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Abstract

The productivity of livestock and crops worldwide is dramatically
reduced by pest organisms and pesticides are an important front-line control.
Current pesticides raise environmental concerns and are threatened by the

development of resistance so there is a great need for alternatives.

Previous work has shown that defensive alkaloids secreted by the
Harlequin ladybird beetle, Harmonia axyridis (H. axyridis), act on insect and
human nicotinic acetylcholine receptors (nAChRs). Selectivity for insect
nAChRs, which are proven pesticide targets, was demonstrated so the
alkaloids show promise as leads for the development of novel pesticides. Our
aim was to ascertain whether these alkaloids had any anthelmintic effects by
examining the effects on the pharynx and body wall neuromuscular systems of
the nematode worm, Caenorhabditis elegans. Subsequent analysis of mutant
strains was used to identify a possible target. Following this we aimed to
demonstrate the effects on different vertebrate and invertebrate nAChRs

directly using the Xenopus laevis oocyte expression system.

The alkaloid extract of Harmonia axyridis inhibited the rate of
pharyngeal pumping after 1 h (ICs, = 1.087 mg/ml) and 24 h (ICso = 0.406
mg/ml). Body wall movement was also affected after 2 h (ICso = 0.64 mg/ml), 4
h (ICs, = 0.63 mg/ml) and 6 h (IC5, = 0.58 mg/ml). Examination of mutant
strains revealed the alkaloids may be acting through EAT-18 and ACR-16.
This was confirmed by electrophysiological recordings of ACR-16 nAChRs
expressed in Xenopus oocytes (ICs, = 9.83x10°M) but no selectivity is
apparent when compared with human a7 nAChRs (ICs, = 9.09x10°M).
Selectivity does appear to exist with a hybrid Drosophila/chicken nAChR (ICsg

= 3.16x107"M).



This confirms the nAChR target of the alkaloids and that the selectivity
is due to action at the nAChR. The action of alkaloids on nematodes in vivo
and on nematode and insect nAChRs provides the potential for the alkaloids

to serve as lead compounds for novel pesticides.



Acknowledgements

| would like to thank my supervisors Dr lan Duce and Dr lan Mellor for
all of their support and guidance throughout the year. | would also like to thank
David Richards, Mark Burton, Hamid Kachel, John Grzeskowiak, Saleh
Alhewairini and everyone else in the Electrophysiology and C. elegans labs

for all of their help.

| would like to express my gratitude to my parents and family for their
encouragement and backing throughout my education; without which this

work would not have been possible.

I would also like to express my gratitude to Professor David Sattelle,
Dr Kristin Lees, Dr Behrooz Esmaeili and Dr Frederick Partridge at the
University of Manchester for their help and generosity during my visit and for

providing me with material essential for current and future work.



Table of Contents

ADSTIACT ...t 2
ACKNOWIEAGEMENTS. ... 4
L. INErOQUCTION ...ttt 8
1.1 The global impact of pest 0rganiSMS............ccouiiiiiiiieeeiieecice e 8
1.2 Natural compounds as PeStiCIAES......ccceeeeviiiieiiiiiiie e 10
1.3 lon channels and the action potential ..., 12
1.4 Caenorhabditis elegans as a model parasite............cceeeeeeeeeeeeeeeeeeeenn, 15
1.5 The Xenopus laevis oocyte expression System ..........cccccvvveeeeeeeeeeeeennns 16
1.6 The nicotinic acetylcholing receptor..........coovviiiiiiii i, 19
1.7 Nicotinic acetylcholine receptors in nematodes & insects.................... 24
1.8 Ladybird Deetles..... ..o 28
1.9 Predation involving ladybird Beetles............coooooiiiiii 31
1.10 Chemical defence of ladybird beetles..........cccccooeviiiiiiiiiiiiii 32
127 ALKAIOIOS. ..ot 36
1.12 The multi-coloured asian lady beetle, Harmonia axyridis................... 39
1.13 Intraguild predation involving Harmonia axyridis.............ccceeeeeeeeeennn. 41
O N o LRSI 44

2. Materials and Methods.............uuuiiiiiiiiiii e 45
2.1 Extraction and purification of ladybird alkaloids ................ccceeeeeeie. 45
2.1.1 Collection of ladybird beetles ............ccccuuiiiiiiiiiiiiiiiiiiis 45
2.1.2 SOIVENT EXIFACTION .....uuuiiiiiiiiiiiiiii e 45
2.1.3 Acid-Base extracCtion.................euuuuummmmmmmmmniiiiiiiiiiniiineeenenenenaees 45

2.2 Maintenance of C. elegans..........cccooveeeriieiiiiiiii e 46



D T 1 - 11 0 TP 46

2.2.2 Escherichia Coli (E. coli) CURUIe .......cccoooeviiiiiiiiiii e, 46
2.2.3 C. elegans CUIUIE............uuuuuiiiiiiiiiiiiiiii e 47
2.2.5 Synchronised CUUIe ...............uuuiiiimiiiiiiiiiiiieee 47
2.3 C. €lEJANS ASSAYS....uvuuiiiieeeiiiiiiiii e 48
2.3.1 Pharyngeal PUMPING ......uuuiiiieeeeiieeiiiiee e et e e e 48
2.3.2 Manual thrashing COUNTS............uuuuuuiiiiiiiiiiiiiiiiiiieiieeeeeeeeees 48
2.3.3 DAta @N@IYSIS ....uuuuiiiiiiiiiiiiiiitiii e 49
2.4 Production nAChR subunits and associated protein cRNA.................. 49
2.4.1 Transformation of E. coli with plasmid DNA ............ccooiiiieenneenn, 49
2.4.2 Isolation of plasmid DNA from transformed E. coli........................ 50
2.4.3 Linearisation of plasmid DNA ... 51
2.4.4 CRNA ProduCtioN.........ccuuuiiiii i 52
2.5 Electrophysiological recordings of Xenopus laevis oocytes................. 53
2.5.1 Preparation and injection of 00CYLEeS ...........cevvvviiiiieeiiiiiiicieee e, 53
2.5.2 Two electrode voltage clamp procedure............cccuveeeeeiiiiiieeninennnns 54
2.5.3 Data @nalySiS ....ccooeeiiiiiiiiiee e 55
3. Results | — Effects of Alkaloid on C. elegans............ccoooiiiiniiiiiiiiiiiinnnn. 56
3.1 Pharyngeal pumping @SSAYS .......cccuuiiiiiiiiiiiiiiiiieiiiiiieieeeeee e eeeees 56
3.1.2 Swimming (thrashing) asSays...........cceeuvviiiiiiiiiiiiiiiiiiieeeeeeeeeeee 67
4. Results Il — Alkaloid effects on recombinant NAChRS ..., 69
4.1 Effect on C. elegans ACR-16 ......ccoooiiiiiiiiiiiiiee e 69
4.2 Effect on human Q7 ... 71



4.3 Effect on Drosophila a2/chick B2.........ooovviiiiiiiieiiicee e, 74
. DISCUSSION ...ttt 77

5.1 Alkaloids of H. axyridis inhibit neuromuscular systems in C. elegans .. 77

5.2 Alkaloids antagonise nAChRs expressed in Xenopus oocytes............. 79
5.3 Alkaloids contribute to the chemical defence of ladybird beetles ......... 83
5.4 FULUIE WOTK ..ceiiiiiiiiiiiieie ettt e e 85
5.5 CONCIUSIONS ... 85
5. REIEIEINCES ...t 86



1. Introduction
1.1 The global impact of pest organisms

The global population is estimated to reach 9 billion in 2050 and the
Food Organisation of the United Nations (FAO) forecasts that global food
production will need to increase by 70% in 2050. In order to boost production,
the health and productivity of 3.3 billion livestock and 16 billion poultry (Evans
and Chapple, 2002) needs to be maintained and improved in order to cope
with the increasing demand. Infections by parasitic nematodes (helminths) are
important limiting factors for this and anti-helminthic (anthelmintic) therapies
are an important line of defence. It is estimated that approximately £83 million
was spent in 2011 on anthelmintic drugs for food-producing animals to combat
these infections in the UK alone (NOAH, 2011). In 2001 the worldwide market
was estimated at US$ 11.050 billion including companion animals and the US
accounted for 33% of the market (US$ 3.665 billion) (Evans and Chapple,

2002).

Humans in developing countries are also at a great risk of infection by
parasitic helminths. Recent estimates suggest that the soil-transmitted
helminths (STHs) Ascaris lumbricoides affect over 1 billion people, Trichuris
trichuria affect over 795 million and the hookworms Ancylostoma duodenale
and Necator americanus affect over 740 million (Hotez et al., 2006). Worms
can live for years in the human gastro-intestinal tract and cause a variety of
symptoms, the most important being the stunting of growth and cognitive
deficits (Bethony et al., 2006). The number of deaths is low compared to the
number of people infected. 27,000 people are estimated to die annually from
infections by STHs and schistosomes but this figure could be increased
depending on different estimates (Hotez et al., 2006). The preferred

measurement of the burden of STHs and schistosomes is by assessing the
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disability adjusted life years (DALYs) that the infection causes. This is a
measure of the years lost due to contraction of the disease and comparison of
DALYs caused by the major infectious diseases shows that STHs are

comparable to tuberculosis and malaria (Chan, 1997).

The main strategy for treatment of STHs is mass drug administration.
This involves the use of three main classes of anthelmintic drugs:
benzimidazoles (B-tubulin ligands), avermectins (glutamate-gated chloride
channel modulators) and nicotinic acetylcholine receptor agonists. Due to the
widespread use of drugs within these classes, resistance has developed.
Each anthelmintic drug introduced since Phenothiazine in the 1950s has seen
resistance develop within a few years of introduction (Kaplan, 2004). This has
been the case with current anthelmintics and populations of STHSs resistant to
all of the three main classes of drugs have been reported in Scotland (Bartley
et al., 2004) and New Zealand (Wrigley et al., 2006; Sutherland et al., 2008).
Spreading of resistance to other regions is very likely so there is a great need
for new anthelmintics to replace the current batch before resistance becomes

widespread.

The productivity of crops worldwide is limited to a major extent by pest
insects that feed on crops and insecticides have been used since the 1800s to
control the impact of insects on crop yield (Casida and Quistad, 1998). Since
1945, the use of organic synthetic insecticides with selectivity for pest
organisms and with reduced environmental impact has greatly improved
agricultural productivity (Zhang et al., 2011). Use of insecticides in the control
of vector borne diseases carried by insects such as malaria and Chagas
disease has also proved valuable (Zaim and Guillet, 2002). In 2005,
worldwide sales of insecticides totalled US$ 7.798 billion accounting for 25%

of global pesticide sales (Zhang et al., 2011). The neonicotinoid family of



organic synthetic insecticides was first introduced in 1991 with the release of
Imidacloprid (Bai et al., 1991). They alone accounted for sales of US$ 1.56
billion in 2006 which represented a 17% share of the global insecticide market
(Jeschke and Nauen, 2008) as they proved to be resilient to the development
of resistance (Nauen and Denholm, 2005). However, resistance to
neonicotinoids has been reported (Nauen and Denholm, 2005) and concerns
about their possible role in colony collapse disorder in honeybee populations
has risen (Girolami et al., 2009, Henry et al., 2012, Whitehorn et al., 2012).
Resistance to the organic synthetic insecticides DDT and the pyrethroid family
have also been reported for crop pests (Gunning et al., 1984, Cahill et al.,
1995, Guedes et al., 1995) and disease vectors (Martinez-Torres et al., 1998,
Brengues et al., 2003). Alternative insecticides and measures to combat
resistance are greatly needed as considerable economic losses are

envisioned if pesticides are no longer used (Webster, 1999).

1.2 Natural compounds as pesticides

An effective approach for the creation of new pesticides has been to
take advantage of natural compounds that exhibit pesticidal activity. One of
the most successful examples of this is the discovery of the insecticidal
activity of natural pyrethrins from plant species of the genus Chrysanthemum.
These were unstable in direct sunlight and led to the creation of more stable
synthetic analogues called pyrethroids (Elliott, 1976). A fermentation product
of the actinomycete Streptomyces avermitilitis called avermectin B; was found
to have potent anthelmintic effects against parasitic nematodes of clinical and
veterinary importance. This was used to create the drug ivermectin which is
effective against a range of different pest organisms (Campbell, 1985).
Fermentation products from another actinomycete, Saccharopolyspora

spinosa, were also found to exhibit insecticidal activity and have been used to
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create the insecticide spinosad (Sparks et al., 2001). The discovery of the
insecticidal activity of nereistoxin from the salivary glands of the annelid worm
Lumbriconeireis heteropoda also led to the use of its synthetic analog, Cartap,
as a commercial insecticide (Sattelle et al., 1985). It is clear that discovering
novel chemistries from natural sources can provide an effective route for the

discovery of new pesticides.

Spinosad and Cartap both target the nicotinic acetylcholine receptor
(nAChR) (Sattelle et al., 1985, Sparks et al., 2001), a ligand-gated ion channel
(LGIC) located in the nervous systems of the pest organisms. As acetylcholine
(ACh) is the major excitatory neurotransmitter in the insect brain (Breer and
Sattelle, 1987) nAChRs have successfully been exploited as a target for
insecticides (Bai et al., 1991, Matsuda et al., 2009). Parasitic worm nAChRs
have also proved a fruitful target for anthelmintic drugs since the 1970s (Lewis
et al., 1980, Harrow and Gration, 1985) and have continued to prove fruitful
more recently due to significant diversity of nematode nAChR subunits
(Kaminsky et al., 2008, Hu et al., 2009, Robertson et al., 2002, Zinser et al.,

2002).

Many natural toxins and venoms target the nAChR. Amongst the first
to be discovered were the snake venoms a-bungarotoxin (a-BgTX) and the
plant extract d-tubocurarine. While not providing a source for new pesiticides,
they have proven invaluable tools for characterising the nAChR (Changeux et
al., 1970, Mishina et al., 1985, Takahashi et al., 1985) therefore enhancing
our understanding of the receptor. The selectivity of a-BgTX for a subtype of
NAChR has also allowed differentiation between the various subtypes (Boulter
et al., 1986, Boulter et al., 1987, Keyser et al., 1993). Screens of extracts from
Chinese medicinal herbs and local wild plants have yielded alkaloids that

exhibit activity against insect nAChRs (Liu et al., 2008), 5a -cardenolides from
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the plant Kanahia ianiflora target muscle-type nAChRs (Clarkson et al., 2006)
and a variety of wasp and ant toxins have also been shown to target the
NAChR (Zalat et al., 2005). The venom of the solitary digger wasp Philanthus
triangulum contains a component named PhTX that targets nAChRs, NMDA
and AMPA receptors (Rozental et al., 1989). PhTX has served as a lead
compound for the creation of synthetic analogues that also inhibit human
NAChRs (Mellor et al., 2003, Brier et al., 2003). Thus, there is a great wealth
of natural compounds that exhibit activity through targeting nAChRs and

discovery of these could pave the way for the creation of novel pesticides.

1.3 lon channels and the action potential

Neurons are cells specialised for the transmission of electrical
signals throughout the body. Various types of neurons exist but they can all be
broadly characterised as consisting of a cell body, axon, dendrites and
synaptic bulbs (Kandel et al., 2000). Transmembrane proteins known as ion
channels and pumps in neurons allow the generation and carrying of these
electrical signals. This was first demonstrated by Hodgkin & Huxley in the
squid giant axon by measuring sodium ion (Na*) and potassium ion (K")
conductances (Hodgkin and Huxley, 1952). A pump protein which exchanges
3 intracellular Na* for 2 extracellular K* (Na'/K* pump) creates a larger
extracellular concentration of Na* and a larger intracellular concentration of K*
so concentration gradients are created. K* flows out of leak ion channels
selective for K* by diffusion down the concentration gradient and anions
attempt to move but the membrane prevents their movement out of the cell.
Anions inside the cell and K" outside the cell are attracted to the membrane as
ions are attracted to areas of opposite charge. When K" ions reach
equilibrium, a membrane potential develops because of the difference in

charge across the membrane. The membrane potential of a neuron in this
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state is referred to as a resting membrane potential which can range from -
40mV to -80mV depending on the type of neuron and organism (Kandel et al.,

2000).

A neuron can be stimulated by the activation of LGICs (Changeux and
Edelstein, 1998) or sensory receptors (Sachs, 1991). This results in the
opening of Na" selective ion channels which causes an influx of Na* ions into
the neuron. The increase of Na’ causes an increase in the membrane
potential called depolarisation. Voltage-sensitive Na® channels (VGSCs)
followed by voltage-sensitive K™ (VGKCs) channels shift from a closed to an
open state in response to the change in membrane potential and further
depolarisation occurs. Depolarisation allows the opening of adjacent VGSCs
and so depolarisation occurs in neighbouring areas which allows the
propagation of the electrical signal down the axon. The VGSCs then shift from
an open to an inactive state at the maximum membrane potential where
further opening cannot occur till a shift to a closed state. VGKCs continue to
be open allowing K* to continue to flow out of the neuron causing a decrease
in membrane potential called repolarisation. Hyperpolarisation then occurs as
the decrease overshoots the desired resting membrane potential value and
then the VGKCs become inactivated. Another action potential cannot be
generated when in a hyperpolarised state. The Na*/K* pump then restores the
membrane potential to the resting membrane potential (Fig. 1.3.1) (Hodgkin

and Huxley, 1952, Kandel et al., 2000).
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Fig. 1.3.1 — The changes in membrane potential and Na'/K* conductance
caused by the action potential. The depolarization, repolarization and
hyperpolarization phases are shown along with the ion conductance indicating
when the ion channels open and close in relation to the membrane potential.
Taken from (Hodgkin and Huxley, 1952).

At the end of the axon an action potential reaches the synaptic
terminal. This causes the conversion of the action potential (electrical) signal
into a neurotransmitter (chemical) signal. The action potential stimulates the
opening of calcium-selective ion channels which causes an influx of calcium
ions and release of synaptic vesicles. The neurotransmitter diffuses across the
synaptic cleft and binds to LGICs on the post-synaptic terminal. This causes
the opening of the LGICs and the post-synaptic membrane becomes
permeable to anions or cations depending on the LGIC selectivity. LGICs
selective for anions cause inhibitory effects as the flow of anions into the cell
causes a decrease in membrane potential and so hyperpolarisation. If

selective for cations, depolarisation occurs as cations (predominantly Na®)
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flow into the neuron and cause a decrease in membrane potential. This effect

is excitatory and may result in an action potential (Kandel et al., 2000).

The ability of neurons to generate action potentials is vital for a variety
of functions and behaviours and interference in the functioning of LGICs has
provided a potent mode of action for pesticides (Bai et al., 1991, Sparks et al.,
2001, Raymond Delpech et al., 2003, Levandoski et al., 2003, Seo et al.,

2009).

1.4 Caenorhabditis elegans as a model parasite

Caenorhabditis elegans (C. elegans) is a free-living nematode worm
consisting of hermaphrodite and male genders. Sydney Brenner first
introduced the worm as a model organism in the 1970s and it has become
one of the most well characterised organisms on the planet as the complete
genome sequence (Consortium, 1998), nervous system map (White et al.,
1986), embryonic (Sulston et al., 1983) and post-embryonic (Sulston and
Horvitz, 1977) cell lineages have been determined. Also, the creation of
transgenic C. elegans lines has been made simple by the technique of micro-
injection (Mello et al., 1991). C. elegans culture is easy due to its short life-
cycle consisting of 4 larval stages lasting 3 days at 20°C, large number of
offspring and ease of culture on Petri dishes containing an agar growth
medium with an Escherichia coli (E. coli) lawn (Brenner, 1974). Moreover,
there is a great similarity in the neuronal and muscular systems in nematodes
(Holden-Dye and Walker, 2007) and transparency allows internal structures to
be visualised easily so C. elegans has use as a model for the related parasitic

nematodes.

Key anthelmintic drugs such as ivermectin and levamisole target the

nervous system of parasitic nematodes and C. elegans has played a major
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role in the understanding of these drugs. It was thought that the target in
nematodes of the anthelmintic ivermectin was the glutamate-gated chloride
channel (GIuCl) and this was confirmed by studying the C. elegans GIuCl. The
GIuCl was expressed in Xenopus laevis oocytes and the inhibitory effects
were confirmed by electrophysiological analysis of the oocyte (Arena et al.,
1992). For levamisole, different mutant strains of C. elegans were examined
for levamisole resistance and subsequent genetic analysis revealed the
NAChR target (Lewis et al., 1980, Brenner, 1974). More recently the target of
the amino-acetonitrile derivative, monepantel, was also discovered as a
specific NAChR subunit using a similar method of examining resistant strains
of C. elegans (Kaminsky et al., 2008). Due to the ease of genetic manipulation
in C. elegans it is also possible to examine parasitic molecular targets in C.
elegans. The GIuCl of the parasitic nematode Haemonchus contortus was
expressed in ivermectin resistant C. elegans and this was able to rescue

sensitivity to ivermectin (Glendinning et al., 2011).

There is great potential for using C. elegans as a parasitic nematode
model for examining novel and existing anthelmintic compounds that target

LGICs; especially if the compound’s target is well characterised in C. elegans.

1.5 The Xenopus laevis oocyte expression system

Oocytes from the African clawed frog, Xenopus laevis, can be used to
express non-native proteins by injecting foreign DNA or mRNA. They are
obtained by ovariectomy of adult females and are immature eggs that are not
competent for fertilisation (Bianchi and Driscoll, 2006). Oocytes go through six
stages and stages IV-V are used for experiments. These are approximately
1mm in diameter and segmented into an animal pole (black region) and a

vegetal pole (white region) (Bianchi and Driscoll, 2006). Expression of non-
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native proteins was first achieved by injecting haemoglobin mRNA (Gurdon et
al., 1971) and the Torpedo acetylcholine receptor was the first transmembrane
receptor to be investigated (Sumikawa et al., 1981). Use of this expression
system allowed the examination of different subtypes of nAChRs (Takahashi
et al., 1985, Boulter et al.,, 1987) and the role of specific amino acids in

receptor function (Mishina et al., 1985).

Recording the electrical response of oocytes injected with the mRNA
of LGICs is achieved by using the two electrode voltage clamp (TEVC)
technique. A voltage sensing microelectrode and a current microelectrode are
inserted into the oocytes in a perfusion chamber. Saline is perfused and a
command voltage is set. The voltage sensing microelectrode measures the
membrane potential and an amplifier is used to level the membrane potential
and a command voltage by injection of current through the current
microelectrode. The injected current is used to measure the total membrane
current and therefore the changes in current caused by opening of expressed
LGICs when ligands and drugs are perfused (Fig. 1.7.1) (Baumgartner et al.,
1999). This allows the analysis of the electrical response of a receptor in
isolation and can allow the confirmation of the target site of different
compounds. This has successfully been used to confirm the target sites of
many anthelmintics and insecticides on the functioning of their target
receptors. The free living nematode worm C. elegans has previously been
used as a model for parasitic worms and studies using the oocyte expression
system have proven useful for discovering and confirming the targets of
ivermectin (Arena et al., 1992). The oocyte expression system also allows the
expression of hybrid insect/mammal nAChRs and this has proven useful in
confirming the nAChR target of the neonicotinoids (lhara et al.,, 2003,

Nishiwaki et al.,, 2003) and nereistoxin (Raymond Delpech et al.,, 2003).
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Expression of mammalian nAChRs in oocytes has also proved useful for
examining the effects of levamisole (Levandoski et al., 2003) and morantel

(Seo et al., 2009).
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Fig 1.7.1 — The circuit used for the two-electrode voltage clamp (TEVC)
technique. The voltage microelectrode (V) measures the membrane potential
of the oocyte and this is referred to a command potential. If different, current is
injected using the current microelectrode (1) to bring the membrane potential
to the command voltage. Taken from (Halliwell et al., 1987).

The alkaloid extract from the Harlequin ladybird Harmonia axyridis
(Coleoptera: Coccinellidae) and a synthetic form of hippodamine from the
convergent ladybird Hippodamia convergens (Rejzek et al., 2005) have been
examined for their effects on the nAChR response of TE671 human muscle
cells and locust neurons using patch-clamp electrophysiology. The response

was reduced in both cases and a greater reduction of the nAChR response in

locust neurons was observed so it is thought the alkaloids are selective for
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insect over mammalian neurons (Richards, 2011). As there is selectivity for
the proposed insect nAChR target and compounds targeting the nAChR have
become successful anthelmintics, there is a potential for these alkaloids to
also have anthelmintic effects. C. elegans provides the ideal model to
investigate this and the Xenopus oocyte expression system provides an ideal

route for investigating the effect of the alkaloids directly on the nAChR

1.6 The nicotinic acetylcholine receptor

LGICs can be classed into two broad categories: the Cys-loop family
and the NMDA/AMPA family. ACh receptors belong to the Cys-loop family
(Changeux and Edelstein, 1998). A pharmacologically distinct class of ACh
receptor are the nicotinic acetylcholine receptors (hHAChRs) that are selectively
sensitive to nicotine and are divided into muscle and neuronal types

(Bursztajn and Gershon, 1977).

In 1906, experiments with nicotine on muscle contraction in fowl led to
the conclusion that a “receptive substance” combined with nicotine to elicit a
contraction (Changeux et al., 1984). Later, a protein “which presents (in
solution) several characteristic properties of the cholinergic receptor
macromolecule” was isolated from the electric organ from the electric eel,
Electrophorus electricus (Changeux et al., 1970). The snake venom a-BgTX
irreversibly blocks the actions of cholinergic agonists on membrane proteins
and was found to block: the depolarisation of electric organ membrane, the
binding of radiolabelled decamethonium (cholinergic agonist) to the electric
organ membrane and binding to the isolated protein. This confirmed that the
isolated protein was a membrane bound acetylcholine receptor and was the

first characterised nAChR (Changeux et al., 1970).
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Studies on the nicotinic acetylcholine receptors of the electric rays of
the genus Torpedo have contributed the most to our understanding of the
structure and function of nAChRs. The Torpedo californica nAChR was found
to be composed of 5 subunits consisting of 2a, B, y and & subunits (Reynolds
and Karlin, 1978) and that these subunits form a barrel surrounding a central
pore (Karlin et al., 1983). The 3 subunit was found to be unable to form ACh
binding sites when being flanked by a subunits and so the arrangement of
ayafd is the most likely (Karlin et al., 1983). Analysis of the mRNA of the a
subunit revealed a mature protein containing 437 amino acids and 4 regions
containing approximately 20 uncharged amino acid residues flanked by
charged residues indicating the a subunit has 4 transmembrane domains.
These were thought to be a-helices and 3 of the helices are linked by short
polypeptide sequences so a compact core should form (Devillers-Thiery et al.,
1983). cDNA of B, y and & subunits were cloned and found to have homology
and several conserved regions with a subunits so all subunits were proposed
to contain 4 transmembrane domains (Fig. 1.4.1) (Claudio et al., 1983, Noda
et al., 1983b, Noda et al., 1983a). Torpedo electric organ mRNA extract was
injected into Xenopus laevis oocytes and functional ACh receptors were
observed to form (Barnard et al., 1982). Later, Torpedo a, B, y and & subunit
cDNA was used to produce mRNA that was injected into Xenopus oocytes
and ACh responses that were reversibly blocked by d-tubocurarine were
observed confirming that all four subunits were required for functional
receptors (Takahashi et al., 1985). Multiple a and B subunits were later
identified that were transcribed in different regions of the rat central nervous
system that were not blocked by a-BgTX which blocks muscle-type nAChRs
indicating a pharmacologically distinct family of neuronal-type nAChRs
(Boulter et al., 1986, Boulter et al., 1987). Later a2- a9 and B2- 4 subunits
were identified (Changeux and Edelstein, 1998) and injection of cRNA into
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Xenopus oocytes revealed that a7 subunits could form functional receptors
when injected alone (Raymond et al., 2000) but a3 and o4 required co-
injection of B2 suggesting that homomeric and heteromeric neuronal-type
NAChRs existed (Boulter et al., 1987). Analysis of chick neuronal nAChR
subunits a4 and non-a1 revealed that a stoichiometry of 2a and 3 non-a
existed in functional heteromeric neuronal-type nAChRs similar to muscle-type
(Fig. 1.4.1) (Cooper et al., 1991). Neuronal nAChRs in the chick retina were

discovered to bind a-BgTX indicating further subtypes exist (Keyser et al.,

1993).
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Fig 1.4.1 — The pentameric structure of a neuronal nAChR is shown with a
composition of 2 a and 3 non-a subunits (left). The orientation of the N and C-
terminals of a subunits is also shown in a 2D diagram of the subunit in the
membrane (right). Taken from (Laviolette and van der Kooy, 2004).

The binding of ACh elicits a number of conformational changes that
results in the transient opening of the channel which allows cations to pass
through the cell membrane. A disulphide bond on the N-terminal of a subunits
is implicated in the binding of acetylcholine and is created by the interaction of
two adjacent cysteine residues (Cys192 & Cys193) that are conserved in a
subunits only (Kao and Karlin, 1986). The bond is readily reducible and this

causes conformational changes in the receptor which allows affinity labelling
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agents to bind. Use of the affinity label [PH]MBTA revealed the two cysteine
residues to be extracellular and close to the binding site of ACh. Cys192,
Cys193 and 4 other residues were also found to be conserved across species
boundaries (Karlin, 1993). Conversion of Cys128 and Cys142 in a subunits to
serine residues abolished both the ACh response and a-BgTX binding
indicating the major role these cysteine residues play in the binding and
response caused by ACh (Mishina et al., 1985). Cys128 and Cys142 also
form disulphide bonds and are conserved in beta, gamma and delta subunits

in an extracellular region (Kao and Karlin, 1986).

Acetylcholine binding protein (AChBP) is a soluble protein found in the
shail Lymnaea stagnalis most similar to the a7 subtype of nAChRs (Smit et
al., 2001) that is the same length as the N-terminal sequences of pentameric
LGICs (approx. 210 amino acids), has 15-28% sequence similarity to all
LGICs (Celie et al., 2004), contains almost all residues conserved in the
NAChR family, binds known nAChR ligands and forms cavities lined by
residues known to be involved in ligand binding (Brejc et al., 2001). Studies
have revealed that the AChBP ACh binding site is formed by a series of loops
from the principal face of one subunit and B-sheets from the complementary
face of an adjacent subunit (Fig. 1.4.2). This binding site contains a double
cysteine motif conserved in a subunits of NnAChRs. Also, a Cys123-Cys136
disulphide bond exists which is important for the packing of B-sheets and
explains the importance of Cys128-Cys142 in Torpedo nAChRs (Brejc et al.,
2001). An analysis of AChBP binding to nicotine, HEPES and carbamylcholine
confirmed the binding of ligands to the interface between subunits by making
contact with loops A, B and C on the principle face of a AChBP subunit. When
HEPES is bound, loop C was found to make significant backbone movements

and all side chains involved in binding were rearranged to accommodate
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binding. The Lys139 residue moved and formed a hydrogen bond with Tyr185
confirming previous indications that Tyr190 (the equivalent of Tyr185) in a

subunits is critical for ACh binding (Celie et al., 2004).

Loop E

Locp F

1
Fig. 1.4.2 — The acetylcholine (ACh) binding site of acetylcholine binding
protein (AChBP) showing the binding residues on the principle face (left) and

binding residues on the complementary face (right). Adapted from (Brejc et al.,
2001).
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1.7 Nicotinic acetylcholine receptors in nematodes & insects

The characterisation of nematode nAChRs began when Sydney
Brenner selected and identified mutants of the free living nematode worm
Caenorhabditis elegans (C. elegans) based on their resistance to the nAChR
agonist tetramisole (contains levamisole as the active ingredient). Levamisole
affected the movement of the worms causing paralysis and the selected
levamisole-resistant mutants exhibited an uncoordinated movement
phenotype. The mutated genes were identified as unc-63, unc-38, unc-29, lev-
1 and lev-8 (Brenner, 1974). These were later cloned and revealed to be
NAChR subunits (Fleming et al., 1997, Culetto et al., 2004, Towers et al.,
2005) and were required along with the proteins RIC-3, UNC-50 and UNC-74
to produce a functional levamisole-sensitive ACh receptor in Xenopus oocytes

(Boulin et al., 2008).

This receptor is expressed in the body wall muscle and functions at the
neuromuscular junction along with a y-aminobutyric acid (GABA) receptor and
another pharmacologically distinct ACh receptor sensitive to nicotine but
insensitive to levamisole (Richmond and Jorgensen, 1999). This nicotine-
sensitive receptor was first isolated by the screening of a C. elegans cDNA
library with part of an avian a5 cDNA and a cDNA dubbed Ce21 was found to
contain the cysteine residue pair characteristic of nAChR a subunits. Ce21
aligned best with vertebrate a7 subunits, shared 47% identity and formed
functional ACh receptors sensitive to nicotine and insensitive to levamisole
when injected into Xenopus oocytes (Ballivet et al., 1996). This was later
labelled acr-16 and knockouts reduce the response to ACh but not to
levamisole when recording from the body wall muscle. Double mutants of acr-
16 and unc-63 caused the abolition of the ACh response confirming that acr-

16 was responsible for a large part of the ACh response that is not caused by
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the levamisole-sensitive receptor (Touroutine et al., 2005).

AP
AVR-15

Fig. 1.5.1 — The different ion channels underlying the action potential in the C.
elegans pharynx muscle. EAT-2 containing nAChRs are thought to intiate the
action potential by activating CCA-1 T-type calcium channels. EGL-19 L-type
calcium channels cause the plateau and EXP-2 potassium channels are
thought to cause repolarization. AVR-15 is a glutamate-gated chloride
channel. Taken from (Franks et al., 2002).

The pharynx is a neuromuscular pump consisting of the corpus,
isthmus and terminal bulb which allows C. elegans to feed (Fig. 1.5.2). The
MC motor neuron is responsible for rapid pumping of the pharynx in response
to a food stimulus (Fig 1.5.2) (Avery and Horvitz, 1989). The MC neuron was
found to use ACh as a neurotransmitter, be inhibited by d-tubocurarine and
stimulated by nicotine. Therefore, a nAChR in the pharynx was proposed to
govern the rate of pumping. Mutations in the genes eat-2 and eat-18 were
also found to be required for MC transmission and were thought to be nAChR
subunits (Raizen et al., 1995). The EAT-2 protein was later located at the MC

synapse in the post-synaptic region on the pharynx muscle and was revealed

to encode a non-a nAChR subunit. A small transmembrane protein encoded
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by eat-18 and is required for a-BgTX binding and so could also be a
component of a NAChR (McKay et al., 2004). It is thought that the activation of
EAT-2 containing nAChRs causes an initial depolarisation which activates
further voltage-sensitive ion channels and allows a pharyngeal muscle action
potential to develop (Fig. 1.5.1) (Franks et al., 2002). C. elegans is thought to
contain at least 27 nAChR subunits compared to 17 in mammals and birds so

a great diversity exists (Jones and Sattelle, 2004).

l | AL |

Corpus Isthmus Terminal Bulb
Fig. 1.5.2 — A light microscope image of the C. elegans pharynx (top) and a
schematic of the pharynx highlighting the corpus, isthmus and terminal bulb
regions as well as the location of the MC neuron (bottom) is shown. Taken
from (McKay et al., 2004).

Studies on the body wall muscle of the parasitic nematode, Ascaris
suum (A. suum), have revealed 3 subtypes of nAChR that are
pharmacologically distinct: Levamisole-sensitive (L-type), bephenium-sensitive
(B-type) and nicotine-sensitive (N-type) (Qian et al., 2006). Little is known
about the nAChR subunit composition but the subunits in A. suum
homologous to C. elegans UNC-29 and UNC-38 were able to form functional,

L-type nAChRs in Xenopus oocytes (Williamson et al., 2009). The subunits

and associated proteins required to form L-type receptors in C. elegans were
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found to have homologues in the parasitic nematode, Haemonchus contortus.
When injected into Xenopus oocytes functional L-type receptors were formed
(Boulin et al., 2011). Species specific subunits can also exist as the ACR-26
subunit is found in A. suum but not in other nematodes including C. elegans

(Bennett et al., 2012).

ACh is the main excitatory neurontransmitter in insects and nAChRs
are abundant in the insect nervous system (Breer and Sattelle, 1987). The
NAChR families of various insects are known and appear to express fewer
subunits compared to mammals and nematodes (Sattelle et al., 2005, Jones
et al., 2005, Jones et al., 2006, Jones et al., 2007, Shao et al., 2007, Dale et
al., 2010). Direct recordings of insect neurons have confirmed the presence of
NAChRs (Thany and Tricoire-Leignel, 2011) and allowed the investigation of
the mode of action of different neonicotinoid insecticides (Bai et al., 1991,
Brown et al., 2006). However, insect nAChRs have proved difficult to express
in heterologous expression systems such as the Xenopus oocyte and
therefore are not as well characterised as their nematode and mammalian
counterparts. Locust (Schistocerca gregaria) alpha L1 subunits have
expressed in Xenopus oocytes at low levels but the subunit composition of the
receptor remains unknown (Amar et al., 1995). Recently, Drosophila a5 and
a7 subunit cRNA expressed homopentameric nAChRs (Lansdell et al., 2012)
and a6, ab and ric-3 expressed functional NnAChRs (Watson et al., 2010) in

Xenopus oocytes but robust expression of insect nAChRs remains elusive.

A combination of Drosophila a subunits and chick B2 subunits in
Xenopus oocytes gives robust expression of hybrid nAChRs sensitive to a-
BgTX (Bertrand et al., 1994) and this provides a viable alternative to
expressing pure insect nAChRs. The hybrid Drosophila a2/chicken 2

(Da2/B2) has successfully allowed investigation of the neonicotinoid
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interaction with nAChRs (Matsuda et al., 1998, Ihara et al., 2003, Shimomura
et al., 2006) and gives the potential for its use in discovering novel insecticidal

compounds.

1.8 Ladybird beetles

Ladybird beetles (Coleoptera: Coccinellidae) also known as
coccinellids are beetles ranging from 1.3-10mm in length belonging to the
endopterygota group as they undergo complete metamorphosis consisting of
egg, larval, pupal and imaginal (adult) stages (Majerus, 1994). Carl Linnaeus
began the classification of coccinellids in the mid-1700s (Gordon, 1985) and
now over 4300 species have been identified (Majerus, 1994). They are
widespread with large areas of land being suitable for habitation and species
have been documented in North America, South America, Europe, Africa, Asia

and Australasia (Poutsma et al., 2008).
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Fig 1.8.1 - Elytra (hard wing casing) colours, textures and patterns can vary
greatly between different species of coccinellids. Dorsal views of (a) Scymnus
mitior; (b) Rhyncortalia australis, (c) Chaetolotis amy; (d) Halmus cupripennis;
(e) Epilachna mjoebergi; (f) Archegleis delta; (g) Australoneda bourgeoisi; (h)
Coccinella undecimpunctata are shown. Taken from (Seago et al., 2011).

Usually, coccinellids have an oval/round form that is quite variable with
a convex dorsal surface (Fig. 1.8.1) and flat ventral surface. They possess an
exoskeleton consisting of cuticular plates joined by thinner, flexible areas.
Eyes are compound, antennae consist of 7 or more segments and the
mouthparts comprise of mandibles, usually with two inner facing teeth. A hard
wing casing (elytron) covers the abdomen dorsally and flight wings fold away
between the elytron and the dorsal abdomen surface (Fig. 1.8.2) (Gordon,
1985, Majerus, 1994). Eggs are elongate, oval and smooth with an outer shell
called the chorion that contains pores (micropyles) that are thought to allow in
spermatozoa and oxygen. They are laid in batches ranging from 2-100 and
colours can range from off-white to dark orange (Majerus, 1994). The elytra of
most coccinellids have a bright colouration and pattern that varies greatly

between different coccinellid species (Fig. 1.8.1). Colours and patterns vary
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between different coccinellid species and can vary between individuals of the

same species (Bezzerides et al., 2007). There are four larval stages (instars)

and many have elongate bodies with both dorsal and ventral surfaces covered

in bumps giving a spiky appearance. Heads are square-like with rounded

corners and antennae have up to 3 segments. Moulting occurs after the 4™

larval instar followed by the transition from larva to pupa (Majerus, 1994).

Adults then emerge from the pupal casing.
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Fig. 1.8.2 — The key anatomical and morphological features of coccinellids
from (A) a ventral and (B) a dorsal view. The ventral view is a schematic of
Coccinella novemnotata. Ventral view taken from (Poorani, 2008) & dorsal
view taken from (Gordon, 1985).

Female coccinellids contain a pair of ovaries, vagina, bursacopulatrix,
spermatheca, accessory gland and 2 lateral oviducts that join to form a
median oviduct. Sperm is deposited by the male into the bursacopulatrix and
then passes on to the spermatheca. Eggs are formed in ovarioles, passed out

the external orifice and laid (Majerus, 1994).

1.9 Predation involving ladybird Beetles

Coccinellids can vary from monophagy to polyphagy but most species
are polyphagous (Hagen, 1962). Coccinellids can be aphidophagous (prey on
aphids), coccidophagous (prey on other coccinellids) and phytophagous
(consume plants). They are also known to feed on extra floral nectary
secretions as well as pollen and fungi (Hagen, 1962). There is evidence that
different aphidophagous coccinellids prefer different species of aphids

(Finlayson et al., 2010) and so can be divided into groups depending on their
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preferred prey. When populations of their preferred prey are low they will feed
on egg and larval stages of other insects (Gordon, 1985). Egg cannibalism is
common and the amount to which this occurs varies between species
(Phoofolo and Obrycki, 1998). Many coccinellids co-occur with other
coccinellid species and therefore are in direct competition for prey in the area
in which they occupy. Species that predate on the same prey in the same
area are classified into a guild of predators and intraguild predation (IGP) can
occur between different species within a guild. This is defined as a
combination of predation and competition as it involves the killing and eating
of species that predate on the same prey in the same area (Polis et al., 1989).
It is seen to increase when aphid populations decrease so IGP is thought to
be adaptive (Sato and Dixon, 2004). Successful IGP would allow the
elimination of competitors and the aphid population to regenerate so it is very
beneficial for the species involved. Some species of coccinellids are much
more aggressive and successful intraguild predators (Michaud, 2002, Nedved
et al., 2010) and this is thought to be a reason for the decline in the
populations of native coccinellids when an exotic species invades or is

introduced (Ware and Majerus, 2008).

1.10 Chemical defence of ladybird beetles

It has long been thought that many coccinellids contain a form of
chemical defence as they are rarely predated upon by other organisms (King
and Meinwald, 1996). Toxic effects have been observed when blue tits (Parus
caeruleus) were fed adult Coccinella septempunctata (C. septempunctata)
beetles (Marples et al., 1989) and coccinellids have also been reported to
cause allergic reactions (rhinoconjuctivitis) in humans (Yarbrough et al.,
1999). The European fire ant, Myrica rubra (M. rubra), showed less

aggressive behaviour towards Harmonia axyridis (H. axyridis) than C.
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septempunctata (Finlayson et al.,, 2009). Epilachna paenulata adults are
rejected by wolf spiders (Lycosa spp.) (Camarano et al., 2006) and crab
spiders (Misumenops trucuspidatus) reject H. axyridis in favour of other
coccinellid species (Koch, 2003). The survival of the common green lacewing,
Chrysoperla carnea, was limited when feeding on the eggs of the 2-spot
ladybird, Adalia bipunctata. No individuals survived when feeding on H.
axyridis eggs (Santi and Maini, 2006). This evidence points to some form of
chemical defence in coccinellid adults and eggs that is varied between

different coccinellid species.

Defensive secretions are widespread in the arthropod (Eisner and
Meinwald, 1966) and insect worlds (Kay et al., 1969). These secretions occur
when the beetles are handled or molested and are strongly odorant (Eisner
and Meinwald, 1966). Adult coccinellids are known to do this by a process
called “reflex bleeding” which involves a defensive fluid being secreted from
the tibio-femoral joints of the legs with each leg able to secrete independently
(Fig. 1.10.1) (Happ and Eisner, 1961, Holloway et al., 1991). Secretions had
no noticeable ill effects in C. septempunctata (Holloway et al., 1991). This
defensive fluid or reflex blood is thought to be the haemolymph of the beetle
as the emitted droplets have the same diagnostic features as haemolymph
(Happ and Eisner, 1961). Haemocyte like immune cells were also found to be
present in the reflex blood of C. septempunctata and A. bipunctata
(Karystinou et al., 2004). This was the case for the reflex blood of H. axyridis
and is thought to come at a great nutritive cost (Sato et al., 2009). 4" instar
larvae of H. axyridis were able to secrete up to 20% of their body weight at a
single time (de Jong et al., 1991). Such a large secretion should negatively
affect the beetle and this was examined in H. axyridis. Beetles that had been

caused to reflex bleed were compared to beetles that had not bled at all and
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the pronotum was found to be significantly larger when no reflex bleeding had

occurred. There was no significant effect on development time (Grill and

Moore, 1998).

Fig. 1.10.1 - Photos 1-8 exhibit the ability of E. varivestis to reflex bleed upon
pinching of a leg. Bleeding occurred from the legs closest to where the
pinching occurred and legs were able to bleed independently of other legs.
Taken from (Happ & Eisner 1961).

Coccinellids introduced into the nest of the ant Formica exsectoides
secreted drops of reflex blood when attacked and contact with the fluid
caused the ants to cease their attacks. Dragging of the mouthparts is a known
response to defensive arthropod secretions and the ants exhibited this
behaviour after contact was made (Happ and Eisner, 1961). Ants exposed to
Epilachna varivestis (E. varivestis) pupae exhibited the same repellent effects
and mouthpart dragging behaviour (Attygalle et al., 1993). This was due to the
pupae having droplets of secretory fluid at the ends of glandular hairs on their
surface (Fig. 1.10.2) (Attygalle et al., 1993, Schroeder et al., 1998). The odour
of the secretory fluids plays a role in the repellent effects of the defensive

secretions. Pyrazines are found in the secretions of some coccinellids and are
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known to be responsible for a warning odour (Hautier et al., 2008). Odour can
also be used as an attractant signal for other individuals of the same species

(Al Abassi et al., 1998).

Fig. 1.10.2 - (A) Glandular hairs of Subcoccinella vigintiquatorpunctata with
droplets of defensive fluid containing a mixture of macrocyclic polyamines (Bar
= 100um). (B) Glandular hairs of an E. varivestis pupa with droplets of
defensive fluid at the tips. Taken from (Schroeder et al., 1998).

The bright elytra colouring can therefore be described as an
aposematic warning signal for the chemical defence the coccinellid
possesses. The aposematic warning itself can be a deterrant and is seen as
the first line of defence (Majerus, 1994). This was shown by altering the
colours of the elytra of Cynegetis impunctata and measuring the rate of attack
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by avian predators (Parus major). There was a greater number of attacks on
beetles that had their elytra altered compared to unaltered beetles and even
more attacks occurred when the elytra were removed. Removal of the spotted
pattern also caused an increase in the number of attacks (Dolenska et al.,

2009).

1.11 Alkaloids

Coccinellids are known to produce a group of compounds called
alkaloids and secrete them as part of their reflex blood. These are varied
between species and thought to contribute to the defensive properties of
reflex blood (King and Meinwald, 1996, Pasteels et al., 1973) and their bitter
taste (Tursch et al.,, 1975). C. septempunctata can secrete up to 12 ug of
alkaloids in one reflex bleeding event (Holloway et al., 1991). Dissection of C.
septempunctata followed by GC-MS analysis detected alkaloids present
throughout the body (Holloway et al., 1991) lending evidence to the theory

that reflex blood is haemolymph.

The first alkaloids to be identified were coccinelline and precoccinelline
from C. septempunctata and coccinelline was found to repel ants (Pasteels et
al., 1973). Further alkaloids were identified in Hippodamia convergens called
hippodamine, convergine and myrrhine. These were found to share the same
tricyclic tertiary amine structure as coccinelline and precoccinelline (Fig.

1.11.1) (Tursch et al., 1975).
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[1] hippodamine [2] convergine [3] precoccinelline  [4] coccinelline [5] myrrhine

Fig. 1.11.1 — Members of the tricyclic tertiary amine family of alkaloids isolated
from H. convergens (1&2), C. septempunctata (3&4) and Myrrha
octodecimguttata (5). Taken from (Sloggett et al., 2009).

Defensive fluid from E. varivestis was found to contain 5 compounds,
the major compound being an azamacrolide called epilachnene (Attygalle et
al., 1993, Farmer et al., 1997). Pupal defensive secretions of Epilachna
borealis were found to contain a combinatorial library of macrocyclic
polyamines called polyazamacrolides with ring sizes containing up to 98
members. This library was based on the oligomerisation of a few heterologous
building blocks (Schroder et al., 1998a) and these building blocks were found
to be (a-1)-(2hydroxyethylamino)alkanoic acids (Schroder et al., 1998b).
Polyazamacrolides were also detected in the 24-pointed ladybird
Subcoccinella vigintiquatorpunctata (Schroeder et al.,, 1998). A different
structure of alkaloids exist in the 22-pointed ladybird Psyllobora
vigintiduopunctata called Psylloborine A, a dimeric alkaloid (Schroder and
Tolasch, 1998). The alkaloids Harmonine and 3-hydroxypiperidin-2-one were
isolated from H. axyridis and Ailocaria hexaspilota (Alam et al., 2002). The
alkaloids of many other species are yet to be characterised but it is clear from
the structures analysed that a great diversity exists between species (Fig.

1.11.2).
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A B

Fig. 1.11.2 - Alkaloid structures show a great diversity: (A) 9-
azabicyclo[3.3.1]nonanes, (B) Harmonine & (C) Azamacrolides. Adapted from
(King and Meinwald, 1996).

These alkaloids are not detected in aphid prey and so are thought to
be synthesised de novo (Tursch et al., 1975). Feeding of radiolabelled acetate
to E. paenulata (Camarano et al.,, 2009) and A. bipunctata (Laurent et al.,
2002) followed by GC-MS analysis showed high incorporation of acetate into
the alkaloids. Feeding of radiolabelled oleic acid and serine showed high
incorporation into the alkaloid epilachnene (Attygalle et al., 1994).
Investigation of coccinelline synthesis in C. septempunctata by feeding of
radiolabelled CH3;COONa showed high incorporation into coccinelline
indicating coccinelline being formed from a B-polyketoacid and this was found
to occur in the fat body (Laurent et al., 2002). This strongly points to the
alkaloids being formed from fatty acid precursors across multiple species of
coccinellids and that the fat body is responsible for alkaloid synthesis. The
alkaloids of H. axyridis have also been implicated as having a similar method

of creation (Haulotte et al., 2012).
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1.12 The multi-coloured asian lady beetle, Harmonia axyridis

H. axyridis is an invasive coccinellid originating from Japan/ East Asia
(Fig. 1.12.1). It is also known as the Harlequin beetle or Halloween beetle as
aggregations on buildings are commonly observed around late October in
North America (Mahr, 1996). Presumed native distribution of H. axyridis
extends from the Altai Mountains in the west to the Pacific coast in the east,
and from southern Siberia in the north to southern China in the south (Koch,
2003). The antennae and mouthparts are usually yellow-brown, head yellow-
white and legs vary from yellow-brown to black. The elytron is normally red
and contains 9 black spots arranged in a 2,3,3,1 pattern (Fig. 1.12.2) (Chapin

and Brou, 1991, Bezzerides et al., 2007).

A exact location of recovery of 4. axyndes
L~ | & area inwhich H axridis was recovered

« exact location of introduction of 4 axynidis
o amea inwhich 4 agridis was ntroduced

Fig. 1.12.1 - The native distribution of H. axyridis in East Asia. Taken from
(Poutsma et al., 2008).
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Fig. 1.12.2 - The colours and patterns of H. axyridis elytra can vary
significantly between individuals. Taken from (Bezzerides et al., 2007).

H. axyridis exhibits a variety of traits that are thought to contribute to its
success as an invasive species. The defensive alkaloids harmonine and 3-
hydroxypiperidin-2-one are known to be produced (Alam et al., 2002) and
pyrazines that cause a foul odour are known to be present (Sloggett et al.,
2011). H. axyridis has a generalist diet and can tolerate a wide diversity of
prey although newly encountered species are more difficult to predate on
(Sloggett and Davis, 2010). This was demonstrated by the defensive alkaloid
from the exotic A. bipunctata, adaline, being detectable in H. axyridis for
longer than the defensive alkaloid of the native Propylea japonica so a
specialised metabolism for P. japonica alkaloids is theorised to exist while
newly encountered alkaloids are thought to be cleaved by non-specific
processes (Sloggett et al.,, 2011, Sloggett and Davis, 2010). H. axyridis
appears to be a top predator in the aphidophagous guild of predators and has
a greater ability to use heterospecifics for food (Koch, 2003). The
aggressiveness of predation on aphids by H axyridis has also shown to be
greater when compared to 3 other coccinellids (Finlayson et al., 2010) and
individuals are more repellent to M. rubra (Finlayson et al., 2009). These tools
can make H. axyridis a successful intraguild predator and this is thought to be

the reason for its success in invading new areas and as a biological control
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agent (Koch, 2003). On the other hand, success may be due to defence
against predation rather than aggressive IGP (Sloggett et al., 2009). It is clear

that either way, the defensive chemistry (Fig. 1.12.3) plays a large role.

ALKALOIDS

2
HO,,
H,N

(a) harmonine (b) 3-hydroxypiperidine-2-one

PYRAZINES
N N N N
- = - -
fedlcallicadlie s
N Cl) N C|) N C|) N C|J

(¢) 2,5-dimethyl- (d) 2-isopropyl- (e) 2-sec-butyl- (f) 2-isobutyl-
3-methoxypyrazine  3-methoxypyrazine 3-methoxypyrazine  3-methoxypyrazine

Fig. 1.12.3 - The alkaloids and pyrazines produced by Harmonia axyridis.
Taken from (Sloggett et al., 2011).

1.13 Intraguild predation involving Harmonia axyridis

Many areas of the world are habitable for H. axyridis (Fig. 1.13.1)
(Poutsma et al., 2008) and this has allowed H. axyridis to be extremely
successful in invading areas outside its natural range. This has allowed H.
axyridis to out-compete native coccinellids and supplant them as the dominant
coccinellid species. This has occurred in the citrus systems of Florida where
the native Cycloneda sanguinea has been replaced (Michaud, 2002), in
Kentucky with Coleomegilla maculata (Cottrell and Yeargan, 1998) and in
Western Oregon where H. axyridis has replaced C. septempunctata which

itself was introduced as an exotic species (LaMana and Miller, 1996).
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Fig. 1.13.1 — A CLIMEX world map showing econoclimatic indices (El). The
larger the EI, the more habitable the area is for H. axyridis and the larger the
circle, the larger the El. Crosses represent areas with an El of 0. Taken from
(Poutsma et al., 2008).

It is thought that IGP plays a role in the invasive, exotic species
becoming dominant over the native species (Hautier et al.,, 2011). IGP
occurrence was measured by GC-MS analysis of H. axyridis individuals and
traces of exogenous alkaloids were found indicating that intraguild predation
had occurred in the areas these individuals had occupied (Hautier et al.,
2011). Interactions between H. axyridis and native British species in areas
where H. axyridis was likely to come into contact with native species showed
IGP to be asymmetrical in favour of H. axyridis (Ware and Majerus, 2008).
Field studies over a 2 year period of C. septempunctata and H. axyridis
showed that both species laid eggs during an increase or peak of aphid
population. H. axyridis was observed to lay more eggs, have a lower pupal

mortality and 4" instar larvae could develop when the aphid population was

low (Hironori and Katsuhiro, 1997).
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Laboratory studies have shed further light on why H. axyridis is such a
good intraguild predator. Larvae of H. axyridis were more aggressive when
paired with C. impunctata, Scymnus rubromaculatus (Nedved et al., 2010) and
C. sanguinea larvae (Michaud, 2002). H. axyridis larvae were more
aggressive and won more contests even when the opponent was 2-3 times
bigger (Michaud, 2002). Studies have shown that H. axyridis eggs are better
protected than other species of ladybird. H. axyridis larvae could complete
development on H. axyridis and C. septempunctata eggs as well as aphids.
Only 3 out of 16 C. septempunctata larvae developed when fed H. axyridis
eggs (Yasuda and Ohnuma, 1999). Another study also showed H. axyridis
eggs to be toxic to C. septempunctata (Kajita et al., 2010). This was also the
case for C. maculata and Olla v-nigrum whereby consumption of H. axyridis
eggs increased mortality for both species. H. axyridis was able to survive on
eggs from both species (Cottrell, 2004). C. carnea survival was also found to
be lowered when fed H. axyridis eggs compared to eggs of other coccinellids
and aphids (Phoofolo and Obrycki, 1998). A reduction in the rate of
consumption of eggs occurs when H. axyridis, C Septempunctata and A.
bipunctata consume heterospecific eggs. However, this reduction is smaller in
H. axyridis (Sato and Dixon, 2004). Aphids infected with the pathogenic
fungus Pandera neoaphidis are predated upon less by C. septempunctata but
H. axyridis was found to consume equal amounts of infected and uninfected

prey suggesting the ability to survive on lower quality prey (Roy et al., 2008).

It is clear that H. axyridis is more aggressive when coming into contact
with rival coccinellids and with the consumption of food. It is also clear that

chemical defence plays an important role in the unpalatability and toxicity of its

eggs.
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1.14 Aims

This project aims to ascertain whether the H. axyridis alkaloids could
potentially demonstrate any anthelmintic effects by using the free-living C.
elegans as a model parasitic nematode. The alkaloids have been shown to be
selective for insect neurons and they have been proposed to exhibit this
action through the insect nAChR. C. elegans nAChRs are involved in the
activation of pharyngeal pumping and body wall muscle movement. Due to the
ease of genetic manipulation knockouts are readily available which will be
used to identify possible targets in whole organism bioassays. The Xenopus
laevis oocyte expression system and the TEVC technique will also be used to
examine human a7, C. elegans ACR-16 and Drosophila alpha2/chick beta2
(Dalpha2/chickbeta2) nAChRs to characterise more precisely the alkaloid

target and selectivity.
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2. Materials and Methods
2.1 Extraction and purification of ladybird alkaloids

2.1.1 Collection of ladybird beetles

Adult Coccinella septempunctata and Harmonia axyridis beetles were
collected from the University Park campus of the University of Nottingham
(UK) and Rothamsted Research (Hertfordshire, UK) from September 2010 to

December 2010 and stored in clear, universal tubes at -20 °C.

2.1.2 Solvent extraction

Collected beetles were counted, weighed and transferred from storage
at -20 °C to different conical flasks dependent on the beetle species. HPLC
grade methanol was added (approximately 50 ml per 100 beetles) and the
flasks were left to stir overnight using a magnetic stirrer. The liquid was
poured off into a separate flask and this was kept at 4 ‘C. The methanol was

replaced and this was repeated for a further night.

2.1.3 Acid-Base extraction

The liquid remaining after the solvent extraction was placed in a rotary
evaporator and left until the methanol had all evaporated. 1M hydrochloric
acid (HCI) was used to wash the remaining solid out of the spherical flask and
this was transferred to a separation funnel. HPLC grade ether was also used
to wash the flask and this was also placed into the separation funnel. The
liquids were mixed and left to separate. The aqueous layer was decanted
back into the beaker and the organic layer was discarded. This process was
repeated twice beginning with the addition of ether and the aqueous layers

were combined.

The aqueous layer collected was made alkaline with sodium hydroxide

(NaOH) to a pH of greater than 10 and this was added to the separation
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funnel. The beaker was washed with HPLC grade dichloromethane and this
was also added to the separation funnel. The liquids were mixed and left to
separate and the agueous layer was decanted. The organic layer was kept
and the process was repeated using the decanted aqueous layer twice from
the addition of dichloromethane. The organic layers were combined and the
remaining dichloromethane was evaporated using a rotary evaporator and
when a small volume remained, this was evaporated by directing a
pressurised stream of nitrogen gas onto the surface of the liquid. The

remaining solid was then dissolved in dimethyl sulfoxide (DMSO).

2.2 Maintenance of C. elegans

2.2.1 Strains

The following strains were used: N2 Bristol wild-type, DA465 [eat-
2(ad465)ll], DA1110 [eat-18(ad1110)]] (McKay et al., 2004), Zz37 [unc-
63(x37)l] and RB918 [acr-16(ok789)V] (Touroutine et al., 2005). Strains ZZ37
and RB918 were kindly provided by Professor David Sattelle (University of
Manchester, UK) and all strains originated from the Caenorhabditis Genetics

Centre (University of Minnesota, US).

2.2.2 Escherichia Coli (E. coli) culture

Luria-Bertani broth (LB) agar (10 g tryptone, 10 g NaCl, 5 g yeast
extract & 17 g agar made up to 1 litre in ddH,O and autoclaved) was poured
into 90mm petri dishes and was streaked with LB (10 g tryptone, 10 g NaCl &
5 g yeast extract made up to 1 litre in dH,O and autoclaved) containing the
uracil deficient E. coli strain OP50 once solidified. The plates were incubated
at 37 ‘C overnight and a single colony of OP50 was used to inoculate
approximately 5ml of LB. The inoculated LB was incubated at 37 °C on an

orbital shaker at 250 rpm overnight. 100 pl of inoculated LB was added to 50
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ml LB in universal tubes and incubated on an orbital shaker overnight again.

The tubes were then stored at 4 °C for up to 4 weeks.

2.2.3 C. elegans culture

Nematode growth medium (NGM) (17 g agar, 3 g NaCl, 25 ¢
bacteriological peptone, 1 ml 5 mg/ml cholesterol & 975 ml dH,O autoclaved
followed by the addition of 1 ml 1M CaCl,, 1 ml 1M MgSO, & 25 ml 1M KPO,
pH 6) was poured into sterile, 45 mm petri dishes. Once the agar had
solidified, a drop of LB containing E. coli strain OP50 was added then spread
to form a lawn on the agar surface and plates were incubated overnight at 37
°C. After incubation worms were transferred individually from other plates
using a worm pick (platinum wire fused to a glass capillary tube) or by cutting
chunks of agar from populated plates and transferring them to unpopulated
plates (“chunking”). The plates were kept incubated at 15 °C. This was
repeated once populated plates had become overpopulated and the E. coli

food source had depleted (Brenner, 1974).

2.2.5 Synchronised culture

Plates abundant with laid eggs were selected and washed with
bleaching solution (0.6 ml 5M NaOH, 1.5 ml NaCIO solution (available chlorine
10-15%, Sigma) & 10 ml dH,O mixed thoroughly). This was transferred to 15
ml tubes and topped up with sterile K-medium (53 mM NacCl, 32 mM KCI
(Williams and Dusenberry, 1990)). The tubes were then centrifuged for 3mins
at 2000rpm. The supernatant was removed and replaced with K-medium. The
pellet was re-suspended and the tubes were centrifuged again. This wash
was repeated a further 2 times and once the K-medium had been replaced a
final time; the tubes were placed on a rotator overnight (Baugh and Sternberg,
2006). After this the tubes were placed on ice to allow the worms to settle at

the bottom and the majority of the K-medium was removed. The remaining
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suspension was pipetted onto seeded NGM plates and the plates were

incubated at 15 °C once dry.

2.3 C. elegans assays

2.3.1 Pharyngeal pumping

2 plates containing synchronised cultures of C. elegans were washed
with K-medium into 50 ml universal tubes and placed on ice for 10-15 mins to
settle the worms at the bottom. K-medium was then removed until
approximately 5 ml remained and the worms were suspended in the solution.
4 pl alkaloid extract was diluted with 196 pl E. coli + K-medium in small
Eppendorf tubes and to this, 200 ul of the worm suspension was added giving
a final volume of 400 pl. The tubes were mixed gently, placed on their side

and incubated at 20 °C for the desired amount of time.

After incubation, 2 x 100 ul samples were transferred to 45 mm plates
containing only NGM. A light microscope was then used to count the
contractions of the terminal bulb manually using a stopwatch for 1 min. This

method was adapted from (Avery and Horvitz, 1990).

2.3.2 Manual thrashing counts

Synchronised cultures of C. elegans were grown as described
previously and 2 plates were washed with approximately 2-3 ml K-medium
into 50 ml universal tubes. The suspension was diluted down with K-medium
to ensure that 198 pl of the suspension contained approximately 10-20
worms. 2 pul of DMSO or drug/extract containing DMSO was added to wells of
a flat-bottomed 96 well plate and serial diluted down to give the desired
concentration range. To this 198 pl of the worms in K-medium was added
(diluted down to ensure the volume contained 10-20 worms). The plates were

then incubated at 20 °'C for 2, 4 and 6 h. Thrashes were defined as the
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complete bend of the body to one side and back (Glendinning et al., 2011)

and were counted under a microscope.

2.3.3 Data analysis

Data of the effect of alkaloids was normalised by expressing the data
as a percentage of the 1% DMSO control group for each experiment.
GraphPad Prism 5 (GraphPad software, US) was used to plot graphs and fit
curves using the “log(inhibitor) vs. normalised response — variable response”
non-linear regression equation. Prism 5 was also used to analyse the
differences between curves using an extra sum-of-squares F-test. IBM SPSS
Statistics 20 (IBM, US) was used to analyse differences using independent

samples t-tests.

2.4 Production nAChR subunits and associated protein cRNA

2.4.1 Transformation of E. coli with plasmid DNA

The plasmid vectors pcDNA3.1/Zeo (+) (Invitrogen) encoding human
a7 and C. elegans ric-3, pGEM-T Easy (Promega) encoding C. elegans acr-
16, pcDNA3.1 (Invitrogen) encoding chick B2 and pcDNA3 (Invitrogen)
encoding Drosophila a2 (Da2) were kindly provided by Professor David

Sattelle (University of Manchester, UK).

Chemically competent cells were created using E. coli strain XL1-Blue.
An overnight culture of cells was prepared in 5 ml LB and incubated in an
orbital shaker at 37 °C and 250 rpm. 50 ml LB was added and incubated for a
further 2 h. The culture was placed on ice for 15 min and then centrifuged at
2000 rpm for 10 min at room temperature. The supernatant was removed and
pellets re-suspended in 10 ml ice cold, filter sterilised 0.1M CacCl,, left for 15

min and then centrifuged at 2000 rpm for 10 min at room temperature.

49



1 pl of plasmid DNA (pDNA) was added to 200 pl of chemically
competent cells and left on ice for 20 min. The cells were then placed in a
water bath at 42 °C for 1 min then immediately placed on ice for 2 min. 1 ml
LB + 10 mM glucose was added and the cells were placed in a water bath at
37 °C for 30 min. 100 pl of cells were then spread over 95 mm Petri dishes
containing LB agar containing 50 pg/ml Ampicillin and incubated overnight at

37 °C.

2.4.2 Isolation of plasmid DNA from transformed E. coli

A starter culture of E. coli was prepared by inoculating 5 ml LB using a
sterile pipette tip to pick a single colony of the transformed E. coli from the LB
agar plates. This was incubated in an orbital shaker overnight at 37 °C and

250 rpm.

A QIAGEN QIAprep Spin Miniprep Kit (50) was used to isolate the
plasmids from the starter culture (all centrifugation steps were carried out at
13,000 rpm at room temperature): 1.5 ml starter culture was centrifuged at for
3 min. The supernatant was removed; a further 1.5 ml culture was added and
centrifuged again for 3 min. The supernatant was removed; the pellet was re-
suspended in 250 pl Buffer P1 and transferred to a fresh 1.5 ml Eppendorf
tube. 250 pl Buffer P2 was added and mixed thoroughly by inverting 4-6 times
until the solution became clear. 350 pl Buffer N3 was added, mixed thoroughly
by inverting 4-6 times and centrifuged for 10 min. A QIAprep spin column was
washed by placing the column in a 1.5 ml Eppendorf tube and adding 0.5 ml
Buffer PB. The column was then centrifuged for 1 min and the flow-through
was discarded. The supernatant was added to the column by pipetting and
centrifuged for 1 min. The flow-through was discarded and 0.75 ml Buffer PE
was added then centrifuged for 1 min. The column was centrifuged again for 3

min to ensure all the buffer had flowed through. The column was then placed
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in a fresh 1.5 ml Eppendorf tube and 30 ul Buffer EB was added and left to

stand for 1 min. The column was then centrifuged for 1 min to elute the DNA.

A Thermo-scientific NanoDrop 1000 spectrophotometer was used to
measure the concentration of pDNA and the concentrations were as follows:
776 ng/ul for C. elegans acr-16; 529 ng/ul for human a7; 527 ng/ul for Da2;

475 ng/ul for chick 32 and 461 ng/ul for C. elegans ric-3.

2.4.3 Linearisation of plasmid DNA

Linearisation of pDNA (approximately 10 pg) was carried out using the
following restriction enzymes: EcoRI for Da2, Xbal for chick B2/human a7,
Ndel for C. elegans acr-16 and Notl for C. elegans ric-3 (all New England
Biolabs). The mixtures used for the restriction digest were as follows: C.
elegans acr-16 (14 pl pDNA, 5 pl NEbuffer 1V, 5 pl Bovine serum albumin
(BSA), 5 pl Ndel & 21 ul ddH,0), C. elegans ric-3 (21 pl pDNA, 5 ul NEbuffer
I, 5 ul BSA, 5 pl Notl & 14 pl dH,0), human a7 (20 ul pDNA, 5 pl NEbuffer Il,
5 pl BSA, 5 pl Xbal & 15 pl dH,0), Da2 (20 pl pDNA, 5 ul NEbuffer IV, 5 ul
BSA, 5 pl EcoRI & 15 pl dH,0) & chick B2 (21 pl pDNA, 5 pl NEbuffer II, 5 pl

BSA, 5 pl Xbal & 14 ul ddH,0). The mixtures were incubated at 37 °C for 3 h.

Linearisation was checked after 2 h by running a 1 ul sample on a
1.5% TAE gel with a 1kb ladder. This was made using 1xXTAE (4.84 g Tris
base, 1.142 ml acetic acid, 2 ml 0.5M EDTA pH 8 made up to 1 litre with
ddH.,0 then autoclaved) and the gel was made by adding 0.75 g Agarose to 50
ml 1XTAE then melting in a microwave for approximately 2 min followed by the
addition of 1 pl ethidium bromide. 1 pl of linearised pDNA/1kb ladder was
mixed with 1 pl loading buffer on clean parafilm and loaded into the wells of
the gel and run for 1 h at 70 V. One clear band was visible for each subunit

which ensures that no other cuts were made by the restriction enzyme.
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The restriction digest was terminated by adding 2.5 ul EDTA, 5 ul
ammonium acetate and 100 pl 100% ethanol. This was left for 1 h at -20 °C
and then centrifuged at 13,000 rpm/4 °C for 15 min. The supernatant was
removed by pipetting and the tubes were left to dry in a sterile cabinet for 5
min. The pellet was then re-suspended in 4 pl ddH,O. The following
concentrations were determined by the spectrophotometer: 269 ng/ul for
human a7, 792 ng/ul for C. elegans acr-16, 681 ng/ul for C. elegans ric-3, 805

ng/pl for Da2 and 446 ng/ul for chick B2.

2.4.4 cRNA production

Production of capped RNA (cRNA) from the linearised plasmids was
carried out using the T7 mMMESSAGE mMACHINE kit (Ambion) for human a7,
C. elegans ric-3, chick 2 and Da2. The SP6 mMMESSAGE mMACHINE kit
(Ambion) was used for C. elegans acr-16. The mixtures used for the
transcription reaction were as follows: C. elegans acr-16/C. elegans ric-3/Da2
(1 pl linearised pDNA (0.1-1 pg/pl), 15 pl 2x NTP/CAP, 3 pl 10x Reaction
Buffer, 3 ul Enzyme Buffer, 6 pl nuclease free H,O) and human a7/chick 32 (2
ul linearised pDNA, 15 ul 2x NTP/CAP, 3 ul 10x Reaction Buffer, 3 pl Enzyme
Buffer, 5 pl nuclease free H,O). The mixtures were incubated at 37 °C for 2 h
45 min followed by the addition of 30 pl lithium chloride precipitation solution
and 30 pl nuclease free H,O. The mixture was left to precipitate overnight at -
20 °C. Following this the mixtures were centrifuged at 13,000 rpm/4 °C for 15
min. The supernatant was removed and the pellet washed with 1 ml 70%
ethanol. This was centrifuged again at 13,000 rpm/4 °C for 15 min and the
supernatant was removed. The remaining pellet was re-suspended in 15 pl
nuclease free H,O and the concentration of RNA was determined. The

concentrations obtained were as follows: 293 ng/ul for chick 2, 1848 ng/pl for
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human a7, 3805 ng/ul for Da2, 1012 ng/ul for C. elegans acr-16 and 3992

ng/ul for C. elegans ric-3.

2.5 Electrophysiological recordings of Xenopus laevis oocytes

2.5.1 Preparation and injection of oocytes

Mature stage IV-V oocytes were obtained by ovariectomy of female
Xenopus laevis from the European Xenopus Resource Centre (University of
Portsmouth, UK) and incubated in 0.2mg/ml collagenase (type 1A, Sigma) in
Ca*" free Barth’s GTP solution (96mM NaCl, 2mM KCI, 5mM HEPES, 2.5mM
pyruvic acid & 0.5mM theophylline, pH 7.5, then autoclaved followed by the
addition of 5ml 10mg/ml gentamicin per litre) for 1-2 h followed by thorough
washing with Ca** free GTP. Oocytes were selected based on a clear divide
between the light and dark poles and for their structural integrity then placed
in fresh Ca®* free GTP. Human a7/C. elegans acr-16 was injected in a 5:1
ratio with C. elegans ric-3 and Da2 was injected in a 1:1 ratio with chick p2.

Injection concentrations did not exceed 1 pg/ul.

Injection needles were pulled from 3.5nl glass bores (World Precision
Instruments, Inc.) using a David Kopf vertical pipette puller (model 700c, DK
Instruments, California) and a small part of the tip was broken off. The needle
was then “back filled” with filtered paraffin and placed into a Nanoliter injector
(World Precision Instruments, Inc.). 1pl subunit cRNA was pipetted onto the
surface of a sterile petri dish and the glass needle was manoeuvred into the
solution. The cRNA was taken up by the needle ensuring that no air bubbles
were present. Viable oocytes were then selected and placed into a dish
containing GTP (96mM NaCl, 2mM KCI, 1.8mM CacCl,, 5mM HEPES, 2.5mM
pyruvic acid & 0.5mM theophylline, pH 7.5, then autoclaved followed by the

addition of 5ml 10mg/ml gentamicin per litre) lined with grooved plastic to hold
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the oocytes in place. 50 nl cRNA was injected into the cytoplasm of each
oocyte and then oocytes were transferred to a separate dish with fresh GTP.
Damaged or discoloured oocytes were removed and the rest were incubated
at 18 °C for 2-4 days. GTP was changed daily and any damaged oocytes were

removed.

2.5.2 Two electrode voltage clamp procedure

Microelectrodes were pulled from borosilicate glass capillaries
(TW150F-4, World Precision Instruments Inc.) using a Sutter P-97
programmable puller and used to impale oocytes placed in a perfusion bath.
The microelectrodes were filled with 3M KCI and resistance was 0.5MQ or
less. Oocytes displaying a resting membrane potential of at least -20 mV were
clamped at -100 mV using an Axoclamp 2A or Geneclamp 500 amplifier (Axon
Instruments Inc., USA). Output currents were transferred using a CED 1401
plus interface (Cambridge Electronic Design) to a PC and WIinEDR software
(Dr John Dempster, Institute of Pharmacy & Biomedical Sciences, University
of Strathclyde, UK) was used for recording and analysis. Standard oocyte
saline (SOS) (100mM NaCl, 2mM KCI, 1.8mM CaCl,, 1mM MgCl,, 5mM
HEPES, adjusted to pH 7.6 with NaOH) + 0.5uM Atropine to prevent any
muscarinic response was applied using a gravity fed perfusion system under
the control of a ValveLink 8 valve controller (Automate Scientific Inc., USA).

ACh and alkaloid extract were dissolved in SOS + 0.5uM atropine.

100uM (10™*M) ACh was applied 2-3 times for a maximum of 5 s to test
whether oocytes had a stable response then the effect of the alkaloid was
tested by applying alkaloid extract solution at varying concentrations for 10 s

prior to the application of ACh.
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2.5.3 Data analysis

Data of the effect of alkaloids on the response to 10“M ACh was
normalised by expressing the data as a percentage of the response to 10™M
ACh alone. GraphPad Prism 5 (GraphPad software, US) was used to plot
graphs and fit curves using the “log(inhibitor) vs. response — variable slope
(four parameters)” non-linear regression equation. Prism 5 was also used to

analyse the differences between curves using an extra sum-of-squares F-test.
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3. Results | — Effects of Alkaloid on C. elegans
3.1 Pharyngeal pumping assays

The pharynx is a well characterised neuromuscular system in C.
elegans and nAChRs play a large role in the generation of rapid pharyngeal
pumping (McKay et al.,, 2004). The quantification of pharyngeal pumping
provides a simple assay to determine the effects of neuroactive compounds
and as ladybird alkaloids are thought to target nAChRs the effects of alkaloid
extracts from 2 different ladybird species on wild-type (Bristol N2) C. elegans

were determined (Fig. 3.1.1).
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Fig. 3.1.1 — Adult N2 hermaphrodite C. elegans were exposed to alkaloid
extract (0.3 mg/ml in DMSO) in K-medium or K-medium containing 1% DMSO
as a control. The rate of pharyngeal pumping was measured after 1 h and 24
h. Each bar represents the mean +SEM of 3 independent experiments
containing 6 replicates each. Strains were compared using an independent-
samples t-test (* P<0.05 & ** P<0.01). (A) Incubation with H. axyridis extract
showed a significant reduction in pharyngeal pumping after 1 h (P=0.018) and
24 h (P=0.007) compared with1% DMSO control. (B) Incubation with C.
septempunctata extract showed no significant difference after 1 h (P=0.338)
but a significant reduction after 24 h (P=0.031).
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The alkaloid extract of the Harlequin ladybird (H. axyridis) and the 7-
spot ladybird (C. septempunctata) were dissolved in DMSO at a concentration
of 30 mg/ml then diluted by 100 to give a final concentration of 0.3 mg/ml with
1% of the total solution containing DMSO. Adult N2 worms were incubated for
1 and 24 hours at 20 ‘C and the rate of pharyngeal pumping was determined
(Fig 3.1.1). H. axyridis alkaloid extract reduced the mean rate of pharyngeal
pumping compared to 1% DMSO control after 1 h (from 183.22 +2.86 to
133.61 £8.25 pump contractions/min) and 24 h (from 158 +7.65 to 103.28
+7.68 pump contractions/min) (Fig. 3.1.1A). An independent samples t-test
showed this reduction to be statistically significant in both cases (P=0.018 &
0.007). C. septempunctata alkaloid extract also showed reductions in the
mean rate of pharyngeal pumping after 1 h (178.56 +8.33 to 162.33 +12.06
pump contractions/min) and 24 h (172.33 +13.56 to 115.28 +8.81 pump
contractions/min) (Fig. 3.1.1.B). However, statistical analysis showed that the
reduction after 1 h was not significant (P=0.338) and the reduction after 24 h
was significant (P=0.031). Therefore H. axyridis alkaloids were selected for

further analysis.
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Fig. 3.1.2 - The rate of adult N2 hermaphrodite pharyngeal pumping was
measured in response to concentrations of H. axyridis extract from 0.1-
0.7mg/ml after 1 and 24 h. Each point represents the mean +SEM of 3
independent experiments each containing 6 replicates expressed as a % of
the control value (1% DMSO). Curves were fitted in GraphPad Prism 5 using
the “log(inhibitor) vs. normalised response — variable slope” non-linear
regression equation. ICs, values were determined as 1.087mg/ml for 1 h and
0.406mg/ml for 24 h.

Exposure to various concentrations of H. axyridis alkaloids revealed a
concentration dependant inhibitory effect on the rate of pharyngeal pumping
(Fig. 3.1.2).The ICy, after 1 h was determined as 1.087 mg/ml (95% CI =
0.652 to 1.81) based on the extrapolation of the non-linear regression curve to
0% and the ICs, after 24 h was determined as 0.406 mg/ml (95% CI = 0.357 to
0.46). The pumping rate was reduced to approximately 20% of the control rate
at the maximum concentration of 0.7mg/ml H. axyridis alkaloid extract. An
extra sum-of-squares F-test comparison of the ICg, values showed that the
two values were siginificantly different (P<0.0001) therefore the effect

observed after 24 h is significantly greater than the effect after 1 h.
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Fig. 3.1.3 — The effect of H. axyridis alkaloid extract at 0.7mg/ml was
measured after 2, 4 and 6 h as well as overnight after 18, 20 and 22 h. Each
point represents the mean +SEM of 3 independent experiments containing 6
replicates each expressed as a % of a 1% DMSO control value.

The effect of 0.7 mg/ml H. axyridis alkaloids were measured after 2, 4,
6, 18, 20 and 22 h (Fig. 3.1.3). A reduction in the mean rate of pharyngeal
pumping was observed after 2 h to 64.502 £3.773% of the control rate and
decreases were also observed to 64.697 +1.346% and 54.745 +5.882% for 4
and 6 h respectively. Overnight, the mean rate decreased to 41.835 +1.131%

for 18 h, 44.438 +4.012 for 20 h and 40.689 +3.039% for 22 h.

As the alkaloid extract of H. axyridis has been demonstrated to reduce
the response of human and insect nAChRs; C. elegans strains containing
mutations in NAChRs were examined to investigate the mode of action (Table
3.1.1). The strains DA465 contains a mutation in a NnAChR non-a subunit and
DA1110 contains a mutation in an associated transmembrane protein that are
both expressed in the pharynx (Table 3.1.1). The pharyngeal pumping rate of
both strains are reduced as a result of the mutations and so examination of H.

axyridis alkaloid extract in these mutants could give insight into the mode of
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action. The basal pumping rate of each mutant in 1% DMSO control solution

of each mutant was compared to N2 (Fig. 3.1.4).

Table 3.1.1 — Transgenic C. elegans strains used for experiments with H.

axyridis alkaloid extract.

Strain Mutation

Info

DA465 eat-2(ad465)ll
(C>T substitution)

DA1110 eat-18(ad1110)l
(G>T substitution)

2773 unc-63(x37)l
(G>A substitution)

RB918 acr-16(ok789)V
(Deletion)

Non-a hAChR subunit.
Reduces rate of
pharyngeal pumping
(McKay et al., 2004).
Small transmembrane
protein associated with
eat-2 nAChRs. Reduces
rate of pharyngeal
pumping (McKay et al.,
2004).
Levamisole-sensitive
NAChR a subunit in
body wall muscle.
Causes locomotor
defects (Touroutine et
al., 2005).
Levamisole-insensitive
NAChR a subunit in
body wall muscle
(Touroutine et al.,
2005).
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Fig. 3.1.4 — The basal pharyngeal pumping rates in 1% DMSO were
measured and the different NAChR mutants were compared to the wild-type
N2 strain when incubated for (A) 1 h and (B) 24 h. Each bar represents the
mean +SEM of 3 independent experiments containing 6 replicates each.
Strains were compared using an independent-samples t-test (* P<0.05, **
P<0.01 & ** P<0.001).

An independent samples t-test showed significant reductions in the
basal rate of pumping after 1 and 24 h in DA1110 (P=0.003 & 0.011) and
DA465 (P=0.012 & <0.001). The mean basal rate after 1 and 24 h of DA1110
(51.11 £5.724 & 50.17 +0.928) and DA465 (49.22 +1.309 & 51.28 +1.587)

dropped to approximately 25% of the wild-type N2 basal rate (178.6 £8.334 &
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175.3 £13.56) but with no change from 1 to 24 h. The basal pumping rates of
the remaining strains examined, ZZ73 (P=0.291 & 0.695) and RB918

(P=0.193 & 0.664) showed no significant difference from N2 (Fig. 3.1.4).

The effect of H. axyridis alkaloid extract was then examined on each
strain to ascertain whether the mutated genes were involved in the effects of
the extract. The genes involved were eat-2, eat-18, unc-63 and acr-16 (Table
3.1.1). A concentration of 0.6mg/ml was used and the pumping rate was

examined after 1 and 24 h (Fig. 3.1.5).
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Fig. 3.1.5 — The effect of 0.6 mg/ml H. axyridis alkaloid extract on the rate of
pharyngeal pumping on different nAChR mutant strains, (A) eat-2(ad465), (B)
eat-18(ad1110), (C) unc-63(x37) and (D) acr-16(ok789), after 1 and 24 h.
Each bar represents the mean *SEM of 3 independent experiments
containing 6 replicates each. Strains were compared using an independent-
samples t-test (* P<0.05, ** P<0.01 & *** P<0.001).

The results were examined using an independent samples t-test and
unc-63(x37) showed significant reductions from the DMSO control after 1
(167.11 +2.567, P=0.036) (Table 3.1.2) and 24 h (66.44 +16.685, P=0.011)
(Table 3.1.3). Significant reductions were observed only after 24 h in eat-
2(ad465) (19.943 +5.148, P=0.004) and acr-16(ok789) (107.167 +7.688,
P=0.038) while eat-18(ad1110) showed no significant differences (P=0.527 &

0.068) (Table 3.1.2).
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Table 3.1.2 — Statistical analysis of mutant strains pumping rate after 1 h
incubation with 0.6mg/ml H. axyridis alkaloid extract compared to 1% DMSO
control.

Strain/Mutation Mean +SEM Independent
(Pump contractions/min) samples t-test
DMSO Control Alkaloids (1 h) results
DA465 51.112 +5.742 33.167 +5.703 t=2.221
[eat-2(ad465)] P=0.091
DA1110 49.223 +1.309 45.667 +4.622 t=0.740
[eat- P=0.527
18(ad1110)]
ZZ73 192.333£7.669  167.110 £2.567 t=3.119
[unc-63(x37)] P=0.036 *
RB918 192.556 +3.283 147.167 +18.745 t=2.753
[acr-16(ok798)] P=0.104

NB. * indicates a significant difference: * P<0.05, ** P<0.01 & *** P<0.001.
Table 3.1.3 — Statistical analysis of mutant strains pumping rate after 24 h
incubation with 0.6mg/ml H. axyridis alkaloid extract compared to 1% DMSO
control.

NB. * indicates a significant difference: * P<0.05, ** P<0.01 & *** P<0.001.

Strain/Mutation Mean +SEM Independent
(Pump contractions/min) samples t-test
DMSO Control  Alkaloids (24 h) results
DA465 50.167 +0.928 19.943 £5.148 t=5.77
—_ **
[eat-2(ad465)] P=0.004
DA1110 51.277 +1.587 33.39 £7.045 t=2.477
P=0.068
[eat-
18(ad1110)]
ZZ73 164.833 £11.498 66.444 +16.685 t=4.856
—_ *
[unc-63(x37)] P=0.011
RB918 162.333 £16.387 107.167 +7.688 t=3.048
P=0.038 *

[acr-16(ok798)]

These effects were then compared to the effects of 0.6mg/ml H.

axyridis alkaloid extract on N2. The rates of pumping were normalised as
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different control rates were observed and compared after 1 and 24 h (Fig.

3.1.6).
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Fig. 3.1.6 — The effects of 0.6mg/ml alkaloids on the pumping rate of each
mutant strain was compared to wild-type N2 after (A) 1 h and (B) 24 h. Each
point represents the mean +SEM of 3 independent experiments containing 6
replicates each expressed as a % of a 1% DMSO control value. Strains were
compared using an independent-samples t-test (* P<0.05).
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Comparison of the effects of 0.6mg/ml H. axyridis alkaloid extract
showed that no significant differences from the N2 level of reduction was
observed after 1 h (Table 3.1.4). This was also the case after 24 h for DA465
(P=0.412) and zZ73 (P=0.166). However, after 24 h the mean pumping rates
of DA1110 (51.28 +1.587 ,P=0.034) and RB918 (162.3 £16.39, P=0.016)

were significantly larger than the N2 rate (Table 3.1.4).

Table 3.1.4 — Statistical analysis of mutant strains pumping rate in presence
of 0.6mg/ml H.axyridis alkaloid extract compared to N2

Normalised Independent samples
Strain Mutation mean +SEM t-test results
(Pump

contractions/min)
1 hour 24 hours 1 hour 24 hours

N2 - 58.56 18 - -
+0.993  +9.161
DA465 eat-2(ad465) 64.05 18 t=-0.492 t=-0.915

+4.947  +9.161 P=0.68 P=0.412

DA1110 eat- 88.97 67.43 t=-2.131 t=-3.512
18(ad1110) #17.65 £12.73 P=0.100 P=0.034 *

2773 unc-63(x37) 87.09 40.48 t=-2.76 t=-1.69
+2.642 +9.65 P=0.051 P=0.166

RB918 acr- 72.98 67.33 t=-1.008 t=-3.997
16(0k789) +10.24  +8.271 P=0.37 P=0.016 *

NB. * indicates a significant difference: * P<0.05, ** P<0.01 & *** P<0.001.
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3.1.2 Swimming (thrashing) assays

Movement using body wall muscle in C. elegans is governed by a
different neuromuscular system from that of the pharynx and is known to
involve nAChRs. Many anthelmintics that target nAChRs affect body wall
movement so the rate of swimming (thrashing) in solution can give a good
idea as to the functioning of this system and potentially whether a compound
acts on a body wall nAChR. The effect of H. axyridis alkaloid extract was
therefore determined on the rate of swimming (thrashing) of C. elegans in

solution (Fig. 3.2.1).
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Fig. 3.2.1 - The concentration of H. axyridis extract was varied from 0.1-
0.7mg/ml and the rates of adult N2 hermaphrodite swimming (thrashing) was
measured after (A) 2, (B) 4 and (C) 6 h. Each point represents the mean
+SEM of 3 independent experiments containing 6 replicates each expressed
as a % of a 1% DMSO control treatment. Curves were fitted in GraphPad
Prism 5 using the “log(inhibitor) vs. normalised response — variable slope”
non-linear regression equation. ICs, values were determined as 0.64 mg/ml
after 2 h, 0.63 mg/ml after 4 h and 0.58 mg/ml after 6 h.

68



Adult N2 hermaphrodites were incubated in wells containing 0.1, 0.3,
0.5 and 0.7mg/ml H. axyridis alkaloid extract. The rate of swimming
(thrashing) was counted after 2, 4 and 6 h (Fig. 3.2.1A, B & C). A
concentration dependant inhibitory effect was observed with 1Cs, values of
0.64 mg/ml (95% CI = 0.60 to 0.69) after 2 h, 0.63 mg/ml (95% CI = 0.55 to
0.72) after 4 h and 0.58 mg/ml (95% CI = 0.44 to 0.76) after 6 h. An F-test
comparison of the ICs, values showed no significant difference between 2 and

4 h (P=0.82) and 2 and 6 h (P=0.38) (Fig. 3.2.1).

4. Results Il — Alkaloid effects on recombinant nAChRs

The oocytes of Xenopus laevis were used to express nAChR subunit
cRNA in order to form functional recombinant nAChRs and allow the recording
of currents through the nAChRs when ACh is applied. This allowed the direct
testing of the effects of H. axyridis alkaloid extract on recombinant C. elegans,
human and hybrid Drosophila/chicken nAChRs. However, the concentration
was unknown. Alkaloid material was limited and a large amount is required for
studies using Xenopus oocytes. To maximise the usage of the alkaloids an
estimated molecular weight of 200 was used based on the chemical structures

of alkaloids known to be present in H. axyridis.

4.1 Effect on C. elegans ACR-16

C. elegans acr-16 encodes a nAChR a subunit, ACR-16, that forms
homopentameric nAChRs in the body wall muscle of C. elegans (Richmond

and Jorgensen, 1999, Touroutine et al., 2005).

The acr-16 subunit cRNA was injected into Xenopus oocytes and the

peak amplitude was measured in response to 10*M ACh which is the ECs, of
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the receptor to ACh (Raymond et al, 2000). Exposure to various
concentrations of H. axyridis alkaloid extract revealed a concentration
dependent inhibition of the ACh response (Fig. 4.1.1 & 4.1.2). Application of
extract at a concentration of 10*M completely inhibited the response to ACh
(Fig. 4.1.1B) and partial inhibition occurred at 10°M (Fig. 4.1.1C). No other
concentration showed a noticeable decrease in ACh response (Fig. 4.1.1D-G).
An ICs, value of 9.83x10°M (95% Cl = 5.2x10°M to 1.86x10°M) was

determined (Fig. 4.1.2).

C. elegansACR-16
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Fig 4.1.1 — The amplitude of the response to 10"M ACh (black bars) of C.
elegans ACR-16 nAChRs expressed in Xenopus oocytes was measured after
concentrations of H. axyridis extract from 10°-10"M were applied for 10 s
prior to the application of Ach (red bars). Each trace represents the change in
current once ACh was applied. (A) 10“*M alone. (B) 10“*M extract then 10™*M
ACh. (C) 10°°M extract then 10*M ACh. (D) 10°M extract then 10™*M ACh. (E)
10”'M extract then 10™*M ACh. (F) 10®M extract then 10*M ACh. (G) 10°M
extract then 10“*M ACh.
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Fig. 4.1.2 - The amplitude of the response to 10*M ACh of C. elegans ACR-
16 nAChRs expressed in Xenopus oocytes was measured after
concentrations of H. axyridis extract from 10°-10*M were applied for 10 s
prior to the application of ACh. Each point represents the mean +SEM of 3
independent experiments each containing 2-3 replicates expressed as a % of
the control value (10*M ACh). Curves were fitted in GraphPad Prism 5 using
the “log(inhibitor) vs. response — variable slope (four parameters)” non-linear
regression equation. The ICs, value was determined as 9.83x10°M.

4.2 Effect on human a7

The human a7 nAChR subunit also forms homopentameric NnAChRs
and ACR-16 is the C. elegans homologue of human a7 (Ballivet et al., 1996).
As H. axyridis alkaloid extract has been demonstrated to show selectivity for
insect nAChRs (Richards, 2011), examining the human a7 nAChR will give

indication as to whether selectivity for nematode over human nAChRs exists.
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Fig. 4.2.1 - The amplitude of the response to 10®M ACh (black bars) of
human a7 nAChRs expressed in Xenopus oocytes was measured after
concentrations of H. axyridis extract from 10°-10*M were applied for 10 s
prior to the application of Ach (red bars). Each trace represents the change in
current once ACh was applied. (A) 10™M alone. (B) 10“M extract then 10“*M
ACh. (C) 10°°M extract then 10*M ACh. (D) 10°M extract then 10™“M ACh. (E)
10'M extract then 10*M ACh. (F) 10®M extract then 10“M ACh. (G) 10°M
extract then 10*M ACh.
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Fig. 4.2.2 - The amplitude of the response to 10*M ACh of human a7 nAChRs
expressed in Xenopus oocytes was measured after concentrations of H.
axyridis extract from 10°-10“M were applied for 10 s prior to the application of
ACh. Each point represents the mean +SEM of 3 independent experiments
each containing 2-3 replicates expressed as a % of the control value (10“*M
ACh). Curves were fitted in GraphPad Prism 5 using the “log(inhibitor) vs.
response — variable slope (four parameters)” non-linear regression equation.
The ICs, value was determined as 9.09x10°M.
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Fig. 4.2.3 — Comparison of the effect of H. axyridis alkaloids on the response
to 10*M ACh of human a7 and C. elegans ACR-16 nAChRs expressed in
Xenopus oocytes. Concentrations of H. axyridis extract from 10°-10“*M were
applied for 10 s prior to the application of ACh. Each point represents the
mean +*SEM of 3 independent experiments each containing 2-3 replicates
expressed as a % of the control value (10*M ACh). Curves were fitted in
GraphPad Prism 5 using the “log(inhibitor) vs. response — variable slope (four
parameters)” non-linear regression equation. The I1Cs, values were determined
as 9.09x10°M for human a7 and 9.83x10°M for C. elegans ACR-16.
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The human a7 subunit cRNA was injected into Xenopus oocytes and
the peak amplitude was measured in response to 10*M ACh which is the ECs,
of the receptor to ACh (Peng et al., 1994). Exposure to various concentrations
of H. axyridis alkaloid extract revealed a concentration dependent inhibition of
the ACh response (Fig. 4.2.1 & 4.2.2). Application of extract at a concentration
of 10”M completely inhibited the response to ACh (Fig. 4.2.1B) and partial
inhibition occurred at 10°M (Fig. 4.2.1C). No other concentration showed a
noticeable decrease in ACh response (Fig. 4.2.1D-G). An ICs, value of
9.09x10°M (95% CI = 4.66x10°M to 1.78x10°M) was determined (Fig. 4.2.2).
An F-test comparison of the human a7 and C. elegans ACR-16 ICs, values

revealed no significant difference (P=0.866).

4.3 Effect on Drosophila a2/chick 32

The difficulty of expressing pure insect NnAChRs in Xenopus oocytes
limits the ability to test potential compounds for modulating activity.
Combination of insect a with mammalian B improves expression (Bertrand et
al., 1994) and therefore the hybrid Drosophila a2/chicken 32 nAChR provides
an ideal platform for the examination of the effects of H. axyridis alkaloids on

an insect nAChR.
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Drosophila a2/Chick 32

10*M 10*Mm 10°M  10™*M
A Alkaloid ACh Alkaloid ACh
o e | | — |
10™M
ACh
—
10%M 10™*M
10TM  10*M Alkaloid ACh
Alkaloid ACh a—
——
10s
0.2uA| E G
10%M 10*M % 5
Alkaloid ACh 10°M 10™M
Alkaloid ACh
LG
o

Fig. 4.3.1 - The amplitude of the response to 10*M ACh (black bars) of hybrid
Drosophila a2/chick B2 nAChRs expressed in Xenopus oocytes was
measured after concentrations of H. axyridis extract from 10°-10“"M were
applied for 10 s (red bars) prior to the application of ACh. Each trace
represents the change in current once ACh was applied. (A) 10™*M alone. (B)
10“M extract then 10*M ACh. (C) 10°M extract then 10*M ACh. (D) 10'M
extract then 10*M ACh. (E) 10°M extract then 10*M ACh. (F) 10°M extract
then 10*M ACh. (G) 10°M extract then 10*M ACh.
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Fig. 4.3.2 - The amplitude of the response to 10*M ACh of hybrid Drosophila
a2/chick B2 nAChRs expressed in Xenopus oocytes was measured after
concentrations of H. axyridis extract from 10°-10*M were applied for 10 s
prior to the application of ACh. Each point represents the mean of 2
independent experimens eacht containing 2-3 replicates expressed as a % of
the control value (10*M ACh). Curves were fitted in GraphPad Prism 5 using
the “log(inhibitor) vs. response — variable slope (four parameters)” non-linear
regression equation. The ICs, value was determined as 3.16x10'M.

Oocytes were injected with Drosophila a2 and chick B2 cRNA. The
peak amplitude was measured in response to 10“M ACh. Exposure to various
concentrations of H. axyridis alkaloid extract revealed a concentration
dependent inhibition of the ACh response (Fig. 4.3.1 & 4.3.2). Application of
extract at a concentration of 10*M completely inhibited the response to ACh
(Fig. 4.3.1B) with partial inhibition occurring at 10°M (Fig. 4.3.1C), 10°M (Fig.
4.3.1D) and 10'M (Fig. 4.3.2). No other concentration showed a noticeable
decrease in ACh response (Fig. 4.3.1F-G). An ICs, value of 3.16x10'M for the

Drosophila a2/chick 2 nAChR was determined (Fig. 4.3.2).
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5. Discussion

5.1 Alkaloids of H. axyridis inhibit neuromuscular systems in C.

elegans

The alkaloids of H. axyridis were found to inhibit the pharynx and body
wall neuromuscular systems (Fig. 3.1.2 & 3.2.1). These systems are
controlled by nAChRs (Richmond and Jorgensen, 1999, McKay et al., 2004)
and as these alkaloids are known to target native insect and human nAChRs
(Richards, 2011) the nAChR is the prime candidate for the mode of action.
The non-a nAChR subunit EAT-2 is found in the pharynx (McKay et al., 2004)
but the nAChR subunit composition remains unknown. The nAChRs involved
in body wall movement are better characterised. A heteromeric levamisole-
sensitive NAChR (Boulin et al., 2008) and a homomeric levamisole-insensitive
NAChR (Touroutine et al., 2005) account for the ACh response of C. elegans
body wall muscle (Richmond and Jorgensen, 1999). This presents a variety of

different nAChRs in C. elegans that the alkaloids could target.

This was investigated by examining the effects of the alkaloids of the
pharynx of different nAChR mutants in C. elegans (Table 3.1.1). The DA465
strain contains a mutation within the eat-2 gene encoding a non-a subunit and
the DA1110 strain contains a mutation in the eat-18 gene encoding a small
transmembrane protein that is associated with the EAT-2 protein. Mutations
within these genes give a slow pumping phenotype (Raizen et al., 1995,
McKay et al., 2004) and so the wild-type gene products are essential for fast
rates of pumping. Mutant strains of the levamisole-sensitive (ZZ73) and
levamisole-insensitive (RB918) nAChRs were also examined. The rate of
pumping was reduced after 1 h compared to a 1% DMSO control in all
mutants (Fig. 3.1.7A) but not statistically different from the N2 (wild type)

strain (Table 3.1.4). After 24 h the strains DA1110 and RB918 showed a

77



statistically significant lesser reduction in the rate of pumping compared to N2
(Fig. 3.1.7B). As this would imply that the functioning of the alkaloids is being
impaired, each mutated gene is implicated in playing a role in the action of the

alkaloids.

The acr-16 gene encodes a nAChR a subunit known to be expressed
in the body wall muscle (Touroutine et al., 2005). Strain RB918 contains a null
mutation where a large deletion removing a portion of acr-16 abolishes the
protein function. The lesser effects of the alkaloids on RB918 pharyngeal
pumping (Fig. 3.1.7B) indicate that acr-16 is involved in the action of the
alkaloids and that acr-16 is also expressed in the pharynx. However, there is
no difference in the basal rate of pumping in RB918 (Fig. 3.1.4) therefore its
expression is not as critical for pharyngeal pumping as eat-2 and eat-18. It is
likely that there is a background expression of acr-16 in the C. elegans
pharynx which either contributes to the pharyngeal muscle action potential or
functions separately from the EAT-2 nAChR. Alkaloids still cause a reduction
in the rate of pumping compared to controls in RB918 (Fig. 3.1.6D) so
additional sites of action are likely. The small transmembrane protein encoded
by eat-18 is thought to be involved in the binding of ACh (McKay et al., 2004)
and so the generation of the pharyngeal muscle action potential is hindered in
DA1110. This is confirmed by the reduced basal rate of pumping observed in
DA1110 (Fig. 3.1.4). The lesser effect of alkaloids in this strain indicates that
EAT-18 is important for the functioning of the nAChR(s) in the pharynx

targeted by the alkaloids.

DA465 contains a mutation in eat-2 expressed at the synapse of the
MC neuron and pharyngeal muscle which is critical for fast pumping as a
reduced basal pumping rate is observed in DA465 (Fig. 3.1.4). Alkaloids

cause a reduction in the rate of pumping but there was no statistically
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significant difference compared to N2 (Fig. 3.1.7). Although EAT-2 associates
with EAT-18, EAT-18 is also thought to associate with other nAChRs in the
pharynx that are expressed in areas other than the MC synapse (McKay et al.,
2004). The lack of a difference in pumping rate compared to N2 means that
the alkaloids are likely to affect other pharynx nAChRs that do not contain
EAT-2. ZZ73 contains a mutation in unc-63 that abolishes the levamisole-
sensitive NAChR response in the body wall muscle (Richmond and Jorgensen,
1999). The mutation itself does not cause a difference from N2 (Fig. 3.1.4)
and the alkaloid effect is also no different to N2 (Fig. 3.1.7). This would mean
unc-63 is either not involved in the action of the alkaloids and/or unc-63 is not
expressed in the pharynx. Further studies on the effect of the alkaloids on the
swimming (thrashing) rate of C. elegans would allow further analysis of the
potential role of unc-63 and also allow the confirmation of the alkaloids effect

through acr-16.

5.2 Alkaloids antagonise nAChRs expressed in Xenopus oocytes

The alkaloids were tested on recombinant nAChRs expressed in the
membranes of Xenopus oocytes. Reduction in the current response of C.
elegans ACR-16 (Fig. 4.1.1), human a7 (Fig. 4.2.1) and Drosophila a2/chick
B2 (Da2/B2) (Fig. 4.3.1) nAChRs to ACh was observed when alkaloids were
applied prior to the application of ACh. The ACh response after application of
alklaloids did not completely return to the level of response observed without
the prior application. This could be due to a slight desensitisation of the
receptor or the decline in the quality of the oocyte after being impaled with
glass microelectrodes. A 1% DMSO solution does not have an effect on the
ACh response of nAChRs (Dr lan Mellor, Personal Communication) and the
reduction in response does not alter when then concentration of DMSO is

diluted so this effect is unlikely to be due to the presence of DMSO. The
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reduction in current indicates that the alkaloids inhibit the opening of the
NAChRs in the oocyte membrane and cause less current to flow through the
membrane. Therefore the effects observed in the C. elegans pharynx and
body wall muscle can at least be partially attributed to the alkaloids actions on
ACR-16. This putative pharynx ACR-16 nAChR could also have important

associations with EAT-18.

ACR-16 is the C. elegans homologue of human a7 sharing 47%
identity (Ballivet et al., 1996). Comparison allows selectivity of the alkaloids
between mammals and nematodes to be examined and ICs, values of
9.09x10°M for human a7 and 9.83x10°M for ACR-16 were determined (Fig.
4.2.3). An F-test comparison of the ICs, values revealed no significant
difference (P=0.866) so the alkaloids are equally potent to the human and C.
elegans nAChRs. Preliminary analysis of the hybrid Da2/82 nAChR gave an
ICs of 3.16x10°'M (Fig. 4.3.2) giving a difference an order of magnitude lower
than human a7 and ACR-16. This confirms the mode of action of the alkaloids
demonstrated by patch-clamp studies of locust neurons and TE671 muscle
cells (Richards, 2011). The nAChRs in TE671 are muscle type (2a, 8, y and &
subunits) (Gerzanich et al., 1995) and therefore antagonistic activity of
alkaloids has been demonstrated in invertebrate and vertebrate muscle and
neuronal nAChRs. This implies that the alkaloids have activity against a broad

spectrum of nAChRs but with selectivity for insect nAChRs.
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Fig. 5.2.1 — A high performance liquid chromatography profile of H. axyridis
alkaloid extract after acid-base extraction from collected beetles. Taken from
(Richards, 2011).

Interpretation of results should be made with caution as high
performance liquid chromatography analysis of the alkaloid extract shows 7
different peaks and so 7 different compounds at varying concentrations exist
within the mixture (Fig. 5.2.1) (Richards, 2011). The compound(s) responsible
for the antagonistic effects on nAChRs are unknown and it is probable that
different compounds have different pharmacological effects. The alkaloid
extract is expected to contain a mixture of alkaloids and pyrazines (Sloggett et
al., 2011) as well as plant alkaloids sequestered from aphid prey (Hautier et
al., 2008). The pyrazines contribute to the foul odour of reflex blood (Sloggett
et al., 2011) but also show antimicrobial effects (Kogel et al., 2012). These
antimicrobial effects are shared with the H. axyridis alkaloid Harmonine
(Réhrich et al., 2011) so there is a high probability that multiple components of
the extract are active. Therefore the 1Cg, values obtained in the C. elegans
assays (Fig. 3.1.2) and Xenopus oocyte studies (Fig. 4.2.3 & 4.3.2) are not
entirely accurate. Separation of the alkaloid extract would allow the active

ingredient(s) to be determined and more accurate 1Cs, values to be obtained.

The effect of the alkaloids is similar to that of nereistoxin whose

synthetic analogue, Cartap, was used as a commercial insecticide (Sattelle et
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al., 1985). Examination of the effects of neriestoxin on recombinant nAChRs in
Xenopus oocytes gave ICs, values of 3.98x10°M for chicken a4p2, 3.31x10°
°M for chicken a7 and 1.29x10°M for Da2/B2 (Raymond Delpech et al., 2003).
These are higher values than those obtained from the alkaloid extract (Fig.
4.2.3 & 4.3.2) and the difference between mammalian and insect values show
a decreased selectivity compared to the alkaloids. This means there is great
potential for the alkaloids use as novel insecticides whose activity may be
improved by the creation of synthetic analogues based on the alkaloid
structure. This route would also be promising for improving the alkaloids
selectivity for nematode nAChRs and so serving as leads for novel

anthelmintics.

It is noted that there is voltage-dependency in the alkaloid inhibition of
locust neuron and TE671 cell NAChRs which indicates that the effects may be
due to open channel block (Dr lan Mellor, Personal Observation). The
philanthotoxin analogue, PhTX-343, shows voltage-dependant inhibition of
NAChRs in TE671 cells and the data strongly suggests that this is due to
blocking of the open channel (Brier et al., 2003). This inhibition is thought to
be non-competitive and amino acid rings in the M2 region lining the channel
pore are thought to interact with non-competitive inhibitors (Tikhonov et al.,
2004). Modelling of PhTX-343 in the open pore of the nAChR showed binding
to Threonine and Serine rings deep in the pore which are also bound by
classical non-competitive inhibitors (Tikhonov et al., 2004). Comparison of the
M1 and M2 regions of human a7 and other C. elegans nAChR subunits
showed a conservation of the amino acid rings that form the non-competitive
inhibitor binding sites (Fig. 5.2.2). These are conserved in human a7 and
ACR-16 so the possibility that one of the alkaloid compounds may act by open

channel block exists. Conservation of the amino acid rings in the C. elegans
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UNC-63, UNC-38, LEV-8 and EAT-2 subunits gives the possibility that
NAChRs containing these subunits could be affected in the same way.
However, mutations in eat-2 do not completely negate the effects of the
alkaloids on pharyngeal pumping (Fig. 3.1.6A) so multiple nAChRs in the
pharynx could be responsible for these effects. It should also be noted that the
alkaloids were applied before the application of ACh so a closed channel

blocking mechanism or competitive antagonism is also implied.

HumanA7 T
CelACR-16 : |
CelUNC-63 :
CelUNC-38 :
CelLEV-8
CelEAT-2

Fig. 5.2.2 — The M1-M2 sequences of human a7 and C. elegans ACR-16,
UNC-63, UNC-38, LEV-8 and EAT-2 taken from and aligned using the UniProt
database  (http://www.ebi.ac.uk/uniprot/index.html) are shown. The
Intermediate (I), Threonine (T), Serine (S), Equitorial (E), Valine (V) and Outer
Leucine (O) rings involved in non-competitive inhibitor binding are labeled at
the bottom. Adapted from (Doucette-Stamm et al., 1993; Tikhonov et al.,
2004).

5.3 Alkaloids contribute to the chemical defence of ladybird

beetles

The alkaloids are now known to act on the nAChR of insects (Fig.
4.3.2) and so can contribute to the chemical defence of H. axyridis. The
alkaloids of H. axyridis are known to be present in the haemolymph (King and
Meinwald, 1996) and possibly coating eggs (Hemptinne et al., 2000). Toxic
effects are observed when eggs are consumed by other organisms (Phoofolo
and Obrycki, 1998; Yasuda and Ohnuma, 1999; Cottrell, 2004; Santi and
Maini, 2006; Kajita et al., 2010) and this can be explained by the neurotoxic
effects of the alkaloids. As alkaloids are effective against mammalian nAChRs

(Fig. 4.2.2) the alkaloids can possibly explain the toxicity observed when
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beetles are consumed by bird predators (Marples et al., 1989). The bright
elytra colouring of H. axyridis (Bezzerides et al., 2007) can therefore be
confirmed as an aposematic warning of the chemical defence contained within

the beetle.

Selectivity for the insect nAChR could be due to the natural predators
and competitors of H. axyridis. Competition with other ladybird species of the
same resources involves IGP (Polis et al., 1989). Eggs of competitor species
are consumed in an effort to reduce the population of competitors and
become the dominant species in an area. H. axyridis in particular has been
extremely successful when invading areas in the US (Michaud, 2002; Cottrell
and Yeargan, 1998; LaMana and Miller, 1996) and UK (Ware and Majerus,
2008). A combination of increased aggressiveness to other ladybird species
(Michaud, 2002, Nedved et al., 2010) and a better chemical defence of eggs
(Yasuda and Ohnuma, 1999, Kaijita et al., 2010) help H. axyridis become an
effective intraguild predator. Competition with insect predators over a long
period of time puts a large selection pressure on the species involved.
Development of a chemical defence effective against other species of insects
would give H. axyridis a competitive advantage and explain why the alkaloids
appear to be more selective for insect nAChRs. The action of the alkaloids on
NAChRs shows similarities with toxins from other insect species such as PhTX
(Brier et al., 2003) and toxins from wasps and ants (Zalat et al., 2005). The
use of the same mode of action indicates that having a chemical defence

targeting the nAChR is an effective form of protection.

Alkaloids can be toxic to other organisms but have no effects on the
beetle itself. This could be due to nerve sheaths in insects that shield neurons
(Hill and Usherwood, 1961). Differences in the amino acid sequences of

NAChRs and other possible targets could also account for the resistance. This
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is the case in puffer fish where tetrodotoxin is accumulated with no effect
because of differences in the sodium ion channel target site (Venkatesh et al.,

2005).

5.4 Future Work

The effect of the alkaloids on the nAChRs on the body wall muscle of
C. elegans by examination of swimming (thrashing) behaviour in ZZ73 and
RB918 will shed light on whether the alkaloids act on ACR-16 alone. This can
also be examined and confirmed by the expression of the levamisole-sensitive
NAChR in Xenopus oocytes. Analysing the effects of one particular
concentration of alkaloid on different concentrations of ACh would show

whether the antagonism is competitive or non-competitive.

The alkaloid extract contains multiple compounds (Fig. 5.2.1) and they
need to be separated and assessed for activity. Once the active compounds
are identified, different receptors from mammals, nematodes and insects need
to be compared in order to find out whether any selectivity exists. Bioassays
on pest insects and nematodes themselves would be needed to demonstrate

the alkaloids effects on the target pests directly.

Thousands of other ladybird species exist containing a wealth of
different alkaloids and their examination could lead to the identification of

more potential leads for novel pesticides.

5.5 Conclusions

The alkaloid extract of H. axyridis was found to inhibit the functioning
of the C. elegans pharynx and body wall neuromuscular systems. Examination
of different strains containing mutations in nAChR subunits implicated the

ACR-16 nAChR as a target for the alkaloids and that ACR-16 could be
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expressed in the pharynx. The ACR-16 containing nAChR would fulfil a
different role to the EAT-2 nAChR which controls rapid pharyngeal pumping.
The action on ACR-16 was confirmed when alkaloids antagonised the
response to ACh of recombinant ACR-16 nAChRs expressed in Xenopus
oocytes. Human a7 and Da2/2 nAChRs were also antagonised indicating a
broad spectrum of activity. Comparison of ICs, values of the alkaloids on
recombinant human a7, ACR-16 and Da2/B2 showed a greater selectivity for
the insect nAChR and so there is great potential for the alkaloids to serve as

leads for novel insecticides.
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