinkel 

eta/., 1994; Kwei eta/., 1999; Roulet eta/., 2003}. The important function of P-glycoprotein 

at the BBB has been demonstrated in studies with mdr1-/- mice and dogs deficient in P-

glycoprotein, which both show acute toxicity to ivermectin (Schinkel eta/., 1994; Roulet et 

a/., 2003). Despite an over-expression of P-glycoprotein in the leukaemia CEM-VLB100 cells, 

GABA receptors are not likely present in this cell type, so the mechanism of ivermectin 

toxicity is not known. However the system is still extremely useful for determining the 

interaction of ivermectin with the ABC transport proteins directly, and via their modulation 

of the transport of known substrates. 

Further evidence in support of an interaction between ivermectin and human P-glycoprotein 

was provided by ivermectin's ability to reverse resistance to daunorubicin and to taxol in the 

CEM-VLB100 cells. Both the CEM-VLB100 and CEM-E1000 cells have previously been shown to 

have a similar level of resistance to daunorubicin and both are able to maintain reduced 

intracellular accumulation of daunorubicin . Co-administration of ivermectin was the most 
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successful compound at restoring daunorubicin accumulation in both cell lines. In support, 

Pouliot et a/. (1997) previously demonstrated ivermectin can modulate resistance to 

compounds transported by P-glycoprotein in CEM-VLB100 cells including vinblastine and 

doxorubicin to CEM cell levels. Korystov et a/. (2004) had similar findings with another 

macrocyclic lactone, avermectin B1 which restored sensitivity to taxol-resistant cells while 

demonstrating ivermectin could restore sensitivity to vincristine in vincristine-resistance 

cells. Despite increasing daunorubicin accumulation in both sublines, ivermectin was only 

successful at restoring sensitivity to daunorubicin and taxol in the CEM-VLB100 cells. 

The possibility that ivermectin acts as an inhibitor of P-glycoprotein and MRP-1-mediated 

transport was investigated using several fluorescent substrates. Both the CEM-VLB100 and 

CEM-E1000 cells showed reduced accumulation of Rhodamine 123, daunorubicin and calcein 

compared with the parental CEM cells. Rhodamine 123 accumulation was significantly 

reduced in the CEM-VLB100 cells and ivermectin was able to increase the accumulation of 

Rhodamine 123 with a similar ability as verapamil. Lespine et a/. (2007) described the 

interaction of ivermectin with P-glycoprotein in a similar manner, investigating its effect on 

Rhodamine 123 transport in P-glycoprotein transfected cells. In agreement with this study, 

ivermectin was a potent inhibitor of P-glycoprotein-mediated Rhodamine 123 transport. 

Although ivermectin increased Rhodamine 123 and daunorubicin accumulation in CEM-

E1000 cells to the level of accumulation in CEM cells, the magnitude of modulation was far 

less than in the CEM-VLB100 cells. 

Although MRP-1 transports organic anions while P-glycoprotein transports mainly neutral or 

positively charged lipophilic compounds, the non-fluorescent compound calcein-

acetoxymethyl ester (calcein-AM) is a neutral substrate of both P-glycoprotein and MRP-1. 

However, MRP-1 also transports the fluorescent hydrolysis product calcein. Previously, 

ivermectin was shown to be a potent inhibitor of calcein-AM efflux by P-glycoprotein 

(Eneroth et a/., 2001). Unlike transport of the other dyes, none of the compounds tested 

including MK571 fully inhibited calcein/calcein-AM flux from the CEM-E1000 cells to CEM 

cell levels, which require higher concentrations of competitors. This is contrasted with the 

CEM-VLB100 cells which is primarily dependant upon P-glycoprotein to efflux calcein-AM with 

only basal MRP-1 similar to the parental CEM cells, capable of eliminating free calcein. 

Despite ivermectin significantly increasing calcein accumulation in the CEM-E1000 cells, as 
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recently raised by Brayden and Griffin (2008) the overall significance of this interaction is 

questionable as it is difficult to compare the different effects of P-glycoprotein and MRP-1-

mediated transport. Similar to the current study Lespine et a/. {2006) reported ivermectin 

increased calcein in MRP-1-expressing A549 cells by about 50%, similar to our increase of 35 

% using 10 )-lM ivermectin. However as Figure 6.6B shows, this increase is minimal. Due to 

the different effects of P-glycoprotein and MRP-1-mediated calcein efflux, it is hard to draw 

any significant conclusions from the results. However, the results support the interaction of 

ivermectin with P-glycoprotein. 

Overall, there is an interaction between ivermectin and human MRP-1 in the CEM-E1000 

cells, although it appears less significant than with human P-glycoprotein. Previously Lespine 

et a/. (2006) reported an interaction between ivermectin and MRP-1, MRP-2 and MRP-3. 

However, no indication of the relative sensitivity of ivermectin in the cell lines used was 

provided, nor the level of P-glycoprotein or MRP expression in any of the sublines. An 

interaction between BODIPY-ivermectin and MRP-2 and MRP-3 was observed at doses of 18 

and 40 11M, which may have been toxic to the cells (Lespine eta/., 2006). As the results here, 

Nobmann eta/. (2001) saw no effect on BODIPY-ivermectin flux when MRP-1 inhibitors were 

administered. Similarly, Brayden and Griffin {2008) found no evidence for an interaction 

between MRP-1 nor MRP-2 with3[H ]ivermectin and no modulation of Rhodamine 123 

accumulation with these transport proteins, although the level of expression of MRP-1 and 

MRP-2 was reported in this case. Overall, there is at best a small effect of ivermectin at non-

toxic doses on human MRP-1 compared to the clear interaction with P-glycoprotein. This is 

important for the proposed use of ivermectin as a modulator of multidrug resistance in 

cancer treatment. However, it does not rule out that ivermectin may interact with MRP 

members of either sheep, and more importantly nematodes as small changes in amino acid 

composition are known to modulate the transport activity of these proteins (Choi et a/., 

1988; Ito eta/., 2001; Ito eta/., 2003). 

Since the ivermectin resistant C. elegans had increased expression of transport proteins and 

showed cross-resistance to other anthelmintics, a number of other anthelmintics were also 

screened for their ability to interact with P-glycoprotein and MRP-1. Two anthelmintics, 

moxidectin and praziquantel showed interaction with the ABC transport proteins. A number 

of researchers have reported moxidectin to be a weak modulator of P-glycoprotein-
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mediated transport from a range of species, however much less effective than ivermectin 

(Griffin et a/., 2005; Lespine et a/., 2006; Lespine et a/., 2007). Recently Brayden and Griffin 

(2008) could not demonstrate any interaction between moxidectin and P-glycoprotein at 

physiological concentrations in transfected cell lines. In the current study, at the same 

concentrations as ivermectin, moxidectin was similarly successful at reversing resistance to 

daunorubicin in the CEM-VLB100 cells. As with ivermectin, moxidectin had only a slight effect 

on daunorubicin cytotoxicity in the CEM-E1000 cells. In support of previous findings, 

moxidectin also modulated the accumulation of Rhodamine 123 in the CEM-VLB100 cells, 

although it was not as equally effective as ivermectin. This confirms moxidectin also 

interacts with P-glycoprotein but there is little evidence for interaction with MRP-1 at non-

cytotoxic doses. 

Praziquantel was also moderately effective at reversing daunorubicin resistance in both 

sublines, and Rhodamine 123 transport. There is precedence for praziquantel reversing P-

glycoprotein-mediated resistance. Hayeshi et a/. (2006) showed praziquantel was a 

moderate inhibitor of human P-glycoprotein-mediated 3[H]taxol transport but concluded it 

was not a substrate of P-glycoprotein. However in a different study in pig kidney epithelial 

cells transfected with murine P-glycoprotein, Dupuy eta/. (2006) reported that praziquantel 

failed to have any effect on the intracellular accumulation of Rhodamine 123. The results 

from this study support the finding that praziquantel interacts with human P-glycoprotein. 

However, unlike Hayeshi et a/. (2006) this study was also able to investigate MRP-1-

mediated transport in the CEM-E1000 cells. Hayeshi eta/. (2006) ruled out MRP-1-mediated 

transport in their cellular model as reference inhibitors failed to sensitize the taxol-resistant 

cells to taxol. Indeed, praziquantel was able to modulate Rhodamine 123 transport in the 

CEM-E1000 cells, although to a lesser degree than ivermectin. To our knowledge, this is the 

first report of a possible interaction between MRP-1 and praziquantel, although the 

interaction appears less than reference inhibitors including verapamil and MK571. 

Interestingly, thiabendazole also showed increased Rhodamine 123 accumulation in the 

CEM-VLB100 cells, although at a 100-fold molar excess (Figure 6.6), while albendazole had no 

effect at all. This supports the cross-resistance profile seen in the C. e/egans IVR6 and IVR10 

to thiabendazole, but not albendazole, and suggests that the older drug may interact with P-

glycoprotein. No other anthelmintic, including ivermectin and moxidectin was able to 

restore sensitivity to daunorubicin in the CEM-E1000 cells. 
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Despite evidence of interaction with P-glycoprotein and MRP-1, neither cell line was 

resistant to either moxidectin, praziquantel nor any other anthelmintic tested as found with 

ivermectin. In the literature there are many conflicting reports on the interaction of a 

number of anti-parasitic drugs and ABC transport proteins. Dupuy et a/. (2006) reported 

levamisole does not interact with P-glycoprotein, yet other imidazothiazole derivatives have 

been shown to reverse P-glycoprotein-mediated resistance by Naito et a/., (1998). 

Furthermore Dupuy et a/. (2006) also reported thiabendazole and praziquantel do not 

interact with P-glycoprotein yet Hayeshi et a/. (2006) reported both of these compounds 

interact with P-glycoprotein as inhibitors, but not substrates. Nare et a/. (1994) 

demonstrated a direct interaction between amino-benzimidazole and P-glycoprotein in the 

CEM-VLB100 cells, although two other benzimidazoles, albendazole and fenbendazole are 

reportedly not substrates of P-glycoprotein (Merino eta/., 2002; Merino eta/., 2005). Overall 

there appears to be some weak interaction of thiabendazole and levamisole with the drug 

transport proteins. 

In summary, this study has provided further demonstration of the interaction between 

human P-glycoprotein and ivermectin and limited interaction with human MRP-1. It is clear 

ivermectin may act as a substrate for human P-glycoprotein, evident by the reduced 

accumulation of BODIPY-ivermectin which is reversed by inhibiting P-glycoprotein transport 

with compounds including verapamil. It is also an inhibitor of P-glycoprotein-mediated 

transport, reversing resistance to the anthracycline daunorubicin in the CEM-VLB100 cells by 

blocking daunorubicin efflux. Furthermore ivermectin inhibits the transport of other P-

glycoprotein substrates including Rhodamine 123 and calcein-AM. Yet the CEM-VLB100 cells 

are not resistant to ivermectin in neither short nor long term toxicity assays relative to the 

parental CEM cells, despite the CEM-VLB100 cells effluxing BODIPY-ivermectin up to the 2 h 

tested. Interestingly, the relative cytotoxicity of the many cell lines used to demonstrate an 

interaction between P-glycoprotein and ivermectin have never been reported. Although 

transport of ivermectin was demonstrated here with BODIPY-ivermectin, there have now 

been a number of examples of 3 [H]ivermectin transport by P-glycoprotein, so it is likely 

ivermectin is indeed a substrate transported by P-glycoprotein. 

The CEM-E1000 cells which over-express human MRP-1 do appear to interact with 

ivermectin, however there is a much clearer interaction with P-glycoprotein. lvermectin 
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appears to inhibit the transport of compounds by MRP-1 including Rhodamine 123, 

calcein/calcein-AM and daunorubicin, although marginally compared to its affect on 

transport by P-glycoprotein. Furthermore BODIPY-ivermectin was not significantly 

transported by MRP-1, and ivermectin failed to significantly sensitize the CEM-E1000 cells to 

daunorubicin at maximal non-cytotoxic doses (5 J.!M). Like the CEM-VLB100 cells, CEM-E1000 

cells were also not resistant to ivermectin. Together these results do indicate ivermectin may 

interact with MRP-1, however the interaction was at least 10-fold lower than the interaction 

between P-glycoprotein and ivermectin. Therefore, the macrocyclic lactones ivermectin and 

moxidectin have the potential to be clinically relatively P-glycoprotein-specific and in 

particular ivermectin is in some cases a superior inhibitor than the classical inhibitor 

verapamil. 
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ABC transport proteins have previously been linked to resistance in H. contortus. The co-

administration of ABC transport protein modulators such as verapamil, have been shown to 

increase the sensitivity of drugs like ivermectin in macrocyclic-lactone resistant populations 

(Molento and Prichard, 1999). In C. elegans, modulators of P-glycoproteins and MRPs 

successfully reversed resistance to ivermectin in IVR6 and IVR10 worms. Investigation of 

gene expression revealed multiple ABC transport proteins were up-regulated in the resistant 

worms, including several MRP-1 homologues. 

In H. contortus, the over-expression of P-glycoproteins has also been linked with resistance 

to ivermectin (Sangster, 1994; Sangster et a/., 1999; Xu et a/., 1998; Blackhall et a/., 1998; 

Smith and Prichard, 2002; Blackhall eta/., 2008). However, to date there is little information 

on the MRPs of H. contortus and their contribution to drug resistance. In a number of other 

parasites, including Leishmania spp. and Trypanosoma spp., the MRPs have been shown to 

play a significant role in drug resistance (Grondin eta/., 1997; Haimeur eta/., 2000; Shahi et 

a/., 2002L and in previous chapters, MRPs in C. elegans were shown to play a role in 

resistance to ivermectin. Therefore, this chapter identifies members of the MRP subfamily of 

H. contortus and examines their expression in drug-resistant and susceptible isolates to 

determine their contribution to drug resistance in the parasite most closely related to C. 

e/egans. 

7.1 Identification of the multidrug resistance-associated proteins of H. contortus 

To amplify homologues of the multidrug resistance protein family in H. contortus, multiple 

approaches were adopted. Initially, the nematode expressed sequence tag (EST) database, 

NEMBASE2 Nematode BLAST annotation server 

(http://xyala.cap.ed.ac.uk/nematodeESTs/search blast.php) was searched for possible MRP 

sequences. Secondly, protein sequences of both human and C. e/egans MRPs and P-

glycoproteins were aligned to identify regions common only to MRPs for degenerate primer 

design and amplification by RACE PCR. Thirdly, gene specific primers designed to amplify 

individual C. elegans MRP homologues were used with H. contortus eDNA. 

Very little is known of the MRP subfamily in H. contortus. There have been no full length 

sequences identified or described . Initially, the H. contortus EST database was interrogated 

for potential MRPs by keywords (ABC and MRP) as interrogation of the database with full 

length or partial C. elegans MRP mRNA sequences failed to return any significant hits. Table 
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7.1 summarises the features of the ESTs identified by keyword search of the annotated 

database and subsequent similarity to C. elegans MRPs by BLASTx v 2.2.6 analysis of the 

Worm prep database. Only three short EST contigs were annotated and showed similarity to 

C. e/egans MRP-1 and MRP-5 homologues, and none of the sequences overlapped. 

Table 7.1: Identification of MRPs from Nembase2 ESTs. 

EST Percentage Protein sequence 
identity/similarity coverage (aa position) 

HCC04267.2 CeMRP-5 {35 %/53%) 1027-1209 

HCC06887.1 CeMRP-5 {71 %/84 %) 355-392 

HCC06778.1 CeMRP-1 {39 %/60 %) 12-77 

EST: expressed sequence tag; aa: amino acid. 

Therefore, given the lack of sequence data available, the next MRP identification approach 

was performed by RACE PCR. Initially MRP and P-glycoprotein protein sequences were 

aligned using ClustaiW2 to identify MRP-specific regions for degenerate primer design. A 

distinguishing feature of MRP protein sequences is the Walker A motif of the second 

nucleotide binding domain which shares common sequences even across species, but the 

sequences are considerably different to P-glycoproteins. Figure 7.1 shows a partial alignment 

of the second nucleotide binding domain from C. elegans and H. sapiens. There are distinctly 

unique Walker A sequences shared by the MRPs of both species (GRTGSGKS and GRTGAGKS) 

while the P-glycoprotein sequences are more diverse. The Walker A region of the second 

nucleotide binding domain was used to design degenerate primers for the amplification of 

any possible MRPs by 3' RACE-PCR (section 2.2.3). 

The primer NBD2R1 (GGN MGN CAN GGN WSN GGT NAA RWS) was designed for the 

amplification of sequences containing GRTGSGKS and the primer NBD2R2 (GGN MGN CAN 

GGN GCN GGN AAR WSN) for the amplification of sequences containing GRTGAGKS in 

conjunction with an adapter primer from the marathon eDNA kit. Based on the sizes of full 

length C. elegans and H. sapiens DNA sequences, the products were expected to be 1100 -

1350 bp. Figure 7.2A shows the 3' RACE PCR products separated by agarose gel 

electrophoresis. For both primers, multiple bands were produced, but nested PCRs with the 

marathon adapter primer 2 (AP2) produced 1300 bp fragments which were cloned into 

pGEM-T easy and transformed into f. coli DH5a. Positive colonies were selected and 

screened in a colony PCR with M13 primers. Figures 7.2B and C show the colony PCR 
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Walker A 

GHEVVGIVGRTGSGKS SLGMALFRLVEPMAGRILIDGVDICSIGLEDLRSKLSVIPQDPV 1226 
SGQTVGIVGRTGSGKS SLGMALFRLVEPASGTIFIDEVDICILSLEDLRTKLTVIPQDPV 1205 
PKEKIGIVGRTGSGKS SLGMALFRLVELSGGCIKIDGVRISDIGLADLRSKLSIIPQEPV 1278 
GGEKVGII GRTGSGKS SLANLIFRLYPVTNGTIYIDGVDIRTVGLVKLRRGISAIAQDPS 1175 
PCEKIGI LTLALFRIIEADGGCIEIDGTNIADLLLEQLRSRLTIVPQDPV 1374 

LTLALFRIIEADGGSIEIDGINIANLQLEQLRSCLTIVPQDPV 1371 
VTLSLFRIIEAAEGQIVVDGINLAEIGLHDLRSNLTIIPQDPV 1419 
FALALFRMIEAAGGRIVIDDVEVSQIGLHDLRSNITIIPQDPV 961 
LALALFRIVEAADGNISIDQTITSHIGLHDLREKLTIIPQENV 1243 

TMALYRMIEGESGTIKIDDVEIDTIGLHQLRSKLIIIPQEPV 989 
TLGLFRINESAEGEIIIDGINIAKIGLHDLRFKITIIPQDPV 1378 

LCLFRILEAAKGEIRIDGLNVADIGLHDLRSQLTIIPQDPI 1374 
LASGLLRLQEAAEGGIWIDGVPIAHVGLHTLRSRISIIPQDPI 1350 

SMEKI SLTNCLFRILEAAGGQIIIDGVDIASIGLHDLREKLTIIPQDPI 1385 
PGEKLGIVGRTGSGKS SLLLVLFRLLEPSSGRVLLDGVDTSQLELAQLRSQLAIIPQEPF 1303 
GGQKIGV TLIKIIFGLKEYCSGRVTIDGVDLDHISLNFRRGGMSIIPQEPV 1219 

ALLERFYDTLGGEIFIDGSEIKTLNPEHTRSQIAIVSQEPT 1163 
SLLERLYDPLEGAVTVDNNDLRQMNPKHLRKHIALVSQEPI 1116 
QLLERFYDPLAGKVLLDGKEIKRLNVQWLRAHLGIVSQEPI 1120 
QLLERFYDPLAGTVLLDGQEAKKLNVQWLRAQLGIVSQEPI 1120 

MGLLERFYNQDKGMIMIDGDNIRNLNISSLREQVCIVSQEPT 1107 
IQLIERYYDALCGSVKIDDSDIRDLSVKHLRDNIALVGQEPT 1114 
IQLIERYYDAICGAVKIDDHDIRDISVKHLRHNIALVGQEPT 1113 
IGMLERFYDVTGGALRIDGQDIRKLSLFHLRTQMALVGQEPR 1172 

IGMLERFYDVTGGALRMDGQDIKNISLYHLRTQMALVGQEPR 1169 
IAMLERFYDVSGGALRIDGQNIKSLSLHHLRTQMALVGQEPR 1163 

IISLLERFYHAVDGEVKIDSENVEDINLNHLRSNLALVSQEPT 1 005 
IISLLERFYHAVDGEVKIDSENVEDINLNHLRSNLALVSQEPT 1102 
IISLLERFYHAVDGEVKIDEENVVDVNLHHLRESVSLVSQEPV 1122 

AGKTLAI IISLLEMFYRADQGFIKIDNDNVENINLDHLRSNLGLVSQGPV 1088 
KGHSIALVGASGCGKSTIISMLERFYSAKAGRISVDDNDIDGIDVNHLRNNISVVGQEPV 1116 
GGESIAL SVISLFQRMYNATDGVVIIDKYNIKSINPAYLRRCIVQVGQEPD 1126 

Figure 7.1: ClustaiW alignment of the partial protein sequence of nucleotide binding 

domain 2 of C. elegans and H. sapiens MRPs and P-glycoproteins. Protein sequences were 

obtained from NCBI (H. sapiens) and Wormbase (C. elegans) and aligned using ClustaiW2 at 

EBI (http://www.ebi.ac.uk/Tools/clustalw2/index.html) using default parameters. Identical 

regions of the Walker A motifs of the second nucleotide binding domains are shown and 

similarly coloured . 
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Figure 7.2: Agarose gel electrophoresis of 3' RACE PCR with NBD2 primers. (A) H. contortus 

Marathon ds eDNA was the template for RACE PCR with NBD2R1/AP1 (lane 2) and 

NBD2R2/AP1 (lane 3). Nested PCRs were also performed on the PCR products and AP2 for 

NBD2R1 (lane 4) and NBD2R2 (lane 5). The PCR products (5 jJI) and DNA ladder (lane 1) were 

electrophoresed in a 1 % gel (section 2.4.1). The arrow indicates the correct sized bands 

which were gel extracted, ligated into pGEMT-easy and transformed into f. coli DH5a 

(sections 2.4.2,2.4.5, 2.4.7). (B) NBD2R1 and (C) NBD2R2 agarose gel elect rophoresis (2 %) of 

colony PCR performed with M13 primers, DNA ladder (lane 1) for both (section 2.4.8). 
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products were of different sizes. Clones with sequences > 1000 bp in the colony PCR were 

propagated for plasmid purification and sequenced (sections 2.3.5, 2.4.9). The sequences 

obtained are summarised in Table 7.2. In all, 4 unique MRP sequences were identified and 

showed homology to ABC transporters by tBLASTX analysis on either NCBI or Wormbase 

tBLASTx pairwise alignments from Wormbase are shown in Figure 7.3 for each. 

Table 7.2: Unique sequences identified by 3' RACE PCR. 
Gene Homology Protein sequence coverage (aa) 

Hcmrp-1 CeMRP-1 1332-1463 
Hcmrp-2 CeMRP-2 1320-1380 
Hcmrp-5 CeMRP-5 1151-1236 
Hcmrp-7 CeMRP-7 662-791 

aa: amino acid 

Although the RACE sequencing approach can theoretically identify all expressed MRP 

transcripts, it is not necessarily exhaustive unless a large number of sequences are screened. 

This is both labour intensive and costly. Therefore in a third approach, primers designed to C. 

elegans MRPs were used in an attempt to amplify their respective homologues from H. 

contortus eDNA. The primers were designed manually from C. elegans mRNA sequences 

from Wormbase to produce single amplicons, specific to individual MRPs. The primers are 

listed in Table 7.3, showing their expected amplicons based on C. elegans mRNA sequences. 

Table 7.3: C. elegans primers for the amplification of H. contortus MRPs. 
Gene Sequence 5 • ~ 3 • Tm°C Amplicon (bp) 

mrp-1 [F57C12 .5] 5: GGG AGT CAT CAC GTT GTA CTG GC 68 241 
A: CTG GTT GAG GAA GGA GGC CGT G 72 

mrp-2 [F57C12.4] 5: GGA TCG GCT GCT CCA TTG TTG 68 365 
A: CAA TCC GTT GAC TGG GAG AGC 70 

mrp-3 [E03G2.2] 5: CAA GTG AAG CTC GAT GAC AAA CG 67 269 
A: GGA GCA TTG GGT GTC TCG ATG 68 

mrp-4 [F21G4.2] 5: CCG TAC GCC GTG GAC TTT GTC 70 332 
A: CTT GGA TT A CGG GCA GCG CTC 71 

mrp-5 [F14F4.3] 5: GAC GAT GCC GGA CTC TTC TCC TTT G 73 237 
A: GGA AAA CCA GAG ACG AGT GCT G 67 

mrp-6 [F20B6.3] 5: GCG CCG GAT TGA TCA GTA GCA TTC 72 268 
A: GGC TGC GCG ACA CGT GTG AGC TC 79 

mrp-7 [Y43F8C.12] 5: CAC ACG GTG CTC GTC TGG GTT C 73 289 
A: GAC CAC AAC GAA GAC GAA TGA GAT G 69 

mrp-8 [Y75B8A.26] 5: CGC CTG GGA AGA GTC ATT CGA AG 71 289 
A: GTT GGA TAC ACG GGC CTG AAC C 70 

5: sense; A: antisense primer; bp: base pairs. Wormbase accession numbers are indicated in 
brackets. 
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A 

HcMRPl : GAGKSSLTLALFRIIEADGGSIEIDGI NIANLQLEMLLERLTVVRDQDIVFS DGNALTLN 
GAGKSSLTLALFRIIEADGG IEIDG NIA+L LE L RLT+V ++FS + L+ 

CeMRPl : 1332 GAGKSSLTLALFRIIEADGGCIEIDGTNIADLLLEQLRSRLT IVPQDPVLFSGTMRMNLD 1391 

HcMR Pl : PFFNFHDEKIWEALRNAHLDSFVKSLQEGLHHHIGEKGI NLSGGQKQRVSLARALYSHAD 
PFF F D++IWEALRNAHLDSFVKSLQEGLHHHI E G NLS GQ+Q + LARAL 

Ce MRPl : 1392 PFFAFSDDQIWEALRNAHLDSFVKSLQEGLHHHI SEGGENLSVGQRQLICLARALLRKTK 1451 

HcMRPl : IILLD DPLSAVD 
+++LD + +AVO 

CeMRPl : 1452 VLVLDEAAAAVD 1463 

B 
HcMRP2 : GRTGAGKSSLLQALFRIIEADGGSIEIDGINIANLQLEQLRSCLTIVPQDPVLFSGTMKM 

GRTGAGKSSL ALFRIIEADGGSIEIDGINIANLQLEQLRSCLTIVPQDPVLFSGTMKM 
CeMR P2 : 1320 GRTGAGKSSLTLALFRIIEADGGSIEIDGINIANLQLEQLRSCLTIVPQDPVLFSGTMKM 1379 

HcMRP2 : N 
N 

CeMRP2 : 1380 N 1380 

c 
HcMRPS : GRTGSGKSS IFQALLRM I PIESGTITLDGVSTSSIPLHTLRRAFGVVPQHL FIFSGSLFE 

GRTGSGKSS + + R+ P+ +GTI +DGV ++ L LRR + Q +FSG++ 
CeMRPS : 1151 GRTGSGKSS LANLI FRLYPVTNGTI YIDGVDIRTVGLVKLRRGISAIAQDPSLFSGTVRF 1210 

HcMRPS : NL IVGCEHVDATQVANIARVAHLDTLM 
NL E+ D + + HL TL+ 

CeMRPS : 1211 NLDPSLEYSD-SMIWEALEKCHLKTLV 1236 

D 
HcMRP7: 

CeMRP7: 

HcMRP7 : 

CeMRP7: 

HcMRP7 : 

CeMRP7 : 

662 

722 

782 

GAGKSS FLSALLGEMGKLQGKIGLRGKVAYVPQQPWIQNMTVRDNI LFGKPFDKRRYNQV 
G+GKSS L ALLGEMGKL+G+IG+ G+VAYVPQQPWIQNMT+RDNI FG+PFD++RY+QV 
GSGKSS LLQALLGEMGKLRGRIGVNGRVAYVPQQPWIQNMTLRDNITFGRPFDRKRY DQV 721 

LSACALKPDLKVLANGDLTEIGEKGINLSGGQKARVSLARAVYQDSDI YLLDDPLSAVDA 
L ACALK D+K+L GD TEIGEKGINLSGGQKARVSLARAVYQ+ D+YLLDDPLSAVDA 
LYACALKAD I KI LPAGDQTEIGEKGINLSGGQKARVSLARAVYQNLDVYLLDDPLSAVDA 781 

HVGRHIFEKV 
HVGRHIFEK+ 
HVGRHIFEKI 791 

Figure 7.3: Alignments of RACE derived sequences. The H. contortus DNA sequences were 

used as a template for tBLASTn analysis of the C. e/egans Wormbase WS194 database 

(http://www. wormbase.org/db/searches/blast blat }. Letters in red show identity with C. 

elegans MRP sequence for (A} MRP-1, (B) MRP-2, (C) MRP-5 and (D) MRP-7. 
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H. contortus eDNA was the template for PCR with the primers in Table 7.3. Figure 7.4 shows 

the PCR products separated by agarose gel electrophoresis, along with a positive control H. 

contortus specific act-4 amplicon. Despite being designed for the amplification of C. elegans 

MRPs, only the primers for mrp-2, and mrp-8 successfully amplified bands of the expected 

sizes, which were cloned into pGEMT-easy and sequencing confirmed these amplicons best 

matched Cemrp-2 and Cemrp-8 sequences. 

7.2 Design of a qRT -PCR assay to analyse the expression of the MRPs of H. contortus 

As with qRT-PCR analysis of the C. elegans MRPs, a calibrator gene was required. The H. 

contortus act-4 homologue was identified by BLASTN analysis of the NEMBASE2 H. contortus 

database using the C. elegans act-4 sequence (NM_076441). A mRNA sequence (py09e04.yl) 

from a whole worm extract with 83 % homology to C. elegans act-4 was subsequently used 

for primer design. Figure 7.5 shows the frame 2 translation of py09e04.yl and position of the 

sense and antisense qRT-PCR primers. 

Using the sequence data derived from H. contortus, primers were manually designed to 

amplify the specific MRP sequences with high sensitivity and efficiency, with amplicon sizes 

ranging from 149-237 bp (Table 7.4). Self-complementarity, primer length and melting 

temperature were verified using the online Oligo Calculator on the Sigma Genosys website 

(https://row.sigma-genosys.eu.com; Sigma-Aldrich). 

Table 7.4: Primers for quantitative real-time PCR of H. contortus MRPs. 

Gene *Primer sequence 5'-7 3' Tm°C Amplicon (bp) 

act-4 S:GGTGTCGTGTTGGATTCCGGAGATGGTG 78 203 
[py09e04.yl] A:GGTGTCGTGTTGGATTCCGGAGATGGTG 83 

mrp-1 S: CGATCCTACTGCACCACACCCTC 70 200 
A:GAAGACGCTTGTTGCTTACGTGGC 71 

mrp-2 S: CCTCACCCATGTTAACATGCGCTC 72 149 
A:CATCCCACGCAAAAGTGCCCTC 74 

mrp-5 S: CGTATGGCTGGATCTTTTAGTGGTG 68 233 
A:CCCAGTCGCCTTCTGATTGAATGTTCTC 74 

mrp-7 S:CAGGTGCTAGTTTCGAACCGGAGAC 71 237 
A:CCCTGCGCCAACCTGACCCACG 80 

* 5: sense, A: antisense primer; bp: base pairs. Nembase2 accession number for act-4 is 
indicated in brackets. 
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1 2 3 4 5 6 7 8 9 

100 

Figure 7.4: Agarose gel electrophoresis of C. elegans gene-specific primer products from H. 

contortus eDNA. H. contortus Marathon ds eDNA was the template for PCR with gene 

specific primers for C. elegans M RPs and H. contortus act-4. DNA ladder (lane 1) and PCR 

products (5 ~I) act-4 (lane 2), mrp-1 (lane 3), mrp-2 (lane 4), mrp-6 (lane 5), mrp-3 (lane 6), 

mrp-4 (lane 7), mrp-7 (lane 8), mrp-8 (lane 9) were electrophoresed in a 1 % gel (section 

2.4.1). The arrow indicates the correct sized bands based on estimation of expected C. 

elegans amplicons. 
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aaaaatgacccagatcatgttcgagacc t t t aa c a c t cca gctatgtacgtcgcca ttcaa 
K M T Q I M F E T F N T P A M Y V A I Q 
gcagttctttccctttacgcttccggtcgtaccact 

• ~ ... ... ' ... c .. \• • • • .. .. \ .. 1.,. , .. ~ 

• ~ • ,• ,,. ~ ~ "' • •'- " • • ~ .. "' • ..,.--,;.A 

A V L S L Y A S G R T T G V V L 0 S G 0 
tcacccacactgtacccatct a tgagggtt a tgcacttcccca cgctatcctccgt 

G V T H T V P I Y E G Y A L P H A I L R 
ctcgatctcgctggacgtgatcttactgacta cttgatgaaaatcctgaccgaacgtggc 
L 0 L A G R 0 L T 0 Y L M K I L T E R G 
tactctttcaccacaacggccgaacgtgaaatcgtgcgtgacatcaaggagaaactgtgc 
Y S F T T T A E R E I V R 0 I K E K L C 
tacgttgccctcgactttgagcaggaaatggctaccgcagcttcatcgtcttctcttgag 
Y V A L 0 F E Q E M A T A A S S S S L E 
aagtcgtacgagctccctgatggtcaagttattaccgttggaaacgaacgcttccgttgt 
K S Y E L P 0 G Q V I T V G N E R F R C 
cccgaggccctcttccagccttccttcttgggtatggaatctgctggaatccatgagaca 
P E A L F Q P S F L G M E S A G I H E T 
tcatacaactcaattatgaagtgtgatatcgatattcgtaaggacttgtacgctaacact 
S Y N S I M K C 0 I 0 I R K 0 L Y A N T 
gtcttatctggtggaaccacaatgtaccctggtattgccgatcgtatgcagaaagaa 
V L S G G T T M Y P G I A 0 R M Q K E 

Figure 7.5: Translation of H. contortus py09e04.yl and qRT-PCR primer locations. The H. 

contortus sequence py09e04.yl was translated + frame 2 using Translate Tool (Expasy; 

http://ca.expasy.org/tools/dna.html ). Quantitative RT-PCR primers were manually designed 

as described in section 5.2.1 and the sense (purple) and antisense (yellow) primers are 

indicated. 
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Each primer set was used to amplify its target from female McMaster adult eDNA under 

conventional PCR conditions (section 2.3.1) and the product cloned into pGEM-T easy vector 

system I and sequenced for verification (sections 2.3 .5, 2.4.5, 2.4.7, 2.4.8-9). Sequenced 

plasmid clones were used to validate the qRT-PCR and as positive controls in all subsequent 

qRT-PCR assays. As positive controls, the T m of plasmid and eDNA amplicons was used to 

verify gene identity at the end of each PCR assay. Reactions were successful if they resulted 

in a single peak, identical to the plasmid control. Multiple melting peaks imply the reaction is 

not specific or primer dimers are being formed thus any pairs producing more than one 

melting peak were discarded . 

As described previously in section 2.5.2, primers were tested for data analysis by the flflCt 

method (Livak and Schmittgen, 2001). The primer pairs used for H. contortus did not 

conform to the constraints for analysis by the method of Livak and Schmittgen (2001), which 

requires the absolute slope of flCr versus log template concentration not to exceed 0.1. 

Therefore, due to the limited sequence data the method of Pfaffl (2001) was used to 

normalise the primer efficiencies to act-4. In this procedure, when primer sets differ in their 

relative efficiencies, the individual reaction efficiencies (E) are determined and used to 

accommodate for the differences in reaction efficiencies between genes. Firstly, Cr values 

are regressed against the template quantity (log) and calculated according to the formula 

[E=(10-l /slope)-1]. Figure 7.6 shows the plot of the Cr value versus template concentration. In 

the case of a 100% efficient PCR the amount of PCR product should double after every cycle, 

giving an efficiency of 2. The efficiencies were calculated from the slopes of the lines in 

Figure 7.6 and the resulting primer efficiencies are given in Table 7.5. The reaction 

efficiencies were used in the relative quantification as described in section 2.5.4. 

Table 7.5: H. contortus MRP qRT-PCR efficiencies. 

Gene Slope of C1 vs log[ template] Reaction 
efficiency (E) 

act-4 -2.43 1.58 
mrp-1 -2.09 2.00 
mrp-2 -2.11 1.98 
mrp-5 -2.08 2.03 
mrp-7 -2.39 1.62 
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0 act-4 
mrp-1 

• mrp-2 

• mrp-5 

<> mrp-7 

-1 0 

Figure 7.6: Linear regression of Cr versus template concentration of H. contortus MRP qRT-

PCR reactions. The Cr of qRT-PCR reactions was plotted versus log ng of plasmid for act-4, 

mrp-1~ mrp-2~ mrp-5 and mrp-7 to determine the slope (m) of the 5-point standard curve. 
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7.3 Analysis of the expression of MRPs from H. contortus 

The mRNA expression of several MRPs from H. contortus was examined in the life stages of 

the parasite, L1, L3 (ensheathed) and adult female McMaster H. contortus (HAECO 

McMaster1931). The HAECO McMaster1931 isolates are susceptible to benzimidazoles, 

eprinomectin and unknown susceptibility to levamisole (CARS Parasite Isolate Database; 

http://vbc.med.monash.edu.au/cars/cars.py/). Total RNA was extracted from the samples 

and reverse transcribed to eDNA. Quantitative RT-PCR was performed (section 2.5.1) and the 

data analysed according to the method of (Pfaffl, 2001), as described in section 2.5.4. Figure 

7.7 shows the mRNA expression of mrp-1, mrp-2, mrp-5 and mrp-7 in the life stages of H. 

contortus. Compared to L1 larvae, L3 larvae had significantly up-regulated mRNA expression 

of mrp-1, mrp-2 and mrp-7 (>50-fold; P<0.001) but not mrp-5. Female adult worms also had 

up-regulated mrp-1 {82-fold; P<0.01) and mrp-7 {60-fold; P<0.001) relative to L1 larvae. 

However mrp-5 was also up-regulated in adults (62-fold; P<0.001), while mrp-2 was only 5-

fold up-regulated (P<0.001) which was significantly lower expression than L3. 

The qRT-PCR assay was applied to screen for changes in the MRPs in drug-treated worms. 

The PF23 unselected laboratory strain of H. contortus, IVF23 and MOF23 strains which are 

respectively ivermectin and moxidectin selected strains derived from the PF strain by 

passage with drug in sheep at increasing doses for 23 generations as described by Eng eta/. 

(2006) were used. Figure 7.8 shows the mRNA fold changes in IVF23 and MOF23 adult males 

relative to the unselected PF23 males. In IVF23 males, all mrps tested were significantly up-

regulated relative to unselected worms (all P<0.001). This was contrasted with moxidectin 

treated worms which only up-regulated mrp-2 (P<O.OS). Mrp-5 showed the greatest 

difference between ivermectin and moxidectin-selected worms, being the most up-

regulated in IVF23, and not significantly different to PF23 worms in MOF23. 

The profile of mRNA expression was also examined in a multidrug resistant field isolate, 

Wallangra 2003 (HAECO Wallangra2003; Figure 7.9) with known resistance to macrocyclic 

lactones including ivermectin (de Lourdes Mottier and Prichard, 2008) and benzimidazoles 

yet susceptible to levamisole (CARS Parasite Isolate Database) relative to an earlier isolate, 

Wallangra 1985 (HAECO Wallangra1985) which is resistant to benzimidazoles but has not 

been exposed to macrocyclic lactones (de Lourdes Mottier and Prichard, 2008). Figure 7.9A 
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Figure 7. 7: Relative expression of MRPs in the life stages of H. contortus. 1 11g RNA was 

reverse transcribed using oligo d(T). Mrp-1, mrp-2, mrp-5 and mrp-7 were amplified from 

McMaster H. contortus (HAECO McMaster 1931) eDNA using gene specific primers. Fold 

changes in gene expression in L3 (ensheathed; white) and female adults (black) were 

calculated relative to L1 larvae {1; broken line) using the method of Pfaffl (2001). Bars show 

the mean and standard deviation from two independent experiments. ** Indicates P<0.001; 

* indicates P~0.01. 
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Figure 7.8: Relative expression of MRPs in H. contortus selected with macrocyclic lactones. 

1 Jlg RNA was reverse transcribed using oligo d(T). Mrp-1, mrp-2, mrp-5 and mrp-7 were 

amplified from adult male H. contortus eDNA using gene specific primers. Fold changes in 

gene expression in worms selected for 23 generations with ivermectin (IVF23; white) or 

moxidectin (MOF23; black) were calculated relative to the unselected parental strain for 

both PF23 (1; broken line) using the method of Pfaffl (2001). Bars show the mean and error 

bars show standard deviation from two independent experiments. ** Indicates P<0.001; * 
indicates P~O.Ol. 
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Figure 7.9: Relative expression of MRPs in field isolates of H. contortus. 1 J,.Lg RNA was 

reverse transcribed using oligo d(T). Mrp-1, mrp-2, mrp-5 and mrp-7 were amplified from 

adult male H. contortus eDNA using gene specific primers. Fold changes in gene expression in 

the eprinomectin-resistant HAECO Wallangra2003 were calculated relative to an earlier 

isolate HAECO Wallangra1985 (1; broken line) not previously exposed to macrocyclic 

lactones using the method of Pfaffl (2001). Bars show the mean and error bars show 

standard deviation from two independent experiments. *** Indicates P<0.001; ** indicates 

P<0.01; * indicates P:50.05. 
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shows the mRNA fold change of HAECO Wallangra2003 relative to a previous isolate from 

the same farm, HAECO Wallangra1985. In the multidrug resistant HAECO Wallangra2003 

which differs from HAECO Wallangra1985 by resistance to macrocyclic lactones, there is 

significant up-regulation of several MRPs including mrp-1 (P<O.OS), mrp-5 (P<0.01) and mrp-

7 (P<0.001), as seen in the ivermectin resistant IVF23 and MOF23 worms. However, the 

relative increase in the HAECO Wallangra field isolates with ivermectin resistance was much 

lower than the increase in the laboratory selected strains (6- 10-fold versus 4- 45-fold). 

7.4 Discussion 

This chapter aimed to identify MRPs from H. contortus and to investigate their possible role 

in drug resistance. For the identification of MRPs, a number of approaches were adopted, as 

each had its own strengths and pitfalls. Initially, the H. contortus EST database was 

interrogated for possible MRP homologues by keyword search of the annotated database. 

Only two MRP homologues were identified in the annotated database, both of which have 

been highlighted in a recent review by Lespine et a/. (2008). These sequences match best 

with Cemrp-1 and Cemrp-5. 

A more thorough cloning and sequencing approach by RACE PCR was thought to be 

advantageous to identify MRP homologues as it can identify multiple genes within a gene 

family by amplification from a common region within sequences. However there are 

disadvantages. Individual sequences must be cloned into plasmids and transformed into 

bacteria which are manually picked and screened for the presence of the inserted sequence 

of interest. Therefore, the larger the sample screened, the greater the likelihood of 

identifying all possible sequences. Unfortunately, the odds favour the most abundantly 

expressed transcripts will be most likely amplified using a degenerate primer approach. Also 

the high expression of some genes could mask the identification of less abundant transcripts. 

In the initial RACE PCR approach, degenerate primers complimentary to conserved amino 

acid residues within the Walker A motif of the second nucleotide binding domains of MRPs 

were used to identify potential mRNA sequences from adult H. contortus. Using this 

approach, bands of the expected size based on the C. elegans MRP sequences were obtained 

from nested RACE PCR reactions with Marathon ds eDNA and cloned into plasmids for 

sequence analysis. From the thirty clones sequenced, only 4 unique sequences were 

identified, all containing the conserved amino acid residues from the Walker A motif. In this 
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pilot analysis, full length sequences were not pursued for these 4 MRPs, as enough good 

quality sequence was obtained for each to be confident they represented separate and 

unique MRP homologues. However, at this stage it was not possible to rule out the existence 

of other MRPs, especially given there have been 8 MRPs and multiple P-glycoprotein 

homologues identified in other closely related nematodes including C. elegans and C. 

briggsae (Zhao et a/., 2007). Sequencing more clones may not necessarily be an exhaustive 

approach, and is certainly hampered by some of the pitfalls already highlighted in addition to 

labour and cost. Therefore, an alternative identification procedure used gene specific 

primers designed to produce single, specific amplicons from C. elegans MRPs, and used 

these with H. contortus eDNA. This procedure was marginally successful, only identifying 

partial sequence from one additional MRP, mrp-8 and further sequence data on the mrp-2 

homologue. However, as the sequence for mrp-8 did not overlap the Walker A motif of 

nucleotide binding domain 2 and primer-walk sequence analysis was not performed it is still 

possible this sequence is not unique, and therefore requires further sequence validation, 

despite homology to CeMRPs. 

All the sequences obtained in the current study were compared with sequence data 

provided by Prof. Roger Prichard (personal communication) obtained by amplification of a 

conserved linker region from gDNA. They have evidence for the existence of other MRPs not 

identified in this study including mrp-3 and mrp-4, but like the current study found no 

evidence of an mrp-6 homologue seen in other free-living nematodes. Certainly the area 

would benefit from further analysis of sequence data from other H. contortus isolates, life 

stages and both gDNA and mRNA samples of similar regions of MRPs conserved across 

species. If other MRP homologues cannot be obtained due to their low abundance by a RACE 

PCR sequencing approach, primer-walk analysis of amplicons generated by gene specific 

primers could be performed. 

Gene-specific primers were designed to amplify the confirmed MRPs, mrp-1, mrp-2, mrp-5 

and mrp-7 in a qRT-PCR assay for analysis of their expression in the parasite. As before, gene 

expression was normalised against the Hcact-4 homologue, identified by BLAST analysis of 

the H. contortus EST database. Together, Hcact-4 and the MRPs were validated for use in the 

qRT-PCR assay using SYBR green I chemistry by the method of Pfaffl (2001). Unlike the 

primers used for analysis of C. e/egans MRPs, the primers designed for use with H. contortus 
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MRPs did not conform to the constraints for analysis by the ~~Cr method. Given the limited 

sequence available, rather than extensive primer redesign, reactions were found to be 

suitable for analysis by the method of Pfaffl (2001). In this method, when PCR reaction 

efficiencies differ between target amplicon (MRP) and the calibrator (act-4L the reaction 

efficiencies can be calculated and incorporated into data analysis to accommodate for these 

variations. 

The qRT-PCR assay was applied to investigate the mRNA expression of the MRPs in different 

life stages of the parasite. The laboratory-maintained HAECO McMaster1931 worms were 

used for the analysis as they are susceptible to all anthelmintics. Both L3 (ensheathed) and 

adult larvae significantly up-regulate expression of mrp-1, mrp-2 and mrp-7 compared to the 

L1 larvae. There is a distinction in the expression profile of mrp-5 which is up-regulated in 

adult but not L3 larvae. MRPs play an important role in the detoxification of xenobiotics and 

are in general ubiquitously expressed in all tissues of most organisms, as opposed to P-

glycoproteins. It is possible that mrp-5 may be an example which is differentially expressed 

in different life stages of this parasite. 

The question as to the role, if any, of MRPs in drug resistance was investigated using drug-

selected parasites. A laboratory-maintained drug selected model of resistant parasites and 

also drug-selected field parasites was also analysed. The IVF23 and MOF23 share similarities 

to the ivermectin resistant C. elegans. As with C. elegans, the H. contortus sublines were 

developed by passage for 23 generations with ivermectin or moxidectin (Eng et a/., 2006), 

although both show cross resistance to each drug. Previously, Prichard and Roulet (2005) 

reported treatment of MOF23 worms with ivermectin induced 1.5- 3-fold up-regulation of P-

glycoproteins Pgp-A, Pgp-B, Pgp-C and Pgp-E relative to PF23 worms. Here, the ivermectin 

selected worms IVF23 significantly up-regulated all MRPs tested 4- 45-fold. Of these, mrp-1, 

mrp-2 and mrp-7 are homologous to the drug transport protein HsMRP-1, while mrp-5 is 

homologous to HsMRP-5, a nucleoside transport protein. In contrast MOF23 only up-

regulated expression of mrp-2 8-fold relative to PF23 worms. Similar to IVR6 and IVR10 C. 

elegans, macrocyclic lactone-selected H. contortus showed up-regulation of multiple ABC 

transport proteins, including HsMRP-1 homologues. IVR6 C. e/egans showed up-regulation of 

pgp-1, mrp-1 and mrp-6 while IVR10 showed up-regulation of pgp-1, pgp-2, mrp-1 and mrp-

6. It appears that resistance to macrocyclic lactones in nematodes induces the up-regulation 
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of multiple ABC transport proteins which appear to be directly involved in the survival of 

resistant worms, demonstrated in both C. e/egans and H. contortus by the use of ABC 

transport protein modulators. Molento and Prichard (1999) showed co-administration of 

verapamil and CL 347, 099 increased the efficacy of ivermectin in resistant parasites. 

Similarly, modulators of mammalian ABC transport proteins including verapamil, PSC 833 

and MK571 successfully reversed resistance to ivermectin in IVR6 and IVR10 C. elegans. 

Despite the ability to detect changes in MRP expression in parasite populations selected for 

resistance to one drug, field isolates are often much more complex resistance profiles due to 

their less rigorous exposure to anthelmintics. Therefore a multidrug resistant H. contortus 

population, HAECO Wallangra2003, was analysed for changes in MRP expression compared 

to an earlier isolate on the same property, not resistant to macrocyclic lactones (HAECO 

Wallangra1985). Like the laboratory ivermectin-selected IVF23 strain, there was significant 

up-regulation of multiple MRPs, including mrp-1, mrp-5 and mrp-7. This is similar to C. 

elegans which up-regulated the HsMRP-1 homologue mrp-1 to maintain resistance in the 

absence of drug. 

This study highlights the possible up-regulation of MRPs, particularly in response to 

macrocyclic lactone treatment, observed in laboratory selected resistance and pasture-

acquired resistance models. Further screening for other MRPs and the further investigation 

of the MRPs in this study of other isolates is certainly warranted, and methods such as eDNA 

normalisation may prove usefu l for the detection of low-abundance transcripts. P-

glycoproteins have been shown to change in response to anthelmintic treatment (Biackhall 

et a/., 1998) and in resistant parasites (Smith and Prichard, 2002). The findings from this 

chapter warrant the inclusion of MRPs in future investigation of the role of ABC transport 

proteins in resistance. Furthermore, analysis of these transporters at the proteomic level 

would be of importance. 
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Chapter 8: Discussion & Future Directions 

Anthelmintic resistance is a worldwide phenomenon widespread among many parasitic 

organisms which infect both humans and livestock. In particular, parasitic nematodes of 

ruminants such as H. contortus, have widespread MDR to the major classes of anthelmintics 

relied upon to control them (Yadav et a/., 1995; Waruiru et a/., 1998). As chemotherapy is 

the major means to control these parasitic diseases, understanding how resistance develops 

will be crucial to monitoring the development of resistance and continuing the lifespan of 

current drugs. It is concerning that there have been few new drug classes introduced over 

the last few decades. In particular, ivermectin established itself as one of the most successful 

anti-parasitic drugs, so much so, drug discovery programs were curtailed (Geary, 2005). As 

with preceding drugs, resistance to ivermectin therapy has been reported in a number of 

parasites of livestock (Watson eta/., 1996; Waller, 1999; Traversa eta/., 2007; Sutherland et 

a/., 2008) and in some cases it developed rapidly after only a few generations of parasites 

were exposed to the drug (van Wyk and Malan, 1988; Coles eta/., 2005). lvermectin has also 

been administered for the standard mass-treatment of onchocerciasis, a parasitic disease 

affecting millions of humans. Following the use of ivermectin for a number of years is the 

concern resistance to ivermectin has appeared in this human parasite (Awadzi et a/., 2004; 

Osei-Atweneboana et a/., 2007). Therefore understanding resistance mechanisms not only 

has implications for livestock industries but also for human health. 

While there have been a number of mechanisms associated with resistance to ivermectin 

including alterations in the GluCI channel (Dent et a/. , 1997; Dent et a/., 2000; Njue et a/. , 

2004), mechanisms capable of conferring MDR like ABC transport proteins are of particular 

concern (Xu et a/., 1998; Smith and Prichard, 2002; Prichard and Roulet, 2005; Roulet and 

Prichard, 2006). When MDR occurs there is a an acquisition of resistance to a range of other 

structurally unrelated compounds, which is problematic given the current finite range of 

anthelmintic drug classes available, with only one new drug class recently developed (Ducray 

eta/., 2008). 

This study therefore aimed to characterise resistance mediated by ABC transport proteins 

such as P-glycoproteins and MRPs, through the development of a model of ivermectin 

resista nee in the free-living nematode C. e/egans. To study mechanisms involved in the 

development of drug resistance in parasitic nematodes is problematic, involving passage 

through a host animal or limited to stage specific analyses based on the most widely 
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accessible stages of the parasite. However, C. elegans has previously been a model organism 

for the study of parasitic nematodes and anthelmintic screening for decades (Simpkin and 

Coles, 1981) and is closely related to the trichostrongylid parasitic nematodes (Burglin eta/., 

1998). While there are drawbacks to the use of a non-parasite as a model (Geary and 

Thompson, 2001), the mechanisms being investigated are not essential for parasitism, but 

are ubiquitous to all organisms (Higgins, 1992). In its favour, several anthelmintics like 

ivermectin kil l C. e/egans at concentrations recommended to kill para_sitic nematodes in the 

field. Also the GluCI channel wh ich ivermectin targets is functionally homologous in the 

parasitic nematode H. contortus to the receptor found in C. elegans (Cook et a/., 2006). C. 

elegans therefore provided a good model to study the ivermectin-induced changes leading 

to drug resistance. 

Initially, ivermectin-resistant C. e/egans were developed through step-wise exposure to non-

cytotoxic concentrations of the drug. Commencing at 1 ng/ml ivermectin, after only 1 week 

worms were able to survive a 2-fold higher concentration (2 ng/ml). This suggests resistance 

was rapidly acquired by the up-regulation of the cellular defence mechanisms, a 

phenomenon not previously recognised in nematodes. Furthermore, resistance to moderate 

levels of ivermectin up to 6 ng/ml was achieved rapidly, after 18 weeks selection. This 

finding demonstrates how rapidly resistance can develop following drug selection by 

suboptimal dosing, which has also been demonstrated in H. contortus (Coles et a/., 2005). 

Higher-level resistance to ivermectin was also achieved in this regimen using concentrations 

up to 10 ng/ml ivermectin. Despite only treating worms with their respective concentrations 

of 6 or 10 ng/ml ivermectin for IVR6 and IVR10, both were able to survive higher 

concentrations, in particular IVR10 which had an IC50 of 32 ng/ml ivermectin . Therefore not 

only can suboptimal dosing promote the development of resistance, but can confer 

resistance to concentrations in excess of the treatment. 

A second important finding from this particular model was that resistance in the two 

sublines IVR6 and IVR10 was stable, with the worms surviving and maintaining resistance to 

ivermectin following 3 months without drug exposure. Given C. elegans has a rapid lifecycle, 

approximately 3 days at 25 °C, this is a substantial number of generations not exposed to 

ivermectin within the 3 months, yet worms were still resistant to the same concentrations of 

the drug. There have been a number of regimens encouraging worm refugio from 
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anthelmintic treatment of livestock (Soulsby, 2007; Waghorn et a/., 2008). However these 

results are an example where removal of drug treatment does not always restore sensitivity 

to worm populations. In support of the current findings, Sangster and Dobson (2002) also 

noted there have been no reports of reversion to drug susceptibility so far in drug resistant 

nematodes. 

Despite treatment with ivermectin only, worms were cross-resistant to other unrelated 

anthelmintics. In particular, IVR10 worms were more resistant to moxidectin than to 

ivermectin which is surprising because often moxidectin has been reported to have a weaker 

affinity for mammalian P-glycoproteins and MRPs than ivermectin (Brayden and Griffin, 

2008) and the results in Chapter 6 agree with this. That ivermectin treatment can induce 

MDR to other clinically-relevant anthelmintics is important although there are very few 

examples where parasitic nematodes such as H. contortus treated only with ivermectin show 

resistance to other anthelmintics. This may be a consequence of the existence of few 

parasite populations which have not received multiple anthelmintic treatments. As 

demonstrated in this model, it is likely the potential for cross resistance increases with 

treatment with ivermectin . Similarly, MDR in cancer cells does not appear instantly and this 

is a major difference between the 'development of resistance' and resistance obtained 

through mutagenesis and selection where a single clone is predominant. While models of 

resistance should be scrutinized for their relevance as different treatment regimens will 

produce different outcomes (Sangster and Dobson, 2002), these resistant C. elegans were 

developed through non-cytotoxic dosing and demonstrate suboptimal treatment is a major 

means for development of acquired drug resistance, as has been shown previously in human 

cancers (Davey eta/., 1995). 

To investigate the role of ABC transport proteins, including P-glycoproteins and MRPs in the 

IVR sublines, modulators of their mammalian homologues were tested for their ability to 

reverse resistance to ivermectin in the two sublines. There have been a few reports 

indirectly demonstrating the role of ABC transport proteins in parasites using modulators of 

their mammalian homologues, which inhibit their transport capacity. In H. contortus co-

administration of modulators such as verapamil were able to increase drug sensitivity in 

resistant populations, highlighting the involvement of these transport proteins in resistance 

in the parasite (Molento and Prichard, 1999). A number of common modulators successfully 
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restored full sensitivity to ivermectin in both sublines, which is highly suggestive of the 

involvement of ABC transport proteins in mediating resistance. Further supportive evidence 

was provided by the specific knockdown of two MRP homologues, mrp-1 and mrp-6 by RNAi 

which highlighted the relative importance of MRPs in nematode survival during drug 

treatment. However, this was by no means an exhaustive approach, only investigating the 

knockdown of 2/8 MRPs in C. elegans, no P-glycoprotein homologues, half transporters or 

glutathione-related genes, and no gene combinations. Given the wide repertoire of ABC 

transport proteins in C. elegans and the potential for many to be involved in resistance it 

would be of interest to investigate the role other ABC transport proteins play in this manner. 

There are numerous MRPs and P-glycoproteins in C. elegans, although not all function in 

xenobiotic detoxification, and as shown here not all alter in response to ivermectin 

treatment. It has been clearly demonstrated that cancer cells also respond to non-cytotoxic 

concentrations of drug by up-regulating many proteins including ABC transport proteins 

which confer multidrug resistance (Vague eta/., 2003). 

Analysis of gene expression identified several MRPs which could be further investigated for 

their role in ivermectin resistance. In both IVR sublines, mrp-1 and mrp-6 were linked to 

ivermectin resistance and the importance of the related glutathione system was highlighted. 

A summary of the proposed mechanisms of resistance identified during this study in IVR6 

and IVRlO is shown in Figure 8.1. In each, ivermectin can be effluxed via MRPs with 

glutathione thus pressuring the glutathione system to replenish cellular supplies. In IVR6, 

there was no up-regulation of gcs-1 therefore in the presence of ivermectin glutathione 

levels cannot be fully replenished . In support of this, removal of ivermectin resulted in up-

regulation of gcs-1 and increased glutathione. IVRlO worms differ from IVR6 with the up-

regulation of more ABC transport proteins and also the up-regulation of gcs-1 replenishing 

glutathione levels. 

ABC transport proteins are found in host organisms as well, and should be considered in the 

design of nematode-specific ABC transport protein modulators and for their effects on the 

biodisposition of anthelmintics as they have the capacity to alter drug absorption, 

distribution and elimination (Mealey, 2004). In the absence of models to study the transport 

of anthelmintics by each individual ABC transport protein, current models of mammalian 

homologues are available to characterise these interactions. Human homologues are 
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Figure 8.1: Summary of the cellular changes associated with ivermectin resistance. (A) IVR6 

worms up-regulate mrp-1 (1), mrp-6 (2) and pgp-1 (3) in the presence of ivermectin. Co-

administration of MRP and P-glycoprotein modulators confirmed both subfamilies in drug 

resistance. lvermectin could be effluxed directly by P-glycoproteins or in a co-efflux 

mechanism with glutathione via the MRPs. The decreased glutathione levels in IVR6 (4) 

supports this. (B) IVRlO worms up-regulated multiple MRPs (1,2) and P-glycoproteins (3,4) 

which could efflux ivermectin as in IVR6. IVR10 worms do not have decreased glutathione 

levels, possibly due to increased gcs-1 which replenished glutathione supplies. This is a 

possible reason for the survival of IVR10 on higher concentrations of ivermectin than IVR6. 
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particularly useful it has been shown previously that the human MRP-1 can functionally 

substitute for CeMRP-1 (Vabe eta/., 2005). 

Recently, there have been a number of reports of the interaction of ivermectin with both 

mammalian P-glycoproteins and MRPs. To directly assess the interaction of ivermectin with 

mammalian P-glycoprotein and MRP-1, this study utilized a well characterised cellular model 

of P-glycoprotein and MRP-1-mediated resistance, the CCRF-CEM and drug resistant sublines 

CEM-VLB100 and CEM-E1000 (Foley eta/., 1965; Beck eta/., 1979; Davey et a/., 1995). Like 

previous reports, this study demonstrated ivermectin interacts with P-glycoprotein. 

Specifically, ivermectin was transported by P-glycoprotein and it modulated the transport of 

other substrates and reversed resistance to both daunorubicin and taxol in the CEM-VLB100 

cells. Therefore the use of current ABC transport protein modulators like verapamil would 

adversely affect ivermectin distribution particularly in areas where P-glycoprotein prevents 

drug toxicity in mammals at the blood-brain barrier. This toxicity has previously been 

reported in experimental models using verapamil to increase macrocyclic lactone 

bioavailability (Molento et a/., 2004). Therefore nematode-specific modulators would need 

to be designed. 

Previous reports have suggested ivermectin also interacts with MRP-1. Although in this study 

there was evidence for an interaction with MRP-1, it was clearly not with the same affinity as 

P-glycoprotein. lvermectin did appear to modulate the transport of known MRP-1 

substrates, however it did not appear to be transported by MRP-1 nor was it able to 

significantly reverse resistance to daunorubicin. In agreement with recent suggestions by 

Brayden and Griffin (2008), while ivermectin may interact with MRP-1 it does not appear as 

therapeutically relevant as the interaction with P-glycoprotein. Therefore despite HsMRP-1 

being able to functionally replace CeMRP-1 for dauer diapause (Vabe eta/., 2005), there are 

still differences and therefore ivermectin may significantly interact with the nematode 

homologue, as suggested from the other findings in this study. 

To complement the model work in C. elegans, the role of MRPs in drug resistance was also 

investigated in the parasite, H. contortus. Using a RACE-sequencing approach, 4 unique MRP 

homologues were identified in H. contortus. As discussed, the approach was by no means 

exhaustive and limited in a number of ways. Firstly, analysis of eDNA will be biased to the 

most abundantly expressed transcripts in the life-stage, strain or treatment group sampled. 
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This could be overcome by analysis of gDNA, however this would be a much greater 

sequencing task, analysing larger sequence fragments. Secondly, in the current study only 30 

cloned sequences were analysed. This sample size should be increased to increase the odds 

of detecting weakly expressed transcripts. It is very possible more MRPs exist in H. contortus, 

as other sequences have been identified by others {R. Prichard, personal communication) 

and the other sequences identified here using a gene-specific primer approach. 

Nevertheless, the current study was informative, providing gene expression information on 

several MRPs and demonstrated MRPs are up-regulated in both laboratory-selected and 

field-resistant isolated of H. contortus. In particular mrp-1, mrp-5 and mrp-7 were up-

regulated in both field-resistant and laboratory-selected isolates resistant to ivermectin. 

Importantly, this work highlights that the MRP subfamily in H. contortus warrants further 

investigation, particularly identification of other homologues and analysis of expression in 

other catalogued isolates. Previously, the involvement of P-glycoproteins in macrocyclic 

lactone resistance has been inferred by the co-administration of ABC transport protein 

modulators such as verapamil {Molento and Prichard, 1999). However, as demonstrated in 

the current study, MRPs may also significantly contribute to this effect and therefore should 

be included in future investigations. In addition, the production of specific monoclonal 

antibodies against the different ABC transport proteins would also benefit future research 

and enable the determination of protein expression. 

In summary, this work demonstrated that low concentrations of ivermectin can induce 

resistance in nematodes through the increased expression of multidrug resistance transport 

proteins. This simply adds to the complexity of the development of resistance, and shows 

that resistance may also develop by induction of several genes and demonstrates the multi-

factorial nature of MDR. 

FUTURE DIRECTIONS 

The IVR C. elegans developed in this study are a good tool for high throughput screening of 

compounds which modulate ivermectin resistance in a whole animal model. Future work 

characterising the specific interaction between nematode ABC transport proteins and 

compounds such as verapamil or ivermectin would be useful to further elucidate the relative 

importance of the numerous ABC transport proteins, and the involvement of each in drug 

efflux as has been performed in other organisms {Lespine et a/., 2007; Brayden and Griffin, 
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2008). Further information on these specific interactions would also benefit other areas of 

research, particularly the design of specific modulators for ABC transport protein-mediated 

MDR. There are also numerous other ABC transport proteins which may possibly contribute 

to reduced cellular accumulation of anthelmintics and therefore resistance. This study 

focussed on the two most well characterised subfamilies in humans, P-glycoprotein and the 

MRPs. There are numerous half-transport proteins including homologues of the human 

breast cancer resistance protein (BCRP /MXR) and the bile salt exporter protein/sister of P-

glycoprotein (BSEP/SPGP) which have been shown to be involved in drug resistance (Childs 

et a/., 1995; Koshiba et a/., 2008). There are also many other half transporters identified in 

other parasites such as a P-glycoprotein-like transport protein which has been linked with 

ivermectin resistance in 0. volvulus (Bourguinat eta/., 2008). 

The IVR sublines also provide a good model to further investigate a number of other 

proposals of ivermectin interactions. For example there are many loss-of-function mutations 

in genes encoding the proposed target of ivermectin, the GluCis which have previously been 

associated with ivermectin resistance in C. elegans (Dent et a/., 1997; Dent et a/., 2000). It 

would be of interest to investigate the selection on the GluCis in the ivermectin resistant 

strains. Secondly, a recent report demonstrated ivermectin treatment showed selection for 

alleles at the target of benzimidazole action, ~-tubulin and could predispose parasites to 

resistance to this class of anthelmintics (Eng et a/., 2006; de Lourdes Mottier and Prichard, 

2008). Again the IVR sublines provide a good model of ivermectin selection to investigate 

this association in another nematode. 

Furthermore, the IVR sublines provide a good model to investigate the potential association 

of glutathione-related enzymes such as GSTn with drug resistance. In the IVR sublines, 

particularly IVR6 there was increased gstp-1 expression associated with resistance. As there 

is no evidence that ivermectin is metabolized or conjugated by nematodes, an alternative 

potential link is between glutathione and the activity of protein kinases, as suggested in a 

recent review by Tew (2007) . It is well noted that glutathione levels change with the 

expression of MRP, and these changes in glutathione have been linked to induction of 

apoptosis (Hammond et a/., 2001). It has been previously demonstrated that inhibitors of 

MRPs cause an efflux of glutathione in MRP-expressing cells (Grech eta/., 1998) and it may 

therefore be the change in cellular glutathione which activate protein kinases and induce 
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apoptosis. The IVR C. elegans provide a good model to investigate this association in further 

detail. 

Although resistance in the IVR sublines was induced via drug exposure, t hey maintained 

resistance to the same concentrations of ivermectin following 3 months without the drug. 

How then is this resistance transferred from generation to generation? These IVR sub lines 

provide a model to investigate the heritable changes, including those outside the genome 

such as DNA methylation in resistant populations. In humans, there has been direct evidence 

of DNA methylation influencing MRP (Douet et a/., 2007) and P-glycoprotein expression 

(Baker et a/., 2005). It has been demonstrated that chemotherapeutic drugs can induce 

specific epigenetic modifications at the P-glycoprotein (MDR1) locus, in particular the 

density of promoter methylation has been inversely correlated with basal gene expression 

(Kantharidis et a/., 1997). There has also been evidence showing up-regulation could be a 

consequence of increased mRNA stability (Vague et a/., 2003). The precise mechanism for 

ABC transport protein up-regulation in the IVR C. elegans is unknown, and the significant up-

regulation of mrp-1 in both IVR sublines following the removal of ivermectin for 3 months is 

possible evidence for epigenetic changes at this locus. Future investigation of the changes 

leading to the up-regulation of gene expression would be of interest to elucidate the 

mechanism for the significant up-regulation of mrp-1 and the basis of the heritable 

resistance following 3 months without exposure to the drug. There has also been recent 

interest in single nucleotide polymorphisms altering the transport capacity of ABC transport 

proteins, particularly in humans (Brinkmann and Eichelbaum, 2001). It would be of interest 

to sequence the full length products of the ABC transport proteins in the IVR sublines to 

determine if there is a contribution to resistance by these polymorph isms. 

One limitation of this study was analysis of ABC transport protein expression was limited 

exclusively to gene expression. Similar to mammalian studies with ABC transport proteins 

there are considerable difficulties distinguishing between these extremely homologous 

multi-gene families at the protein level. There are commercially available monoclonal 

antibodies that react with particular MRPs and P-glycoprotein in humans specifically. 

However as many of the C. elegans MRPs are most homologous to HsMRP-1 and with so 

many P-glycoprotein homologues, it is not possible with the current reagents to distinguish 

between these. Unfortunately there are no monoclonal antibodies readily available which 
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specifically recognise each ABC transport protein, although future work would benefit from 

the development of these which would enable an accurate determination of protein 

expression and therefore contribution to resistance. Alternatively, there are some 

interesting recent developments in proteomics which may prove useful for determining the 

relative abundance of proteins directly using mass-spectrometry. One example is stable 

isotope labelling by amino acids in cell culture (SILAC) which has been adapted for 

mammalian and yeast cultures (Gruhler and Kratchmarova, 2008). Methods such as this 

could be adapted for the IVR C. elegans which could be fed SILAC f. coli for the 

determination of the relative abundance of specific ABC transport proteins in IVR versus 

Bristol N2 worms. 

Finally, the IVR C. elegans are also a good tool to screen for changes in other cellular 

response pathways not investigated in this study. There are many systems, such as the 

thioredoxin system, which are involved in cellular stress responses and have been linked to 

drug resistance in other organisms. These sublines will be a useful model to investigate the 

links between these pathways and their involvement in resistance in nematodes. 
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