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Introduction

Parasites of livestock cause serious economic losses, especially in countries where extensive
grazing management is practised. Many industries rely heavily on the effective chemically based
parasite control. Unfortunately the emerging resistance against anthelmintics has compromised
parasitic control in the sheep industries worldwide and in pig, cattle and horse industries in some
countries. Anthelmintic resistance against all classes of commercially available anthelmintics is a
problem in many parts of the world. In Australia the gastrointestinal parasites Haemonchus
contortus, Trichostrongylus colubriformis and Telodorsagia (Ostertagia) circumcincta are the
most important economic threat to the sheep industries.
Of the three main anthelmintic classes, the frequent use of Benzimidazoles (BZ), levamisole
(LEV) and macrocyclic lactones (ML) lead to an increasing development of resistance. The MLs
were the latest class introduced to the market, but resistance has already been reported. In order
to delay the appearance of resistance and to be able to develop new drugs, there is an urgent need
to understand the nature of underlying mechanisms of resistance.
The advance of molecular techniques has provided many tools for the understanding of biological
and physiological problems which are now used in several research and diagnostic applications.
The MLs are believed to act on glutamate gated chloride channels in the invertebrate system, but
the exact mode and site of action is still not fully known yet. Two main sites of action have been
discussed lately, the pharyngeal muscles and the somatic body muscles. Recent research also
indicates that nematode sensory organs play a role in the resistance process.
Most of the research in drug resistance of nematodes to the MLs has been done in free-living
nematodes or non-parasitic larval stages. Several detection methods were developed such as the
Egg Hatch Assay, Larval Development Assay and Larval Migration (Inhibition) Assay. For adult
parasitic stages experimental set-up such as the Muscle Transducer, the Micromotility Meter, the
Electropharyngeogram and patch clamp studies have been reported.
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The aim of this study is to use some of the techniques named above in order to compare the
physiological reaction of larval and adult stages of the three most important trichostrongyloid
nematodes in sheep to macrocyclic lactone compounds. Furthermore the focus lies on the
comparison of the reaction on two different sites, the pharyngeal and somatic musculature and the
direct comparison of the efficacy of ivermectin (IVM) and moxidectin (MOX)
The sensitivity to the drugs tested and the degree of resistance between susceptible and resistant
isolates of the same species might throw some light on the importance of the two different sites of
action.
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1. Literature Review

1.1. Parasitic nematodes in sheep

Nematode parasites cause economically important diseases in a range of different hosts. In the
sheep industry they are responsible for production losses in wool and meat industries and heavy
clinical disease leads to death.
More than 13 different genera of nematodes have been found in the sheep industry in Australia.
The major problem parasites are Haemonchus, Trichostrongylus and Ostertagia (Telodorsagia),
all members of the family Trichostrongylidae, order Strongylida. These parasites occur in sheep
globally and, depending on the local climatic conditions, different species predominate
regionally.

1.1.1. Trichostrongylidae
These roundworms are parasites of the gastrointestinal tract of vertebrates. They all have direct
life cycles (fig. 1.1), which are similar in all species and make the worms readily transmissible in
agricultural situations. For each the pre-patent period is approximately 20 days. Adult worms live
in the abomasum and the small intestine and the female worms lay eggs which are passed out into
the environment with the faeces. Under appropriate conditions, the eggs develop into first stage
larvae (L1), second stage larvae (L2) and finally into infective third stage larvae (L3).
When the infective L3 are ingested by a sheep during grazing they exsheath in the host to become
parasitic L3. These larvae migrate to their final location in the host’ s gastrointestinal system,
where they develop into L4 and then adult female or male worms.

1
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Fig. 1.1: The life cycle of worms
The following descriptions are from various authors including (LEVINE, 1968; GEORGI, 1985;
URQUHART et al., 1996).

1.1.1.1.

Haemonchus contortus

Haemonchus contortus (known as the Barber’ s pole worm or the large stomach worm) occurs in
nearly all subtropical and temperate areas of the world in the abomasum of ruminant livestock
and also in many wild ruminants. The female adult worms are 18-30 mm in length. The male
adult worms are 10-16 mm long and thinner than the females. They are slender worms with a
small buccal cavity, 3 lips and a slender tooth or lancet in the female. The vulva is in the posterior

2
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half of the body, covered by the vulval flap. The white ovaries wind spirally around the red
intestine, giving the characteristic barber’ s pole appearance.
These worms are a major problem in areas with hot and moist climates, but they can also live in
temperate regions with only seasonal rainfall. The worms suck blood from their host, causing
anaemia which first leads to production losses and can be rapidly fatal for the animal.
The main clinical signs of acute cases are anaemia, variable degrees of oedema, lethargy, dark
coloured faeces and woolbreak. Chronic cases show weight loss and weakness.

1.1.1.2.

Trichostrongylus colubriformis

Trichostrongylus colubriformis is also one of the most important parasites in domestic and wild
ruminants and is very common in sheep. It and related species of the genus occur throughout the
world in all climatic zones and live mainly in the anterior part of the small intestine. They are
hair-like worms, between 4 and 10 mm long, with a small buccal cavity and characterised by an
anterior excretory notch. The adult female worm is 6-10 mm long. The vulva is in the posterior
half of the body, a short distance behind the middle. The adult male worm is 4-7 mm long. The
shapes of their spicules differ between the species and are unequal, dark brown and ventrally bent
in T. colubriformis.
The worms cause scouring and therefore loss of production, but this only occasionally leads to
death. The main clinical signs in heavy infections are rapid weight loss and diarrhoea. Its
common name is “ black scour worm” . At lower levels of infection inappetence, poor growth
rates and soft faeces can be seen. Low-level infections may be difficult to distinguish from
malnutrition.
After ingestion, the L3 penetrate between the epithelial glands of the intestinal mucosa, forming
sub-epithelial tunnels and causing villous atrophy. These activities lead to malabsorption of
nutrients and fluid, enteritis (particularly in the duodenum) and the loss of plasma protein.
T. vitrinus and T. rugatus occur in other region and cause similar pathology.
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1.1.1.3.

Telodorsagia spp.

The two most important parasites of this genus in sheep are T. circumcinta and T. trifurcata that
inhabit the abomasum of ruminants. An alternative genus name is Ostertagia. They are widely
distributed across a range of climatic conditions. Telodorsagia are small, 7-12 mm long worms
with a brownish colour and a short buccal cavity. The female adult worms are 9-12 mm in length
with a vulva close to the posterior end. The vulval flap is variable in size and shape. The male
adult worms are 7-9 mm long with slender trifurcated spicules. They occur on the surface of the
abomasal mucosa and are only visible on close inspection.
They cause two different types of ostertagiosis, one mainly occurring in summer, the other in
winter. The worms cause chronic abomasitis and sporadically diarrhoea, leading to losses of
appetite, weight and production. Lambs are particularly affected. The most frequent clinical sign
is a marked loss of weight.
Immature stages enter the gastric glands and may arrest during development. Once they restart
development, they re-enter the abomasal lumen.

1.1.2. Diseases
Diseases caused by trichostrongyloid nematodes are especially common in grazing ruminants, but
horses and swine are also important host species. Although parasites need to be present for a
disease, many factors influence the severity of the disease. These factors are:
•

The type and the number of worms present

•

The general health and immunological status of the sheep

•

Host age (lambs are more susceptible)

•

Environmental factors such as weather, pasture type, stabling systems, and

•

Stress (e.g. induced by management procedures, poor diet or poor weather)
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Nearly all sheep are infected with parasites. Although they have some immunity to infections and
can regulate worm numbers to some extent, changes of the above factors can lead to an increased
number of worms and therefore to the outbreak of disease.
Although each worm species cause certain diseases in the host, simultaneous infections with
several species of worms is common and sheep show a mixture of clinical signs. These mixed
infections can exacerbate disease. Combined infection with T. colubriformis and Telodorsagia
spp. will be described after the general description of trichostrongylosis and osteragiasis.

1.1.2.1.

Haemonchosis

Haemonchus contortus infects the abomasum. In cases of acute haemonchosis, anaemia becomes
apparent about two weeks after infection. The pathogenic effects result from the inability of the
host to compensate the blood loss. Each worm removes roughly 50 µl of blood from the lesions.
An average infection contains of approximately 5,000 worms, so that a sheep may loose 250 ml
blood daily. In cases of a small amount of blood loss the host might be able to compensate it and
the infection is subclinical. In heavier infections (up to 30,000 worms), healthy sheep may die
suddenly from severe haemorrhagic gastritis (hyperacute haemonchosis). In tropical areas during
prolonged dry seasons sheep can continue to carry a small number of worms. Even a small
number can be sufficient enough to cause clinical signs such as weight loss, inappetence and
weakness, but don’ t result in marked anaemia (chronic haemonchosis).
The anaemia is characterized by a progressive and dramatic fall in the packed red cell volume. In
the first weeks of infection, the haematocrit usually stabilizes at a low level, but due to the
continual loss of iron and increasing inappetence it will fall further until death occurs. Loss of
plasma proteins can lead to an externally visible submaxillary oedema (‘bottle jaw” ).
The most often and most seriously affected animals are lambs and also older sheep under massive
stress.

5

Literature Review

______________________________________________________________________________

The diagnosis is based on clinical symptoms, supported by the history and faecal egg counts. In
post mortem examinations lesions can be seen on the mucosal wall of the abomasum.

1.1.2.2.

Trichostrongylosis

Trichostrongylus colubriformis infects the anterior small intestine. Trichostrongylus infections
are often asymptomatic, but when present in large numbers (i.e. over 10,000), these parasites
cause protracted watery diarrhoea, especially in stressed sheep in poor condition. The faeces
become dark green and stain the fleece in the hind quarter (“ black scours” )
The infective L3 penetrate between the epithelial glands of the mucosa with formation of tunnels
beneath the epithelium but above the lamina propria. These sub-epithelial tunnels contain the
developing young worms and rupture to liberate those 10-12 days after infection. This causes
considerable haemorrhage, oedema and plasma protein loss into the lumen of the gut. Leading to
general enteritis, the villi of the duodenal lumen become distorted and flattened, reducing the area
available for absorption of nutrients and fluids. Some resorption of proteins occurs in parts of the
small intestine not infected with worms.
In heavy infections erosion of the mucosal surface is apparent and diarrhoea occurs. This leads,
together with the plasma protein loss in the lumen of the intestine, to weight loss, production loss
and only occasionally to death.
The diagnosis is based on the clinical symptoms, seasonal occurrence and the post-mortem
examination (including worm counts). In the post-mortem examination of animals with heavy
infections, the lining of the intestine is swollen, shows blood spots and is covered with excess
mucus. The mesenteric lymph nodes are enlarged. Faecal egg count examination can be a useful
aid to diagnosis.
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1.1.2.3.

Ostertagiosis

In sheep Telodorsagia (Ostertagia) circumcincta and Telodorsagia trifurcata are responsible for
outbreaks of clinical ostertagiosis, particularly in lambs. Most commonly they lead to production
loss in the absence of an obvious disease with clear clinical signs.
In subtropical areas with winter rainfall, Ostertagiosis occurs primarily in late winter, in
temperate regions such as Europe it mainly occurs during the summer.
About 18 days after infection, the larvae start to emerge from the gastric glands. The developing
parasites cause a reduction in the functional gland mass. The parietal cells, which produce the
hydrochloric acid, are replaced by rapidly dividing, undifferentiated, non-acid secreting cells.
Initially these cellular changes only occur in the parasitised glands, but when the worms grow,
these changes spread over and surround non-parasitized glands.
Because of the reduction in acidity of the abomasal fluid, the pH increases rapidly, resulting in
the failure to activate pepsinogen to pepsin and so digest proteins. There is also a loss of
bacteriostatic effect and an enhanced permeability of the abomasal epithelium to macromolecules
such as pepsinogen and plasma proteins. As a result, a leakage of pepsinogen into the circulation
leads to increased plasma pepsinogen levels and together with a loss of plasma proteins into the
gut lumen.
The diagnosis can be based on the clinical signs of inappetence, weight loss and diarrhoea, the
seasonal occurrence, the plasma pepsinogen level, the post-mortem examination (if possible) and
worm counts. Post mortem examinations of animals with heavy infections reveals masses of
worms in the stomach. The wall is thickened, red and covered with fluid and whitish nodules.
Mixed infections of T. colubriformis and O. spp are more lethal than single species infections.
The problem of reduced nutrient intake, nutrient loss and nutrient diversion are amplified. In
particular, the plasma proteins, lost due to Ostertagia, cannot be resorbed because the effects of
T. colubriformis in the absorptive part of the small intestine.
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1.1.3. Epidemiology
Nearly all sheep in Australia are infected with some worms. Their effects on health and
production are mainly determined by the numbers present. The occurrence of high levels of
infections is due to several factors such as climatic zones, weather, pasture conditions,
development and survival of the free-living stages of worms and treatments (KOTZE, pers.
comm.).
In Australia the autumn is commonly the best time for survival and development of eggs of most
species. Temperatures and evaporation rates are moderate to low. In spring, rising temperatures
increase development and migration of larvae but usually the high temperatures of the following
summer result in low levels of contamination. These fate of summer contamination depends
highly on the rainfall – the less rain, the lower are the contamination levels.
H. contortus is relatively intolerant of low temperatures and desiccation. Development is mainly
restricted to spring, summer (provided that this season is not too dry) and early autumn. It is rare
in winter rainfall regions with prolonged dry summers. T. colubriformis tends to predominate
during summer in “ summer rainfall regions” and T. circumcincta larvae are most abundant on
pasture in late winter and early spring (ANDERSON et al., 1978a).

1.1.3.1.

Specific aspects in summer rainfall zones

The summer rainfall zones in Australia are located in the north of the continent, including the
Northern Territory (NT), Queensland (QLD), the northern half of Western Australia (WA) and
the north-eastern corner of New South Wales (NSW). With the exception of NSW there is only
little (in NSW) or almost no (in NT and WA) sheep industry in these areas.
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H. contortus is the most pathogenic species and occurs mainly in young sheep. In case of an
outbreak losses up to 30% can be assumed. T. colubriformis is also only important in lambs and
weaners, but losses in case of an outbreak are normally less than for H. contortus. T.
circumcincta is commonly found, but its pathogenic and economic importance is difficult to
quantify (ANDERSON et al., 1978a).

1.1.3.2.

Specific aspects in winter rainfall zones

The winter rainfall zones in Australia are located in the south of the continent, including Victoria
(VIC), Tasmania (TAS) and the southern regions of South Australia (SA), WA and NSW. The
highest density of sheep is found in south VIC, the very southern corner of WA, south-east SA
and south-east TAS.
T. colubriformis and T. circumcincta are the predominant causes of diseases in winter rainfall
regions. Death among young animals and production losses occur in all classes of stock.
H. contortus infections usually appear when the summer rainfall exceeded the average in wet
areas. Prevalence follows the trend of rainfall. They are usually low in summer, increase during
autumn and reach peak levels in winter (ANDERSON et al., 1978a).

1.1.3.3.

Specific aspects in uniform rainfall zones

The uniform rainfall zones in Australia are located in a small stripe from east to west in the
southern part of the continent. The main sheep farming region is NSW, especially the areas
around Sydney and Canberra.
The most common and economically most important parasites are T. colubriformis and T.
circumcincta. H. contortus is almost always present but mainly in moderate numbers. These only
increase and lead to severe cases of haemonchosis in regions and years with wet summers.
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In drier areas internal parasites are generally thought to be of little importance as a cause of
production loss. Sporadic outbreaks occur only in association with unusually high rainfall
(ANDERSON et al., 1978a).

1.1.3.4.

Prevalence of diseases

In all zones where sheep are farmed in Australia prevalence of worms of the three species H.
contortus, T. colubriformis and T. circumcincta is high, in areas of intensive farming up to 95 %
(KOTZE, pers. comm.).
The occurrence and outbreak of diseases are highly dependent on control schemes and treatment
of livestock and the annual rainfall conditions in the area. Up to date, control schemes and
anthelmintic treatments are able to satisfactorily control clinical haemonchosis and
trichostrongylosis, but emerging resistance in the field-isolates also increase the difficulty of
control.

1.1.4. Cost of disease, treatment and control
The control of gastrointestinal parasites is currently achieved through a combination of
chemotherapy and grazing management. The cost of anthelmintics and the attendant labour and
laboratory costs are only one component. There are also costs of production loss such as meat
loss, wool loss, weight loss, reduced fertility and mortality.
The costs caused by parasites in the Australian livestock industry are substantial, with the sheep
roundworms inflicting the greatest net cost. The production loss associated with current
roundworm treatment is significantly higher than the costs of the treatment itself. In the year
1995 it was estimated, that the production losses in Australia were around AU$ 141 million, the
costs for control approximately $ 81 million (see table 1.1.).
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Table 1.1.: Annual cost of major livestock parasites in 1994 ($million) (MCLEOD, 1995)

Cattle
Ticks

Sheep
Worms

Sheep
Lice

Sheep
Blow Fly

Control
• chemical
• labour
• other

7
20
14

55
26
-

31
44
39

11
115
4

Production loss
• meat loss
• wool loss
• reduced fertility
• mortality

63
28

19
81
41

55
-

14
5
12

Total cost

132

222

169

161

The biggest production losses appear in the areas with high rainfall, where these parasites find
optimum conditions for a rapid development. Due to the traditional frequent treatment with oral
anthelmintics, the development of anthelmintic resistance is a growing problem in these regions.
After the introduction of a newly developed strategic drenching program, farmers were able to
reduce their costs (by reduction of production loss and treatment cost) and therefore increase their
farm profits significantly (MCLEOD, 1995). But still, progress has been slow.

1.1.5. The anthelmintics
Anthelmintic drugs are commonly used for the control of parasitic infections. The
chemotherapeutic arsenal available for international use is large. They have been grouped
according to their chemical structures and modes of action (table 1.2).
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The first commercially used broad spectrum anthelmintic was thiabendazole, belonging to the
group of Benzimidazoles (BZ), which was introduced 1961 (BROWN et al., 1961). It was much
more efficient and less toxic than previous anthelmintics and became quickly accepted and
widely used. A range of substituted BZ’ s were introduced in the following years. They all had the
2-thiazolyl of thiabendazole replaced by 2-methyl-carbamate and a range of aliphatic and
aromatic side chains at the 5’ -position. The chemical structure of these compounds is shown in
figure 1.2. (ARUNDEL, 1985).
The benzimidazoles act by attaching to β-tubulin, preventing the polymerisation of microtubules
and so cause the disassembly of existing cytoplasmic microtubule structures (BORGERS et al.,
1975).

Fig. 1.2.: The chemical structure of a range of benzimidazole anthelmintics
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Table 1.2.: Major Anthelmintics and their mode of action
Class

Example of Anthelmintic

Mode of action

Benzimidazole

Thiabendazole

bind to -tubulin and

Albendazole

inhibit microtubule

Mebendazole

polymerisation

Oxibendazole
Oxfendazole
Imidazothiazole

Levamisole

act on nAChR as ACh

Pyrantel

mimics

Morantel
Bephenium
Macrocyclic Lactone

Ivermectin

activate GluCl receptor

Abamectin

channels

Doramectin
Milbemycin D
Moxidectin
GABA agonist

activate GABA-gated Cl-

Piperazine

channels
Salicylanilide

Closantel

shuttle protons across

Rafoxide

membranes

Oxyclozanide
Brotianide
Organophosphate

Naphthalophos

inactivate

Dichlorvos

acetylcholinesterase

Haloxon

(AChE)

Metriphonate (trichlorfon)
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Another group with broad-spectrum activity are the imidazothiazoles and tetrahydropyrimidines
comprising levamisole, pyrantel and morantel. They act as nicotinic agonists at acetylcholinegated cation channels and are therefore quick acting at neuromuscular junctions to cause muscle
contraction and paralysis of the parasite.
The macrocyclic lactones contain two main classes, the avermectins and the milbemycins. They
have a high potency against a broad spectrum of parasites. Ivermectin (IVM) was the first
compound to reach the market and was introduced in 1981. Macrocyclic Lactones are believed to
open glutamate gated chloride channels to increase the Cl¯ permeability and so paralyse the
parasite (ARENA et al., 1992; ARENA et al., 1995; PEMBERTON et al., 2001).
The organophosphates, naphthalophos, dichlorvos, metriphonate (trichlorfon) and haloxon have a
moderate broad-spectrum activity and can be a useful alternative in regions, where resistance to
the major other groups of anthelmintic occur. They act by inhibiting acetylcholinesterase
(AChE). This leads to increasing ACh levels and continual stimulation of the nerve ending,
causing a spastic paralysis (REW et al., 1986).
The compounds of the group of the substituted salicylanilides are mainly trematodical or
cestodical, but some are highly efficient against H. contortus. They are transported by the host
through binding the absorbed drug to plasma albumin, where it is available to blood sucking
parasites such as H. contortus. These drugs act by uncoupling oxidative phosphorylation,
lowering cytoplasmic pH and inhibiting glycolysis and, so, causing energy depletion
(ARUNDEL, 1985).
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1.1.5.1.

Administration and handling

Anthelmintics can be given in several possible ways; intramuscular and subcutaneous, intraruminal injections (in cattle) or oral administration (in sheep, horses, dogs, cats, birds). A variety
of preparations exist for oral treatment, such as paste, suspension formulations, feed and drinking
water medication. In sheep, oral administration is sufficient, simple and convenient. Dose rate
should always be calculated for the heaviest animal in the group. Oral administration via food or
water may allow cheaper mass treatments, but the differences in intake per individual animal
have to be kept in mind.
Treatment should be integrated with management practices wherever possible and compromise
must be reached between ease of administration and efficiency. It is important, that available
drugs are used judiciously and timing of administration is determined by the epidemiology of the
parasites in the region (ARUNDEL, 1985). Anthelmintic treatment can be broadly described
curative, suppressive or strategic
Curative anthelmintic treatments are given to kill the worms and treat the clinical signs of the
disease. One major disadvantage of curative control is that production losses will already have
occurred. Treatments are generally given in response to the signs of disease such as anaemia or
weight loss.
Suppressive anthelmintic treatments such as regular and frequent drenching programs initially
reduce the total number of parasites, increasing the production. In time, suppressive treatments
lead to selection of resistant alleles in the parasite population (MARTIN, 1985) and, eventually
clinically drug resistance.
Strategic anthelmintic treatment includes the infrequent use of anthelmintics planned to prevent
pasture contamination. The weather and temperature influence the timing. A strategic
anthelmintic treatment will vary in frequency and timing, be reffered to the climatic conditions of
the area, and be due to the parasitic situation in the area. Anderson et al. (ANDERSON et al.,
1978b) gave a description of the climatic zones and the epidemiology and control of parasite
species. There are numerous different recommended strategic control programs for various
regions. The preventive anthelmintic use is the most important of the strategic treatments and
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aims at reducing the contamination of the pasture. The intervals in treatment should be justifiable
economically, preventing the occurrence of clinical or subclinical diseases. They also should not
interfere with the development of an acquired immunity or support the development of resistance.
Integrated programs such as combining pasture management with anthelmintic use are a valuable
way of monitoring drug susceptibility.
Aspects of integrated control include:
•

The avoidance of entirely relying on anthelmintic treatment

•

Using as less drugs as possible and narrow-spectrum anthelmintics when possible

•

The use of dose rates which will achieve a complete kill

•

The use of anthelmintics of different groups in an annual rotation

•

Animal and grazing management

•

Parasite control by improving host immunity and nutrition

The basic concept of grazing management is to move susceptible animals off highly infected
pasture to “ clean” pasture. But Stocking rate, timing for parturition and weaning, use of fodder
crops, fodder conservation and choice of pasture also play important roles. The influences of
these factors have been reviewed by Morley (MORLEY et al., 1980). Michel’ s (MICHEL, 1985)
classification of the strategies of management as either being preventive, evasive or diluting were
reviewed by Ian Barger (BARGER, 1996).
Current research is focussing on intra-host regulation of worm populations, host-immune
response, target sites of the drugs and genetic manipulation.

1.1.6. Anthelmintic resistance
The regular use of anthelmintics can lead to anthelmintic resistance. It is especially likely to
occur if anthelmintics are the only form of control. Resistance against anthelmintics in Australia
was first described in the late 1960’ s and has become a growing problem since then. Other
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countries are also affected and anthelmintic resistance has become an increasingly serious
worldwide problem in the sheep industry (JACKSON et al., 2000; KAPLAN, 2004) as well as in
cattle and horses (KELLY et al., 1981; DONALD, 1983; KAPLAN, 2002; MCKELLAR et al.,
2004).
In the most important sheep nematodes, Haemonchus, Trichostrongylus and Telodorsagia,
resistance has been found widely in Australia (LOVE, 2002). The appearance of resistance
followed the sequence in which the broad-spectrum anthelmintics were released to the market for
commercial use. So, the first resistance were reported for phenothiazine, then for the
benzimidazoles, imidazothiazoles, followed by macrocyclic lactones (WALLER, 1985). Some
populations of H. contortus resistant to salicylanilides and organophosphate compounds have
also been reported (SANGSTER, 1999).

1.1.6.1.

Types of resistance

The following terms, frequently used in studies on anthelmintic resistance, were defined by
Prichard (PRICHARD et al., 1980).
-

Resistance: is present, when there is a greater frequency of individuals within a
population able to tolerate doses of a compound than in a normal population of the same
species. Resistance is a heritable character.

-

Side-resistance: exists, where the resistance to a compound is the result of selection by
another compound with a similar mode of action.

-

Multiple-resistance: occurs, when the same nematodes are resistant to two or more classes
of anthelmintics, either as a result of selection by each group independently, or as a result
of cross-resistance.

-

Reversion:

is a decrease in the frequency of resistant individuals in a population

following removal of a selecting agent.
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1.1.6.2.

Selection for resistance

Resistance is inherited. Initially, resistant alleles are rare in a population of worms. The treatment
with an anthelmintic usually removes the large majority of worms, but a small number of
survivors (drug selected worms) can remain. These survivors, who carry resistant genes,
contribute to the genetic pool in subsequent generations. If they reproduce and the progeny
survive, the level of resistance in the population will increase.
Continued anthelmintic treatment provides further selection and under environmental conditions
appropriate for worm survival, subsequent generations of worms will inherit more and more
resistance alleles leading to a more resistant population (MARTIN, 1985). This will reach a point
where treatment failure occurs.
When selected worms are the only survivors and there are few worms in untreated refugia
(refugia such as pasture during dry weather), resistance develops quickly. The following
definition of refugia was given by J. van Wyk (VAN WYK, 2001): proportion of the population
not affected by selection, e.g. free-living stages, worms in untreated animals.
Increased resistance is sometimes referred to as an increase in the frequency of resistant genes.
These genes may code for drug target sites or for proteins responsible for drug removal.

1.1.6.3.

Detection of resistance

In order to detect resistance, several tests have been developed. They can generally be grouped in
two categories – in vivo tests and in vitro tests.
In vivo tests include controlled tests involving treatment and slaughter of infected sheep. They are
expensive and require the use of many animals. This is also time consuming, taking a minimum
of a month to complete.
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A more common alternative is the Faecal Egg Count Reduction Test (FECRT), which is simple
and easy to perform. It relies on the principle, that faecal egg counts reflect adult worm numbers.
It involves the measurement of faecal egg counts before and after the treatment and the changes
in egg counts are calculated. These tests have a poor sensitivity and fail to detect low levels of
resistance (below 25% resistant alleles) and also provide a poor quantitative estimate of
resistance (MARTIN et al., 1989). Another disadvantage is, that some drugs, like ivermectin,
temporarily suppress egg laying (LE JAMBRE et al., 1995) so resistant worms appear to be
susceptible in routine testing.
Compared with the in vivo tests, the in vitro tests are less expensive, often more reproducible,
easy to perform and less time consuming (LACEY et al., 1990). Generally they require a single
sampling from the farm. In general they involve incubating one of the free-living stages of the
parasite in a range of drug concentration, then taking some measure of vitality which is then used
to generate a dose response value.
The first in vitro test, the Egg Hatch Assay (LE JAMBRE, 1976), was used for BZ’ s and
levamisole, but is unsuitable for avermectins and closantel. The drugs inhibit hatching of the eggs
and therefore further development.
The Larval Development Assay (LDA) is the most common system. Lacey (LACEY et al., 1990)
developed a LDA, which is available commercially as the DrenchRite® assay. Drugs inhibit
development from eggs to L3. These tests are described in more detail in section 1.4.2.1. and
1.4.2.2.
L3 motility assays are useful for detecting BZ and ML resistance. The larvae are incubated in the
presence of drugs and then motility is measured by electronic detectors (FOLZ et al., 1987),
migration through a sieve (SANGSTER et al., 1988) or by observation (GILL et al., 1991).
Potentially, the most sensitive methods for detection of resistance are genetic tests. The genetic
basis of resistance must be known in order to develop test systems. In case of the BZ’ s, the major
mechanisms of resistance are known and a PCR-based test has been developed (SILVESTRE et
al., 2000; HUMBERT et al., 2001).

19

Literature Review

______________________________________________________________________________

BZ resistant and susceptible strains differ on the molecular level by a single nucleotide change in
the codon for amino acid 200 of a -tubulin gene: a switch from TTC (phenylalanine) to TAC
(tyrosine) (KWA et al., 1994).
There are a range of recommendations on how to control and prevent anthelmintic resistance.
Strategic worm control programs incorporating grazing management have been developed and
research in the field of anthelmintic resistance is still going on. Understanding the mechanism of
resistance on a pharmacological level is one of the most important targets of the current research
and is the subject of this thesis – better understanding could lead to better diagnosis and
treatment.
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1.2. Biology of the nematodes

This study concentrates on nematodes from the superfamily of the Trichostrongylidae.
In describing nematode biology, the pig parasite Ascaris suum and the free-living nematode
Caenorhabditis elegans are used in examples because they have been more thoroughly studied.
The following is based on descriptions of various nematodes, including: (LEVINE, 1968; LEE,
D. L. et al., 1976; CROLL et al., 1977; WHARTON, 1986; BIRD et al., 1991).

1.2.1. Structure and function of nematodes
Nematodes are unsegmented, small worms, which are cylindrical in shape and bilaterally
symmetrical. The outer body wall, including the somatic muscles, encloses the pseudocoelom.
The pseudocoelom is filled with a fluid and surrounds the digestive tract and parts of the
reproductive system. This pseudocoelomic fluid exchanges nutrients and waste, transports
oxygen and is a component of the hydrostatic skeleton. In the body cavity, from the head to the
tail, are the buccal cavity, pharynx, intestine, rectum and cloaca (male), anus and the reproductive
organs. There are no circulatory or respiratory systems. The excretory system, which has
osmoregulatory functions, is H-shaped with variations between different species. The excretory
system reaches the outside through a duct and pore. In the head region, around the pharynx, there
is a nerve ring, from where nerves are connected via the nerve cords to posterior and anterior
ganglia.
The sexes are separate, with female nematodes usually being larger than the males.

21

Literature Review

______________________________________________________________________________

A

B

Fig. 1.3.: The nematodes, A: female T. colubriformis / B: female H. contortus

1.2.1.1.

Cuticle and epidermis

The outer body wall is composed of the cuticle and the epidermis (hypodermis), outside a layer of
somatic musculature.
The cuticle itself is an extracellular covering, defined as the exoskeleton of the nematode. It is
comprised of three zones (cortical, median, basal from the outside to the inside), which differ
from very simple to quite complex between genera, families and also within the species. It acts as
an antagonistic exoskeleton system to the longitudinal muscles. It may either be invaginated by
several openings or can have outgrowths. The openings occur at the amphids, mouth, buccal
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cavity, excretory or secretory pore, vulva, cloaca and anus. The outgrowths can occur as papillae,
spines, alae or setae.
Beneath the cuticle lies the epidermis, a thin layer, which may be cellular or syncytial, secretes
the cuticle and separates the muscles from the cuticle. The epidermis plays an important role
before and during the moulting process, containing energy reserves, enzymes and chemical
ingredients for protein and carbon hydrate synthesis. It protrudes into the pseudocoelom in the
mid-dorsal, mid-ventral, and lateral regions, forming the epidermal cords. These cords contain
excretory canals and nerves.
The cuticle, together with the epidermis is lined internally by the somatic muscles. This outer
structure of the nematode gives structural support, and is also an important tissue for nutrient and
waste transport and a protective barrier against harmful elements in the environment. The
permeability of these tissues is important for the transport of drugs into the worm. Together with
the pseudocoelum, which is filled with fluid and therefore forms the hydrostatic skeleton, it is of
great importance for movement, feeding and excretion.

1.2.1.2.

Digestive system

The digestive tract of the nematodes can be divided into three main regions, based on the function
and the embryological development. The first part is the stomodeum, including the mouth, lips,
buccal cavity, and pharynx. Six lips surround the mouth opening in the majority of the
nematodes. It is lined with cuticle and has regions, where glands open.
The buccal cavity is generally symmetrical and of a rudimentary shape in the majority of the
Trichostrongylidae. It connects the mouth with the proximal end of the pharynx. The various
different shapes and the absence or presence of teeth, lancets, stylets etc. within different species
reflect the method of feeding. H. contortus has a single lancet in its mouth. The details of the
muscular pharynx are described in section 1.2.2.
The intestine follows the stomodeum and is a simple tube connecting the pharynx and rectum
(intestinal-rectal valve). In most nematodes the intestine is composed of a single layer of
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epithelial cells. The lumenal face is covered of microvilli, projecting into the lumen of the
intestine. The function of the intestine is absorption of nutrients and secretion.
The third part is the proctodeum, including the rectum, anus and the male cloaca with its
associated structures, which is responsible for defecation. The rectum is lined with cuticle and
opens into the anus in female worms. In male worms the intestine opens into the rectum and leads
in the cloaca. There are between 3 and 6 rectal glands located dorsally, ventrally or sub-ventrally,
which open into the lumen of the rectum, but the functions of these are unknown. The female
anus and the male cloaca both open ventrally to the exterior of the body.

1.2.1.3.

Nervous system

The nervous system in nematodes is composed of the central and the peripheral nervous system,
accompanied by a range of sense organs.
In the anterior region of the nematode, the anterior nerve ring encircles the anterior pharynx.
Longitudinal nerves extend anteriorly and posteriorly. Anteriorly there are six small cephalic
papillary ganglia. Six papillary nerves run forward from the papillary ganglia to the head papillae
and have their sensory ending (dendritic fibres) in the cephalic sensilla. Two amphidial nerves
connect the amphids via the lateral ganglia. They run anteriorly from the lateral ganglia, whose
axons reach the nerve ring via the lateroventral commissures, the ventral ganglion and the
subventral nerve trunks.
Four ganglionic masses are associated with the nerve ring posteriorly: one ventral ganglion, one
dorsal ganglion and two large lateral ganglia. Four longitudinal nerves run posteriorly for most of
the length of the worm. They are connected to each other by commissures at intervals along their
length. The largest nerve is the ventral nerve, containing a chain of ganglia and a large number of
nerve fibres. Two sub-ventral nerve structures, arising from the ventral side of the nerve ring and
running inside the ventral epidermal cord are connected to the ventral nerve trunk.
The dorsal nerve emerges from the dorsal side of the nerve ring and runs inside the dorsal
epidermal cord. It is much smaller than the ventral nerve and contains only a few fibres and no
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ganglia. The lateral nerves contain four fibres, two coming from the nerve ring and two coming
from the lateral ganglion of each side. They run inside their respective lateral epidermal cord and
contain only a few ganglia.
Sublateral nerves run anteriorly and posteriorly in the sublateral cords. Two nerves processes are
in each of the cords in front of the nerve ring. Five processes are in the sublateral cords behind
the nerve ring. These move to a more lateral position in the middle of the nematode, where most
of them terminate.
Along the body, commissures connect the nerves at regular intervals. In the posterior region the
ventral nerve splits into two parts. The two processes branch off to encircle the rectum or cloaca
with the rectal ganglion and terminate at the pre-anal-ganglion. A pair of lumbar ganglia is
located in the paths of the two lateral nerves. Posterior from the lumbar ganglia, two phasmids
run into the region of the tail. A diagrammatic structure of the nervous system of Ascaris suum as
an example is shown in fig. 1.4.
The peripheral nervous system is mainly located in the anterior region of the worm. It is a netlike
structure of several peripheral nerves, connected by commissures. There is one dorsal nerve,
splitting into two dorsodorsal nerves near the anterior end and two lateral nerves (a dorsolateral
and a ventrolateral). These are also connected via commissures.
The peripheral nervous system is believed to connect to the central nervous system and some
sense organs, coordinating the impulses from them.
The nerve ring with its associated nerves and ganglia is the coordinating centre of the nervous
system, mainly responsible for the locomotion. The ventral nerve has motor and sensory function,
the dorsal nerve has a motor function and the lateral nerves are mainly sensory.
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Fig. 1.4.: Diagrammatic structure of the nervous system of Ascaris.
A: The nervous system viewed from the ventral side. From Bullock and Horridge (BULLOCK et
al., 1965).
B: the serotoninergic (green) and FaRPergic (red) pharyngeal nervous system from the ventral
side / ANN, anterior nerve net; ANP, anterior nerve plexus; ANR, anterior nerve ring; DPN,
dorsal pharyngeal nerve; LPN lateral pharyngeal nerve; PC, pharyngeal commissure; PNP
posterior nerve plexus; PNR, pharyngeal nerve ring. (FELLOWES, 1999).
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1.2.1.4.

Sense organs

The sense organs (sensilla) are important structures of the nematode nervous system and there are
several of them along the length of the body. They are believed to be chemosensory,
thermosensory, photosensory or mechanosensory and respond to stimuli such as chemicals,
temperature, light and touch, respectively.
The thermosensory and chemosensory neurons in the free living nematode C. elegans have been
identified and their functions determined by several researchers (WARD et al., 1975; LEWIS et
al., 1977; WRIGHT, 1980, 1983; PERKINS et al., 1986; BARGMANN et al., 1991;
BARGMANN et al., 1993; MORI et al., 1995). C. elegans is often a useful model to study and
compare the neuroanatomy of other nematodes.
(sc) socket cell;
(c) cuticle;
(sh) sheath cell;
(dp) dendritic processes;
(tj) tight junctions;
(cn) ciliary necklace;
(a) axon;
(s) synapse.
(n) neuron

Fig. 1.5.: Diagram of a generalized sensillum in a nematodes head. From Ashton et al. (ASHTON
et al., 1999)
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Sensilla
In the anterior region of the nematode are generally four different types of cuticular sensilla.
These are arranged in three circles plus a pair of laterally located amphids. Six inner labial
sensilla are arranged in a roughly six-fold symmetry around the mouth, six outer labial sensilla
are located directly on the outer surface of the anterior labia. These sensilla are thought to be
chemosensory. Four submedial cephalic sensilla are arranged around the head of the nematode
and thought to be mechanosensory. In addition there are the paired amphids on each side of the
head.
The generalized sensillum (fig. 1.5.) is composed of three cell types. Two are glial cells and the
third cell, which consists of one or more bipolar sensory neurons (WRIGHT, 1980).
The first glial cell is named the socket cell, connects the sensillum to the cuticle and forms the fist
part of the channel. The cuticle is the interface between the worm and its environment and plays a
major role in the functioning of the amphids. The second glia cell is named the sheath cell. It fits
into the collar of the socket cell and extends the channel posteriorly. This sheath cell may have
secretory function and was in earlier work described as the amphidial gland (MCLAREN, 1974).
The sheath cell and the socket cell are connected via tight junctions.
The dendrites of the sensory neurons penetrate the base of the sheath cell. They extend from their
cell bodies in the ganglia near the nerve ring. Each dendrite usually forms a ciliated process,
which terminates in the channel.
Amphids
Amphids are the largest of the sensilla and have the most complex structure of all (fig. 1.6.).
Their size and form vary among nematode species.
The socket cell of the amphids forms a pore on the antero-lateral surface of the head. These pores
allow a close contact with the outer environment and therefore the detection of thermal and
chemical cues (ASHTON et al., 1996; ASHTON et al., 1999; LI et al., 2000b; LI et al., 2001).
Each amphid is innervated by a variable number of neurons, differing from species to species.
These neurons have their cell bodies located in the lateral ganglion, posterior to the anterior nerve
ring. Two of these neurons are not running in the amphidial channels and are highly specialized.
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The, wing cell, a flattened amphidial neuron, detect volatile odorants. The finger cell, a digitiform
amphidial neuron is primary thermosensory (ASHTON et al., 1999).
Depending on the species, varying numbers of dendritic processes are found in the amphidial
channel. The very different structure of these processes suggests that they each have a specific
function.
The amphidial neurons in H. contortus have been studied in detail by Ashton (ASHTON et al.,
1999) and Li (LI et al., 2000a; LI et al., 2000b). Although there are some structural differences,
the position of the cell bodies in H. contortus is remarkably similar to C. elegans and the
hookworm Ancylostoma caninum. In H. contortus, each amphid is innervated by 12 neurons. The
ciliated dendritic processes of ten neurons lie in the amphidial channel. Three of the ten neurons
end in double dendritic processes, seven in single ones. There are thirteen processes in the
channel. H. contortus has a prominent finger cell (thermosensory) and wing cell (chemosensory).
In the posterior region of the tail, the main sense organ is a pair of phasmids, while in other parts
of the body several different sensilla have been found: paired papillae on the ventral surface of
the genital region, sensory components in the male spicules, pharyngeal sensilla in the pharyngeal
enteric system, and somatic sensilla, occurring as papillae, setae or body pores throughout the
length of the body.
The amphids play an important role in thermotaxis and chemotaxis and also may be implicated in
IVM resistance. Freeman (FREEMAN et al., 2003) compared the amphidial structure of
ivermectin-resistant and susceptible laboratory and field isolates of H. contortus and found
remarkable differences. The amphidial structure in the resistant strains was abnormal. Most cilia
appeared to be shorter and also fewer cilia were present. In the laboratory resistant strain,
identification of most neurons was very difficult indicating a change in architecture. Although the
exact site of action of ML’ s still remains unknown, these results suggest, that the amphids play an
important role in the process of resistance.
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Fig. 1.6.: Diagram of a generalized amphid (modified from WARD et al., 1975).
As in other sensilla, the socket cell connects the amphid to the cuticle and the cuticle extends into
the channel formed by the closing ring at the tip of the socket cell. The sheath cell (sh) is
connected to the socket cell (sc) via tight junctions (tj). The glandular function is indicated by the
presence of secretory granules (sg) and secretory ducts (sd). The dendrites (d) of sensory neurons
enter the base of the sheath cell. The base of the sheath cell is sealed by tight junctions around
each dendrite. In different nematode species varying numbers of neurons form ciliated dendritic
processes (dp), some single, some double. They lie in the amphidial channel and extend forward
nearly to the amphidial pore. In addition, one or more wing cells (wc) enter the amphidial
channel, but leave it to end within the cytoplasm of the sheath cell. These dendrites are indirectly
exposed to the external environment. A finger cell (fc) also terminates within the sheath cell
cytoplasm, which is not directly exposed to the external environment.
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1.2.1.5.

Reproductive system

The female reproductive system has one or usually two tubular ovaries, rarely more. The ovaries
are blind sacs and are connected to the uterus, which terminates in a vaginal opening or vulva.
The position of the opening on the ventral surface varies between the species and may be
anywhere between the near anterior and posterior end. The uterus and the vagina in animalparasitic nematodes have strong musculature to be able to eject eggs efficiently (ovijector).
The male reproductive system generally has one testis and sometimes a vas efferens that leads
from the testis to the seminal vesicle, where the sperm are stored. The vas deferens is the longest
part and leads from the seminal vesicle to the cloaca. Dorsal to the cloaca there is a pouch, the
spicule pouch (or Bursa copulatrix), which contains one or two copulatory spicules. This pouch
(bursa) consists of two prominent lateral and one smaller dorsal flap. These flaps and the spicules
are formed of cuticle and differ greatly in their structure between the species.

1.2.2. The pharynx
The structure and function of the pharynx can be extremely diverse between the different species
and different developmental stages of these species. These differences in morphology reflect the
diet and feeding behaviour of the nematode and are often characteristic for the family. Besides
these differences, the pharynges of all nematodes share several common properties.
The pharynx is a cylindrical structure connecting the buccal cavity and the remainder of the gut.
The lumen is triradiate, lined with cuticle and the whole pharynx is generally divided into
anterior muscular and posterior glandular parts. This muscular pumping organ contains glands,
radial muscles and grinders. Valves prevent food regurgitation. Its functions are to ingest,
concentrate and process the food before pumping it into the intestine.
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1.2.2.1.

Anatomy of the pharynx

In parasitic sheep nematodes, the pharynx undergoes morphological developments and
mechanism changes to adapt to changes in the environment and physiological needs during their
life cycles. Accordingly, the mechanism of pharyngeal pumping can change over the different
developmental stages.
The pharynx of nematodes can be composed of three parts: the anterior corpus, the median
isthmus and the posterior bulb. The corpus may be further divided into an anterior procorpus and
a posterior metacorpus. Throughout the groups of nematodes one, two or all regions are present
(see Fig. 1.7.).
The one-part pharynx is uniformly cylindrical and narrow. It is known as the filariform pharynx
and found in many genera of nematodes and adult stages of the Trichostrongylidae.
The two-part pharynx has a corpus and an isthmus. The corpus may or may not be separated from
a procorpus by an isthmus. The procorpus can be muscular and glandular swollen to from
muscular bulbs. This pharynx is known as the strongyliform pharynx and can be found for
example in Ascaris spp.
The three-part pharynx is the most complete form with all three regions well defined. The
isthmus separates the corpus from the posterior bulb, which contains the pharyngeal glands. The
corpus may be divided in an anterior procorpus and a posterior swollen metacorpus (also called
median bulb). This pharynx is known as the rhabditiform pharynx. It is also commonly found in
L1 stage of many nematodes, which do not have a rhabditiform pharynx in their adult stages.
Another type of pharynx, quite different from the ones described above, is the trichurid pharynx.
It is build of a row of cells (stichosome), partially or completely enclosing the pharynx. The
lumen is more or less collapsed and enclosed by tubular cells.
There are three glands associated with the pharynx. One is located dorsal and opens near the
anterior end of the pharynx. The other two are subventral glands and open more posteriorly in the
pharynx. These glands secrete substances into the passing food, which assist the passage or may
contain digestive enzymes.
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The pharynx is linked to the intestine by a pharyngeal-intestinal valve, which is also lined with
cuticle. This is the point the cuticular lining of the pharynx ends. This valve is not a “ true” valve,
because there is no sphincter muscle to close it (WHITE, 1988).

Fig. 1.7.: The types of nematode pharynges: A. rhabditiform, B. strongyliform, C. filariform, D.
trichurid (CHITWOOD et al., 1950).
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1.2.2.2.

Muscular structure and innervation of the pharynx

The pharynx has been considered as a self-contained neuromuscular system, which is connected
to the central nervous system via two interneurons. It has been best studied in the free-living
nematode C. elegans (ALBERTSON et al., 1976) and the pig parasite Ascaris suum (DAVIS et
al., 1992).
In C. elegans the pharyngeal system is comprised of 20 muscle cells, 9 marginal cells, 9 epithelial
cells, 4 gland cells and 20 nerve cells. Some of these cells may be multinucleated.
The 20 muscle cells are located in 8 layers from anterior to posterior: 3 layers in the procorpus, 1
in the metacorpus, 1 in the isthmus and 3 in the terminal bulb (WHITE, 1988).
The anterior margin of the pharyngeal lumen is ringed by the 9 epithelial cells. Posteriorly, the
marginal (supportive) cells are attached to each apex of the triradiate lumen and delineate the
dorsal and two subventral muscle sectors (BIRD et al., 1991). In the dorsal sector there are the
dorsal nerve trunk and its accompanying gland duct. In the subventral sectors, the subventral
glands lie adjacent to the subventral nerve cords.
The pharyngeal muscles differ from the body muscles, because the nerves directly synapse with
them. They receive synaptic inputs from around 20 pharyngeal neurons.
The pharyngeal nervous system controls the action of the pharyngeal muscles by several
neurotransmitters. How this control is organised and the detailed effects of transmitters is still
unclear.
The pharyngeal nervous system of C. elegans is made of up to 20 nerve cells, consisting of 7
motor neurons, 8 interneurons and 5 referred to as other neurons. Two of these are believed to
include two neurosecretory motor neurons. One just anterior to the nerve ring and the other two
are present as marginal cell neurons along the isthmus. The function of four neurons has been
studied in detail:
The Marginal Cell Neuron (MC) controls the initiation of pharyngeal pumping, the frequency and
probably uses ACh as a neurotransmitter. Motor neuron 3 (M3) controls the timing of pharyngeal
relaxation and uses glutamate as a neurotransmitter. The fourth motor neuron (M4) controls the
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peristalsis of the isthmus and the neurosecretory neuron in the anterior region detects the
presence of food, using 5-HT as a neurotransmitter (AVERY et al., 1997).

1.2.2.3.

Pharyngeal pumping

The special neuromuscular structures of the nematode pharynx described above, generate
pumping during feeding. This is necessary to carry the food from the mouth to the intestine. The
mechanism of ingestion has been studied in great detail in C. elegans by several researchers.
Generally, the contractions of the pharyngeal muscles dilate the lumen of the pharynx. This
causes a decrease in the pharyngeal pressure and so food is sucked in. The following rapid
relaxation of these muscles causes an increase of the pressure. When this is sufficient to
overcome the high internal hydrostatic pressure in the body, which keeps the intestine collapsed,
the pressure pushes the food towards the pharyngeal-intestinal valve.
According to different environments and physiological needs, each pharyngeal pump is
composed of one or more sequential stages. The pumping rates also differ within the species and
developmental stages of the nematodes.
The electrical events associated with the contractions of the pharynx can be measured.
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Table 1.3.: The pharyngeal pumping rates of different nematode species in their different stages
(SONG, 2003).
Stage

Pumping rate
(pumps/min)

T. colubriformis:
L1
L2
L3
L3 exsheathed
L4 anterior pharynx
Adult anterior pharynx

73.8+-11.0
13.8 +- 1.5
0.00
0.00
55.8 +-43.1
180.0 +-13.3
128.0 +-18.0

C. elegans (adult)
H. contortus (adult)
Ancylostoma caninum (adult)

90.0 +-12.4
200-300
120-250

In C. elegans it is believed, that the pharyngeal pumping consists of three or more stages. Avery
and Horvitz (AVERY and HORV'
ITZ, 1989) recorded the electrical events of pumping using
extracellular techniques. They established laser ablation and found that MC and M4 had
significant effects on the function of the pharynx.
Pharyngeal pumping consists of three linked steps, the sensory stimulation, the reaction of the
pharyngeal nervous system and the subsequent action of the pharyngeal muscles. The sensory
stimulation can come from different environmental signals such as pH, temperature, pressure,
chemicals, light, position or food, is probably detected by amphidial sensory organs and sent to
the pharyngeal nervous system. The pharyngeal nervous system responds to the signals by
releasing neurotransmitters and neuropeptides, which then act on the receptors of nerve or muscle
cells.
The rates of pharyngeal pumping in nematodes are known to be partly controlled by serotonergic
and neuropeptinergic inputs (BROWNLEE et al., 1995b).
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Several anti-parasitic drugs act on the same receptors as the neurotransmitters, causing significant
physiological changes in the pharyngeal pumping.
Glutamate is the best-studied neurotransmitter in the pharynx of the nematodes. It is an important
inhibitory transmitter, acting on GluCl receptors. Glutamate is released by M3 neurons of C.
elegans (DENT et al., 1997; LI et al., 1997) and acts on the pharyngeal muscle by opening Clchannels. This leads to hyperpolarisation of the nerve cell membrane and finally inhibits
pumping. The anthelmintic class of ML’ s is believed to bind to the same receptor (GluCl).
GABA is the major inhibitory neurotransmitter in the somatic body musculature in nematodes.
But its role in the pharyngeal muscles remains unclear. It has been found to inhibit pharyngeal
pumping in A. suum, (BROWNLEE et al., 1995b; BROWNLEE et al., 1997). In contrast, GABA
and its agonist piperazine show excitatory effects on pharyngeal pumping in T. colubriformis
(SONG, 2003). McIntire (MCINTIRE et al., 1993b) suggest, that GABA acts on cation channels,
mediated by outwards Cl- conductance. This could indicate that GABA could be an excitatory
neurotransmitter in the pharyngeal muscles, acting on GABA-gated Cl-channels.
The role of ACh is unclear. Pharyngeal pumping initiated by ACh had a faster onset and shorter
effect. Pharmacological and genetic data from Avery and Thomas (AVERY and THOMAS,
1997) suggest that ACh is a neurotransmitter for MC neurons, which control the initiation and the
rate of pumping in C. elegans. The findings of Song (SONG, 2003) in T. colubriformis support
this hypothesis. ACh is the major excitatory neurotransmitter in the somatic body musculature in
nematodes, but appears to have a biphasic effect in the pharynx muscles (SONG, 2003). An
initial excitatory effect is followed by the inhibition of pumping. Similar effects have also been
seen in the ovijector, another muscular organ. The explanation for the biphasic effect of ACh
could be that: 1. ACh acts on different types of receptors or 2. that the receptor/mechanism in the
pharyngeal muscle is pharmacologically different from the receptor/mechanism in the somatic
muscle (SONG, 2003). In C. elegans both, nicotinic and muscarinic receptors are believed to be
involved in the action of ACh (AVERY et al., 1990). Further it is presumed, that the putative
nicotinic receptor in the pharyngeal muscle is pharmacologically and genetically different from
the receptor in the somatic body muscles. Song (SONG, 2003) also suggests for T. colubriformis,
that the whole nicotinic pharmacology, including mechanisms and receptors is complex and
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totally different to that in somatic muscles. The main effect of ACh is inhibitory, but there is an
interesting initial excitatory effect, seen at low concentrations (10-5 M to 10-6 M) as a quickly
induced excitatory peak. It is likely, that at low concentrations ACh acts on nicotinic receptors to
initiate pumping. At higher concentrations ACh probably starts to act on muscarinic receptors,
causing permanent excitatory action, which leads to inhibition of pumping.
The inhibitory effect is significantly reduced in LEV-resistant worms, because they are less
sensitive to cholinergic drugs. ACh and LEV both cause inhibitory effects in the pharynx.
Once dissected from the body the pharynx will continue pumping. The pharynx of starved C.
elegans will pump in the absence of food under conditions, in which well-fed worms do not
pump (MUNN and MUNN, 2002). Furthermore, starved worms do respond to lower
concentrations of food than fed worms do (AVERY and HORVITZ, 1990).

1.2.3. The somatic muscles
The somatic muscles are grouped into four bundles, lying between the epidermal cords where
they from a single layer of longitudinally orientated cells. The numbers of these rows vary. If
only up to 4 of 5 rows are present between the cords, the musculature is called meromyarian. A
large number of rows are known as polymyarian. Members of the family of Trichostrongylidae
contain both types of musculature.
The muscle cells are all spindle-shaped, mononucleated and attached to the hypodermis along its
whole side (LEVINE, 1968). Each cell consists of three parts:
-

A contractile filament lattice (spindle) made up of regularly arranged thin and thick
myofilaments

-

A non-contractile body, containing nucleus and cytoplasm, which projects into the
pseudocoelom

-

One or more processes, that extend from the cell body either to the ventral or dorsal nerve
cords, where it makes synaptic connections with the motor neuron
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The shape of the contractile part groups the cells into one of three types. If the shape of the
contractile part is wide and shallow and lies close to the epidermis, it is known as platymyarian.
Where the contractile part extends up the sides of the muscle cell in an U-shape and partly
surrounds the sarcoplasm, it is called coelomyarian. If the striated muscle fibres surround the
sarcoplasm completely it is termed circomyarian. These types of musculature can change within
the same species during the development of the nematode.
The connection between muscle cells and the nervous system are different from those in
mammalians. The process from the muscle cell synapses with the neurons in the nerve cords,
instead of neurons sending out processes, which connect with the muscles as in most other
animals. Fig. 1.8 shows a diagrammatic structure of the body wall and nerve-muscle connection.
The non-contractile part of the muscle cell extends to the neural tissue and makes the synaptic
contract on the surface.
The muscle body region (sometimes referred to as the “ bag” ) has neurotransmitter receptors on
its surface and may respond to neurotransmitters, released into the surrounding intercellular
space.
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Fig. 1.8.: Diagrammatic structure of the body wall and nerve –muscle connection in nematodes.
Modified from del Castillo et al. and Lee & Atkinson (DEL CASTILLO et al., 1964a; LEE and
ATKINSON, 1976).
The somatic muscle cells within a quadrant may be interconnected in a syncitical-like structure,
and muscle-to-muscle connections have also been reported between cells in different quadrants.
One cell may also send processes to different structures (LEVINE, 1968), so it can connect, for
instance, both to the sublateral and the dorsal nerve cords.
The nematodes move by undulatory propulsion, when muscular contraction acts against the
hydrostatic skeleton. In the body region, dorsal muscle cells are only connected to the dorsal
nerve cord and ventral muscles are only connected to the ventral nerve cord. Therefore

40

Literature Review

______________________________________________________________________________

contraction is only possible in the dorso-ventral plane as a sinusoidal motion. If the muscles in
the dorsal region contract, the ventral ones relax and the other way round. This results in forward
locomotion from backward travelling waves.

1.2.4. Neurophysiology and Neurotransmitters
There are about 250 (Ascaris spp.) to 302 (C. elegans) neurons present in these nematodes, which
can be classified into 118 types. Connections within the nervous system via chemical synapses or
gap junctions have been described in detail (ALBERTSON et al., 1976; WHITE et al., 1976;
WHITE et al., 1986). Each neuron can be connected to others by just one or up to 30 different
synaptic contacts. The entire nervous system is believed to have nearly 5,000 chemical synapses,
600 gap junctions and 2,000 neuromuscular junctions (LEE, 2002). Neurotransmitters are
necessary for communication between the neuron-neuron and neuron-muscle junctions and
therefore for the modulation of muscular activities. They are small molecules, which are
synthesized and secreted in the nervous systems of the animal. In nematodes the
neurotransmitters can be grouped in:
biogenic amines (Serotonin, Octopamine, Dopamine etc.)
amino acids and relevant chemicals (Glutamate, GABA)
gases (nitric oxide, carbon monoxide)
Acetylcholine
Adrenaline and Noradrenaline
peptides (FMRFamide-related peptides etc.)
The transmitters known as the classical transmitters in nematodes are listed in table 1.4.
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Distribution

Excitatory motor neurons

Inhibitory motor neurons and
interneurons;
CNS, ENS and cephalic region

Interneurons and pharynx
M3 motor neurons;
ENS

Pharynx neurosecretory
neurons
Pharyngeal nervous system
Motor neurons in male tail

not known

Neurons associated with
mechanosensory components in
head and tail regions

Transmitter

Acethylcholine

-aminobutyric acid
(GABA)

Glutamate

5-hydroxytryptamine

Octopamine

Dopamine

Table 1.4.: classical neurotransmitters in nematodes
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inhibitory

inhibitory

inhibitory

inhibitory

inhibitory

excitatory

Somatic muscle

inhibitory effect on
A.suum; but
stimulatory effect on
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1.2.4.1.

Acetylcholine

Acetylcholine (ACh) is an excitatory neurotransmitter. It is synthesized by the enzyme cholineacetyltransferase, hydrolysed (inactivated) by the enzyme acetylcholinesterase. ACh is secreted at
synapses and at the muscle end plate, including somatic, pharyngeal and female reproductive
muscles. The nerves, secreting ACh are referred to as cholinergic.
Acetylcholine has been identified in A. suum (MELLANBY, 1955) and several other nematode
species (LEE, D. L. et al., 1976). ACh excites the somatic muscle cells by depolarising and
increasing the input of conductance. The pharmacology is mainly nicotinic but may also involve
the action of muscarinic receptors (COLQUHOUN et al., 1991). The nicotinic ACh receptors are
ligand-gated ion channels, located on postsynaptic membranes on the neurons and the muscles
(MARTIN et al., 2001). The receptors found on the neurons are different to the those found on
the muscles (MARTIN, 1993). There are several subtypes of nicotinic ACh receptor/ion
channels. Two subtypes have been reported in C. elegans, one nicotine-sensitive and one
levamisole-sensitive (RICHMOND et al., 1999). In A. suum three subtypes, nicotine-,
levamisole- and bephenium-sensitive receptors have been reported (ROBERTSON et al., 2002).
In pharyngeal muscles ACh regulates pharyngeal pumping and acts on nicotinic and muscarinic
receptors. Its action are to both, excite and inhibit pharyngeal pumping, respectively (AVERY et
al., 1990), so it has a biphasic effect. In the vagina vera of A. suum ACh has a similar biphasic
effect suggesting both, nicotinic and muscarinic receptors exists (FELLOWES et al., 2000b).
The imidazothiazole anthelmintics, e.g. levamisole and pyrantel (a tetrahydropyrimidine) act on
the nicotinic ACh channels. They are more potent agonists at the ACh-receptor in nematodes than
at vertebrate nicotinic receptors, where they have only weak nicotinic effects (AUBREY et al.,
1970;

EYRE,

1970).

At

high

concentrations,

levamisole

and

pyrantel

inactivate

acetylcholinesterase. The selective action of these drugs made it possible to use them as effective
anthelmintics, killing the nematode but not affecting the host.
The organophosphate

compounds,

including dichlorvos, naphthalophos, haloxon and

metriphonate also inactivate acetylcholinesterase, so allow ACh to accumulate and act as
cholinesterase antagonists. The cholinesterases of nematodes are different to the ones of their
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mammalian hosts, so they are selective and effective target sites for anthelmintics without
harming the host.

1.2.4.2.

Glutamate

Glutamate is an important neurotransmitter in nematodes, especially in the pharyngeal muscles. It
is released by M3 neurons in the pharyngeal muscle of C. elegans (DENT et al., 1997; LI et al.,
1997). A glutaminatergic signalling system is also present in the DE2/D1 motor neurons and their
presynaptic partners (DAVIS et al., 1996).
Activation of glutamate gated Cl- channels (GluCl) leads to hyperpolarisation and paralysis of
muscle cells (MARTIN, 1996). It also inhibits pharyngeal pumping (BROWNLEE et al., 1997)
and the activity of the muscles in the vagina vera of A. suum (FELLOWES et al., 2000b).
Glutamate receptors have been located in the nematode nervous system (DAVIS et al., 1996) and
in the pharyngeal muscles (MARTIN, 1996). The GluCl channels were first recognized by
expression of a glutamate-gated chloride current, sensitive to AVM, in Xenopus oocytes injected
with C. elegans RNA (ARENA et al., 1991; ARENA et al., 1992). A family of five GluCl
subunit genes encoding seven subunits has been identified in C. elegans. Three of these genes
encode GluCl α subunits and confer to IVM sensitivity (CULLY et al., 1994; DENT et al.,
2000). The GluCl receptors are formed from α and β subunits. When expressed in Xenopus
oocytes GluCl 1 and GluCl 1 subunits form homomeric as well as heteromeric channels. It is
assumed, that 5 GluCl subunits come together to produce the GluCl ion channel, but the
stoichiometric arrangement has not been determined yet. Glutamate gates the channel by binding
to the -subunit. When expressed in Xenopus oocytes, these channels appear not to be sensitive to
IVM. Channels formed by the GluCl -subunit instead are sensitive to IVM but not to glutamate
(CULLY et al., 1994). There is raising evidence, that the
mechanism of resistance (BLACKHALL et al., 1998b).
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The anthelmintic class of macrocyclic lactone anthelmintics acts on the GluCl receptors to affect
the nematode. Avermectins appear to activate a glutamate-gated chloride conductance. This
current is directly activated by avermectin and low concentrations of avermectin potentiate the
glutamate response. IVM also binds with high affinity to membrane preparations of H. contortus
and other species (ROHRER et al., 1994; HEJMADI et al., 2000).
The macrocyclic lactone anthelmintics inhibit pharyngeal pumping of H. contortus and T.
colubriformis (BOTTJER et al., 1985; GEARY et al., 1993; KOTZE, 1998; SHERIFF et al.,
2002a). GluCl channels are expressed in several tissues. In C. elegans and A. suum the channels
appear to be present in pharyngeal tissue and also in a few neurons of the head and in some
ventral motor neurons (DENT et al., 1997).
Rohrer (ROHRER et al., 1990) identified a glutamate binding protein in H. contortus and
Cheeseman (CHEESEMAN et al., 2001) cloned three genes encoding GluCl subunits. Two of
those are clearly orthologous to some of the genes in C. elegans.

1.2.4.3.

γ-aminobutyric acid (GABA)

In the somatic muscles of nematodes, GABA is the major inhibitory neurotransmitter (DEL
CASTILLO, 1989). It is synthesised from glutamate in a single step by the enzyme glutamic acid
decarboxylase (GAD) in C. elegans (MCINTIRE et al., 1993). GAD has been detected in the
nerve cord of Ascaris spp. (CHALFIE et al., 1988).
GABA is present in 26 neurons in C. elegans (MCINTIRE et al., 1993b).
In A. suum, GABA is present in the dorsal and ventral nerve cords, the pharyngeal nerve ring, the
lateral pharyngeal nerve cords and in the cephalic and the tail region (GUASTELLA et al., 1991;
FELLOWES et al., 2000a).
Functional GABA receptors are located at the syncytium (DEL CASTILLO et al., 1964) and
extrasynaptically over the surface of the rest of the cell, including the bag region of Ascaris spp.
(MARTIN, 1980). The physiological function of the extrasynaptic GABA receptors is not
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completely understood but is distinct from the vertebrate receptors (LEE, 2002). The GABA
receptors of Ascaris spp. are pharmacologically different from the GABAA receptor of
vertebrates but similar in terms of their agonist profile, suggesting that there is a separate type of
receptors in nematodes (MARTIN, 1993).
Five genes have been identified as necessary for GABAergic neuronal differentiation or function
in C. elegans (MCINTIRE et al., 1993). Laughton (LAUGHTON et al., 1994) recovered a
GABA receptor subunit in H. contortus, which has a high sequence identity to GABAA receptor
of vertebrates.
Although GABA is known as being inhibitory, McIntire (MCINTIRE et al., 1993b) reported, that
GABA can also function in an excitatory way.
GABA hyperpolarises Ascaris spp. muscles by increasing the conductance of Cl- ions. It inhibits
pharyngeal pumping (BROWNLEE et al., 1997) and the muscle activity on the vagina vera in A.
suum (FELLOWES et al., 2000a). Muscimol, a GABA agonist, also inhibits pharyngeal pumping
in C. elegans (AVERY et al., 1990), but the mechanism of GABA on these muscles is not clear.
Piperazine, a GABA agonist and anthelmintic acts on GABA-gated CL- channels. It increases the
Cl- conductance of muscle membrane, leading to hyperpolarisation of somatic muscle (MARTIN,
1982). Piperazine opens the channels in shorter time than GABA and is approximately 100 times
less potent then GABA. In contrast to its action on somatic muscles, it stimulates pharyngeal
pumping (SONG, 2003) and also increases feeding in T. colubriformis in vitro (BOTTJER et al.,
1985).

1.2.4.4.

Serotonin (5-hydroxytryptamine, 5-HT)

Serotonin is a classical biogenic amine neurotransmitter, synthesised through hydroxylation and
decarboxylation of tryptophan. It can be absorbed from the host or synthesised by nematodes
(CHAUDHURI et al., 1988). 5-HT has been found in pharyngeal neurosecretory neurons and
motor neurons in the tale of the male (JOHNSON et al., 1985; JOHNSON et al., 1996). It has
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also been located in the pharyngeal nervous system of A. suum (BROWNLEE et al., 1994) but
not in the female reproductive system (FELLOWES et al., 2000a). In C. elegans it affects the
female reproductive system by increasing egg laying (QUEYROY et al., 1992). Frandsen and
Bone (FRANDSEN and BONE., 1987) identified 5-HT in T. colubriformis, where it increases
ingestion in vitro. 5-HT immunoreactivity has been observed in the pharynx of H. contortus
(SONG, 2003).
Serotonin acts on receptors, which are coupled to heterotrimeric G-proteins (SEGALAT et al.,
1995). In the nematodes A. suum and C. elegans, three 5-HT-receptor genes have been identified
by Tierney (TIERNY, 2001). The receptors in the pharynx and body muscles of A. suum are
found to be similar to mammalian receptors (HUNG et al., 1999; TRIM et al., 2001).
5-HT has a critical role in the neuromusculature of nematodes. In C. elegans it stimulates
pharyngeal pumping and egg laying and depresses locomotion (HORVITZ et al., 1982). In A.
suum it excites and maintains pharyngeal pumping (BROWNLEE et al., 1995a), but has no effect
on the female reproductive system (FELLOWES et al., 2000a) and reduces the amplitude of
ACh-induced contraction and raises cAMP in the somatic muscle (WALKER et al., 2000).
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1.3. Anthelmintics

1.3.1. Levamisole (LEV)
Levamisole (LEV) belongs to the class of imidazothiazoles and tetrahydropyrimidines, which
include pyrantel, morantel and bephenium (structures shown in fig. 1.9.) and is a broad spectrum
anthelmintic. The imidiazothiazoles cause muscle contraction and therefore paralysise the
nematode. In addition LEV stimulates egg laying (KIM et al., 2001), but reduces feeding in the
nematode T. colubriformis (BOTTJER et al., 1985).
The receptors for LEV are nicotinic and cholinergic (LEWIS et al., 1980; LEWIS et al., 1980a;
LEWIS et al., 1987). The fact, that LEV and nicotine have different actions on pharyngeal
pumping in C. elegans, leads to the suggestion that the LEV receptors in the pharyngeal muscle
differ from the LEV receptors in the somatic muscles (AVERY et al., 1990).

Fig 1.9.: The chemical structure of imidazothiazole and tetrahydropyrimidines anthelmintics
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1.3.2. Macrocyclic Lactones (ML)
The macrocyclic lactones are the most recently discovered class of anthelmintics and all have
broad-spectrum activity. They lack antifungal and antibacterial activities but show profound
anthelmintic, insecticidal and acaricidal activities. Their anthelmintic action was first discovered
in the early 1970s and the first ML introduced to the market was Ivermectin, in 1981. ML’ s
contain two main subclasses: the avermectins and the milbemycins.
Natural avermectins and milbemycins are produced by a range of Streptomyces sp.
Some of the commercialised products in these two classes are natural products, e.g.:
Abamectin
Doramectin (a natural product of a modified organism)
Milbemycin D
Semisynthetic products are:

Ivermectin
Eprinomectin
Selamectin

Semisynthetic milbemycins are: Moxidectin
Milbemycin oxime
The avermectins and milbemycins are a group of highly lipophilic compounds, which dissolve
readily in organic solvents like acetone and DMSO, but are poorly soluble in water. The various
avermectin analogues show different hydrophobicity. The polarity of an analogue can be
increased by the hydrolysis of the disaccharide substituent on C13. Hydrolysis of the sugar chains
makes it less hydrophobic and also less acid-and alcohol-stable (FISHER et al., 1989).
All avermectins (e.g. ivermectin, abamectin, doramectin, eprinomectin and selamectin) possess a
16-membered macrocyclic lactone ring, comprising of a spiroketal and a hexahydrobenzofuran
unit, with a disaccharide substitution at C13.
Milbemycins (e.g. milbemycin D, milbemycin oxime and moxidectin) are structurally related to
avermectins, but lack the C13 disaccharide substituent.
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Fig. 1.10.: The chemical structure of some important Avermectins

1.3.2.1.

Avermectins

The avermectins are produced as a mixture of eight different components from fermentation (A1a,
A1b, A2a, A2b, and B1a, B1b, B2a, B2b). These natural components are grouped in two major groups:
A-components and B-components. The A-components possess a methoxyl group at C5 where the
B-components have a hydroxyl group.
Literature often refers to avermectins as A1, B2 etc. what usually inferred, that each of these
occurs as a mixture of a- and b-components in the relation ~ 80 / 20%, respectively (SHOOP et
al., 1995).
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Ivermectin (22,23-dihydro-avermectin B1) is a semi-synthetic derivative of AVM B1, obtained by
the reduction of the double bond at C-22. The aim was to maintain the excellent potency of AVM
B1 and also having the greater safety factor of AVM B2. The commercial preparation of the drug
is mixture of two compounds. These compounds differ at the C-25-position, the substituent at
that point being either sec-butyl (B1a) or iso-propyl. (B1b). The ratio of the mixture is composed
of about ~80% B1a and ~ 20% B1b.
The three-dimensional arrangement of structural and electronic molecular fragments is
recognized by specific chloride ion channel receptors. This unique pharmacophore is responsible
for the mode of action of this drug class.
As for all avermectins IVM is an endectocide, which means that it kills both, endoparasites and
ectoparasites. It has high activity against gastrointestinal nematodes, lungworms and kidney
worms as well as grubs, lice, mites and ticks (BENZ et al., 1989). It has also activity as a
microfilaricide and was the first drug to be used successfully in the treatment of human
onchocerciasis (GREENE et al., 1989).
IVM was introduced at a time, where there was widespread resistance in a lot of regions /
countries against the two commonly used anthelmintic groups, the BZ’ s and levamisole/morantel.
Ever since IVM has been intensively used worldwide. Various formulations have been optimized
for oral, subcutaneous, ruminal and topical deliveries in veterinary and human medicine. This
extensive use has lead to a widespread resistance in sheep and goat parasites.

1.3.2.2.

Milbemycins

Historically, the milbemycins were discovered as acaricidal and insecticidal compounds for crop
protection in 1973, 2 years before the activities of the avermectins were recognized. All
avermectins and milbemycins are structurally superimposable; they most probably bind to the
same receptor and competitively displace each other on those receptors (SHOOP et al., 2002).
Chemically these two subclasses differ in substituents on C13, C22-23 and C25.
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The naturally occurring milbemycins fall into similar pattern as the avermectins and can be
subdivided in A- and B-components. The major metabolites produced by natural fermentation are
milbemycin A3, milbemycin A4 and milbemycin D, differing from each other in the substitution
at the C-25 position (Fig 1.11.).

Fig. 1.11.: The chemical structure of important Milbemycins
A mixture from Mil A3 and Mil A4 was the first commercially available product for crop
protection and Mil D for the control of heartworm in dogs (Dirofilaria immitis). As the
fermentation yield of the natural milbemycins remained low, further investigations were
undertaken to look for products which are more effective and easier to obtain. Apart from the
commercially used products a large number of milbemycin derivates has been synthesized and
tested in animals (JUNG et al., 2002).
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Moxidectin is semi-synthetic milbemycin, derived from the fermentation product nemadectin
which was first isolated in Australia in 1983. It is characterized by the presence of a methoxime
substituent on C-23 which is unique to moxidectin. It is about 100 times more lipophilic than
IVM (HAYES, 1994).

1.3.2.3.

Mode of action

Although different research groups have used many invertebrate models and experimental
protocols, the mode of action of ML’ s is still not fully resolved. It has been difficult to elucidate
because of apparent multiple sites of action, the different sensitivities of the various target species
to the drug and the poor solubility of the compounds in aqueous solutions.
The earliest report on a putative mode of action was given by Fritz (FRITZ et al., 1979), who
worked with AVM on somatic muscles of lobsters. They observed that AVM decreased the input
resistance of the muscle fibre by increasing its permeability to Cl- ions. This effect could be
reversed by the GABA antagonist picrotoxin, which acts on the Cl- channels. Therefore it was
suggested, that AVM acted by opening Cl- channels associated with GABA receptors on the
somatic muscle (KASS et al., 1980; KASS et al., 1984; TURNER et al., 1989). This hypothesis
should explain: 1) why ML’ s are not effective against fluke and tapeworms – they do not have
GABA receptors and 2) why they do not affect the mammalian host – they do not cross the
blood-brain-barrier to access the GABA receptors in the central nervous system (MARTIN et al.,
2002).
A number of more recent studies showed, that GABA receptors are not the primary target site for
AVM’ s (DUCE et al., 1985; MARTIN et al., 1988; CULLY et al., 1994). Through studies on C.
elegans it was discovered, that GluCl- channels are involved in the mode of action (ARENA et
al., 1991; ARENA et al., 1992; CULLY et al., 1994; ARENA et al., 1995). These ligand-gated
channels are only found in invertebrates (CLELAND, 1996). Current knowledge suggests, that
the macrocyclic lactones work by irreversibly opening GluCl- channels, increasing Clpermeability and leading to paralysis of the pharyngeal and somatic muscle in the nematode
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(CULLY et al., 1994; ARENA et al., 1995; PEMBERTON et al., 2001). Although discussion
continues, if the two ML-subclasses, avermectins and milbemycins, utilise the same mechanism
of action, the data suggest, that they share a common mechanism of action (CONDER et al.,
1993; ARENA et al., 1995).
It has been reported that ML’ s inhibit movement and feeding by affecting the body wall and
pharyngeal muscles, respectively (GILL et al., 1991; GEARY et al., 1993; MARTIN, 1996).
The primary target for these anthelmintics has been reported as the nematode pharynx, as
evidenced by effects on feeding, pumping (regulation of hydrostatic pressure) and/or secretion
(GEARY et al., 1993; BROWNLEE et al., 1997; KOTZE, 1998).
In the pharyngeal muscle of nematodes, several GluCl receptors have been identified
(LAUGHTON et al., 1995; MARTIN, 1996; DENT et al., 1997; LAUGHTON et al., 1997).
GluCl receptor subunits and their encoding genes have been identified in C. elegans (CULLY et
al., 1994; DENT et al., 1997; DENT et al., 2000; CHEESEMAN et al., 2001; PEMBERTON et
al., 2001) and H. contortus (CHEESEMAN et al., 2001; PEMBERTON et al., 2001). It is
believed, that the ML’ s bind to the α-subunits to open the channel or potentiate the gating of
glutamate, which is believed to bind to the β-subunit (MARTIN et al., 1997).
The gene family, encoding GluCl channels/receptors seems to be quite large in nematodes. In C.
elegans, six GluCl genes have been identified so far: avr-14, avr-15 and glc-1, -2, -3, -4. Gene
glc-1 encodes the subunit GluCl-α, gene avr-15 encodes a GluCl-α2 subunits and gene avr-14
encodes GluCl-α3 subunits (CULLY et al., 1994; DENT et al., 1997; VASSILATIS et al., 1997;
DENT et al., 2000; HOROSZOK et al., 2001). Gene glc-2 encodes a single β-subunit and glc-3
encodes a fourth GluCl subunit. These genes avr-14 and avr–15 are known to be alternatively
spliced, yielding a total of at least 8 possible subunits. The subunits have been divided into
various classes, depending on their action. Most of the subunits are so far classified as αsubunits, based on their ability to respond to IVM. The single β-subunit responses to glutamate
but not to IVM, in vitro (PORTILLO et al., 2003).
GluCl-α2 is expressed in neuron M3 in the pharynx of C. elegans and is sensitive to IVM (DENT
et al., 1997). The GluCl- subunit is expressed in the pharynx (LAUGHTON et al., 1997) and the
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GluCl-α3 and GluCl-α1 are probably located on the extrapharyngeal nervous system and affect
the pharynx via linking neurons (DENT et al., 2000).
Compared with C. elegans the knowledge of molecular biology of the GluCl from other parasitic
species is little.
In H. contortus three GluCl genes have been detected: two orthologous genes encode three GluCl
subunits HcGluCl , Hcgbr-2A and Hcgbr-2B. These two genes are clearly orthologous to the glc2 and avr-14 genes in C. elegans. The third gene interestingly differs from any of the genes found
in C. elegans, showing only 55% sequence identity with all of them. It encodes a HcGluCl subunit. It also is expressed at higher levels in adult as in larvae (FORRESTER et al., 1999) and
could therefore be an important key factor in the occurrence of resistance in different life cycle
stages. The GluCl subunit in H. contortus is again very similar to its counterpart in C. elegans
and does not bind IVM (DELANY et al., 1998). But the distribution of this subunit in the two
parasites is different. In H. contortus it has been found on motorneurons in the anterior region of
the parasite (JAGANNATHAN et al., 1999), in C. elegans it was only found in pharyngeal
muscle cells. The splice variants Hcgbr-2A and Hcgbr-2B are also expressed in motor neuron
commissures (JAGANNATHAN et al., 1999). But in other regions these two subunits have
unique expression patterns. Hcgbr-2A is found in a pair of lateral neurons in the head of the
worm, which are most likely amphidial neurons. Hcgbr-2B is expressed in nerve cords as well as
cell bodies in the pharynx. The HcGluCl -subunit is expressed in motor neuron commissures
(PORTILLO et al., 2003).
IVM resistance has also been reported in the cattle nematode Cooperia spp. (VERMUNT et al.,
1995a, 1995b; COLES et al., 1998; ANZIANI et al., 2001; COLES, 2001; NJUE et al., 2004c).
Njue and Prichard (NJUE and PRICHARD, 2004b) cloned two GluCl subunits from C.
oncophora. Due to the high homology of the cloned subunits to their counterparts in C. elegans
and H. contortus they are referred to as CoGluCl 3 and CoGluCl . In a genetic variability study
of IVM susceptible and IVM resistant field isolates of C. oncophera (NJUE and PRICHARD,
2004b) no significant differences in allele frequency on the CoGluCl

were detected. The

observed significant differences in allele frequency of CoGluCl 3 are thought to be due to IVM
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selection. These results suggest a role for CoGluCl 3 but not for CoGluCl subunits in IVM
resistance. Njue (NJUE et al., 2004a) cloned the full-length GluCl 3 and GluCl subunit alleles
of ivermectin-resistant and ivermectin-susceptible worms. The subunits were expressed in
Xenopus oocytes to determine, if mutations affects receptor function. Both subunits cloned, from
resistant and susceptible worms, showed differences in amino acids. It was also demonstrated that
C. oncophora GluCl subunits form functional homomeric and heteromeric channels and that
mutations in these two subunits affect sensitivity. Mutation in the GluCl 3 subunit caused a loss
of agonist activity, mutation in the GluCl subunit abolished agonist activity (NJUE et al.,
2004a).
Similar results were obtained for H. contortus (BLACKHALL et al., 1998b), and C. elegans
(DENT et al., 2000). In both species selection and/or mutation at an

subunit GluCl gene was

found to be associated with IVM resistance.
More recently, studies on the amphidial nerve structures observed, that IVM susceptible and IVM
resistant worms have differences in these structures (ASHTON et al., 1999; LI et al., 2001;
FREEMAN et al., 2003). This suggests that the nematodes sensory organs play an important role
in the development of resistance. They are believed to facilitate the entry of IVM into the
nematode. Once across the cuticle the drug is able to interact with the GluCl -receptor.
In addition, IVM is a substrate for P-glycoproteins. These are transmembrane proteins involved
in transporting compounds across membranes (POULIOT et al., 1997). Genetic studies suggest
that P-glycoproteins play a role in IVM-resistance in H. contortus (BLACKHALL et al., 1998a;
SANGSTER, 1999). It has also been shown, that in IVM selected strains of H. contortus Pglycoprotein is over-expressed (XU et al., 1998).
The molecular and physiological evidence suggest that there are multiple sites of action for ML’ s
(GILL et al., 1998b; PRICHARD et al., 2001). The presence of multiple target genes requires
that resistance is polygenic.
Simultaneous mutation of several genes is necessary to achieve a high level of resistance.
The presence of multiple target sides of IVM may also help to explain the multiple phenotypes,
found in ML-resistant nematodes (GILL et al., 1998a; GILL et al., 1998b).
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1.3.2.4.

Pharmakokinetics

The pharmacokinetics of avermectins and their metabolism are important factors for the
bioavailability and the persistence of the drug in the host. The route of administration and
formulation of the drug influence these factors. Because information is not publicly available for
other compounds of the class of macrocyclic lactones, only ivermectin is considered here.
In cattle, IVM is normally given by subcutaneous injection of a non-aqueous formulation and it
has been shown to have persistent activity for approximately 2 weeks. In sheep, where IVM is
only licensed as an oral drench, persistence is only for 1 week.
Table 1.5 shows a summary of the formulations of IVM and MOX which are currently registered
for the use in sheep.
drug

administration route

drug concentration

formulation

IVM

oral drench

0.08 %

aqueous micelle

IVM

Sustained release capsule

MOX

oral drench

0.1 %

aqueous

MOX

subcutaneous injection

1.0 %

aqueous solution

Table 1.5.: formulations of IVM and MOX currently registered for sheep
Besides the commercially available formulations, research has been done on intravenous and
subcutaneous injections of IVM in sheep.
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Intrinsic behaviour
Intravenous injection results in an initial short distribution phase in sheep. The distribution rate is
kd = 10 day-1. Due to the high lipophilicity of IVM the volume distribution in sheep is very large
with 4.6 L kg-1. The biological half life is ~2.8 days.
Subcutaneous injection in sheep results in a transient pain reaction and a marked local swelling
(MARRINER et al., 1987). Maximum plasma concentrations (Cmax) occurred more rapidly after
oral administration (8-24 h), but plasma availability is greater after subcutaneous than oral
administration and measurable concentrations of IVM persists longer. Increasing organic solvent
content of the subcutaneous formulations slows the release of the drug from the injections site
and therefore prolongs plasma residence time and persistence of drug residues (particularly in
liver and fat).
The reason for the poorer plasma availability after oral compared with subcutaneous
administration is unclear. Binding of IVM to ingesta may potentially lower bioavailability.
Prichard (PRICHARD et al., 1985) reported that IVM may be rapidly metabolized in the rumen,
giving a reason for the lower bioavailability after oral administration.
IVM and its metabolics are mainly excreted in bile.
(At least 98% of the IVM dose is excreted in faeces, regardless of the route of administration.)
Regardless of their route of administration, ML compounds are distributed extensively
throughout the body and concentrated particularly in adipose tissue. If all given at 0.2 mg kg-1:
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Ivermectin:
•

Least lipophilic ML

•

Iv: general elimination half-life of 177.7 hours, 200 µg / kg-1
or 1.6 mg day-1 for 100 days in capsules

•

Sc: 88-169 hours Tmax 62.4 h

•

Oral: digesta fluid reduces the potential for absorbtion,
Cmax is lower and Tmax later,
Tmax 16.4-23.5 / Cmax 61-102

Moxidectin:
•

100 times more lipophilic than IVM, speeds absorption in the bloodstream

•

Sc: 21 h

•

Oral: persistent effect in H. contortus and T. circumcincta for 5 weeks

•

Iv: efficient ~2 weeks against T. colubriformis
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1.4. Scientific research methods

If the therapeutic dose of an anthelmintic is no longer effective in removing the parasite from the
host, a parasite population can be defined as being resistant to that anthelmintic. If resistance in
the field has reached the level of therapeutic failure, it is often too late to delay the onset and
spread of resistance. The intensive use of anthelmintics in the field has lead to selection for
resistance in target populations and limited the continued use of the drugs. Resistance to IVM and
other anthelmintics in H. contortus, T. colubriformis and T. circumcincta has been reported in
several countries (SHOOP, 1993; SWAN et al., 1994; ECHEVARRIA et al., 1996; WALLER,
1997; GOPAL et al., 1999; VAN WYK et al., 1999; JACKSON et al., 2000; SANGSTER et al.,
2000; LEATHWICK et al., 2001; SARGISON et al., 2001; VICKERS et al., 2001; YUE et al.,
2003).
Therefore it became important to be able to detect resistance at low levels. In addition, tests are
needed to determine which drugs are still effective against a particular parasite population to
enable the choice of an anthelmintic for use in the field.
Anthelmintic resistance is an increasing problem in helminth control. It can be detected by a
number of in vitro and in vivo techniques (reviewed by JOHANSEN, 1989).
Generally, in vivo tests are expensive, time-consuming and often characterized by poor data
quality. In vitro techniques have the advantage of being easier to perform and less cost, time and
labour intensive. They can be considered to be: 1. pharmacological, where the effects of an
anthelmintic are monitored on a normal physiological process (such as egg hatch, larval
development or motility) or 2. biochemical, where the assay examines the effects of an
anthelmintic on an essential biochemical event (such as binding to the site of action or rates of
metabolism).
In sheep parasitic nematodes many assays, involving different approaches and drugs have been
developed and used over the years with differing sensitivity and reliability. Most of them are
specific to anthelmintics with a similar mode of action.

60

Literature Review

______________________________________________________________________________

1.4.1. In vivo tests
Two in vivo tests are available: post mortem examinations after treatment with anthelmintics and
egg counts before and after treatment. The Faecal Egg Count Reduction Test (FECRT) was
introduced by Whitlock et al. (WHITLOCK et al., 1980). Unfortunately the degree of resistance
can not be easily measured with either of these methods (HUBERT et al., 1992).

1.4.1.1.

Post mortem examination

Animals get deliberately infected with a designed dose of larvae. After establishment of the
infection the test animals are treated with anthelmintics in different concentrations and regularly
egg counted (by FECRT).
For the post mortem examination the whole body or only relevant parts can be used. If only parts
are examined, the choice of the right material is important.
As an in vivo experiment this form is highly time, cost and labour intensive.

1.4.1.2.

FECRT

The FECRT provides an estimation of anthelmintic efficacy by comparing faecal egg counts
before and after treatment (BOERSEMA, 1983; PRESIDENTE, 1985). This test can be used to
monitor an infection with helminths. The exact method used in this study is described in section
2.2.3.2.
Unfortunately, the number of eggs in the faeces and the actual worm burden is only weakly
correlated. A fairly good correlation was found for H. contortus but not for T. colubriformis
(SANGSTER et al., 1979) or T. circumcincta (MARTIN et al., 1985). Therefore results of the
FECRT do not allow a conclusion of the degree of infection. However, if egg counts are
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performed regularly before infection and before and after treatment, conclusions can be made in
regards to the effectiveness of the used anthelmintic.

1.4.2. In vitro tests

1.4.2.1.

Egg hatch and embryonation

Le Jambre developed an egg-hatch assay for detecting resistance to thiabendazole (LE JAMBRE,
1976). Samples of eggs are developed under controlled temperature conditions until just prior to
the commencement of hatching. Then they are exposed to different concentrations of the drugs.
Usually a 1:2 serial dilution is chosen. When hatching in control is almost complete, the samples
are killed and preserved. The proportion of unhatched eggs at each concentration can then be
counted at leisure.
An egg embryonation test (COLES et al., 1977) has been reported in 1977. Dobson (DOBSON et
al., 1986) reported an egg-hatch assay for resistance to LEV in trichostrongyloid nematodes. This
method of hatching of larvae in a solution must be precisely timed. Anyway, for reliable results
with the tests named above, the eggs must be freshly collected and unfortunately these tests are
unsuitable for some other types of anthelmintics such as the ML’ s (COLES et al., 1988). An
anaerobic system has been developed, which allows storage of the eggs up to 7 days from the
date of collection (HUNT et al., 1989; TAYLOR et al., 2002).
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1.4.2.2.

Larval Development Assay (LDA)

Coles (COLES et al., 1988) reported a larval development test, which could be used to detect
resistance to any type of anthelmintic.
Several different types of larval development assays have been reported since (COLES et al.,
1988; TAYLOR, 1990; HUBERT et al., 1992).
Gill (GILL et al., 1995) developed an assay to detect resistance to avermectins and milbemycins
and to quantify structure-activity relationship within the class of ML’ s. Four susceptible
(Australian H.c. McMaster and three South African isolates) and seven resistant isolates (South
African field isolates) of H. contortus were tested against various compounds of avermectins. The
method was successful and reproducibility between assays was good. That did lead to the
development of an commercially available assay, the DrenchRite® LDA (Microbial Screening
Technologies, Kemps Creek, NSW, Australia). It was developed by Commonwealth Scientific
Industrial Research Organization (CSIRO) in Australia. This assay uses a 96-well microtitre plate
containing drug-impregnated agar to detect anthelmintic resistance to four different anthelmintic
groupings: benzimidazoles (BZ), levamisole (LEV), a BZ/LEV combination and ivermectin
(LACEY et al., 1990; GILL et al., 1995). The LD50 is defined as the concentration of the drug
needed to inhibit the development of 50% of the L1’ s to L3’ s. Resistance is indicated by a shift in
the dose-response curve to the right (to a higher concentration range). This assay is used as a
routine field detection of resistance to broad-spectrum anthelmintics.
The inhibitory effects of ML’ s on larval development probably result from starvation as a
consequence of paralysis of the pharynx. Exposure to ML’ s also inhibits the motility of early
larval stages. At higher concentrations, larvae assume angular postures and perform jerky
movements. At lower concentrations, where larvae are initially unaffected, their movement is
abnormal and they fail to develop beyond the L1 stage (GILL et al., 1995). It was demonstrated
that in larvae of susceptible and resistant H. contortus and T. colubriformis inulin uptake was
inhibited by avermectins (KOTZE, 1998; SHERIFF, 2000) in similar concentration than larval
development was inhibited in the LDA. Also in adult parasitic stages of T. colubriformis and H.
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contortus IVM has been reported to inhibit pharyngeal pumping at concentration of 1 nM
(BOTTJER et al., 1985; GEARY et al., 1993), which is sufficient to inhibit larval development.
Much higher concentrations of IVM are required to inhibit larval motility (GILL et al., 1991).
These findings suggest that the early effects on motility and the effects on larval development are
a result of two distinct processes, with inhibition of development being the more sensitive.
The LDA can be used to measure dose responses to compounds effecting development of freeliving stages in vitro. The effects of some ML compounds have been reported for some parasites,
but a set of contemporaneous data from the three species has not been recorded.
In this study a similar protocol as the DrenchRite® LDA was used to determine the sensitivity of
resistant and susceptible isolates of T. colubriformis, H. contortus and T. circumcincta to several
macrocyclic lactone anthelmintics.

1.4.2.3.

Larval Migration Inhibition Assay (LMIA)

Some advantages of assays based on inhibition of L3 motility or migration include the ease of
collection and storage of L3’ s and that they are relatively simple to use.
Martin and Le Jambre (MARTIN and LE JAMBRE, 1979) described a larval paralysis assay for
the detection of resistance to LEV and Morantel Tartrate in Telodorsagia spp. Paralysis was
measured by observation of motility under a microscope for a certain time period. Although this
assay has also been used by others (BARTON, 1983; GEERTS et al., 1987; GEERTS et al.,
1989), it was considered to be subjective and not reproducible (BOERSEMA, 1983). Objective
assessment of L3 motility was achieved by Douch (DOUCH et al., 1983). This assay is based on
inhibition of the migration of larvae from agar blocks, overlaying sieves. It was modified to
detect anti-parasitic components in sheep intestinal mucus (DOUCH et al., 1986) and the effect
of anthelmintics (LEV, IVM, thiabendazole, morantel) on migration of ovine nematode larvae
(DOUCH et al., 1994). Similar assays have been used to detect anti-parasitic activity in
gastrointestinal mucus (KIMAMBO et al., 1988; GAMBLE et al., 1992). An agar free system
was described by Sangster et al. (SANGSTER et al., 1988) to investigate the mechanism of LEV
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resistance in T. colubriformis and H. contortus. 25 µm sieves were suspended in water to allow
migration. This method was also used to detect resistance of H. contortus to Closantel, IVM,
TBZ and LEV (ROTHWELL et al., 1993).
Wagland (WAGLAND et al., 1992) also described an assay based on migration of exsheathed
L3’ s through 20 µm sieves without agar. It was slightly modified by Rabel (RABEL et al., 1994)
to examine the anti-parasitic effect in ovine gastrointestinal mucus without agar. It has been used
for screening of plant extracts (LORIMER et al., 1996) and to detect inhibition activity in
abomasal mucus of calves infected with O. ostertagi (CLAEREBOUT et al., 1999). Gatongi
(GATONGI et al., 2003) used a modification of the method described by Wagland (WAGLAND
et al., 1992) to evaluate the in vitro susceptibility to IVM of H. contortus.
In this study a modification of the migration assay described by Rabel (RABEL et al., 1994) was
used.

1.4.2.4.

Micromotility Meter (MM)

A variety of in vitro assays have been developed for the discovery and detection of anthelmintic
activity, different approaches were made examine effects and also the possible site or mode of
action of anthelmintic drugs. Besides the inhibition of feeding and development, the inhibition of
motility plays an important role in the effect of several anthelmintics. Larvae migration assays of
different kind have been looked at in the previous section. Only few in vitro assays use parasitic
stage of nematodes. Petersen (PETERSEN et al., 1997) reported a migration assay based on
sieves for the detection of benzimidazole activity against adult Oesophagostomum dentatum and
O’ Grady (O'
GRADY et al., 2004) reported a motility assay for adult H. contortus. With this
method the focus lies more on general motility of adult parasites.
Levamisole resistance in Telodorsagia spp. has been studied by Martin and Le Jambre (MARTIN
and LE JAMBRE, 1979), examining the larvae under a microscope. This larval paralysis assay
has been used by several researchers over the years, but contradictory results concerning the
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reliability of this test have been published. Geerts (GEERTS et al., 1989) studied the influence of
several parameters on this test and couldn’ t find significant influence on the test. They considered
the reproducibility of this assay as fairly good.
Gill (GILL et al., 1991) developed a larval motility assay for the detection of IVM resistance in
H. contortus and the activity of Paraherquamide in T. colubriformis, H. contortus and T.
circumcincta (GILL et al., 1993). This assay is performed in a 96-well microtitre plate and is
based on examining the larvae after several dark-light cycles. Numbers of motile and non-motile
larvae were counted under a light microscope after initial illumination sufficient to activate >
90% of the larvae in the control wells. The assay was reported to be capable to detect resistance
of a number of H. contortus isolates to IVM.
The above in vitro techniques are read microscopically and manually and are therefore
qualitative, time consuming and often highly variable (FOLZ et al., 1987a). In the meanwhile, a
new instrument, the Micromotility MeterTM (B & P Instruments, Mason, Michigan USA) was
reported

to be sensitive and accurate in monitoring and recording the in vitro motility of

helminths (BENNETT et al., 1986). Folz (FOLZ et al., 1987b) developed a motility assay
involving this instrument to detect the effect of several anthelmintics (including IVM) in H.
contortus and T. colubriformis.
Coles (COLES et al., 1989) examined the effect of LEV, IVM, fenbendazole and cambendazole
in levamisole/benzimidazole-resistant H. contortus isolates. They compared their results from the
Micromotility Meter to visual obtained results on motility.
Although the instrument has been used to evaluate the effects of drugs in several larval stages, up
to date it has not been widely used for a detailed study on adult helminths. This might be due to
the difficulties in maintaining the adult worms in a medium over a period of 24 hours or longer.
Geary (GEARY et al., 1993) used the Micromotility Meter to measure the effect of IVM in
female adult H. contortus larvae after 1 hour incubation. They detected a rapid onset of motility
reduction by IVM at concentrations

10-8 M. Although these effects were reliably detected by

the Micromotility Meter, it was difficult to discern paralysis by visual inspection.
Power (pers. commun. 2004) examined the influence of several parameters of the incubation
medium in regards to motility of adult T. colubriformis over a period of 7 days.
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O’ Grady (O’ GRADY and KOTZE, 2004) developed a motility assay for adult H. contortus. This
assay is performed in single tubes and based on a scoring system of 4 steps from 0 – 3. They
reported the capability to detect the effects of IVM by visual observation at a concentration of
~3x10-9 M, indicating, that the sensitivity of this assay was similar to that measured by the
Micromotility Meter.
The Micromotility meter was used in this study to investigate the effects of macrocyclic lactone
anthelmintics on adult stages of T. colubriformis and T. circumcincta.

1.4.2.5.

Muscle Transducer (MT)

Anthelmintic resistance to the three commercially available anthelmintic classes BZ, levamisole
and ML’ s is world wide a raising problem, jeopardising worm control. The macrocyclic lactone
anthelmintics were the latest introduced to the market, but resistance is already reported
throughout the world. There is an urgent need to understand the mode of action and mechanism
of resistance in order to delay resistance or develop new drugs.
Although intensive research in this field has been done, the mode and site of action of
avermectins and milbemycins are not fully understood yet. There is evidence that ML’ s inhibit
egg hatch, larval development, motility and pharyngeal pumping. But it is not known yet which
of the two sites (somatic or pharyngeal muscle) is the more sensitive one or the more important
one in regards to developing resistance.
A great amount of in vitro work has been done on larval stages due to the ease of handling,
established assay methods and relatively low costs. But questions arise if results obtained in
larval stages would correlate with results expected for adult stages.
In vitro techniques for adult worms are rare and often more complicated.
“ Cut worm assays” (LEWIS et al., 1980a) in C. elegans involved measurement of time taken for
contraction to occur in segments of the worms exposed to test compounds.
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Muscle contraction in large helminths can be measured directly with force transducers. Such
sensitive recording systems have been devised for schistosomes (FETTERER et al., 1977) and
cestodes (SUKHDEO et al., 1984; THOMPSON et al., 1984). The Micromotility Meter Assay
(FOLZ et al., 1987b) described in the previous chapter was successfully used to measure the
effects of ML’ s on motility of T. colubriformis and T. circumcincta. However, this technique can
not assess the effect on the neuromuscular region directly. Sangster (SANGSTER et al., 1991)
reported the development of a sensitive force transducer, capable of measuring effects of drugs
on longitudinal muscles of H. contortus. They used this design successfully to detect effects of
cholinergic drugs and resistance against levamisole (SANGSTER et al., 1995). The same
transducer has also been used to detect pharmacological effects of FMRFamide-related peptides
(FaRPs) on muscles of H. contortus (MARKS et al., 1999b; SONG, 2003).
In this study the Muscle Transducer experiment was performed to investigate the sensitivity of
somatic muscles in resistant and susceptible H. contortus isolates to 5 selected ML’ s.

1.4.2.6.

Electropharyngeogram (ELPG)

The aim of chemotherapy is to adversely affect worms by using drugs targeting their biochemical
or physiological functions. One of the most important functions in nematodes is pharyngeal
pumping to pump food from the mouth to the intestine. A potential method of killing worms is to
inhibit pharyngeal pumping and thereby starve the worms. But this must be based on the
understanding of the physiology of pharyngeal pumping.
Although there is little detailed information available on the pharynx of the economically
important sheep roundworms, a review of knowledge from other nematodes is instructive.
The first detailed observation of the mechanism of pharyngeal pumping in nematodes was
conducted by Doncaster on Rhabditis and Pelodera (DONCASTER, 1962). Mapes (MAPES,
1965) observed the structure of the pharynx of free-living and adult Ascaris lumbricoides and the
mechanism of pumping in the adult worm (MAPES, 1966). A number of researchers have
investigated the role of neurotransmitters and neuropeptides in nematodes (reviewed by
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(BROWNLEE et al., 2000). Pharmacological evidence supports this hypothesis, that pharyngeal
activity is neurally controlled. In order to fully understand the neuromuscular function of the
pharynx in nematodes, more pharmacological investigations are required.
The physiology and pharmacology of pharyngeal pumping is complex. Observation of the
structure and pumping mechanism by microscopy is a useful tool but limited to larval stages. The
pharynx of the adult T. colubriformis is much longer and larger than in larvae. The worms are
extremely active, making direct observation under a microscope impossible. Alternative study
techniques are required.
The Extracellular recording of electrical activity of the pharynx in nematodes was first introduced
by Roche (ROCHE et al., 1961) with the hookworm Ancylostoma caninum. The technique was
further developed by Raizen and Avery (RAIZEN et al., 1994) in C. elegans, introducing the
term electropharyngeogram (ELPG). They demonstrated that the ELPG was derived from the
electrical currents that flow in and out of the nematode buccal cavity and was correlated with the
pharyngeal pumping events. Rolfe and Perry (ROLFE and PERRY, 2001) used this method with
the plant parasitic nematode Globodera rostochiensis and obtained similar results. The ELPG
technique has not been reported for animal parasitic nematodes except or preliminary
investigations at the laboratory of the University of Sydney. These studies showed that activities
of pharyngeal pumping of adult T. colubriformis could be detected by extracellular
electrophysiology. Sheriff (SHERIFF, 2000) also showed that electric potentials increased after
application of 5-HT and decreased after addition of LEV or IVM.
In the present study the ELPG technique was used to investigate the physiological effects of
different ML anthelmintics on the pharyngeal pumping of susceptible and resistant isolates of T.
colubriformis.
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1. Materials and methods

2.1. Material

2.1.1. Chemicals
Iodine
KCl
HCl
NaHCO3
MgCl26H2O

Ajax Chemical Pty. Ltd.

Sodium hypochloride 12.5% solution

Asia Pacific Specialty Chemical
Pty. Ltd.

D-Glucose 9anhydrous

BDH Chemicals Australia Pty.
Ltd.

NaOH (Merck PTY. LTD)
Maleic Acid
NaCl

Chem-supply Pty. Ltd.

Benzylpenicillin

CSL Limited

Moxidectin (97%)

Fort Dodge, Australia

Ethanol

Fronine, Australia

Ivermectin B1a
Ivermectin B1b
Milbemycin A3
Milbemycin A4

MST, Australia

Bacteriological Agar

Oxoid LTD, England
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5-HT (Serotonin, 5-hydroxytryptamine creatinin
sulfate complex)
Amphotericin B
Bovine serum albumin (BSA)
CaCl22H2O
DMSO (Dimethyl sulfoxide)
Glutamate (L-glutamic acid hydrochloride)
Ivermectin
Levamisole (LEV)
Pipes (Piperazine-N,N’ -bis[2-ethanesulfonic
acid])
RPMI 1640
Streptomycin
Trizma Base

Sigma Chemicals Co. Australia

ACh (Acethylcholine chloride)

Sigma Diagnostics, Inc.

Vanquish Long WoolTM spray-on lice treatment
and blowfly strike preventative

SmithKline Beecham (Australia)
Pty. Ltd.

2.1.2. Solutions
Culture gases
CO2
O2
N2

10%
5%
85%

Culture medium

120 ml, pH 7.0 (T.c.)
pH 6.8 (H.c./O.c.)

RPMI 1640
Pipes
NaHCO3
Benzylpenicillin
Streptomycin
Glucose

1.04 g
0.35 g
0.1 g
6 mg
10 mg
0.8 g
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Amphotericin B

40 µl

Moniliformis buffer solution

100 ml pH 7.0

NaCl
KCl
CaCl22H2O
MgCl26H2O
Glucose
Trizma base

0.76 g
0.022 g
0.037 g
0.091 g
0.9 g
0.122 g

2.1.3. Equipment
Laboratory incubator (Labmaster)

Anax Pty. Ltd

Digidata 1322 A interface and board
MiniDigi 1A

Axon Instruments, Inc.

Water bath

B.Braun, Germany

Falcon tissue plates (24-well)

BD Bioscience

Sine & square wave generator

BWD Electronics

Clements 2000 centrifuge
Pharmaceutical refrigerator (Sanyo)

Clements

Chart recorder
Recording paper

Cole-Parmer Instrument Company, USA

Laboratory test sieves

Endecotts Ltd., England

Coldlight illuminator

Euromex Co., Arnhem Holland

HI 8417 pH-meter
Electrodes for the pH-meter

Hanna Instruments

Kombistereo microscope

Heerbrugg, Switzerland
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54600A digital oscilloscope
WHITLOCK UNIVERSAL 4 chamber
worm egg counting slides

Hewlett Packard Company
JA Whitlock & Co.

Patch-clamp L/M-EPC 7 amplifier

List Medical

Scale (Mettler AE 163)

Mettler

Streitop filter units (0.22µm)

Millipore Corporation, USA

Vitrex micro-hematocrit tubes

Modulohm A/S, Denmark

PC-10 two stage glass electrode pulle2

Narishige Co. Ltd.

Vibration isolated workstation

Newport Corporation

Inverted microscope

Nikon

Microscopes
Universal stands for microscopes

Olympus Optical Co. Ltd.

Force transducer
“ Hot-plate”

Parasitology Laboratory, University of
Sydney

KL 1500 electronic DC lamp with fibre
optic arm
Glassware

Schott Glaswerke

Electrodes
Electrode holder
Silver wires

SDR Clinical Technology

50µl syronges

SGE

PCM-501ES digital audio processor

Sony Corporation

Stereo microscopes

Wild (Australia) Pty. Ltd.

Migration sieves

Self made
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2.1.4. Software
pCLAMP 9.0
Clampex 9.2
Clampfit 9.2
Axoscope 9.2

Axon Instruments, Inc.

GraphPad Prism 4.0.

GraphPad Software, Inc., California, US

EndNote 8.0

Homson ISI ResearchSoft, Inc.

Microsoft Word
Microsoft Excel
Microsoft Power Point

Microsoft Inc.

PicoScope

Pico Technology Ltd.

2.2. Method

2.2.1. Animals
The sheep used in these experiments were 2-4 month old merino weathers that were obtained
from the University of Sydney Farm, Athursleigh. At the University of Sydney, Camperdown, the
sheep were kept in the Sheep House, housed on wire in concrete pens of up to 6 animals.
After arrival they were health-checked and, if necessary, treated with backline Lice Treatment
(Vanquish) or shorn, treated with anthelmintics and egg-counted. Healthy sheep with no evidence
of internal parasites were individually ear-tagged. The sheep were drenched simultaneously on
arrival with a double dose of Levamisole, a double dose of albendazole and a single dose of IVM.
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Infections with parasites were performed after a minimum of 7 days. During this study the area
was experiencing a drought and worm burdens were low.
The sheep were fed once daily with a mixture of lucerne and wheaten chaff and water was given
ad libitum. They were monitored and cleaned daily, egg counts performed weekly and they were
weighed fortnightly.

2.2.2. Parasites populations used for experiments

1.1.1.1.

Haemonchus contortus populations

Drug susceptible H. contortus (H.c. McMaster) were obtained from faecal cultures. This isolate
has been continuously passaged in sheep since the 1930’ s and has had no exposure to
anthelmintics.
The resistant isolate, H. contortus CAVR (Chiswick avermectin resistant), was obtained from the
McMaster Laboratory, CSIRO (Armidale). This strain was derived from an earlier isolate (LE
JAMBRE, 1993) and passaged through three generations in sheep, regularly drenched with IVM
0.4 mg kg-1 (see (LE JAMBRE et al., 1995). This isolate is known to be susceptible to closantel
(efficacy 99%) and LEV, moderately resistant to the BZ anthelmintics. H. c. CAVR is resistant
against AVM and IVM and showed decreased sensitivity against MOX (LE JAMBRE et al.,
1995).

1.1.1.2.

Trichostrongylus colubriformis populations

Drug susceptible T. colubriformis (T.c. McMaster) and the moxidectin-resistant isolate T.
colubriformis (MOX-R) were obtained from the McMaster Laboratory, CSIRO (Armidale). The
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T. colubriformis MOX-R isolate originally came from a goat farm on the Gold Coast, where goats
were treated with eight drenches of MOX per year after IVM failed to remove the parasites. At
the CSIRO laboratory the sheep were infected with L3’ s of the strain from the goat and drenched
with 100 µg kg MOX without apparent decrease in FEC (LE JAMBRE et al., 2005). The eggs
were collected and cultured to produce L3 for further infections. All infected trial sheep were egg
counted after treatment with MOX. The T. colubriformis MOX-R isolate was found to be resistant
to MOX (efficacy 58%) and abamectin (efficacy 66%). It is also known to be susceptible to LEV
and to have some resistance to napthalophos (LE JAMBRE et al., 2005).

1.1.1.3.

Telodorsagia circumcincta populations

A drug susceptible T. circumcincta (T.c. McMaster) population was obtained from the McMaster
Laboratory, CSIRO (Armidale). The resistant isolate T. circumcincta WAMORO (Western
Australia moxidectin resistant Ostertagia) was obtained from Dr. Brown Besier (WA Department
of Agriculture). It is a moxidectin-resistant strain, originally isolated from Murdoch University
sheep. It was cultured without further selection in Albany. FECRT and slaughter trials proved it
to be moxidectin-resistant (efficacy 5%) and powerfully IVM-resistant (efficacy 0%).

2.3. Parasitological Techniques

2.3.1. Sheep infection
The sheep were infected by delivering the L3’ s directly into the rumen percutaneously via a 9 cm
long steel needle (17 gauge). The sheep were held in a standing position and upward pressure was

76

Material and methodes

______________________________________________________________________________

placed on the abdomen just behind the sternum to force the rumen dorsally. The needle was then
inserted quickly via the dorsal abdomen, into the rumen, and the L3-suspension injected with a
syringe.
For infection with H. contortus, approximately 6,000 infective larvae were given to each sheep,
for T. colubriformis infections approximately 24,000 and for T. circumcincta approximately
20,000 were given.
In order to reduce the numbers of animals used, some sheep not used for passage and culturing
received double infections: of H. contortus/T. colubriformis or T. colubriformis/T. circumcincta.
These animals were given half doses of each isolate.
After 3-4 weeks, faecal egg counts were performed weekly to monitor the egg numbers.
Sheep infected with H. contortus were treated with 1 ml Rubrafer Improved Iron-B12 (Lyppards,
Australia) once a week to compensate for the anaemia.
The T. colubriformis-infected and T. circumcincta-infected sheep were treated with 2.5-3.5 mg /
50 kg bodyweight Trimedexil Anti-Inflammatory Steroid (Lyppards, Australia) to suppress their
immunity and maximise the survival of the worms.

2.3.2. Faecal egg count
For the epg (eggs per gram faeces) counts a modification of the McMaster technique was used.
Three ml equivalent of fresh faeces were added to a saturated salt solution and made up to the
total of 60 ml. The faecal pellets were broken up by using a plunger and then thoroughly mixed.
The remaining large pieces were removed from the fluid by a plastic sieve tube. Using a pipette a
sample of the isolated fluid was taken and placed into a McMaster counting slide.
The number of eggs in one chamber (0.5 ml) was counted under a microscope. The epg was
calculated by multiplying the number of eggs in the counted chamber by 40.
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2.3.3. Recovery of worm eggs from faeces
For collecting faeces, a canvas bag was tied onto weather sheep and the contents collected after a
day. The collected faeces were weighed, mixed with cold tap water and manually mashed up in a
plastic beaker. The homogeneous paste was then sequentially washed through a 75 µm and on to
a 25 µm sieve and this liquid washed into a beaker. It was then left to sediment for roughly 20-30
minutes. The supernatant was removed by aspiration and the eggs centrifuged through a standard
sugar gradient (10, 25 and 40%) in 50 ml tubes to separate them from faecal debris. On
centrifugation, the eggs settled in a layer between the first two of the sugar concentrations, from
where they were carefully aspirated. The eggs were then washed again with distilled water and
placed in a 15 ml plastic tube for settling. This procedure was repeated until the solution was
clean and the eggs were used directly in the assay.

2.3.4. Harvesting adult worms from sheep
To obtain the worms, the sheep with infections more than 6 weeks old (T. circumcincta) or 10
weeks old (H. contortus and T. colubriformis) were slaughtered by using a captive bolt pistol. For
the collection of adult worms only sheep with infections of between 6 weeks and 4 months were
used.
For collecting H. contortus the abomasum was removed from the slaughtered sheep, put into a
styrofoam box and carried to the laboratory. The abomasum was opened along its greater
curvature and the large quantities of contents removed immediately. The roughly cleaned
abomasum was then placed in a tray which was maintained at 37.5 °C on a hot-plate and rinsed
with warm normal saline (37.5 °C). An example is shown in fig. 2.1. The worms, visible on the
wall of the abomasum and in the fluid in the tray, were then carefully collected with stork-necked
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forceps and placed into a beaker with clean warm normal saline. After collection, the worms were
transferred repeatedly into clean saline until no debris was visible.

Fig. 2.1..: H. contortus in situ, prior to harvesting
For collecting T. colubriformis, about 2 m of the anterior small intestine were removed from a
slaughtered sheep. The contents were squeezed out and the intestine was then opened in the
laboratory along its length. The opened intestine was placed onto a 180 µm aperture sieve, which
was sitting in a funnel filled with warm normal (37.5 °C) saline and closed at the outlet with a
clamped silicone tube. The whole apparatus was then placed in an incubator at 37.5 °C for 0.5 to
2 h. The worms passed through the sieve and gathered above the funnel outlet. They were

79

Material and methodes

______________________________________________________________________________

collected into a beaker by releasing the clamp and transferred into fresh, warm saline 2 to 3 times
until they were clean.
For collection of T. circumcincta two methods were used throughout the study.
Early in the experiments, the Agar-method was used for collection of T. circumcincta. After
experiencing difficulties with the vitality of worms and low numbers for recovery a second
method was tried. Increased recovery of worms and vitality were achieved using the funnel
method.
I.

Agar-method

The abomasum was removed from the slaughtered sheep and carried over to the laboratory in a
styrofoam box. The abomasum was then placed in a tray which was maintained at 37.5 °C on a
hotplate and cut open along the greater curvature. The contents of the abomasum were collected
and stored in a jar. The abomasal wall was washed with warm saline and remaining contents
removed gently with the gloved fingertips. The abomasal content was then mixed half and half
with warm agar (2%) to reach a final concentration of 1%. The mixture was poured across a cloth
(Chux), which was lying on an ice-cooled tray. After the agar-mixture was set, the cloth was
hung vertically in a collection chamber, filled with saline at 37.5 °C. The chamber was placed in
an incubator at 37.5 °C. The worms started to emerge from the agar mix into the saline, dropping
to the bottom of the chamber and then were collected with a pipette into a beaker with clean
saline. After collection, the cloth and contents were discarded.
II.

Funnel-method

The abomasum was opened and the contents removed gently into a tray maintained on a hotplate
at 37.5 °C. Visible worms were picked up with a small forceps and stored in warm saline. Then
the abomasum was placed on a 200 µm sieve, sitting in a funnel. The funnel was filled with warm
saline and closed at the outlet with a clamped silicone tube. The whole apparatus was placed in
the incubator at 37 °C for 1-2 h. The worms passed through the sieve and gathered above the
funnel outlet. They were collected into a beaker by releasing the clamp and transferred into clean
saline 2 to 3 times until they were clean and added to the worms picked of the abomasum earlier.
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2.3.5. Laboratory culture
A faecal culture method was used to grow eggs to L3 larvae. The faeces were collected from the
sheep overnight and placed in a box with a narrow reservoir around the rim. Water was added to
the faeces and the reservoir also filled with water. The box was covered with a perspex top,
leaving an air space between the box and the cover. Then the box was incubated at 27 °C, with a
dish of water kept in the incubator to maintain humidity.
After five days the L3 larvae had migrated into the reservoir. The L3 suspension with the water in
the reservoir was collected by a pipette and replaced with fresh water daily for a further four
days.
The third stage larvae were stored in tap water in plastic containers with an air space at 10°C for
up to three months to use for infecting the sheep. After this period L3’ s were discarded and
storage was renewed with new larvae from faecal culture.

2.3.6. Maintenance of the worms for the experiments
After collection, the worms were washed in warm saline several times and then placed in prewarmed sterilised bottles, containing RPMI medium, buffered and supplemented with glucose
and antibiotics (section 2.1.2.). The medium was filtered through a 0.2 µm filter into sterile
bottles inside a laminar flow hood.
The bottles with the solution and the worms were wrapped in aluminium foil and kept in an
incubator at 37.5 °C for up to three days. Worms used on the day of slaughter were stored in
RPMI medium without additional glucose and amphotericin B.
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2.4. Larval Development Assay

2.4.1. Parasites
Faeces were freshly collected from donor sheep and recovered as described in section 2.3.3. H.
contortus (H.c. McMaster and H.c. CAVR), T. colubriformis (T.c. McMaster and T.c. MOX-R)
and T. circumcincta (T.c. McMaster and T.c. WAMORO) isolates were used in this assay.

2.4.2. Test drugs
Six macrocyclic lactones were evaluated in this assay: Ivermectin (Sigma), Moxidectin (Fort
Dodge), Ivermectin B1a, Ivermectin B1b, Milbemycin A3 and Milbemycin A4 (MST).

2.4.3. Assay performance
This assay was performed as described by Gill (GILL et al., 1995), in 96-well microtitre plates.
Stock dilutions of the 6 drugs in DMSO (100%) were serially diluted 1:2 with DMSO to give 12
concentrations. They were diluted 1:5 with water (DMSO concentration 20 %).
Aliquots (10µl) of each drug concentration were dispensed into the wells. For the control wells
DMSO (20%) was used. All six compounds were run on one plate plus two rows of controls.
190 µl of concentrated Agar (2%) were added to each well, giving a final DMSO concentration
of 1 % and the following ranges of final drug concentrations: Ivermectin, its components and
Moxidectin 250 - 0.122 nM / Milbemycins 500 – 0.244 nM).
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The nematode eggs were recovered from fresh faeces as described in 2.3.3. Ten µl of egg
suspension, containing ~100 eggs were added to the surface of the agar matrix in each well. The
plates were supplemented with a nutrient medium (HUBERT et al., 1984), containing
amphotericin B (Sigma) to prevent the proliferation of fungi.

Fig. 2.2.: LDA DrenchRite® plate
Then the plates were incubated in the dark at 25°C until the eggs in the control wells had
developed through to the L3 stage (typically 5-6 days).
The larvae were stained with Lugol’ s iodine and the eggs, L1/L2 and L3 larvae in each well were
counted under a stereo microscope.
The assay was performed twice for each isolate. Resistant and susceptible isolates run as pairs on
the same day and duplicate plates were done on each day of experiment.
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2.4.4. Data analysis
The proportions of undeveloped larvae (L1 and L2) + eggs to the total (larvae + eggs) present at
each drug concentration were counted. The amount of undeveloped larvae was calculated in
percentage using Microsoft Excel® software. This estimated the effective concentration of drug
required to inhibit the development of 50% of the larvae (EC50). Data was corrected for P0, the
mean number of larvae not developing in the control wells. The GraphPad Prism® software was
used to fit sigmoidal (logistic) curves to the dose-response data and to compare the curves
statistically. A sigmoidal dose response model with variable slope was chosen to allow fitting of
the Hill slope. TOP and BOTTOM values were defined as 0 and 100 through normalizing the
control data to allow exact calculation of EC50. This model is also known as “ four-parameterlogistic model” . It calculates the mean of all repeats, the exact EC50 and the standard error.
Additionally we looked at the R2 which quantifies the goodness of fit and the confidence
intervals. For the test of statistical differences between the mean values for the EC50 of the
populations, the p-value for the EC50 was calculated to compare the means of both populations.
The p-value is a probability with a value ranging from 0 to 1. Is the p-value small enough, it can
be concluded that the differences between the means of the samples are unlikely to be due to
chance. The threshold value in this analysis-program is set to 0.05 (an arbitrary -value that has
been widely adopted). GraphPad Prism defines the p-values as following:
p-value

Definition of wording

< 0.001

Extremely significant

0.001 – 0.01

Very significant

0.01 – 0.05

Significant

> 0.05

Not significant
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Each Assay was carried out in duplicate plates, which were analysed separately. Calculated EC50
estimates, derived from a minimum of four up to eight data points for each isolate/drug
combination, were averaged.
The sensitivity of an isolate to a given drug was expressed as a resistance ratio (RR), calculated
as EC50 (for resistant isolate) / EC50 (for susceptible isolate).
The drugs were ranked in order of potency and efficacy. Potency was defined as the ability of the
drug to inhibit development at the lowest concentration possible in the susceptible isolate.
Efficacy was defined as the ability of the drug to inhibit development in the resistant isolate at a
concentration as close as possible to the concentration achieved for the susceptible isolate. A
small RR reflects a high efficacy of the drug tested with this isolate.

2.5. Larval Migration Inhibition Assay

2.5.1. Parasites
Larvae of susceptible and resistant isolates of H. contortus, T. colubriformis and T. circumcincta
were used in this experiment. The larval cultures were established and maintained as described in
chapter 2.
Only fresh larvae (<2 weeks old) were used for this assay. Prior to the actual experiment the
larvae were cleaned by passing them through a 25 µm aperture Baerman sieve for 1 h.
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2.5.2. Test drugs
Six macrocyclic lactone anthelmintics were used in this study: Ivermectin (Sigma), Moxidectin
(Fort Dodge), Ivermectin B1a, Ivermectin B1b, Milbemycin A3 and Milbemycin A4 (MST).
For each drug the stock solution (10-2 M in 100% DMSO) were diluted in distilled water to give
five final concentrations. For the resistant isolate between 3x10-6 M and 3x10-8 M and for the
susceptible isolate between 10-6 M and 10-8 M, maintaining a steady concentration of 1.0%
DMSO. All solutions were prepared on the day of use.

2.5.3. Standardisation of the assay
For the standardisation of this assay three parameters were thought to be critical. 1) the size of the
sieves, 2) the time for the migration of the larvae through the sieves and 3) the time of incubation
of the larvae in the drug prior to migration.
Several test assays were carried out in order to optimise these parameters.
Three different sizes of sieves were tested without incubation in drugs. A 20 µm and a 40 µm
(pore size) commercially available sieve plate (Millipore) suitable for 96-well plates or 24-well
plates and a self made 25 µm sieve were tested. For the non-exsheathed larvae, the 20 µm sieve
was too small. Only 60% of the larvae in the positive control wells managed to get through in a
reasonable time period. The 40 µm was too big with most of the heat-killed larvae (negative
control) falling through.
The time of incubation and a suitable concentration range for the drugs were tested by observing
the motility of the larvae in a 96-well plate at 12 different concentrations (100 µM – 0.05 µM, 1:2
dilution) after 2, 3, 4, 6, 12, 18, 42 and 66 hours. Additionally, the plates were looked at directly
after application of drugs. All drugs showed an initial reduction in motility only two minutes after
adding the larvae into the drug. This initial effect waned over 2-3 hours, so that the data from the
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first two time points were not usable. After 18 hours there were still many motile larvae in some
wells. The overall data after 18 hours was found to be too irregular and scattered and of no use
either.
An incubation time of 24 hours plus a migration time of 24 hours (total exposure to the drug 48
hours) was chosen to allow sufficient uptake of the drug and enough time to affect the larvae.
In the positive controls (distilled water, 1% DMSO) more than 93% of the larvae of all six
isolates migrated through the sieves within 24 hours. For the resistant isolate of T. colubriformis
(T.c. MOX-R) fewer L3 migrated in controls.
Based on the method of Gill (GILL et al., 1991) incubation took place in the dark, migration in
the light (depending on daylight).

2.5.4. Assay performance
This assay was carried out similar to the method described by Rabel (RABEL et al., 1994) with
few modifications.
Sieves were made in the laboratory. Clear polystrene tubes (BP Biosiences) with an internal
diameter of 7 mm and an outside diameter of 10 mm were cut to the length of 2 cm and the end
filed. Over one end, 25µm aperture nylon mesh was fastened with fast action glue. The 25µm
mesh was selected as larvae require active migration to pass through, but dead larvae will not
transverse the sieve.
Only sieves with clear opening and intact seals on the tube were used. Six sieves were then glued
to an acrylic stick with the same spacing as rows of wells in a 24-well plate (Falcon Tissue
Culture Plates).
The larvae were incubated in the drug solutions (1.5 ml) for 24 hours in the dark at 28°C in the
plates.
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Fig. 2.3.: LMIA migration plate with sieves

A second set of plates (migration plates) were prepared with 400 µl agar (2%) in each well. After
24 hours the suspensions were carefully transferred into the sieves, suspended in the migration
plate so as not to touch the bottom. Larvae were allowed to migrate for 24 hours at 28°C. Then
the sieves were raised out of the liquid and the outside contents carefully washed into the
migration well (shown by white arrow in fig 2.3.). The contents of the sieve (remaining larvae)
were flushed into the corresponding well of the next row of the plate (indicated by the black
arrow in fig. 2.3.). Larvae in both wells (migrated and non-migrated) for each concentration were
counted under the microscope.
Each assay was carried out in duplicates (on the same plate) and a total of 2-3 assays per isolate
and drug were performed.
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2.5.5. Data analysis
For each well (concentration) migrated and non-migrated larvae were counted and a proportion of
non-migrated larvae calculated by dividing the number of non-migrated larvae by the total of
motile and non-motile x 100. These data were corrected by the average of all control wells of the
same plate. The data were analyzed using GraphPad Prism® software in the same way then for
the larval development assay (for details see section 2.4.4.).
4-6 data points were taken for each drug/concentration. All repeats were averaged (mean) and the
EC50, standard error and p-values calculated.
Further statistics were performed in the same way as described in section 2.4.4.

2.6. Micromotility Meter

2.6.1. Parasites and incubation conditions
Adult T. colubriformis and T. circumcincta of resistant (T.c. MOX-R and O.c. WAM) and
susceptible (T.c. and O.c. McMaster) isolates were obtained from donor sheep. For detailed
information collection of the worms see chapter 2.3.4.
The adult T. circumcincta were manually picked with a small sized forceps and placed in groups
of 7-8 into the wells of a 24-well plate (Falcon Tissue Plates). The adult T. colubriformis were
suspended in RPMI medium (appendix), aspirated with a 200 µl pipette and transferred in the
wells (roughly 30 adults per well). Finally the wells contained the worms, RPMI medium and
different concentration of the drugs tested at a volume of 1.5 ml.
The worms were incubated for 24 hours in an incubation atmosphere (Heraeus incubator)
containing 5% CO2.
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For the experiment the worms were placed into single glass tubes (inner diameter 6mm),
containing the incubation medium (1.5 ml) and enough fresh medium to reach a certain necessary
level in the tubes (meniscus).

2.6.2. Test drugs
Four macrocyclic lactone anthelmintics were evaluated in this study: Ivermectin (Sigma),
Moxidectin (Fort Dodge), Ivermectin B1b and Milbemycin A4 (MST).
The dilution of drugs were made in RPMI medium maintaining a steady concentration of 1%
DMSO and giving a final drug concentration of 10-5 M and 10-9 M (resistant) and 10-7 M and
10-11 M (susceptible). For dead controls the worms were killed by heating in a water bath at 70°C
for 20 min. Three replicates (single tubes) for every concentration (five) were prepared for each
drug to be tested.

2.6.3. The Micromotility Meter
A Micromotility meter similar to that one described by Folz (FOLZ et al., 1987a), was used in
this study. These tubes were monitored in a 37°C warm water bath, then singly placed in the
channel of the Micromotility meter and motility was measured for ~ 1 minute.
On the base of the Micromotility meter is a light located, which projects upwards through the
tube and its contents. It refracts horizontally from the meniscus to the outside of the tube, where it
gets measured by a photo detector. Movement of the worms cause a variation of the reflected
light rays and therefore a variation in the signals received. The average deviation of the signals
from its mean value is determined by means of an amplifier, a converter and a computer. The
numerical representation of this signal is termed the motility index. This motility index gives a
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good measure of the motor activity of the helminths tested. Dead helminths generated a reading
comparable to those obtained from pure liquid, active helminths caused higher indices then less
active worms.
a) photodiode
b) pin lamp
c) knob to adjust position
of test tubes
d) plastic light pipe
e) aluminium housing for
test tube
f) connector to computer
g) test tube
h) meniscus

Fig. 2.4.: Cross section of one channel of a Micromotility meter

2.6.4. Standardisation and performance of the assay
For the standardisation of this assay three parameters were thought to be critical. 1) the amount of
worms per tube for the different species, 2) the time of incubation of the worms in the drug prior
to measuring and 3) the concentration range of the drugs.
Several test assays were carried out in order to optimise these parameters.
Three different numbers of worms per tube were tested for each species without incubation in
drugs. Based on the method of Power (POWER, 2005) for T. colubriformis a number of ~30
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worms (25-35) was found to be optimal. For T. circumcincta tests were carried out with 2, 5 and
10 worms in RPMI medium. The results obtained for 2 worms per tube were scattered and of no
good reproducibility. 5 and 10 worms gave close and repeatable results, so that a number of 7-8
worms was chosen.
The time of incubation was tested by measuring the motility of susceptible worms for only three
concentrations of IVM (1-0.01 µM) after 2 and 24 hours. Even if there were no significant
differences, the 24 hours incubation showed less scattered results. An incubation time of 24 hours
was chosen to allow sufficient uptake of the drug and enough time to affect the motility of the
worm.
In order to optimise the concentration range, two different serial dilutions were tested. The 1:3
dilution from 10-6 M to 10-8 M (same as used in the LMA) was not able to detect the whole
spectrum of the drug. A 1:2 dilution from 10-5 M - 10-9 M (resistant isolates) and 10-7 M –
10-11 M (susceptible isolates) was chosen.

2.6.5. Data analysis
PicoScope© software from Pico Technology, USA was used to receive the readings from the
Micromotility Meter on a computer and to analyze certain parameters. Figure 2.5. shows two
typical traces obtained from T. colubriformis following incubation in different media.
The program measures the difference between the peaks of the received electric signals (mV,
comparable to the amplitude) at given time points (ms, ca. every 20 ms). We chose a fixed
amount of measurements up to 50,000 ms. Approximately the first 10 seconds did not contribute
to the calculation to allow adaptation of the test-tube in the Micromotility Meter.
The obtained values were transformed into positive values and an average absolute value
calculated automatically by the program. The average absolute values of the three sample
triplicates were averaged to gather one value per drug concentration. The positive controls were
set as 100%, the dead controls as 0%. The values from the positive controls and all tested
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concentrations were corrected against the dead controls and a reduction of motility in percent
calculated (using Microsoft Excel© software). The percentages of the four measurements taken
were again averaged and used to graph the results in GraphPad Prism©, where an EC50 and the
standard error have been calculated.
Further analysis and statistics were performed the same way as described in section 2.4.4.
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Fig. 2.5.: Two examples of graphs obtained in PicoScope® software of adult T. colubriformis
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2.7. Muscle Transducer

2.7.1. Parasites
Susceptible (H.c. McMaster) and resistant (H.c. CAVR) isolates of H. contortus were used in this
experiment. The worms were collected and maintained as described in chapter 2.
Only adult female worms were chosen for this experiment and maintained in RPMI (appendix) in
an incubator at 37°C for a maximum of three days. On the day of the experiment they were
maintained in a hot water bath 37°C. Left over worms on the end of the day were discarded.

2.7.2. Test drugs
Five macrocyclic lactone anthelmintics were evaluated in this study: Ivermectin (Merck),
Ivermectin B1a, Ivermectin B1b, Milbemycin A3 and Milbemycin A4 (MST).
For each drug the stock solution (10-2 M in 100% DMSO) were diluted in Moniliformis buffer
(see Appendix) to give final concentrations between 10-5 M and 10-11 M (resistant isolates) and
10-9 M and 10-15 M (susceptible isolates), maintaining a steady concentration of 0.5% DMSO.
ACh stock solutions (10-1 M in dist. water) were diluted in Moniliformis buffer and DMSO was
added to a concentration of 0.5%. All solutions were made fresh on the day of use.

2.7.3. Measurement of somatic muscle contraction
For this study the muscle transducer system and cannulated injection method (SANGSTER et al.,
1991; SANGSTER et al., 1995; MARKS et al., 1999a) was used. This system was calibrated
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with weights (pre-weighted lengths of stainless steel wire) before the experiment. The transducer
responded to the weights linearly (fig. 2.6.) and with a sensitivity <1 mg force. The responses
were recorded on a chart recorder.

Fig. 2.6.: linear response of transducer force

2.7.4. Worm preparations and injections
During the day of experiment the storage beaker with the worms was placed in a warm water bath
at 37.0 °C.
The single worm for the experiment was maintained in a bath (Plexiglass dish) with Moniliformis
buffer (5ml) on a thermostatically controlled hot-plate at 38.0 °C.
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A female worm was placed in this system and a silk filament was attached with superglue to the
worms head, near the oesophageal-intestinal junction. The filament was attached to the arm of the
transducer. The tail of the worm was glued on a metal syringe (filed round at the end) near the
vulval flap. Using a stereo microscope and iris scissors, a small incision was made near the
worms head and another incision near the vulval flap. The interior organs were removed with
very fine forceps. A cannula, made by heat tapering polyethylene tubing (inner diameter 0.28mm
/ outer diameter 0.61mm, Dural plastics, Australia) was passed through the incision into the
pseudocoelomic cavitiy.
Every experiment was started with an injection of Moniliformis buffer and the tension on the
worm adjusted, so that the injection of buffer caused no contraction. The worm was then
sequentially injected with approximate 25 µl volumes of solutions in the following order: ACh
(10-5 M, two to three times), test compound, test compound + ACh – Mix, ACh (10-5 M) and KCl
(50 mM). Between each injection except after the test compound, an injection of 25 µl Buffer
followed to wash out the compounds between each test solution.
ACh was used as a standard of comparison, because it elicits consistent contraction responses on
H. contortus somatic body muscle (SANGSTER et al., 1991). Prior to testing drug compounds,
two to three ACh responses were recorded and only the worms in which the two/three responses
were within 10 % of the first response were used for the studies.
For control responses the test compound was replaced with buffer and ACh alone injected in
place of the ACh-test compound-mix.
The compounds were tested at a range of concentrations between 10-5 M and 10-15 M for
susceptible and resistant isolates of H. contortus.
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Fig. 2.7.: Cannulation method of H. contortus in the Muscle Transducer

2.7.5. Data analysis
Contractions of the worm were monitored on the chart recorder. The response amplitude (peak
heights) of ACh, test compounds, the ACh-test compound-mix and KCl on the traces from the
chart recorder were measured. Of the first two to three ACh peaks a mean was taken to be able to
generate ratios for the response after injection with the drug. The values for the test compound
and the ACh-test compound-mix were both divided by the mean of ACh (using Microsoft
Excel® software).
Each data point was derived from a minimum of four worms, which were collected from at least
two different donor sheep.
The concentration response data for the susceptible and resistant isolate of each strain were fitted
by non-linear regression (variable slope) in the computer program GraphPad Prism® 4.0 for
Windows (details see section 2.4.4.) and graphed.
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Even the highest used concentration of some drugs did not inhibit muscle contraction by 50% or
more in every isolate. Therefore it was decided to calculate an ED25 and the standard error. The
value of 1.2 (positive control) was set 100% at a given concentration (TOP) and a value of 0.4
(negative control) was set as a negative baseline (BOTTOM). The p-value was calculated to
compare statistical differences between the means of the two isolates of each species. The
difference was calculated by comparing the ED25 + SE of the susceptible isolate to the ED25 – SE
of the resistant isolate.

2.8. Electropharyngeogram

2.8.1. Parasites
Adult female T. colubriformis of resistant (T.c. MOX-R) and susceptible (T.c. McMaster) isolates
were obtained from donor sheep. For detailed information collection of the worms see chapter
2.3.4.
The adult T. colubriformis were cleaned in saline, suspended in RPMI medium (appendix) and
kept in sterile RPMI medium for up to three days at 37 °C.

2.8.2. Test drugs
Six macrocyclic lactone anthelmintics were evaluated in this study: Ivermectin (Merck),
Ivermectin B1a, Ivermectin B1b, Milbemycin A3 and Milbemycin A4 (MST) were tested with
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the susceptible isolate T.c. McMaster. Due to problems with the set-up and shortage of animals
and time, only IVM and MOX (Forte Dodge) were tested with the resistant isolate T.c. MOX-R.
For each drug the stock solution (10-2 M in 100% DMSO) were diluted in Moniliformis buffer
(see Appendix) to give final concentrations between 10-5 M and 10-11 M (resistant isolates) and
10-9 M and 10-15 M (susceptible isolates), maintaining a steady concentration of 0.5% DMSO.
ACh stock solutions (10-1 M in dist. water) were diluted in Moniliformis buffer and DMSO was
added to a concentration of 0.5%. All solutions were made fresh on the day of use.

2.8.3. Extracellular electrophysiological recording of pharyngeal pumping
The EPG (Electropharyngeogram) recording set-up (fig. 2.8.) was similar to that described for C.
elegans (RAIZEN et al., 1994). The inverted microscope and micromanipulator were located on
an air cushioned vibration-isolated workstation and electrically isolated in a metal mesh cage. All
metal parts of the cage were earthed. A DC transformer supplied the power for the microscope.
Additional lighting was supplied through a fibre optic arm linked to an AC lamp kept outside the
cage.
A bunch of worms were placed in a bath of 4 ml Monilifromis buffer solution (Appendix) in a
glass dish. The glass dish was kept on a thermostatically controlled hotplate at 38 °C. The
hotplate was perforated to allow visualisation of the worm.
Only dissected worms were used in this study to allow better exposure of the pharynx to the
medium and drug. One female worm was chosen, isolated from the rest of the worms and cut just
behind the pharyngeal-intestinal valve through the intestine with a No. 15 surgical blade. The
head of the worm was sucked into a glass pipette, which had been pulled by a two-stage glass
puller, fire polished and filled with Moniliformis buffer solution. A syringe, connected to the
glass pipette by a small plastic hose, controlled the suction.
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Two electrodes (Ag/AgCl wires), one in the glass pipette and the other on the bath (ground) were
connected to the head stage, which was attached to a List patch clamp amplifier. Clamp voltage
was set to “ 0” and gain to “ 1” .
Controls of dead worms, killed by heating in a water bath at 70°C for ~20 min. and maintained in
Moniliformis buffer solution only, did not generate any visible spikes. A square wave generator
was used to check the electrical seal between the worm and the pipette. Current signals were
filtered by a 0.5 kHz filter and viewed on a digital oscilloscope as well as digitised by a Digidata
1322A interface and board at a frequency of 10 kHz. They were acquired by the computer using
AXON pCLAMP® 9.2 software (Clampex® 9.2).

Fig. 2.8.: A schematic of the experimental set-up for extracellular electrophysiology
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2.8.4. Data analysis
All data were browsed and analysed by pCLAMP 9.2 (Clampfit 9.2). Polarity of the signal was
reversed in order to match Raizen and Avery’ s convention (RAIZEN and AVERY, 1994).
A minimum of four replicates were performed per isolate, drug and concentration.
For each worm frequency of the pharyngeal pumping, amplitude of each pumping event and the
area under the curve were measured before adding the drug, one minute after and then every
following minute for a duration of 10 seconds until pumping stopped (maximum 10 minutes). For
each parameter a value was calculated automatically by the program. These values were
transferred into a spreadsheet in Microsoft Excel®. The values obtained before adding the drug
were stated to 100%. All following values were calculated in percent. Data was transferred into
the program GraphPad Prism (Microsoft) to calculate mean values and the standard error and to
graph the results. Sigmoidal curve fitting was used and calculation followed the “ four-parameterlogistic-model” as described in chapter 2.4.4. Additionally we looked at the R2 which quantifies
the goodness of fit and the confidence intervals.
For each drug concentration the decrease in amplitude and frequency and the results for the area
under curve (AUC) were plotted against the time.
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3. Results

In all following figures and tables used in the result chapters the species Telodorsagia
circumcincta is shortened by the letters O.c. (for Ostertagia circumcincta) to avoid confusion
with Trichostrongylus colubriformis (T.c.).

3.1.

The effects of anthelmintics on larval development

3.1.1. Assay characteristics
The assay performed here describes the effect of six different anthelmintic drugs on the larval
development of drug-susceptible and drug-resistant populations of the three species H. contortus,
T. colubriformis and T. circumcincta.
The culture of all six isolates on agar in the LDA plates was successful. In the control wells at
least 97% of the eggs hatched and more than 98% of the hatched larvae developed through to L3.
The duplicate plates showed very similar results, assuring only limited variation factors in this
assay.
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3.1.2.

Results of the LDA

All assays carried out were successful. For all the isolates and all drugs tested a sigmoidal curve
was obtained showing a dose depending response. The assay proved to be robust, reliable and
repeatable.
Following drugs were used in this experiment:
IVM
IVM B1a
IVM B1
MOX
Mil A3
Mil A4
The dose response curves for all isolates and drugs are shown in fig. 3.1.-3.3.. All obtained values
were within the 95 % confidence interval and the goodness of fit (R2) was always between 92 %
and 99 %.
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Fig.3.1.: Activity of tested drugs as inhibitors of larval development of susceptible versus
resistant H. contortus populations in M
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Fig.3.2.: Activity of tested drugs as inhibitors of larval development of susceptible versus
resistant T. colubriformis populations in M
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Fig.3.3.: Activity of tested drugs as inhibitors of larval development of susceptible versus
resistant O. circumcincta populations in M
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The EC50 values with the standard errors (SE) and the p-values were calculated as described in
chapter 2.4.4. and are shown in table 3.1.-3.3.
Table 3.1.: EC50 ± Standard error and p-value for the EC50 of ML’ s in the LDA for susceptible
and resistant H. contortus in nM
H.c. McM

drugs

B1a
B1b
IVM
MOX
Mil A3
Mil A4

H.c. CAVR

EC50

SE

EC50

SE

p-value

0.913
0.996
0.635
0.965
0.752
0.364

0.7525 to 1.1080
0.7281 to 1.3630
0.4849 to 0.8317
0.6233 to 1.4920
0.6808 to 0.8300
0.3358 to 0.3940

2.83
3.35
4.21
2.33
6.5
3.4

2.421 to 3.315
3.008 to 3.725
3.736 to 4.733
2.071 to 2.622
5.956 to 7.099
3.002 to 3.850

< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001

Table 3.2.: EC50 ± Standard error and p-value for the EC50 of ML’ s in the LDA for susceptible
and resistant T. colubriformis in nM
T.c. McM

drugs

B1a
B1b
IVM
MOX
Mil A3
Mil A4

T.c. MOX-R

EC50

SE

EC50

SE

p-value

3.54
6.76
5.57
7
8.45
4.25

3.094 to 4.038
6.250 to 7.312
4.990 to 6.222
5.697 to 8.592
5.940 to 12.02
3.575 to 5.062

56.1
82.5
52.5
50.8
271
123

47.42 to 66.31
64.14 to 106.1
44.64 to 61.64
41.81 to 61.60
215.9 to 339.4
108.4 to 139.4

< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001

p-value = statistical difference between the means of the EC50 + SE of the susceptible isolate and
the EC50 – SE of the resistant isolate.

107

Results

______________________________________________________________________________

Table 3.3.: EC50 ± Standard error and p-value for the EC50 of ML’ s in the LDA for susceptible
and resistant O. circumcincta in nM
O.c. McM

drugs

B1a
B1b
IVM
MOX
Mil A3
Mil A4

O.c. WAM

EC50

SE

EC50

SE

p-value

3.59
3.62
5.58
5.04
3.56
1.77

3.470 to 4.226
2.923 to 4.492
5.061 to 6.155
4.692 to 5.404
2.707 to 4.679
1.329 to 2.361

15.1
8.96
14.3
5.71
14.7
7.09

10.31 to 22.23
7.577 to 10.59
10.87 to 18.85
4.667 to 6.987
12.68 to 16.93
5.540 to 9.070

< 0.0001
< 0.0001
< 0.0001
0.2005
< 0.0001
< 0.0001

p-value = statistical difference between the means of the EC50 + SE of the susceptible isolate and
the EC5ß – SE of the resistant isolate.

Table 3.4.: Resistance Ratio (RR)
H. contortus

T. colubriformis

O. circumcincta

IVM B1a

3.1

15.85

4.21

IVM B1b

3.38

12.20

2.48

IVM

6.63

9.43

2.56

MOX

2.42

7.26

1.13

Mil A3

8.64

32.07

4.13

Mil A4

9.34

28.94

4.01

drugs

For H. contortus, the dose-response-curve for all tested drugs showed a clear shift to the right for
the resistant isolate. According to the p-value for the EC50, the differences are significant.
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IVM and the two Milbemycins started with an EC50 at the lowest levels (0.364-0.752 nm).
Interestingly both components of IVM, IVM B1a and IVM B1b, were less potent (~0.950 nm).
MOX was similar in potency to IVM B1a and IVM B1b.
Moxidectin showed the smallest RR of only 2.4, closely followed by IVM B1a and IVM B1b
(RR~3). The milbemycins showed the biggest RR’ s with 8.64 (Mil A3) and 9.34 (Mil A4).
The differences between the means of all drugs tested were found to be statistically highly
significant.
For T. colubriformis the drugs were about 10 fold less potent (EC50 10 fold higher) and the
obtained shifts in the dose-response-curves were generally bigger than for H. contortus.
The most potent drug was IVM B1a (3.54 nM), the least potent Mil A3 (8.45 nM). IVM B1b was
less potent with an EC50 value of 6.76 nM. The potency of IVM (5.57 nM) was close to the mean
of its two components.
The milbemycins showed the biggest RR’ s of ~32 (Mil A3) and ~29 (Mil A4). In contrast to H.
contortus, both components of IVM showed bigger RR’ s (IVM B1a 15.85 and IVM B1b 12.20)
than IVM itself (9.43). The most efficient drug is MOX (RR 7.26). The difference in efficacy
between the avermectins and the two milbemycins Mil A3 and Mil A4 is bigger than in H.
contortus.
The differences between the means of all drugs tested were also found to be statistically highly
significant for this species.
For T. circumcincta the drugs were of same potency than for T. colubriformis. All tested drugs
had an EC50 within the 3-8 nM area.
The most potent drug was Mil A4 with an EC50 of 1.77 nM followed by Mil A3 with 3.56 nM,
IVM B1a (3.58 nM) and IVM B1b (3.62 nM). IVM itself was a lot less potent than both its
components, which is the opposite finding than in H. contortus and also different from T.
colubriformis. MOX was in the same range of potency than IVM.
Mil A3 and IVM B1a showed the biggest RR’ s of 4.13 and 4.21 respectively, closely followed by
Mil A4 (4.01). IVM B1b and IVM showed RR’ s of ~2.5 and MOX as the most efficient drug
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with a RR of 1.13. For all drugs except MOX the p-value for the EC50 (0.0001) showed a
significant differences between the susceptible and resistant curves. For MOX the p-value was
0.2005, indicating no statistical difference for this drug.
In contrast to the other two species, the efficacy of IVM lays between the results of its two
components.

3.2.

3.2.1.

The effects of anthelmintics on larval migration

Assay characteristics

The present study describes the effects of six different drugs on the larval motility of drugsusceptible and drug-resistant populations of the three species H. contortus, T. colubriformis and
T. circumcincta. For each drug / isolate, a dose response curve was obtained.
The obtained results within one isolate/species were similar, proving the assay to be reliable and
repeatable.

3.2.2.

Results

Observation in this assay showed that H. contortus larvae intend to remain coiled for a prolonged
period of time which might have affected their migration behaviour. This could not be observed
for T. colubriformis and T. circumcincta.
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There was almost no shift in dose response between susceptible and resistant isolate of H.
contortus for IVM B1a, IVM B1b, IVM, Mil A3 and Mil A4. For the other two isolates dose
response curves were observed for all drugs.
The goodness of fit for all curves was between 95 % and 99 %.
All curves are shown in fig. 3.4. – 3.6.
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Fig. 3.4.: Activity of tested drugs as inhibitors of larval migration of susceptible versus resistant
H. contortus populations, concentrations in M
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Fig. 3.5.: Activity of tested drugs as inhibitors of larval migration of susceptible versus resistant
T. colubriformis populations concentrations in M
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Fig. 3.6.: Activity of tested drugs as inhibitors of larval migration of susceptible versus resistant
T. circumcincta populations concentrations in M
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The calculated EC50, standard error and the p-values for the EC50 of the LMIA are shown in
tables 3.5.-3.7., the resistance ratios (RR) in table 3.8.
Table 3.5.: EC50 ± Standard error and the p-values for the EC50 ML’ s in the LMIA for
susceptible and resistant H. contortus populations in nM
H.c. McM

drugs

B1a
B1b
IVM
MOX
Mil A3
Mil A4

H.c. CAVR

EC50

SE

EC50

SE

p-value

502
652
676
371
1970
827

360.0 to 699.0
387.2 to 1098
402.3 to 1136
301.6 to 456.3
1199 to 3225
522.8 to 1308

621
873
755
2500
670
792

425.5 to 906.7
636.6 to 1198
338.4 to 1683
1530 to 4070
461.1 to 973.6
498.7 to 1257

< 0.3900
< 0.3170
< 0.0810
< 0.0001
(< 0.0002)
(< 0.8967)

Table 3.6.: EC50 ± Standard error and the p-values for the EC50 of ML’ s in the LMIA for
susceptible and resistant T. colubriformis populations in nM
T.c. McM

drugs

T.c. MOX-R

EC50

SE

EC50

SE

p-value

B1a
B1b

595
535

407.0 to 868.6
351.6 to 814.9

1070
3780

715.8 to 1602
2429 to 5878

IVM
MOX
Mil A3

447
471
803

309.8 to 643.7
326.8 to 678.4
507.7 to 1271

1420
3430
2550

933.0 to 2152
3323 to 5332
1857 to 3498

< 0.0506
< 0.0001
< 0.0002

Mil A4

1200

753.4 to 1909

9870

6254 to 15560

< 0.0001
< 0.0007
< 0.0001

p-value = statistical difference between the means of the EC50 + SE of the susceptible isolate and
the EC50 – SE of the resistant isolate.
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Table 3.7.: EC50 ± Standard error and the p-values for the EC50 of ML’ s in the LMIA for
susceptible and resistant T. circumcincta populations in nM
O.c. McM

drugs

B1a
B1b
IVM
MOX
Mil A3
Mil A4

O.c. WAM

EC50

SE

EC50

SE

p-value

472
514
266
618
1240
1410

288.5 to 773.4
337.6 to 783.6
197.7 to 357.4
485.2 to 788.2
921.3 to 1667
817.0 to 2441

1820
833
1130
13900
7870
2510

128.0 to 2600
643.1 to 1095
744.3 to 1724
6112 to 31590
4003 to 15480
1519 to 4136

< 0.0001
< 0.0641
< 0.0001
< 0.0001
< 0.0001
< 0.1000

p-value = statistical difference between the means of the EC50 + SE of the susceptible isolate and
the EC50 – SE of the resistant isolate.

Table 3.8.: Resistance Ratio (RR)
H. contortus

T. colubriformis

O. circumcincta

IVM B1a

1.24

1.79

3.86

IVM B1b

1.34

7.07

1.62

IVM

1.12

3.18

4.25

MOX

6.74

7.28

22.45

Mil A3

0.88

3.18

6.35

Mil A4

0.96

8.23

1.78

drugs

For H. contortus the most potent drug was MOX with an EC50 at a concentration of 371 nM. The
three avermectins ranged between 502 – 676 nM, Mil A4 followed with 827 nM and Mil A3 was

116

Results

______________________________________________________________________________

the least potent one with 1970 nM. Both components of IVM were more potent than IVM itself
and both milbemycins were less potent than the avermectins.
For Mil A3 and A4 it was not possible to obtain a shift in the dose response curves, the curves did
cross over around the 50% area and the results for the EC50 were unrealistic.
The most efficient drug was IVM, closely followed by its components. For MOX an unexpected
high RR of 6.74 was obtained.
The means obtained for both isolates were not found to be statistically different for all
avermectins. Only MOX generated a highly significant difference.
For T. colubriformis shifts were observed for all drugs tested. The drugs tested started acting in a
similar range than H. contortus. The most potent drugs were IVM (447 nM) and MOX (471 nM),
followed by IVM B1b (535 nM) and IVM B1a (595 nM). The two milbemycins showed the
lowest potency with 800 – 1200 nM. In contrast to H. contortus, both components of IVM were
less potent than IVM itself.
The most efficient drug was IVM B1a with a RR of 1.8. Even though IVM B1b was the slightly
more potent one, it showed a significantly higher RR of 7.07 (p-value < 0.0001). The RR of IVM
(3.18) was close to the mean of its two components. Mil A3 showed the same efficacy than IVM,
while Mil A4 was the least efficient. MOX obtained a similar RR than IVM B1b.
In this species, IVM B1a was the only drug without a significant difference (p-value > 0.05)
between the means of the EC50.
For T. circumcincta all tested drugs showed a shift in the dose response curve to the right. The
most potent drug was IVM, with an EC50 already at a concentration of 266 nM. Both its
components were significantly less potent (472-514 nM). Of the three milbemycins, MOX was
the most potent with 618 nM, followed by Mil A3 (1200 nM) and Mil A4 (1410 nM).
The most efficient drug was IVM B1b, showing a RR of only 1.6, closely followed by Mil A4
with an obtained RR of 1.8 (both p-values > 0.05). The rank order of efficacy following was IVM
B1a (3.9), IVM (4.3), Mil A3 (6.4) and MOX (22.5). In contrast to H. contortus, both
components were more efficient than IVM itself. The low efficacy of MOX was unexpected.
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3.3.

3.3.1.

The effects of anthelmintics on adult motility

Assay characteristics

The present study describes the effects of four different ML’ s on the adult motility of the two
species T. colubriformis and T. circumcincta. For each drug / species a sigmoidal curve was
obtained, showing a dose dependent response (dose response curve). The assay was proved to be
accurate, reliable and repeatable.
It has been widely used for studies of larval motility and Geary (GEARY et al., 1993) tested adult
male H. contortus, but so far this is the first reported study on anthelmintic resistance with adult
T. colubriformis and T. circumcincta.

3.3.2.

Results

The Micromotility meter was used with adult worms to detect differences in motility between the
resistant and susceptible isolates of two species and also differences in the effects of the drugs
tested. The reduction of motility compared to the positive and negative controls was obvious. For
every sample tested a dose response curve was obtained.
Four samples (repeats) were done per isolate, drug and concentration. The worms for each
sample were collected from one sheep as described in section 2.6.1; a minimum of three sheep
was used to provide compatibility.
The four obtained values were very close to each other, proving a good reproducibility of this
assay.
For all isolates it was possible to show effects of the tested drugs.
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In this experiment, following drugs were used:
IVM
IVM B1b
MOX
Mil A4
The data was analyzed as described in chapter 2.6.5. The graphs are shown in fig. 3.7. and 3.8.
The goodness of fit for all curves was between 98 % and 99 %.

119

Results

______________________________________________________________________________

Fig. 3.7.: Activity of tested drugs as inhibitors of motility in susceptible versus resistant T.
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Fig. 3.8.: Activity of tested drugs as inhibitors of motility in susceptible versus resistant T.
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The calculated EC50 values with the standard errors (SE) for the Micromotility Meter are shown
in table 5.1.-5.2., the resistance ratios (RR) in table 5.3.
Table 3.9.: Effect of macrocyclic lactones on motility of adult T. colubriformis in vitro in the
Micromotility meter assay.
EC50 and standard error (SE) in nM
T.c. McM

drugs

T.c. MOX-R

EC50

SE

EC50

SE

p-value

B1b

1.28

0.8098 to 2.022

18.5

9.345 to 36.210

< 0.0001

IVM

0.0148

0.08365 to 0.2632

13.1

10.13 to 17.00

< 0.0001

MOX

1.03

0.4926 to 2.160

2.77

1.647 to 4.664

0.0281

Mil A4

0.167

0.06606 to 0.4234

8.31

4.135 to 16.68

< 0.0001

Table 3.10.: Effect of macrocyclic lactones on motility of adult O. circumcincta in vitro in the
Micromotility meter assay.
EC50 and standard error (SE) in nM
O.c. McM

drugs

O.c. WAM

EC50

SE

EC50

SE

p-value

B1b

0.0567

0.02962 to 0.1083

4.21

2.996 to 5.905

< 0.0001

IVM

0.125

0.03835 to 0.4084

43.2

26.36 to 70.87

< 0.0001

MOX

0.334

0.1517 to 0.7361

4.61

2.409 to 8.831

0.0009

Mil A4

0.168

0.1116 to 0.2517

9.46

6.785 to 13.19

< 0.0001

p-value = statistical difference between the means of the EC50 + SE of the susceptible isolate and
the EC50 – SE of the resistant isolate.
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Table 3.11.: Resistance Ratio (RR)
drugs

T. colubriformis

O. circumcincta

IVM B1b

14.45

74.25

IVM

88.51

345.60

MOX

2.69

13.80

Mil A4

49.76

56.31

For T. colubriformis the most potent drugs was IVM (0.015 nM) followed by Mil A4, starting to
affect the motility by 50 % at a concentration of 0.167 nM. They were followed by MOX (1.03
nM) and IVM B1b (1.28 nM).
MOX was the most efficient drug, showing the smallest RR of 2.69 and only just a statistical
difference between the two means (p-value between 0.01 – 0.05). The rank order in efficacy
followed with IVM B1b < Mil A4 < IVM.
IVM was found far more potent than IVM B1b but was also the least efficient one. As seen in the
results for the LDA, the more potent drugs seem to generate the higher RR and vice versa.
For T. circumcincta the obtained shifts in the dose response curves were generally smaller than
for T. colubriformis. All obtained values were slightly lower and in contrast to T. colubriformis
IVM B1b was more potent than IVM.
The most potent drug was IVM B1b with an EC50 of 0.0567 nM. The rank order of potency was
again different than in T. colubriformis and is as follows: IVM B1b < IVM < Mil A4 < MOX. In
terms of potency the group of avermectins are the more potent anthelmintics.
As in T. colubriformis the most efficient drug was MOX with a RR of 13.80 (p-value >0.0001).
The rank order of efficacy followed with Mil A4 < IVM B1b < IVM. In terms of efficacy the
milbemycins are the more efficient anthelmintics.
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3.4.

3.4.1.

The effects of anthelmintics on somatic muscle of H. contortus

Assay characteristics

The adult female worms were found to be consistent in their response to the treatments. ACh
(10-5 M) elicited significant and rapid muscle contractions (fig 3.9. + 3.10.). No differences could
be observed between susceptible and resistant isolates. The injection of buffer caused no
contraction. The peak visible on the traces for the wash with buffer-solution shows the reaction to
the process of washing out ACh. The injections of all test compounds lead to a slight relaxation,
followed by a concentration-dependent reduction of contraction.

1.

A

A

D M A KCl

2.

W WW WW

A
W

A

A

D M A KCl

W W W W

Fig. 3.9.: Examples of traces from the chart recorder showing the effect of IVM (1) and IVM
B1a (2) in the concentration 10-12 M on somatic muscles of H. contortus
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2. IVM B1a 10-12

1. control buffer

A= ACh
B = Buffer
D = Drug
M = Drug + ACh Mix
W = Wash (buffer)
KCL
A A A B A
W W WW

KCl

3. IVM B1b 10-9

A

A A DMA
W W W W KCl

A A A D M A KCL
W WW WW
4. Mil A4 10-10

A

A D M A KCl
W W WW

5. Mil A3 10-11

A A A A D M A KCl
WWWWWW

Fig. 3.10.: Examples of traces showing the effect of test drugs in H. contortus
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3.4.2.

Results

For all tested female worms it was possible to show effects of the drugs. Compared with drug
susceptible worms, the effects of all tested anthelmintics except Mil A3 were significantly
reduced in the resistant worms in all concentrations tested. For the resistant isolate of H.
contortus, the dose response curves of all tested drugs showed a clear shift to the right.
For all isolates it was possible to show effects of the tested drugs.
In this experiment, following drugs were used:
IVM
IVM B1a
IVM B1b
Mil A3
Mil A4
The goodness of fit for all curves was between 98 % and 99 %.
The data were analyzed as described in chapter 2.6.5. The graphs are shown in fig. 3.11.
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Fig. 3.11.: Contraction response of H. contortus female worms after injection of anthelmintics
(concentration in M)
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Due to solubility limitations and a maximum concentration of DMSO of 0.5% (capable for the
worms), the highest concentration possible to use in this assay was 10-5 M. This concentration did
not reduce muscle contraction by 50 % or more in all isolates. Therefore it was decided to
calculate an ED25 as described in chapter 2.7.5.
The calculated ED25 values with the standard error (SE) and the p-values are shown in table 3.12.

Table 3.12.: ED25 ± standard error (SE) and p-values of ML’ s in the Muscle Transducer Assay
for susceptible and resistant H. contortus in nM
drugs

ED25

H.c. McM
SE

ED25

H.c. CAVR
SE

p-value

IVM B1a

2.548

1.262 – 5.145

149.8

89.48 – 250.9

0.0002

IVM B1b

0.010

0.003 – 0.029

198.7

83.23 – 474.5

< 0.0001

IVM

0.011

0.007 – 0.044

2603

692.7 – 9778

< 0.0001

Mil A3

0.102

0.039 – 0.265

102.9

50.32 – 210.2

< 0.0001

Mil A4

1.147

0.476 – 2.768

179.2

127.6 – 251.6

0.0004

p-value = statistical difference between the means of the ED25 + SE of the susceptible isolate and
the ED25 – SE of the resistant isolate.
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Table 3.13.: Resistance Ratios (RR) H. contortus McM vs. CAVR
H. contortus

Anthelmintics
IVM B1a

58.791

IVM B1b

19673.267

IVM

236636.360

Mil A3

1008.82

Mil A4

156.23

The most potent drug to inhibit contraction of the somatic muscles in adult H. contortus was the
commercial IVM with an ED25 of 0.0041 nM. Both components were less potent with IVM B1a
being significantly less potent (ED25 2.216). Mil A3 showed an ED25 of 0.6125 nM, while Mil A4
(1.86 nM) was closer to IVM B1a.
The results in table 3.13 show the difference in the RR for the different test drugs, reflecting their
efficacy.
IVM is the most potent but least efficient drug. The resistance against IVM as the commercially
available mixture is significantly higher than against both components if tested on their own. As
observed in the previous described assays, the most potent drugs tend to generate the highest RR.
Resistance against the compounds of the milbemycin group is significantly lower than against the
avermectins.
All p-values obtained showed a significance in differences, but only IVM and IVM B1b were
found to be highly different (p-values <0.0001). The p-value for IVM B1a (0.0056) was
relatively high, maybe caused by the big range for the SE for the resistant isolate.
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3.5.

3.5.1.

The effects of anthelmintics on pharyngeal muscle of T. colubriformis

Characteristics of the experimental set-up

The present study describes the effects of 5-HT and six different drugs on the pharyngeal
pumping of drug-susceptible and drug-resistant populations of T. colubriformis. For each tested
drug/isolate, a dose response curve was obtained. Due to time limitations the resistant isolate
T.c. MOX-R was only tested with IVM and MOX. And due to the late arrival of the drug, MOX
was only tested for the resistant isolate T.c. MOX-R.
The obtained results within one isolate/species were similar, proving the assay to be reliable and
repeatable.

3.5.2.

Results

Observation in this assay showed that the dissected pharynx can survive and maintain pumping
for up to 50 min. in the bath. But reliable records can only be made over ~30 min. Controls were
recorded over 10-15 min. and did not show any significant changes in the frequency and
amplitude in this time frame (data not shown).
Pharyngeal pumping was recorded over 1-2 min. prior to the injection of the test substance. If
there were no significant response to the injection of the drug after 10-12 minutes, the
concentration was considered to be non-effective in this assay.
Fig. 3.12. shows a typical trace derived from the EPG of control worms.
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A: part trace of an EPG of the dissected pharynx of adult T. colubriformis (enlarged)

B: whole trace (15 min.) of an EPG of the dissected pharynx of adult T. colubriformis (control)
Buffer

C: whole trace (15 min.) of an EPG of the dissected pharynx of adult T. colubriformis (Buffer
injection)
Fig. 3.12.: A – C: Typical traces of recorded pharyngeal pumping in adult T. colubriformis
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Fig. 3.13.: Typical traces and doseresponse line (n 5) showing the effects
of 5-HT on pharyngeal pumping of T.
colubriformis
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The traces in fig. 3.13. show the effect of 5-HT on pharyngeal pumping. The excitatory effect
was strong and dose-dependent. It had a slow onset but was long lasting with a persistence of
more than 20 min. 5-HT increased the frequency but reduced the amplitude.
The frequency was increased by between ~5% (10-7 M) and 94% (10-3 M). The amplitude was
reduced in a dose-dependent manner.
5-HT stimulated pharyngeal pumping but was not necessary to maintain pharyngal pumping in
worms. All worms tested with anthelmintic compounds have not been stimulated with 5-HT prior
to drug injection
All macrocyclic lactones tested had an inhibitory effect on the pharyngeal pumping, decreasing
both, amplitude and frequency of pumping.
When testing low drug concentrations, in some cases the decrease of the frequency was
accompanied with a short increase in the amplitude-hight. These findings were not consistent and
did not follow any detectable order.
Fig. 3.14. and 3.15. show typical traces demonstrating the effects of the tested drug IVM in
susceptible and resistant T. colubriformis.
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A: T.c. McMaster IVM 10 M (6 minutes)
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__________________________________________ ____________________________________________
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B: T.c. McMaster IVM 10 M (6 minutes)
IVM 10-9 M
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4
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C: T.c. McMaster IVM 10 M (8 minutes)
Fig. 3.14.: A - C: Typical traces of adult susceptible T.colubriformis
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IVM 10-4 M

___________________________________________ ______________________________________
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A: T.c. MOX-R IVM 10 M (5 minutes)
IVM 10-5 M

______________________________________________ __________________________________________
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B: T.c. MOX-R IVM 10-5 M (6 minutes)
IVM 10-6 M

____________________________________________ _________________________________________
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C: T.c. MOX-R IVM 10 M (6 minutes)
Fig. 3.15.: A – C: Typical traces of adult resistant T.colubriformis
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Fig. 3.16. shows the immediate response after the injection of the drug into the waterbath. At
lower concentrations it was observed, that the immediate decrease in amplitude and/or frequency
is only an initial reaction. Pumping went back to a similar stage as before injection and then
followed typical patterns depending on the concentrations used.
Injection of high concentrated IVM

Fig. 3.16.: Milliseconds after injection of high concentrated drugs in T.colubriformis
All anthelmintic drugs were originally tested in 5 concentrations from 10-7 M – 10-11 M. The last
two concentrations did not show observable effects ten minutes after injection and were
considered non-effective (data not shown).
Decrease of frequency, amplitude and “ area under curve” (AUC) were calculated. The AUC and
amplitude data was found difficult to use for interpretation. The amplitude of the EPG reflects the
current passing in and out of the mouth during pumping. Depending on the size of the individual
worm, larger worms generated larger amplitudes. Furthermore is the amplitude depending on the
seal between the pipette and the worm cuticle. For this reason, amplitude was not used here to
compare worms but was used to measure effects on the currents for any individual worm
subjected to treatments. The AUC values are depending on the amplitude values and used in the
same way than described for the amplitude. The graphs for the susceptible isolates are shown in
the graphs in fig. 3.17 - 3.19.
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frequency in %

Fig. 3.17.: Effects of tested drugs on frequency of pharyngeal pumping in susceptible
T. colubriformis
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amplitude in %

Fig. 3.18.: Effects of tested drugs on amplitude of pharyngeal pumping of susceptible
T. colubriformis
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Fig. 3.19.: Effects of tested drugs on AUC of pharyngeal pumping in susceptible T. colubriformis
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The potency of the drugs is defined as the ability to inhibit pharyngeal pumping in the shortest
time from injection at the lowest concentration tested.
The most potent drug tested against the susceptible isolate is IVM B1a, totally inhibiting
pharyngeal pumping in only 6-7 minutes after injection of the lowest concentration (10-9). It is
followed by IVM B1b (8 min.) and IVM (8 min.), Mil A3 (9 min.) and Mil A4 (10 min.).
All compounds inhibit pharyngeal pumping at a concentration of 10-7 M after 3-4 minutes. At the
concentration 10-8 the avermectins inhibit pumping after 5-6 minutes while the milbemycins need
at least 7 minutes.
Table 3.14 shows the results in the T.c. McMaster isolate for all tested drugs.

Drugs

concentrations
-7

10 M

10-8 M

10-9 M

4

6

8

IVM B1a

3-4

5

6-7

IVM B1b

3

6

8

Mil A3

4

7

9

Mil A4

3

7

10

IVM

Table 3.14.: Minutes to total inhibition of pharyngeal pumping after drug application in
T. colubriformis McMaster
After 3 minutes all drugs showed effects in all susceptible isolates tested. Therefore the reduction
in frequency 3 minutes after application of the drugs is shown in a separate graph in fig. 3.20.
The dose response curves for the avermectins are generally flatter than for the Milbemycins,
MOX ranges in the middle.
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Fig. 3.20.: Activity of the six tested drugs as inhibitors of pharyngeal pumping frequency of
susceptible T. colubriformis isolates (concentrations in nM) in the ELPG
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The resistant isolate T.c. MOX-R was only tested with IVM and MOX. The concentrations used
for the resistant isolate were 1,000 fold bigger than for the susceptible isolate but followed the
same dilution (10-4 M - 10-6/7 M).
The highest used concentration (10-4 M) inhibited pharyngeal pumping in a similar time frame
than the highest concentration used for the susceptible isolate (10-7 M). In general, the courses of
the graphs of the resistant isolate were similar to the graph-courses obtained for the susceptible
isolate.
Of the two compounds tested in resistant T. colubriformis, IVM was slightly more potent than
MOX. A concentration of 10-7 M IVM was still effective enough to inhibit pumping after 9
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minutes in the resistant isolate. This fourth concentration was chosen because of the potent
activity at the concentration 10-6 M and to finally reach a comparable time to the susceptible
isolate.
MOX showed similar activity pattern (4 – 6 – 8 – min. to inhibit pumping) than IVM but at
concentrations 10 fold higher.
This finding is consistent with the results in the susceptible isolate, where the avermectins where
also the more potent compounds. The results are shown in table 3.15.

Drugs

concentration
10-4 M

10-5 M

10-6 M

10-7 M

IVM

3

4

5-6

9

MOX

4

6

8

-

Table 3.15.: Minutes to total inhibition of pharyngeal pumping after drug application in
T. colubriformis MOX-R
The graphs for the resistant isolate are shown in fig. 3.21. and 3.22.
The EC50 with standard error (SE) and resistance ratio (RR) are shown in table 3.16
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Fig. 3.21.: Effect of IVM on frequency (A), AUC (B) and amplitude (C) of pharyngeal pumping
in resistant T. colubriformis
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Fig. 3.22.: Effect of MOX on frequency (A), AUC (B) and amplitude (C) of pharyngeal pumping
in resistant T. colubriformis
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drugs

T.c. McM
EC50 ± SE

T.c. MOX-R
EC50 ± SE

RR

B1a
B1b
IVM
Mil A3
Mil A4
MOX

2.44 (0.65 – 9.14)
2.75 (1.19 – 6.35)
3.76 (0.61 – 23.52)
17.80 (13.46 – 23.47)
19.50 (10.05 – 37.90)
4.59 (2.23 – 9.45)

476 (151.5 - 1497)
355 (144.8 – 871.4)

127 *
77 *

Table 3.16.: EC50 with standard error (SE) and the resistance ratios (RR) for the tested ML’ s in
the ELPG for susceptible and resistant isolates of T. colubriformis
For the comparison of the susceptible and the resistant isolate the reduction of the frequency after
application of IVM was calculated and is shown in fig. 3.23.
Fig. 3.23.: The comparison of IVM in the lowest and the highest concentrations tested in the two
isolates of T. colubriformis
A.: highest concentration tested in each isolate

B.: lowest concentration tested in each isolate
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As for the susceptible isolates, values were generated 3 minutes after application of both drugs
and the results are shown in fig. 3.24.
Fig. 3.24.: Activity of IVM (A) and MOX (B) as inhibitors of pharyngeal pumping frequency 3
minutes after application of the drugs in the susceptible and resistant isolate of
T. colubriformis
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4. Discussion

4.1.

Larval development assay

4.1.1. Assay characteristics
The present study describes the effects of six different drugs on the larval development of the
three species H. contortus, T. colubriformis and T. circumcincta. For each drug / species, a
sigmoidal curve was obtained, showing a dose dependent response (dose response curve). The
assay proved to be robust, reliable and repeatable.
It is similar to the DrenchRite© LDA (see section 2.2.4.3. for details), which is commercially
used in the field for detection of resistance in H. contortus and T. colubriformis in many
countries. It often has not been found useful for detecting resistance in T. circumcincta in the
field. Under laboratory conditions repeatable results were obtained and clear differentiation
between the susceptible and resistant isolates were possible. The difficulties with its use in the
field could be due to the lower level of resistance in T. circumcincta in field populations of this
species, where a clear shift in the dose response line may not be easily observable.

4.1.2.

Discussion of results

The behaviour of the parasites as well as the different levels of potency and efficacy of the drugs
will be discussed in regards to the different species.
The definitions for potency and efficacy are given in chapter 2.4.4.
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4.1.2.1. H. contortus
The most potent drug against larval development of H. contortus was Mil A4. Concentrations of
0.364 nM reduced development in 50% of the eggs. It was followed by the commercial IVM with
0.635 nM and Mil A3 with 0.752 nM. The two components of IVM, IVM B1a and IVM B1b, as
well as MOX were of lower potency (~ 0.95 nM). IVM appeared to be more potent than both of
its components on its own.
With resistance, the pattern emerges that the most potent compounds tend to generate the higher
RR’ s. MOX, one of the least potent compounds was the most effective one. Interestingly the RR
of the commercial anthelmintic is greater than for both of its components. Together with the
discrepancy in potency these data suggests, that the mixture of the components is synergistic. But
that is difficult to analyse and prove, as the activity is not simply additional.
The apparent difference in RR between avermectins and milbemycins is not a consistent finding.
MOX shows a RR similar to the IVM components. The RR for MOX is significantly lower than
the RR’ s for the two other milbemycins. The H.c. CAVR isolate is IVM-resistant but can be
controlled with MOX in the field.
In vivo the unique pharmacokinetics of the ML’ s would also influence efficacy and resistance and
should therefore be taken into consideration. Despite their similarities in chemical structure,
differences in metabolism and disposition of MOX may allow it to overcome resistance in the
parasite more easily. This would be supported by the lower level of resistance against MOX
compared to IVM in the H.c. CAVR isolate obtained in this study. However, increasing resistance
of this isolate to MOX has already been reported (LE JAMBRE et al., 1995).
Le Jambre (LE JAMBRE et al., 1995) characterized the CAVR isolate of H. contortus. They
reported it to be IVM-resistant with the possibility of side resistance to MOX. They obtained
LD50 values for IVM for the McMaster isolate of 0.83 nM, for the CAVR isolate of 2.04 nM and a
RR of 2.5. Previously, AVM-resistant H. contortus isolates have been reported from South
Africa. Gill (GILL et al., 1995) showed with studies on free-living stages, that they have a
reduced sensitivity to AVM inhibition of larval development. The LD50 for H. contortus
McMaster isolate was reported with 1.0 ± 0.4 nM. Earlier studies reported LD50 values for IVM
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in susceptible isolates of 0.4 ng/ml (IBARRA et al., 1984), 0.8-1.0 ng/ml (TAYLOR, 1990), 0.5
± 0.2 nM (LACEY et al., 1990) and 2.0 ng/ml (HUBERT et al., 1992).
While the LD50 obtained in this study for the H. contortus McMaster isolate differs only slightly
(0.64 nM) from previous work, the values obtained for the H. contortus CAVR isolate 10 years
after the studies of Le Jambre and following additional selection in vivo, have increased to 4.1
nM, giving a RR of 6.6.
Cross resistance between IVM and MOX have been reported in in vivo studies, where the
resistant isolates of H. contortus, T. colubriformis and T. circumcincta have not been exposed to
MOX previously (CONDER et al., 1993; SHOOP, 1993).

4.1.2.2. T. colubriformis
The rank order of potency of the different anthelmintic compounds in T. colubriformis differs
from H. contortus. The most potent drug was IVM B1a, being one of the least potent in H.
contortus. The rank order is as follows: IVM B1a < Mil A4 < IVM < IVM B1b < MOX < Mil
A3. The dose required to reduce development significantly is around 10 fold higher than in H.
contortus. Also the behaviour of IVM and its components differs from H. contortus. IVM B1a
was found to be the most potent, while IVM B1b had the least effect. The potency of IVM was
close to the mean of its two components.
In the rank order of efficacy are some parallel effects to H. contortus. MOX is also the most
efficient compound, while the two other milbemycins are the least efficient ones. The contrast to
H. contortus in regards to the efficacy of the avermectins is surprising. While the commercial
IVM showed the least effect of the three in H. contortus, in T. colubriformis it was the most
efficient one.
IVM and MOX showed the smallest RR values of all tested drugs. The resistant isolate of T.
colubriformis used in this study (MOX-R) is reported to be nearly 100% resistant to MOX (LE
JAMBRE et al., 2005). The data obtained in this study shows, that this isolate is definitely
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resistant to the other milbemycins and also to avermectins. As obtained in H. contortus, the most
potent compounds seem to generate the highest RR’ s
For T. colubriformis, not a lot of previous work has been published. Resistance of T.
colubriformis to IVM in the field has been reported previously, but the subspecies involved were
not identified. Lacey (LACEY et al., 1990) reported a LD50 value for the T. colubriformis
McMaster isolate of 1.7 ± 0.7 nM. Bhardwaj (BHARDWAJ, 1996) found LD50 values for IVM
B1a (1.8 nM), IVM B1b (5.5 nM), Mil A3 (1.8 nM) and Mil A4 (1.6 nM).
Gopal (GOPAL et al., 1999) reported the first identified IVM-resistant strain for T. colubriformis
in the field (Massey T.c. 97). They found, that AVM B2 showed smaller RR’ s than those recorded
for IVM. This is in contrast to the findings in resistant H. contortus (GILL et al., 1995) and
indicates that AVM B2 is not the drug of choice for detection resistance in T. colubriformis with
an LDA (GOPAL et al., 1999). They obtained an LD50 value for resistant T. colubriformis of ~ 1
ng/ml and a RR of 2.6 for IVM.
In comparison to these values, the obtained LD50 values in this study for the T. colubriformis
McMaster isolate are significantly higher (IVM 5.57 nM, IVM B1a 3.5 nM, IVM B1b 6.7 nM,
Mil A3 8.3 nM and Mil A4 4.3 nM). LDA-data regarding the resistant isolate MOX-R was not
found in literature. But in comparison to the other resistant isolates tested, the obtained RR values
in this study are again significantly higher, indicating a high level of resistance in the T.
colubriformis MOX-R isolate.

4.1.2.3. T. circumcincta
As in T. colubriformis, the most potent drug was Mil A4, showing an EC50 at 1.77 nM, followed
by Mil A3 (3.56 nM) and the IVM components B1a and B1b (3.59/3.62 nM). IVM and MOX
started around 5.6/5.0 nM. Opposite to the findings in H. contortus and T. colubriformis both
components of IVM are more potent than the commercially available mixture itself.
The T. circumcincta isolate was found the least resistant of the three species. As observed in the
two other species, the most potent drugs tend to have the largest RR’ s. The RR value for the two
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milbemycins Mil A3/Mil A4 and IVM B1a are around ~4, for IVM B1b and IVM ~ 2.5 and for
MOX 1.1. In terms of efficacy, the behaviour of MOX and the two other milbemycins are again
the same than in the other two species tested. But the rank order of efficacy is different from
both. IVM and IVM B1b were of very similar efficacy (RR’ 2.48 + 2.56), while IVM B1a was
significantly less efficient (RR 4.21).
The behaviour of the two IVM components also shows another interesting difference. Even
though they showed similar potency, the RR value for IVM B1a (4.21) is nearly double that for
IVM B1b (2.48).
The T. circumcincta WAMORO isolate is known to be powerfully resistant against IVM and
partially resistant against MOX in vivo. The results of this study indicate no in vitro resistance to
MOX, but show resistance to the two other member of the milbemycin group.
There is also little data available for T. circumcincta McMaster and no information for T.
circumcincta WAMORO has been published in regards to resistance against ML’ s (BESIER, pers.
comm.).
Lacey (LACEY et al., 1990) reported a LD50 value for IVM for the McMaster isolate of 2.1 nM ±
1.3 but no resistant isolates were tested. The values obtained in the McMaster isolate in this study
were higher (5.58 nM), showing a RR of 2.56. Amarante (AMARANTE et al., 1997) used the
method reported by Hubert (HUBERT et al., 1992) to evaluate the use of an LDA for the
detection of IVM-resistance in T. circumcincta in New Zealand. They tested 8 isolates, 3 were
known to be resistant, 5 susceptible. The LD50 of the susceptible isolates ranged between 11 and
19 nM, the LD50 for the resistant isolates between 21.77 and 92.20 nM. The LD50 for the
McMaster isolate obtained in this study is lower (5.58 nM). For the resistant WAMORO isolate a
LD50 of 14.3 nM was obtained, giving a RR of 3.6.
The value for the McMaster isolate is higher than the one found by Lacey (LACEY et al., 1990),
indicating an increasing resistance for this susceptible isolate. The difference between the values
for the susceptible isolates in Amarantes and this study are probably due to their different
resistance status.
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Some reduction in efficacy of MOX in vivo has been reported for an AVM-resistant isolate of T.
circumcincta in New Zealand, but there is no information available about their potency or
efficacy in inhibition of larval development.

4.1.3.

Conclusions

The LD50 values obtained for susceptible isolates in this study are generally slightly higher than
data published previously. This indicates a drift of resistance against ML’ s over the years even in
laboratory handled isolates. There is thought to be almost no selection pressure in laboratory
isolates. But the current data suggest, that passaging the same isolate through sheep continuously
does result in some sort of selection process.
The inhibitory effect of avermectins and milbemycins against the adult parasitic stages of H.
contortus, T. colubriformis and T. circumcincta is reflected in the potent inhibition of larval
development in the nM range. A number of researchers have previously reported that isolates of
the species named above resistant to IVM in vivo are also less sensitive to IVM in larval
development assays (GIORDANO et al., 1988; LACEY et al., 1990; TAYLOR, 1990; HUBERT
et al., 1992; GILL et al., 1995). How well the data of LDA relates to in vivo resistance status of
adult parasites is not fully known. In the DrenchRite LDA user manual it was calibrated that a
LD50 obtained for BZ, LEV and a combination of both reflects certain percentage efficacy of the
drug in vivo. Therefore a detection of resistance against a drug in vivo seems to be possible with
an LDA in vitro. It has also been reported, that isolates resistant to IVM show cross resistance to
MOX (CONDER et al., 1993; SHOOP, 1993; GILL et al., 1995).
The results in this study support the hypothesis, that resistance against IVM and MOX is most
likely related and that these anthelmintics share the same mode of action. The lack of resistance
to MOX observed could be one or more of the following reasons:
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1) MOX has additional sites of action in the pharynx besides the one it shares with IVM in
H. contortus and T. circumcincta.
2) Artefacts due to the higher lipophilicity of MOX
3) MOX was only 95% pure – artefacts introduced by the other components
4) LDA measures activity at sites in addition to the pharynx
The occurrence of higher resistance in T. colubriformis in contrast to the two other tested species
could either be due to: 1) the isolate is more resistant or 2) there is only one site of action in the
pharynx of this isolate.
Further investigation in their chemical structure differences and their pharmacokinetics are
necessary to determine, where the onset of resistance to MOX could be delayed.

4.2.

4.2.1.

Larval migration inhibition assay

Characteristics of the assay

The present study describes the effects of six different drugs on the larval motility of the three
species H. contortus, T. colubriformis and T. circumcincta. For each drug / species, a dose
response curve was obtained. Haemonchus contortus larvae intend to remain coiled for a
prolonged period of time which might have affected their migration behaviour. Almost no shifts
in dose response could be observed between the susceptible and resistant isolate of this species.
The obtained results within one isolate/species were similar, proving the assay to be reliable and
repeatable.
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4.2.2.

Discussion of results

The behaviour of the parasites as well as the different levels of potency and efficacy of the drugs
will be discussed in regards to the different species.

4.2.2.1.

H. contortus

For the two milbemycins no statement can be made in regards to efficacy. The obtained LD50
values for Mil A3 and Mil A4 in the resistant isolate were lower than in the susceptible isolate.
Both dose response curves did cross over and therefore do not allow an interpretation. Every
assay was run in duplicates on the same plate for each isolate. Drugs were made fresh for each
species. There could have been a problem with the preparation of the drugs, but it seems unlikely
to happen in every assay. Data for these two drugs tested with H. contortus were also more
scattered than for the other isolates. Another factor could be the general condition of the larvae
cultures used. Larvae cultures from two different donor sheep were used for the LMIA of the H.c.
CAVR isolate trying to keep this error as low as possible. In contrast to the gained results high
levels of resistance against the two milbemycins were expected. Further investigation would be
necessary to find out, if the results obtained here are repeatable in another set-up. In the following
discussion Mil A3 and Mil A4 were excluded.
The other four compounds showed different results as in the LDA. Generally the rank order of
potency and the rank order of efficacy did not change. The only exclusions are IVM and MOX.
The most potent but also least efficient drug against larval motility of H. contortus was MOX.
The most efficient but least potent drug was IVM.
In contrast to the results of the LDA the RR of the commercial anthelmintic IVM is smaller than
for both of its components, making it the most efficient drug. These data is surprising and raises
the question, how the mixture of the two components changes chemical and physiological actions
on the somatic muscles of H. contortus.
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The apparent difference in RR between avermectins and milbemycins is a similar finding as in
the LDA. But here MOX shows a RR about 6 times higher than IVM and its components. The
H.c. CAVR isolate is known to be IVM-resistant but can often be controlled with MOX in the
field. If the inhibition of motility would be the critical factor in vivo, MOX would be expected to
have a small RR. Therefore the current data suggest that the reaction at the pharyngeal
musculature (measured in the LDA) is the more important one in the field.
In vivo the unique pharmacokinetics of the ML’ s also influence efficacy and resistance and
should therefore be taken into consideration. Despite the similarities in chemical structure
between avermectins and milbemycins, differences in metabolism and disposition of MOX may
influence the biovailability in the host system. This would be supported by the higher level of
resistance against MOX compared to IVM in the H.c. CAVR isolate obtained in this assay.
Increasing resistance of this isolate to MOX has already been reported (LE JAMBRE et al.,
1995).
Gill (GILL et al., 1991) reported a motility assay different from the method used in this study and
achieved EC50 values between 300 – 490 nM for the susceptible isolate H. contortus McMaster.
They tested 6 different resistant isolates, all field isolates from South Africa. LD50 values
between 800 and 2600 nM were obtained. Rothwell & Sangster (ROTHWELL et al., 1993)
reported an effect of IVM against motility of H.c. McMaster larvae between 93-472 nM. Gill &
Lacey (GILL et al., 1993) again tested IVM against motility of H.c. McMaster larvae and
achieved a similar result than in their previous assay (300 ± 110 nM). Douch (DOUCH et al.,
1994) used a different assay and tested IVM against larvae of T.c. McMaster, O.c. McMaster and
a different susceptible isolate of H. contortus. IVM was found to inhibit larval migration in
concentrations between 0.1 and 100 µg/ml-1. An EC50 for the H. contortus isolate was not
published.
Since than no data regarding resistance factors have been published for any of the two H.
contortus isolates used in this study. The values obtained here for the susceptible isolate are
significantly higher than the previously published values. These data suggest that the resistance
of H. contortus against IVM emerged in the last decade.
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4.2.2.2.

T. colubriformis

The most potent drug against larval motility of T. colubriformis was IVM. Concentrations of 447
nM reduced motility in 50%. It was closely followed by MOX with 471 nM. The two
components of IVM, IVM B1a and IVM B1b, were of lower potency (535-595 nM). IVM
appeared to be more potent than both of its components on its own. This differs from the findings
in the LDA, where the potency of IVM was close to the mean of its components. The two other
milbemycins, Mil A3 and Mil A4 generated EC50 between 803 and 1200 nM. The most efficient
drug was IVM B1a (RR 1.79), followed by IVM and Mil A3 (both RR’ s 3.18). MOX and IVM
B1b were of similar efficacy (7.28 and 7.07) and significantly less efficient than the first three.
Mil A4 was with an RR of 8.23 the least efficient drug.
In contrast to H. contortus, the rank order of potency and the rank order of efficacy are both
different from the LDA. In terms of efficacy the high resistance level against MOX and Mil A4
was expected, as the resistant isolate T.c. MOX-R is known to be powerfully MOX-resistant (Le
Jambre et al., 2005). The low resistance ratio for Mil A3 instead was unexpected. In general the
pattern emerges, that the compounds of the avermectin group are more efficient than the
milbemycins. The data obtained in this study show, that this isolate which is resistant against
MOX is definitely resistant to the other milbemycins and also to avermectins.
For T. colubriformis, not a lot of previous work has been published on the inhibitory effect of
ML’ s against larval migration/motility. Resistance of T. colubriformis to IVM in the field has
been reported previously, but the subspecies involved were not identified. Data in regards to the
effect of IVM is also the only drug out of the six used in this study found in literature.
Wagland (WAGLAND et al., 1992) reported an inhibition of motility of T.c. McMaster larvae at
IVM concentrations between 0.1 – 100 µg/ml-1 but did not publish an EC50. Gill (GILL et al.,
1993) also tested IVM against T.c. McMaster without reporting an EC50. Douch (DOUCH et al.,
1994) reported an EC50 for IVM against motility of T.c. McMaster of 0.5 µg/ml-1.
In comparison to the only published EC50 found for IVM the value obtained in this study (447
nM) is slightly lower. This could be due to the different methods which have been used over the
years. Generally there is no comparative data available. To make a statement in regards to the
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resistance status of the isolates used in this study and possible changes of the same, follow up
work needs to be done.

4.2.2.3.

T. circumcincta

The most potent drug against larval motility of T. circumcincta was IVM. Concentrations of 266
nM reduced motility in 50%. It was followed by IVM B1a with 472 nM and IVM B1b with 514
nM. As observed in T. colubriformis IVM appeared to be more potent than both of its
components on its own. This differs from the findings in the LDA, where the potency of IVM
was less than of both components. The two other milbemycins, Mil A3 and Mil A4 generated
EC50 values between 1240 and 1410 nM. This is also an opposite finding than in the LDA, where
Mil A3 and Mil A4 were the most potent drugs. MOX with an EC50 of 618 nM was closer to the
avermectins than to the milbemycins.
The most efficient drug was IVM B1b (RR 1.62), surprisingly closely followed by Mil A4 (1.78).
IVM and IVM B1b were of similar efficacy (4.25 and 3.86) and significantly less efficient than
IVM B1a. Mil A3 followed with an RR of 6.35 and the least efficient drug was MOX with an RR
of 22.45.
In contrast to H. contortus, the rank order of potency and the rank order of efficacy are both
different from the LDA. In terms of efficacy the high resistance level against MOX and Mil A4
was expected, as the resistant isolate T.c. WAMORO is known to be powerfully MOX-resistant.
The low resistance ratio of IVM (and its components) was unexpected as the strain is also
reported to be nearly 100 % IVM-resistant (BESIER, pers commun.). In general the pattern
emerges, that the compounds of the avermectin group are more efficient than the milbemycins.
The data obtained in this study shows, that this isolate which is resistant against MOX is
definitely resistant to the avermectins.
For T. circumcincta, almost no previous work has been published on the inhibitory effect of ML’ s
against larval migration/motility. Resistance of T. colubriformis to IVM in the field has been
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reported previously, but the subspecies involved were not identified. Data in regards to the effect
of IVM is also the only drug out of the six used in this study found in literature.

4.2.3.

Conclusions

The LD50 values obtained for IVM for susceptible H. contortus isolates in this study are generally
higher than data published previously. This indicates a drift of resistance against ML’ s over the
years in the laboratory handled isolates. This is the same finding as in the LDA. There is almost
no selection pressure in laboratory isolates.
The inhibitory effect of avermectins and milbemycins against the adult parasitic stages of H.
contortus, T. colubriformis and T. circumcincta is reflected in the inhibition of larval motility in
the nM range. In comparison to the LDA, the concentrations necessary to inhibit motility by 50
% are 100-500 times higher than for the inhibition of larval development.
L3 larvae are not feeding and feeding is also not essential for passaging through the sieves in the
migration assay. In this assay the tested drugs are believed to act at the somatic musculature of
the larvae. The lower LD50 values obtained in the LDA indicate that the pharynx is the more
sensitive site of the two in larval stages. The RR values are in a similar range in both assays. If
the inhibition of motility would be the critical factor in vivo, it would be expected to find smaller
RR values in the LMIA. Therefore the current data suggest that the reaction at the pharyngeal
musculature (measured in the LDA) is the more important one in the field. This hypothesis is
supported by the findings of Gill (GILL et al., 1995). They reported early effects on L1 motility
in H. contortus larvae observed in an LDA. Affected larvae failed to develop through to L3. The
early effects on L1 motility in the LDA and the later inhibition of development probably result
from effects on two distinct processes with that involved in inhibition of development being the
more sensitive (GILL et al., 1995).
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An interesting difference is the rank order of efficacy between the assays. All three isolates
showed an unexpected high RR for MOX and the two other milbemycins, while MOX was the
most efficient drug in the LDA. The T.c. MOX-R isolate and the T.c. WAMORO isolate are
reported to be resistant against MOX, but the H.c. CAVR isolate only resistant against IVM. It has
been reported, that isolates resistant to IVM show cross resistance to MOX (CONDER et al.,
1993; SHOOP, 1993; GILL et al., 1995). The results in this study indicate, that resistance against
IVM and MOX is most likely related and that these anthelmintics share the same mode of action.
The higher resistance status against MOX observed could have one or more of the following
reasons:
1) The site of action measured in the LMIA has a structural difference which is important for
the activity of MOX
2) MOX or IVM have additional sites of action in the somatic musculature besides the one
they share.
3) Artefacts due to the higher lipophilicity of MOX
4) MOX was only 95% pure – artefacts introduced by the other components
5) LMIA measures activity at sites in addition to the somatic musculature
The occurrence of higher resistance in T. circumcincta in contrast to the two other tested species
could either be due to: 1) the isolate is more resistant or 2) there is only one site of action in the
somatic musculature of this isolate.
Further investigation in the chemical structure differences and the different pharmacokinetics of
the drugs are necessary to determine, where the onset of resistance to MOX differs to the one to
IVM.
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4.3.

Micromotility Meter

4.3.1.

Characteristics of the assay

All effective anthelmintics affect the parasite motility and movement, directly or indirectly. The
results gained from the reading of larvae in the Micromotility meter are believed to be sensitive
and accurate (FOLZ et al., 1987a; FOLZ et al., 1987b).
The present study describes the effects of four different ML’ s on the adult motility of the two
species T. colubriformis and T. circumcincta. For each drug/species a sigmoidal curve was
obtained, showing a dose dependent response (dose response curve). The obtained results were
very close to each other and therefore the assay proved to be accurate, reliable and repeatable.
It has been widely used for studies of larval motility (FOLZ et al., 1987a; FOLZ et al., 1987b;
COLES et al., 1989) and Geary et (GEARY et al., 1993) tested adult male H. contortus. But so
far this is the first reported study on anthelmintic resistance with adult T. colubriformis and T.
circumcincta.

4.3.2.

Discussion of results

The behaviour of the parasites as well as the different levels of potency and efficacy of the drugs
will be discussed in regards to the different species.
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4.3.2.1.

T. colubriformis

The most potent drugs against motility of adult T. colubriformis were IVM and Mil A4, followed
by MOX and IVM B1b. The most efficient drug was MOX, followed by IVM B1b, Mil A4 and
IVM. The drugs with the highest potency again generated the highest RR values.
In contrast to the LMIA, MOX is the most potent drug. The milbemycins act different in adults.
Against larval motility, both Milbemycins (Mil A4 and MOX) showed similar results with RR’ s
around 8.25, where in adult worms MOX (RR 2.69) is significantly more efficient than Mil A4
(RR 49.76). In general, the initial doses required to reduce motility by 50% (EC50) are
significantly lower and the RR’ s are higher in the adult assay than in the larval assay.
It is interesting, that one drug of each group (avermectins / milbemycins) is more potent with the
other one being the more efficient one.
The resistant isolate of T. colubriformis used in this study (T.c. MOX-R) is reported to be nearly
100% MOX-resistant (LE JAMBRE et al., 2005). In this assay MOX was found to be the most
efficient drug, but the avermectins generated high RR’ s. The data showed, that this isolate, which
is resistant against MOX is definitely resistant against the other compounds of the milbemycin
group and even more resistant against the avermectins.
For adult T. colubriformis, not a lot of previous work with the Micromotility Meter has been
published.
Resistance of T. colubriformis to IVM in the field has been reported previously, but the
subspecies involved were not identified. The first identified IVM-resistant strain in the field
(Massey T.c.97) has been reported by Gopal (GOPAL et al., 1999)) in an LDA. No data
regarding work on motility with the Micromotility meter for adult T. colubriformis McM or
MOX-R was found in literature.
Folz (FOLZ et al., 1987b) reported the use of the Micromotility meter with a susceptible strain
(L.W Bone, USA) of T. colubriformis. They tested 5 different anthelmintics including IVM
against L3 larvae. IVM was found to be active at concentrations of 1 µg/ml-1 and above (up to
100 µg/ml-1), but not at 0.1 µg/ml-1. A concentration of 10 µg/ml-1 IVM reduced motility of
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larvae by 43.61%, 100µg/ml-1 caused 70% inhibition. The EC50 would be between these two
concentrations.

4.3.2.2.

T. circumcincta

For T. circumcincta the obtained shifts in the dose response curves were generally smaller than
for T. colubriformis.
The rank order of potency and efficacy differ from what was observed in T. colubriformis. The
most potent drug was IVM B1b, showing activity at 0.0567 nM. All obtained values were slightly
lower than in T. colubriformis. In contrast, IVM B1b was more potent than IVM.
As observed in T. colubriformis, the most potent drugs generated the highest RR’ s. An interesting
difference occurred in the group of avermectins, where IVM B1b is significantly more potent
than IVM, but the resistance against IVM was found to be significantly higher (RR 74.25 /
345.60). This differs from the results in the LMA, where IVM B1b was both, the most potent and
most efficient drug. In contrast to the results for IVM and MOX in the LMA, there is significant
difference for these two drugs in adults. MOX appeared to be more efficient in adults (RR LMA
22.49 / RR MM 13.80). Also Mil A4 showed a smaller RR than IVM B1b and IVM, making the
milbemycins the more efficient drugs against adults.
The T. circumcincta WAMORO isolate is known to be powerfully resistant against IVM and
partially resistant against MOX in vivo. The performed in vitro experiments with adults in this
study found a very high level of resistance against IVM but not a significantly high level against
MOX. Mil A4, the other member of the milbemycin group appeared to be less potent than MOX.
There is also no Micromotility meter data published for T. circumcincta McMaster or WAMORO
in regards to resistance against ML’ s in adult worms. Some reduction in efficacy of MOX in vivo
has been reported for an isolate in New Zealand, but there is no information about the potency or
efficacy in inhibition of motility in vitro.
Up to date, this study is the first work done on adult parasitic stages of T. colubriformis and T.
circumcincta in the Micromotility meter
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4.3.3.

Conclusions

The inhibitory effect of avermectins and milbemycins against motility in T. colubriformis and T.
circumcincta in vivo is reflected in the potent inhibition of motility in larvae and adult parasitic
stages of both species in vivo.
A number of researcher have reported, that isolates of the species named above resistant to IVM
in vivo are also less sensitive to IVM inhibition of larval motility.
Apart from the results in LMIA’ s, early effects of avermectins on L1 motility of H. contortus
were observed in an LDA by Gill (GILL et al., 1993). Two effects on motility were noted.
Larvae assumed angular postures and performed jerky movements. Later these larvae failed to
develop through to L3. These findings are consistent with effects on adult H. contortus reported
by Geary (GEARY et al., 1993), where IVM-induced paralysis is restricted to the mid-region.
Most of the work on effects of anthelmintics on motility has been done in larvae. The results of
this study show that the resistance status changes significantly between larval and adult stages. In
slaughter trials and FECRT both isolates are reported to be IVM-resistant and also MOXresistant. In the LMIA, MOX was the least efficient drug, in the adult assay it was the most
efficient one. This indicates that the either the site of action or the structure of the receptors
change during the life cycle of the worms. The following questions arise:
1) Which one of the two stages plays the more important role in the process of resistsance in
vivo
2) If and how do changes in the receptor occur during the life cycle
3) and how does that influence the development of resistance
There is still a lot of research to do with adult parasitic stages of all three species. The
Micromotility meter assay described in this study was found to be sensitive and repeatable and
can be extended to include other target species or drugs.
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4.4.

4.4.1.

Muscle Transducer

Characteristics of the assay

Effective anthelmintics affect the parasite movement, directly or indirectly. The Muscle
transducer is believed to measure the direct response of the longitudinal somatic muscles to the
tested drugs. The Muscle transducer was used in this experiment to evaluate the effect of 5
different anthelmintics on the musculature of adult H. contortus.
For each drug a sigmoidal curve was obtained, showing a dose dependent response (dose
response curve). The achieved dose-response curves were fairly flat, running over a bright range
of concentrations.
The obtained results were very close to each other and therefore the experimental set-up proved
to be accurate, reliable and repeatable.
This system has been used for studies of LEV-resistance in susceptible and resistant isolates of H.
contortus (SANGTER et al., 1991; SANGSTER and BJORN, 1995; MARKS et al., 1999 and
SONG, 2003) also used the muscle transducer to examine the pharmacology of FaRP’ s in H.
contortus.
But so far this is the first reported study on IVM-resistance with H. contortus.

4.4.2.

Discussion of results

The force transducer and cannulated injection method were used in this experiment to measure
the direct response of the longitudinal somatic muscles of H. contortus to different anthelmintics.
Since research has shown at least two sites of action for ML’ s in nematodes, the focus is now on
specifying the most or more important site in regards to development of resistance.
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The adult female worms were found to be consistent in their response to the treatments. ACh
(10-5 M) elicited significant and rapid muscle contractions (fig 6.3.). No differences could be
observed between susceptible and resistant isolates. The injection of buffer caused no
contraction. The peak visible on the traces for the wash with buffer-solution shows the reaction to
the process of washing out ACh. The injections of all test compounds lead to a slight relaxation,
followed by a concentration-dependent reduction of contraction.
Due to solubility limitations of the ML’ s the highest concentration possible to use for the resistant
isolate in this set-up was 10-5 M. This concentration did not reduce muscle contraction by 50 %
or more. Some drugs achieved a reduction of 50 %, but it was decided to calculate the EC25
(concentration to reduce contraction by 25 %) for all drugs for comparison.
All results were achieved by using female worms (due to size limitations of the male worms). If
development of resistance would be sex-linked, this experimental set-up would not be able to
pick it up. Data must therefore be handled with care and only in regards to the female part of H.
contortus populations.
The H.c. CAVR isolate is reported to be resistant against IVM with a possible side resistance to
MOX. Unfortunately at the time of this study MOX was not available. However, both tested
milbemycins, Mil A3 and Mil A4, were found to be more efficient than the avermectins. IVM
itself was the least efficient drug with a RR value significantly higher than of its two components.
In comparison with the LMIA there is an obvious difference. The concentrations necessary to
reduce muscle contraction in adults are 400 up to 1000 times smaller than to inhibit migration in
larvae. The RR values generated in the adult set-up are 50-100 times bigger. This data indicates
that the somatic muscles in adult are a significantly more sensitive site than in larvae.
The rank order of efficacy is similar in both experiments. In the larval stage, MOX was found to
be the most efficient drug, IVM the least efficient one. The other two tested milbemycins
generated dose-response curves which did not allow an interpretation. In the adult stage also the
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milbemycins were the most efficient drugs. It can be assumed, that MOX would also be highly
efficient on somatic muscles in adult stages.
The current results from this experiment are in contrast to the results obtained in the LDA. In the
LDA MOX was also found to be the most efficient drug, but the two milbemycins were the least
efficient ones. The concentrations necessary to achieve an EC50 (LDA) / EC25 (MT)
concentration range, but again the RR value obtained in the transducer experiment are
significantly higher than in the LDA.
There is no other data available in regards to IVM-resistance at this specific site of action.

4.4.3.

Conclusions

These results reflect the IVM-resistance reported for this isolate. It was also possible to detect
resistance against MOX (and other members of the milbemycin group), but not as high as against
IVM.
In the field IVM-resistant H. contortus can often be controlled with MOX. But the current data
indicate that there is an emerging resistance against MOX, as the two compounds are believed to
share the same mode of action.
In the current project it was shown, that the somatic muscles of adult female H. contortus are a
sensitive target for ML’ s and most probably an important site of action. Further investigation in
this specific field is necessary to help identifying the most important site of action. This
knowledge could then be used in genetic research in order to delay the onset of resistance or to
develop new possible anthelmintics.
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4.5.

4.5.1.

Electropharyngeogram

Characteristics of the assay

The effects of the neurotransmitter 5-HT and six anthelmintic drugs on pharyngeal pumping in
adult T. colubriformis (susceptible and resistant isolates) were investigated in this study.
For each drug a dose dependent response was obtained.
The obtained results were very close to each other and therefore the experimental set-up proved
to be accurate, reliable and repeatable.
This system has been used for studies of physiology and pharmacology of neurotransmitters and
neuropeptides in susceptible and resistant isolates of H. contortus and T. colubriformis
(SHERIFF, 2000; SHERIFF et al., 2002b; SONG, 2003). These previous data indicated that the
extracecullar recording technique can not only record pharyngeal pumping, but also
quantitatively measure the pharmacological responses. In this study this technique was used to
quantify the effects of ML anthelmintics on pharyngeal pumping and compare the effects of IVM
in susceptible and resistant isolates of T. colubriformis.

4.5.2.

Discussion of results

5-HT
In previous work the physiology of the effects of this neurotransmitter on pharyngeal muscle of
nematodes has been studied in most detail. 5-HT has been localized in the pharyngeal nervous
system of A. suum (FELLOWES, 1999), C. elegans (HORVITZ et al., 1982), T. colubriformis
(FRANDSEN et al., 1987) and H. contortus (SONG, 2003) and was found to have functions on
locomotion, pharyngeal muscles and egg-laying.
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This study supports the previous findings, that 5-HT has an dose-dependent excitatory effect on
pharyngeal pumping of T. colubriformis, increasing the frequency but decreasing the amplitude.
5-HT was not necessary to maintain pumping in the worms tested. In controls without stimulation
through 5-HT similar duration of spontaneous pumping were observed.
The ML’s
All anthelmintic compounds tested had an inhibitory effect on pharyngeal pumping of T.
colubriformis. The inhibitory effect of IVM and its components as well as of all three tested
milbemycins was irreversible.
In the susceptible isolate the tested avermectins were found to be more potent than the
milbemycins. These findings were not consistent with the results obtained in the other
experimental set-ups. Usually the milbemycins were the more potent compounds. The
avermectins were usually less potent but more efficient. MOX was often an exception, being
little potent but highly efficient.
In the resistant isolate T.c. MOX-R only IVM and MOX were tested. The response-curve of IVM
obtained for the resistant isolate had a similar course to the one obtained for the susceptible
isolate, but the concentration necessary to inhibit pharyngeal pumping in the same amount of
minutes in the resistant isolate was ~ 100-1,000 fold higher (10-4/-5 M vs. 10-7 M). The difference
between IVM and MOX in the resistant isolate was similar to the difference between IVM B1a
and Mil A4 obtained in the susceptible isolate. MOX was slightly less potent in both isolates.
Unfortunately MOX could not be tested in the susceptible isolate due to time-limitation. It would
be interesting to test the effect of MOX on the susceptible isolate to evaluate, if there would be a
difference in the appearance of resistance.
IVM was the only drug, where the effect was compared between the susceptible and the resistant
isolate. In both isolates, the graph of dose-dependent response followed the same pattern. The
differences in concentration to achieve inhibition in the same time frame were around 100-1,000
fold.
In contrast to the work of Song (SONG, 2003) higher concentrations were used in this study in
order to inhibit pumping in a short amount of minutes after application. In control worms
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frequency and amplitude started to decrease after ~12-15 minutes. To be able to correlate
decrease with drug injection, the lowest concentration tested was supposed to show activity in
maximum of 10 minutes.
IVM itself showed inhibitory effects still in concentrations, which were not considered in this
study (e.g. up to 10-11 M IVM, unpublished data).
Song (SONG, 2003) also could not detect an obvious dose-dependent response to IVM, but the
findings of the present study demonstrated a clear dose-dependent effect of all tested
anthelmintics.
Song (SONG, 2003) also tested the inhibitory neurotransmitter glutamate and compared the
effects of both, IVM and glutamate. In contrast to IVM, the effect of glutamate was reversible
and glutamate itself less potent than IVM. Glutamate is released by the M3 neurons (DENT et al.,
1997; LI et al., 1997). It inhibits pharyngeal pumping by opening Cl-channels (BROWNLEE et
al., 1997). The anthelmintic group of macrocyclic lactones inhibits pumping by binding to a
different component of the GluCl receptor (GEARY et al., 1993; GILL et al., 1993; MARTIN,
1996; LAUGHTON et al., 1997; GILL et al., 1998a). More recent studies revealed that IVMresistant isolates of H. contortus have structural changes in the amphid region. These findings
raised the question, if receptors in sensory nervous system might be an additional critical point in
the development of resistance against the ML’ s (FREEMAN et al., 2003).
The similar pattern of the response curves of avermectins and milbemycins again support the
hypothesis, that both groups share a common mode of action and therefore should be treated the
same way. Even if IVM-resistant isolates still can be controlled with MOX in the field, the
appearance of resistance against MOX is already reported and probably only a question of time
and intensity of use.
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4.5.3.

Conclusions

The present study tested the direct effects of ML’ s on pharyngeal pumping of T. colubriformis. It
did not directly test the effects of ML’ s on somatic muscles of T. colubriformis. The results for
the pharynx obtained here agree with the observation, that IVM inhibits pharyngeal pumping in
trichostrongyloid nematodes. Song (SONG, 2003) found similar inhibitory effects of IVM in
studies on pharyngeal pumping in L1 T. colubriformis, indicating that it has a similar effect in
parasitic and non-parasitic stages.
Up to date the nematode pharynx is believed to be the main site of action for the drug class of
ML’ s. The findings in this studies support the hypothesis that the pharynx is a very sensitive site
of action. But by comparison of sensitivity to the tested drugs in the other set-ups it was also
revealed that somatic muscles in adult parasitic stages play an important role in the development
of resistance (see results Micromotility Meter).
Further work should focus more on parasitic stages to help identifying the exact mode of action
of ML’ s in nematodes and interpret the mechanism of resistance against this class of
anthelmintics.
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5. Conclusions
The aim of the present study was to evaluate 4 main questions:
1. Is there a difference in the reaction and in the appearance of resistance to avermectins
(represented by IVM, IVM B1a and IVM B1b) and milbemycins (represented by MOX,
Mil A3 and Mil A4) ?
2. Is MOX more potent and/or more efficient than IVM in vivo ?
3. Is there a difference in appearance of resistance between the two different sites of action
(pharyngeal musculature vs. somatic musculature) tested in the present experiment ?
4. Does resistance change between different life cycle stages of the nematodes ?

1.
The present study could not detect any regularity in the rank order of potency of the tested
anthelmintics. If the milbemycins Mil A3 and Mil A4 appeared to be the more potent drugs, they
often generated high resistance ratios. Generally the efficacy of Mil A3 and Mil A4 was less than
the efficacy of the avermectins. The only exception was seen in the MT-experiment, where Mil
A3 and Mil A4 had the highest efficacy of all drugs tested.
MOX was usually found to be one of the least potent but most efficient drugs. The only exception
was the LMIA, where potency of MOX was high, but efficacy low.
The group of avermectins showed interesting differences in their potency and efficacy between
the three species and the two life cycle stages. In H. contortus it was the most efficient in the
LMIA, while being the least efficient in the MT and the LDA. In T. colubriformis IVM was the
most efficient (after MOX) drug in the LDA, but the least efficient in the MM and the ELPG. In

171

Conclusion

______________________________________________________________________________

the LMIA it was the second efficient one (after IVM B1b). In T. circumcincta it was less efficient
than its two components in the MM and the LMIA and in the LDA only slightly more efficient
than IVM B1b. With only few exceptions it can be said, that the components on its own are more
efficient than the commercially available mixture.

2.
With the exception of the LMIA MOX was found to be the more efficient drug than IVM. But in
all experiments resistance against MOX could be detected. The LMIA also revealed an
unexpected high RR for MOX in the T. circumcincta isolate, while in general the generated RR’ s
of this isolate were lower than for H. contortus and T. colubriformis. These results support
previous assumptions, that IVM and MOX share the same or a very similar mode of action. The
use of MOX in a situation of resistance to IVM should be seen critical. The appearance of
resistance against this compound of the class of ML’ s is already reported and likely to increase.

3.
The most sensitive site of action to the tested anthelmintics found in this study was the somatic
body musculature in H. contortus (MT), T. colubriformis and T. circumcincta (MM).
Concentrations of 0.1 nM inhibited muscle concentration/motility in these assays by 25-50 %. In
the larval assays the LDA revealed higher sensitivity than the LMI. The pharynx tested in the
ELPG was similar in sensitivity than in the LDA. Concentrations of 1 nM inhibited pharyngeal
pumping in the ELPG and concentrations of 5 nM larval development in the LDA.
Overall the results of this study indicate that the somatic body muscles are an important and also
very sensitive site of action to ML’ s.

172

Conclusion

______________________________________________________________________________

4.
In the present study the larval stages were found to be less sensitive than the adult parasitic
stages. These findings were consistent for all experimental set-ups. It suggests that the site of
action in the somatic muscle is the more sensitive one in parasitic stages while in larval stages the
pharynx is more sensitive. But it has to be taken into consideration that two of the experiments, in
the MT and in ELPG, were performed on preparated tissue. In both cases the drugs were able to
access pharyngeal or body muscles directly, so that no changes due to diffusion or metabolism in
the intact animal occurred.
These findings are in contrast to the results obtained by Geary (GEARY et al., 1993), where the
pharyngeal muscles were found to be more sensitive in H. contortus. The data obtained for
pharyngeal activity were derived by measuring the inulin-uptake in pre-incubated intact adult
worms. The adult H. contortus were too strong and too big to be used in the ELPG-set-up of this
study, so that pharyngeal activity could not be evaluated in adult parasitic stages of this species.
The results obtained from the LDA (1 nM) are 10 fold higher than the results obtained by Geary
(0.1 nM). But the MT in this study showed a result 100 fold lower (0.1 nM) than the MMexperiments of Geary (10 nM). Further investigation is necessary to determine, if these
differences are due to the way of preparation or changes in the life cycle stage.
The high differences for the EC50-values between the MM and the LMIA are interesting, because
both assays are believed to measure the reaction on the body muscles and both experiments were
performed on intact worms. These findings indicate that there is a change in sensitivity/resistance
between non-parasitic and parasitic stages on this site of action. Further work needs to be done to
investigate more details of this phenomenon.
The results of T. colubriformis in the LDA were similar than the results from the ELPG.
Concentrations of 5x10-9 (LDA) and 10-9 (ELPG) inhibited pharyngeal activity. This agrees with
the findings of Gill (GILL et al., 1998a) that the LDA reliably measures the effects on the
pharynx and that results can be transferred to the adult parasitic stage. The ELPG was performed
on dissected pharynges, while the LDA runs with whole larvae. This also raises the question, how
important the cuticle and the other membranes/organs in the intact worm are in regards to the
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sensitivity and/or resistance to the drug. It would be interesting to investigate, why the results of
both experiments are so similar.
Future research should concentrate on work at intact parasitic stages rather than non-parasitic
stages to obtain more comparable results.
To date, most pharmacological studies with macrocyclic lactones have been performed in larval
assays. The results of this study indicate that there could be important changes between larval and
adult stages and that in the future work should be focused more on adult stages.
Some experimental set-ups (e.g. MM) described in the present study were successfully adapted
for “ new” species. With the rapid development in technology there might be the opportunity to
further improve and adapt current set-ups to other species. Also the use (and standardisation) of
other anthelmintic drugs in established set-up is possible.
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6. Summary
Janina Demeler (2005):

The physiological site of action and the site of resistance to the macrocyclic
lactone anthelmintics in sheep parasitic trichostrongyloid nematodes

Resistance to the macrocyclic lactone (ML) group of anthelmintics threatens several animal
industries worldwide and is also a potential problem in humans. In order to understand resistance
processes and develop tests for resistant worms we need a better understanding of the
mechanisms. ML'
s are thought to act by inhibiting the somatic and/or the pharyngeal
musculature. But it still remains unknown, which site of action might be the more sensitive
and/or important one in regards to development of resistance.
In this study several techniques were used to measure the effects of six different ML’ s on these
tissues in the three economical important sheep parasitic nematodes Haemonchus contortus,
Trichostrongylus colubriformis and Telodorsagia circumcincta. Larvae and adult worms were
used, to be able to evaluate differences between the different life cycle stages. This work is also
relevant to studies that aim to localise the expression of genes that are linked to resistance.
Another aim of this work was the detection of possible differences in resistance between the two
groups of ML’ s, the avermectins and milbemycins. Of special interest was the resistance status
against MOX, a milbemycins which is used in the field to control worm burden of ivermectinresistant isolates.
The present study revealed that appearance of resistance to ML anthelmintics differs between the
two sites tested (pharynx vs. somatic muscles) and also changes with the life cycle stage of the
parasites (larvae vs. adult).
The larval development assay (LDA, likely to measure pharyngeal physiology) observed that
susceptible Haemonchus, Trichostrongylus and Telodorsagia were 2-30 fold more sensitive to
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ML’ s than resistant worms of the same species. The data suggest that the pharynx is an important
site of ML action and resistance in these parasites.
In the Larval Migration Inhibition Assay (LMIA, likely to measure somatic muscle physiology)
the larvae of the susceptible isolates of all three species were significantly less sensitive (100-500
fold) than observed in the LDA. The resistant isolate only generated significant differences in the
EC50 value than the susceptible isolate for MOX (H. contortus and T. colubriformis 7-8 fold /
T. circumcincta 22 fold). These findings support that the pharynx is likely to be the more
sensitive site of action in larval stages.
The Micromotility Meter (MM) measures effects on the somatic body muscles in parasitic stages.
In the present study it was successfully adapted to the use of adult T. colubriformis and T.
circumcincta. The adult worms were intact and not preparated in any way. The worms of both
tested species were found to be extremely more sensitive (2,000 - 5,000 fold) to the tested
anthelmintics than their larval stages tested in the LMIA.
The Electropharyngeogram (ELPG) measures the effects on pharyngeal pumping. It was shown
that ML’ s generate a dose-dependent reaction on pharyngeal pumping of T. colubriformis. In
adult T. colubriformis inhibition of pharyngeal pumping (in up to 10 minutes) was only achieved
at higher concentrations (10 fold difference) than inhibition of motility in the MM. But the results
of T. colubriformis in the ELPG were similar to the results obtained in the LDA. This indicates a
good correlation between the two assays and little or no changes through the life cycle in regards
to this site of action. It also raises the question, which structures in an intact worm are limiting,
critical or important in any other way for the development of resistance.
The Muscle Transducer (MT) measures the response of somatic body musculature to
anthelmintics. In H. contortus inhibition of muscle contraction was achieved at concentrations
~1000 fold lower than in the LMIA. If these differences are due to changes in the life cycle or
different approach of the site by the drug still remains unknown. But overall the somatic muscles
seem to be an important site of action in the parasitic stages of this isolate.
The results of the MM and the MT also indicate that the LMIA is not useful for detecting
anthelmintic resistance status in adult parasitic stages.
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The results in the present study revealed a drastic change in sensitivity between larval and
parasitic stages. It suggests that the site of action in the somatic muscle is the more sensitive one
in parasitic stages while in larval stages the pharynx is more sensitive. These findings are in
contrast to the results obtained previously.
Future research should concentrate on work at intact parasitic stages rather than non-parasitic
stages to obtain more comparable results.
Furthermore the results of all chapters support previous findings of a similar mechanism and site
of action for IVM and MOX. Even with MOX mostly being the most efficient drug, resistance
was detected for all species in almost every experiment. Rajan (RANJAN et al., 2002)
demonstrated, that in H. contortus resistance to IVM result in resistance to MOX and vice-verca.
The fact, that resistance to MOX was found in all experiments and isolates in this study indicates,
that resistance to MOX develops, just in a more slowly process.
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7. Zusammenfassung
Janina Demeler (2005): Der physiologische Wirkort und der Ort der Resistenzentwicklung gegen
Makrozyklische Lakton Anthelmintika in parasitischen trichostrongyloiden
Nematoden des Schafes

Resistenzen gegen die die Anthelmintika-Gruppe der Makrozyklischen Laktone (ML) bedrohen
Tierhaltungs- und Fleischindustrien weltweit und sind ebenso ein potentielles Problem beim
Menschen. Um den Prozess der Resistenzentwicklung besser untersuchen und verstehen zu
können und um bessere Detektionsmethoden entwickeln zu können, ist die Kenntnis des
Resistenzmechanismus wichtig. Makrozyklische Laktone wirken durch dass inhibieren von
somatischer und/oder pharyngealer Muskulatur. Aber es ist nach wie vor nicht genau bekannt,
welche dieser beiden Wirkungsstellen die sensitivere und/oder wichtigere von beiden in diesem
Prozess ist.
In dieser Arbeit wurden verschiedene Methoden entwickelt und benutzt, um den Effekt von sechs
verschiedenen ML’ s an somatischer und pharyngealer Muskulatur zu messen. Hierfür wurden die
drei

ökonomisch

bedeutendsten

Nematoden

des

Schafes,

Haemonchus

contortus,

Trichostrongylus colubriformis und Telodorsagia circumcincta gewählt. Es wurden sowohl
Larven als auch adulte Stadien getestet, um mögliche Unterschiede innerhalb des
Entwicklungszyklusses zu berücksichtigen.
In der vorliegenden Arbeit konnte gezeigt werden, dass das Auftreten von Resistenzen gegen
ML’ s an den zwei getesteten Stellen (Pharynx und somatische Muskulatur) unterschiedlich ist
und sich außerdem innerhalb des Lebenszyklusses der Parasiten ändert.
Der in der Arbeit verwendete Larven-Entwicklungs-Hemmtest (LDA, misst sehr wahrscheinlich
pharyngeale Aktivität) hat ergeben, dass empfindliche Haemonchus, Trichostrongylus und
Telodorsagia Isolate 2-30 fach empfindlicher gegen die getesteten ML’ S waren als resistente
Isolate der selben Spezies. Diese Daten sprechen dafür, dass der Pharynx ein wichtiger
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Reaktionspunkt für die ML’ s ist und bei diesen Parasiten ebenso eine wichtige Rolle in der
Resistenzentwicklung spielt.
Im Larven-Migrations-Hemmtest (LMIA, misst sehr wahrscheinlich Aktivität der somatischen
Muskulatur) waren die Larven der empfindlichen Isolate aller drei Spezies signifikant weniger
empfindlich (100-500 fach) als im LDA. Bei den resistenten Isolaten zeigte sich nur ein
signifikanter Unterschied bei MOX (H. contortus and T. colubriformis 7-8 fach / T. circumcincta
22 fach). Diese Ergebnisse unterstützen die Aussage, dass der Pharynx höchstwahrscheinlich die
empfindlichere Stelle in larvalen Stadien ist.
Das Micromotility Meter (MM) misst den Effekt der Anthelmintika an der somatischen
Muskulatur. In der vorliegenden Arbeit konnte die für Larven entwickelte Methode erfolgreich
für adulte Stadien von T. colubriformis und T. circumcincta adaptiert und standardisiert werden.
Die adulten Würmer blieben intakt und wurden auch sonst auf keine Weise präpariert. Die
Würmer beider Spezies zeigten sich extrem empfindlicher (2,000 – 5,000 fach) gegenüber den
getesteten ML’ s als ihre larvalen Stadien im LMIA.
Das Elektropharyngeogram (ELPG) misst die Effekte von Anthelmintika am Pharynx
(pharyngeal pumping).Es konnte gezeigt werden, das MLÄ seine dosis-abhängige Reaktion am
Pharynx hervorrufen. In adulten T. colubriformis konnte eine Hemmung des Pharynx und dessen
Pumpaktivität (innerhalb von 10 Minuten) nur in Konzentrationen erzielt werden, welche etwa
um eine Zehnerpotenz höher waren als die, die zur Hemmung der Motilität im MM verwendet
wurden. Die Ergebnisse von T. colubriformis im ELPG waren ungefähr die gleichen, welche
auch im LDA erzielt wurden. Dies lässt erstens darauf schliessen, dass eine gute Korrelation
zwischen den beiden genannten Testverfahren besteht und zweitens, dass sich die
Empfindlichkeit

der

pharyngeale

Strukturen

gegenüber

ML’ s

innerhalb

des

Entwicklungszyklusses nicht oder nur wenig verändern. Sie werfen dabei auch die Frage auf,
welche der Strukturen des Pharynx in einem intakten Wurm limitierend, kritisch oder in sonst
irgendeiner Weise wichtig für die Resistanzentwicklung sind.
Der Muscle-Transducer (MT) misst die Reaktion der somatischen Körpermuskulatur auf
Anthelmintika. In H. contortus konnte die Hemmung der Muskulatur (keine Kontraktion mehr
möglich) auch noch bei Konzentrationen erreicht werden, welche ca. 1000 fach niedriger waren
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als die im LMIA verwendeten Konzentrationen. Ob diese großen Differenzen auf Unterschiede
innerhalb des Entwicklungszyklusses zurückzuführen sind oder aufgrund der unterschiedlichen
Applikation des Anthelmintikums entstehen ist noch nicht hinreichend geklärt. Grundsätzlich
kann aber gefolgert werden, dass auch die somatische Muskulatur ein sehr wichtiger
Wirkungsbereich für ML’ s in adulten Parasiten von Haemonchus ist.
Die Ergebnisse des MM und des MT lassen ebenfalls darauf schliessen, dass das LMIA keine
sinnvolle Methode ist, um Resistenzen gegen ML’ s zu testen. Nicht nur die verwendeten
Konzentrationen sind um ein Vielfaches höher zu wählen. Auch die RR (resistance ratio) ist
signifikant verschieden.
Die Ergebnisse in der vorliegenden Arbeit zeigen drastische Unterschiede zwischen larvalen und
adulten Stadien der untersuchten Parasiten. Dies lässt darauf schliessen, dass der Wirkungsort in
der somatischen Muskulatur in adulten Würmern der empfindlichere ist, während in larvalen
Stadien der Pharynx empfindlicher ist.
Die Ergebnisse dieser Studie liegen zum Teil im Gegensatz zu bisher veröffentlichen
Ergebnissen. Dies kann unter anderem darauf zurückzuführen sein, dass adulte Stadien bisher
noch nicht so breitflächig untersucht wurden. Die Arbeit mit Larven ist einfacher, schneller und
meistens kostengünstiger, sodass nur wenig mit adulten Würmern physiologisch gearbeitet
worden ist. Da sehr wahrscheinlich ist, dass sich innerhalb des Entwicklungszyklusses erhebliche
Unterschiede in der Sensitivität gegenüber ML’ s entwickeln, ist es ratsam, zukünftige
physiologische Resistanzforschung und –prüfung an intakten adulten Würmern voranzutreiben
um vergleichbare Ergebnisse zu erhalten.
Ausserdem aber unterstützen die Ergebnisse aller Untersuchungsmethoden die Theorie, dass IVM
und MOX einen ähnlichen Wirkungsmechanismus und auch einen ähnlichen Wirkungsort haben.
Auch wenn MOX das wirksamste der hier untersuchten ML’ s ist, konnten für alle drei Spezies
beginnende oder vorhandene Resistenzen entdeckt werden. Ranjan (RANJAN et al., 2002) hat
demonstriert, das Resistenz in H. contortus gegenüber IVM in Resistenz gegen MOX resultiert
und umgekehrt. Die Tatsache, dass Resistenzen gegen MOX bei allen Experimente und allen
Spezies in der Studie gefunden wurden legt nahe, dass Resistenzen gegen MOX sich ebenso
entwickeln wie gegen IVM, der Prozess aber langsamer vor sich geht.
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