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ABSTRACT

As animals approach satiation, their motivation to feed decreases. Howe\egrthar
variety of factors other than satiation that can affect feeding motivation. The tobacco
hornworm caterpillariMianduca sextas an ideal system for studying feeding

motivational physiology. It shows no circadian rhythm in its feeding and hagiaekla
simple nervous system. It reduces feeding when ill, exposed to model predators, and
during certain developmental periottsieduces feeding when approaching a
developmental molt, as in other larval insects. The stress from a predator can akso reduc
feeding.The force with which an animal bites during feeding has been linked to feeding
motivation in many other species. By noninvasively measuring the force applied to food
during feeding, changes M. sextamotivation can be examined across a feegergod

and between different conditions. Understanding how this caterpillar terminates a self

generated behaviour such as feeding, provides insight into the regofatimtivation.
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CHAPTE R1 INTRODUCTION

Feeding behaviour in insects is plastic. It can be influenced by external factors such as
predator presend®IcPeek, 1989and internal factors such as blood sugar concentration
(Thompson and Redak, 2000he factors responsible for the initiation of feeding in
insects have been studied, but the factors daat to the cessation of feeding (i.e.
satiation) are less well understo@gthnson and Dethier, 1973; Dethier, 197®atiation
typically occurs whie food is still available, suggesting that an internal regulatory
process suspends feeding, despite the presence of fooKopésrmann, 19%; Bellisle

and Blundell, 2013)

1.1 FEEDING MOTIVATION : Initiation & Satiation

1.1.1 Feeding initiation: Drosophila

The neural circuity regulating feeding has been best studied in fruitBlfesdphila

melanogastgr When a fruit fly is starvedy cascade of events results in fesmebking

behaviours. Food deprivation leads to a reduction in energetic sugar supplies (i.e. glucose
and trehalose) as well as amino acids. The lowered energy and nutrient availability are
sensed through a TOR signalingtipvay by the fat body dlies (Géminard et al., 2009)

The fat body is analogous a combination of the vertebrate liver and adipose fat tissues
(Branch and Shen, 2017) The f at body releases the cyto
hemolymph, where it binds to cells in thars intercerebraligPl), the primary

neurosecretory region of tii2 melanogastebrain and considered similar in function to

the vertebrate hypothalam(Scharrer and Scharrer944; Nassel, 2002; Nassel et al.,

2013 The cells signaled by Unpaimed 2 inhib
melanogasteimsulin-like peptides (Dilp), which are similar in structure to vertebrate

insulins.

These molecules serve a highbnserved function between insects and mammals to

signal energy availability in the anim@in Peng Zhan et al., 2016 Decreased Dilp



levels in turn increase sensitivity Of melanogasteolfactory receptor neurons to
attractive food scen{fRoot et al., 2011)The reduced Dilp levels also promote food
seeking motor activity through signaling in the Mushroom Bodies (MB),imaidtal
integration centers in the brain of fruit flies that play a role in learning and memory.
Reduced levels of Dilp modulate the circuits of the MB leading to increased valence of
food odors and tastéAso et al., 2014; Yu et al., 2016)

The exact mechanism by which the MB induces hyperactivity is still unclear. Activating

the relevant MB outputs alone does not induce motor hyperactivityhéiu ablation also

fully prevents the increased foséeking respongdd@sao et al., 2018}-or my purposes
motivation is defined as o6t he emwpseragd zi ng o
Balsam, 2016), and the gdaill focus on is feeding The combination of the increased

odorant sensitivity, motor activity, and increased food odor value all increase the

likelihood of the flies sensing and encountering suitable food, satisfige definitiorfor

a motivated state.

TheMB is importantfor integrating signals to control motivational s&f€sao et al.,

2018 andit is important to note that there are signals beyond Dilp that act on the MB to
modulate fooeseeking behaviouihe endogenous compounds Neuropeptide F (NPF),
short Neuropeptide F (SNPF), and serotonin are all compounds that act on the MB to
increase foogeeking behaviour, while suppressafrfeedingcan result from Dilp and
AllatostatinA (Tsao et al., 2018)hese act in combination on different cells in the MB

regulate foraging and thegeston of food (Figure 11).



. o e

Food seeking

Figure 11 Figure modified fron{Tsao et al., 2018pemonstrating how the different
hunger and satiety signals interact and combine their effects on separate
cell lines in the Mushroom Body to modulate responses to odofeaaid
seeking behavioun Drosophila The red rectangle indicates cells present

in the MB.



1.1.2 Feeding Initiation: Vertebrates

For many vertebrates, including humans and rodents, feeding motivation and initiation
are similar tdD. melanogasteat a heoretical level. Peripherally located receptors can
sense aeducedenergy or nutritional state and send signals (e.g. via insulin) to the central
nervous systerCamilleri, 2015) increasing odorant sensitivi(Prud’homme et al.,

2009) and foodseekingoehaviour (e.ghyperactivity (Pirke et al., 1993) This food
seeking motivational state ultimately resu
array of molecular signals with many of the signals acting via distinct neural circuits and
representing different factors contributing to feeding matwe(Berthoud et al., 2017)
Among the best studied of these compounds in rodents and humans are insulin, ghrelin,
and serotoniriGruninger et al., 2007)Insulin informs on the energy availability of the
organism(Roh et al., 2016)ghrelin on the volume of stomach contgiewley and

Phillips, 2004) and serotonin signaling can provide information on potential competing
motivational state§Gruninger et al., 2007)As in D. melanogasteithese diverse,

multimodal signals for feeding motivation follow different neuronal pathways to integrate
into the brain, however the mechanics of this integration remain poorly understood
(Berthoud et al., 2017)

1.1.3 Satiation: Drosophila

Once food is discovered and feeding is initiated, much of the behaviour is governed by
theD. melanogastédrs Subesophageal Zone (SEZ) which
motar neurons involved in feedin@icKellar, 2016) The SEZ contains Central Pattern
Generators (CPGs) that control the rhythmic, stereotyped movements involved in feeding
(Sebastian Hiickesfeld et al., 2015¢eding is maintained by neurons in the PI that

induce further feeding in response to nutrient ingestion, creating a positive feedback loop
and perpetuating the ythmic feeding activity of the flies on nutritional food over non
nutritional, but sweet, foodDus et al., 2015 ctivation of these neurons alone can

directly induce the full cycle of prolscis extension, the motor feeding activity of adult

flies. The Pl also induces gut movement in response to this ingestion, ensuring that as

more food is ingested it moves through the digestive tract and is ex(@etedt al.,

4



2015) There are also negative feedback mechanisms that accumulate to eventually

terminate feeding.

Satiation is the cessation of nutritionally motivated feeding from the accumulated effects
brought about by the act tdeding, including energy and nutritive content of food,
volumetric feedback from the digestive system, and hormonal signals (adapted from
(Bellisle et al., 2012)It is less well understoatian a positive feeding motivational state.
Feeding initiation is easier to induce noninvasively (via food deprivation) compared to
the cessation of feeding, and this probably explains why feeding initiation is better

understood.

In D. melanogastesatation signals from the foregut are transmitted to the feeding center
of the SEZ via the recurrent nen(Bool et al., 2014)Severing the recurrent nerve in

both fruit flies(Pool et al., 2014and blowflies(Dethier and Gelperin, 196#®ads to
significantly increased food consumption irrespectivthefcarbohydrate, protein, or salt
content of the food, and its connection between the foregut and feeding motor centers

allows for rapid sensing of ingested contents and regulation of feeding motor behaviour.

However, the rest of the nervous system IElgty for overall governance of feeding

behaviour. The SEZ, and specifically its feeding motor CPGs, receive input from other

brain regions, including the MB, and thessnectionsan modulate the rhythm of firing

for the motor CPGs and the feeding moeens they contrglSebastian Hiickesfeld et al.,

2015) Specifically, the MBO6s influence is n
temporary inactivation of the MB significanttgduces food intake while they are

inactive(Zhao and Campos, 20123)t the mechanism of this influence is still unknown.

As shown above, there are multiple endogenous neuropeptides aar gaelthways

whose input is wultimately integrated withi

1.1.4 Satiation: Vertebrates

For many vertebrates, feeding satiation is simildd.tonelanogasteat a theoretical
level. Feeding motor movements intedrates are governed in by central nervous
system CPGO6s cont r oluhdietrah 1998) Gncelfgeding begimsuits c | e s



is maintained through a positive feedback loop generated by mechanoreceptors in the
mouth(Lavigne et al., 1987) As food moves into the digestive system, stretch receptors
in the stomach spond to the volume of the food and nutrient sensing receptors in the
intestines respond to the nutrition and energy content of the food, and both begin to send
satiation signals to the brajRowley and Phillips, 2004)The brainstem, which houses
the CPG6s for feeding motor behaviour in m
directly sensing circulating nutrient content in blood and subsequently inhibiting feeding
(Blouet and Schwartz, 2012Jhe blood nutrient content and glgrived satiation signals
accumulate, leading to the end of feeding. likenelanogasterseveral endogenous

signals influencing feeding nmigation and satiation have been identified in many
vertebrates, but the mechanics of this integration and how this could influence individual
aspects of their feeding behaviour remains poorly studied. Feeding motivation is
suppressed under conditions athiean nutrient sufficiency, however, and learning more

about those could give insight into how this vital process occurs in the brain.

1.2 ENDOGENOUS FEEDI NG INHIBITION COMPOUNDS IN
INSECTS

In addition to those detailed above, several more endogenorectio hormones have

been identified and connected to physiological states or contexX®s fieelanogaster

AllatostatinA (AstAinFigure1l) has a role in regulating d:¢
synthesis and relea¢8tay and Tobe, 2008)gnals feeding inhibitioChen et al., 2016;

Hergarden et al., 2012) eucokinn signals the volume of gut contents and is expressed

in neurons in the SEZ and those projecting to the MB, inhibiting its synthesis causes
overeating Al-Anzi et al., 2010; Itskov and Ribeiro, 2013)lugin is a protein involved

in developmental and food chemosensory signalirid) imelanogasters expressed in

the SEZ and receptors are expressed in the MB, and overexpressing hugin reduces
feeding(Melcher and Pankratz, 2005; Bader et al., 20D®paminergic circuits have a

well-conserved but complex role in motivation [rmelanogastefWise, 2004)and



increasing systemic dopamine concentration can inhibit or increase feeding depending on
the nutritional status of the fBurke et al., 2012)

In the honey be&pis mellifera endogenous anorectic hormones have also been
identified. Feeding inhibition can be induced through application either Queen
MandibularPheromone, released by queen bees to ensure proper colony formation
(Slessor et al., 20059r Brood Pheromone, which coordinates social behaviours within a
colony(Pankiw, 2004; Pankiw and Page, 2Q03s withD. melanogasterincreasing
systemic dopamine concentration will also inhibit feeding in (8ekeiner et al., 2002)

As well, increasing systemic insulin concentration can inhibit feeding, however in the
honey bee whether or not t(kMengoniGaialehses o depe
al., 2016) Juvenile Hormone, a hormone involved primarily in control of developmental
state in insectRiddiford, 1994) canalsoreduce feedingependingn the age of the
bee(Pankiw and Page, 2003)

More endogenous anorectic hormones have been identified in the larvae of two model
Lepidopterarspecies. In the gworm Bombyx morthe hormone Myosuppressin has a
developmental role and inhibits muscle cell activafibenaka, 2016)and increasing
systemic concentration of it will reduce feediiiNagata et al., 2011)Bombyxin, a

peptide inBombyxthat is structurally and functionally analogous to insulin, also reduces
feeding in the silkworms as its concentration is incre@dasumura et al., 2000)n the
tobacco hornwornManducasextaincreased concentration of systemic octopamine
inhibit feeding(lsmail and Matsumura, 1992pctopamine is a neurohormone for
invertebrates thought to be analogous to norepinephrine for verte{igger and
Stevenson, 2005and it is elevated in response to st(étmris and Woodring, 1992y
illness(Adamo, 2005)



1.3 NON-NUTRITIVE &V OLUMETRIC FEEDING CESSATION

1.3.1 lliness Induced Anorexia

D. melanogastereduces or ceases feeding while mounting an immune response, referred

t o as-igidlulcreelssanorexiad. Though it may seenm
intake during infectionthis behavioural response has repeatedly been shown to increase

their ability to fight off infectiongBashirTanoli and Tinsley, 2014yres and

Schneider, 2009)llinessinduced anorexia has been identified across other insect phyla

as well, such as the caterpillanducasexta(Adamo et al., 2006 rickets(Sullivan et

al., 2016)and honey beg¥azlauskas et al., 201,8hough notably bumblebees increase

their feeding in responge infection(Tyler et al., 2006) This behavioural response in

insects appears to be mediated in part by an increase in the systemic concentration of
hormones that suppress feeding.D. melanogasteinfection can increase concentration

of some DilpqSung et al., 2017which reduces feeding as discussed above, akd in

sextathere is an increase in octopamine leyAldamo, 2005)which decreases their

feeding(lsmail and Matsumura, 1992)Evidence irM. sextasuggests this behaviois

adaptive, because it helps resadveonflict betweefood detoxification and the immune
systembs shared use of a [M setas gldathiomel ecul ar
(GSH)(McMillanetal.,2018) The i mmune systemdédsMutilizat
sextd s capacity to detoxify f oo-tbrceferdingi ng f ee
lipids to caterpillars experiencing a bacterial infection reduces their su(gamo et

al., 2006) However, a neuronal circuit mediating the specific illfiegdsiced behaviour

has not been identified in any insect. llingsduced anorexia is also present across

vertebrate gecies, and appears in every vertebrate species tested for the behaviour thus

far (Adelman and Martin, 2009; Murray and Murray, 1978pr vetebratesthis

behaviour is in part mediated by the I mmun

target neurons in the brain to inhibit feed{ipantzer, 2004)



1.3.2 Molting

D. mdanogasterand other insect larvae also cease feeding when approaching the start of
their developmental molt between larval insigghout et al., 2014) Molting is when

insect lanae shed the exoskeleton of their previous instar to grow a new, larger one for
the next instar. The behavioural and physiological of the molting process are mediated
by a group of hormones known as ecdysteroids (i.e. ecdybsampanaka et al., 201.3)
Ecdysteroids bind to ecdysteroid receptors on neurons located throughout the body and
central nervous system of insect lar¢@auman et al., 1994b)Specifically, there are
ecdysteroid receptors in the mushroom bfidge et al., 2000dnd subesophageal zone

(M. Schubiger et al., 1998f D. melanogastelarvae, regions respectively involved in
feeding motivation and feeding motor behaviour. In larva of the silkworm Butibyx

mori, feeding them an endogenous ecdysteroid is enough to reduce f@etiaga et al.,
1994) Premolt feeding cessation has been studied in additional insect model organisms
such adVl. sexta(MacWilliam et al., 2015and honey begdlichener, 1974)as well as

many lepidopteréBarbehenn and Keddie, 199Zeeding cessation arises because

during the molt they shed most of the inner gut lining (i.e. peritrophic layer), and this is
safest for the larva if the gut is empty of fadlaldbauer, 1968) For example, iM.

sextaa t 6s been shown that shedding the peritr
like the epithelial layer, which are more vulnerable to infection and if infected present a
higher risk of spreading the infection to the rest of the orga¢famsell and Dunn, 1996;
Russell and Dunn, 1991)o reduce the risk of infection, tivd sextalarvae cease

feeding prior to beginning the molt, emptgitheir gut via defecation and reducing the
potential for any lingering pathogens once the loss of gut lining takes plabk.séxta

larvae this feeding cessation is confirmed as a behavioural change and not a consequence
of any physical inability to ¢a Exoskeleton shedding M. sextastarts by displacing

their previous head capsule and mandibles, which physically prevents feeding, however
the cessation behaviour occurs prior to this and while their mandibles are still functional
(MacWilliam et al., 2015; Bestman and Booker, 2008 rtebrate species do not have an

equivalent to the molting behaviour present in larval insects. Cewhpaisatiation or



illnessinduced anorexia in insects, the {pnelt reduction in feeding motivation empties

their gut to reduce likelihood of infection when shedding the inner gut lining.
1.3.3 Predator Stress

Another condition that can induce feedirgssation in insects is the stress resulting from
a predatorod6s presence or perceived presenc
activity when a predator is neary. sextaarvae are at threefold greater risk of being
killed by a wasp predator whifeeding compared to restif@ernays, 1997)and in

another caterpilladresephita reversaligeeding increased the risk of predateon
hundredfold (Bernays, 1997)In the cricketGryllus texensisexposure to a mock
predator can induce freezing, or even flight if the attack is perceived as imminent
(Adamo etal., 2013) In addition to this immediate cessation of feeding, predator stress
can induce a lonterm reduction in feeding for insects. Mdr sextathe presence of a
predator can reduce leaf consumption by up to 32% over the course of 2éhmunsg
larvae (£'to 39instar)(Thaler et al., 2014)This has beeparticularlywell studied irthe
Aplysiasea sluggKupfermann and Weiss, 198&here a tail pincleads to aeduced
consumptiorfeeding periodand the same response to a tail pinch has been found and
studied in rodentfAntelmanet al., 1975) However, in largeM. sexta food

consumption is not significantly reduced by predator stress, although weiglg gain
(Adamo et al., 2017suggesting a possible compleffect on feedingin insectghe
reduction in feeding during an immune challemgeartly mediated by the neurohormone
octopamine, with systemic levels rising in response to predator stress fod.sethta
andG. texensis(Adamo and Baker, 2011; Adamo et al., 2013; Adamo et al., 2017)

1.4 MANDUCA SEXTA

1.4.1 Neuroanatomy

To study the states of feeding cessation in insects, this experiment will use the larvae,

also known as caterpillars, of the hawkmbthsextawhich possess a variety of
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advantages for the study of feeding behaviour and cessation. AB witblanogaster

several relationships between certain neuronal regions and aspects of feeding behaviour

have already been characterized/insexta Three specific regions
feeding behaviour have been focused on: the suboesophageal ganglion (SEGJuanalo

to theD. melanogasteBEZ, the frontal ganglion (FG), and the brain (Br, referred to as

the supraesophageal ganglion in some studies). A simplified version of the neuronal

connections between these 3 regions is shown in Figlire

11
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Figurel.2 Connections between key nervous system areas in M. sexta feeding

behaviour. Frontal Ganglion (FG), Brain/Supraesophageal Ganglion (Br),
and Suboesophageal Ganglion (SEHGJjss et al., 1991)Scale bar is 100

um
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The SEG is connected to and directly contMIs s anaridibudas muscles and is
responsible for biting. So long as the SEG remains connected to théblmandscles

and peripheral nerve inputs, even if every other connection is setheezterpillar is

still fully capable of chewing, though no actual ingestion oc(@rss et al., 1991)

When isolatedthe SEG can generate a spontaneous firing rhythm, however the timing of
this rhythm does not match the timing of biting, so this rhythm alone is not responsible
for biting in healthy caterpillarf@8owdan and Wyse, 2000y he addition of some
neurohormones like octopamine can modify this firing pattern. The FG is connected to
the buccal (swallowing) muscles of the caterpillar, as well as muscles in the foregut, as
severing its connecatns prevents both food swallowing and foregut peristéléiies and
Booker, 1998; Miles and Booker, 1994; &riet al., 1991)The caterpillar will still bite
food if the FG is removed, but it canot
making its activity necessary for feedi
brain inM. sextais thaught to provide a regulatory role, allowing or inhibiting the

activity of other feeding regions. When d@snnectiongo these regions are cut, the
caterpillars are still fully capable of feeding and ingesting, however they will eat less

mass and take loegto do sdGriss et al., 1991)

There is also evidena# a similar role for the larvallanducasextamushroom bodies
thatwerediscussed foD. melanogastefFigure 1.1).Interneurons in the larvdd. sexta
mushroom bodies appear to integrate multiple diffesensorymputs(ltagaki and
Hildebrand, 1990andother cells in the mushroom bodiezeive ecdysterdihormones
signalingdevelopmental staidruman et al., 1994aHowever much about the
mushroom bodies in larv8d. sextaremains unknown, so it is uncertain how far the
similaritiesor differences extend between their mushroom bodies and th8se of

melanogaster.

1.4.2 Feeding Behaviour

The drive to eat predominathk sextabehaviour. Feeding lacks a circadian rhythm in
this species, and they feed frequently throughout théRlaynolds et al., 1986; Bernays
and Woods, 2000)The caterpillars feed often, increasing nearly 10f000in mass

13
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from hatching until, an\eerage of 19 days later, the larval stage €@aanert et al.,
2015; Kingsolver, 2007M. sextaare also specialist feeders, feedinpasdt exclusively
on theSolanacea¢amily of plants(Yamamoto, 1974; Madden and Chamberlin, 1945)
and often spending their entire larval stageliieg on the plant their egg was laid on
(Bernays and Woods, 2000)

Elements oM. sextaarval feeding behaviour have already been studied, particularly

with a focus tounr etdh eo fé niihceriors tfreuecdi ng . Feedi

details that best represent the motor processes underlying them, such as the force, time in
the feeding period, and the time to the next bite for each bite in the meal. This contrasts
withthefeedin§ s O macr ostructured which includes
or the total mass consumed in a certain amount of time, useful information but not
sufficiently detailed to provide insight on the mom&mtmoment neuronal events

occurring througbut a feeding period. Previous characterization of feeding

microstructure demonstrates a positive relationship between the mass of a caterpillar and
their frequency of bites within a feeding period, as well as the duration of feeding
(Bowdan, 1988a) Their feeding microstructure is also influenced by food deprivation,

with food deprived caterpillars biting more frequently and having shorter pauses between
groups of bites during the first pedéprivation feeding perioBowdan, 1988b;

Timmins and Reynolds, 1992Addition of a phagostimulant (sucrose) to the

caterpi |l | ar 0t frdguency total feeding duratord ant rieduced the

duration of pauses between groups of bites, but a deterrent (quinine) only reduced the
total feeding duration and did not have an impact on any microstructure elements
(Bowdan, 1995)While these studies provide a useful basis for understanding some
aspects oM. sextafeeding no study to date has focused on how this feeding

microstructure may change as the caterpillar approaches feediagaress
1.4.3 Satiation

M. sextaare also advantageous for studying feeding cessation behaviour, particularly
compared to other insects (elly.melanogastgr because of the few physiological

feedback signals determining their satiagi§impson and Bernays, 1988) a prior
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studyM. sextaappetite was not reduced by injecting wax into their foregut suggesting
that, in contrast to other insects, they do not utilize volumetrabfsek as a cessation
signal(Timmins and Reynolds, 1992; Simpson and Bernays, 198&)same study

showed their feeding was not reduced throalggring the osmotic balance of the gut
contents, again eliminating that as a cessation signal, and again this contrasts with
previous findings on other inse¢®impson and Bernays, 1988)was ultimately shown

that only adding diet extract directly into the gut of the caterpillars would make them wait
longer before feeding again and decreased the amount(€atenins and Reynokl

1992) This suggests that nutrient content alone in the gut provides the feedback signal to
induceM. sextafeeding cessation, in contrast to the complex, multimodal signaling found

in many other animalSimpson and Bernays, 1983; Toates, 1983)

1.5 MEASURING FEEDING MOTIVATION

Animal feeding is separated into groups of individual bites called bouts, which are then
separated by a slightlgnger pause before biting resumes. In general as animals show
reduced motivation to feedetermined by how close to feeding cessation theytlage,
average length of time between feeding bouts incre&ssation is ofterdetermined
experimentallyby a certain amount of time the animal spends not feedlirigr bout

interval has been negatively correlated viigading motivation irmnimals as diverse as
cows(Tolkamp et al., 1998; Greter, 2012gbra finchegSlater, 1974)Aplysia

(Susswein et al., 1978)and fortunately for my experiment, lanhanducasexta

(Bowdan, 1988a)

In several vertebrate species, feeding motivation has been linked to the biting force
applied by heir feeding, with higher force representing higher motivation to feed and
under the assumption that food deprived animals have higher feeding motivation. In
animals as diverse as gecKkdsderson et al., 2008horn sharkgHuber et al., 2005)
Komodo dragongD'Amore et al., 2011)inches(van der Meij, M A and Bout, 2006)
and in humangFrecka et al., 2008yVhile bite force has been linked to aggression
hierarchy(Lailvaux et al., 2011; Condon et al., 2058 the hardness of the food being
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eaten(Weihmann et al., 201%) some invertebrates, no study has yet examined it in the
context of feeding motivation. A review of the literature has inftaohdno study on

any animal examining bite force over the course of a feeding pevisdethow it may
change as the animal approaches cessation. Bite force will be included in the studies of
M. sextafeeding microstructure as an additional means of testing motivational

differences between the cessation contexts

Further study of feedingessation is necessary for a complete picture of feeding

behaviour and motivation (Toates and Booth, 1974; Toates, 1983). Feeding motivation in
invertebrates, specifically insects, could form a simple and accessible model of motivated
behaviours in animakbDethier, 1964; Kupfermann, 1974; Toates, 19881 on and

Bernays, 1983)Reduced feeding motivation for insects occurs in satiation, illness, or
when approaching a molt, and the motivational changes for each of these conditions are
partially mediated by distinct molecular and neuronal signalingn@ats. The objective

of this research is to determine whether these different motivational states create
observable changes in feeding microstructure relative to one another. This can provide a
window into the mechanism of motivational control of behawia insect{Kuslansky et

al., 1987; Bowdan, 1992)

1.6 PREDICTIONS

| predict that in larvaM. sextatheaverage time between feeding boutd average force
applied from biting their food will change over the course of a meal. 1 also predict that
this change imnter-boutinterval andaverage force while feeding will be different

depending on the feeding motivation state of the caterpillar.

In healthy caterpillars approaching nutritive satiatigaredict thattood consumption

will increase gut and systemic nutrient contamdl leado a decrease in feeding
motivation as feeding progressésom this,| predict that the average bite force applied
within a meal will be highest at the beginning of the meal because of the increased

motivation that accompanies feeding initiatibfurther predict thathe averagéite
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force will decrease as the meal prages, until the average bite force reaches its lowest
point at the end of the meal, reflecting the decrease in feeding motivation that
accompanies satiatiohalso predict that as a consequence of the changing feeding
motivation throughout the meal, thenfeeding interval between bouts will increase as

the caterpillars approach satiation.

In immunechallenged caterpillar$ predict thathe need to conserve resources shared
between their immune response and food detoxification put them in a statesaisgelc
feeding motivation even at the beginning of a mé&abm this, Ipredict that the average
bite forcewill begin at a lower levetompared tahat observed dhe beginning of the
meal inhealthycaterpillars Bite forcewill continue to be a low tloughout the meal with
little variance, reaching its lowest average bite force as the meal is ending. This low
variance in average bite force over the course of the, ane@loverall lower average bite
force compared tbealthycaterpillars approachingtsda at i on r epresent t he
overall reduced feeding motivatioh furtherpredict that the change in motivation of
immune challenged caterpillars will lead ttbagerinter-boutinterval at the start of
feedingcompared to the beginning of the meahealthycaterpillarsapproaching
satiation | predict that the average interweill continue to bdongerthroughout the meal
with little variance, reachinthelongestaverage time between bouts as the meal is

ending.

In caterpillars approaching theiedelopmentaimolt, | predict the combination of
developmental signals to ensure timely gut emptying and the feedback from nutritional
intake leads to a sharper and more sudden decline in feeding motivation. From this, |
predict that the average bite force within a meal will begin at aehighel,similar to the
beginning of the meal fdrealthycaterpillars, but then the average bite force will

decrease more rapidly as the meal progresses compdredltioycaterpillas

approaching satiation, at the end reaching a lower average bite force than the end of the
meal for thehealthycaterpillars This difference compared tealthy, but sated
caterpillarswould reflect the high feeding motivation as the meal is initidiatrapid
reduction in motivation as the caterpillar approaches the point where its gutenust

cleared in order to moltl furtherpredict that the change in motivation of caterpillars
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approaching their molt will induceshorterinter-boutinterval atthe start of feeding, like

the beginning of the meal in caterpillars approaching satiation. | predict that the average
intervalwill lengthenmore rapidly as the meal progresses comparedatihy

caterpillars reaching tHengestaverage time between kswas the meal is ending.

Lastly, in caterpillars exposed to acute predator stress, | predict there will be an initial
reduction in motivation when they begin feedtogvoid predator detection, but that
feeding motivation will rise as feeding continueshwut another predator strike, then fall
at the end of the meal because resutiutfitional feedbackignals. From thi$ predict

that in caterpillars feeding immediately after acute predatory stress, the average bite force
applied by feeding will begiat a lowervalue compared to the natressed equivalent
group. | predicbite forcewill then increase towards the middle of feeding to a similar
average bite force as the nsinessed equivalent, before decreasing to the same ending
value as the nestressed group. This difference compared to-stoessed groups would
reflect the initial hes#tionto attract predator attention by feedirigurtherpredict that

in caterpillars feeding immediately after acute predatory stress, the averagmirtter
interval will be longercompared to the nestressed equivalent group. | prediwtit

will shortentowards the middle of feeding to a similar interval as thesimssed

equivalent, befor&engtheningo the same ending value as the1stnessed group.
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CHAPTER 2 MATERIALS AND METHODS

2.1 ANIMALS

All experiments utilized % instar larvaManduca sextaaterpillars from the Adamo lab
colony. The colony was established from eggs from Great Lakes Hornworm
(https:/lwww.greatlakeshornworm.comdl, USA). Prior to experimentation, caterpillars
were fed ad libitum on an artificial wheat germ diet specifically designed .feexta
supplied by Great Lakes Hornworm.

For all experiments, except the msleep experiment (described below,idstar, day 2
(4-2) caterpillars were massed and placed into groups based on weight. This was done to
ensure that none of the groups differed on average initial weight, wdmcimtuence

feeding microstructuréBowdan, 1988a)

| assessed the effect of four distinct types of feeding inhibition on the microstructure of
feeding. | tested the effect of: 1) satiatiopildess induced anorexia, 3) molt sleep, and

4) predatory stress, on the detailed structure of feeding.

2.2 EXPERIMENT 1: Effects of Satiation o n caterpillar feeding

force and microstructure

2.2.1 Prior to Meal Recording

After being assigned to thetgdion group, caterpillars were initially observed for up to 1
hour or until they finished a meal to ensure that they were healthy (e.g. deep blue colour,
not flaccid) and currently feeding, then returned to their container. Caterpillars were left
to feed adlibitum on their food for 2 hours, and then food deprived for 1 hour to
normalize their gut contents going into the feeding trial. Differences in gut nutritional
content can affect feeding microstruct{iB®wdan, 1988b)Deprivation longer than 1

hour can have lonrtasting effects on feeding and feeding microstructure. At the end of
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the hour with no food (3 hours paseatment), caterpillars were placed before an 8mm
block of wheat gernfood attached to a force transducer (described below). Each time the
caterpillar bit into the food, it would displace the force transducer, making an automatic
recording of each bitd& his is a novel method for measuring feeding behaviour that |

developedor this experiment.
2.2.2 Meal Recording

The caterpillars were left to feed until 2 full meals had been recorded. A meal was

defined from previous studies dh sextafeeding microstructure as continuous feeding,

with no nonfeeding period greater than 2 minutes [@wyvdan, 1984) Once 2 minutes

of nonfeeding were recorded, a meal was considered ovevpamndary meal
termination is confirmation of the caterpi
were recorded because prior research and personal observation found that the
microstructure of a meal immediately following one hour of food deprivéasn

microstructure differences compared to meals recorded durihly fedding(Bowdan,

1988b) Data for comparison between caterpillars were derived from this second meal for

all groups in tle study, except for those in the msléep condition (described below).

2.3 EXPERIMENT 2: Effects of lliness Induced Anorexia on

Caterpillars Feeding Force and Microstructure

2.3.1 Prior to Meal Recording

After being assigned to the immunballenged grup, caterpillars were initially observed
for up to 1 hour or until they finished a meal to ensure that they were healthy (e.g. deep
blue colour, not flaccid) then an immune challenge was applied. Immune challenge
injections were performed with a sterl® uL Hamilton Syringes (Model 701, Hamilton
Company, Reno, NV). Immune challenge animals were injected with a 10 pL mixture of
heatkilled Bacillus cereugGrampositive bacterium, Microkwik culture, Carolina

Biological, Burlington, NC, USA)S. marcesces{Gramnegative bacterium, Microkwik
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culture, Carolina Biological), anBleauveria bassiangstrain GHA, fungus, BotaniGard
22WP; Laverlam, Butte, MT, USA), with a final concentration of each at approximately
1/10 the LD50 of the live pathogeeinjection was madparallel to the body wall
between the®Band 7" abdominal segments. This mixture at this dosage and injection site
has previously been shown to activate immune behavioural responses, including illness

induced anorexia, iM. sextacatepillars (McMillan et al., 2018)

As above, following treatment application, the caterpillars were fdibitioim for 2

hours, then were food deprived for 1 hour. At the end of that(Bduwurs post

treatment), caterpillars fed on an 8finlock of wheat germ food placed on the force
transducer (described below), as 3 hours following the initiation of an immune challenge

is the peak of illnesgwduced feeding reduction M. sexta(Adamo et al., 2006)

The separate sham injected group of caterpillars were treated the same as the immune
challenged animals, except instead of injection of-kil@d pathogens, sham animals
were poked with a sterile 10 uL Hamilton Syringe until cuticle was penetrated to mimic

the immune challenge injection.
2.3.2 Meal Recording

As with the satiation experiment animals, data from the force transducer was recorded
using Chart acquisition softwe (described below). The immune challenged and sham

animals were similarly left to feed until 2 full meals had been recorded.

2.4 EXPERIMENT 3: Effects of Molt -Sleep on Caterpillar Feeding

Force and Microstructure

2.4.1 Prior to Meal Recording

4™ instar moltsleep caterpillars were assigned to this group by estimating their proximity
to molting from 4" to 5" instar larvae. By measuring the extent of cuticle apolysis around

their 7" abdominal spiracle, a prediction for their time until head wepslippage (HCS)
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can be mad@.angelan et al., 2000HCS is a visually obvious event in the molting

process in which the current head capsule is displaced to allow room for thHangew,

head capsule of the next ins(@urtis et al., 1984)it has been shown tht sextashow
reduced feeding in hours approaching HCS,
theycease to eat until ecdygi®acWilliam et al., 2015) Caterpillars were selected if

apolysis measurements predicted HCS within 8 hours of measurement.

2.4.2 Meal Recording

T h e c a tsbehgvioult waarecorded with the same software, force transducer and

food block setup as the previous experiments. The force transducer data was recorded

until no meals had occurred for 1 hour, at which point the caterpillar was removed and
checked for mothpart responsiveness to tactile stimulation. Unresponsive mouthparts

are a marker for the final cessation of feeding that occurs beforgB&S8nan and
Booker, 2003) The Chartreer di ng was stopped regardl ess
mouthparts were responsive. Those with responsive mouthparts at this point were not
included in any analysis. Those with unresponsive mouthparts were placed in a separate

container with food and alerved until HCS occurred to ensure their feeding had ceased.

Data for the molsleep caterpillars were derived from the seetmldst meal recorded
before the caterpillars were confirmed as entering-sietp. Personal observation
showed significant vaation in the microstructure of the final meal before entering-molt
sleep, making it likely to be unreliable for comparison with other groups. During this
time of this secondo-last meal prior to molsleep, the caterpillars still show both the
physiologcal and behavioural signs of approaching rstdep(Langelan et al., 2000;
MacWilliam et al., 2015)
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2.5 EXPERIMENT 4: Effects of Acut e Predator Stress on

Caterpillar Feeding Force and Mi Cr ostructure

Predatory stress appears tduee feeding in M. sexta (Adamo et al., 2D16tested
whetherthe reduction ifeedingresuls in adifferent microstructure compared to those

without predadr stress.
2.5.1 Prior to Meal Recording

4™ instar, day 2 caterpillars were massed and, based on weight, placed into one of 6
treatment groups: immune challenged (IC), sham poked (Sham), handling control
(Control), immune challenged and given acute padztress (IC + Predator Stress),

sham poked and given acute predator stress (Sham + Predator Stress), and handling
control and given acute predator stress (Control + Predator Stress). As in the above
experiments, following group placement they were olesefor up to 1 hour to ensure

that they were feeding, then had an initial treatment (IC, Sham, Control) applied. The IC
and Sham caterpillars were respectively given-kilgid pathogen injection and sterile
cuticle poke (both as above), while the Cohtaterpillars were handled the same as the
Experiment 1 satiation caterpillars. Then they were fed ad libitum for 2 hours, food

deprived for 1 hour, and behavioural recording began.
2.5.2 Meal Recording

To emulate a predatory attack the léftptoleg of caterpillars in the predator stressed

groups wergentys queezed with curved forceps (Fish
General Purpose Forceps, Fisher Scientific, Waltham, Massachusetts, US.) 8 times
consecutively, and of approximately equalty over 20 seconds. This method has been
previously validated as causing both behavioural (defensive strike) and physiological

(increase in hemolymph octopamine levels) predator stress resp@waaso et al.,

2017) The stimulus was applied following the ¢

caterpillars in nofpredator stressed groups were not handled following their first
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confirmed meal. All caterpillars were recorded until a sddoi meal had been

confirmed.

2.6 EQUIPMENT

Force measurements were made usingan®@mmock of the caterpill a
a force transducer (MLTO50/A, ADInstruments, Grand Junction, CO) connected via a

bridge pod amplifier (ML110, ADInstrument® a digital data acquisition system

(ML760, ADInstruments). THhewithaposte transduc
amplification sensitivi tAtoed0Ome.. 2 eV and La

Caterpillars were placed on a plasticine ramp allowing them accéss food on the
transducer without the need to climb up to it or on it. Plasticine walls and a clear plastic

ceiling ensured the caterpillar stayed in position and reduced motion artifacts.
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Figure2.1 Picture of the force émsducer setup utilized in the caterpillar feeding
experiments Half of the plastercine normally around the setup has been

removed to show the position of the caterpillar.
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2.7 DATA ACQUISITION

Data were acquired from behavioural recordings using the LabChart (Chart5 v5.5.6,
ADInstruments). After triaanderror on pilot data, the event detection settings best

mat ching observed biting event s-Heegbt dhose
functon with a minimum peak height of 1 Standard Deviation, an-kweling window

of 1.15 s, and noise floor of 0.005. These settings accurately identified bites as they were
visually observed during the LabChart recording, as well as line up with bites when

compared to video recordings of the feeding behaviour. These settings, combined with

the Rcodel developed for this purposdescribed below, also did not erroneously

identify force artifacts in the LabChart recording as bites.

This software producedath for the time between bites (in seconds) and the peak force
amplitude (in mV) for each individual bite in a meaimade thecustom R code to group
thebites into bouts, which are periods of continuing biting without pauses longer than a
certain thresbld. This minimum pause threshold was determined using previously
established methods for determining bouts in feeding and other behd8aies and

Lester, 1982; Slater, 1974; Bowdan, 1988Bjiefly, the time between events (bites, in

this case) from several recordings are graphed as a log survivor curve, and the inflection
point of the curve is thminimum interval between bouts. The caterpillars for this study

were found to have a minimum pause between bouts of 1.15s.

The R code searched chronologically through the bites to find any bites with a time until
the next of 1.15 seconds or greater.tThite become the last in a bout including all
previous bites that hadndét yet been groupe

bouts having only a single bite as feeding bouts always contain at least two bites

Lastly to account for potentialvaiab n b et ween f ood cubesd phys
conductor, as well as variation in individual caterpillar mass, the R code then

standardized the bite amplitude data to within the individual meal, giving the lowest

amplitude bite an arbitrary value dd,]Jand the highest amplitude bite a value of 100, and

giving all other bite amplitudes a new value based on this scale.

26



CHAPTER 3 DATA ANALYSIS

3.1 INITIAL COMPARISON

Analysis was performed on the feeding microstructure elements. | did examine the
broade elements describing meals (Time, Bite, and Boutgptaut no further analysis

was performed. Faxamplea sample size calculation for Experiment 4 found that Time,
Bite, and Bout would have required individual group sizes of 212, 186, and 199,
respetively, to reach significance at an alpha of 0.05 and 80% power.

Table3.1 Total number of bites summary for meals in Experiment 4. Minimum, average,
maximum, and the standard deviation for the number of bites for all meals of a given

condition within &periment 4 are represented.

Group Minimum Average Maximum SD N
Satiation 43 465.53 1802 45258 15
Sham 60 431.93 1522 41554 15
IC 87 370.33 1746 417.06 15
Satiation + Pred Stress 64 456.80 3953 97442 15
Sham + Pred Stress 78 306.53 1106 266.19 15
IC + Pred Stress 85 249.93 754 174.87 15

27



1500

2 1000
o
m
8
2 500
0
Q& & < % % %
e N (=] ] el
& S
R S & S
° & & P
Q* Q¢ Q*
{‘x @x ox
« 0 » N
&
X
Condition

Figure 3.1  Effects of Satiation, Sham Injection, Imnmune Challenge, and the Predator
Stress conditions on average total number of bites in a(meal5 per

group) The error bars represent the standhkndation for that condition
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Table3.2 Total number of bouts summary for meals in Experiment 4. Minimum, average,
maximum, and the standard deviation for the number of bouts for all meals of a given

condition within experiment 4 are represented.

Group Minimum Average Maximum SD N
Satiation 13 86.87 344 92.21 15
Sham 10 68.07 170 58.57 15
IC 10 59.13 287 69.63 15
Satiation + Pred Stress 12 65.07 442 21.69 15
Sham + Pred Stress 14 41.93 94 21.18 15
IC + Pred Stress 12 39.60 113 2417 15
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Figure 3.2  Effects of Satiation, Sham Injection, Immune Challenge, and the Predator
Stresconditionson average total number of bouts in a n{eat 15per

group) The error bars represent the standard deviation for that condition.
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Table3.3 Total meal duration (in seconds) summary for meals in Experiment 4.
Minimum, average, maximum, and the standard deviation for the number of bouts for all

meals of a given condition within experiment 4 are represented.

Group Minimum (s) Average (s) Maximum (s) SD N
Satiation 99.65 506.10 1699.74 429.45 15
Sham 66.63 450.89 1312.51 409.07 15
IC 91.30 470.52 2305.47 551.76 15
Satiation +HPredStress 73.51 506.56 3548.14 385.51 15
Sham + Pred Stress 66.30 347.78 1212.08 280.24 15
IC + Pred Stress 129.45 320.40 791.96 183.46 15
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Effects of Satiation, Sham Injection, Immune Challenge, and the Predator
Stress conditions on average total duration of a mesdcondgn = 15
per group) The error bars represent the standard devi#biothat

condition.
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The variability of these measures and high group total required for analysis suggests low
accuracy in using them to identify which condition a meal came from. Examining the
microstructure of a meal could provide more accuracy andceuar the effect of each
condition on feeding behaviour.

3.2 BOUT MICROSTRUCTURE AND VARIABLES

The timing of bites within a meal (in seconds), the time between bites (in seconds), the
and transformed amplitude of force applied by the caterpillar @itesgbitrary units)

were used to describe this microstructure. Using a custom Matldsh developed for

this experimentthe following variables were generated by the calculations described:

Bites per secondNlumber of bites in the bout divided by ttieration of the bout

Bout duration:Time between first bite in a bout and last bite in a bout.

The above variables have been utilized before to characterize feeMagduca sexta
(Bowdan, 188b)

A review of the literature found no studies comparing changes in feeding force over the
course of a meal, and therefore no previously used variables to describe it. Therefore, the

following were developed for this study:
Minimum: Amplitude of thdlowest amplitude bite in the bout
Mean:Average amplitude of all bites in the bout
Maximum: Amplitude of the highest amplitude bite in the bout

RangeMaximum amplitude of the bout minus the minimum amplitude of the
bout

Max i _Mean differenceMaximum anplitude of the bout minus the mean

amplitude of the bout
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Max i Min ratio: Maximum amplitude of the bout divided by the minimum

amplitude of the bout

Max i Mean ratio:Maximum amplitude of the bout divided by the mean

amplitude of the bout

An objective métod was needed to compare these variables across the time course of a

meal and how they may or may not change, as well as comparing between meals from
different animals. From pilot data, the lowest number of bouts in a meal was found to be

9. Thereforeta fistarto time section, representing
meal , was defined as the first 3 bouts in
microstructure at the termination of a meal, was defined as the final 3 bouts in the meal.

To determine the fimiddledo time section, re
the meal 6s initiation and termination, I w
and divide it by two. The resulting bout number would become the centeroutsihe

Ami ddl edo time section would be this bout,
where the total number of bouts was odd, making the total divided by twciatagar,

an arbitrary rule was put in place beforehand where the centdomasvas determined

by rounding this number up.

3.3 EXAMPLE OF TIME SECTION CALCULATION

If a meal has 18 bouts

3t

Starto i s bouts 1, 2, and 3

AEndo i s bouts 16, 17, and 18

AMIi ddl eo is found by: 18/ 2 = 9, n
ofboutsieven. Therefore, the fAmiddl eo
bout 9, the bout before it (8), and the bout after it (10), so bouts 8,

9, and 10
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If a meal has 15 bouts

Starto are bouts 1, 2, and 3

=1

AEndo are bouts 13, 14, and 15

Mi ddl eo i s f orounddd up to 8 sintetlie2otaE 7 . 5,
number of bouts is odd. Therefore
bout, bout 8, the bout before it (7), and the bout after it (9), so

bouts 7, 8, and 9

=]
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Beginning

Figure3.5

l | { J

Middle End

Examples from each condition of force transducer recordings with the
beginning, middle, and end time sectiongathmeal indicated. Y axes
indicatetime in seconds, and X axiglicatebite amplitude in mV. A)
Satiation, B) Sham Injection, C) Immune Challenged, D) Molt Sleep, E)
Predator Stress + Satiation, F) Predator Stress + Sham Injection, G)

Predator Stress + Immune Challenged.
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