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Chapter 1 - Introduction 1

Chapter 1 — Introduction

The survival of any animal depends on its abilityatlapt its behavioral pattern to a
continually changing environment. Most of thesahiehavioral patterns, such as flying,
walking, crawling, swimming, mating, feeding anghneduction consist, to a large extent,
of stereotype, rhythmic and repetitive motor patterThese varying patterns can be
generated from central networks, so-called cergedtern generators, without rhythmic
sensory or central inputs. Based on the interadé sif the animal and sensory information
from the environment, the appropriate motor programust be selected and correctly
coordinated in order to adapt the behavior of thienal accordingly.

However, the generation and effectuation of motattgons is not rigid or
determined like a reflex, to ensure adaptation he altering requirements. Such
adaptations can be observed on different levelsn@julation of the central circuits to
achieve a behaviorally appropriate selection andptadion of a motor program, b)
adaptation of the effectiveness of neuronal sitnaalsfer to the neuromuscular junction, c)
modification of the contraction characteristicdltd muscles involved, d) adaptation of the
muscular metabolism to optimize the effectivendsthe organ, and e) modulation of the
sensitivity of the relevant sensory receptors.als fong been known that these adaptation
effects are transmitted by specific neuroactivestres (Marder and Bucher, 2001;
Selverston, 1993) and that central pattern gemgratircuits undergo continual
neuromodulation resulting from neuromodulatory saibses that are either circulating in
the haemolymph/blood or that are released locdllickinson, 2006; Grillner, 2003;
Harris-Warrick and Marder, 1991; Pearson, 1993).

1.1Central pattern generators

The generation of rhythmic motor patterns resutsnf the inherent ability of
certain circuits in the central nervous system mologenously produce these patterns
without sensory or central inputs. These networkskaown as central pattern generators
(CPG). The first evidence of the CPG was discovaabkdost 40 years ago by D.M.
Wilson, when, for the first time, it was shown ttliae isolated central nervous system
(CNS) of the desert locustclistocerca gregaria is capable of generating motor patterns
without sensory feedback (Wilson, 1961). Wilsonwgéd that these patterns, known as
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fictive motor patterns, are very similar to thefit patterns of intact animalBrevious to
this, there was no consensus among neuroscieasste whether central oscillators or
reflex chain arrangements form the basis of rhythib@havioral patterns. Since 1961, the
ability to generate central patterns autonomousiyafrange of greatly differing behavioral
patterns has been shown in a variety of speciaspriey (Grillner, 1985); locust:
(Ryckebusch and Laurent, 1993; Stevenson and Kui€®i/); crustacean: (Marder and
Bucher, 2001); stick insects: (Bassler and Busgh$®38); earthworm: (Mizutani et al.,
2002) and lepidoterans as for examplanduca (Claassen and Kammer, 1986; Johnston
and Levine, 1996).

Even “simple” invertebrate neuronal circuits dentoate an extraordinary
complexity, compared to much larger, more intricagetebrate circuits, although in both,
the function and the dynamics of networks rely lo@ intrinsic properties and the synaptic
wiring of the participating components (Delcomyr§80; Marder and Bucher, 2001;
Marder and Calabrese, 1996). Numerous analysescnitadiagrams have shown that the
circuit patterns of networks that generate similgatterns of activity may differ greatly
(Getting, 1989; Selverston and Moulins, 1985). Hesve it was also found that varying
activity patterns can result from very similar ditcpatterns (Getting and Dekin, 1985).
The function and the dynamics of neuronal netweankstherefore not mainly a result of
the synaptic circuits of their components. Furthenen some neuronal circuits are capable
of generating multiple behavioral patterns, rattiem producing only one fixed pattern,
whereas severaletworks may contribute to a certain behavioralgoator single network
components (neurons) can be active during multi@éaviors or active during one
behaviour and may be inactive during others (Briggmand Kristan, 2008). The
stomatogastric nervous system (STNS) of crustadsaars example of a network in which
a very small number of pattern-generating neuraas 26-30) are able to generate two
different activity patterns, the fast pyloric rhgthand the slower gastric mill rhythm
(Weimann et al., 1991).

Thus, the question arises as to how a network aviiked number of neurons, with
known characteristics and connectivity can prodseeeral different activity patterns and
therefore contribute to a flexible and adapted tieinal output. Two common mechanisms
are responsible for this: firstly, sensory feedbamkvides continuous adaptation of
centrally generated patterns to behavioral taskisout being involved in the generation of
patterns itself; the second possibility, whichhe subject of a large part of this study, is
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based on the effect of neuromodulatory substarssss ljelow). These substances are not
only capable of modulating the complex interactiafsintrinsic characteristics and
connectivity of central circuits, but also of maoalithg the sensory input in order to adapt
the functional dynamics of the network to behauioeguirements (Harris-Warrick and
Marder, 1991).

1.2 Neuromodulation

The difference between neuromodulation and neursingssion is that
neuromodulatory actions are rapid and are not sirophfined to excitation or inhibition,
but their temporal effect is long-lasting rangimgnh minutes and hours, or up to several
days or months (Katz, 1999). Although neuromoduasztions are limited to the cellular
level, the effects of neuromodulators, such asdmagamines, amino acids, neuropeptides
or gases, have been studied on various levelseohénvous system in various organisms
that range fromgenes and biosynthesis to complex behaviors (Rflagel Blschges,
2006). In most cases, there is a paracrine releasgeuromodulators via varicosities
(Consoulas et al., 1999). This means that the ttangg effect of the modulator is greatly
dependent on the localisation of the respectivacesity in the nervous system. The
release at central branches of neuromodulatoryonegrcauses other, central effects, than
release at a specialized section of the axon atettminals, for instance on the neuro-
muscular junction, the effect of which is limitemthe periphery (Duch and Pfliger, 1999),
or the neuromodulator is released unspecificallyhto circulatory system (haemolymph),
this will cause an effect with a completely diffietetime response at another locality
(Orchard, 1982). For instance, the central reledspecific neuromodulators or mixtures
of different neuromodulators can induce distinctondehaviors (Nusbaum et al., 2001).
Furthermore, monoamines, for example, have bededino aggression, motivation, and
mood in vertebrates as well as in invertebratese(Bet al., 2002; Kravitz and Huber,
2003; Popova, 2006; Stevenson et al., 2005). ltaksas been shown that biogenic amines
are involved in learning and the formation of meyn@iammer, 1997; Schwaerzel et al.,
2003). Their significance for humans usually ongctimes discernible when disruptions
occur. It is therefore assumed that dysfunctionsmionoamine neurotransmission in
mammals are linked to neurological disorders, idiclg Parkinson’s disease,
schizophrenia, anxiety, and depression (Kobay2€§iiil; Taylor et al., 2005).
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Octopamine

Octopamine (OA) is one of the major biogenic amimesisects, and octopamine
and its biological precursor tyramine are thoughtbe the functional homologue of
adrenaline and noradrenaline in vertebrates (Rped@05). Octopamine is widely
distributed in invertebrate phyla (Pfliger and &teson, 2005) and is capable of acting as
a neurotransmitter, neurohormone, and neuromodul#@relrod and Saavedra, 1977;
Orchard, 1982; Roeder, 2005). It mediates diveskilar and physiological effects by
binding to G protein-coupled receptors (GPCRs)riBleand Baumann, 2001).

In insect flight, octopamine plays a central rote imitiation, maintenance and
modification of the flight system. It affects cealtrmeuron excitability by modifying
neuronal membrane resistance and bursting propgi@amirez and Pearson, 1991a, b)
and also modulates synaptic transmission (EvanéBldea, 1977; Leitch et al., 2003) by
affecting neurotransmitter release, acting on prapiic receptors and/ or postsynaptic
receptors. Octopamine increases/ decreases seswwsiivity (Matheson, 1997; Ramirez
and Orchard, 1990), acts as neurohormone possesijmgkinetic activity (Orchard et al.,
1993) and changes visceral and skeletal muscleegiep by modulating pre- and
postsynaptic sites, resulting in increased tenaimhrelaxation rates (Braunig and Pfluger,
2001; Evans and O'Shea, 1978). Finally, it afftoesglycolytic activity of muscles during
rest, take-off phase and flight (Becker et al., @&99entel et al., 2003; Wegener, 1996).
Die octopaminergic neuromodulation of insects shibwmee distinctive features when
compared to other modulatory systems: firstly, temtral and peripheral release takes
place via so-called unpaired median neurons (VUNUM) situated along the ventral
(VUM) or dorsal (DUM) ganglion midline. Their unigumorphology shows a distinct
primary neurite bifurcating into bilaterally axonlkaterals. Thus, they are easy to identify
and it even allows to discriminate between différsabtypes. Unlike fast-transmitting
motoneurons, which posses type | terminals, eftetenpaired median neurons release
octopamine via type Il terminals (Consoulas et1#899; Pfluger, 1999). Secondly, despite
the relatively low number of octopaminergic neu®na the whole nervous system
(between 40 and 100), they supply most of the nel@®in the brain and large parts of the
thoracoabdominal nervous system and also many tmeap effector organs. Thirdly,
octopamine is normally synthesized from tyrosina tmwo-step synthesis process, whereby
tyramine represents the intermediate stage of aotape. Therefore, all octopaminergic

neurones also contain tyramine. Most biogenic amare represented in non-overlapping



Chapter 1 - Introduction 5

sets of neurones, but octopamine and tyramine eaelbased from the same neurone. So
far, it is suggested that octopamine and tyramates antagonistic modulators (Roeder et

al., 2003), like adrenaline and nor-adrenalinedrtebrates.

Tyramine

For a long while, tyramine was only considered &the biochemical precursor
molecule of octopamine without playing a physiotagirole producing distinct effects. To
date, we know that various species (primates, flei$, molluscs, honeybees, moths and
nematodes) have specific tyramine receptors (Blextaal., 2000; Gerhardt et al., 1997;
Miller et al., 2005; Ohta et al., 2003; Rex and Komnecki, 2002; Saudou et al., 1990)
suggesting that tyramine-dependend neuromodulatn@y be mediated by multiple
receptors and more complex than expected. So tamyroellular and physiological effects
of tyramine have been described, proving the caseaf distinct modulatory role of
tyramine: tyramine is involved in cocaine sensii@a(McClung and Hirsh, 1999), in the
regulation of hyperactivity in response to ethaf®thwaerzel et al., 2003)) increased
gustatory and visual sensitivity (Scheiner et 2002), and in the modulation of chloride
conductances in malpighian tubules (Blumenthal, 3208imilar to octopamine, tyramine
is also capable of eliciting fictive flight patteriiBuhl et al., 2008) and of affecting flight
motor performance (Brembs et al., 2007). Howeverfes there is no clear evidence
whether tyramine is released independently fronopatine or released concomitantly
from the same DUM/VUM neurons (Lange, 2009). Regent has been shown in
immunohistochemical experiments on locusts (Kon&oest al., 2009) that in the brain, in
subesophageal ganglions, and in all fused abdomgarailia there seem to be et least some

purely tyraminergic neurons distinct from octopaen@ic neurons.

1.3 Goal of the thesis

In this thesis | aimed to analyze the postembryadegelopment and putative
modulation of the central pattern generator faghfliin the tobacco hawkmotManduca
sexta. The ability of adult flight requires alteratiomsth respect to intrinsic properties and
synaptic wiring of neurons to generate the cergedtern for flight, as well as different
contractile properties of flight muscles, and spkzed sensory neurons to adapt the flight
rhythm to external fluctuations, which has to tghace during pupal development. So,
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when does the central pattern generator for fligetome functional during pupal
development? Is the development of a flight pattgnerating network a slow, graduated
process during postembryonic develoment which ém@smature network empowered to
produce adult flight patterns after eclosion orreearlier? Or, are the components of the
future flight producing network established earlyridg pupal development but only
linked to a functional adult circuit at a certaieveélopmental time point? So far, virtually
nothing is known about flight interneuronsManduca sexta and the development of the
central flight circuitry. Thus, | considered anlated nerve cord preparation lfanduca
sexta as particularly suitable in my attempt to answese questions for the following two
reasons: firstly, the central pattern generatorflight can be reliably activated by bath
application of the biogenic amine octopamine omgsnist chlordimeform (Claassen and
Kammer, 1986; Kinnamon et al., 1984). Second, pheparation allows us to examine the
centrally generated flight motor activity unaffettby any sensory feedback in various
developmental stages and it widely accepted tlestettictive, pharmacologically induced
motor patterns closely resemble those generatdsbbgving animals (Marder and Bucher,
2001; Marder et al.,, 2005) exept for the slowelgfiency observed in fictive motor
patterns.

First, as a prerequisite for the comparison ofifictmotor patterns in different
stages, a reference pattern is needed. For treemeguantitative measurements of fictive
flight patterns in adult were used as template dammparison of motor pattern features
during development. Based on the obtained dataratain (refinement) in pattern features
like cycle period, phase relationship and precisimmevaluated in the context of published
data on structural and physiological developmentCfS, especially structural and/or
physiological remodeling flight depressor MN5 (Duahd Levine, 2000, 2002; Libersat
and Duch, 2002; Meseke et al., 2009), to draw a&losion about developmental changes
of the underlying flight pattern producing netwdckapter 3).

Recent work from different areas, as diverse akison’s disease (Scholtissen et
al., 2006) and insect rhythmical motor behaviodicate that chemical codes inducing
specific motor behavioral outputs are bouquets ifférént biogenic amines rather than
single ones (Fox et al., 2006; Fussnecker et @Q62Saraswati et al., 2004) contribute to
behavioral modulations. With respect to insecthtiighe central role of octopamine in
initiation, maintainance, and modulation of thglili system are well known (see 1.2) and
importantly, tyramine has also been shown to affigiht motor behavior in Drosophila
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(Brembs et al., 2007) and locusts (Buhl et al., 8000 octopamine and tyramine act as
antagonistic modulators on the flight system ottdey have complemental function during
flight? Do octopamine and tyramine affect differaspects of central pattern generating
circuits? We therefore continued to make use ofmphaologically induced fictive flight
motor output in isolated nerve cord preparatiortgpter 2) and tried to elucidate the
effects of octopamine and tyramine on the centedtepn generation for flight motor
output.

Previous work in locusts showed a cholinergic ation of the central flight
generating network coupled to aminergic fascilat{Buhl et al., 2008). Investigations on
stationary flight like behavior in Drosophila sugtgethat octopamine is effective but not
required to induce flight (Brembs et al., 2007), tned to verify a putative cholinergic
mechanism for the activation of the flight centpaktern generator iManduca (Chapter
5).

Both, tyramine and octopamine are released putative the same set of large,
efferent unpaired median neurons (VUM/DUM) at peeral target sites to alter synaptic
transmission, muscles properties and muscle mesab@see 1.2). To fulfil these tasks the
release of the neuromodulator has to be adaptd@libpand temporally according to the
behavioral tasks. Thus, the activity of VUM/DUM mens have to be coupled
differentially to specific motor activities. Eantienvestigations described that all larval
VUM/DUM neurons are recruited during fictive cramgdi patterns (Johnston et al., 1999)
but it remains still unknown whether adult VUM/DUMurons form functionally different
subpopulations as described for locusts (Baudouk Bunrows, 1998; Baudoux et al.,
1998; Burrows and Pfluger, 1995; Duch et al., 199%us we were asking whether and
how a homogeneous population of larval neuromodogfateurons might be divided into
different functional subsets during metamorphosisbecome activated differentially
during different behaviors. As a first step towatllis question | examined the activation
of these neuromodulatory cells during fictive fligh adults by intracellular recording
from mesothoracic VUM neurons before and after pla@ologically induced fictive
flight.
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The results are presented in two chapters basetivormanuscripts; one of which is

already published and the other is recently sulehitt

Chapter 2:
Vierk R, Pflueger HJ, Duch C (2009) Differentiafeaits of octopamine and tyramine on
the central pattern generator fdanduca flight. J Comp Physiol A 195:265-277

Chapter 3:
Vierk R, Duch C, Pflueger HJ: Postembryonic maioratind putative modulation of the

central pattern generator for flight anduca sexta. (submitted in J Comp Physiol A)

Two additional chapters show work in progress, Whieeds further labor after this thesis

before being publishable.

Chapter 4:
Activation of ventral unpaired median (VUM) neurathsring pharmacologically induced
flight motor output inManduca sexta

Chapter 5:

Can cholinergic inputs activate the addkinduca flight network?
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3.1 Abstract

This study analyses the maturation of centrallyegated flight motor patterns
during the metamorphosis dfanduca sexta. Bath application of the octopamine agonist,
chlordimeform (CDM), to the isolated CNS of adulbtims reliably induces fictive flight
patterns in wing depressor and elevator motoneurbims maturation of these patterns is
investigated by CDM application at different deywleental stages. CDM also induces
motor patterns in larval ganglia, but these diffearkedly from fictive flight, indicating
that in larvae and adults, octopamine-receptovaiitin affects different networks. No
motor output is induced at early pupal stages, fastl changes in motoneuron activity
upon CDM application occur after 50 % of pupal depment, at pupal stage P10.
Rhythmic motor output is induced in depressor lmitim elevator motoneurons by CDM at
P12. Adult-like fictive flight activity in motoneons is observed at P16, two days before
adult emergence. Between P16 and adulthood speggracision of the fictive flight
patterns are increased. Pharmacological block lofridke channels with picrotoxin (PTX)
also induces fictive flight in adults, but not atpgal stages prior to P16. Our results suggest
that the flight pattern generating network becogpeslually established between P12 and
P16, and is further refined until adulthood. Thésdings are discussed in the context of

known physiological and structural CNS developntmingManduca metamorphosis.
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3.2 Introduction

The generation of rhythmic motor patterns, sucbhraathing, walking, swimming,
and flying, relies upon activity in central pattegenerating (CPG) networks. CPG
networks can produce rhythmic motor output in theemce of sensory feedback, and are
found at the heart of motor networks all animals (Grillner et al., 2005; Kiehn and
Kullander, 2004; Marder et al., 2005). In many sabeth the intrinsic properties of the
component neurons as well as network connectiorithinviCPGs are altered during
development (Fenelon et al., 1998; McLean et &Q02 An extreme example of CPG
remodeling during postembryonic development is rittetamorphosis of holometabolous
insects, like the tobacco hawkmotkWanduca sexta. During metamorphosis the neural
networks and motoneurons responsible for the geaeraf larval crawling movements
are remodeled to generate flight motor patternsth@ adult moth (Levine, 1984).
Considerable data are available on the remodelingatoneurons, sensory neurons and
muscles during metamorphosis (Consoulas, 2000), itbv¢émains unclear how these
developmental events relate to the remodeling aatiration of the flight motor patterns.
Towards this question the present study analysesptistembryonic development of
centrally generated adult flight motor patterndfianduca.

The larval locomotor behaviors dflanduca sexta are burrowing and crawling,
which cease at pupation. Metamorphosis ends wltsien to an adult with a dramatically
altered morphology and a completely different batvaV repertoire (walking, flying,
reproducing and oviposition). The adult is equippéth a new set of muscles, some of
which developde novo during metamorphosis, and others develop fromalaremplates
(Consoulas et al., 1997; Consoulas et al., 200ZhDet al., 2000). Most larval sensory
neurons undergo programmed cell death, and newly sensory cells form adult sense
organs to equip the adult appendages (Consoulak, €000a; Consoulas et al., 2000b;
Kent et al., 1996; Lakes-Harlan et al., 1991). &rh, some motoneurons are used for
larval or pupal specific behavior and undergo paogned cell death during pupal life
(Fahrbach and Truman, 1987; Taylor and Truman, 19fdman, 1983, 1987). By
contrast, many larval crawling motoneurons persistamorphosis and become remodeled
to innervate the fast contracting indirect flighawer muscles in the adult (Casaday and
Camhi, 1976; Consoulas et al., 2000a; Duch e28D0; Kammer and Kinnamon, 1976;
Rheuben and Kammer, 1980). The transformation ofalacrawling into adult flight
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motoneurons comprises larval synapse eliminatioth @andritic retraction (Duch and
Mentel, 2004), outgrowth of new adult dendrites ¢Pwand Levine, 2002; Libersat and
Duch, 2004), the formation of new adult synapse®(&et al., 2006; Meseke et al., 2009)
and changes motoneuron active membrane propeiigsh(and Levine, 2000, 2002). By
contrast, virtually nothing is known about flightérneurons and the development of the
central flight circuitry.

However, it is known that in the motAntheraea polyphemus, an adult like motor
pattern can be recorded from pupal muscles 3 daystp ecdysis (Kammer and Rheuben,
1976), and that ifManduca sexta the adult flight CPG can be switched on by bath
application of the biogenic amine octopamine (Baasand Kammer, 1986; Kinnamon et
al., 1984; Vierk et al., 2009). Octopamine hasesfaread modulatory actions on the
central and peripheral nervous system of invertebréEvans, 1985; Orchard et al., 1993;
Roeder, 1999, 2005mediated by pharmacologically distinct subclasse®ctopamine
receptors (Evans and Maqueira, 2005). In inseghtfl systems octopamine plays
important roles in initiation and maintenance aoght motot output (Brembs et al., 2007)
by affecting central neuron excitability (Brembsaét 2007; Ramirez and Pearson, 1991a,
b), synaptic transmission (Evans and O'Shea, 194i&h et al., 2003), sensory sensitivity
(Matheson, 1997), hormone release (Orchard etl@83), and even muscle metabolism
(Mentel et al., 2003). Octopamine acts directlytiom flight CPG, so that bath application
octopamine agonists can induce fictive flight inladed insect ventral nerve cords in the
absence of sensory feedback (locusts: Duch anckddiy 1999; Stevenson and Kutsch,
1987;Manduca: Claassen and Kammer, 1986; Kinnamon et al., 198&f%k et al., 2009)
This study tested when the CPG for flight becomestional during pupal life and can be
switched on by biogenic amines, and whether tlghtflpatterns undergo developmental
refinement prior to the animal’s first take-off.
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3.3 Methods

3.3.1 Animals and staging

Manduca sexta of either sex were taken from a laboratory cultor@ntained on
artificial diet (Bell and Joachim, 1976) at°€7under a 16 h light/ 8 h dark period at the
Free University of Berlin. L5 represents the fifdrval instar, WO — W4 refers to the 5
days of the wandering instar (W) before pupatidh répresents the day of pupal ecdysis.
P1 to P18 refer to the 18 stages of pupal life @aprately corresponding to the days of
pupal development. The exact pupal age was detedniby chronological and
characteristic morphological changes (Bell and Bwac 1976; Nijhout and Williams,
1974; Reinecke et al., 1980; Tolbert et al., 198%)jult animals were subjected to

experiments 2 days after eclosion.

3.3.2 Preparation

All recordings were conducted from the isolatedafterented) central nervous
system (CNS), including ventral nerve cord, braing subesophageal ganglion. Animals
were anesthetized by chilling on ice for 20 to 4@utes. All stages were dissected along
the dorsal midline in cold saline containing (in MM40 NacCl; 5 KCI; 28 D-Glucose; 5
Hepes; 1 CaGj ph 7,4 (Trimmer and Weeks, 1989). The CNS wasokeu from the
animal, transferred into fresh saline, and pinnextnal side up in a sylgard dish containing
saline. The cut ends of lateral nerves were usegifming, except for the nerves IIN1b
and IIN4, which were used for extracellular recogd (see Fig. 1a). Nerve IIN1b contains
the axons of the motoneurons, MN1-5. In the lastage MN1-5 innervate the dorsal
external longitudinal (DEL) and dorsal internaligbk 2 (DIO2) body wall muscles (Duch
et al., 2000). In the adult stage MN1-5 innervdie dorsal longitudinal flight muscle 1
(DLM1) via nerve IIN1b, which also contains two #&dthal axons of motoneurons
innervating the smaller DLM2. Nerve 1IN4 contaih® taxon of a motoneuron innervating
the dorsal ventral flight muscle 1 (DVML1).
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3.3.3 Intracellular recordings

For intracellular recordings of depressor motonesnaith thin-walled borosilicate
glass electrodes with a resistance between 20MQ0the ganglionic sheath was removed
mechanically from the prothoracic and mesothoraegiaromeres by using a fine pair of
forceps following a short treatment with crystadliiProtease (SIGMA P-5147). The
electrode tips were filled with a solution of 7% uMebiotin (Vectorlabs) and Rhodamine
Dextran (Molecular Probes, MW 3000) in 2M potassiacetate. Motoneurons were
identified by antidromic stimulation with a suctiefectrode placed on their axons in nerve
[IN1b. Recordings were conducted with an Axocla?#p(Molecular Devices) amplifier
in bridge mode, digitized with an analogue/digitainverter digidata 1200 (Molecular
Devices) at a sampling rate of 10 kHz, and viewed @nalyzed with PClamp 9 software

(Molecular Devices).

3.3.4 Extracellular recordings

Extracellular recordings were made with salineetilisuction-electrodes, custom-
made from glass microelectrodes and polyethylebmdu Signals were amplified 100-fold
with extracellular amplifiers (Grass P55A). Recogii were always made from
mesothoracic nerves (Fig. 1al) containing the axardepressor MNs (nerve 1IN1b) and
one elevator MN (Fig. 1a2, one branch of nerve )Iddd digitized at a sampling rate of
10 kHz.

3.3.5 Fictiveflight

In Manduca wing down-strokes (depression) is produced by reatibn of the
dorso-longitudinal muscles (DLM1) innervated by thepressor motoneurons MN 1-5
(Duch et al., 2000, Fig. 1al). Up-stroke (etmrg of the wings is produced by dorso-
ventral muscles (DVMs). The depressor MNs 1-5 mtoyéa nerve IIN1b (Fig. 1al) and
were recorded extracellularly (Fig 1b1, middle &gowvhereas elevator MNs to DVML1

(Fig. 1a2) were recorded extracellularly from net4 (Fig. 1b1, lower trace) (Nuesch,
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1985; Vierk et al.,, 2009). Extracellular recording®re combined with intracellular
recordings from the soma of one prothoracic DLM-oneturon (MN1-4, Fig. 1b1l, upper
trace).

Fictive flight motor patterns were induced by battplication of the octopamine
receptor agonist chlordimeform CDM (Riedel-de Hadigsolved in saline (I0M) in
adults, various pupal stages and the larval stageicsotoxin (PTX), a chloride channel
blocker and thus effective g-amino butyric agiGABA ») receptor antagonist (Olsen,
2006; Takeuchi and Takeuchi, 1969), was bath apgltea concentration of oM. All
solutions were continuously perfused through ab&tgravity perfusion system (ALA
BPS-4). Amine injections directly intblanduca mesothoracic ganglia have proven to be
effective at concentrations as low as’D(Claassen and Kammer, 1986, Kinnamon et al.,
1984). However, bath application requires the cleataito pass the ganglionic sheath, so
that higher concentrations have to be applied. A& ot tested different concentrations
of CDM but instead used concentrations which havevipusly been reported to
successfully induce fictive flight iManduca (Vierk et al., 2009) as well as in other insect
preparations (Duch and Pfliger, 1999). Recordings fnerve N1 and nerve N2A in larval
preparations were used to analyze the effect of Cllication on larval pattern

generating networks.

3.3.6 Data analysis

All parameters of the motor output were analyzed gunantified with respect to
depressor activity as recorded intracellularly Ih pupal and adult preparations. Data
analysis was performed with Clampfit 9.0 and Spikeih representative bouts of activity
over a time period of at least 30Gycle period was defined as the duration between the
onsets of subsequent depressor bursts as deterbyredracellular recordings from nerve
[IN1c (Fig. 1b2).Depressor-elevator interval (latency) was defined as time between the
onset of depressor (dep) activity with respechi dnset of corresponding elevator (elev)
activity (Figs. 1bl, b2)Phase-relationship (phase) was defined as quotient of depressor-
elevator latency over depressor cycle period. Tagig of phase histograms was divided
into 100 bins of equal width for better represantabf distribution. The spike counts for
each bin were divided by the total number of cy@ealysed to give a per cycle mean
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value. Linear regression analysis was used to mater the relationship between
depressor-elevator and elevator-depressor inteaadl changes in the depressor cycle
period. The correlation coefficient (r) was cal¢athby using the least square error method
in MS Excel.Auto-correlation histograms were centered around the first spike event on the
reference time series (depressor spikes). The mowes of spikes at different time
intervals around the reference spike were counted 400 bins of 5 ms width,
corresponding to a time window of plus and minusetond around each depressor spike.
Then the histogram was centered around the nexestem spike and counting into bins
was repeated. This process was repeated for eepmgssor spike of the flight bout (30
seconds duration in total). The histograms were nartalized but present total event
counts.

Statisticswere conducted with the Statistica "99 (Statsoft,)] One-way ANOVA
with Tukey HSD-test (honest significant difference-test) wagdito test for statistical
differences between multiple groups. We analysatl @mpared data of five P12, four

P14, seven P16, eight P18, and ten adult animals.

4. Reaults

4.1 Chlordimeform (CDM) induced adult fictive flight motor patterns

Fictive flight motor patterns were elicited in iat#d ventral nerve cord
preparations (Figs. lal, 1a2) by bath applicatibrthe octopamine receptor agonist
chlordimeform (CDM) as previously described (Viexkal., 2009). Continuous perfusion
with CDM reliably induced a stable and strictlyeattating motor pattern which was
characterized by 2 phases: the depressor phasmeratred by recordings of the spiking
activity of the MNs1-5 which innervate the DLM depsor muscle (Fig. 1b1 top, middle
trace; 1b2 top trace). The elevator phase wastoredi by recording the spiking activity
of one elevator motoneuron (DVM1) (Fig. 1b1 botttrate; 1b2 bottom trace). Rhythmic,
strictly alternating depressor and elevator agtigiarted five to eight minutes after CDM
application and lasted for up to 2 hours with stgi@driod and phase relationships (Vierk et
al., 2009).
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4.2 Fictive flight patterns during different stages of postembryonic development

The first objective was to test at which stagesrmiupostembryonic development
the nervous system was capable of producing fliglkt motor patterns. Fictive flight as
produced by isolated adult ventral nerve cords .(R2@) served as reference for the
comparison of motor patterns induced by CDM appbeato the ventral nerve cord of
earlier developmental stages, P10 to P18. In P8 &B) continuous alternating elevator
and depressor spike generation that was qualitatsienilar to the adult fictive flight
patterns (Fig. 2a) occurred in all preparationsweber, in 3 out of 8 experiments some
depressor motoneurons did not generate spikes gd@a@ch cycle. In P16 (Fig. 2c) a
rhythmic alternating motor pattern was still obsetyalthough in 3 out of 7 experiments
depressor spike failures occurred. Intracelludmordings revealed subthreshold synaptic
drive with the fictive flight rhythmicity (Fig. 2csee asterisk). In only 1 out of 7
preparations rare spike failures were also obseirvede elevator motoneuron during the
motor bout (Fig. 2c, top right trace, arrow). Uripated depressor activity but no elevator
activity was induced by CDM application in four P14 (Fig) 2zohd five P12 (Fig. 2e)
preparations. In P14 no elevator spikes or subiotdssynaptic activity occurred (Fig. 2d,
top trace). In the depressor motoneurons rhythipikirgy activity occurred in 1 out of 4
preparations, but spike failures also occurred.(Bd). However, subthreshold rhythmic
drive to the depressor motoneurons occurred id gileparations (Fig. 2d, bottom trace).
The results of P12 resembled those of P14 but pikees in the depressor motoneurons
occurred more frequently, and subthreshold synabive was weaker (see below). In P10
no spiking activity was induced by CDM applicati@hg. 2f). Although not quantified the
frequency of subthreshold synaptic activity seemteelle increased after CDM application,
but without any obvious rhythmicity. Similarly, iP8 no effect of CDM on flight
motoneuron activity was observed in 1 test recgrddata not shown).

To test whether a flight-like motor network respgasto octopamine is present in
the larval stage, similar to what is known from tr@mimetabolous locust (Stevenson and
Kutsch, 1987), CDM was bath applied to the larvaivie cord (Fig. 3). Recordings were
made from the main roots of larval nerves, N1 arth,Nwhich among many others,
contain also the axons of the future flight motaweas (nerve N1). In this developmental
stage the future depressor motoneurons 1-5 inreetiat larval dorsal body wall muscles
DEL and DIO2 (Casaday and Camhi, 1976; Duch et2800) and participate in larval
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crawling (Duch and Mentel, 2003). CDM elicited patted activity that alternated between
nerves, N1 and N2a (Fig. 3a and b). However, tmestor patterns differ significantly
from adult fictive flight or any CDM-elicited motqgatterns after P12. In the larval stage
motoneurons showed burst of action potentials wasesengle spikes occurred during each
cycle of fictive flight. Furthermore, larval motgatterns were much slower with median
values for cycle periods around 900 ms (Fig. 3ajampared to approximately 100 ms in
the adult. Compared to larval crawling (Johnstod &evine, 1996) the CDM-induced
patterns were about 9 times faster.

4.3 Quantitative measurements of fictive flight pattern parameters in different

developmental stages

To analyze the maturation of fictive flight patteyycle period, intervals (latency)
between alternating bursts, number of action p@ksnper duty cycle, phase relationships,
and the precision of rhythmicity were compared djtziively between different stages.

The median cycle period (Fig. 4a) of motor patieradults, pupal stages P16, and
P18 were not significantly different. There wasywlwer, a trend to shorter cycle periods
from P16 over P18 to adults (Fig. 4a, see insdte Variability of cycle duration was
larger in P16 as compared to pharate or emergeltsgéfig. 4a). In earlier pupal stages,
cycle periods as measured between postsynaptiaitdse (PSPs) or action potentials,
were significantly longer and exhibited a much leighariability (Fig. 4a). In adults, single
depressor motoneurons fired precisely once perecifelg. 4b). Some failures in the
generation of depressor action potentials occuateB18 (median number of spikes per
cycle is 1, see Fig. 4b), more failures occurreBEs (median number of spikes per cycle
is 0.89, see Fig. 4b), and many failures occurteelld and P12 (median number of spikes
per cycle is 0 in both, see Fig. 4b).

The depressor-elevator interval (latency betweem dhsets of depressor and
elevator bursts) was quantified at the stages P18, and adult because no elevator spikes
were induced by CDM at earlier pupal stages (spedi2). The median depressor-elevator
latency was around 50 ms for all three stages watlsignificant differences between the
stages (Fig. 4c). Similarly, the elevator phase &sfor P16, P18, and adult and showed

no significant differences between these stageas @), but the data spread was larger at
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P16 than at P18 and larger at P18 than at the athge. Insets in Fig. 4d illustrate the
relative numbers of elevator spikes as phase hietogy This indicated that elevator phase
regulation at 0.5 was more variable at late pufzaes as compared to the adult stage.

To further test whether phase constancy existe@llastages we plotted the
depressor-elevator and the elevator-depressorciaterover depressor cycle period for
contiguous flight bouts from representative reaogdi (Fig. 5). In the adult recording the
cycle period ranged between 78 to 92 ms (Fig. 5axi%) and changes in cycle period
correlated with changes in both the depressor-tdevaterval (correlation coefficient,
0.53) and the elevator-depressor interval (colmatoefficient, 0.39). This was also the
case for pupal stages P18 and P16 (Figs. 5 bDaja for all three stages were plotted on
the same scales to demonstrate that data spresdjlgstdecreased from P16 over P18 to
adult.

Auto-correlation histograms (Fig. 6) were createxdrf extracellular records of the
five depressor motoneurons for the stages P16, &iBadult. These contained 400 bins,
each of 5 ms duration, to cover a time period frano +1 seconds around each depressor
spike (see “Methods”). The histograms wem normalized but instead presented total
event counts (Figs. 6a-c). In all stages, the HEghpike counts occurred at O seconds and
were surrounded by recurrent peaks. Periodic paallstrough®ccurred approximately
every 90 ms (Fig. 6a, arrows) demonstrating peticdusteringof spikes at a cycle
frequency of roughly 11 Hz in adults. The shargsiand troughs pointed to precise
rhythmicity (Fig. 6a). This precision was lowerR#8 (Fig. 6b) than in the adult, and lower
at P16 (Fig. 6¢) than at P18. In developmentalestdl8 (Fig. 6b) and P16 (Fig. 6¢) the
total counts were decreased, and the cycle perazdstowed down as illustrated by longer
periods between periodic peaks (110 ms in P18 8Adris in P16). However, spike counts
in troughs were almost never zero in P18 and ne&r in P16. As stated above, stage P14
motor patterns contained many depressor spike régilFig. 2d). Therefore, auto-
correlation was conducted from subthreshold eveat®rded intracellularly from one
depressor motoneuron. As only single PSPs or smkeurred the resulting event counts
were zero at time O seconds. However, periodikpend troughs point to some
rhythmicity of the subthreshold events in P14. Tdyele period was much longer as

compared to older stages, and there was less joreafkthe pattern.
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In summary, flight like motor patterns can be éd#di from stage P16 on, and
become increasingly refined until adulthood. Rhyitahdepressor activity can be induced

by CDM application already at P14, but not so evator motoneurons.

4.4 | sthe network inhibited in pupal stages before P16?

The absence of elevator motoneuron spiking ordiierés in elevator spikes might
either be caused by the absence of excitation dhdyresence of active inhibition during
earlier stages. To test whether inhibition mightehenasked the presence of the flight CPG
at earlier stages we bath applied the chloride mélablocker picrotoxin (PTX). GABA
represents the predominant inhibitory transmitterinsect motor networks, and PTX
blocks GABA. receptor mediated inhibition (Sattelle, 1990; Wgais 1992). PTX
application to adult isolated nerve cord preparetigFig. 7a2) induced a motor pattern
similar to that elicited by CDM (Fig. 7a). Both panhs show alternating, rhythmic
depressor/elevator activity with similar valuescgtle period, frequency, and rhythmicity
(quantification not shown). The differences betwegeBM and PTX induced motor
patterns were first, a shift in the elevator phasationship (Figs. 7a, a2) from 0.5 in CDM
induced flight to 0.7 in PTX induced flight (Fig.aZ¥), and second, firing of duplet
depressor motoneuron spikes in PTX as compareagtesspikes per cycle in CDM (Fig.
7a2).

In P16 PTX application released a similar fictiVigtt like pattern (Fig. 7b), but
failures in the generation of depressor and elevgikes occurred as also described for
CDM induced fictive flight at P16 (Figs. 2c, 4b)I’R application at earlier developmental
stages, such as P14 and P12 (Figs. 7c, d) alsteeélimotoneuron spiking, but the pattern
did not have any obvious features of fictive fliglirst, PTX induced elevator and
depressor spikes at P12 and P14, whereas CDM iddudy depressor spikes. In PTX
elevator and depressor spikes are in phase, whashngver observed in CDM induced

fictive flight patterns.
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5. Discussion

The present study shows that fictive flight like toropatterns can be elicited from
isolatedManduca ventral nerve cords by bath application of theopamine agonist, CDM,
at pupal stage P16, and then progressively maturesequency and precision until
adulthood. In earlier pupal stages no flight liketar patterns are induced neither by CDM
nor by the chloride channel blocker PTX. In our exments the absence of a rhythmic
motor pattern in early pupal stages could potdptia¢ caused by (i) the absence of the
pattern generating networks, (ii) the lack of octmine-receptors (OARS), or (i) a
possible inhibition of existing circuits, or by @mbination of the above. We can not
conclusively rule out any of these causes, butipusly published work on neuromuscular

development and the development of the octopamimeygtem favor the first hypothesis.

5.1 Neuromuscular development and the emergence of flight motor patterns

Adult flight motoneurons are born embryonicallynétion as fully differentiated
crawling motoneurons in the larval stage and becmmedeled during metamorphosis to
accommodate the requirements of adult flight (Cagaahd Camhi, 1976; Kammer and
Kinnamon, 1976; Rheuben and Kammer, 1980; Duch ,e2@00; Consoulas et al., 2000).
As shown in detail for the depressor flight motamwey MNS5, this remodeling is
accompanied by the retraction of larval dendrites larval synapse degradation during the
dismantling of the larval circuits (Duch and Ment2004), followed by the formation of
dendritic filopodia and two distinct phases of datnegrowth (Libersat and Duch, 2002)
and synaptogenesis (Evers et al., 2006) duringntiegration of the motoneurons into the
new adult networks. The adult dendritic structigeestablished at P16, exactly the stage
when fictive flight can first be elicited. This iiwdtes that flight motoneurons might not be
fully connected to the CPG network prior to P1éhaligh MN5 receives synaptic input
during all stages of postembryonic dendritic rentiode (Duch and Levine, 2000).
Moreover, calcium and potassium membrane currergsallered in MN5 between the
larval stage and pupal stage P12, the first timenM3DM evoked spiking in depressor
motoneurons. Somatic current injections induceoagbiotentials also during earlier stages
(Duch and Levine, 2000), but responsiveness tath@pamine agonist CDM is observed

after calcium and potassium currents are adult-likberefore, the maturation of
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motoneuron electrophysiological properties coresain time with the first motoneuron
responses to CDM application to the isolated véneeave cord.

Since interneurons of the central flight pattermegator remain unidentified, it is
not clear whether these undergo similar time caureé dendritic growth and
electrophysiological remodeling. However, dendrgiowth (Matheson and Levine, 1999)
and calcium current expression are controlled bega steroid signals which are present
at the same time for all neurons located in theotheracic ganglia. Therefore, it seems
reasonable to assume a comparable time course logenental events in flight
interneurons. The developmental times of in-groeftsensory axons and the formation of
their central arbors are not known in the flighsteyn. However, leg sensory neurons grow
and arborize in the CNS long before P12 (Conso@@80). Therefore, it seems unlikely
that the CPG circuit is fully connected prior to2Pdnd then triggered functional by the

arrival of sensory axons.

5.2 The development of fictive flight motor patterns

In this study the development of fictive flight motpatterns was described by
recording the activity of elevator and depressoitameurons after bath application of
CDM. A fictive flight pattern was observed in pugshges later than P16. Therefore, the
absence of fictive flight patterns prior to stageééRould be a consequence of either a lack
of OAR expression at earlier stages, or maskingroalready present CPG by inhibitory
mechanisms (see next chapter). First, CDM did effex spontaneous activity of depressor
motoneurons at P10 (increased number of spontarfg®Bs) and P12 (increased number
of spontaneous PSPs and action potentials). Theredfbleast some OARs must be present
in the pupal CNS prior to P16. Although no dataeapression of OARs are available in
Manduca, data fromDrosophila indicate that at least OAR mRNA transcript levate
present at early pupal stages and peak after 508ap! development (Hannan and Hall,
1996). Comparable stagesManduca are P8 to P10, but fictive flight can not be ineldic
by CDM until P16. Second, iManduca octopamine levels are regulated during pupal
development, and alterations in octopamine levetsy mmause changes of behavioral
activity (Awad et al., 1997; Bodnaryk, 1980). Levedf the enzyme that synthesizes
octopamine from tyramine, Bh (tyramine-3-hydroxylase), begin to rise from Pdrtd

increase until P18 (Lehman et al., 2000), sugggstime presence of endogenous
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octopamine prior to P16. This corresponds to CDFating spontaneous depressor MN
activity at P10, and eliciting fictive flight at B1These three findings make it unlikely that
the absence of fictive flight motor patterns ptmiP16 is caused by the absence of OARs.

However, the antagonistic elevator and depressstesys seem to develop with
different time courses. Subthreshold synaptic dredfirst spiking activities are seen in
depressor motoneurons as early as P10 (subthrg¢stiottd P12 (spiking), but elevator
motoneurons do not show any responses to CDM atiglic at these stages. Interestingly,
in a previous study, the depressor but not theagde¢ymotoneurons were strongly activated
by tyramine also suggesting differentiation betwtese two systems (Vierk et al., 2009).

Our results correspond to earlier findings in thethm Anthereae polyphemus,
where a flight-like pattern was detected by eleatrogram recordings (EMGs) from flight
muscles in pupal stages 3 days prior to ecdysis(ler and Rheuben, 1976). In this study
it is noted that similar flight-like-patterns couldso be recorded frorivianduca pupal
muscles. The development of muscular activity wharacterized by four phases: (1)
single and small muscle potentials occur irregy/afR) an increase in activity and
amplitude of muscle potentials, (3) more regulad avenly spaced potentials, and (4)
appearance of antagonistic units (Kammer and Rimub76). This agrees with our
findings from intracellular recordings where firghpatterned activity is observed in
depressor motoneurons, followed by rhythmic agtivih depressors motoneurons,
followed by coordinated alternating activity of depsor and elevator motoneurons.
Differences between the findings frofmthereae and Manduca may be explained by the
two completely different preparations: Kammer antietben (1976) made EMG-
recordings from intact pupae with all sensory festdbintact whereas in this preparation
isolated ventral nerve cords were used, thus, mvgaling the pattern solely produced by
the CPG. Interestingly, the muscle potentials réedrfrom pupal muscle do not lead to
contractions that are anywhere as powerful as thoserring during flight. Therefore, the
muscle fibers or/and the neuromuscular junctiony stdl be in a premature state and,
perhaps, both motoneuron and muscle firing mighdnebbe decoupled (Kammer and
Kinnamon, 1979).
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5.3 Does network inhibition occur at early pupal stages?

GABA is the major inhibitory transmitter in the ¢ead and peripheral nervous
system of invertebrates (Lunt, 1991). To test tgpokhesis that the flight producing
network is present and may be potentially capalblggemerating central flight motor
patterns but is inhibited in pupal stages befor@, R blocked important GABA-receptors
of invertebrates (Lunt, 1991). Application of PTtke most specific and effective receptor
antagonist for GABA-receptors (Bloomquist, 2003; Sattelle, 1990), itelet flight-like
motor patterns in quiescent isolated nerve cofdmdalts, of P18, and of P16, but not in
earlier pupal stages. This suggests that the fhghivork does not seem to be present and
functionally inhibited prior to P16 by GABAreceptors. In addition, it seems unlikely that
the motoneurons with retracted dendrites are cdaddo a functional flight network. This
finding contrasts those from hemimetabolous insestsere many central pattern
generating networks seem to be fully developedyeduting postembryonic life but are
suppressed until the final molt, e.g. stridulatshavior in crickets (Bentley and Hoy,
1970), grasshopper egg laying motor program (Thamps986) and flight motor program
in locusts (Stevenson and Kutsch, 1988). The fanati connectivity early in the
development of hemimetabolous insects differs ndiyki holometabolous insects where
the peripheral and central nervous systems undexgesubstantial postembryonic
reorganisation (Levine et al., 1986). However, \aa oot exclude a putative inhibitory
influence of GABAs-receptors, since it has been show that insect BIBts express these
receptors (Pinnock et al., 1988; Sattelle et &88), or other inhibitory compounds like
glycine. In other systems GABA plays a crucial riviehe development of motor patterns.
In the stomatogastric ganglion (STG) of crustasearsingle embryonic motor pattern
precedes the expression of the adult patterns $8agas and Meyrand, 1995), and
neuromodulatory inputs play an important role iis tthange (Le Feuvre et al., 2001). The
expression of the adult motor patterns is dependentGABA-signaling. If GABA-
synthesis is prevented in an adult animal, the esyeent rhythms produced by the STG
again resemble those of the embryo (Ducret et24lQ7). In the sea sluéplysia,
GABAergic inhibition also modulates the phasing antdng of motor patterns (Jing et al.,
2003). We find also some indication that GABA mag ibvolved in modulating the

relative timing of depressor and elevator unitsgasjng rather a functional role in
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shaping central motor pattern Manduca like in Aplysia than an instructive role for the

development of the central flight circuitry like tihe STG.

5.4 Maturation of motor patternsin different organisms

Amphibians and mammalian neonates possess rudimeiotans of future adult
behavior which undergoes a progressive maturatisingl development. The locomotory
rhythms of all vertebrates including mammals stath spontaneous activity in the spinal
cord (Hamburger and Balaban, 1963), and basic noitcuits are functioning early in the
embryo of chicks (Bekoff, 1992) or mice (Claraakt 2004). Progressive development of
locomotory patterns are characterized by changeggmental sensory input, descending
neuromodulatory pathways and intrinsic MN proper{f@ao and Ziskind-Conhaim, 1998).
In larval Xenopus a swimming pattern exists early in embryonic lifelependent from
sensory input (Kahn and Roberts, 1982a, b; Sitlat.e1991), and its maturation to a more
precise swimming pattern is caused by descendingronedulatory, for example
serotonergic input (McLean et al., 2000; Sillaakt 1998; Sillar et al., 1995). Interestingly
in further metamorphosis of the motor patternsaofdl (tadpoles) to adult frogs, the spinal
cord networks undergo profound changes under thealaf a variety of neuromodulators
among them serotonin, noradrenaline and nitric ®@XRlauscent et al., 2006; Sillar et al.,
2008).

In mammals, the respiratory networks develop anturaagrom birth on (Richter
and Spyer, 2001). First, there is a very good taiic;m between the changing
morphological and physiological properties of indival component neurons. Second,
network properties also undergo changes such aduction in the number of electrical
synapses or the availability of voltage-regulatedductances. Therefore, changes in both
single neuron and network properties are respan$iolthe maturation of the mammalian
respiratory network (maturational network-burstexdry; Richter and Spyer, 2001).

Holometabolous insects also undergo drastic chaingeshavior and body plan as
they transform from crawling larvae to walking ahgdng adults which seems to be under
control of ecdysteroids (Truman, 1996; Truman anddRord, 2007). In contrast,
hemimetabolous insects such as locusts demonsdati like functional connectivity
early in development comparable to vertebrate. Goetpto our findings, a “flight-like
pattern” was never observedMuanduca larvae nor was an adult-like flight pattern masked
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in the larva by GABAergic mechanisms. Rather, likethe STG, the adult flight-like
pattern appears during metamorphosis, but unlikinenSTG (Casasnovas and Meyrand,
1995) a transitional stage between a larval anda@dut pattern was never observed
suggesting that itManduca the networks for flight are only functional fromi® on. In
Manduca a progressive refinement of the motor pattern ctetween the pupal stages
P16 and the adult with a “spontaneous” start oft®ofl activity in depressor motoneurons

and then a gradual increase in precision of thenyumttern.
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7. Figures and Figure legends
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Fig. 1 a Retrograde staining (Neurobiotin and subsequeni.Cg3-Streptavidin) of the
mesothoracic nerve [IN1kdp) reveals the location and projection of four posHtic depressor
motoneurons (MN1-4) and one mesothoracic (MN5) esgor motoneuron, two smaller
prothoracic motoneurons and one mesothoracic ampaired median neuron. The section below
(a2) shows a retrograde tracing of nerve lIN4, whidntains the axons of two mesothoracic
elevator motoneurons and one ventral unpaired mede&uron.bl Simultaneous intracellular
recordings from one prothoracic depressor motome(upper trace) and extracellular recordings
of five depressor motoneurons from nerve |INfriod(lle trace) and from one elevator motoneuron
from one branch of nerve IIN4over trace) during pharmacologically induced fictive flighi2
Expanded time scale fronbX). A cycle period is defined from the beginning mfe depressor
burst to the beginning of the next orarrpw between grey dotted lines). Depressor-elevator
interval (latency) is indicated by anrow from grey dotted to black solid line.
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Fig. 2 CDM induced fictive motor patterns in isolated vescord preparations from adult
(@) and different pupal stages (P18, P16, P14, P1Q) B-f) of Manduca sexta. Thetop trace
always shows the elevator activity (elev), theldle trace shows the depressor activity (dep) and
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Chapter 2 42

meso N1 L

meso N2A L

1400 35 1,0

1200 30

“ ? il

1000

0 n=4

)

P

B
- 2
(2}
£, 800 5 2
= - 05
- » \
S e ® _
o Max %
8 400 2 0 03
'g 75% o ’
S Median >
o 200 25% o 5
© Min E
> =
) c

phase

L5 L5 L5

Fig. 3 Effect of CDM application (1® M) to an isolated nerve cord preparation of larval
stage 5 (L5)a-b Extracellular recording from mesothoracic nervéugper trace) shows among
many other motor units the activity of larval MNlifthervating dorsal body wall muscles (dorsal
external longitudinal - DEL, dorsal internal obl&@ - DIO2) and MNSs innervating intersegmental
body wall muscles. Simultaneous recording from ee?A of the same gangliotogver trace)
displays the activity of mesothoracic leg depreqsl@p) and flexor (flex) MNs. Thegrey box
indicates one cycle of alternating activity whishshown enlarged itb). In c-e Quantification of
cycle period of spiking activity in nerve t){ number of spikes per burst of activity in nefvél)
and phase of activity in nerve 2A relative to threset of activity in nerve 1 (onsets marked by
arrows in b) (e). Median values were obtained for 65 cycles ofrdpprations during CDM
application. Smallvhite bars indicate the median values, thieck boxes represent the 25 and the
75 quartile and therror bars indicate the range from minimum to maximum val(&=e inset in

C).



Chapter 2 43

a b
— * 130 o 12
i (3]
E 120| 1194 >
= 210  —
B 110 107.5 @ |
-2 600 —_ a
A Ra 93.5 2
o 0 —_— % 08
=4 z
= = I R
5400 pupa 18 pupa 18 adult 5 06 —— w*
2
|3 ns. ns. _@‘0'4
< 200 -
o 5] -
2 ? —— g 02 Ve
o L — .E 5%
.‘ﬂC:J‘L 0 n=5 n=4 n=7 n=8 n=10 = 0 Min
P12 P14 P16 P18 adult P12 P14 P16 P18 adult
stage stage
c d
100 1=
0.25
% o . 0.15
20 n.s. n.s. ,;i oS
- 2 S Ll 0.05
£ 80 o7 55 0 . 0. . 0
j— e 1] 05 1 0 05 1 0 0.5 1
S 70 phase
5}
= 05
5 60
©
= ']
[7) w n.s. n.s.
) 50 20.3
5 =%
2 =
g 40 %
a
[5)
< 30 T 0
P16 P18 adult stage pupa 16 pupa 18 adult stage

Fig. 4 Quantitative measurements of the following patfeatures of CDM induced motor
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Fig. 5 a-c Depressor-elevatorofen white squares, black line) and elevator-depressor
(black triangles, dotted line) latencies plotted as function of the depressalecperiod during
CDM induced fictive flight. Data points are valug®m a single representative preparation
(number of cycle periods are indicated in the upgeircorner).a Depressor-elevator latency and
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Fig. 7 Removing putative inhibition by bath applicatiohRTX (1 x 10> M) in different
developmental stagesa-d Extracellular recordings from elevatotog trace) and depressor
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Abstract

The biogenic amine octopamine modulates a variegpects of insect motor behavior,
including direct action on the flight central pattggenerator. A number of recent studies
demonstrate that tyramine, thimlogical precursor of octopamine, also affectsemebrate
locomotor behaviors, including insect flight. Hoveeyit is not clear whether the central
pattern generating networks are directly affectgthdth amines, octopamine and tyramine.
In this study, we tested whether tyramine affettedcentral pattern generator for flight in
the moth Manduca sexta. Fictive flight was induced in an isolated ventnatve cord
preparation by bath application of the octopamigensst, chlordimeform, to test potential
effects of tyramine on the flight central patteengrator by pharmacological
manipulations. The results demonstrate that octapabut not tyramine is sufficient to
induce fictive flight in the isolated ventral nereerd. During chlordimeform induced
fictive flight, bath application of tyramine sela@ly increases synaptic drive to depressor
motoneurons, increases the number of depress@ssgiking each cycle and decreases the
depressor phase. Conversely, blocking tyramineptece selectively reduces depressor
motoneuron activity, but does not affect cycle pgle elevator motoneuron spiking.
Therefore, octopamine and tyramine exert distiffeicés on the flight central pattern

generating network.
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Introduction

Rhythmic motor patterns such as breathing, walksmgmming and flying are
produced by central circuits that generate rhythpaitterns of activity even in the absence
of sensory feedback (Marder and Calabrese 1996jéMat al. 2005). Pioneering work on
locust flightset the stage for today's well accepted concepemtial pattergeneration by
demonstrating that rhythmic motor output cooddinduced by non-rhythmical stimulation
of the nerve cord withosensory feedback (Wilson 1961; 1966; Wilson and \Alyrh965;
Edwards 2006). The underlying networks are cepiterngenerators, which are found at
the heart of motor networks all animals (Kiehn and Kullander 2004; Grillretral.2005;
Marder et al. 2005) as has been confirmed by & latgnber of preparations that generate
‘fictive motor patterns’ when parts of the nervaystem are removed from the animal and
studiedin vitro. In the case of many invertebrate preparatioreselhictive motor patterns
resemble many features of the motor patterns geteby the behaving animal, thus
creating confidence that mechanisms studiedltro are relevant to the generation of
behavior (Marder et al. 2005), although sensorglieek is also important for the shaping
of motor patterns (Pearson 2004).

Neuromodulators play a major role in activating amablifyingcentral pattern
generator activity (Marder and Bucher 2001). Thetree releasef specific
neuromodulators or mixtures of different modulatas initiate distinct motor patterns
(Nusbaum et al. 2001 arly work in locusts has demonstrated that migeaiionof the
biogenic amine octopamine into distinct neurapifjions elicits either walking or flight
motor patterns in isolateantral nerve cords (Sombati and Hoyle 1984). Tl ledo the
"orchestration hypothesis” (Hoyle 1985), assumirarieuromodulator release into
specific neuropils configures distineural assemblies to produce coordinated network

activity. Monoaminebave also been assigned to aggression, motivat@hmoodn
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vertebrates and invertebrates (Baier et al. 200@yikzand Huber 2003; Stevenson et al.
2005; Popova 2006). Furthermospecific cognitive functions have been assigned to
monoamin&odes, such as that in flies octopamine mediatestéiye learnindut
dopamine mediates aversive learning (Schwaerzd! 2003; Riemensperger et al. 2005).
In mammals, dysfunctions monoamine neurotransmission are implicated ura@legical
disorders, including Parkinson's disease, schizopay anxietyand depression (Kobayashi
2001; Taylor et al. 2005 owever, recent work from areas as diverse asiiamik's
diseaséScholtissen et al. 2006) and invertebrate rhythaimwotor behaviosuggests that
the chemical codes producing specific motor behaxitputs are bouquets of different
amines rather than singlaes (Saraswati et al. 2004; Fox et al. 2006).recant study
genetic and pharmacological manipulation®nosophila have demonstrated that flight
motor output is affected by concerted interactiohthe biogenic amines octopamine and
tyramine, (Brembs et al. 2007).

Octopamine and tyramine are decarboxylapimducts of the amino acid tyrosine,
and tyramine is the biologicptecursor of octopamine, so that all octopaminengiarons
also contain tyramine. Octopamireeeptors are abundant throughout all organs eciss
(Roeder, 1999). Tyramine receptors have been cl(@Bledau and Baumann 2003) and
physiologicafunctions for tyramine have been demonstrated iliiphelinsect species
(McClung and Hirsi1999; Nagaya et al. 2002). In insect flight systemasopamine affects
central neuron excitabilifRamirez and Pearson 1991a; b), synaptic transoniggivans
andO'Shea 1979; Leitch et al. 2003), sensory semnsitiMathesor1997), hormone release
(Orchard et al. 1993), and muscle metabolistantel et al. 2003). Octopamine is also
known to act directly on the central pattern getwertor flight motor output, so that bath
application of octopamine, or octopamine agoniatsroduce fictive flight in isolated

insect ventral nerve cords in the absence of sgrisedback (Locust: Stevenson and
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Kutsch 1987; Duch and Pflueger 1998anduca: Claassen and Kammer 1986). Although
tyramine has been shown to affect flight motor genfance irDrosophila, it remains
unknown whether octopamine and tyramine affecedsifit aspects of central pattern
generation. IrDrosophila the ability for prolonged flight and the likelihddor take-off are
reduced in mutants lacking octopamine. These npedobrmance deficits can be rescued
either by substituting octopamine or by blockingatyine action, but flies lacking both
monoamines also show motor deficits (Brembs €2@0.7). G-protein coupled receptors
which are selectively activated by tyramine hawently been cloned iDrosophila
(Cazzamali et al. 2005), further suggesting tyraa@s neuromodulator with a unique
function. Here we make use of the ability to irgifictive flight motor output in the
isolated ventral nerve cord of the mathanduca sexta, by bath application of the
octopamine agonist chlordimeform (CDM, Duch andi@gler 1999) to test
pharmacologically whether octopamine and tyrameneehdifferential effects on the
central pattern generator for flight motor outgudr the first time we show direct evidence
for tyramine action on rhythmical motor output gexted in the isolated ventral nerve cord.
Furthermore, the data indicate that octopaminedaguetwork activity including

depressor and elevator activity, whereas tyramatectvely affects depressor activity,
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Methods

Animals

All experiments were performed on adMlanduca sexta of either sexes taken from a
laboratory culture maintained at the Free Univgr®erlin. Animals were maintained
under a 16 h light : 8 h dark period and were dseéxperiments 2 days after eclosion to

avoid age dependent variations.

Preparation

All recordings were made from isolated (deafferdhteentral nerve cords (brain,
subesophageal ganglion, pro- and mesothoracic igasgke Fig. 1a). Animals were
anesthetized by chilling on ice for 20 to 40 mirsubefore removing the wings and body
scales. Thereatfter, they were fixed in a sylgasth dopened along the dorsal midline and
superfused with cold saline containing (in mM): IM&CI; 5 KCI; 28 D-Glucose; 5 Hepes;
1 CaC¥; ph 7,4 (Trimmer and Weeks 1989). The ventral @e@wd was removed from the
animal, transferred into fresh saline and thengahtlown ventral side up in a sylgard dish.
The cut ends of lateral nerves were used for pgirixcept the nerves IIN1c and 1IN4,
were used for extracellular recordings (see Fi. Mlarve 1IN1c contains the axons of the
motoneurons (MN1-5) innervating the dorsal longmadi flight muscle 1 (DLM1) and two
additional axons of motoneurons innervating thelemBLM2. Nerve 1IN4 contains the
axon a motoneuron innervating the dorsal ventigifimuscle 1 (DVML1). For intracellular
recordings, the ganglionic sheath from the protticrand mesothoracic neuromeres was
removed mechanically by using a fine pair of foscéglowing a short treatment with

crystalline Protease (SIGMA P-5147).
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Intracellular recordings

Intracellular recordings from fore wing DLM motamens in the prothoracic
ganglion were obtained with thin-walled borosileglass electrodes with a resistance
between 20 - 30 KA. The electrode tips were filled with a solution78b Neurobiotin
(Vectorlabs) and Rhodamine Dextran (Molecular PspbN 3000) in 2M potassium-
acetate. Motoneurons were identified by simultasesuction electrode recordings from
their axons in nerve IIN1c. Orthodromic and antidio stimulation was used for
identification. Recordings were conducted with atoélamp 2A (Molecular Devices)
amplifier in bridge mode, digitized with a digidata00 (Molecular Devices) at a sampling

rate of 10 kHz, and viewed and analyzed with PCl&mspftware (Molecular Devices).

Extracellular recordings

Extracellular recordings were made with salinee@lisuction-electrodes (custom-
made) made from glass microelectrodes and polyatieyiubing. Signals were amplified
100- fold with extracellular amplifiers (Grass P§5Recordings were made from
mesothoracic nerves (Fig. 1a) containing the axdunlepressor motoneurons (nerve
[IN1c) and one elevator motoneuron (one brancheofen [IN4). Recordings were digitized

at a sampling rate of 10 kHz.

Fictive flight

Fictive flight motor patterns were induced by bagiplication of the octopamine receptor
agonist chlordimeform (CDM) (Riedel-de Haen) dissal in saline (18 M). Flight
activity was registered by 2 extracelluar electrogtrding from mesothoracic nerves
[IN1c (depressor activity) and IIN4 (elevator adiy combined with an intracellular

recording from one of the four prothoracic fore gvotepressor motoneurons (Fig 1b).
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Epinastine, a highly specific and selective antéjdor insect neuronal octopamine
receptors ( Roeder et al. 1998; Degen et al. 20083,bath applied at a concentration of
10° M. Tyramine (Sigma-Aldrich) and yohimbine (Sigma)tyramine receptor antagonist
were bath applied at concentrations of Min saline. All solutions were continuously
perfused by using a 4-tube gravity perfusion sygt&bA BPS-4). Amine injections
directly intoManduca mesothoracic ganglia have proven to be effectivvacentrations
as low as 18M (Kinnamon et al. 1984; Claassen and Kammer 1986)vever, bath
application requires the chemicals to pass thelgamng sheath, so that higher
concentrations have to be applied. We have nadedifferent concentrations of CDM,
tyramine and yohimbine, but instead used conceotrmivhich have previously been
reported to successfully induce fictive flight ither insect preparations (Duch and

Pflueger 1999).

Data analysis

Due to the fact that pharmacological manipulatiohthe tyraminergic system affected
mainly depressor motoneuron activity, rhythmicaltongattern analyses were conducted
with respect to elevator activity. Therefore, cyptriod was defined as the duration
between the onsets of subsequent elevator burdet@snined by extracellular recordings
from nerve IIN4 (Figs 1a, b). Elevator-depresstoenval was defined as the duration
between the onset of elevator activity and the ofsthe corresponding depressor activity.
Phase was defined as quotient of elevator-depressoval over elevator cycle period.
Each fictive flight bout analyzed comprised at t&2 seconds of continuous motor
patterns.

Phase histograms (Fig. 4f) were plotted as depressivity in relation to elevator

cycle period. Elevator cycle period was dividea 00 bins of equal durations, and
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depressor spikes were counted cumulatively integhens. Linear regression analysis was
used to determine the relationship between elexddpressor or depressor-elevator
interval and the duration of elevator cycle pefibi). 5). The correlation coefficient (r)

was calculated in MS Excel.

Cross correlation histograms were centered ardumdirst spike event on the
reference time series (depressor spikes). The mwes of spikes at different time
intervals around the reference spike were coumied400 bins of 5 ms width,
corresponding to a time window of plus and mingedond around each depressor spike.
Then the histogram was centered around the nexéstepr spike and counting into bins
was repeated. This process was repeated for eepressor spike of the flight bout (30
seconds duration in total). The histograms werennamnalized but present total event
counts.

Statisticswere conducted with the program Statistica "99t§8fg Inc.). One-way
ANOVA with Tukey HSD-test (honest significant difference-test) wasdito test for

statistical differences between multiple groups.

Results

Fictive flight can be released by chlordimeform and blocked by epinastine

Before bath application of the octopamine agonBMo the isolated ventral nerve cord
of Manduca sexta (Fig. 1) it was kept in saline and did not show apontaneous activity
in the nerves supplying elevator or depressor negqElig. 2a). In addition, very little
synaptic activity and no subthreshold membrandlasons were recorded intracellularly
from a depressor motorneuron. However, 5 to 10 tesafter bath application of CDM

rhythmical motor output was observed with stri@liernating activity between
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motoneurons supplying antagonistic muscles, ievatbrs and depressors (Fig. 2b). The
rhythmicity of alternating depressor and elevatotan activity occurring after CDM
application closely resembles that observed dutiglgt motor behavior of the intact
animal ( Kammer 1967; Claassen and Kammer 198@&ntuDaniel 2004), and is very
different from other centrally generated motor\dttisuch as walking (Johnston and
Levine 2002). We, therefore, consider this motgthim as fictive flight activity. During
normal flight all 5 depressor motoneurons innengthe dorsal longitudinal flight muscle
should fire once per wing beat cycle during therdsgor phase. We can not
unambiguously determine whether all 5 DLM depressotoneurons are activated during
every depressor phase during CDM induced fictiightl However, the following
observations indicate that this may be the casst, Belective enlargements of the
depressor spikes recorded extracellularly from e@érduring CDM induced fictive flight
reveal a compound extracellular spike during eagressor phase which contains several
distinct amplitudes which can clearly be distingped (Fig. 2bi). The smaller amplitudes
can be identified form cycle period to cycle periathereas the larger amplitude spikes
vary in amplitude and shape from cycle period tdeperiod (Fig. 2bi), indicating the
summation of two or more extracellularly recordddvMDmotoneuron spikes occurring
nearly simultaneously. Second, intracellular recaysl from individual DLM flight
motoneurons reveal nearly always one spike peredspr phase (see Fig. 4d). However,
we have not tested whether some DLM motoneuronsfaiktyp spike during some cycle
periods.

Fictive flight activity as induced by bath applicet of CDM to the deafferented
ventral nerve cord can be blocked by bath appboadf the octopamine receptor
antagonist epinastine (Roeder et al. 1998). Figarghows a representative example where

the fictive flight rhythm established after CDM batpplication (Fig. 2§ is partially
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blocked 15 minutes after (Fig.;d@and then fully blocked 45 minutes (Fig;Rafter bath
application of epinastine. Pharmacological blockafdectopamine receptors causes

rhythmical motor output in depressor and in elevatotoneurons to cease.

Both tyramine and yohimbine differentially affect the fictive flight rhythm

To test whether tyramine exerts specific effectshanfictive flight rhythm in an
isolatedManduca ventral nerve cord, we induced the fictive flighythm by bath
application of CDM (Fig. 3a) followed by bath apaition of tyramine (I1®M in saline,
Fig. 3b). A profound influence was observed on depor motoneurons (Fig. 3b). The
extracellular record from the respective nerve atvan increased number of depressor
spikes as compared to that observed under CDMewtdgintaining the rhythmicity and
strict alternation with respect to elevator acyiviDuring CDM induced fictive flight
several small and a few large spike amplitudes wbserved in the extracellular
recordings suggesting that, most likely, all 5 @sgor motoneurons innervating the DLM
flight muscle are active with some of them moréess simultaneously (Figs. 2bi, 3a). In
contrast, during tyramine application large amplisi of depressor action potentials were
predominant in the extracellulr recording. It waticult, however, to decide from
extracellular recordings whether individual depoesaotoneurons fired more action
potentials per cycle in the presence of tyramimeyteether spike time precision of
depressor motoneurons was reduced, so that thBauoh the depressor burst was
increased without increasing the numbers of agimtentials produced by a single
depressor neuron. In this case, different depresstoneuron action potentials would
become separated in the extracellular recordingjwaould not be partially superimposed
on each other in a compound spike, as observe®M @duced fictive flight. However,

some extracellularly recorded depressor burstslglsaow more than 5 DLM motoneuron
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spikes per depressor burst, indicating that at le@s DLM motoneuron fired more than
one action potential following bath applicationtgfamine. Simultaneous intracellular
recordings of depressor motoneurons reveal thagaru@®M an individual depressor
motoneuron receives an oscillatory synaptic drinag teads to a sharp rise of the
membrane potential and a spike (Fig. 3a, loweedda the presence of tyramine,
however, we observed an increase in the amplitéitleecsynaptic oscillatory drive which
may cause a decrease in spike time precision 8bigower trace). In addition, dual spikes
were riding on top of the large membrane oscillaidy contrast, elevator motoneuron
activity was not affected by bath application afiyine, because the elevator motoneuron
continued to fire rhythmically with one spike perclke although with a slightly longer
cycle period. This indicated that tyramine selesinincreased the amplitude and also the
duration of the synaptic drive to depressor motooesispecifically, leaving the elevator
motoneurons more or less unaffected (Figs. 3a aogger traces).

In a complementary series of experiments the tynameceptor blocker yohimbine
(10° M in saline) was applied to CDM induced fictivigfit preparations. Again the
elevator motoneurons were hardly affected and oaoat to fire rhythmically (Fig. 3c,
upper trace). In contrast, rhythmicity in the deys@ motoneurons was lost and many
depressor motoneurons did not fire at all (Fig.r8icidle and lower trace). Intracellular
recordings from a depressor motoneuron reveala@ditiabthreshold oscillatory drive was
still present, but depressor spike failures occlidering multiple elevator periods, and
single depressor spikes occurred only every seoofturd cycle period. The sporadic
spiking of depressor motoneurons was less tigltthpted to the elevator rhythm (Fig. 3c)

than in CDM-induced fictive flight coupled to thkeeator rhythm (Fig. 3a, lower trace).
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Quantitative analysis of the effects of tyramine and yohimbine on fictive flight

Figures 4 to 6 provide quantitative measuremerdsaaialyses of the recorded
fictive flight patterns. Figure 4a shows that CD&liaibly induced fictive flight patterns
with a constant average period over 200 cycleaningiven CDM induced fictive flight
bout that consisted of more than 200 consecutigkeqeriods, the average period of the
first 100 cycles was not statistically differerrin the average period of the last 100 cycles.
Therefore, the effects of bath application of aittyeamine or yohimbine on CDM induced
fictive flight patterns can be evaluated by compg100 cycle periods in the presence of
CDM alone with subsequent 100 cycle periods foltayhe additional bath application of
tyramine or yohimbine. Elevator cycle period, meadiufrom the onset of one elevator
burst to the next, is similar in CDM induced fiaiflight and in CDM induced fictive flight
with subsequent bath application of tyramine (Big). By contrast, bath application of
yohimbine elongated the average elevator cyclegend increased the cycle to cycle
variability (Fig. 4b). Median cycle period is sifjnantly increased by yohimbine but not
altered by tyramine (Fig. 4c). However, both tyraenand yohimbine treatment caused an
increase in the variability of the elevator cycéipd (Fig. 4c).

During CDM induced fictive flight, depressor motomens fire precisely once per
cycle period (Fig. 4d). Yohimbine reduces this nemdignificantly (to approximately 0.5)
which accounts for the fact that frequent spikkufas are observed (Fig. 4d, compare also
Fig. 3c). In contrast, a highly significant increas the number of depressor spikes was
induced by the application of tyramine (to apprbX, Fig. 4d). Calculating the occurrence
of the depressor spikes in relation to the cycleopaeveals no difference between CDM-
induced fictive flight and that under yohimbinelugnce, although in the latter the
variability is increased (Fig. 4e). By contrasg @pplication of tyramine significantly

reduced the phase of the depressor motoneuronsA@igPlotting a total of 200 elevator
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depressor spikes from one representative fictigatflbout as a function of phase confirms
the tight regulation of the phase around 0.5 in CiMduced fictive flight (Fig. 4f). Most
depressor spikes occur precisely at phase 0.%edldvator cycle period. In 12 CDM
treated animals mean depressor phases, as me&su2e0 cycles in each animal, ranged
between 0.48 £ 0.02 and 0.57 £ 0.03. The averageedsor phase between these 12
animals was 0.518 + 0.046. After addition of theatgine receptor blocker yohimbine to
the bath the depressor phase is slightly long#rignanimal (Fig. 4§). The peak occurrence
of depressor spike lies at phase 0.6 (Fig. @fid is similarly tightly regulated as in CDM
induced fictive flight (Fig. 4f). In 6 yohimbine treated animals mean depressasgs) as
measured for 200 cycles in each animal, rangedds#t®.36 £ 0.1 and 0.76 + 0.13. The
average depressor phase between these 6 animals5sast 0.163. The mean depressor
phase is not statistically different in CDM indudedive flight and in CDM induced

fictive flight with subsequent yohimbine treatmeoif the variation of depressor phases
within each animal and between animals is largénénpresence of yohimbine. By
contrast, depressor phases are significantly shamie less tightly regulated after tyramine
bath application (Fig. 4. In 6 tyramine treated animals mean depresssgsas
measured for 200 cycles in each animal, rangeddsst\®.11 + 0.4 and 0.38 + 0.07. The
average depressor phase between these 6 animals298st 0.1.

To test whether alterations in cycle period durati@re caused by changes in the
elevator/depressor interval, by changes in theassjor/elevator interval, or by both, the
intervals were plotted over elevator cycle periodrandomly selected flight bouts from
representative animals (Fig. 5). In CDM-inducedive flight (Fig. 5a) the cycle period
ranged between 75 and 90 ms (Fig 5a, x-axis). G¥saimgperiod correlated with changes
in both the elevator/depressor interval (correfatioefficient, 0.63) and the

depressor/elevator interval (correlation coeffitj€n60). After bath application of the
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tyramine receptor blocker, yohimbine, cycle pemgations increased to range from 100
to 140 ms (Fig. 5b). However, changes in cycle tilmacorrelated with changes in the
depressor/elevator interval (r = 0.54) and withdleyator/depressor interval (r = 0.32; Fig.
5b). After bath application of tyramine the duratmf elevator cycle periods ranged from
85 to 105 ms (Fig. 5c¢), and correlated with changeise elevator/depressor interval (r =
0.53, whereas the duration of the depressor/elevwgtrval remained largely unaffected (r
= 0.04).

Cross-correlations between depressor and elespikes were used to compare the
precision of rhythmicity in CDM induced fictive §lht motor output before and after bath
application of either yohimbine of tyramine (Fig. Representative simultaneous
extracellular recordings of the elevator and degpemotoneurons show regular
rhythmical motor output with alternating elevatodadepressor activity and a cross-
correlation analysis confirming this alternatingttimical activity over 244 cycles. Cross
correlation histograms contained 200 bins, eacLBims wide, to cover time lags from -1
to +1 seconds around each depressor spike (seedsgthn theross correlograms (Fig.
6), the lack of spike counts around O seconds dstraied strict alternation of depressor
and elevator spikes. The occurrence of periodi&paad troughsccurring approximately
every 80 ms demonstrated periodic clusteahgpikes at a cycle frequency of roughly 12
Hz in CDM induced fictive flight (Figs. 6a, b). At bath application of the tyramine
receptor blocker yohimbine to the same preparatiepressor spiking activity was
markedly reduced, and elevator cycle period wasediodown (Fig. 6ai). Cross-correlation
analysis demonstrated that the remaining depregsioes still occurred in strict alternation
to elevator spikes (Fig. 6ai, no counts around nd°eriodic peaks and troughscurring
approximately every 125 ms demonstrated periodistetingof spikes at a cycle

frequency of roughly 8 Hz, indicating that rhythadienotor output remained after
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yohimbine addition for a large number of cycles=(b49). However, spike counts in
troughs were never 0, demonstrating that periogdafimotor output was less organized
after bath application of yohimbine (Fig. 6ai) asnpared to CDM (Fig. 6a). If period
remained constant over multiple cycle periods gthrimical motor output, and strict
alternation occurred between peaks and troughsitsdor elevator spikes would be zero
in multiple troughs around each depressor spikginflar representative experiment and
cross correlation analysis is shown for bath apgibn of tyramine to a preparation in
which fictive flight motor output was induced by ®IFig. 6b). Cross-correlation
demonstrated the same strict alternation of depres®l elevator spikes and periodicity for
CDM induced fictive flight as shown in figure 6aati application of tyramine caused the
occurrence of additional depressor spikes, butsecosrelation analysis indicated that
antagonist alternation was not affected and peritydivas affected only mildly (Fig. 6bi).
Periodic peaks and trougbscurring approximately every 100 ms demonstragztbgic
clusteringof spikes at a cycle frequency of roughly 10 Hze Tontrast between peaks and
troughs was slightly lower after bath applicatidriypamine (Fig. 6bi) as compared to

CDM induced fictive flight (Fig. 6b).

Discussion

A number of studies have demonstrated that tyramésepronounced effects on
invertebrate locomotor behavior. For examplepsophila crawling (Saraswati et al. 2004;
Fox et al. 2006) and flight motor performance (Bbsnat al. 2007) are affected by
octopamine and tyramine. Furthermore, a study uswigine decarboxylase and tyramine
S-hydroxylase mutations i8. elegans has provided evidence that octopamine and

tyramine play distinct roles in egg laying and lowdor behaviors (Alkema et al. 2005). In
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honey bees, changes in octopamine and tyraminésleggelate with shifts in cast related
motor behaviors, such as nurse bees taking cahedirood, and foraging bees (Harris
and Woodring 1992; Bozic and Woodring 1998; Wagéth@me et al. 1999; Schulz and
Robinson 2001). Specific receptors for either oatojme or tyramine have been cloned
from Drosophila (Cazzamali et al. 2005) and from the honey been®l and Baumann
2001; Blenau and Baumann 2003), further suggesiistgct functions of both amines for
behavior. However, to the best of our knowledgedtffiects of tyramine on motor output
from a central pattern generator have not beerstigated.

The results of this study confirm the finding tbatopamine acts on the central
pattern generator producing flight motor outputhia ventral ganglia dflanduca sexta
(Claassen and Kammer 1986). This is in accordartteearlier studies in multiple insect
species which have demonstrated (Sombati and H®@34d; Stevenson and Kutsch 1987;
Duch and Pflueger 1999) that octopamine is sufiicie induce fictive flight motor output
in the isolated ventral nerve cord. However, amestudy shows that acetylcholine rather
than octopamine may be the natural transmittendace flight motor output in the locust,
and that octopamine plays a solely modulatory (Blehl et al. 2008). This agrees with
data inDrosophila demonstrating that flies lacking tyramine betarbygllase and thus
octopamine, as well as flies with targeted geraiation of all octopaminergic neurons
can still fly but show flight performance defic{8rembs et al. 2007).

However, our data demonstrate for the first tined tiramine exerts also specific
effects on the flight central pattern generator dhtopamine agonist CDM is sufficient to
induce fictive flight motor output in the isolatedntral nerve cord in the absence of
sensory feedback, and tyramine selectively affiextor output from the wing depressor
motoneurons without affecting output from the etevanotoneurons. Activation of

tyramine receptors by tyramine bath applicatiomeases depressor spiking output,
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whereas tyramine receptor blockade by bath appicatf yohimbine inhibits depressor
motoneuron spiking output. In addition to depresgike failures, tyramine receptor
blockade slows down the cycle period of fictivglffti and reduces accuracy of the
rhythmicity. This suggests that tyramine receptoight support the amplitude and the
precision of synaptic drive to depressor motonesirdhe specificity of yohimbine as an
antagonist at tyramine receptors has previousin bdeenonstrated (Saudou et al. 1990;
Vanden Broeck et al. 1995; Ohta et al. 2003). Hergvath application of tyramine alone
to the isolated ventral nerve cord was not sufficte induce spiking output from depressor
motoneurons, but tyramine affected depressor naattiput only during ongoing CDM
induced fictive flight. This is in contrast to Iats, where tyramine was even more
effective in releasing a fictive flight pattern thactopamine (Buhl et al. 2008). Therefore,
we conclude that iManduca tyramine modulates depressor network output onhnd
ongoing flight motor patterns. However, we havetested whether tyramine acted

directly on the excitability of depressor motonewgan the absence of CDM.

Possible sites of tyramine action during fictive flight

Octopamine and tyramine act via G-protein coupésgptors expressed on the surface of
the responsive celldor recent reviews see: Blenau and Baumann 20&has and
Baumann 2003; Evans and Maqueira 2005). To thedbestr knowledge direct actions of
tyramine on any of the components of insect ceplagtern generators have not been
demonstrated so far. By contrast, direct actionsctdpamine on the membrane properties
of flight interneurons have been demonstrated ¢adts (Ramirez and Pearson 1991a).
There, octopamine increases the excitatory respainslevator motoneurons to stimulation
of the hindwing tegula afferents. This is causepart by the occurrence of octopamine-

induced plateau potentials in elevator interneurnnesponse to synaptic input from the
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hindwing tegula or in response to current injectiorto elevator interneurons (Ramirez
and Pearson 1991b). Interestingly, we find thaflamduca tyramine acts primarily on
depressor motor output, suggesting that each |&hvater and the depressor circuitry of the
insect flight central pattern generator, are selelst affected by one of both amines.
Intracellular recordings from a depressor motonewstaggest that bath application of
tyramine during ongoing CDM induced fictive fligahhances excitatory synaptic drive,
because in general, cycle by cycle depolarizatstwasv larger amplitudes and durations in
the presence of tyramine (see Fig. 3). This resulés increased number of depressor
motoneuron spikes per cycle as revealed by extwaetecordings form nerve 1 (Figs. 3b,
4a-c, 6bi) which contains the axons of all 5 deppesnotoneurons innervating the dorsal
longitudinal flight muscle (DLM). By contrast, badipplication of the tyramine receptor
antagonist, yohimbine, indicate slight decreaséberamplitudes of cycle by cycle
depolarizations and causes depressor motoneurka fgpiures during ongoing CDM
induced fictive flight bouts.

Increased excitatory drive to depressor motoneupgrigramine during fictive
flight could be caused by two mechanisms. Firsgrtyne might act directly on the
membrane properties of depressor interneurons.n8etgramine might increase the
efficacy of synaptic transmission between depresgerneurons and depressor
motoneurons. Both, aminergic modulation of the memé properties of flight
interneurons (Ramirez and Pearson 1991a; b) andasynaptic transmission in the flight
circuitry (Leitch et al. 2003) have been demonstiah locust. However, this study lacks a
rigorous quantitative analysis of the effects ofitgine on the magnitude of excitatory
synaptic drive to depressor motoneurons or on dspranotoneuron excitability.
Therefore, we can not exclude direct effects cdrtyine on the membrane properties of

depressor motoneurons. In addition, we can notladeavhere in the central flight
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circuitry tyramine might exert its effects, but degsor synapses between pre-motor
depressor interneurons and depressor motoneurensgeod candidates for future studies.
However, flight interneurons have not been idesdifin Manduca so far, and thus, the

locust might be a better suited model for furthad&s on the sites of tyramine action.

Possible mechanisms of tyramine action during fictive flight

Tyramine receptor has been clonedmosophila and characterized in two
heterologous expression systems, CHO cellsXandpus oocytes (Cazzamali et al. 2005).
These data showed that tyramine activation causledim release from internal stores,
which in turn activated calcium dependent chlogtlannels in the cell membranes of
oocytes. These data indicate that tyramine receptme coupled to a Gq protein
(Cazzamali et al. 2005). However, other studiegsstgd that tyramine was more potent
than octopamine at mediating inhibition of adenglytlase (Chatwin et al. 2003; Mustard
et al. 2005). IBombyx mori, alepidopteran species closely related kdanduca sexta, a
cDNA was isolated encoding a putative tyramine pemethat was also negatively coupled
to adenylyl cyclase when expressed in HEK-293 ¢€lista et al. 2003). Although this
makes cAMP levels a likely target for bath applmatof tyramine during fictive flight,
activation of a Gq protein is an alternative podiyb Either way, it remains unclear what
the resulting actions on neuronal excitability ntigh, as both pathways could potentially
modulate a number of ionic currents or receptongr@fore, we can not make conclusions

about the intracellular mechanisms by which tyraammght affect fictive flight.

Possible source of tyramine release during real flight
Despite the clear effects of pharmacological atidn or blockade of tyramine receptors

during CDM induced fictive flight, it remains an@pquestion whether tyramine is used as
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an endogenous modulator of motor output duringftiggit. The most prominent
population of octopaminergic neurons in insectgitesracic ganglia are dorsal or ventral
unpaired median (DUM or VUM) neurons (Pfluegerletl893; Pflueger 1999). Since
tyramine is the biologicadrecursor of octopamine, octopaminergic unpairediame(UM)
neurons also contain tyramine (Monastrioti et 8P3; Nagaya 2002; Kononenko et al.
2008; Lange 2008). Therefore, one source of tyramiay actually be release from
“octopaminergic” UM-cells. Despite this possibililjtrastructural studies on the dendrites
of UM neurons have shown predominantly input syeafsit no clear output synapses
except a few vesicles in the state of exocytodisi¢Ber and Watson 1995). However, in
contrast to locusts where the UM-neurons supplwimg elevator and depressor muscles
are inhibited during flight (Duch and Pflueger 19%bme of the UM-neurons supplying
similar muscles itManduca are active during flight and, thus, could theaaty be a
source of both octopamine and/or tyramine (Vieripublished observations). In addition,
in the locust cells and fibers within the conneesivand within each segmental ganglion
have been identified that only label by a tyramaméibody and, therefore, have to be
regarded as “pure” tyraminergic. Similar celldManduca could be another source of

tyramine.
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Figurelegends

Figure 1. (a) Schematic ventral view of the isolated adehtval nerve cord preparation,
consisting of the brain, subesophageal ganglioG)Sprothoracic, mesothoracic,
metathoracic ganglion and fused first 3 abdomimalglja. The locations and axonal
projections of the depressor motoneurons, MN1-® glevator motoneurons, MN1-2, and a
ventral unpaired median neuron are indicated. Ebewvaotoneurons are recorded
extracellularly from the root of nerve 1IN4, andotlessor motoneurons are recorded either
extracellularly from nerve ll1c or intracellulanyith a sharp electrode. (b1) Simultaneous
extracellular recordings from elevator motoneurfvas mesothoracic nerve [IN4 (upper
trace), depressor motoneurons from nerve IIN1c diritrace), and intracellular recording
from a fore wing depressor motoneuron (lower traleeg)ng pharmacologically induced
fictive flight. (b2) Expanded time scale from (b&)cycle period is defined from the
beginning of one elevator burst to the beginninthefnext one (see arrow between dotted
lines). Elevator-depressor interval is indicateddbyted lines and arrow. (c) Schematic
longitudinal section through thheead and thorax illustrates the location of relévan
mesothoracic indirect flight muscles. The venteve cord is indicated in grey (modified

after Eaton, 1988).

Figure 2. CDM-induced fictive flight motor patterns in treolated nerve cord preparation
of Manduca sexta. (a) Extracellular recordings from elevator (fréil4, top trace) and
depressor motoneurons (from IIN1c, middle trace) iatracellular recording (bottom
trace) of a fore wing depressor motoneuron in salin) Same recordings as in (a) 20
minutes after bath application of CDM (1M). The grey box indicates two cycles which

are selectively enlarged in (bi). (c) Representativample of CDM induced fictive flight
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patterns recorded extracellularly from elevatop (i@ce) and depressor motoneurons
(middle trace), and intracellularly from a depressotoneuron (bottom trace). CDM
induced fictive after 15 minutes (ci) and after(db) minutes of bath application of the

octopamine receptor blocker epinastine.

Figure 3. Effect of tyramine on CDM induced fictive flighta) Extracellular recordings
from elevator (from [IN4, top trace) and depressatoneurons (from IIN1c, middle trace)
and intracellular recording of a fore wing depressaotoneuron (bottom trace) after bath
application of CDM (18 M). (b) Same recording as in (a) after additidveth application
of tyramine (1 M). (c) Different preparation with recordings fratre same identified
neurons as in (a) and (b). Fictive flight was inglliby bath application of CDM and
subsequently, preparations were superfused wittythenine receptor antagonist
yohimbine (10 M). Grey boxes depict one cycle period during e@giesentative flight

bout.

Figure 4. Quantitative parameters of CDM induced fictivglfii before and after
manipulations of the tyraminergic system. (a) Etevaycle period plotted over 200
consecutive cycles of representative CDM inducetive flight bouts from 12 different
animals (grey lines). The black line shows the agercycle periods of these 12 animals.
Error bars represent standard deviation. (b) Corspaiof average elevator cycle period
over 100 consecutive cycle periods from CDM induiietive flight bouts of 12 different
animals (black line), from CDM induced fictive fligbouts with subsequent addition of
tyramine of 6 different animals (dark grey linendarom CDM induced fictive flight bouts
with subsequent addition of yohimbine from 6 diéier animals (light grey line). In (c) to

(e) median values were obtained for 100 cyclesodsrof 12 preparations with bath
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application of CDM, and 6 preparations each withsequent bath application of either
yohimbine or tyramine. White lines indicate the ma@d, black boxes represent the 25 and
the 75 quartiles, and error bars indicate the mimmand maximum values (see inset a).
For statistical analysis, average values were Gk for 200 cycles per animal within
each group. Statistical significance is indicatgasterisks, * p < 0.05, ** p < 0.005, one-
way ANOVA, posthoc Tukey HSD-test. (c) Durationedévator cycle period in the three
groups. (d) Comparison of the number of depregsi@es per cycle period in the three
groups. (e) Comparison of elevator-depressor pleagonship between the three groups.
(f1-f3) Phase histograms of representative recgsdafiter CDM application (f1, data from
consecutive 300 cycle periods), CDM applicatiorhvgitibsequent yohimbine application
(f2, data from 200 consecutive cycle periods), thwubsequent tyramine application (f3,
data from 200 consecutive cycle periods). Numbédepressor spikes with relation to the

elevator cycle (x — axis) are counted (numbers erayis) into bins of 0.01.

Figure5. Elevator/depressor and depressor/elevator lateptoégd as function of

elevator cycle period. Data points are values feimgle representative preparations
(number of cycle periods are indicated in the uppgtt corners). (a) Depressor/elevator
(dep-elev, open white squares, black line) andatteXdepressor interval (elev-dep, black
triangles, dotted line) are plotted over elevasaie period in CDM induced fictive flight
(correlation coefficients, 0.63 and 0.60 respetyivie < 0.05). (b) Same analysis after bath
application of the tyramine receptor blocker yohimneb Alterations in cycle period
correlated with changes in the depressor/elevaterval (open white squares, black line,
correlation coefficient, 0.54; p < 0.05) and witiaages in the elevator/depressor interval
(filled black triangles, dotted line, correlatiooetficient, 0.32; p < 0.05). (c) After bath

application of tyramine elevator changes in cy@eqa correlated with changes in the
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elevator depressor interval (correlation coeffiti@nb3; p < 0.05), but not with changes in

the depressor elevator interval (correlation cogdfit, 0.04; p < 0.05).

Figure 6. Rhythmicity and precision of alternating elevadod depressor activity. (a)
Representative example of alternating elevatordmpiiessor motoneuron activity during
CDM induced fictive flight. Cross correlation betsveelevator and depressor spikes from
30 consecutive seconds of this flight bout is shtetow (bin size = 10ms, 200 bins, +/- 1
second displayed in cross-correlation diagram).Rath application of yohimbine to the
same preparation. (b) Alternating elevator and elegor spiking activity (extracellular

recordings) after application of CDM (b) and asebsequent application of tyramine (bi).
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A direct effect of octopamine (OA) on the CPG ftight is to induce plateau
potentials and bursting in flight related interrens , similar to what has been shown in
the locust (Ramirez and Pearson, 1991a, b). Thadréemdy described in chapter 2 and 3.
Chlordimeform (CDM) as OA receptor agonist reliabhduces fictive flight motor
patterns in isolatelanduca ventral nerve cords in the absence of any serfeegback.

In addition, our results suggest that tyramine,ghexursor of OA, has a differential effect
on central pattern generation compared to OA, atdat by effects on the depressor
systems but not the elevator systems (Vierk @9, chapter 3).

Octopamine and tyramine are released peripheraiiy flarge, efferent unpaired
median (UM) neurons possessing unique morphologibaracteristics. These types of
neurons are situated ventrally YW neuron) or dorsally (DM neuron) along the
ganglionic midline and their distinct primary nearibifurcates into two bilaterally
symmetrical axons making these neurons easily ift@sie. In locusts, unpaired median
neurons form groups of anatomically defined sules$ypaccording through which
peripheral nerves they send their axons to theiipperal targets (Duch et al., 1999;
Stevenson and Sporhase-Eichmann, 1995; Watson, ).19&dditionally, a
recruitment/inhibition of specific subpopulationt tbese neurons during specific motor
patterns (Baudoux and Burrows, 1998; Baudoux etl8B8; Burrows and Pfluger, 1995;
Duch et al., 1999) was described. This indicates tthese neurons are coupled to different
functional tasks.For example, during locust jumping only those DUMurons are
activated which innervate leg muscles, in paratiehe activity of leg muscle motoneurons
whereas others such as DUM neurons to wing museckeither inhibited or unaffected
(Burrows and Pfluger, 1995). During locust flighU®l neurons which innervate wing
muscles are inhibited and those innervating legategsare activated (Duch and Pfluger,
1999), reflecting such a differential inhibitionctevation. These results suggest to
appropriately adapt muscle contractile properntespecific behavioral tasks (Burrows
and Pfluger, 1995; Evans and O'Shea, 1977; O"Shed&aans, 1979) and to provide a
potent link between neuronal activity and muscléaielism (Mentel et al., 2003).

Most results on DUM neuron activity were obtainadring locust kicking and
flight, or stick insect walking (Mentel et al. 2008but much less is known for
holometabolous insects suchManduca. They possess similar unpaired median neurons
which are activated during fictive crawling (Jolorstet al., 1999) and receive common
synaptic inputs descending from SEG (subesophagaablion) and persist during
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metamorphosis (Pflliger et al., 1993). Since a spibation-specific recruitment during
specific motor patterns was described for DUM naanm adult locusts, we asked whether
the general activation of larval unpaired mediaaraes during crawling is reconfigured

during metamorphosis to a sub-type specific agowanh adultManduca?

4.1 Basic differences between larval and adult VUM neurons?

The first objective was to compare the number ofWeurons before and after
metamorphosis. The second objective was to recanth VUM neurons the axons of
which run in the nerve innervating wing muscles,ahds, study their activation during
pharmacologically induced fictive flight rhythmanmunocytochemical staining against
OA (Fig. 1a) revealed 2-3 octopaminergic neurol®@lthe midline of the mesothoracic
ganglion inManduca larval stage 5 (L5). Moreover, intracellular stagh by using sharp
glass electrodes filled with Neurobiotin and latgsualization by conjugated Cy3-
streptavidin, labeled two ventrally situated sonsdtawing the specific bifurcation point of
their primary neurites (Fig. 1c) thereby identifyiriDuch et al., 1999; Stevenson and
Sporhase-Eichmann, 1995; Watson, 1984) them as \fiéMrons. The more anterior
neuron sends bilaterally projecting axons througive N1, therefore termed VUM1, and
consequently, the more posterior localized neuerds its axons through nerve N2 and
was named VUM2. The neuromodulatory neuron VUMIljgmoto larval body wall
muscles (DEL, DIO2) which are also innervated by krval MNs1-5 (Consoulas et al.,
1999). Interestingly, like motoneurons MN1-5 larvelUM neurons persist during
metamorphosis and undergo a similar postembrymmwodeling (Pfluger et al., 1993).
Both types, motor and neuromodulatory neurons aequew target muscles in the adult
animal. Immunocytochemical staining against OA he tadult labeled a cluster of 6-8
octopaminergic cell bodies (Fig. 1b) in the mesmhir ganglion which demonstrates an
enormous increase in the number of octopaminemgicans during metamorphosis in line

with earlier results (Lehman et al. 2000).
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b OA-immuno adult C VUM larvae5

ad OA-immuno larvae5

d1 VUM1 adult d2  VUM4,6 adult

1

I N(D\l"ﬁr‘ )

2. .‘ e Ch " g X

Fig. 1: Number and sub-types of larval and adult mesothoracic VUM neurons. a, b Inmunocytoche-
mistry against octopamine in mesothoracic ganglia of L5 (a) and adult (b). Somata of octopaminergic
neurons are indicated by an white arrow and selective enlargements of these somata are shown as insets
(fop-mesothoracic octopaminergic, bottom-metathoracic octopaminergic neurons) ¢ Intracellular
staining of two VUM neurons (VUM and VUM2) in larval mesothoracic ganglia. bl - b4 Retrograde
tracing of different mesothoracic nerves, reveals one VUMI neuron projecting via nerve [IN1c (bl),
(b2) shows one VUM4,6 neuron sending axons through nerve 1IN4 and nerve IIN6 (arrows), [IN5
show two VUMS3 neuron somata (b3) and backfilling nerve [IN6 demonstrate two VUM®6 neurons
(b4).

(Immunocytochemical stainings a, b are courtesy of H. Wolfenberg, Prof. H.-J. Pfliiger)
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Using the retrograde axonal tracing technique (KBHY of various mesothoracic
nerves enabled us to identify four antomically eliént sub-populations of mesothoracic
VUM neurons in adults (Fig. 1d1-d4). With respexthie axonal projection patterns within
the lateral nerves we found the following four gisu(l). one VUM1 sends its axons
bilaterally through nerve IIN1c (Fig. 1d1), (Ihne VUMA4,6 projects through nerve 1IN4
and IIN 6 (Fig. 1d2), (lll). two VUMb send theikans through nerve IIN5 (Fig. 1d3) and
(IV). two VUMSG project through nerve IIN6 (Fig. 194Thus, in adultManduca we found
anatomically different sub-types of VUM neurons ikamto what is known from locusts
(Duch et al., 1999). One type of VUM neuron, VUMAnd MNs1-5 shared the same
innervation pattern with respect to the target nessin larval stages (DEL, DIO2) and
adults (DLM1).

Another remarkable feature of large efferent urgghimedian neurons is their
somatic excitability (Grolleau and Lapied, 2000)nlile invertebrate motoneurons or
interneurons, unpaired median neurons generate teorf@ge overshooting action
potentials with a prominent after-hyperpolarisatinrboth larvae and adults (Fig. 2a) To
compare the excitability of VUM neurons in diffetetevelopmental stages we analyzed
basic properties like input resistance, resting bame potential, frequency- current
relationship and current-voltage relationship ineselarval and six adult isolated nerve
cord preparations (Fig. 2). A significant differena/as observed in the input resistance
between larval (32.6 K1) and adult (17.7 @) stages (Fig. 2b), whereas no difference was
found in the resting potential (~ -42.2 mV, Fig.).2tnterestingly, the reduced input
resistance was not indicative of a reduced frequencrent relationship (Fig. 2d) and
current-voltage relationship (Fig. 2e), as was deed for the postembryonic remodeling
of the MN5 (Duch and Levine, 2000). Larval and ad(lWM spiking frequency increased
with larger amounts of currents injected, and ttesluin a similar mean frequency of about
3 Hz when depolarized by 2 nA (Fig. 2d) with injeotof more depolarizing currents not
further increasing the spiking frequency. Here, fuother analysis of the different
morphological sub-types of VUM neurons (Fig. 1blwf)h respect to their ion channel
composition like in the locust, was carried oue(steidel and Pfltiger, 2006).
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Fig. 2: a Action potentials elicited by injection of 0.2 nA depolarising current in larvae (black) and in
adult (grey) VUM neurons. b-e Measurement of different intrinsic properties of VUM neurons in
Manduca stages L5 (white) and adult (grey). (*p < 0.05, n.s. - not significant, students t-test, number
of cells = #) b VUM neuron input resistance under physiological conditions. ¢ Comparision of VUM
resting potential in L5 and adults. d L5 (white box) and adult (grey triangle) VUM neuron
frequency-current (f-I) relationship. e Differences current-voltage (I-V) relationship during
hyperpolarising current injection between larval (white) and adult (grey) VUM neurons.

4.2 Activity of VUM neurons during CDM induced fictive flight

The next objective was to compare the activatiofanfal and adult mesothoracic
VUM neurons during pharmacologically eleicited iftet motor patterns. Based on the fact
that DUM/VUM neurons in mature locusts (Baudoux @&wufrows, 1998; Burrows and
Pfluger, 1995; Duch et al.,, 1999) form morpholotlicaand functionally different
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subpopulations, we were wondering whether the wagamnedian neurons iNlanduca
which fire synchronously during larval fictive crimg (Johnston et al., 1999), will start to
fire differentially and to form functionally diffent subpopulations in adults? To examine
the activation patterns of mesothoracic VUM neurdmsng CDM induced fictive flight in
adults we used the same preparation as descrilbect l{see chapter 2 and 3). Both, nerve
[IN1c (Fig. 1b1) and IIN4 (Fig. 1b2) contain at $ane VUM neuron projecting to the
flight depressor (DLM1) and elevator (DVM1) muscl&be activity of this VUM1 neuron
was recorded intracellularly (Fig. 3b-c, bottonc&pin parallel to extracellular recordings
from elevator nerve 1IN4 (Fig. 3b-c2, top tracedatepressor nerve IIN1c (Fig. 3b-c2,
middle trace) before (Fig. 3b) and after (Fig. 8ajucing fictive flight motor activity.
Under continuous saline perfusion neither depressmoneurons (Fig. 3c, middle trace)
nor elevator motoneurons (Fig. 3c, upper tracewsldospontaneous activity, whereas
VUM neurons spiked spontaneously (Fig. 3c, lowacé) with very low frequencies (0.01-
0.1 Hz). When a fictive flight rhythm was induce¢ DM application the spiking
frequency of the VUM neuron increased (1Hz). Hosrevhe VUM spiking activity
showed no direct cycle to cycle coupling to therdspor or elevator activity and only a
few postsynaptic potentials were detectable inirtkacellular recording from the VUM1
neuron even in higher resolution (see PSPs in tmofitace of Fig. 3cl). The synaptic drive
to VUM neurons also did not reveal any couplindlight motoneuron activity. However,
no clear coupling in a cycle-to-cycle fashion cobkl observed in fourteen out of fifteen
preparations, as it was observed for locust kickwwglking and flight (Baudoux and
Burrows, 1998; Baudoux et al., 1998; Burrows anbligefr, 1995; Duch et al., 1999).
Unfortunately, intracellular staining of a previtbusecorded neuron proved difficult in
adult Manduca ganglia, and therefore the exact type of VUM naucmuld not be
determined. However, one recording from a subsdtjuedentified VUM1 neuron
demonstrated clear, contigous EPSPs (Fig. 3d, rbotttace). If the neuron was
hyperpolarized the underlying synaptic drive wageeded (Fig. 3d1). In the enlarged
selection of Fig. 3d gray boxes indicate one wiggle from one depressor motoneuron
activity to the following. Clearly, each EPSP inet/UM neuron follows depressor

motoneuron activity (Fig. 3d, lower trace).
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Fig. 3: a Retrograde axonal staining (Neurobiotin and subsequent conj.Cy3-streptavidin) of the
mesothoracic nerve IIN1c reveals the location and axonal projection of depressor MNI-5 and one
ventral unpaired median (VUMI) neuron. b-¢ Extracellular recording from one elevator motoneuron
(top trace), depressor MN1-5 (middle trace) and an intracellular recording from a ventral unpaired
median neuron (bottom frace). b Recording during saline application (control). ¢ VUM activity during
CDM induced fictive flight motor pattern (representative for 14 from 15 preparations). ¢l Expanded
time scale from (¢, dotted frame) illustrating 8 rhythmic flight bouts and VUMI activity including
synaptic inputs. ¢2 Injection of 3 nA hyperpolarising currents during CDM application. d VUM
activity during CDM induced fictive flight motor pattern of depressor MN1-5 in a particular preparation
(1 from 15 preparations). The dotted frame is selectively enlargemed and grey boxes highlight
coincidences of EPSPs in VUM neurons and depressor spikes. d1 Injection of 2.5 nA hyperpolarising
cutrent reveal the underlying synaptic drive in the VUMI neuron.
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In summary, we found that different mesothoracic WUheurons receive no
patterned synaptic inputs during CDM induced fietilight in 14 out of 15 recordings
which demonstrates cycle-to-cycle coupling. Sudowapling was, however, revealed in a
recording from one identified VUM1 neuron showingsynaptic drive coupled to the
depressor motoneurons. This can not be explainedubly systematic, experimental
failures, but may be implicated to other experirsemte did (see chapter 5). The
application of pilocarpine, a muscarinic receptgorast which reliably induces fictive
walking in Manduca (Johnston and Levine, 2002), elicited a fictivght like alternating,
rhythmic depressor-elevator activity. This couldigate a putative cholinergic activation
of the flight circuitry (see chapter 5). However wbserved that in 3 out of 3 recordings
mesothoracic VUM neurons received synaptic inpuictvlivas coupled to the depressor-
elevator activity (Fig. 4) during pilocarpine indat motor patterns. Thus, our
“contradictory” results during CDM induced fictivlight seem not to be due to a
systematic or experimental failure, except the smahber of experiments. It seems to be
more likely that differences exist between thewation of mesothoracic VUM neurons
during CDM induced fictive flight patterns and mérpine induced fictive flight like
patterns. This observation may point to cholinergensory influence on the activation

pattern of VUM neurons.
a b

elev

o Mr‘” |

Fig.4: Activition of mesothoracic VUM neurons during pilocarpine induced depressor/elevator activity.
a-b Extracellular recording from one elevator motoneuron (top frace), depressor MN1-5 (middle trace)
and an intracellular recording from a ventral unpaired median neuron (bottom trace). a Activity during
pilocarpine application after onset of fictive motor patterns. Grey boxes indicate synaptic input of the VUM
neuron simultaneously coupled to depressor and elevator activity. b A different preparation during pilacarpine
induced fictive motor patterns showing the same effect.

1s



Chapter 4 97

Further characterization of this putative couplisgneeded and using the same
experimental setup in semi-intact preparations ifgavthe wing sensory feedback
functional but eliminating additional visual or astic influences could clarify if the
activation of octopaminergic neurons during speatfiotor patterns depends on additional
sensory informations.

We find much less (6-8) efferent unpaired medianroes inManduca compared
to 19-21 cells in locusts which anatomically anddiionally form a heterogeneous group
of modulatory neurons (Duch et al., 1999; Heidall &fluger, 2006). Compared to the
number of larval octopaminergic, unpaired medianroes in the mesothoracic ganglion
we verified an increase in number of adult neuronsthe same ganglion after
metamorphosis, which may be an explanation fordéaelopmental increase in level of
octopamine coincidencing with increases in the lleve the enzyme tyramine-beta-
hydroxylase available for OA synthesis (Lehmanl e2800).

We also find anatomically different subpopulatiaxisvUM neurons inManduca
but could not prove functional differences betwdbese sub-types relating to their
recruitment during fictive flight. All 15 recordisgshowed the same increase in VUM
spiking activity from less than 0.1 Hz in salingimg up to a maximum of 1Hz during
CDM application. The activity of different VUM sulypes during fictive flight always
demonstrates a similar regular and tonic spiking@ Wéver observed bursting activity of
VUMs or unaffected slow tonic spiking activity likbe one observed before induction of
fictive flight. This may perhaps suppose that ottiean in flying locusts, foManduca
flight a cycle-to-cycle coupling is not requirech hddition, in Manduca the smaller
number of VUMs do not reach high spiking frequesadjge Hz) if compared to locusts 10
Hz and more. This may suggest that the periphasidst of theManduca VUM cells are
slightly different to those from locusts. This igpported by the fact that we never
observed a VUM neuron that was inhibited duringiviee flight in contrast to what is

known from locusts (Duch and Pfliger, 1999).
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Chapter 5

Can cholinergic inputs activate the adult Manduca flight network?

Central pattern generators (CPGs) for several mbadraviors such as fictive
walking, fictive flight and fictive crawling can bactivated pharmacologically in isolated
nerve cord preparations of various insect sped#sdhges et al., 1995; Claassen and
Kammer, 1986; Johnston and Levine, 1996; Ryckebasdh_aurent, 1993; Stevenson and
Kutsch, 1988) by either the muscarinic agonist qaifpine or the octopamine-receptor
agonist chlordimeform. For insect flight it remaisidll unclear whether the activation of
OA-receptors is sufficient and necessary to elilogfht patterns in locusts and moths.
Mutant Drosophila lacking OA show normal behavior (Monastirioti &t 4996) although
a more detailed recent behavioral analysi®odsophila flight suggests that OA is not
necessary for flight initiation but for flight maanance in this species (Brembs et al.,
2007). In the locust fictive flight could also bkciged by cholinergic drugs (Buhl et al.,
2008) demonstrating that octopamine is not necgdsamitiate flight behavior. This is
supported by results from the cockroach where flighuld be induced by pilocarpine
(Ridgel and Ritzmann, 2005). Therefore, we wondemdxbther the CPG for flight in
Manduca could also be activated by putative muscarinictwlinergic mechanisms. So
far, it was described fdvlanduca that the muscarinic receptor agonist pilocarpinguces
fictive crawling in larvae (Johnston and Levine, 969 and fictive walking in adults
(Johnston and Levine, 2002) like in other insececss (Blischges et al., 1995;
Ryckebusch and Laurent, 1993).

Thus, to test whether cholinergic drugs also leadntuction of a fictive flight
motor pattern, pilocarpine hydrochlorid (10M, dissolved in saline, Fluka) and
actylcholine hydrochloride (IOM, dissolved in saline, Riedel de Haen) were lzguplied

to isolated adult nerve cord preparations.
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Fig. 5: Pharmacologically-induced motor patterns in isolated nerve cord preparations of adult
Manduca sexta. a-¢ Extracellular recordings from mesothoracic nerve [IN4 (elevator, upper trace)
and mesothoracic nerve [INlc¢ (depressor, middle trace) combined with an intracellular recording
(bottom trace) of one of the prothoracic MN’s innervating the DLM1 flight muscle. a-b Continous
fictive flight motor output after bath application of 10 M CDM (a) and 107 M pilocarpine (b). ¢
Sporadic bouts of motor activity after bath application of 10 M acetylcholine. el A selective
enlagement of (dotted frame, ¢) during one bout of activity with higher x-axis resolution (1 s),
identical to a, b.
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Representative recordings of pharmacologicallyiteicmotor patterns 10 minutes
after application are shown in figure 5. CDM (Figa), pilocarpine (Fig. 5b) and
acetylcholine (Fig. 5c, cl1). Pilocarpine (Fig. ®irited continuous motor activity with an
alternating depressor/ elevator activation simia€DM induced fictive flight seen in Fig.
5a. However, bath application of acetylcholine (Fbg, cl) induced short bouts of
alternating depressor and elevator bursts ratreer dontinuous rhythmic motor patterns
over the whole range of tested concentrations ¢hotvn). Although this acetylcholine
elicited motor pattern does not resemble a ficliigdat or walking pattern it demonstrates a
rhythmic motor activity which, perhaps, represamsecdysis related behavior (Kim et al.,
2006). One obvious difference between the pilocapand CDM-induced pattern is that
depressor and elevator motoneurons generate oke ppr cycle period during CDM
induced fictive flight and more than one spike dgrpilocarpine induced motor activity.
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This is demonstrated by extracellular recordingsnfrone elevator motoneuron (Fig. 5b,
upper trace) and an intracellular recording frorme atepressor motoneuron (Fig. 5b,
bottom trace) showing that two spikes settle ugma depolarisation during pilocapine
induced depressor activity. To examine whetherpilecarpine elicited patterns resemble
the CDM induced fictive flight patterns, we measluasd compared different motr pattern
parameters. Compared to CDM induced fictive flighe depressor cycle period during
pilocarpine elicited motor patterns (Fig. 6a) wagnsicantly longer than that of CDM
induced fictive flight. The larger spread of the%2%nd 75% quartile demonstrates a
higher variability in the depressor cycle period folocarpine induced motor patterns.
Pilocarpine elicited depressor-elevator latencyy.(Feb) is also significantly longer and
shows a higher variability. The depressor cyclegoeand the depressor-elevator interval
are increased during pilocarpine application buhlgarameters are shifted by nearly the
same factor, so that the phase of the elevatoritgatiuring the depressor cycle (Fig. 6¢) is
about 0.55 compared to 0.5 during fictive flightuté-correlations of recurrent depressor
burst were used to compare the precision of rhythynin CDM and pilocarpine induced
motor patterns (Fig. 6d). Representative extralzlluvecordings of depressor activity
during CDM and pilocarpine elicited motor patterslsow regular rhythmic spiking
patterns and auto-correlation analysis confirms tapetitive rhythmical activity over 244
cycles. Periodic peaks and throughs occuring apmately every 80 ms during CDM
application and every 145 ms during pilocarpine lisppon demonstrate periodic
clustering of spikes at a cycle frequency of aroddidHz or 7 Hz respectively. The
clustering of spikes during pilocarpine applicattorms much broader peaks with smaller
counts indicating less precision in depressor mgstOur results demonstrate that
pilocarpine is sufficient to elicit alternating tiwynic depressor-elevator motor activity
which resembles CDM induced fictive flight in majpattern features but is somewhat
slower and with less precision. This may actuakytbe result of increased excitability,
which results somehow in a situation of overexmtaiand thereby involve two elevator
spikes per cycle instead of one during CDM indufietive flight and two spikes in
depressor motoneurons instead of one. Addition&dligger cycle periods and latencies
support this assumption. Two mechanisms could cthiseéncreased excitatory drive to
flight motoneurons: first, pilocarpine directly aftts the membrane properties of pre-motor
flight interneurons or the motoneurons itself amtand, it may alter the efficacy of
synaptic transmission in the CPG for flight. Bottine cholinergic modulation of



Chapter 5 102

conductances in cockroach motoneurons (David atmiaR, 1995) and modulation of

presynaptic muscarinic receptors (Judge and Leit®89; Trimmer, 1994; Trimmer and

Weeks, 1993) have been demonstratedlamduca and locusts. Recent work showed a
muscarinic cholinergic activation of flight CPG iocusts which may be subject to

aminergic modulation (Buhl et al., 2008).
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Fig. 6: Quantitative measurements of motor activity induced by application of CDM (107 M) and
pilocarpine (107 M) in adult preparations. a Duration of depressor cycle period, b depressor-elevator
intervals and ¢ elevator phase. d Representative auto-correlation histogram of extracellularly recorded
depressor activity (244 cycles) during CDM induced ficitive flight (feff) and pilocarpine (right) elicited
motor activity. (arrows denote one depressor bursting period)
a-¢ White lines indicate the median, the black boxes represent the 25 and the 75 quartile and the error
bars indicate the range (see inset a). Number (#) of analysed preparations for CDM = 10, piloracpine =
5. Statistical significance is indicated by asterisks: *p < 0.05, **p < 0.005, students t-test.

They showed that pilocarpine (5 mmd) and CDM (500 mmol}) induced fictive
flight patterns are very similar to those inducedviand stimuli, but CDM had to be
applied in 100 times higher concentrations. Bothgdrinduced fictive motor patterns
lasting only a few minutes. In all our experimemts reliably induced fictive motor
patterns with much less drug concentrations (0.l and lasting for 30 min and

longer. On the contrary to our results, a significdifference between the elevator phase
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during pilocarpine (0.52) and CDM (0.76) inducedtongatterns were found (Buhl et al.,
2008). In contrast to the findings in the locustifie flight patterns could not be induced
by tyramine inManduca (Vierk et al., 2009).

To study the differences between locusts Blahduca, more detailed studies are
required of tyraminergic and cholinergic effectsextitability of flight motoneurons or on

modulation of synaptic inputs to flight motoneurons
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Chapter 6 — Summary and outlook

Centrally generated rhythmic motor patterns are the result of the complex arrangement, synaptic
wiring and communication a multiplicity of neurons. For anyone trying to understand such complex
neuronal procedures, model systems that are simple in structure and nevertheless complex in their
generated behavioral patterns, provide the opportunity to do so as in such systems the movement is
measurable and quantifiable. This thesis describes and interprets the postembryonic development of central
pattern generation for flight during complete metamorphosis, which is a unique feature of holometabolous
insects, such as the hawkmoth, Manduca sexta. In particular, the possible influences of the biogenic amine
tyramine on the central generation for the motor flight patterns are examined, a topic very much under
discussion within vertebrate as well as invertebrate neurobiol ogy.

Even if the connectivity of the neuronal circuit not yet has been described, the flight motor system
in the isolated nervous system of Manduca sexta offers the possibility of inducing model, fictive motor
patterns pharmacologically. Thus it is possible to describe its functionality, possible changes of the flight
pattern and modulatory effects on the motor output of the central pattern generator for flight, and to discuss
and draw appropriate conclusions in connection with the structural and physiological changes in the central

nervous system during metamorphosis, which have already been studied.

The first manuscript (Chapter 2) examines the starting point of network activity in the central
pattern generator and whether during the process of development further adjustments to the pattern develop,
or whether the network is able from a certain point of time to produce mature, adult flight patterns, since
the central network aready is established postembryonically. The investigations show that it is not possible
to release fictive flight pattern in development stages prior to the pupal stage P16 (from a whole of 20 days
of the development). During remaining pupal development, the central generated flight pattern matures
progressively, the frequency and the precision increase, probably in absence of sensory influences, to
become the underlying motor pattern of the mature, adult flight. The results suggest that the changes in the
physiological properties of the flight motoneuron MN5, one of the five depressor motoneurons for flight,
correlate temporaly with the first occurrence of EPSPs in depressor motoneurons, which are
pharmacologically inducible by CDM. Furthermore, the structural development of the MN5 and the
functional integration into the flight pattern generating network coincidences with the occurrence of pre-
mature, fictive flight patterns in pupal stage P16. The observation that no flight-like motor patterns are
generated by the central pattern generator prior to P16 is not a result of GABA-dependent inhibition.
Indirect references point to different courses in the development of elevator motoneurons compared to the

course of depressor motoneurons.

In the second manuscript (Chapter 3) it was examined, whether the biogenic amines octopamine
and tyramine have different effects on the central pattern generator for flight in Manduca, or how so far
accepted, cause antagonistic effects. In this work it could be shown for the first time that tyramine has a

direct influence on the generation of the central flight pattern and contrary to octopamine selectively affects
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only the activity of the depressors. This result may contribute to carrying for the future acceptance of

tyramine as independent neuromodulator with distinct modulatory effects.

This chapter (Chapter 4) examines whether a functionally homogeneous population of larval
octopaminergic, unpaired median neurons (VUM/DUM) differentiates into functionally different
subpopulations during metamorphosis. Firstly, it is shown that the number of this type of neurons increase
during postembryonic development. This could explain the increase of the octopamine level during
developement, which has already been described and also correlates with changes in the level of the
enzyme tyramine-beta-hydroxylase, which is available for octopamine synthesis. Secondly, even if
anatomically different subpopulations of unpaired median neurons, as seen in locusts, are also shown for
Manduca, no functional differences regarding the recruitment during the fictive flight motor pattern were
found. The number of neurons differs clearly in locusts, approx. 19-21 neurons, whereas only 6-8 are in
Manduca. The results suggest that the function of the mesothoracic VUM neurons is different in Manduca

another to than in locusts.

In the last chapter of the thesis (Chapter 5) | pose the question as to whether there is a cholinergic
mechanism for the activation of the central pattern generator in Manduca sexta, as described in locusts.
Muscarinic stimulation of the central flight circuitry showed a motor pattern comparable the CDM induced
fictive flight motor pattern, which was however slower and less precise. This seems to be caused by a
strong overexcitation of the central pattern generating network or of the flight motoneurons, which however

could not be verified so far.

Further 1 would like briefly, outgoing from the results represented here, possible, future
experiments suggest, which could contribute to further understanding of the octopaminergic and
tyraminergic modulation of the central pattern generator for flight in Manduca. In order to verify the
selective effect of tyramine on the depressor activity, exact quantitative analyses must examine the
influence of tyramine, on the one hand on the magnitude of the excitatory, synaptic drive to depressor
motoneurons and on the other hand on the excitability of depressor Motoneurons themselves. The
cholinergic modulation on the synaptic drive and the excitability of the flight motoneurons should be also
examined. Taken together, this could contribute to compare the octopaminergic and tyraminergic influences
on the central pattern generation of locusta and Manduca and to serve for a better understanding of the
modulation of central networks. Since DUM/VUM Neurone can release putatively octopamine and
tyramine, some of these neurons project to flight muscles and this work also shows, that this neurones show
continuous, tonic activity during fictive flight motor patterns, possible modulatory effects of tyramine on
the synaptic transmission at the neuromuscular junction and physiological influences on flight muscles
properties and metabolism should be examined in both organisms. Additionally, knowledge of the
distribution of the tyramine receptors in different tissues would contribute to a better understanding of the

anatomy and function of the tyraminergic system in insects.
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Chapter 7 — Zusammenfassung

Zentral generierte rhythmische Bewegungsmuster sitid Konsequenz einer komplexen
Anordnung, Verschaltung und Kommunikation zwiscleémer Vielzahl von Neuronen. Fir diejenigen die
versuchen solche komplexen neuronalen Vorgdngeemiehen bieten sich Modellsysteme an die simpel im
Aufbau und dennoch komplex in dem generierten Bewggmuster sind, besonders deshalb an, weil in
solchen Systemen die Bewegung messbar und quantitiz ist. Die hier vorliegende Dissertation
beschreibt und interpretiert die postembryonalewitkiung der zentralen Mustergeneration fir Flug
wahrend der — fiir holometabole Insekten typischetamorphose des Tabakschwarmbtanduca sexta.

Im Besonderen wurden die méglichen Einflisse degdrien Amines Tyramine auf die zentrale Generation
der motorischen Flugmuster untersucht, ein im Bérdier Vertebraten, sowie invertebraten Neurobielog
aktuell diskutiertes Thema.

Wenn auch die Verschaltung des Neuronalen Neztwenkeht beschrieben ist, so bietet das gut
untersuchte motorische Flugsystems Wanduca sexta die Méglichkeit im isolierten Nervensystem des
Tabakschwarmers, modellhaft fiktive motorische Muspharmakologisch zu induzieren. Somit ist es
moglich die Funktionalitat, mégliche Veranderungis Flugmusters und modulatorische Effekte auf den
motorischen Ausgang des zentralen MustergenerafiarsFlug zu beschreiben, und entsprechende
Ruckschlisse im Zusammenhang mit den bereits pettén strukturellen und physiologischen

Veranderungen im zentralen Nervensystem zu digleutie

Im ersten Manuskript (Chapter 2) wurde untersuthtvann das Netzwerk fir die Generation der
zentralen Flugmusters in der Lage ist, flugahnlithester zu generieren und ob es im Verlauf dereveit
Entwicklung zu Anpassungen des Musters kommt, obedtas Netzwerk ab einem bestimmten Zeitpunkt in
der Lage ist, das reife, adulte Flugmuster zu pritan, da das neuronale Netzwerk bereits postembty
angelegt war. Die Untersuchungen zeigen, dass @ mndglich ist fiktive Flugmusters in jliingeren
Entwicklungsstadien als das Puppenstadium 16 aiszol (aus einer Gesamtheit von 20 Tagen der
Entwicklung). Wahrend der verbleibenden Zeit derppanentwicklung reift das zentral generierte
Flugmuster, die Frequenz und die Prazision nehmenwahrscheinlich in Abwesenheit sensorischer
Einflisse, progressiv zum fertigen, adulten Flugrande liegendem Muster. Die Ergebnisse deuteruflara
hin, dass die Veranderungen in den physiologisétiganschaften des Flugmotoneurons MN5, als eines de
funf Depressor Motoneurone fir Flug, zeitlich méind ersten Auftreten von EPSPs, nach pharmakologiisch
Induktion des Fluges, in den Depressor-Motoneurdimmelieren. Weiterhin koinzidieren die struktueel
Entwicklung des MN5 und somit wahrscheinlich di@Ktionelle Integration in das Flugnetzwerk mit dem
Auftreten pra-maturer, fiktiver Flugmuster im Pepgtadium 16. Die Tatsache, dass flugdhnliche Muste
nicht vom zentralen Mustergenerator fur Flug ingéiren Puppenstadien als P16 generiert werdeniclst n
auf eine GABA-vermittelte Inhibition des Netzwerkes zurlickzumr Zudem finden sich indirekte
Hinweise darauf, dass sich die Elevator Motoneuriteeinem anderen zeitlichen Verlauf als die Depoe

Motoneurone entwickeln.
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Im zweiten Manuskript (Chapter 3) wurde untersudtt, die biogenen Amine Oktopamine und
Tyramine unterschiedliche Effekte auf den zentralerstergenerator fir Flug iManduca haben, oder wie
bisher angenommen, antagonistische Wirkungen herfeor. In dieser Arbeit konnte zum ersten Mal ggtzei
werden, dass Tyramin einen direkten Einfluss aef @enerierung des zentralen Flugmusters hat und im
Gegensatz zu Oktopamin selektiv nur auf die Akiivider Depressoren wirkt. Dieses Ergebnis tragt
vielleicht dazu bei, der zukiinftigen Akzeptanz vdgramin als eigenstandiger Neuromodulator mit

abgrenzbaren Wirkungen Rechnung zu tragen.

Dieses Kapitel (Chapter 4) untersucht, ob sich darsfunktionell homogenen Population larvaler
octopaminerger, unpaariger Neurone wahrend der rtEishose funktionell unterschiedliche
Subpopulationen differenzieren. Es konnte gezeigtden, dass die Zahl dieser Neurone im Verlauf der
postembryonalen Entwicklung zunimmt. Dies kdnnte latkannte Zunahme des Oktopamin Levels wahrend
der Entwicklung erklaren und korreliert zudem neidLevel der fur die Oktopamin-Synthese verfligbaren
Enzyms Tyramine-beta-hydroxylase. Wenn auch anatdmiunterschiedliche Subpopulationen der
unpaarigen Neurone, wie in Locusten beschriebeenfabs fiirManduca gezeigt werden konnten, wurden
keine funktionellen Unterschiede hinsichtlich dezkRutierung wahrend des fiktiven Flugs gefundere Di
Zahl der Neurone unterscheidet sich deutlich inusten, ca. 19-21 Neuronen, gegeniber nur 6-8 in
Manduca. Die Ergebnisse deuten darauf hin, dass die Famktier mesothorakalen VUM Neurone in

Manduca eine andere ist, als in Locusta beschrieben.

In dem letztem Kapitel der hier vorliegenden Ditstion (Chapter 5) mdchte ich die Frage stellen,
ob es wie in Locusta einen cholinergen Mechanisfiuslie Aktivierung des zentralen Mustergeneratars
Manduca sexta gibt. Muskarinische Stimulation des Flugnetzwezkgten ein dem fiktiven Flug a&hnliches,
aber langsameres, rhythmisches Muster, welchesdting starke Ubererregung im Flugnetzwerk oder der

Motoneurone bewirkt wird, was aber nicht weiterifigert wurde.

Weiterhin mdchte ich kurz, von den hier dargesalErgebnissen ausgehend, mdgliche, zuktinftige
Experimente vorschlagen, welche dem weiteren Vedsid der oktopaminergen und tyraminergen
Modulation des zentralen Mustergenerators fur Rludvlanduca beitragen kénnten. Um der selektiven
Wirkung von Tyramin auf die Depressor Aktivitat wexi zu verifizieren, missen genaue quantitative
Analysen den Einfluss von Tyramin, zum einen aef @rdl3e der exzitatorischen, synaptischen Eingange
der Depressor Motoneurone und zum anderen auf dieglkarkeit der Depressor Motoneurone selbst
aufklaren. Ergadnzend sollte die Analyse der chofjer Modulation der synaptischen Eingange und die
Erregbarkeit der Flug-Motoneurone ebenfalls un@hsuwerden. Zusammenfassend konnten bereits
gesammelte und weitere Ergebnisse dem Vergleicloktepaminergen und tyraminergen Einflisse auf die
zentrale Mustergeneration von Locusta uddnduca dienen und zu einem besseren Verstandnis der
Modulation zentraler Netzwerke beitragen. Da DUMMWeurone theoretisch Oktopamin und Tyramin
freisetzen kénnen, einige dieser Neurone auf wjehflugmuskeln projezieren und in dieser Arbeithauc
gezeigt werden konnte, dass diese Neurone wahresdiktiven Flugs kontinuierlich, tonisch aktiv din

sollten mdgliche modulatorische Effekte von Tyrarainf die synaptische Ubertragung an der motorischen



Chapter 7 112

Endplatte und physiologische Einflisse auf die Flugkeln in beiden Organismen genau untersucht werde
Kenntnis Uber die Verteilung der Tyramin-Rezeptoienverschiedenen Geweben wirde helfen, die

Anatomie und Funktion des tyraminergen Systemsdresi verstehen.



113

Danksagung

Nicht wenige Menschen haben zur Fertigstellung etiefrbeit beigetragen und ich méchte diesen Platz

nutzen, ihnen zu danken.

An erster Stelle, und damit ganz besonders, mdchtélerrn Prof. Dr. Hans Joachim Pfliiger dankerssda
ich Stipendiat des Graduiertenkollegs 837 ,Funaidnsect Science" wurde und so meine Doktoraripeit
seiner Arbeitsgruppe anfertigen konnte. Er gab min spannendes Thema, die Madglichkeit zu
eigenstandigem wissenschaftlichen Arbeiten undSeitup. Auch hat er Maurice und mich einfach mal auf

die Studenten losgelassen und uns so wertvolldEnfigen in der Lehre beschert.

Herrn Prof. Dr. Carsten Duch danke ich dafur, dassich in den entscheidenden Momenten eingenordet
hat, dass er immer unglaublich konstruktiv war aadammen mit Jochen sehr geholfen hat, dass it nic

ab und zu den Faden verloren habe.

Herrn Dr. Maurice Moritz Meseke wollte ich schonnmar mal so offiziell und férmlich ansprechen um ihm
fur seine Geduld, stete Hilfe, ehrliche Meinung,skiissionen, kalte MEMA Wairstchen, und die

Pilsexkursionen in Gilpe zu danken.

Jedes Labor braucht eine gute Seele, die den LadernLaufen halt und alles im Blick hat: Heike
Wolfenberg. Danke Heike fiir den sehr angenehme fdasliaren Umgang im Labor und die 1000 kleinen
und groRRen Gefallen, die du uns allen getan hastk® Doreen Johannes fir die unglaubliche Hilfedwit

Tieren, die nette Atmosphéare und Gesprache.

Naturlich und zum Gliick arbeitet man in einem Labiar alleine, dass sorgt fir Diskussionen, Gesgmgrach
ein abendliches Sommer-Bier im Garten und Suslanéle. Dieser Dank gilt allen, die ich so in Berlin
kennen lernen durfte: Einar Heidel, Daniel Minam-Felix Evers, Jana Borner, Stevie Stefanie Rysfew

Claudia Kiihn, Bettina Stocker, die ,Menzels" und &tipendiaten im GraKo.

Dr. Lars Fester danke ich, dass wir uns nie ausAdgyen verloren haben, er immer fir mich da war aiw
wir uns wenig gesehen haben und wir jetzt auctBéno teilen.

Das verdanke ich Frau Prof. Dr. Gabriele M. Runegendalls eine neue, spannende wissenschaftliche
Herausforderung, Perspektive und die dul3erst wiehtiitglichkeit diese Arbeit fertig zu stellen. \4el

herzlichen Dank.
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Trotzdem, was waren wir ohne unsere Eltern und iG&eister, ohne ihre Liebe auch wenn wir das leider

nicht immer zeigen oder sagen. Ich bin euch figsalinendlich dankbar.
Meiner eigenen kleinen Familie danke ganz besorfderdie Liebe und den Rickhalt wahrend der langen

Zeit dieser Arbeit. Danke Conny, dass Du so viet@@ mit mir aufbringst. Danke kleine Zuckermaus

Jonna, du unbeschreibliches Wunder.

Ricardo Vierk
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Ricardo Vierk
Minsterstrasse 32
22529 Hamburg

Eidesstattliche Versicherung

Ich versichere von Eides statt, dass ich die Arbelibststandig angefertigt und die wortlich odéraitiich
aus anderen Quellen Ubernommenen Stellen als sdehetlich gemacht habe. Die Inanspruchnahme

fremder Hilfen wurde namentlich aufgefihrt.

Ricardo Vierk

Hamburg , den 14.07.2009



